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Heat supply for residential buildings is still mainly based on fossil fuels and is thus a significant contributor to CO2 emissions. Renewable heating remains a technological challenge, often for the reason that during cold weather periods heat demand increases drastically whereas renewable production minimizes. Reactive solids produced by renewable energy can be an energy storage and carrier to flexibly leverage the often extreme seasonal discrepancy of residential heat demand. This work demonstrates a fully integrated thermochemical heating system based on calcium oxide and water operational for the first time in a real building environment. With the extraction of the thermochemically stored energy at a temperature level of 60°C we proved that the technology can be integrated into existing heating infrastructures of buildings, by replacing fossil fuel-based burners. This work advances the technology readiness level of thermochemical energy storage to validation in relevant environment.
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1 INTRODUCTION
According to the International Energy Agency the global heat demand in 2022 accounted for almost half of the total final energy consumption and 38% of energy related CO2 emissions (IEA, 2024). The building sector contributes to almost half of this consumption with its demand for space and water heating (Li and Yao, 2021). The share of renewable heat supply for buildings did not significantly progress over the last years (IEA, 2024). One reason for this is, that the highest demand for space heating is during winter time at the same time when the renewable production is most likely minimal. The application of heat pumps helps to couple the renewable electricity sector with the heat supply for buildings. In combination with a thermal storage the systems provide some flexibility, but only in the range of hours or a couple of days at maximum. Therefore, this approach cannot completely resolve the problem of limited availability of renewables in the winter over longer periods, such as several weeks. Consequently, energy storage systems with a larger capacity able to store renewable energy for a longer period seem favourable (Dowling et al., 2020). However, in order to reach economic feasibility, the storage cost per kWh must be extremely low since long-term storage systems undergo only a very limited number of storage cycles per year (Guerra, 2021).
Thermochemical energy storage with gas-solid reactions is a promising approach for long-term thermal energy storage for two reasons: The chemically stored energy can be preserved free of thermal losses for a user-defined time period and some of the reactive materials are available at a very low cost. For example, zeolites, metal hydroxides or hydrates and their reaction with water vapour are considered. A recent review provides a good comparison between the different reaction systems and their performance for an application in buildings heat supply (Moulakhnif et al., 2024). A review of Li et al. provides the current state of technology for different salt hydrate-based gas-solid energy storage systems. The authors conclude that several optimisations on material, reactor and system level are still required before such systems can emerge from laboratory scale to engineering applications (Li et al., 2022). Salt hydrate-based systems offer potential volumetric storage densities from 94 to 308 kWh/m3 if water vapour is available (Hua et al., 2022). As most salt hydrates have charging temperatures around 100°C, charging with solar thermal energy or low-grade waste heat is possible. But, in order to reach above mentioned energy storage densities, water has to be evaporated first before the energy can be released. Even though, the energy for evaporation could be somehow supplied by the ambient (e.g., bore holes), the necessity to include such low (partial) pressures of water vapour in the system increase its complexity.
However, the expansion of renewable energy focuses mostly on the production of electricity from wind turbines and photovoltaics (IEA, 2024). This creates an opportunity of charging thermochemical storage systems with electricity. Such charging enables the use of different reactive materials, which require higher charging temperatures, for example, metal hydroxides. One interesting system in that regard is the reaction of calcium oxide(CaO) with water or water vapour to calcium hydroxide (Ca(OH)2):
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Advantages are a good potential volumetric energy density of up to 215 kWh/m3 - using liquid water from the tap - and very low costs for the storage material itself (Schmidt and Linder, 2020).
The graphical abstract shows an application concept for energy storage and heat supply for buildings which is the underlying idea of this work. Whenever excess renewable electricity is available, CaO is produced in a larger centralized production plant. A similar approach is currently developed for the electric calcination of lime stone at even higher temperatures (Fennell et al., 2021). The charged thermochemical material can be stored centrally and then distributed to smaller storage units of nearby buildings. In the building, thermal energy is released by performing the exothermal reaction between CaO and tap water on demand. The released heat is transferred to the building’s heating circuit, and replaces former burning of fossil fuels. The discharged material, Ca(OH)2, is transported back to the regeneration plant where it will be regenerated using renewable electricity. The reaction can be repeated for an unlimited number of cycles, enabling long-term, large capacity storage of renewable energy for heating purposes. Schmidt et al. analysed the concept for a long-term heat storage system in buildings in detail and presented energy balance equations and first sizing considerations (Schmidt and Linder, 2020).
Due to the promising potential, the reaction system has been investigated by various groups, on material, reactor and system integration level over the past decade. The reaction kinetics have been characterised (Criado et al., 2014; Gupta et al., 2021; Schaube et al., 2012) and the cycle stability has been proven (Dutta and Shirai, 1974). Current works on the material level address the specific enhancement of material or bulk properties, aiming e.g., for stabilization of pellets and granules (Valverde-Pizarro et al., 2020; Lucke et al., 2023; Jashari et al., 2023; Xia et al., 2020), enhancement of the thermal conductivity (Huang et al., 2019; Li et al., 2016; Funayama et al., 2023), avoidance of agglomeration (Xu et al., 2017; Roßkopf et al., 2014; Gollsch et al., 2020) and adjustment of the reaction temperature (Maruyama et al., 2020). Recent activities try to understand the impact of changes of the bulk properties during the thermochemical reaction (Xu et al., 2022). Simulation models have been developed based on available material data and partially validated with experimental data from laboratory scale reactors (Risthaus et al., 2020).
Despite a good understanding of the fundamentals, the development of a thermochemical reactor is still one of the major difficulties in bringing the technology into a first application. Agglomeration tendency, low thermal conductivity and high charging temperatures required pose challenges for the development of well-functioning reactors at reasonable costs. Indirectly operated fixed-bed reactors in which the storage material is firmly in contact with the heat exchanger surface have generally shown good functionality but have only limited scalability.
One intensively pursued approach is hence to decouple the storage capacity costs from the reactor costs by separating the material storage and reactor components. However, such a concept requires the storage material to be moved to and from the storage tank and through the reactor itself. The operation of gravimetrically moving bed reactors has proven difficult with the powder material (Schmidt et al., 2016). Fluidised bed reactors set specific requirements on bulk material properties and require large fluidisation volume flows, which in turn limits the achievable temperature levels during heat extraction and thus the possible applications (Marie et al., 2022). One reactor concept that proved to be fundamentally suitable for operation with the powder is the mechanically-induced fluidised bed. Risthaus et al. developed the reactor concept and were able to successfully demonstrate the charging and discharging of the thermochemical material (Risthaus et al., 2022). The concept prevents agglomeration of the powder and ensures unrestricted contact of the reaction gas with the particles.
Nevertheless, the reported experimental works on reactors are yet limited on characterising the reaction process with water vapour. What has not yet been addressed, is the operation and thermodynamic design of such a thermochemical reactor that enable the extraction of thermal energy at application-relevant temperature levels. In particular, neither the simpler operation with liquid water and coupled heat extraction has been investigated, nor a complete thermochemical system with separation of the reactor and storage units, including the material transport, has been successfully operated.
Therefore, this work presents the first fully operational thermochemical pilot system designed and thermodynamically optimised for the specific application of heat supply for buildings. The system includes all required components for the complete demonstration of the heat supply process: Storage tanks for the solid energy storage material, an automated material transport system, the thermochemical reactor as well as a domestic hot water storage tank. The coupling of the hot water storage tank and the reactor represents the final integration point into the heating circuits of existing buildings.
The reactor was thermodynamically designed to verify the extraction of useful heat at a temperature level of 50°C–60°C. Reaching this temperature level would enable the technology to be directly integrated in a majority of existing heating infrastructures in buildings, replacing fossil fuel burners. The entire system was recently integrated in an application environment in a research building and is therefore the first work that provides data of a CaO based thermochemical heating system operated under application conditions outside the laboratory.
2 MATERIALS AND SYSTEM DEVELOPMENT
2.1 Thermochemical material
For the operation of the thermochemical heating system, commercially available calcium oxide is used. The company Lhoist Germany Rheinkalk GmbH supplied CaO with the product name “Weißfeinkalk CL 90 - Q Rapidquell”. According to performed TGA measurements, the material consists of 83.4% CaO. The material is grounded to a fine powder with an average particle size of 5 μm. The enthalpy of reaction with liquid water can be calculated by the standard enthalpies of formation presented in table books and accounts 65.1 kJ/mol, corresponding to a gravimetric energy density of 0.323 kWh/kgCaO based on CaO’s molar mass.
2.2 Pilot system development
Figure 1 shows the conceptual process design of the developed pilot system for decentralized heat supply for buildings. The main idea behind the pilot system was to decouple the energy storage capacity from the power unit, allowing a compact reactor design and a system that can be decentralized and cost-efficiently up-scaled. As a result, the plant consists of three separated main components: the storage and conveying unit, the thermochemical reactor unit and the domestic hot water storage tank. An automated transport system can move the solid material between the storage tanks and the reactor. The reactor and hot water storage tank are thermally coupled by a water circuit with heat exchangers.
[image: Figure 1]FIGURE 1 | Process Flow Diagram: Conceptual design for a decentralized, long-term thermochemical storage system based on the reaction material calcium oxide.
For the storage unit, two containers have been designed, with a dust-tight textile suitable for the fine powder. The textile containers are easily transportable and scalable and the material’s flexibility helps prevent powder agglomeration within the containers. Each container has a volume of 1.1 m3, corresponding to app. 900 kg CaO powder and app. 275 kWh of chemically-stored thermal energy. The containers are connected to the reactor with an automatic conveying system that induces vacuum (s. VC1, Figure 1) to transport the material in batches in and out of the containers and the reactor.
Starting the operation of the system, CaO is transported inside the reactor by opening V1, V7 and V6 and closing V2, V3 and V4 (s. Figure 1). After the reactor is filled, V7 closes and the water required for the reaction is sprayed into the reaction chamber via a nozzle. This water mass flow rate directly influences the reaction temperature, and is controlled with pulsing a magnet valve (s. V5, Figure 1) coupled with a mass flow meter (s. MFM2, Figure 1). In order to transfer the generated reaction heat, a hot water storage tank is connected to the reactor by a water circuit. By controlling the mass flow (WP1 and MFM3, Figure 1) and measuring the inlet and outlet water temperature of the reactor, the transferred thermal power to the hot water storage tank can be determined. The hot water storage tank has a volume of 250 L and also allows for a targeted setting of the inlet water temperature of the reactor via the use of a conventional heating element in order to simulate different operation scenarios. By the end of the discharging cycle, the Ca(OH)2 batch is transferred from the reactor into the Ca(OH)2 container by opening V3, V4, V7 and closing V1, V2 and V6. Subsequently, a new CaO batch is transferred in the reactor or the experiment ends, depending on the targeted thermal power generation.
2.3 Reactor development
The reactor development was based on the concept of a mechanically-induced fluidised bed. Previous investigations with the concept proved that the rotating ploughshare mixer ensures very good mixing and fluidisation of the fine CaO particles. The fluidisation enables the largest possible contact surface between particles and a reaction partner ensuring an optimal reactivity of the solids in the reactor. The ploughshare mixer additionally helps that no agglomeration of the particles occurs during the processes.
With these advantages in mind, one aim was to design a reactor specifically optimised for the reaction of CaO with liquid water. So far, reactors have always been designed to carry out the charging or discharging reaction of metal hydroxides with water vapour. However, the process requirements with water vapour are fundamentally different and clearly more complex. By inducing liquid water as reaction partner, not only the necessity of a separate evaporation unit can be avoided but also the lower maximum operation temperature also enables the use of more cost-efficient construction materials and reduces the required complexity of the reactor design.
One target was to integrate the heat exchanger into the reactor and to design it thermodynamically that thermal energy at a temperature level of 50°C–60 °C can be extracted from the exothermal reaction. The target temperature level represents general circulation supply temperatures of buildings’ heating circuits. Figure 2 shows the developed reactor. The reaction chamber is (partially) filled with CaO powder and the rotation of the ploughshare mixer induces a fluidisation of the particles. As soon as water is added through a spray nozzle into the chamber the exothermal reaction in the reactor volume is initiated. The released thermal energy is controlled by the supplied mass of water and finally transferred to the reactor jacket. The reactor works in a semi-continuous batch operation. When a batch has completely reacted, the material is automatically conveyed out of the reactor and new material is filled in by the conveying system.
[image: Figure 2]FIGURE 2 | Thermochemical reactor for pilot scale heating system: CAD drawings, photo and technical data.
The thermodynamic design considerations are based on the calculation of the overall heat exchange, [image: image]. The effective heat transfer coefficient k is mainly determined by the heat transfer coefficient inside the reactor from the particles to the wall, a value generally not precisely determined. k = 100 W/m2K was assumed, which is close to reported values by Risthaus et al. (2022). The operational temperature difference depends on the reaction temperature of the solids and the desired temperature lift on the heat transfer fluid side. Due to the assumed system boundary condition for existing buildings, the inlet temperature was set to 35°C and a temperature lift to 60°C outlet temperature should be reached. In a reference operation mode, the reaction temperature during the exothermal process is maintained at app. 90°C. At these conditions the logarithmic temperature difference available for the heat transfer accounts 41 K. As the reactor inner wall is designed with a surface area of 0.22 m2, the potential thermal power for aforementioned conditions results in 0.9 kW. Through faster water injection it is possible to increase the reaction temperature, for example, up to 180°C, increasing the available temperature difference for the heat transfer. Thereby, it´s possible to control the thermal power and reach - for the same boundary conditions - 4.5 kW at 180°C reaction temperature.
The operation at the lower power level determines the minimal flow rate of the heat transfer fluid. Channels with 10 mm width were designed to ensure that even at the lowest mass flow rate the flow inside the channels is turbulent. By additive manufacturing the direct integration of the heat transfer fluid channel into the reactor jacket was possible. This channel runs from one side of the jacket over the total length to the other side, making use of the maximum available area.
AlSi10 Mg was chosen as construction material. The aluminium alloy offers three distinct advantages compared to stainless steel: it is lighter, less expensive and has higher thermal conductivity. However, aluminium can potentially cause side reactions when in contact with CaO and water, which could lead to degradation of the reactor jacket. To avoid this, a coating of the reactor with a 0.5 mm thick layer of Ethylene Tetrafluoroethylene (ETFE, green colour in Figure 2) was applied. The coating ensures complete chemical resistance of the reactor’s surfaces in contact with the reactive materials.
3 RESULTS OF INTEGRATION AND OPERATION IN REAL BUILDING ENVIRONMENT
As part of the cooperation between the DLR’s Institute of Engineering Thermodynamics and the University of Stuttgart within the frame of the Collaborative Research Centre 1,244, we integrated the pilot system into the adaptive high-rise building, the D1244 on the University Campus. Figure 3 shows the installation of the pilot system in the building. From its operation in real boundary conditions such as outside temperatures, humidity - and even structural vibrations by actively controlled actuators integrated in some of the columns and cross bracings of the building (cf. CRC12441) - conclusions for necessary optimization, e.g., regarding its automated operation, can be drawn.
[image: Figure 3]FIGURE 3 | Demonstrator-high-rise building with pilot system.
3.1 Thermochemical heat supply
For the heat supply operation, the following procedure was applied: 4.1 kg of material, corresponding to 3.41 kg CaO, was transported via the automatic conveying system from the container into the reactor. The amount of storage material occupies 60% of the reactors volume in order to leave enough space for the compensation of the volume expansion during the hydration from CaO to Ca(OH)2. The reactor was subsequently closed and a rotation of the ploughshare mixer at a set speed of 250 r/min was started. A mass flow of 25 L/h was adjusted in the water circuit between the reactor and the hot water storage tank. After reaching steady state conditions, water was added into the reaction chamber to initiate the reaction. The water supply rate was regulated to control the reaction temperature.
Figure 4 shows the experimental data of this representative discharging process. The upper part of the diagram shows the temperature trends of the material in the reactor and the cooling water inlet and outlet as well as the thermal power transferred to the cooling water during the process. The lower part of the graph shows the mass flow rate of the cooling water and the points in time when water was sprayed into the reaction chamber as well as the pressure in the reactor.
[image: Figure 4]FIGURE 4 | Experimental data of discharging process.
At the beginning of the experiment steady state conditions can be observed, with an inlet and outlet temperature of the cooling water of 31°C and 30°C respectively and a temperature of the solid material in the reactor of 27°C. At the seventh minute the water addition was initiated and as a result an immediate rise of the temperature in the reactor due to the material’s exothermal reaction occurred. In the following minutes water was sprayed from time to time. As a consequence, a steep temperature increase occurs in the reactor reaching 85°C–95°C within 5 min. Once we reached more than 90°C particle temperature we started controlling the water addition in a way to maintain temperatures below 100°C. By pulsing the water injection as soon as the temperature drops below 90°C a particle temperature fluctuation between 85°C and 95°C was maintained for the following 30 min.
The heat of reaction was transferred to the cooling water. During the flow through the reactor jacket the water temperature increased from 31°C at the inlet to 55°C–60°C at the outlet. The inlet temperature was maintained at 31°C in order to represent a recirculation temperature from a heating circuit. The outlet temperature was maintained within the range of 55°C–60°C for app. 25 min. That corresponds to a relatively constant achieved thermal power of 0.87 kW within that time (compare green line in Figure 4). A maximum power of 0.9 kW was reached at the 35th minute. At the 40th minute water was injected once more, yet not further temperature increase took place, what indicated that most of the CaO was converted and the discharging process was technically completed. In the residual time the reaction/material temperature declines as the sensible heat of the hot particles is transferred to the cooling water. The thermal power consequently drops until the experiment was stopped as soon as the material temperature reached 40°C.
As a last step, the reacted material, Ca(OH)2, was automatically transported out of the reactor into the container. The material was in dry, powder form, no agglomerates were visible. Samples of the Ca(OH)2 were taken from the reactor and TGA measurements prove a conversion between 80% and 87%. In principle a new batch of CaO would be introduced subsequently into the reactor to realize a semi-continuous operation. The short time in between the change of batches would not influence the thermal power of the heating system since it is buffered by the hot water storage tank.
The measured effective heat transfer coefficient accounted to app. 85 W/m2K which is in excellent agreement with the assumptions for the reactor development. By operating at a higher reaction temperature of e.g., 180°C this would translate in a specific power density of 11.2 kW/m2. The value underlines the potential of reaching compact reactor designs for the mechanically-induced fluidised bed reactor concept. For example, for a single-family building with 6 kW required thermal power, 0.5 m2 heat exchange surface would be sufficient.
The accumulated thermal energy transferred to the cooling water was measured to 0.525 kWh. 754 g of water was injected and reacted with the present CaO. The released chemical energy based on measured injected water mass accounted 0.756 kWh. Comparing this value to the aforementioned transferred energy, 69.4% of the released chemical energy has been successfully recovered. The remaining part accounts for thermal losses of the current system and will be addressed by ongoing optimization of the system.
4 DISCUSSION
Reactors in kW scale have already been developed and operated for some thermochemical energy storage systems. However, up to now, reactors were mainly designed to investigate single aspects of the process, for example, the characterization of heat and mass transfer phenomena or the proof of the reaction in bulk scale. To our knowledge, none of the reported systems represent the operation of the thermochemical reaction, where the thermal energy released by the reaction is recovered at temperature levels required for the application.
In this work a pilot scale thermochemical heating system was developed and this first-of-its kind unit was installed and tested outside of the laboratory in a test building but without thermal requirements. By this approach the operation of the reaction of CaO with tap water and the extraction and transfer of the reaction heat at a temperature level of 60°C was demonstrated in a relevant building environment.
The achievement of 60°C supply temperature at a recirculation temperature of 31°C proves, that the technology is suitable for implementation in a majority of existing heating infrastructures. It could directly replace fossil fuel burners without the necessity of further adaptions of heating elements or the installation of floor heaters Although operation has not been performed at various ambient conditions, the required supply and recirculation temperatures would not change with different ambient temperatures. It is merely the required thermal power of the reactor that would need to be adjusted to the thermal load of the building. A further testing campaign to determine the adjustability of the pilot system to fluctuating thermal powers is planned.
One essential result of this work is the operation of the reaction of CaO with liquid water. Up to now, thermochemical systems based on hydroxides or hydrates have all been operated with water vapour. Such operation demands complex reactor designs, control of the gas flow, gas-solid separation and high energy demand as well as apparatus expenditure for the vapour supply. The reaction with liquid water enabled the development of a less complex, pressure-less, reactor and therefore made the application of aluminium alloy as lighter and cheaper construction material possible. It was shown that the reaction temperature can be controlled by the water supply rate and with an operation at 90°C reaction temperature a sufficient heating water supply temperature of 60°C was reached. An overall heat transfer coefficient of 85 kW/m2K was achieved. The concept of the mechanically fluidized bed proved to prevent agglomeration between particles and is capable to work with the material in powder form. A comprehensive analysis on the material stability over long term cycling and under different operation conditions is foreseen in the next steps.
Another main result of this work is the demonstration of the separation of the storage and the reactor unit. The storage of the solid in separated containers and the transport to and from the reactor worked well–also outside controlled laboratory conditions. The separation of the units and the material’s transport allows a high degree of conceptual design freedom for potential applications. One example could be a centralized larger charging plant and storage combined with distribution and decentralized discharging in the buildings of a surrounding residential area.
In summary, a fully integrated thermochemical heating system has been demonstrated in an application environment for the first time. Important process steps, like the transport of storage material, the heat supply from the thermochemical reaction and a facilitated reactor design and operation have been proven successfully. The technology can now be scaled into a variety of applications. Currently, improvements in regard to energy efficiency, specific power level, automated control and long-term operation are ongoing.
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