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1. Introduction  

In the Netherlands the availability of solar heat exceeds the total heat demand of a building in 
the summer, while in the winter the heat demand is exceeding the solar supply. To achieve 
energy neutral built environment in climates comparable to the Dutch, seasonal storage of solar 
heat is required. Traditionally, water is used for short term storage (e.g. solar boiler) or long 
term storage (aquifers or large tanks). A disadvantage of storing heat in water is the relative low 
storage density, which makes that storage volumes up to 40 m3 are required for a single low 
energy house. Next to that sensible heat losses will occur, so insulation becomes crucial for 
seasonal heat storage in water. An alternative option is to store heat by means of chemical 
bounds using the reversible reaction: 
 

A + B ↔ C + heat 
 
Thermo-chemical heat storage can have a 5 times higher energy storage density than water. In 
addition, after charging the heat can be stored for a long period without sensible heat losses. 
With thermo-chemical materials, the entire heating demand of a low-energy house during winter 
could be met using a storage volume of 4 to 8 m3, which is charged during summer by solar 
collectors. Because of safety and cost criteria, current research focus is on salt hydrates as 
thermo-chemical material rather than silicagel or zeolites. In this paper a system analysis is 
presented of an atmospheric thermo-chemical heat storage system using magnesium chloride 
hexahydrate and applied in a Dutch single-family townhouse.  
 
In chapter 2 the materials and methods used will be discussed. The thermo-chemical material 
and the reactor modeling are briefly described and the system layout is presented. In the result 
chapter 3, first the required system dimensions are determined. Afterwards the performance of 
the reactor model is analyzed. The chapter ends with an investigation of the annual performance 
of the combined storage system under consideration. Finally in chapter 4 some conclusions are 
presented.  
 

2. Materials and methods 

Thermo-chemical material 
A thermo-chemical material should meet several criteria for application in a compact heat 
storage system. Low costs, high energy storage density, availability and safety are some of these 
criteria that hold for magnesium chloride hexahydrate (MgCl2⋅6H2O(s)), for which the reversible 
reaction reads: 
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Experiments have shown that releasing the final water molecule during dehydration is undesired 
because hydrochloric acid can be formed. Therefore the effective storage density is 1.25 GJ/m3, 
assuming a bed porosity of 50%. Furthermore, it is found that the reaction enthalpy ΔH is not 
equally divided for every mol of water. Based on measuring results as presented in [1] the 
different reaction steps in the present study for dehydration of magnesium chloride hexahydrate 
are chosen as indicated in table 1.  
 

Table 1  Reaction steps of magnesium chloride hexahydrate used in the 
dehydration model and derived from measuring data presented in [1] 

Reaction step ∆H  
[kJ/mol]

Reaction 
temperature [˚C] 

MgCl2•6H2O (s)  MgCl2•4H2O (s) + 2H2O(g) 116,4 50 
MgCl2•4H2O (s)  MgCl2•2H2O (s) + 2H2O(g) 135,0 80 
MgCl2•2H2O (s)  MgCl2•H2O (s) + 1H2O(g) 71,2 115 

 
 
Thermo-chemical storage reactor 
In the present study on open system is considered with various packed bed reactor(s). In figure 1 
the physical process of a hydration reaction is schematically shown. In experiments, a clear 
reaction front that passes through the reactor bed is obtained. As a result, a heat front moving 
towards the exit of the reactor will be visible. Once the first layers have completely reacted, they 
will be cooled down by the cold inflowing air. 
 

 
Figure 1.  Reaction front, indicated by the dark segments, moving through the bed as function of 

time during hydration. 

During dehydration, the bed will be heated up by a hot entering air stream, transferring its heat 
with the first layer. Depending on the amount of heat transferred in the first layer, the 
consecutive layers start to heat up until temperatures are reached which are sufficient for the 
dehydration reaction. To construct a model that is suitable for performance calculations, some 
assumptions are made to retain a useful basic model. Governing equations used for this model 
are described below. 
 
The heat transfer between air and bed material consisting of small particles in a reactor, heated 
up or cooled down by a gas or fluid flow, can be described by Schumann’s model [2]. It is a 
two-phase, one-dimensional model describing air temperature and bed temperature as a function 
of position and time and uses the following general assumptions: 


 The reaction bed is homogeneous, with uniform porosity and density;  
 Heat conduction within the fluid or in the solid material is negligible compared to the 

fluid-solid heat transfer;  
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 Properties of the fluid and solid are assumed to be independent of the temperature. 
 
To describe the temperatures in the packed bed reactor as function of position and time during 
hydration, dehydration or heating and cooling, the reactor bed is divided into a number of 
segments as also shown schematically in figure 1. For each segment energy balances are 
formulated for the air flow and for the bed material. The energy balance for the bed material 
includes two source terms: one to model the effect of vapor uptake or release and one to model 
the heat losses to the surroundings. For reasons of compactness and because the emphasis in the 
present paper is on the system analysis, the describing equations and accompanying 
discretization schemes are not shown here. For more details one is referred to [4]. 
 
System design 
All the different components of the system are modeled separately and then coupled into one 
system model that is applicable for annual performance calculations. The system that is 
considered for this study is shown in figure 2. The different components and the control strategy 
that is applied are explained below: 
 

 Evacuated tube solar collector: Due to the high temperatures that are required for the 
dehydration reaction (i.e. charging the storage) an evacuated type is preferred because 
higher temperatures can be achieved. The model constants for the general efficiency 
curve describing an evacuated tube solar collector are taken from [5] and are presented 
in table 2. 

 Water storage tank: Heat from the solar collector is supplied to the water storage tank 
for short-term heat utilization. If heat supply from the solar collector is insufficient and 
heat is required in the building (domestic hot water and/or space heating) the water 
storage tank is charged by the seasonal storage reactor. The water storage tank model is 
divided into 8 segments, allowing stratification in the tank. 

 TCM storage reactor(s): Once the water storage tank is completely charged (i.e. the 
temperature has reached a maximum of 80 ˚C) and the collector is still producing heat 
of sufficient temperature, the heat is provided to the TCM reactor to charge the seasonal 
storage.  

 Heat exchangers: During charging of the TCM reactor the heat from the collector is 
exchanged with air in a liquid to air heat exchanger. During discharging the heat that is 
generated in the reactor and transported with the air is exchanged in an air to water heat 
exchanger. In addition, an extra air to air heat exchanger is introduced to recover the 
waste heat from the air to water heat exchanger in the reactor circuit. The heat 
exchangers that are present in the system are considered to be ideal in terms of 
effectiveness. 

 Pumps and fans: Other components that are present in the system are a solar collector 
circuit pump, space heating circuit pump and fans to compress the air through the 
storage beds, all driven by electrical energy. However, the focus of the simulations will 
be on the heat flows within the system. 

 Auxiliary heaters: If heat is required for domestic hot water (DHW) and/or space 
heating (SPH) and the temperature is insufficient auxiliary heaters will make sure that 
the required temperature is achieved 

 Bore hole: A borehole is used to evaporate water at a constant temperature of 10 ˚C and 
a relative humidity of 100%. 
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 Figure 2.  Lay-out of the TCM system for seasonal storage of heat 

that is being researched   

3. Results and discussion 

System dimensions 
The system is applied in a single-family reference townhouse located in The Netherlands. A 
reference climate year (May 1974-April 1975) is considered. The corresponding space heating 
demand and domestic hot water demand (daily pattern) that are used as input for the system 
simulations are shown in figure 3. The total space heating demand is 8.3 GJ and the total 
domestic hot water demand is 10.4 GJ.  
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Figure 3.  Left: Monthly space heating demand starting from May 1974 (cumulated hourly values). 
Right: Typical daily domestic hot water pattern for a single family (15 minute basis) 

First of all, annual performance calculations were conducted considering the thermo-chemical 
storage system as a ‘black box’, to determine the required system dimensions. At this point, heat 
transfer and heat losses in the storage reactors were not yet considered. The system performance 
is evaluated by determining the solar fraction: 
 

0 3 6 9 12 15 18 21 24
0

5

10

15

20

Time [hour of day]

Li
te

rs
 [

L]



  Innostock 2012     
The 12th International Conference on Energy Storage 

 

  5

 
 

with Qsolar the energy delivered by the storage system and Qdemand the energy demand.  It is 
found that a maximum solar fraction of 0.92 is achieved, applying the dimensions and settings 
as shown in table 2 below. The limiting factor for the solar fraction is the available water vapor 
in the air, which is limiting the temperature lift that can be obtained with air due to its relatively 
low thermal mass.  
 

Table 2.  Final system dimensions (based on climate year May 1st 1974 till April 
30th   1975) used for system analysis 

Energy demand profiles  
Type of dwelling Townhouse 
Energy demand SPH 8.3 GJ 
Energy demand DHW 10.44 GJ 
Solar collector  
Type Evacuated tube 
ηopt 0.566 [-][1]

k1 0.94 W/(m2K)[1] 
k2 0.0071 W/(m2K2)[1] 
Area 22 m2 
Tilt angle 45 ˚ 
Azimuth South 
Water storage   
Capacity (DHW + SPH) 300 L 
Overall heat loss coefficient 0.5 W/(m2K) 
Maximum temperature 80 ˚C 
TCM storage  
Storage capacity 8 GJ 
Storage volume 6.5 m3

Air flow discharging 0.05 kg/s 
Discharging power 1500 W 
Air flow charging 0.05 kg/s 
Vapor source  
Borehole (Infinite, 10 ˚C)  
Corresponding air humidity 8.5 gvapor/kgwater

 
 
The total storage volume, based on a storage density of 1.25 GJ/m3 for magnesium chloride 
hexahydrate, will be 6.5 m3 for a TCM storage capacity of 8 GJ. This total storage volume of 
6.5 m3 will in practice be divided into several reactor compartments to reduce pressure drop 
issues, and to reduce negative effects of heat losses on the performance of the system. In this 
study, it is chosen to divide the total storage capacity into 25 reactor compartments. The 
dimensions that are obtained are shown in table 3. The length of the reactor is assumed to be 
equal to its diameter. The dimensions of the storage reactors that are given in this table are used 
to describe the heat transfer in a one-dimensional heat transfer model.  

[1] Values based on gross collector area 
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Table 3  Dimensions of the TCM heat storage reactors 

TCM reactor dimensions 
Storage capacity Qstorage 8  GJ 
Storage volume Vstorage 6,5 m3

Number of reactors Nrct 25  [-] 
Energy per reactor Qrct 0,32  GJ 
Storage volume per reactor Vrct 0,26 m3

Reactor length L 0,69 m 
Reactor diameter d 0,69 m 
Mass TCM per reactor mtcm 201  kg 

 
Reactor modeling 
As described in chapter 2 a one-dimensional convective heat transfer model of the hydration and 
dehydration reaction is developed for the reactor. The reactor settings, based on the settings 
from table 2 and 3 are shown in table 4. To evaluate the air and bed temperature distribution in 
the bed, the reactor is divided into 20 equally sized segments.  
 
Table 4  Initial conditions and parameters applied for hydration process 

 10 [˚C] 0,69 [m] 68 [kJ/mol] 

 10 [˚C]  0,69 [m] 100 [%] 

 10 [˚C] 20 [-] 0,0085 [kgvapor/kgair] 

 0,05 [kg/s] 10 [s]   
 
The air temperature leaving the first few segments is shown in figure 4 (left). The right figure 
shows the same results, zoomed in on the first hour of the hydration process.  It is observed that 
the air leaving the first segments starts to rise at first, and starts to decrease once the reaction 
rate in that layer starts to decrease. The same will happen for the consecutive layers, until the 
reactor bed is completely hydrated. The temperature of the air that is leaving the final segment 
is the temperature that will exchange its heat with the water from the water storage tank. Here it 
can be observed that the temperature lift is limited (+/- 30 ˚C). 
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Figure 4. Temperature leaving the first segments 

(right) during the hydration process, and temperature build-up of the air leaving the first 
segments in the beginning of the hydration process 

Also for the dehydration process a model is developed to describe the temperature distribution 
in the reactor bed. For the dehydration model, it is assumed that the reaction takes place at three 
temperature levels, as presented in table 1.   
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The initial settings that are applied to describe the dehydration reaction are shown in table 5.  
 

Table 5  Initial conditions and parameters applied for dehydration process 

 140 [˚C] 10 [s] 

 10 [˚C] 0,69 [m] 

 10 [˚C] 0,69 [m] 

 0,05 [kg/s] 20 [-] 
 
For the dehydration model, it is assumed that when a layer in the reactor has reached the 
transition temperature from table 1, the reaction starts and the temperature remains constant 
until the layer has completely expelled the water molecules for that specific transition step. The 
results are shown in figure 5 below. It can be observed in this graph that the first segment 
completes the first dehydration step after less than 0.5 hr. The segment heats up further until the 
second dehydration temperature is reached. Again dehydration takes place so the temperature 
remains constant. The same procedure occurs for the third and final dehydration step. Once a 
segment is fully dehydrated the temperature further increases towards the entering air 
temperature. However, this temperature is never completely reached due to heat losses. The 
right graph shows the temperature of the air that is leaving the reactor. It is shown that the 
temperature of the air leaving the final segment is more or less in equilibrium with the 
temperature of the final segment, indicating that all the heat is transferred in a segment due to 
the high volumetric heat transfer coefficient. The total time that is required to dehydrate the 
complete bed with current dimensions and conditions is about 22 hours.  
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Figure 5. Temperatures of the bed at different segments starting with 1st segment (1) followed by 5th, 

10th, 15th and 20th (5) segment respectively (left). The right figure represents the temperature 
of the air that is leaving the reactor 

 
System analysis 
The reactor models, described in previous part, are implemented into the system model to 
determine the annual performance of the storage system. To do so, a control strategy is 
implemented to couple the 25-reactor storage model into the system model. The initial 
simulations resulted in a solar fraction of 0.84, which is significantly lower than the 0.92 that 
was obtained when the ‘black box’ reactor was applied. This is emphasized by figure 6, which 
shows the TCM storage content during the year (left), and the auxiliary energy required for the 
system with ‘black box’ reactor and with the reactor models. The fact that less heat is stored and 
that the storage is discharged very fast is caused by the heat losses which are implemented in the 
model. This will result in an increase in auxiliary energy demand. This is indicated in the right 
graph of figure 6, where the auxiliary energy requirements per month are shown for both 
systems. From the moment the storage is empty, the auxiliary energy demand drastically 
increases. Furthermore, in this figure it is shown that during May till January when the TCM 
storage is not empty the auxiliary energy for the system with 25 reactor models is slightly 

1  2  3  4  5
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higher compared to the system with ideal reactor. This is contributed to the delay in power 
output of the reactors, which will cause insufficient temperature supply to the water storage 
tank. 
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Figure 6.  Energy content of the TCM storage 

(left) and total auxiliary energy demand for the two different simulations (right) 

It can be concluded that the system dimensions that are described above and applied to the 
system with 25 heat transfer models are not sufficient to reach solar fractions up to 0.9 with 
current settings. Applying current dimensions and settings, the solar collector area is not large 
enough to charge enough energy for the TCM storage to cover the complete heat demand during 
the reference year. Therefore, the solar collector area is increased to 25 m2. The solar fraction 
that is then obtained is 0.91. The energy content of the TCM storage of the system with 25 
reactors with a collector area of 22 m2 and 25 m2 is compared in figure 7. It is shown that 
increasing the solar collector area up to 25 m2 results in sufficient charging energy, there the 
TCM storage reaches its maximum capacity in August. In the right plot of figure 7 it is shown 
that the auxiliary energy in the months February, March and April will then reduce drastically 
because there is enough energy available in the storage to supply heat to the water storage tank.  
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Figure 7.  TCM storage content for the system model with 25 reactors and the auxiliary energy required, 
applying a solar collector area of 22 m2 and 25 m2 
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4. Conclusions 

Thermochemical heat storage provides new opportunities for long term heat storage such as 
seasonal heat storage. In previous research, low cost materials have been identified that have 
sufficiently high energy density, can produce sufficient temperature step to be used for heating 
purposes and have sufficiently fast kinetics to generate the desired power. Current focus of 
experimental research is on upscaling a prototype reactor system.  
 
In this research, system analysis is performed by means of system simulations. Therefore, a 
system configuration is designed and a system model is constructed. It is found that the 
temperatura rise in an open system is limited due to the limited termal mass of air. Furthermore, 
it is found that reasonable solar fractions can be achieved for the specific system dimensions 
that are mentioned in the paper. However, the system efficiency is rather low, in the order of 
20%. Optimization of the system efficiency can be achieved by looking more into detail to the 
control strategy and is interesting for further research. Furthermore, looking to pressure drop 
issues is of importance to determine the required compressor power. This is of significant 
importance for the overall coefficient of performance (COP) of the system.  
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