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Abstract 

In this paper the focus is on the reactive material, reactor design, and heat capacity properties 

of a TES process. A standardized method for producing the reactive material was developed, 

for use in a TES reactor vessel. The magnesium hydro carbonate used (Nesquehonite, 

MgCO3·3H2O) can be produced by a carbon capture and storage by a mineralisation process. 

A composite material for the TES using chemisorption of water is a mixture of MgCO3·3H2O 

and silica gel. Several heat effects were tested simultaneously with a set up for 40-70 g 

composite material using temperature and relative humidity sensors to monitor the hydration 

reaction and its conditions. Operating temperatures and humidity were measured inside the 

reactor, in a set up design that matches the parameters of a novel technical concept, while also 

the maximum reaction heat effect using the composite material was measured. A thermal 

storage capacity of 0.41 MJ/kg using 70 g composite material could be measured, while using 

3 g sample a hydration/chemisorption effect of 0.71 MJ/kg was obtained. Heating system 

containing a heat pump would use the TES as an extra heat source during colder periods which 

implies improved efficiency and COP.  

 

Keywords: Thermal energy storage, Magnesium carbonate, Reversible reaction, Heating 

system, Silica gel, Exhaust air heat pump 

1 Introduction 

To reach the goals of the Paris climate agreement on reduced CO2 emissions, several studies 

suggest that both renewable energy technologies and carbon capture and storage (CCS) 

technologies have to be applied. However, for several renewable heat sources the availabilities 
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are fluctuating. Especially, solar heat is largely exceeding the heating demand during summer, 

while the major demand is during winter. Solving this problem requires seasonal storage, in the 

form of thermal energy storage (TES), within affordable boundaries. Full-scale water and/or 

gravel tanks have been widely tested for thermal storage, resulting in 60% reusable energy, 

requiring large installations underground, however [1]. Various alternatives to sensible heat 

storage are preferred to reduce the volume required, which is usually limited in buildings [2]. 

Chemical sorption reaction based TES requires smaller volumes, being more energy dense 

compared to sensible heat storage and requiring an input temperature of 60-150 °C.  

 

In this paper, heat effects and storage capacity are assessed of a composite material that is 

composed by 1/2 (by mass) of silica gel (SG) and 1/2 of a magnesium carbonate hydrate, 

Nesquehonite (NQ), which can be abundantly produced by a carbon capture and storage by 

mineralisation (CCSM) process [3-7]. Moreover, the heat effects are measured in a set up 

constructed to match the parameters in a novel type of TES heating concept, increasing the 

relative humidity (RH) in the reactor [17]. The TES heating concept is described in detail in 

section 2.  

Studies have shown that zeolites are suitable for TES, with around 1.0 MJ/kg thermal storage 

capacity at dehydration/charging temperatures of 100-140 °C, depending on which type is used 

[8-10]. However, several affordable salts would be a less expensive choice than zeolites [9]. By 

dehydrating MgCl2·6H2O to MgCl2·2H2O, a reaction enthalpy of 2 GJ/m3 (bulk density is 2320 

kg/m3 for MgCl2) is reached. Using granulate in a packed bed with 50% porosity gives a 

theoretical storage capacity of 1 GJ/m3, while experiments gave a storage capacity of 0.5 GJ/m3 

[11]. Organic composite phase changing materials can be another option for seasonal TES and 

is widely studied for this purpose. One recent development is a microstructured 

polyol(erythritol) – polystyrene composite produced using high internal phase emulsion 

polymerisation. These have shown up to 0.33 MJ/kg and 0.2 MJ/kg at melting/crystallisation 

temperatures at about 115-120 °C and 0-50 °C, respectively [12].  

Studies have shown that also silica gel (SG) is suitable as a TES material, reporting storage 

capacity and heat effects data [9,13,14]. Hardly any data from research on the thermodynamic 

properties of NQ can be found in the literature, while the theoretical capacity storage capacity 

for NQ reacting according to reaction R1 is 1.0 MJ/kg and for water absorbed in SG 0.62 MJ/kg 

has been measured. However, in a mixture with NQ and SG heated to just 65 °C during 

dehydration, the maximum heat capacity for SG kg equals 0.52 MJ/kg [13,15]. 

 

MgCO3(s) + 3H2O(g) ↔ MgCO3∙3H2O(s)  ΔH = -1.00 MJ/kg MgCO3∙3H2O, T=298K  (R1) 

 

It was shown in our earlier studies that mixing NQ with SG (1:1 dry mass ratio) increases the 

hydration (according to R1) conversion by creating a better transport and contact structure for 
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the water vapour to react with the NQ [16]. Advantages of using NQ as TES material are the 

low (compared to e.g. zeolite) operations temperature for the dehydration/desorbing of the 

storage material at preferably 65 °C, besides flame retardant properties as a result of releasing 

CO2 and H2O at elevated temperatures [17,18]. Lower operating temperatures for the TES 

process decrease heat losses and enables a longer operational time (cloudy days and 

morning/evening sun) of solar collectors.  

Several relevant review papers were published recently, which all involve higher dehydration 

temperatures for tested material options [19, 20]. Extensive studies show that  MgSO4, MgCl2, 

and CaCl2 all require temperatures above 100 °C for dehydration [8-11, 21]. For MgSO4 an 

impenetrable crust of the hydrated salt has shown to prevent sufficient hydration and heat 

storage [9]. Moreover, at temperatures above 100 °C formation of hydrochloride acid when 

using MgCl2 would result in material degradation [19].  

By using NQ and SG, lower than usual hydration/dehydration TES temperatures can be used, 

being suitable also in cases with modern low temperature district heat (LTDH) as dehydration 

heat source. For such systems, delivery and return temperatures can be around 70 °C and 30 

°C, respectively – see e.g. [22]. 

The temperature ranges for NQ and SG (de)hydration are very similar, as SG is mainly 

dehydrated at the favourable dehydration temperature of NQ (65°C) [16, 17]. Using zeolite to 

improve water vapour transport during hydration was tested as well, however without any 

sufficient improvements [23]. The requirement of higher dehydration temperatures for zeolite 

makes it less suitable for NQ, as it would result resulting in significant amounts of undehydrated 

zeolite and losing its advantages [8]. An around 1:1 mass ratio seems to be sufficient when the 

amount of SG is minimised. Earlier studies have shown that the hydration capacity decreases 

using a 2:1 mass ratio mix of NQ and SG, although a 3:2 mass ratio mix was also tested, as we 

recently reported elsewhere [17]. Regarding open systems that are using exhaust indoor air a 

lower relative humidity has been reported to reduce the TES capacity of some materials (eg. 

NQ, Silica Gel, MgSO4 and Al2(SO4)3) [11, 14, 17] although for the more costly zeolite this is 

not the case. Still, low outdoor temperatures (containing less water vapour) give low 

temperature increase in the reactor regardless of TES material used. 

2 TES Concepts 

In this paper, the hydration reactor as part of a TES concept is simulated experimentally and 

from the data obtained the reaction rate and heat effects are determined. Several studies 

regarding TES by chemisorption involve heating up exhaust air in some type of reactor [9, 10]. 

In many cases heat is transferred, via a heat exchanger, to the inlet air. However, the low relative 

humidity (RH) then more or less compromises the storage capacity, depending on the TES 

material(s) used [14, 17].  
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To increase the RH in the reactor, TES can be coupled with an exhaust air heat pump (EAHP) 

a concept we developed in our earlier studies and recently published, as shown in Fig. 1. This 

TES system uses exhaust air containing water vapour from the indoor air of a building, 

collecting heat while the exhaust air is chilled down to e.g. 4 °C. This gives a suitable 60–100% 

RH for the hydration of NQ and SG, as indicated in the scheme in Fig. 1 [17]. Several sorption 

materials require a RH > 15-30%, and the concept given here can give better results for several 

materials that are not suitable for TES systems that have a single heat exchanger transferring 

reactor to heat inlet air to a house. 

The reaction heat (for NQ mixed with SG according to R1) gives a temperature increase of 5–

8 °C (20-40% RH at 21 °C), depending on the partial pressure of water vapour in the exhaust 

air from the TES reactor. The heat is further used for preheating the fresh inlet air in a heat 

exchanger/ heat recovery ventilator (HEX/HRV), lowering the energy needed for heating this 

inlet air flow. The heat output of the TES would be 22–32% of the EAHP output, depending on 

the RH of the indoor air [17]. 

Naturally, excess moisture in a building space arises from indoor activities (shower, cooking, 

plants etc.). Also, outdoor air can be a water vapour source for the TES (indoor) reactor, 

considering that when using a TES sorption system the absolute humidity (AH) of house 

ventilation systems inlet air (from ambient) can be higher than the outlet air (assuming efficient 

sorption) while following the concept procedure. For instance, if 75% of water in 100% RH, 4 

°C air reacts, the outlet AH is 1,2 gwater/kgair while the AH at the dew point at 8 °C is 2 gwater/kgair. 

This can be achieved by chemisorption according to the concept studied here at low temperature 

(giving a higher RH) at which water vapour adsorption in the TES materials occurs. Studies 

show that around 10% of the heating in a modern house (Nordic conditions) is lost via moisture 

despite using a heat recovery ventilation [24]. The energy may be recovered via water sorption 

materials. 

An EAHP often requires an auxiliary heat source especially for colder days [25]. Considering 

this, the heat stored during summer in a TES could be used as an assisting heat source where 

EAHPs are used during winter. A typical modern EAHP gives a COP ~ 3.4 while providing 

heat for floor heating, and slightly lower value of ~ 3.0 when used for domestic heating water 

[26]. The COP of the total system would be increased by integration with TES during colder 

periods, considering that when the TES discharge-step unit operates, only one extra fan is 

required with some electricity input. Clearly, such TES can only operate in combination with 

an EAHP. However, for more than 10 years EAHPs have been a common heat system solution 

in new houses. This concept would simply have the TES reactor and a summertime heat source 

as an extension, and make EAHP a more attractive choice. 

During the dehydration stage the reaction air/gas should in theory contain ~ 5% CO2 to prevent 

NQ to form hydromagnesite, (4MgCO3·Mg(OH)2·4H2O, which implies releasing some CO2). 

This could be implemented through injection from a small CO2 container into the closed air/gas 



 

5 

cycle during dehydration. In the experimental part of this paper, the behaviour of this concept 

is simulated and the measurement of heat effects and capacity of the TES material are reported. 

 

Fig. 1: Process scheme of the concept, presented in earlier work. Thermal energy storage reactor 

combined with an auxiliary heat pump. Simple line arrows contains gas/air flow, double lined 

contains liquid [17]. 

3 Materials and Methods 

3.1 Experimental set up (hydration) 

A set up was constructed for experimental measurement of the heat effects and to simulate the 

concept presented as shown in Fig. 2. The vapour pressure of water was measured in a few 

experiments for comparison with the temperature data and for analysing the chemisorption 

performance. The reactor vessel is insulated with 100-150 mm polyurethane, and heat 

conduction was measured. 

To stabilize input and surrounding (outside insulation) temperature for the hydration tests, the 

insulation box was put in a household refrigerator (shown in Fig. 3a), simulating the outlet 

temperature of the EAHP. Two fans were added for surrounding gas mixing and an at least 5 

cm wide spacing between the reactor insulation and refrigerator to suppressed natural 

convection. 

A more simple set up, cooling down the inlet air to around 4 °C (EAHP outlet temperature) of 

the reactor with the reactor insulation simply placed at room temperature appeared to be not 

sufficient. Either the simulated reactor temperature would be too high as a result of heat 
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conduction from the ambient, or having RH close to 100% would not possible, as the inlet 

temperature should be decreased the reach the temperatures aimed at for this TES concept. 

 For generating a certain humidity, air was pumped through a bubble column allowing up to 

100% relative humidity (RH), which is then mixed with dry air, and then dried in a condensate 

collector when chilled in the refrigerator. The conductivity of the reactor insulation material 

was measured  showing that a considerable part of the reaction heat is conducted away, although 

the insulation gives a temperature increase in the reactor.  

Shown in Fig. 2, thermocouple sensors (type K, +-0,1°C at 25°C) are mounted for the inlet and 

outlet flow from the reactor temperature and also on the side of the vessel and the temperature 

between the aluminium reactor wall and the insulation box. In addition, sensors were attached 

to the insulation box containing the TES reactor at three different heights (top, middle and 

bottom height relative to the insulation). The heat effects consist mainly of heated air in the 

reactor and heat conduction thought the insulation. 

  

Fig. 2a (left): Scheme of the experimental set up and typical temperatures around the insulated reactor. 

Inlet air RH is generated by mixing water vapour saturated air (from bubble column) and dry air. The 

chilled air around the reactor insulation simulates the outlet temperature of the EAHP including a 

condensate collector eliminates liquid water in the reactor. Temperature is measured at the reactor air 

inlet and outlet.For heat loss, temperatures of the air between the reactor and insulations and the 

surroundings are measured. RH is measure of both inlet and out let air. Fig 2b (right): Scheme of the 

reactor. Reactor material plates with mixed NQ and SG are mounted vertically. Unit mm. 
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Fig. 3a (left), picture of the set up. 3b (right), reactor from the outside. 

 

3.1.1 Hydration experiments 

As mentioned, the experiments aim to simulate the concept described in section 2. In our earlier 

studies, a hydration of dehydrated NQ (DNQ) with a mass increase 0.21 ∆g/gsample was achieved 

at 8-11 °C with a granulate sample of 3 grams, giving a thermal storage capacity of 0.36 MJ/kg 

[17]. In these earlier tests, the reactor and its insulation were placed in an insulated box which’ 

inside is cooled down to 10 °C using ice. The inlet temperature according to the concept was 4 

°C, and maximum outlet temperature would be around 12 explaining the test temperature of 8-

11 °C. The RH during the test inside the reactor was 65-75%, which equals up to 100% RH at 

4 °C.  Experiments at 25 °C were done to measure heat storage capacity for comparison with 

the previous results (0.70 MJ/kg) calculated from a hydration mass increase of 0.42 ∆g/gsample 

[16] and the theoretical maximum according to R1.  

Samples of about 70 g (Sample 1; 1:1 mass ratio dehydrated NQ i.e. MgCO3 , DNQ +SG) and 

40 g (Sample 1; 3:2 mass ratio  DNQ + SG) reactive material were produced for the 

experiments. The ratio between DNQ and SG is based on the mass of not-hydrated material. 

The heat effects and reaction rates were measured using temperature and relative humidity 

sensors (DHT22, +-2% at 0-100%RH) to monitor the reaction progress and its conditions. The 

accuracy errors of (temperature, humidity, flow) sensors are small, as described in the paper, 

and to avoid errors in the calculations, the heat capacity of the reactor construction materials 

was added to the model. Long 20-80 hours experiment duration evens out errors from the heat 

capacity measurements. 

 

3.2 Reactor design and TES material mixtures. 

In our earlier studies, round granules were found to be the most suitable shape for hydration of 
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the composite material. Initial tests with the NQ and SG (0.5-1 mm) mixture granulates in the 

reactor showed challenges with collapsing structure and a sufficient air flow was not reached. 

For the experiments reported here, a design with the TES material as 2 mm thick plates with 

(polymer) support grids integrated in the materials was made, for better structural strength and 

stability. In addition to using support grids, considerably smaller (150-250 µm instead of 0.5-1 

mm) particle size for the SG were tested for better stability and homogeneity of the NQ+SG 

material mix in the reactor. This mixture was used as TES material as 40-70 g samples to give 

both good hydration/storage capacity and better strength of the composite mixture. 

The reactor contained six or eight two-sided TES material layers as plates on a plastic grid for 

better mechanical stability. The mixture containing NQ and the 150-250 µm SG showed to be 

strong and well mixed. The bulk density of NQ is 1840 kg/m3 and samples of re-hydrated NQ 

would have a density of 700-850 kg/m3, which is similar to SG [27]. The MgCO3 or DNQ used 

in the composite mixture was dehydrated NQ according to the procedures developed during our 

earlier studies to determine the non-hydrated (initial) mass [16].  

3.2.1  NQ production 

The preparations of NQ used for the composite reactor material followed the procedure of a 

CCSM process, precipitating the CO2 captured in aqueous solution as NQ (MgCO3·3H2O) as 

its product according to reaction R2 [3]. Magnesium is extracted from magnesium silicate-

based minerals using ammonium (bi)sulphate and introduced to the carbonation/precipitation 

stage as MgSO4 [4,5]. 

 

MgSO4(s) + 2NH3(g) + CO2(g)+ 3H2O(l) ↔ MgCO3·3H2O(s) + (NH4)2SO4(aq) (R2) 

4 Results and discussion 

Preliminary tests showed an increased (compared to our earlier work) hydration capacity, when 

a smaller particle size for the SG was used. Shown in Fig. 4, experimental results with 3 g 

granules using a mixture with 1:1 mass ratio DNQ and SG for the hydration step (energy 

discharge) after a few days gave a hydration of 0.46 ∆g/gsample which implies a calculated 

storage capacity of 0.72 MJ/kg. This is an approximately 4.5 times larger TES capacity than 

heating up a similar mass of water by 40 °C. However, a similar test with 150-250µm SG gave 

a calculated storage capacity of 0.79 MJ/kg. 

4.1 Measured heat capacities and heat release rate 

The hydration of 72.3 g (Sample 1, S1) composed of 1:1 DNQ and SG (mentioned in section 

3) mass ratio with 100% RH air at 25 °C gave a mass increase of 0.259 ∆g/gsample, which is 
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theoretically calculated to 0.43 MJ/kg, as shown in Table 1 and Fig. 4. However, this level of 

conversion to NQ equates to only 57% of the results earlier obtained with 3 g granulate samples 

[17]. 

 

Fig. 4 – Total heat storage capacity during the hydration reaction with samples with 2-3g granules 

(blue) and 70g plates. ∆m/m stand for Mass increase (∆g/gsample) For the plates samples results are 

calculated from temperature data (yellow) and from the ∆m/m (green). 
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Table 1: Process parameters and experiment results. F = gas flow 2.7 l/min  

 
 

Unit 

 

25°C 

100%, 

1F 

5 °C 

90%,  

1F 

25°C(S2) 

100%, 

2/3F 

25°C,  

30%, 

1F 

5°C, 

90%, 

½F 

5°C, 

70%, 

½F 

Sample: . S1 S1 S2 S1 S1 S1 

Mass g 70 70 40 70 70 70 

DNQ+ST mass ratio         ∆g/g 50/50 50/50 60/40 50/50 50/50 50/50 

Temperature °C 25 6-8 25 23 6-7 6-7 

RH % 100 90%  100% 30% 60-70% 90% 

Water vapour pressure mbar 16 5.5 16 5.5 5.5 4-4.5 

Gas flow, mair l/min 2.7 2.7 1.8 2.7 1.35 1.35 

 g/s 0.053 0.053 0.035 0.053 0.027 0.027 

Hydration ∆m/m                  ∆g/gsample 0.259 0.131 0.217 0.046 0.131 0.064 

Calculated ΔHR1  MJ/kg 0.43 0.218 0.36 0.036 0.218 0.107 

Measured (ΔHR1) MJ/kg 0.41 0.287 0.35 0.286 0.249 0.120 

Measured/Calc. % 95 % 132% 97% 132% 114% 112% 

 

Using temperature data, using according heat balance Eqs. 1-5 a heat effect of 0.41 MJ/kg was 

obtained, which is 95% of the theoretically calculated result. This indicates that the hydration 

data for hydration reactions of MgCO3 and SG can be applied and combined and are valid for 

the composite produced. 

Eq. 1 gives the heat (loss as) conduction through the reactor insulation and Eq. 2 gives the heat 

effect for the temperature rise of the air flow due to the TES conversion reaction. Eq. 3 takes 

into account the pre-heating of the air flowing into the reactor (mainly heat from the circulation 

pump used), further increasing the reactor temperature difference with the surroundings, 

resulting in increased heat conduction. In Eq. 4, the total specific heat rate (kW/tonsample, 1 ton 

= 1000 kg) is described and in Eq. 5, the sum Qtot gives the total heat effect obtained during the 

entire experiment. 

  

Qcond =  (Tins. air - Tsurroundings) · Ainsulation · U (1) 

QΔT = (Tout - Tin) · ṁair · cp,air + mair · cp,air · ln ((Tout+273.15) / (Tin+273.15)) (2) 

Qpreheat = (Tin - Tsurroundings )· mair · cp,air  

+ mair · cp,air · ln ((Tin+273.15) / (Tsurroundings +273.15)) 
(3) 

Σqtot = (QΔT + Qcond - Qpreheat) / msample (4) 

ΔHR1 = ΣQtot = msample∙Σqtot (5) 

  

A second Sample 2 (S2) with a 3:2 mass ratio of DNQ and SG was tested under the same 

conditions with a 0.217 ∆g/gsample hydrated result giving a calculated 0.36 MJ/kg, while a heat 
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effect of 0.35 MJ/kg (98% of the calculated value) was calculated from the temperature data. A 

smaller SG content, giving less transportation capacity for the water vapour seems to decrease 

the hydration capacity. However, as shown in Fig.5a, Sample 2 shows a higher specific heat 

release rate starting at 4 kW/ton compared to Sample 1 starting at 3.5 kW/ton until 0.15 

∆g/gsample hydration is reached after which the rates become similar.  

 

 

Fig. 5: Temperature increase in the reactor during the experiments. S1 = Sample1 S2= Sample 2 

 

To simulate the concept explained in section 2, Sample 1 was hydrated at 6-8 °C degrees. In 

our earlier studies, hydration test during 4 days at this temperature range and a high RH gave 

0.214 ∆g/gsample giving a calculated storage capacity of 0.36 MJ/kg, with the TES material 

shaped as granules [17].  

This was further tested with the set up presented in section 3 with a water vapour pressure of 

5.7 mbar (90-95% RH at 6-7 °C), giving a heat effect of 0.29 MJ/kg was obtained with 70 g 

sample. The test with 5.5 mbar water vapour pressure (shown in Fig. 4 and Fig. 5) and 30% RH 

at 25 °C, showed almost no hydration at all with 70g samples and only 0.2 MJ/kg for 2-3 g 

granules. Again, this indicates that sufficient relative humidity is required, and the concept 

presented in section 2 (Fig. 1) is necessary when wintertime indoor air is used. 

Shown in Fig. 6, the heat rate (Qtot, kW/tonsample) seems not to be affected by decreasing the 

inlet temperature from 25 to 6 °C, concluding that the lower inlet temperature for the concept 

only affects the storage capacity. 
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4.2 Sample structure/geometry 

 

Shown in Fig. 4, all three cases showed better results using small granules (2-3 mm) than with 

the newer plates (approx. 2-3mm thick). The insufficient hydration obtained suggests a poor 

contact between the reaction gas and part of the material considering that a better result was 

obtained earlier with a different sample structure/geometry. Overall, using this material design 

the highest hydration result obtained is 60% of that of our earlier results, which may be caused 

by limited access of humidity in some sections in the reactor or too think plates compared to 

the granules. This suggests that thinner plates (or layers) of the composite material should be 

tested.  

Moreover, it is not impossible that the reactor design gives interference with the dehydration 

process. For dehydration, the aluminium wall material TES reactor is heated in a water bath 

and injected air is preheated to give a 60-65 °C output temperature. The heat absorbing 

characteristics of the TES material may result in cooling of the inner parts of the reactor, 

preventing full conversion. However, later experiments with 2 hours of additional dehydration 

time as to avoid considerable endothermic reaction affecting colder clusters did not show a 

decrease in the final mass of the sample. 

Shown in Fig. 4, the specific heat rate during hydration at 5 °C is similar to the rate at 25 °C 

with the similar sample and gas flow. Overall, 20-30% of the water vapour has reacted at the 

point where the heat rate shows a maximum.  

 

4.3 Reactor temperatures  

 

It seems essential to obtain a larger temperature rise in the reactor. In Fig. 5, the temperature 

increase in the TES reactor vessel is shown, but it should be noted that a part of the reaction 

heat can also be conducted through the insulation, giving an about 2.7 °C increase for the test 

done at around 5 °C. A theoretical temperature increase of 8.2 °C was calculated for the TES 

reactor at Tout = 12.2 °C (Tin = 5 °C), using ¼ of the 5 mbar partial pressure water vapour 

(calculated with heat losses neglected). Temperature increase values close to this value are 

sufficient for this concept, considering that the heat is used for preheating inlet air. Full-scale 

reactor volumes (>1m3) would give lower heat losses through the insulation, considering that 

the mass per wall area ratio would increase multiple times (at least 10x). 

Presented in Fig. 7, the theoretical temperature increase (∆Tth) in the TES reactor, according to 

Eq. (6), is the temperature without heat losses. This will be the case when a reactor is located 

in a house, where the chemical reaction mainly increases the air temperature including marginal 

heat losses from the reactor inside the house.  
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Fig. 6: Specific heat rate against hydration mass increase. 

 

    

Fig. 7: Theoretical temperature increase, heat conduction energy added to temperature increase.  

 

The decrease of the heat rate due to partly saturated material as shown in Fig. 6 would not be 

allowable in a heating system. This behaviour is also found in several studies concerning TES 

by sorption reactors [9, 25], and can be explained by mass transfer limitations. Preferably, a 

chemisorption using ¼ of the water vapour would be sufficient. Following the concept in Fig. 

1, in a house of 100 m2 with minimum air exchange the EAHP would give an effect of 1.5 kW 

(if no condensation are taking place) and the TES reactor would give an effect of 0.5 kW. 
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However, the total reaction with water vapour (e.g. first hours after start) gives an effect of 0.67 

kW/ton in the TES reactor. 

Suggesting reactors coupled in a serial pattern could be the solution. To analyse this set up, 

experiments at around 5 °C was done with a lower RH input, simulating the output air from a 

reactor with reduced TES reaction kinetics. Moreover, this test and a test with 100% RH input 

included measurements of RH to be discussed in section 4.3.2.  

4.3.1 Gas flow throttling 

In Fig. 8 the ∆Tth and in Figure 9 the heat rate are shown, respectively. The experiment with 

the flow 1F (= 2.7 l/min) reached only ∆Tth 4.3 °C only half compared to theoretical maximum. 

The ∆Tth drops to below 2 °C after 20 hours. To improve this, and to extend (to longer times) 

the temperature peak shown in Fig. 8, the gas flow gas throttled and decreased by half (½F = 

1.35 l/min) for double residence time. Shown in Fig. 8, the ∆Tth did not increase although the 

peak was extended which is more convenient for a heating system and 2 °C was reached after 

28 hours, 8 hours later compared to double the gas flow. Shown in Fig. 9, mass increase was 

compromised which is not sufficient for the systems storage capacity. The test with ½F gas 

flow gave a ∆Tth peak of 5 °C, showing that a higher temperature is still obtainable with Tin= 6 

°C.  

Shown in Fig. 9, a heat output could reach 3 W/kg which is in the lower range for a typical 

sorption system nothing that, long-term (e.g. seasonal) TES systems typically use high amounts 

of salt with low reaction rates [28]. To reach a TES reactor output of 0.5 kW a reactor cell of 

167 kg would be required, and considering the gas flow outlet of the EAHP, a 90 kg reactor 

cell would produce 0.27 kW (shown in Fig. 11). 
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Fig. 8, Theoretical temperature increase, heat conduction energy added to temperature increase. F = 

gasflow, 2.7 l/min. 

 

Fig. 9 – Specific heat rate against hydration mass increase (∆m/m). F = gas flow, 2.7 l/min. 

 

 

4.3.2 Inlet and outlet water vapour 

Regarding condensation in the reactor air inlet (distorting the relation between heat and water 

vapour measurements against the mass increase), the condensation vessel temperature was 

decreased giving around 90% RH at inlet temperature. The test with 70% RH input initially 

gives similar kinetics compared to the test with 90% RH input, although the kinetics show a 

faster decrease over time and with lower values towards the end. 

In Fig. 10 and 11 the beginning of the test at 70% is located at 40 hours, which is the time when 

output reaches 70% RH of the test with 90% to simulate the behaviour of two reactors in series. 

In Fig 10, AH data of both ½F, 90% RH and ½F, 70% RH experiments are shown. Values using 

both inlet and outlet RH-sensors are presented (RHdata). Secondly, AH outlet data (Tdata) are 

presented, calculated using RH inlet measurements and temperature data, giving a reaction 

mass balance and water vapour reactant consumption. However, a considerable difference 

between Tdata and RHdata is seen were RHdata gives constantly lower outlet value than Tdata. 

The largest difference, during the first hours, can be explained by insulation material absorbing 

the heat generated by the reactor. The Tdata is corresponding well with the measured mass 

increase (shown in Fig. 4) of the samples, while the RHdata suggests a constantly lower outlet 

AH (which allows higher conversion) which was not found in the total mass increase measured. 
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4.3.3 Serial reactors 

Shown in Fig. 11, the heat output decreases from 0.27 to 0.1 kW before a second reactor (Unit 

2, U2) starts operating (air exhaust flow for a 100 m2 house), giving an insufficient, wave-like 

heat output of the system. This suggests that the effect of the second reactor should start earlier, 

and the reactor series should contain at least three units. In this test the air flow for both reactors 

have been the same. However, to reach a more stable heat output, the system could be throttled, 

although the EAHP exhaust air flow minimum cannot be changed, which limits throttling. One 

option would be to bypass a part of the air from the first reactor unit, which would result in a 

waste of humid air resulting in throttling the second reactor unit. 

EAHP units are often producing the hot water for a house while simultaneously heating the 

floor and input air. An option would be that the hot water could be heated only during the peaks 

after starting the operation of a reactor cell, when a higher output of the heat from the reactor 

requires less heat for the preheating of the air. 

Moreover, the system would not (have to) be stable over longer periods; during the coldest 

periods the reactor units could start more frequently for better use of the water vapour in the 

exhaust air, and when less heating is required, only reactor units operated closer to full 

conversion would be used. Periods with low outside humidity (leading to dry indoor air), would 

also require more frequent starts. Alternatively, this could be centrally controlled and combined 

with smart grids, in order to optimise potential use of electrical heating during the coldest days.  

 

 

Fig. 10 – Absolute humidity, AH, measured (inlet and outlet) using RH-sensors (RHdata) and outlet 

AH calculated from thermocouple data (Tdata). Experiments ½F, 90% RH (yellow) and ½F 70% RH 

(blue) are shown. 
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Fig. 11 - Qconcept shows the heat output for a 100 m2 house with minimum ventilation and ∆m/m the 

conversion against reaction time. 

5 Conclusions 

This paper reports on a reactor set-up for testing an inorganic carbonate TES material based on 

magnesium hydro carbonate. Samples of dehydrated nesquehonite (DNQ) and silica gel (SG) 

were prepared as plates of a composite material for hydration experiments. The hydration of 

material with equal mass amounts of DNQ and SG at humid room temperature gave a hydration 

mass increase of 0.26 ∆g/gsample, and a heat release effect (TES capacity) of 0.41 MJ/kg. At 

around 5 °C, 0.15 ∆g/gsample was obtained with the heat effect of 0.29 MJ/kg. This can be 

compared to earlier hydration mass increases of 0.46 ∆g/gsample and 0.21 ∆g/gsample obtained 

with other morphology samples and 15x smaller reactor size operated at 25 °C and 8-11 °C 

respectively.  

The specific heat rate generating a temperature rise up to ∆Tth = 5 °C which is obtained at Tin 

= 5 °C did not reach the theoretical maximum 8.2 °C for the TES reactor. For better heat rate 

the contact between the humid air and the composite material needs to be yet further improved 

while also a longer residence time for the air flow is an option for a higher specific heat rate. 

Increasing the DNQ content in the composite material to 60% gave a slightly smaller storage 

capacity but better specific heat release rate. 

The results show that at circumstances with low outdoor temperatures leading to low relative 

humidity of both the inlet and exhaust air, this concept allows for suitable conditions for TES 

by sorption. Moreover, it suggests that this set up / concept can be used for sorption material 

that requires a high relative humidity or achieves higher thermal energy storage capacities when 
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used at a higher relative humidity. 

Despite heat/reaction rate variation typical for TES by sorption, the exhaust air heat pump 

(EAHP) included in the concept presented can stabilize the heating system using tap water tank. 

The minimum size of a reactor unit was calculated to be 90 kg, for a TES effect of 0.27 kW in 

a 100 m2 house, and the amount of units are dependent of the heating requirement during winter 

time. For 2-3 units used in series, the heat output is limited by the water vapour in the airflow 

to 0.67 kW.  

 

Nomenclature 

Ainsulation Inner area of the insulation around the reactor (m2) 

AH  Absolute humidity 

COP  Coefficient of performance (-) 

cp,air  Heat capacity of air (kJ/(kg· °C)) 

DNQ  Dehydrated nesquehonite 

∆T  Reactor temperature increase  

∆Tth Theoretical temperature increase, including calculated heat from heat 

convection in the lab reactor. 

EAHP  Exhaust air heat pump 

F  Experimental standard flow, (2.7 l/min) 

HM  Hydromagnesite 

ΔHR1  Total heat effect generated by the reactor (kJ/kg) 

mair  Gas flow in the reactor (g/s; l/min) 

Δm/m  Mass increase (∆g/gsample) 

NQ  Nesquehonite 

q  Specific heat rate (kW/tonsample) 

QT  Heat of the temperature increase in the reactor (W) 

Qcond  Heat conduction of the reactor insulation (W) 

Qpreheat   Heat absorbed in the inlet air before the reactor (W) 

Qtot  Total heat rate in the reactor (W)  

Qconcept  The heat output according to the concept using minimum ventilation for a 

100m2 house. 

RH  Relative humidity (%) 

RHdata Water vapour measurements using RH-sensors 

SG  Silica gel 

Tdata Outlet water vapour measurements calculated using inlet air RH-sensor and 

temperature data 

Tin  Inlet temperature of the reactor (°C) 
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Tout  Outlet temperature of the reactor (°C) 

Tsurrondings Temperature of the insulation surroundings (°C) 

Tins. Air  Temperature of the air between the reactor and insulation (°C) 

U  Heat conductance of the reactor insulation, (W/(m2∙K)) 

U1  Unit 1 in simulation of reactor units connected in serial  

U2  Unit 2 in simulation of reactor units connected in serial 

TES  Thermal energy storage 
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