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1 Introduction 
At ECN, work is done on long-term storage of (solar) heat with thermochemical 

materials (TCM). The first phase in this research is the characterization of suitable 

materials, which presently focuses on the hydration and dehydration of solid MgSO4 

(in powder form). In the next phase, a system should be designed in which the chosen 

TCM material is applied. As a start for this second phase, it was decided to make an 

overview of the available literature to see how others have tackled the problems in the 

design of such systems.  

 

In this overview, not only seasonal thermochemical storage systems have been taken 

into account, but also some attention has been given to small systems such as 

absorption heat pumps and chillers, using a variety of absorbing materials (e.g. 

silicagel, zeolites, Na2S, NaOH, LiCl). However, the designs found for such systems 

cannot be applied directly to our case, since for seasonal storage a very large amount 

of TCM is required (several cubic meters) to get a high solar fraction, which creates 

many additional problems related to heat- and vapor transport, as well as sensible heat 

loss at frequent switching on and off. Nevertheless, it was considered useful to 

include also small systems in this overview, since also the designs found for small 

systems may lead to new ideas for reactor design in large systems. 
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2 Background of TCM research 
The work on Thermochemical heat storage has already a long history. A large amount 

of work has been carried out in Sweden in the late 70’s and early 80’s, on which Lund 

(1996) gives the following account: 

 
Thermochemical heat storage as such is not on the market. One of the main industrial developments on 

thermochemical storage of solar heat was the so-called Tepidus system in Sweden in late 70’s. It 

comprised a solid sodium sulphide storage based on the reaction 5 H2O (gas) + Na2S (solid) Na2S x 

5 H2O (solid). The main advantage of this storage concept was a relatively high theoretical storage 

density ~500 kWh/m³, the low cost of the salt, and an operating temperature (55-100 °C) suitable for 

solar collectors. The Tepidus system had several technical problems and was disbanded in early 80’s. 

Some renewed interest in this concept has been shown in 1990’s. (Lund, 1996) 

 

Oelert (1982) gives a sketch on the Na2S storage system of the Swedish company 

Tepidus AB: 

 
Figure 1: Tepidus Na2S system (from Oelert, 1982). 

 

Futhermore, Brunberg (1980) indicates that two large scale demonstration projects are 

ongoing. Figure 2 shows one of these projects, on which he gives the following 

information: 
The first project is a family house built in 1953 with a living area of about 80 m

2
 where accumulators 

containing about 7000 kg of substance have been installed. The house will be 100% solar-heated. A 

sketch of the main parts of the system (Fig. ll) shows the accumulator (B) as well as the combined 

condenser/evaporator (C) in the basement of the house. As the house we were offered for use for the 

experiment is not oriented towards south and further more is screened from the sun by a nearby 

building we were forced to mount the solar collectors (A) on the roof of that building. In the garden a 

system 900 m of polyethylene pipes (D) have been dug down. The plant is already in operation but the 
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electronic processer of the system and facilities for recording such different parameters as heat flows, 

temperature and power is not yet completed. The accumulators are at present charged by heat from an 

electric boiler and will be discharged before the charging using solar collectors starts in March-Apr. 
(Brunberg, 1980) 

 
Figure 2: Demonstration project of the Tepidus system (Brunberg, 1980). 

 

 

An interesting publication is the report by Oelert et al (1982), which gives an 

overview of the potential of a number of applications, as shown in Figure 3. As 

typical problem areas, he gives the heat transfer, noncondensables, parasitic energy 

use, the use of the heat of condensation, the interlinking of heat sources and sinks, 

kinetics, sensible heat losses, safety, complexity, economy, long term stability and 

system optimisation. In his conclusions, Oelert states that  
“a solar seasonal thermochemical storage system for a single family house has a high energy 

conservation potential but requires ca. 5-10 times the investment of a continuous heat pump, which still 

has a reasonable energy conservation potential. [..] practical energy storage densities are not high 

enough and equipment cost is too high to qualify thermochemical heat storage economically for long 

term heat storage, [..] due to high complexity, thermochemical heat storage is unlikely to be able to 

compete against sensible (and latent) heat storage for short term purposes in most applications. [..] 

Thus the greatest possibilities of thermochemical storage seem to be found in medium term (=size) 

storage and heat transforming, but in spite of the problems described above, solar seasonal applications 

should also be considered since their theoretical energy conservation potential is high [..] (page 16-18)”  
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Figure 3: Systems examined by Oelert (1982) 
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Figure 4: Oelert (1982), the assessment of the case studies presented in Figure 3. 

 

In the USA, a large amount of work was done on chemical absorption heat pump 

systems, as reported e.g. the following studies  

 “Thermal Energy Storage technical progress report April 1984- March 1985” 

by Martin (1985), reporting on the progress in the ORNL thermal energy 

storage program, running since 1976, which focused among other subjects on 

ammoniates for absorption heat pumps, with experimental work on LiCl, 

NaBr, CaCl2, BaCl2 and CaF2 

 “Evaluation of Thermally Activated Heat Pump/Desiccant Air Conditioning 

Systems and Components” by Parsons et al (1987) 

 “Absorption fluids data survey: final report on worldwide data” by Macriss et 

al (1988).  
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In addition, some attention was given to thermochemical storage for (highly) 

concentrating collector systems, on which a review paper was published by Wyman et 

al. (1980) reviewing solar collector and thermal energy storage technologies suitable 

for the temperature range between approximately 100 and 500°C. 

The interest in thermochemical storage seems to have largely disappeared in the 

beginning of the ‘80s, until in the last 10 years a number of research groups have 

taken on the subject again. The reactor concepts developed by these groups are the 

subject of the present memo.
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3 Closed Systems with solid TCM material 

3.1 Introduction 

With solid TCM powders, high energy storage densities can be obtained. In the 

literature, only fixed bed systems could be found. However, the heat transfer and to a 

lesser extent the vapor transport are limiting aspects, requiring large heat exchanging 

volumes and thin layers. In addition, the loss of sensible heat is problematic on 

frequent switching on and off of reactors. 

3.2 Storages 

3.2.1 Introduction 

Basically, two project lines can be found in this area. One line is the work on seasonal 

storage with silicagel-based storages that was started by the company UFE, and was 

continued in the EU projects HYDES and MODESTORE, and finally  in the Austrian 

national Haus-der-Zukunft project MODESTORE. The second line is the work that is 

carried out by SPF in Switzerland on a small storage system of a few kWh storage 

capacity.  

 

 
Project overview from Wagner (2006) 

 

3.2.2 Silicagel & Selective Water Sorbents1: EU project HYDES  

Project partners: AEE INTEC, Fraunhofer-ISE, UFE-Solar, AUSTRIA EMAIL AG, 

SOLPROS A.Y. Project time: 1998-2001, SWS storage in demonstration project 

Gleisdorf 

 Applied sorbents 

- Grace 127B 

- Selective Water Sorbent (silicagel impregnated with CaCl2) 

- Modified silicagel from Grace 

 Obtained energy density: 135 kWh/m³ 

 Low mean power: 1.5 kW 

                                                 
1
 SWS is a combination of an adsorption material like silicagel with an absorbing material such as 

CaCl2. 
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 22 m2 collector. 

 

 
The conclusion of the project was that the system was technically feasible, but that the 

system control should be optimized. Storage densities of 115 kWh/m3 silicagel in one 

tank and 122 kWh/m3 silicagel in the other were obtained, which was roughly 1.8 

times the energy density of a water storage. The theoretical maximum was given as 

140-150 kWh/m3 silicagel. It was found that to obtain water fractions of below 10%, 

a regeneration temperatures of 80- 90 C was required and a condenser of about 30 C. 

For a water fraction of 2%, regeneration temperatures of over 95C were required and 

a condenser temperature below 20 C (which was obtained by using a rain storage as 

sink). 

3.2.3 Silicagel – EU project Modestore2  

The work was continued in the EU project MODESTORE. Project partners in this 

project were Fraunhofer ISE (project coordinator), Solpros, Ecofys, The Swedish 

Polytechnic in Finland, SorTech, AEE Intec, PSE GMBH.  

Project partners Austrial national Modestore project: AEE Intech (Dagmar Jaehnig), 

together with Solution Solartechnik GmbH and Behältertechnik Pink GmbH. 

 

In this project, a second generation system was developed, that was more integrated 

than the first generation system applied in the HYDES project. Also other adaptations 

were applied, such as a reduction in the roll distance between the copper roll heat 

exchanger (reduced from 5 cm to 4 cm), and it was ensured that the flow would 

                                                 
2
 Modular High Energy Density Sorption Heat Storage 
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always be turbulent, to optimize the heat transfer. Two storage vessels were used with 

500 kg silicagel each (Wagner, 2006). 
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The system is in operation since July 2005. The desorption works fine but the space 

heating lift is below expectations. 

 
 

It was finally concluded that silicagel was not a feasible material for such seasonal 

storages, and that modified zeolites may be considered. 



14 

 

3.2.4 Silicagel & Zeolite storage (SPF) 

SPF is carrying out research on a small scale absorption storage (Gantenbein, 2003). 

Details of the system are shown below.  

 

 

 
Gantenbein indicates that at low pressure the radiative heat transfer is important, and 

therefore the heat exchanger should have a high emission. 
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Gantenbein (2006) gives a detailed study on heat transfer in the zeolite storage with 

the focus on heat exchanger design. He indicates that the main future work will be 

related to upscaling of the system and identifying optimal system designs.  

 

3.2.5 SrBr2 – EU project SOLARSTORE (PROMES-CNRS) 

In France, Goetz has been working for a long time on solid sorption materials. In 

Mauran, Lahmidi and Goetz (2008), a 60 kWh (0.22 GJ) TCM storage system for 

solar heat is described, called SOLUX, based on SrBr2x1H2O + 5H2O  

SrBr2x6H2O.  
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A thickness Zr of 12 mm was finally retained for the reactive layers in the prototype 

(named SOLUX). It is the minimal thickness which could be carried out without 

posing too much of a problem on the level of the hydraulic connections of the 

exchanger plates.  

 
 

 



17 

Mauran (2008) states the following: It allows storage, with a minimum of loss over indefinite 

duration, of 60 kWh at 70–80 C and a later restitution of this energy to ensure, within the floor of the 

house, either heating in mid-season (60 kWh at 35 C) or refreshing in summer (40 kWh with 18 C).  

[..] reactive salt associated with an expanded natural graphite binder served as a consolidated 

composite which presents properties of transfer (conductivity and permeability) that are very 

satisfactory for a porous fixed bed. The relatively thin layers of reactive composite (12 mm) are laid 

out in alternation with plates of a heat exchanger or steam diffuser that are also thin (5–6 mm). The 

modular structure of the reactor facilitates a priori extrapolations in power and storage capacity. 

However, the heating or cooling powers of the prototype proved to be lower than those envisaged. The 

conductive heat transfer and especially the transfer of vapor with low pressure through the porous 

medium were expected to constitute the main limitations of the process; also the implementation of the 

composite reagent was conceived to attenuate these limitations. But in actuality, it is the transfer of 

heat at the interface between the consolidated composite and the wall of the exchanger, characterized 

by the coefficient hsw, which constituted a very strong limitation. The very low values of the 

coefficient hsw (between 5 and 30W/m2/ K) were not envisaged because better values (>500 W /m2 

/K) had been experimentally obtained on the same or similar composites in smaller reactors. This 

below-average performance calls into question neither the choice of reactive salt, neither the 

implementation of the composite, nor the modular structure of the reactor, but exclusively the way in 

which the layers of reactive composite must be introduced and maintained in good thermal contact 

inside the reactor. These problems are currently being studied in the laboratory.
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3.3 Heat pumps and chillers 

3.3.1 Introduction 

A different application of sorption materials is for absorption heat pumps. Such heat 

pumps may be based on liquid sorption materials, but also on solid sorption materials 

as in this chapter. The use of solid sorption has energetic and environmental benefits 

over conventional systems. In practice, such systems are often applied for cooling 

purposes; e.g solar cooling systems or industrial cooling systems based on waste heat. 

At present, ECN-EEI is working on a cooling system for application in cars, based on 

engine waste heat. 

A characteristic of such systems is that cooling demand and heating supply are mostly 

simultaneous, which means that only very limited storage capacity is required. Often, 

such systems have more than one batch, so that one batch can be charged while 

another is discharged.  

It seems that presently only companies have commercial production of adsorption 

chillers. Both systems are based on silicagel. The two companies are from Japan; 

Mayekawa and Nishiyodo. In addition, others are trying to develop such a system, 

such as the Chinese company Jiangsu Shuangliang Air Conditioning Equipment Co. 

Ltd. Information on these systems was also collected within IEA SHC task 38 on 

Solar Cooling (Henning, 2007). Henning summarises these products as large and 

heavy, with a COP of 0.6 and a driving temperature of 65-90 C. A typical layout is as 

given below. 
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Figure 5: Comercial silicagel chillers (from report of the Altener project Promoting solar air 

conditioning). 

 

3.3.2 Silicagel chiller Mayekawa 

 

 
 

 
www.adsorber.de 

http://www.adsorber.de/mycom/fotos/vaku-g.jpg
http://www.adsorber.de/
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Figure 6: Mayekawa manufacturer performance data (from Henning, 2007). 

 

A demonstration project was realized at a hospital in Kamenz, Germany. The system 

is a combination of fuel cell, solar system and an adsorption chiller with a chilling 

capacity of 105 kW (type: Mycom ADR 30 from Mayekawa). As working pair 

water/silicagel is used. The system is realised with a collector area of 115 m² 

(Sabatelli, 2005) 
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3.3.3 Silicagel chiller Nishiyodo  

 
Figure 7: Silicagel chiller Nishiyodo (brochure icogen). 

 

In a brochure of Icogen (www.icogen-sa.com), the following is stated: The 

Adsorption Chiller was developed and first produced by Nishiyodo Kuchou 

Manufacturing Company in 1986. Since being first produced the Adsorption Chiller 

has been used and closely evaluated in a wide area of applications in Japan and 

Europe [..]. 
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3.3.4 Silicagel chiller Jiangsu Shuangliang Air Conditioning 
Equipment 

A new silicagel chiller development at the university of Shanghai, together with the 

company Jiangsu Shuangliang Air Conditioning Equipment Co. Ltd, is reported by 

Wang (2005). The simulated results show that the refrigerating capacity is more than 

10 kW under a typical working condition with hot water temperature of 85C, the 

cooling water temperature of 31C and the chilled water inlet temperature of 15C. The 

COP exceeds 0.5 even under a heat source temperature of 65C. 
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3.3.5 Na2S chiller SWEAT (ECN) 

This system is developed as a heat pump for cooling, using industrial waste heat.  

     

    
 

The heat transfer through the Na2S is the limiting factor in the de power of the heat 

pump, so a very good heat exchanger is necessary. However, the Na2S is strongly 

corrosive, which means that a very good corrosion protecting coating had to be 

developed.  

 
A support material for Na2S is required, to achieve a sorbent filling of the space in 

between the copper wire structure that has sufficient open porosity for vapour 

transport, mechanical stability to hold the salt evenly divided in this space, even with 

occasional melting of part of the salt. A fibrous cellulose material was selected for 

this purpose. These fibres are chemically inert and sufficiently thermally and 

mechanically stable to act as support for the salt. Cellulose also has sufficient 

absorption capacity to maintain a molten salt at its position. The space in between the 

copper wires is easily filled with cellulose-Na2S composite material, when applied in 

small grains. 
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Finally, however, the project was terminated, which was largely due to the large 

complications arising from the use of the very corrosive Na2S. In subsequent projects 

for cooling applications, the focus shifted to silicagel. 

 

3.3.6 Silicagel chiller SOCOOL (ECN) 

For the Fiat research centre in Italy, a sorption cooler was developed, based on 

silicagel (Sorbsil A from the company Ineos Silicas) in the EU FP5 SOCOOL project. 

The lab tests at ECN were successful; 5 kW power was obtained. In the lab tests, poor 

wetting of the evaporator was a problem due to a malfunctioning pump (De Boer, 

2006). 

 

 
ECN EEI – SOCOOL: Silicagel impregnated heat exchanger, 1 kW, large heat 

exchanger area 

 

3.3.7 Silicagel chiller TOPMACS (ECN) 

At present, ECN-EEI is working together with Fiat on a sorption cooling system for 

cars. The ECN website gives the following information: 

 

Prototype 

In de eerste fase van het project zijn door de projectpartners vier prototypes op labschaal gebouwd. 

Hiervan zijn er drie uitgebreid getest. Op basis van de testresultaten is het sorptiekoelsysteem van ECN 

geselecteerd voor de volgende fase van het project: het bouwen en testen van een prototype in een 

personenauto. Omdat Fiat een belangrijke partner is in het onderzoek, zal dat een Fiat Punto zijn. Het 

koelsysteem van projectpartner CNR-ITAE wordt getest in een Iveco Stralis, een vrachtwagen die 

eveneens uit Italië afkomstig is.  

“Dat is eigenlijk wel een doorbraak,” vertelt ECN-onderzoeker Robert de Boer. “We hebben 

aangetoond dat we met onze innovatieve en energiezuinige sorptiekoeltechniek in principe voldoende 

koeling kunnen leveren voor een aangenaam binnenklimaat in een personenauto. Eindgebruikers als 

Fiat en Iveco hebben nu zoveel vertrouwen in het concept dat we een stap verder kunnen gaan. We 

gaan ons koelsysteem nu zo aanpassen dat we het in de kofferbak van de testauto kunnen inbouwen en 

dan de werking onder echte bedrijfscondities kunnen testen. Daarvoor moeten we nog wel de 

ontwerpen van de verdamper en de condensor aanpassen en deze componenten opnieuw bouwen.”  

Omdat als randvoorwaarde geldt dat de nieuwe koeltechniek tenminste hetzelfde comfort moet kunnen 

leveren als de conventionele techniek, zal een standkachel worden gebruikt. De Boer: “Deze brander 

zal in principe alleen warmte leveren aan het koelsysteem wanneer nog niet genoeg restwarmte van de 

motor beschikbaar is, bijvoorbeeld bij een koude start. Daarnaast biedt dit de mogelijkheid om het 

koelsysteem te ontkoppelen van de motor, zodat de airco ook koeling kan leveren als de motor niet 

draait.”  
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Figure 8: Car cooler to be filled with silicagel, together with TOPMACS layout scheme 

3.3.8 Silicagel chiller SorTech (Sortech, Fraunhofer) 

This research line started with PhD projects on characterisation of various adsorption 

materials at Fraunhofer ISE (Nuñez, 2001), followed by a PhD project by Smith 

(Smith, 2004). 

  

 

 
 

 

 

 

The company SorTech is a spin off of Fraunhofer ISE. Together they developed an 

adsorption chiller (Nuñez, 2004). 
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In 2006, Bales states that this is a heat pump with 20 minute storage capacity, for 

single family house, adsorption material not yet chosen.  

In 2007, the following information was provided on the SorTech website  
Die Thermo-Chiller der SorTech sind Adsorptionskältemaschinen, in denen als Adsorptionsmaterial 

Zeolithe oder Silikagele zum Einsatz kommen, als Kältemittel dient Wasser. Der Thermo-Chiller 01-

10kW ist das Grundmodul der ersten Anlagenserie. Das System wird anschlussfertig ausgeliefert 

werden, beinhaltet die Steuerungseinheit sowie einen Kaltwassererzeuger mit 10 kW. Mit bis zu vier 

weiteren Zusatzmodulen a 10 kW wird das System auf bis zu 50 kW erweiterbar sein. Die Geräte der 

Serie 01 sollen einen COP von 0,6 unter folgenden Betriebsbedingungen erreichen: Kälteleistung 10 

kW mit 6°C / 12°C auf der Kaltwasserseite bei einem Volumenstrom von ca. 1.500 Litern pro Stunde; 

Antriebstemperatur 80 °C / 75 °C bei einem Volumenstrom von ca. 3.000 Litern pro Stunde; 

Rückkühltemperatur von 35 °C / 30 °C bei einem Volumenstrom von ca. 4.500 Litern pro Stunde. Der 

Komplettpreis des Thermo-Chillers 01-10kW wird voraussichtlich im Bereich von 4.000 € - 6.000 € 

liegen. 

 

Presently, at the site of SorTech (www.sortech.de), information is given on their 

demonstration project at Fraunhofer ISE, Location: Freiburg, Baden-Württemberg 

Commissioning: June 2007. The system has a 20 m2 flat-plate collector and vertical 

boreholes and is providing cooling for the cantine of the Fraunhofer institute. 

 
Figure 9: SorTech demonstration project at Fraunhofer ISE 

 

The SorTech system with specification sheet is shown below. 
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Figure 10: SorTech system  

 

3.4 Zeolite integrated  gas burner Vaillant (with RWTH 
Aachen) 

In a cooperation between Vaillant and RTW Aachen, a gas burner with integrated 

zeolite heat pump was developed. BINE (2005) gives information on this system, 

announcing a pilot series for the end of 2005. On the present status, information is 

available at www.vaillant.de (Vailant, 2007). 

 
Das Zeolith-Heizgerät ist eine Wärmepumpe, die mit Erdgas betrieben wird. 

http://www.vaillant.de/
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Im Jahresdurchschitt wird die Energie zur Heizung und Warmwasserbereitung zu 

75% aus der Verbrennung gewonnen. Weitere 25% kommen aus der Umwelt - 

kostenlos. Der Jahresnutzungsgrad der Zeolith-Heizgeräte liegt damit fast 30% (abs.) 

über dem von Brennwertgeräten. Die Steigerung im Vergleich zu 

Niedertemperaturkesseln liegt sogar bei rund 40% (abs.). 

Der Sorptionsprozess in den Modulen läuft in zwei Schritten ab: Im ersten Teilschritt 

wird der Zeolith mit Hilfe eines Gasbrenners auf 200°C erwärmt. Dabei desorbiert das 

 
Funktionsprinzip des Zeolith Moduls 

Das Herzstück des Zeolith-Heizgerätes von Vaillant sind zwei Zeolith Module. In 

ihrem oberen Teil befindet sich das Adsorptionsmittel Zeolith. Es ist aufgebracht auf 

einem Wärmetauscher (Adsorber / Desorber). Unten befindet sich ein weiterer 

Wärmetauscher (Kondensator / Verdampfer), als Kältemittel ist Wasser enthalten. 

Das Modul ist hermetisch verschlossen und arbeitet im Unterdruck bei 5 bis 200 

mbar.  

Wasser und strömt als Dampf in den unteren Teil des Moduls. Hier kondensiert der 

Dampf und gibt dabei seine Kondensationswärme ab. Dieser Schritt ist beendet, wenn 

der Zeolith trocken ist und sich das gesamte Wasser im unteren Teil des Moduls 

befindet. Nun wird der Brenner ausgeschaltet und das Modul kühlt unter 

Umgebungstemperatur ab. Das Wasser verdampft nun unten im Modul mit Hilfe von 

kostenloser Umgebungswärme. Der Dampf strömt in den oberen Teil des Moduls und 

wird dort vom Zeolith adsorbiert, die dabei frei werdende Adsorptionswärme wird 

ebenfalls genutzt. Wenn das Wasser vollständig verdampft ist, beginnt der Prozess 

erneut. 
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3.5 TCM reactor equipment for Laboratory research 

Several research institutes and univerities have also publised on their research on 

TCM, showing figures of their experimental reactor setup. Some systems are 

collected below. 

 
Figure 11: 1.1.1 Fluidised bed reactor - Hamed 

 

 
Figure 12: (a) System Aidoun, (b) Goetz and Marty 
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4 Closed Systems with liquid TCM material 

4.1 Introduction 

As seen above, in the case of solid TCM material always fixed bed systems are used. 

In principle one would like to use a separate reactor, because this allows better heat- 

and vapor transport and reduces the sensible heat loss of the reactor, which is 

particularly important at frequent switching on and off. However, for solid TCM, the 

transport of the material is not straightforward. Therefore, several people have been 

working with liquid TCM materials.  

In liquid TCM materials, two routes are available. One can either use substances such 

as more or less diluted solutions of NaOH, H2SO4, LiBr or LiCl, or one can try to 

suspend the solid TCM material in a liquid.  

With respect to the more or less diluted solutions; typically LiBr and LiCl are 

interesting but expensive materials, which makes them very popular in absorption 

heat pumps where only very limited storage capacity and small amounts of TCM are 

required. NaOH and H2SO4 are much cheaper, but are also very corrosive, requiring 

costly design measures and materials for the system. 

With respect to suspensions, the only group working with a suspension (TNO) has 

built an open system, so this concept will be found in the chapter on Open systems 

with liquid TCM. 

4.2 Suspension system (Rocky research) 

Since the late ‘80s, research on solid sorption is carried out by Rocky research (by 

Uwe Rockenfeller). Rockenfeller has over 60 patents, almost all related to solid 

sorption or ammonia/water heat pumps, over the period 1989-2005. In Rockenfeller 

(1991), the development of a solid-sorption chill storage is described, based on the 

absorption of ammonia in a metal inorganic salt. Several approaches were tried to 

optimize both thermal and mass diffusivity. Three types of system were investigated: 

(1) slurry system (equivalent to a suspension system like TNO), (2) carrier liquid 

system and (3) optimized solid bed reactor. For the slurry system, it was concluded 

that the pumpability of the solid required at least 35% carrier liquid. Although it was 

found that for the slurry system the ammonia uptake was increased by 50% compared 

to a fixed bed, it was concluded that issues regarding slurry distribution, agitation and 

vapor carryover would require too much effort to be solved within the project. As an 

alternative, it was tried to dissolve ammonia in a carrier liquid. A difficulty in this was 

the following  
“liquids which are highly soluble in polar gases such as ammonia and water are also soluble in polar 

salts. Answers to this problem were found in long chain molecules, e.g. long chain alcohols and 

ammines. These media show reasonable solubility in low molecular weight polar gases, but are almost 

inert to most metal inorganic salts. Solubility problems are reduced by using hydroxide, carbonate or 

phosphate salts rather than bromides, chlorides or chlorates. However, the coordination properties of 

the latter group are superior to those of the first group, and this research focused on finding carrier 

liquids suitable for use with bromated or chlorinated metal salts.”(Rockenfeller, 1991).  

Since the solubility decreases with decrease in temperature, lower temperatures 

require higher flow rates and correspondingly higher parasitic power, which limited 

the cooling temperatures and severely limited the feasibility of the use of a carrier 

liquid. 
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Figure 13: Different embodyments from the suspension reactor by Rockenfeller (from 

Rockenfeller, 1989). 

 

Finally, optimized bed reactors were found to be the best option, because of low cost 

(no slurry pumps or separation membranes required), no additional temperature drops 

to drive sorption into the liquid carrier, no issues with stability of carrier liquid, no 

contamination with carrier liquid vapour, no moving parts and most acceptable to 

manufacturers and users.  

 

4.3 LiCl chiller TCA (Climatewell, DTU-SERC) 

 
 

Absorption process with three phases: solid, solution and vapour. LiCl/water are the 

active substances with small amounts of inhibitors. During charging (regeneration), 

the solution is pumped over the reactor heat exchanger and solid crystals are formed 

that fall under gravity and are collected in a basket. During discharge the solid 

crystals are dissolved using the condensed water. Charge and discharge occur at 

constant operating conditions during three-phase operation. A single unit can either 

charge or discharge. The system is marketed as ClimateWell DB220 as an advanced 

industrial prototype and is sold to several groups. 
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Over time, a number of patents on the system was issued. Specific issues 

 

4.4 NaOH seasonal storage (EMPA) 

  
 

 
Status 2006: The storage was built and filled with soda lye in 2005, but never put into operation. 

The project got financing from SFOE, Fall 2006. The work on the storage has been reassumed. With 

the laboratory prototype, first test has been performed. At the moment, some design changes are made. 

First tests (without lye) showed a heavy heat loss as a result of radiation exchange between the 

condenser and evaporator inside the processor. (Fixed.) Loading tests has been performed.  

Concentration of 62 to 65% wt reached. At the moment: Replacement of silicone hoses, which has 

been corroded in the lye. (In progress) The viscosity of the concentrated lye is higher than expected. 
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The piping, especially the pumps needs a change in design. (Done.) Better efficiency and volume ratio 

needs a second stage (meaning: second HE pair) Crystallization at unforeseen places might be an 

obstacle. For low temperature application, a shift to low concentrations might be very interesting, but 

needs mandatory the second stage. 

 
Weber (2008) gives an update on the status of the project: 
An NaOH–water-based process for long-term storage of solar heat has been analyzed. The process has 

been demonstrated in a prototype plant with individually vacuumed storage tanks and solution/water 

vapor heat exchangers unit. The results show that solar heat input is required at temperature above 

120C, and that, compared to conventional water storages, the system volume (tanks and heat 

exchangers) related heat capacity could be increased up to a factor of 6 for low-temperature space 

heating with 40C supply temperature. For domestic hot water supply at 65–70C, this factor is reduced 

to about 3. As a next step, it is planned to build a double-stage system. This will allow for lower solar 

heat input temperatures or higher condenser temperatures during charging, and for higher tap water 

temperatures or for operating with lower solutions concentrations during discharging. The system will 

be designed as one integral vacuum container, in which the whole storage system is placed, comprising 

multiple solution tanks, two process units (because of the double stage system), and the necessary 

piping and pumps. Thus, the vacuum container need not sustain the highly corrosive environment of 

the NaOH lye and may be of conventional carbon steel. As the solution tanks are fully placed in 

vacuum, they do not experience a high pressure difference and can be made of polypropylene. This will 

contribute to a cost-effective system. However, costs have also to be considered for the heat 

exchangers. To reach a steady and continuous heat output from the system, the partial air pressure in 

the system must constantly remain on a low level. Solutions, e.g. with getters or mini vacuum pumps, 

have to be further investigated. (Weber, 2008) 

The importance of a double stage system is emphasized. The principle of this is 

illustrated below. The idea is that one can apply lower collector temperatures (95C) to 

reach high concentration, because the water vapour in the second stage is not 

condensed to water, but is taken up by the NaOH solution in the first stage, leading to 

lower vapour pressures in the second stage and correspondingly lower regeneration 

temperatures. 
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4.5 LiCl chiller (ZAE) 

After their initial work in open cycle zeolite systems, the focus shifted to a liquid LiCl 

heat pump system (Hadorn, 2005), and a demonstration project with a LiCl system 

was carried out at the office of Prochek Immobilien GmbH in Amberg (Laevemann, 

2003).  

The storage contains 3000 kg of LiCl and a varying amount of water in separate tanks 

with a storage volume of 12 m
3
. A collector area of 70 m

2
 is used. Although leakage 

and other problems delayed the project, Laevemann (2003) is optimistic on finishing 

the project successfully. 
 

 
 

4.6 Various absorption heat pumps 

Many absorption heat pumps are known functioning on liquids, mostly based on 

solutions of ammonia or LiBr. However, also other salts are used, such as LiCl (e.g. 

Laevemann 2003). Wikipedia gives the following overview: 
 

In the early years of the twentieth century, the vapor absorption cycle using water-ammonia systems 

was popular and widely used but, after the development of the vapor compression cycle, it lost much of 

its importance because of its low coefficient of performance (about one fifth of that of the vapor 

compression cycle). Nowadays, the vapor absorption cycle is used only where waste heat is available 

or where heat is derived from solar collectors. [..] 

The absorption cycle is similar to the compression cycle, except for the method of raising the pressure 

of the refrigerant vapor. In the absorption system, the compressor is replaced by an absorber which 

dissolves the refrigerant in a suitable liquid, a liquid pump which raises the pressure and a generator 

which, on heat addition, drives off the refrigerant vapor from the high-pressure liquid. Some work is 

required by the liquid pump but, for a given quantity of refrigerant, it is much smaller than needed by 

the compressor in the vapor compression cycle. In an absorption refrigerator, a suitable combination of 
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refrigerant and absorbent is used. The most common combinations are ammonia (refrigerant) and water 

(absorbent), and water (refrigerant) and lithium bromide (absorbent). 

The classic gas absorption refrigerator cools by evaporating liquid ammonia in a hydrogen 

environment. The now-gaseous ammonia is then absorbed (dissolved) into water, and then later 

separated (boiled off from the water) by a small source of heat. This drives off the dissolved ammonia 

gas which is then condensed into a liquid. The liquid ammonia then enters the hydrogen-charged 

evaporator to repeat the cycle. 

A similar system, common in large commercial plants, uses a solution of lithium bromide salt and 

water. Water is evaporated under low pressure from the coils that are being chilled. The water is 

absorbed by a lithium bromide/water solution. The water is driven off the lithium bromide solution 

using heat. 

Another variant uses air, water, and a salt solution. Warm air is passed through a sprayed solution of 

salt water. The spray absorbs humidity from the air. The air is then passed through an evaporative 

cooler. Humidity is removed from the cooled air with another spray of salt solution. The salt solution is 

regenerated by heating it under low pressure, causing water to evaporate. The water evaporated from 

the salt solution is recondensed, and rerouted back to the evaporative cooler. 

 

An example of a 10-ton 35 kW LiBr system is described e.g. by Pongtornkulpanich 

(2008). The system is charged by a 72 m
2
 vacuum tube array and requires a loading 

temperature of 70-95 C. The nominal operating range for the hot water input is 70–

95C at 2.4 l/s, resulting in chilled water at about 7C and 1.5 l/s. Cooling water is 

supplied by a BKC-30 RT cooling tower with a capacity of 30 tons. 

 

  
Figure 14: LiBr system (Pongtornkulpanich, 2008). 
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5 Open systems with solid TCM 

5.1 Introduction 

Open systems extract the vapor directly from the ambient. In practice, this means that 

open systems always use water vapor, and are often extracting the vapor from 

outgoing ventilation air. Since the amount of water vapor in the ambient air is not 

very high (roughly ), this implies that the system is particularly suitable for systems 

with a high ventilation flow, relative to their heating demand.  

5.2 Zeolite 4A seasonal storage Monosorp (ITW) 

An open cycle system for integration in a ventilation system was developed at ITW 

(Kerskes, 2006).  

 
 

Water vapour is extracted by the zeolite blocks from the outgoing ventilation, 

resulting in very dry and hot outgoing air. Next, the heat is transferred from the 

outgoing ventilation air to the incoming ventilation air by means of a heat exchanger; 

gives 15-25 C heating. For charging, which requires 160 C, the stagnation period of a 

large collector vacuum tube room heating system is used. The design focuses on low 

pressure loss for large flow rate. Use is made of extruded zeolite 4A thermoplastic 

polymers as plasticising aid and binder. 4A is used because of better mechanical 

stability in extruded form than 13X. 
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5.3 zeolite 13X chiller (ZAE) 

ZAE has been involved in open cycle TCM systems for a long time. Fischer (1998) 

refers to a first pilot project in 1990. Based on the experiences in this pilot project, in 

1997 two demonstration projects started of open cycle systems with Zeolite 13X; a 

school and a jazz club. 

 

 
 

Characterisctics of the jazz-club system are: 7000 kg of zeolite 13X, maximum 

heating power of 130 kW at an airflow of 6000 m3/h, 130 C regeneration temperature, 

in a system providing heating and cooling for a jazz club (capacity 200 persons). The 

tank consists of 3 connected cylinders arranged in a horizontal line.  

 

This system has also been used in a school (max heat load 95 kW), in combination 

with district heating (see figure). In the description of the school project, the 

following information is given: 
Der TCS wurde 1995 im Heizungskeller des beschriebenen Gebäudes aufgebaut [71]. Das 

thermochemische Speichersystem ist für 14 Stunden Vollastbetrieb (95 kW) ausgelegt. Damit kann das 

Schulgebäude bis zu einer Aussentemperatur von -16 ◦C einen Tag (7-21 Uhr) beheizt werden. Unter 

diesen Bedingungen werden 6000 m3/h durch die Schüttung geblasen. Das erfordert eine 

Speichermasse von ca. 7000 kg Zeolith (trocken), entsprechend einem Volumen von 10 m3. Der 

Gesamtspeicher ist in 3 Module aufgeteilt, die mit Luftklappen voneinander getrennt sind. Damit soll 

eine bessere Leistungsanpassung realisiert werden. Die Hülle des Speichers ist doppelwandig in 

Edelstahl ausgeführt. Zur Reduzierung der Wärmeverluste ist der Zwischenraum jeweils evakuiert. Ein 

Füllmaterial aus Glasfaserboard ist in der Lage, den äußeren Belastungsdruck der umgebenden 
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Atmosphäre und das Eigengewicht der Module aufzunehmen. Die Isolationsdicke beträgt 2 cm und die 

Wärmeleitfähigkeit dieser Isolation ca. 0,002 W/mK. 

 
 

In 2002, Hauer finished his PhD at the Technical University of Berlin, on the 

characterisation of silicagel and zeolite for open sorption systems. As part of his 

research, he also examined the effect of fouling by other gasses, such as CO, SO2 and 

NO2 which may negatively affect the water uptake capacity of zeolite in an open 

system.  

 
Figure 15: Experimental setup by Hauer (2002). 

 

In later work, the focus shifted to a liquid LiCl heat pump system (Hadorn, 2005), and 

a demonstration project with a LiCl system was carried out at the office of Prochek 

Immobilien GmbH in Amberg (Laevemann, 2003).  
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6 Open systems with liquid TCM 

6.1 Introduction 

The two projects in this section are both working with a vapor-permeable membrane 

to separate the TCM liquid from the ambient.  

With respect to the suspensions as used by TNO; a number of problems appear. First 

of all, a suspension fluid should be found that does not react itself with the TCM 

material and also allows sufficient water vapor transport to the suspended material. 

Secondly, the suspension should be stable for all forms (anhydrated to fully hydrated) 

in which the TCM material appears during the reaction, which is quite a challenge. 

Finally, the suspension liquid should be able to carry a very high loading fraction of 

TCM, in order not to reduce the energy density too much. 

6.2 Na2S suspension membrane seasonal storage (TNO) 

  
Voorbeeld van het reactorconcept t.b.v. thermochemische warmteopslag. 

 
In de reactor vindt massa transport van waterdamp plaats tussen de verdamper/condensor (bij lage 

temperatuur) de adsorber/desorber (bij hoge temperatuur). Voor de prestaties van het warmteopslag 

systeem is het noodzakelijk dat dit massatransport vrijwel weerstandloos plaatsvindt terwijl 

tegelijkertijd vrijwel geen warmte-uitwisseling tussen verdamper/condensor en de adsorber/desorber 

plaatsvindt, zie (R2003/408). 

TNO heeft hiervoor een tweetal concepten rekenkundig uitgewerkt. Eén concept gebaseerd op een 

membraan met een kleine warmtegeleidingscoëfficiënt en een grote massatransportcoëfficiënt en één 

concept gebaseerd op gescheiden compartimenten voor de adsorber/desorber en de 

verdamper/condensor. Uit deze analyse blijkt dat het, bij de gegeven temperatuur- en drukverschillen, 

niet haalbaar is om de verlangde prestaties met behulp van één membraan te realiseren. De keuze is 

daarmee gevallen op een reactor concept bestaande uit twee doorverbonden compartimenten.  

Met een eerste labopstelling van een vergelijkbare reactor, afkomstig uit een parallelle ontwikkeling 

welke tot doel heeft gedestilleerd water te produceren m.b.v. restwarmte, vinden momenteel de eerste 

proefjes plaats.  
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Status: progress of the project was impeded due to lack of money, lack of time and 

change of jobs of people involved in the project.  

 

In the first phase of the project, 50% TCM loading fraction was obtained with Na2S. 

Further improvements were sought together with BIC, a company specialized in 

surfactants for stabilizing suspensions. As a suspension fluid an apolar fluid is 

required that passes the water vapor. First glycol was used but this turned out to react 

with the TCM. Subsequently, dibutylftalate was used, which did not react with the 

TCM but did impede the water vapor transport and in addition changed the surface 

tension of the fluid, thereby compromising the functionality of the membrane. At 

present, a solution is sought without membrane, such as a film of droplet evaporation 

reactor. Also, it was decided not to continue with the Na2S, but to use CaCl2 instead. 
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6.3 LiCl membrane seasonal storage (Entry Technnology) 
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For a 6 GJ residence, it is estimated that 75% solar fraction can be achieved with a 6 

m3 storage, resulting in a cost of  6000 euro/GJ and requiring 50 m2 membrane 

reactor (expertmeeting Platform Nieuw Gas, Utrecht, 2007). 
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7 Summary and conclusions 
From the literature survey, it can be concluded that only a very limited number of 

thermochemical seasonal storages exist. The systems with a solid TCM that have been 

realized were on the basis of Na2S (Tepidus) and silicagel (Hydes and Modestore). In 

addition, a small storage based on silicagel or zeolite has been realized at SPF and an 

open system was based on zeolite at ITW (Monosorp). For a liquid TCM, system 

concepts were realized on the basis of NaOH (EMPA), a Na2S suspension (TNO) and 

LiCl (Van Berkel). 

None of the solid TCM systems had a separate reactor; all were fixed bed systems and 

the heat transfer was an important issue in all of these. In the liquid TCM systems, all 

had separate reactors. However, limited information was available on the exact design 

of these reactors. Two of them were using a membrane for the separation between 

TCM and liquid or air. 

Although the literature inventory has given an interesting overview, it did not provide 

information on the design and mass transport in systems with solid TCM and a 

separate reactor, and the design of such a system is a very interesting challenge. 
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