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Summary
Thermochemical energy storage systems (TCES) are gaining attention as a promising solution to address the intermittency of renewable energy, particularly in Europe’s residential sector, where heating demands a substantial share of total energy consumption. This work focuses on a novel thermochemical energy storage system integrating heat pump functionality during charging, featuring two alternative charging modes for salt hydrate-based systems: First, electrical charging via a resistive heater. Second, an alternative mode based on mechanical vapor compression, where dehydration-generated vapor is extracted, recompressed, and condensed to reuse its heat for the endothermic reaction—reducing reliance on ambient temperatures. Both concepts are introduced by an analytical study focusing on theoretical COP followed by first experimental considerations and the design of a reactor suitable for advective as well as closed system operation.
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Introduction
The energy transition from fossil fuels to renewable energy sources increases the need for storage systems capable of compensating for the inherent intermittency of these sources, especially in the residential sector, where the energy demand for heating represents a significant share of total energy consumption in Europe (around 25% in 2023 (Eurostat, 2026)). This highlights the need for efficient use of electrical energy for this application, where conversion into thermal energy represents a degradation in energy quality (Allen et al., 2017). Based on the scenario described above, it is essential to develop technologies that efficiently utilize electrical energy from renewable sources to meet residential heating demands, while simultaneously addressing the mismatch between supply and demand arising from the intermittent nature of renewable energy sources. Currently, among the various options to address this scenario, two main technological approaches aim to meet this need (compare Fig. 1). 
The first, and most commercially widespread, is the use of heat pumps (IEA, 2022). A heat pump is a cyclic thermal machine that uses mechanical work to supply heat from a cold source to a hot source, operating with a working fluid (Cengel et al., 2006). While this technology enables an efficient use of electrical energy for heating purposes, it lacks intrinsic storage capacity and therefore cannot address the intermittency of renewable energy sources. As a result, it must be complemented with electrical energy storage systems, such as lithium batteries (Baraskar et al., 2024).
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Fig. 1: Method I (PUSH) to charge a thermochemical system using electrical energy.
On the other hand, thermal energy storage systems (TES) also represent a relevant solution. These systems are classified into three types according to the nature of the heat storage mechanism: sensible heat storage, latent heat storage, and thermochemical energy storage (Mahon et al., 2022). Among them, different characteristics make each technology attractive for specific applications. One commonly used property to characterize these systems is the energy storage density (ESD), defined as the amount of energy stored per unit volume or mass of material. TES technologies can be ranked in increasing order of ESD as follows: sensible heat < latent heat < thermochemical storage (N´Tsoukpoe et al., 2009). While TES are well suited to address the mismatch between energy supply and demand, their direct charging using electrical energy—without the integration of a heat pump—typically results in a near one-to-one conversion of electricity into heat. This implies not only limited efficiency gains, but also a degradation in energy quality, as high-grade electrical energy is irreversibly converted into low-grade thermal energy with reduced potential for useful work (Allen et al., 2017).
It is needed to find a solution which addresses both aspects, an efficient use of the electrical energy for household applications and at the same time to compensate the intermittency in the electricity from the renewable energy sources. Thus, the present current work, focuses on the development of a flexible thermochemical storage system for temperature regimes <80 °C that can be easily adapted to varying operating conditions (different countries) as well as to variable charging conditions and reaches energy storage densities for the system > 200 kWh/m3. Regarding system flexibility, a system is envisioned, which cannot only be charged by thermal energy, but also in a very efficient way using electrical energy from renewable sources reaching COPs>>1.
Thermochemical energy storage with electrical charging
For any energy storage system, the storage efficiency is defined as the ratio between the useful energy released during discharge and the energy supplied to the system. This value can by definition not exceed values of “1”. However, in thermochemical energy storage systems based on the reaction of salt-hydrates with water, the stored energy can be split into two: the energy corresponding to the reaction enthalpy as well as to the energy corresponding to evaporation and condensation of the water. Thus, in case the system boundaries can be extended to a clever gas management, system efficiencies exceeding “1” can be reached. E.g., when the heat of evaporation is not required, as the system can be discharged using moist air. In this case, it is rather appropriate to not use the term efficiency, but to use the definition of a coefficient of performance (COP).
			(eq. 1)
The present work actually focuses on the increase of the overall COP of the thermochemical energy storage by implementing two different methods for electrical charging, while the basic assumptions is related to a discharging process using moist air. The two different methods can be deduced from the concept of the thermochemical reaction, which can be described based on the reaction equation:
		(eq. 2)
, and follows a temperature-pressure equilibrium. This implies that to promote the dehydration reaction or the charging process, it is necessary to establish a driving force to initiate the reaction – either by changing temperature or pressure. 
Option I – PUSH-concept - increases the system temperature by providing thermal energy at an elevated temperature, thereby pushing the water vapor out of the salt. In contrast, option II – PULL-concept - pulls the water vapor out by reducing the system pressure, which also shifts the operating conditions away from equilibrium state. 
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Fig. 2: Left: Method I (PUSH) to charge a thermochemical system using electrical energy. 
Right: Schematic TCES process in schematic Van´t Hoff plot
Option I (push) is illustrated in Figure 2. The system is charged using electrical energy, while the water vapor released from the thermochemical dehydration is applied externally. Thus, the latent heat of condensation of this vapor is used as useful energy. 
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Fig. 3: Left: Method II (PULL) to charge a thermochemical system using electrical energy.
Right: Schematic TCES process in schematic Van´t Hoff plot 
Option II is illustrated in Figure 3. In this case, the system is also electrically driven, but the gas is actually pulled out of the material. Then, the temperature and pressure of the water vapor are increased by a concept similar to mechanical vapor recompression, and the latent heat of condensation is internally recovered by an indirect heat transfer to the thermochemical material. The concept of increasing the driving force of a reaction by using internal gas pumps has been demonstrated previously for sorption systems (Zeng, 2022). However, using the heat of condensation internally in the charging process is to the knowledge of the authors a novel concept for TCES.


Constraints of the Concepts and possible COPs >>1
In the following section, some more detailed consideration regarding the two charging concepts are given focusing on temperature constraints as well as achievable theoretical COP.
The option referred to as the so called “PUSH” concept is based on the assumption that by using electricity for heating, the upper temperature limit is not restricting. Thus, during charging as high temperatures can be supply to the TCES in order to discharge the H2O-gas at a pressure referring to a condensation temperature > 40 °C (compare Figure 2, right). This implies that with this concept, it is possible to provide “heating during charging”. So overall, by strongly increasing the available temperature difference between advective discharging and temperature driven charging, the common system limitations so TCES charged by waste heat are not valid.
Figure 4 shows the evolution of a theoretically calculated COP of the PUSH concept for the reference material K2CO3-sesquihydrate. Assuming a constant enthalpy of reaction as well as condensation, the ratio is independent of temperature. For this configuration, the resulting COP is constant for a selected salt hydrate material and independent of the charging temperature. For K2CO3-sesquihydrate as a reference material (Aarts et al, 2022), the theoretical value for this method can be calculated to COP = 1.6. However, there is a lower limit in the temperature, referring to the minimum reaction temperature, which is required to release steam at a pressure higher than corresponding to a condensation temperature > 40 °C. E.g. for K2CO3-system this is above 83 °C, according to Aarts et al., 2022. 
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Fig. 4: Theoretical COP versus operating temperature for PUSH and PULL (adiabatic compression) concept. 
For the second option, the so called “PULL” concept, the charging process of the TCES is not driven thermally, but the reaction is rather driven by a compression mechanism pulling out the reacting gas and thereby inducing the charging reaction. The intention of this concept is the re-utilization of the heat of condensation of the reacting gas independent of the working temperature (compare Fig.3, right). The principle follows to some extend the concept of mechanical vapor recompression: the gas is pulled out of the material at the operating temperature and corresponding equilibrium pressure of the material. By compression of the gas at constant temperature up to the condensation pressure at the identical temperature, it is possible to condense the reacting gas and redirect the heat of condensation to the charging process. This energy for compression is required as electrical energy and for isothermal compression it can be considered as DRHreact- DRHcond. As main features of this concept, two aspects can be highlighted. First, the thermal energy for charging is reduced by the enthalpy of condensation. Second, in general, the charging process is independent of ambient temperature. This second point emphasizes the distinct differences from state-of-the-art TCES systems charged with thermal energy and achieving lower system COPs: by utilization of the available electricity to drive the compressor, the temperature restrictions between absorption process and desorption process can be reduced.
Figure 4, illustrates the COP versus time, which can be achieved by the PULL concept. Obviously, there is a strong temperature dependence. This correlation is caused by the reduced pressure ratio between reaction pressure and condensation pressure at elevated temperatures, which is influencing the required work for adiabatic compression. In case the two pressures are identical, the theoretical COP is maximum, however, the concept would rather follow a mechanical vapor recompression in this point. Regarding the reference material K2CO3-sesquihydrate, a maximum value of 2.7 can be calculated at 20 °C. Thus, it is obvious that this method for charging can be very promising for thermochemical systems in the framework of electricity surplus for storage of thermal energy.
Experimental setup 
4.1. Requirements for the system
In order to experimentally demonstrate the feasibility of these concepts, a flexible test rig is required. Fig. 5 shows a scheme of the setup, which is designed to verify the technical feasibility of the two proposed charging methods, plus discharge in an open configuration. The main challenge is the design of a test rig as well as a reactor, which are able to perform during advective absorption for discharging as well as during closed system configuration with pure water vapor during desorption.
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Fig. 5: Schematic concept of experimental test rig. 
For the PUSH concept based on the electrical heating with elevated temperatures, the system features a thermostatic bath in which the heat supply for this loading method is indirectly emulated by means of an electric heater. The thermal bath is fitted with a mass flow meter and temperature sensors at the inlet and outlet to assess the energy supplied to the reactor. Furthermore, it must be possible to remove all remaining gas except water vapor at the beginning of the charging process using a vacuum pump, thus the system needs to be pressure tight for pressures in the range of ~200 mbar to ~1,1 bar. Finally, the system features a condenser connected downstream of the reactor to emulate the utilization of heat from the condensation of water vapour resulting from dehydration. Temperature sensors are required at each heat transfer stage, and a level gauge is required in the condenser to assess the volume of condensate. For the PULL concept, a compressor is required, which is able to efficiently compress superheated steam for reutilization of the heat of condensation, by a pressure ratio of ~ 5. Furthermore, a water tank is required at the outlet of the reactor collecting the water, which has been pulled out of the reactor and condensed internally. For this operation it is also required to ensure a pressure tight system to pressures of 200-500 mbar.
In contrast, for the discharging under advective conditions, the constraints for the reactor and system design differ. In this case, high gas flow rates through the reactor are required while pressure loss should still be minimum. Thus, large cross sections for the inlet and outlet as well as stable particle sizes of the material are mandatory for a satisfying performance. The system comprises a steam generator and a nitrogen supply line to establish the environmental conditions for system discharge; both are connected to a mixing chamber, resulting in ‘humid air’. The nitrogen supply is fitted with a controller that sets the volumetric flow rate. Humidity and temperature sensors connected to the reactor’s inlet and outlet determine the amount of water absorbed during hydration. To utilise the heat released during discharge, the extended system can feature a heat exchanger connected to the air flow from the reactor. 
The main requirements for the different operation modes are also summarized in Table 1. 


Tab. 1: Requirements for experimental setup for different operation modes
	Operating Mode
	Main Requirements

	Charging with PUSH concept (closed)
	system withstands temperatures > 100 °C,
partial vacuum conditions ( 200 mbar - 1 bar), external condenser to measure “heating effect” required

	Charging with PULL concept (closed)
	compressor for superheated steam required with pressure ratio of ~5, 
partial vacuum conditions ( 200 mbar – 1 bar), reactor with internal condenser, water tank

	Discharging with ambient air (advective system)
	ambient conditions– direct gas flow through reactor at ambient pressure, gas flow rate controller, temperature sensors and humidity sensors at inlet and outlet required 



4.2. Experimental Setup
Figure 6 shows the version of the setup as well as the reactor concept designed for experiments demonstrating PUSH concept as well as advective discharging. On the left hand side, the water is evaporated and can be mixed with the gas to provide the desired relative humidities in the air flow rate at the inlet of the reactor for the discharging. The evaluation is based on humidity sensors as well as temperature sensors at the inlet and outlet, the water uptake can be determined. To perform the charging in PUSH mode, a thermostatic bath is connected to the reactor, which can heat up the system up to 190 °C to initiate the dehydration reaction. The released water vapor will first push the remaining air out and then it will be condensed to emulate the heating during charging effect.
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Fig. 6: Picture of experimental test rig. 
4.3. Reactor Concept
The developed reactor is presented by a picture and schematically in Figure 7. It is intended to represent a single plate, which can be used in future for a modular stacked design. The main intention of the current design is to enable both operation modes with an optimized performance: the advective discharging as well as the closed charging (PUSH concept). 
Figure 7 shows pictures with schematic functionalities. As it can be seen on the right hand side, the powder material is filled in the main void of the reactor. For the gas transfer in the advective system the gas is provided at one side and distributed along the width of the reactor and across the small gap above the material separated by a metallic filter sheet. Then, the gas is flowing through the powder bed and is collected at the bottom of the bulk in the gas channels marked in green. Thus, this concept enables the gas to flow across the overall bulk material guaranteeing direct contact with the material, but at the same time minimize pressure loss. In order to provide the heat during the charging process following the PUSH concept, at the bottom of the reactor heat transfer fluid is flowing by the encorporated microchannels. Thus, heat transfer is realized in vertical direction defined by the thickness of the powder bed. The reactor is manufactured using additive manufacturing technologies and made from AlSi10 material. The area for the powder bed is about 340 mm to 160 mm with a maximum height of about 11 mm.
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Fig. 7: Schematic concept of reactor concept and filled reactor (right). 
This reactor will be used to prove the feasibility of combining advective and closed operation in one design effectively, as this will offer the possibility to operate TCES reaching COPs >>1.
Conclusions
The contribution presents a detailed analytical study of the calculations for the efficiency of TCES regarding different charging methods based on electrical energy. It has been shown that a main constraint to take advantage of these operation modes is that the corresponding experimental setup as well as reactor need to be able to operate in advective as well as closed operation mode. Next to the implications in the experimental design, a novel reactor concept is presented, which addresses this challenge. Gas transport is realized in a flow through mode with maximum surface area to reduce pressure drop, while heat transfer is realized in perpendicular direction using micro channels for the heat transfer fluid. The feasibility of this reactor for the two operation modes will be proven in a next step. The final goal of this work is to prove the possibility to reach COPs>>1 for TCES charged by electricity.
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