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Summary
Adsorption Thermal Energy Storage (ATES) represents a promising solution for efficient and long-term thermal energy storage, but its effective operation requires reliable estimation of the State of Charge (SoC). This work proposes an innovative sensing methodology based on the correlation between the dielectric properties of thermochemical materials and their adsorption state. A laboratory-scale capacitive sensor was developed and experimentally validated using silica gel undergoing adsorption and desorption processes. The electrical response was characterized by impedance spectroscopy over a frequency range from 100 Hz to 1 MHz and correlated with gravimetric measurements. The results demonstrate a strong correlation between hydration state and capacitance. Measurements at 1 MHz showed the most linear response over the investigated adsorption range, together with excellent repeatability and negligible hysteresis. The proposed dielectric-based approach therefore provides a promising method for direct and real-time SoC estimation in adsorption thermal energy storage systems.
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Field of application for the findings: Thermal energy storage, thermochemical energy storage systems, advanced monitoring and control of energy storage technologies.

Addressed audience: Researchers, engineers, energy system designers, and professionals working on thermal energy storage, adsorption technologies, sensing and monitoring systems, and renewable energy integration.

1. Introduction
The widespread deployment of renewable energy technologies requires efficient, sustainable, and flexible energy storage solutions capable of addressing the temporal mismatch between energy availability and demand. In this context, the development of advanced monitoring and control strategies is essential to make thermal energy storage technologies efficient, scalable, and easily integrated into existing energy infrastructures. In particular, accurate State of Charge (SoC) estimation represents a key requirement for real-time monitoring, predictive control, and integration into smart energy systems. This challenge is especially relevant for adsorption-based thermal energy storage, where the stored energy is directly related to the adsorbate uptake and, unlike sensible and latent heat storage technologies, cannot be reliably inferred from temperature measurements alone.
The transition toward renewable and low-carbon energy sources has become one of the most significant technological and social challenges of our time. The primary limitation of "green" sources is their intermittent nature (Chang et al., 2025). 
This creates a time gap between energy production and consumption, leading to an urgent need for efficient and flexible energy storage technologies. Among these, Adsorption Thermal Energy Storage (ATES) is a class of thermochemical storage capable of decoupling energy generation from demand (Vasta et al., 2018; Bastida et al., 2024). These systems are based on reversible adsorption/desorption cycles between a working fluid and a thermochemical adsorbent. These systems allow heat to be stored as adsorption potential, offering high energy density and the possibility of long-term storage with negligible thermal losses (Vasta et al., 2018). By exploiting the potential of thermochemical storage, the limitations of sensible energy storage are overcome (Chang et al., 2025).
In ATES systems, the stored energy is directly proportional to the amount of adsorbate in the porous matrix under specific thermodynamic conditions. Therefore, the State of Charge (SoC) is intrinsically associated with the degree of adsorption, which is the ratio between the currently adsorbed mass and the maximum possible uptake under fixed conditions. Unlike sensible or latent storage technologies, in adsorption systems temperature alone does not provide a reliable indication of stored energy, since it does not uniquely determine the adsorption state. The literature underlines that a reliable and accurate SoC detection system is essential for control and integrate ATES systems into smart grids, building and district energy systems (Chang et al., 2025; Bastida et al., 2023; Zettl et al., 2023).
However, unlike batteries, where SoC estimation is a mature and extensively studied field, adsorption-based thermal energy storage systems still lack practical and reliable methods for directly assessing their charge state. Direct measurement of the adsorption state inside thermochemical reactors is challenging; therefore, indirect sensing approaches based on measurable physical quantities are increasingly attracting attention as a viable route for real-time monitoring and control. 
To address this challenge, this work proposes a novel capacitive sensing approach based on the variation of the dielectric properties of silica gel as a function of its hydration level. The objective is to establish a direct correlation between capacitance and adsorbed water content, enabling the development of a simple, low-cost, and non-invasive SoC monitoring strategy for adsorption thermal energy storage systems.
2. Dielectric-Based Methodology for Real-Time SoC Estimation

To overcome the limitations of indirect thermal measurements, this work proposes a methodology based on dielectric properties for the real-time estimation of the State of Charge (SoC) in ATES (Adsorption Thermal Energy Storage) systems. This approach exploits the correlation between the adsorption degree of the adsorbent material and its effective dielectric properties  (Gado et al., 2025; Maity et al., 2026; Gümüser et al., 2025).
As water molecules are adsorbed inside the porous framework, the effective permittivity of the material increases due to the much higher dielectric constant of water compared to the dry adsorbent. Similar capacitive sensing principles have been successfully employed for moisture monitoring in porous media such as soils, where changes in water content directly affect the dielectric properties of the medium (Maity et al., 2026). 
Previous studies on porous silica-based materials have demonstrated that water uptake significantly affects their dielectric and impedance characteristics, confirming the strong relationship between hydration state and electrical response and supporting the use of impedance-based techniques for monitoring adsorption phenomena (Anappara et al., 2004). By using two flat electrodes as capacitor plates and integrating them into the adsorbent bed, the material can be treated as the dielectric medium of a capacitor. Consequently, adsorption and desorption processes induce measurable capacitance variations that can be correlated with the adsorption state.

Continuous SoC monitoring through the capacitive sensor is enabled by an impedance analyzer as measurement system. While measurements based on RLC frequency shifts provide only a single-parameter scalar response and can also be affected by the reduction in the quality factor (Q) caused by water adsorption, capacitive impedance spectroscopy allows the complex dielectric response to be characterized over a wide frequency range. This frequency-domain approach provides high sensitivity and robustness against electrical noise.

Defining a correlation between the degree of adsorption and the capacitance values, this methodology introduces an innovative and direct monitoring technique for the SoC in ATES systems without relying exclusively on temperature or pressure measurements. The proposed system provides a real-time quantitative adsorption estimation, allowing for better operational control and predictive energy management in ATES systems.
3. Prototype Development and Experimental Setup
A laboratory-scale prototype was developed to experimentally validate the proposed methodology of State of Charge (SoC) estimation based on dielectric properties. The sensing element consists of two circular gold electrodes having a diameter of 11 mm and a fixed inter-electrode distance of 5 mm. The electrode spacing was kept constant by the supporting structure to ensure a reproducible electric field distribution and measurement repeatability, as shown in Fig. 1.
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Figure 2. a) 3D-printed prototype structure with integrated parallel-plate capacitor used for dielectric-based State of Charge measurements in adsorption storage experiment. b) Experimental setup with the capacitive sensor fully immersed in 65 g of porous silica gel during adsorption tests for capacitance–mass correlation measurements.

To facilitate the insertion of the capacitor into the adsorbent bed, the sensor is mechanically fixed to a 3D-printed movable arm. The structure maintains a constant distance between the plates to ensure geometric repeatability. The electrical connections are routed externally via cables to enable integration with the measurement system, as shown in Fig. 2a and Fig. 2b.
4. Methodology
This study examines the silica gel behavior through environmental humidity adsorption and desorption processes. The tested sample consisted of 65 g of moist material, and its mass was measured by a precision balance with an accuracy of 0.1 g. 

The drying process was performed by heating the material in a beaker placed on an electric heater. The heating procedure ended when the sample mass reached 51.48 g, a value that indicates efficient moisture removal close to the theoretical prediction.

Once the drying phase was completed, the material was allowed to cool down until thermal equilibrium was reached. Subsequently, in order to analyze the humidity reabsorption, the silica gel was transferred to a larger container. This technical precaution was adopted to ensure a homogeneous distribution of the material, thereby avoiding the onset of moisture gradients that could have affected the measurement accuracy. The sample was then monitored through periodic weighing, showing a mass increase due to the recovery of ambient moisture. The experimental protocol was systematically repeated, continuing the measurements until the mass of the silica gel reached the initial value of 65 g again, confirming the complete restoration of the original moisture conditions.

It should be noted that, throughout the present study, the gravimetric analysis is reported directly in terms of sample mass for the sake of simplicity. Since the dry mass of the adsorbent is known and remains constant during the experiments (mdry = 51.48 g), any mass variation can be directly attributed to water adsorption or desorption. Therefore, under the investigated conditions, the sample mass can be considered an equivalent indicator of the adsorption state.

For a more general formulation, independent of the amount of adsorbent employed, the adsorption state can be expressed in terms of water uptake:
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 is the measured sample mass and [image: image12.png]


 is the dry adsorbent mass.
Similarly, the State of Charge (SoC) can be defined as:
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is the adsorbent mass under fully saturated conditions. For the silica gel sample investigated in this work:
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and therefore:
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or equivalently
[image: image22.png]SoC =

m-5148
1352








(5)
This formulation allows the proposed methodology to be readily extended to different adsorbent masses and materials while preserving the same physical interpretation of the adsorption state.
In parallel to the gravimetric analysis, an electrical characterization of the material for each mass variation was carried out using an Agilent 4284A impedance analyzer. This was performed to correlate the variation of water uptake with the electrical response measured during the entire adsorption kinetics. To guarantee the statistical significance of the obtained data, five different measurements for each mass point were taken. These analyses were conducted using a frequency sweep between 100 Hz and 1 MHz, with the aim of determining the parallel capacitance (Cp) and parallel resistance (Rp) parameters as a function of the hydration state of the silica gel. This investigation reveals the dielectric behavior of the material under study, focusing on specific reference frequencies: 1 kHz, 10 kHz, 100 kHz and 1 MHz.
The analysis was further extended to overcome the limitation related to a single adsorption process. Applying rigorously the same experimental methodology, the whole adsorption and desorption process was studied. The aim of this approach was the investigation of the potential presence of hysteresis phenomena in the dielectric response. The evaluation of differences of capacitance response over the charge and discharge is fundamental to understanding the behavior of the sensor under real operating conditions, where the material is subjected to repeated cycles. Thanks to this extended investigation, it is possible to define with more accuracy the reliability of the proposed measurement technique. 

To complete the methodological framework of the investigation, an additional measurement campaign was conducted on an equivalent quantity of material. The same procedure was rigorously repeated with the aim of a deep characterization of the electrical properties. The impedance analyzer was configured to extract information about the real and the imaginary parts of the impedance [image: image24.png]
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.

The acquisition of these data allows the frequency response analysis through the processing of Bode plots, an essential analytical tool to distinguish the capacitive, resistive, and inductive contributions of the sensor. Thanks to this approach, it was possible to interpret the actual electrical behavior of the system and the studied dielectric material in a more rigorous manner.

5. Results
The electrical characterization of the silica gel as a function of its hydration state allowed for the analysis of the correlation between the mass variation (gravimetric property) and the dielectric response of the material, evaluated in terms of parallel capacitance (Cp). The results of this analysis, conducted at the four previously selected reference frequencies (1 kHz, 10 kHz, 100 kHz, and 1 MHz), are illustrated in Figure 3.
From the comparative analysis of the graphs, it clearly emerges how the frequency of the excitation signal significantly influences the linearity response of the measurement system, thereby altering the sensor's ability to discriminate the moisture content of the material.

In detail, at lower frequencies (1 kHz and 10 kHz), a strongly non-linear behavior is observed. For mass values between 50 g (dehydrated condition) and approximately 56–58 g, the capacitance exhibits a sharp increase, rising from about 1 pF to over 3 pF.
However, over the 58g threshold the system exhibits a clear saturation phenomenon: the capacitance tends to stabilize at a plateau (close to 3.5 pF for 1 kHz and 3 pF for 10 kHz), drastically reducing the sensor's resolution capability. A similar trend, although with a slightly smoother transition, is observed at a frequency of 100 kHz.

On the contrary, operating at a frequency of 1 MHz, the distribution of the experimental points shows an approximately linear trend across the entire investigated mass range (from 51.48 g to 65 g). At this frequency, the capacitance increases monotonically and proportionally with the weight gain, varying from about 1.6 pF to 4.7 pF. The absence of saturation phenomena at 1 MHz ensures a constant ability to identify different moisture content throughout the entire kinetics, qualifying the 1 MHz frequency as the most suitable for the development of an accurate and broad-spectrum moisture monitoring system.
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Table 1. Standard deviation analysis for the selected frequencies.
	Weight [g]
	1 kHz
	10 kHz
	100 kHz
	1 MHz

	51.48
	0.019
	0.034
	0.039
	0.004

	52.17
	0.210
	0.229
	0.037
	0.007

	53.36
	0.093
	0.086
	0.032
	0.002

	54.72
	0.041
	0.115
	0.051
	0.004

	56.43
	0.139
	0.125
	0.030
	0.001

	57.59
	0.052
	0.059
	0.029
	0.004

	59.00
	0.048
	0.073
	0.026
	0.005

	60.36
	0.071
	0.042
	0.027
	0.005

	61.13
	0.074
	0.173
	0.039
	0.002

	62.17
	0.030
	0.058
	0.040
	0.001

	63.40
	0.098
	0.111
	0.045
	0.001

	64.11
	0.075
	0.168
	0.008
	0.0007

	65
	0.033
	0.244
	0.032
	0.005


 Finally, the statistical analysis conducted on the five distinct measurements for each sampling point confirms the high repeatability of the adopted experimental protocol. In particular, as also highlighted in Table 1 through the standard deviation values calculated over the five readings for each mass value, the data relating to the 1 MHz frequency stand out not only for their good linear response but also for an extremely low dispersion, with standard deviation values consistently below 0.01 pF.

From the comparative analysis of the charging and discharging cycles, negligible hysteresis is observed at higher frequencies, as reported in Figure 4. By drawing an ideal straight line between the extremes of the sampled values, it is observed that the dispersion of the experimental points relative to this reference is minimal, particularly, at 1 MHz. This confirms that a full cycle does not induce significant deviations between the desorption and adsorption phases.

On the contrary, at a frequency of 1 kHz, the graph shows a more pronounced deviation between the points related to the charge and discharge phase, which can be assimilated to a hysteresis behavior. Although the phenomenon at low frequencies deserves further future investigation to understand its physical dynamics, the excellent linearity and absence of hysteresis found at higher frequencies (1 MHz) indicate the high-frequency range as the most suitable solution for the purposes of this study.
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Figure 4.  Hysteresis analysis of the capacitive response during the full cycle of adsorption (red dots) and desorption (blue triangles) at the different reference frequencies.
Acquiring the impedance values as:
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Where [image: image35.png]


 represents the real part and [image: image37.png]


 the imaginary part, the frequency analysis was conducted using the Bode plots, which allowed for the study of the sensor's behavior and the investigation of resistive, inductive, and capacitive parasitic phenomena.

From the graph reported in Figure 5, it is observed that the magnitude shows a decreasing trend as frequency increases, with a constant slope close to -20 dB/decade. This trend, associated with a phase that initially settles around -90°, confirms the predominantly capacitive behavior of the sensor. 

However, above 100 kHz, the phase drops to approximately −130° before rising again toward −90° near 1 MHz.
This anomaly is not intrinsic to the behavior of the silica-gel, but is probably caused by the parasitic contribution introduced by the electrical contacts and/or the connection cables of the experimental setup.

The identification of this high-frequency instrumental limitation provides a key point for defining future analyses.

6. Conclusion

This study systematically analyzed the dielectric response of silica gel as a function of its hydration state through a gravimetric and capacitive characterization. The experimental results demonstrated how the frequency of the excitation signal influences the linearity and the measurement system's ability to distinguish between different hydration states. While pronounced non-linearities and early saturation phenomena are recorded at low frequencies, operating at a frequency of 1 MHz ensures a clearly linear trend across the entire 
investigated mass range.
The investigation of the entire adsorption and desorption cycle also allowed for the study of hysteresis phenomena, highlighting how a negligible hysteresis is observed at high frequencies.

In parallel, the analysis conducted using Bode plots allowed for the investigation of the sensor's behavior across the frequency spectrum. A solid capacitive behavior is highlighted up to a frequency of 100 kHz and around 1 MHz.

The reasons of the phase drop in the frequency range between 100 kHz and 1 MHz will need to be analyzed.
In conclusion, the strong correlation found between the hydration state and the capacitance at high frequencies provides solid experimental foundations for the development of capacitive sensors useful for directly estimating the state of charge of thermal energy storage based on thermochemical materials.

Future research will focus on the geometric optimization of the capacitive sensors, the mitigation of high-frequency parasitic effects, and the integration of the sensor into real-time industrial monitoring systems. Furthermore, alternative materials will be investigated to maximize the flexibility of the proposed solution.
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Figure 5. Comparative impedance Bode plot of the tested samples over the frequency range from 10³ to 10⁶ Hz.
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Figure 1.  Sensing element of the capacitor, constituting one of the flat faces of the capacitive sensor.
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Figure 3. Gravimetric-capacitive correlation at different frequencies: linearity comparison (1 kHz, 10 kHz, 100 kHz, and 1 MHz).
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