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Abstract:  

The determination of the thermo-physical properties (density, specific heat capacity, and thermal 

conductivity) of hygroscopic and reactive solid materials, as those applied in sorption 

thermochemical heat storage systems, is not trivial. Lack of precision in the measurement and 

contradictory results make it difficult to enter these thermal parameters in the programs used for 

simulating the functioning and operating scenarios of thermochemical heat storage devices. For 

this reason, different techniques have been applied and compared in order to improve the accuracy 

of the measurement. In particular, there was a difference in thermal conductivity (about 30%) 

between the hot disc experiments and the others, as well as a higher dispersion of the experimental 

data (MAD > 19%). The same was found for specific heat capacity (MAD ≈14%). Hence, the 

transient hot disk method is not suitable for estimating thermal conductivity and the specific heat 

capacity of this type of material. Nevertheless, this technique enables a good estimation of the 

thermal effusivity. The thermal conductivity and the specific heat capacity were investigated by 

the hot wire method and by TG-DSC, respectively. A slight increase in specific heat with 

temperature was observed, but in the range of 70 – 95 °C, this value is constant at 913 J kg-1 K-1. 

The applied methodology was validated by comparing the experimental and calculated thermal 

effusivity values. 
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Introduction 

Material characterizations are key contributions to the global development effort in the field of 

adsorptive heat storage and transformation [1,2]. Adsorptive heat storage cycles are based on 

reversible ad/desorption reactions [3,4]. Basically, the discharging phase corresponds to the 

adsorption of an adsorbate on an adsorbent (exothermic reaction). The major aim of this technology 

is to release an important amount of energy (2–3 times more than the latent heat of water) that can 

be stored at room temperature for a long time [5–7]. When the heat is discharged, the temperature 

of the material (adsorbent) is expected to increase significantly, which can damage the material 

and or the operating equipment. Using simulation tools has been just the safest way to minimize 

the risks. Indeed, a simulation program allows to test different configurations and operating 

conditions and can be used for scaling-up. Hong et al., [8] for example, successfully used numerical 

simulation to investigate the melting and solidification heat transfer characteristics in double tubes 

with varying numbers of fins and inner tube wall boundary conditions. 

A necessary and inevitable step is to know the thermo-physical properties precisely to ensure 

reliable simulated results, namely the isosteric heat of adsorption, sorption equilibrium, heat 

capacity, bulk density, and thermal conductivity [9]. The first one is the heat generated in the 

material due to water adsorption [10,11]. It can be easily estimated with precision from TG-DSC 

investigations [12]. For the correct design and sizing in terms of heat storage and supply, it is 

required to know precisely the material density. The thermal inertia of a material is characterized 

by the product of its specific heat capacity and density. In a heat storage application for home 

heating, the heat supply can be significantly delayed by a variation in thermal inertia. The last one 

(bulk thermal conductivity of the material) manages thermal gradients in the reactor and hot points. 

Numerical simulations of heat and mass transfer in heat storage reactors [13,14] show significant 
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thermal gradients in the reactor (proportional to the bulk thermal conductivity). High temperatures 

can damage the material, thus degrading the operation of the heat storage system. 

These different properties are functions of temperature and water content [15–17]. 

The material used in this application is hygroscopic and reactive, which is the main problem for 

the thermal properties estimation [18,19]. Indeed, most classical techniques applied to the thermal 

properties investigation are based on a temperature difference in the material [20]. In the present 

case, a change in temperature modifies the water content (sorption equilibrium) and consequently 

generates heat [21–23]. As pointed out by Aristov [9], a computational approach does not allow to 

assess thermodynamic parameters with sufficient accuracy. Direct measurement is the main 

alternative so far. He proposed an empirical model for the apparent specific heat capacity of the 

zeolite 4A–water pair [9]. Nevertheless, the respective contributions of the dry adsorbent and the 

adsorbed phase are not detailed. Concerning the zeolite 13X–water pair, Simonot-Grange et al. 

[24] measured its apparent specific heat capacity at several combinations of temperature and water 

content (from 16 °C to 350 °C). The results are summarized in Table 1. They reached the 

conclusion that the influence of adsorbed water is not negligible at low uptakes. However, data for 

a given temperature are limited to a single value at a single water content, and the experimental 

methodology appears to be worthwhile. 

 

Table 1 Specific heat capacity of zeolite 13X from the literature 

Material  /°C Cp dry /J kg-1 K-1 Cp hydrated/J kg-1 K-1 Ref. 

13X – H2O 50 910 1530 (w = 20 kg kg-1) [25] 

13X – H2O 20-350 260+8.6 (T-273) 1510 (w = 26 kg kg-1, T = 289 K) [24] 
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13X 40-180 1097+3.44(T-373) 

-0.0029 (T²-373²) 

 [26] 

13X  > 20 °C 880 1716+∫ 𝐴 𝑒𝑥𝑝(−𝐵(𝑇 − 𝑇0)²
𝑇

𝑇𝑚𝑖𝑛
𝑑𝑇 

A = 0.03762 B = 3.976E-4 T0 = 335 K 

[27] 

13X  > 20 °C 800-900  [3]  

 

Hirasawa and Urakami [25] measured the specific heat capacity of dried zeolite 13X in the 

temperature range of -50 – 50 °C. It shows a slow linear increase with temperature. They also 

measured the specific heat capacity of the adsorbed water. By analyzing the results, it is not obvious 

to confirm if the assumption that “the heat capacity of the adsorbed phase is an intermediate value 

between that of the gaseous state and that of the liquid state” is true [28]. 

The values of specific heat capacity available in the literature (Table 1) are significantly different. 

For example, at  = 50 °C, the specific heat of dry material is 910, 690, 1026, and 880 J kg-1 K-1, 

respectively, for a range of 336 J kg-1 K-1 (relative uncertainty higher than 30%). Literature data for 

other materials (for example, zeolite 4A) is more consistent, but with the same variability and 

uncertainty [2,9,21,23,24,29]. 

Unlike specific heat capacity (an intrinsic property), the bulk thermal conductivity and the density 

are functions of the size and shape of the particles. Several studies successfully applied the “hot 

wire” method [15,16,18,19,30] to measure the apparent thermal conductivity of hygroscopic 

materials. According to Freni et al. [16], the temperature increasing during the transient 

measurement does not change the water uptake of the material [16]. In the same way, another 

transient method (transient plane source, also known as “hot disk”) [31] can be applied. In theory, 

this technique was designed to simultaneously estimate the thermal conductivity and the specific 

heat capacity of a material (via the thermal diffusivity and the effusivity) [32,33]. The possibility 

to measure several thermo-physical parameters at once with a quick procedure is appealing. 
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Pinheiro et al. [34] used it to measure zeolite 13X’s heat conductivity in the temperature range of 

25–115 °C and found it lower than 0.3 W m-1 K-1. However, the “hot disk” technique is known to 

face limits when applied to such low-conductivity materials [35]. This is especially the case when 

applied to the granular structure of the zeolite bed with a substantial void fraction. For this reason, 

the packing density of the bed also has to be taken into account. To the author’s knowledge, few 

data about the zeolite 13X–water pair is available, with high variability, ranging from 76 to 400 

mW m-1 K-1 [19,34,36,37]. For this reason, their values must be used with care. Thus, performing 

original measurements of the thermal conductivity along with the apparent density of the packed 

bed is relevant.  

Overall, the thermophysical parameters (density, specific heat capacity, and thermal conductivity) 

of hygroscopic and reactive solid materials, such as those used in sorption thermochemical heat 

storage systems, are difficult to determine. It is difficult to enter these thermal parameters into 

programs that simulate the working and operation scenarios of thermochemical heat storage 

devices because of the lack of precision in measurement and contradictory findings. For this reason, 

in this work, different methods have been applied and compared in order to improve the accuracy 

of the measurement. In this study, we focused on the working pair “zeolite 13X–water” under 

atmospheric pressure. The temperature range being investigated corresponds to the operating 

conditions of a low-grade adsorptive heat storage device, i.e. 20 – 95 °C. 

 

Material and methods 

The material used in this study is a commercial zeolite 13X “Zeolum F-9 14-20#” from Tosoh 

Europe B.V., Amsterdam, Netherlands. The diameter of the spherical particles (beads) is in the 

range of 0.85 mm–1.18 mm. The textural properties of the material were investigated by N2 
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adsorption experiments. The isotherm is of type I at low relative pressure, which is characteristic 

of a microporous material. The porous volume is 0.28 cm3 g-1.  

Three thermo-physical properties are investigated in this study: the apparent thermal conductivity 

of the material bed λ (W m-1 K-1), the specific heat Cp (J kg-1 K-1) and the apparent density of the 

material ρ (kg m-3). 

 

Density  

The apparent density of the material bed (bulk density) is measured under a controlled atmosphere 

(T and relative humidity, RH). Several samples of material (150.00 g of zeolite) are taken at room 

conditions, and the volume is measured in a 250 mL graduated cylinder. The samples are 

dehydrated in an oven at 300 °C for 3 days and then rehydrated at the desired moisture content. In 

a glove box, the samples are weighted again. To take into account the influence of graduated 

cylinder filling, the results are presented according to the chosen samples.  

To estimate the void fraction (inter-granular porosity), the intrinsic density of the material is 

calculated by weighing and measuring 4-5 beads with a microbalance and an electronic slide gauge 

(repeated several times). 

 

Thermal conductivity 

The estimation of the material’s thermal properties required the use of several techniques owing to 

intricate balances between temperature, humidity, and reaction heat of sorption. The apparent 

thermal conductivity of the material was first investigated by using a transient line source (hot-wire 

method). The apparatus is a TLS-100 (Thermtest Inc., Fredericton, NB, Canada), with a 100 mm 

long probe. The diameter of the tested sample is greater than 50 mm and its depth is 120 mm, in 

agreement with the manufacturer’s recommendations. The probe heats the sample at constant 
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power and records its temperature. The apparent thermal conductivity is calculated assuming one-

dimensional heat transfer in an infinite solid. 

Second, a custom guarded hot plate setup (Delta Lab ET 100, Carcassonne, France) is also used to 

measure the apparent thermal conductivity of the bed. The sample dimensions are 300 × 250 × 24 

mm (length × width × depth). It is placed between two aluminium plates (up and down). The bottom 

plate is placed on 96 mm of expanded polystyrene (λps) and heated by joule effect (P0) to the 

required (constant) temperature. The two plates are instrumented with 3 thermocouples each 

(average temperature: Tb and Tt). Once the steady state is reached, the thermal conductivity is 

calculated according to one-dimensional Fourier’s law, taking into account heat transfer in the 

insulation (equation 1).   

𝜆 =  
𝑃0 ∙ 𝑑

(𝑇𝑏 − 𝑇𝑡)
− 𝜆𝑝𝑠

(𝑇𝑏 − 𝑇𝑜)

4(𝑇𝑏 − 𝑇𝑡)
(1) 

 

A transient plane source technique is also used to measure the thermal conductivity of the material. 

It consists of a Hot Disk M1 thermal constants analyser (Hot Disk AB, Gothenburg, Sweden) with 

a “Kapton 8563 F1” sensor (disc radius: a = 9.868 mm). It also provides the estimation of the 

thermal diffusivity (𝛼 =
𝜆

𝜌 𝐶𝑝
 , m2 s-1), the thermal effusivity (E = (𝜌 𝐶𝑝 𝜆)

1

2 , J K-1 m-2 s-0.5), and the 

specific heat (ρ Cp, in J m-3 K-1). The sample is in a cubic box (thickness: 60 mm, side length: 70 

mm). The probe is horizontally placed in the middle of the bed and heats the material at constant 

power P0 (W) and records its temperature increase ΔT for a few minutes.  

 

Heat capacity 

As previously described, the heat capacity can be deduced from experiments with the transient 

plane source (“hot disk”). These tests can be conducted only at room temperature and in a glove 
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box to avoid material moisture variation. To investigate the effects of both “temperature” and 

“water content”, a two-in-one thermo-gravimetric and differential scanning calorimetry analyzer 

(Setaram Sensys evo TG-DSC, Kep Technologies, Caluire, France) is used.  

A typical sample is constituted of approximately 10 mg of material (10 beads) contained in an 

aluminium crucible. It is suspended on a microscale along with another empty crucible. To control 

their temperature, both crucibles are enclosed in furnaces. The differential heat-flow signal is 

recorded thanks to a Calvet sensor. The atmosphere in the chamber is a flow of synthetic air, which 

mass flow, temperature, and humidity are controlled by a humidity generator (Setaram Wetsys, 

Kep Technologies, Caluire, France). 

First, the sample is dehydrated at 300 °C with synthetic air (30 mL min-1 airflow rate pulsed by the 

humidity controller) for 8 h. The duration of 8 h allows to reach mass stability, such as dm/dt < 

0.006 % min-1, following the stability criterion employed by Son et al. [38]. The sample is then 

cooled and rehydrated to the required temperature and moisture by adjusting the air humidity. 

Following its pre-treatment, the sample is heated up to 110 °C at a constant heating rate while 

maintaining the mass of the sample constant. For this, the air humidity is continuously adjusted. 

Heat capacity is continuously calculated using equation 2: 

𝐶𝑝 = [(
𝑑𝑞

𝑑𝑡
)

𝑠𝑎𝑚𝑝𝑙𝑒
− (

𝑑𝑞

𝑑𝑡
)

𝑏𝑙𝑎𝑛𝑘
] ∙

1

𝑚0 ∙
𝑑𝑇
𝑑𝑡

(2) 

 

With (
𝑑𝑞

𝑑𝑡
)

𝑠𝑎𝑚𝑝𝑙𝑒
, (

𝑑𝑞

𝑑𝑡
)

𝑏𝑙𝑎𝑛𝑘
  the DSC signal during the sample and the blank tests, respectively. 

m0 is the mass of the sample (maintained constant) and 
𝑑𝑇

𝑑𝑡
  the heating rate.  

The quality of experimental results (yi) was examined using three criteria (range, mean absolute 

deviation, and standard deviation) and their respective relative values (divided by average value 𝑦̅): 
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 Range:    R = max(yi) – min (yi)   

 Mean absolute deviation  𝑀𝐴𝐷 =
1

𝑁
∑ |𝑦𝑖 − 𝑦̅|𝑁

1    

 Standard deviation   𝑆𝐷 = √∑ (𝑦𝑖−𝑦̅)²𝑁
1

𝑁
 

 

Results and discussion 

Preliminary tests 

Data available in the literature on the thermo-physical properties of reactive and hygroscopic 

materials is uncertain and even minimal for zeolite 13X. Under these conditions, the first step is to 

investigate the different characterization techniques in order to assess the feasibility, reliability, 

and quality of measurements. For this, the thermo-physical properties of zeolite 13X were 

investigated with different techniques at room humidity and temperature conditions. The thermo-

physical properties of the material in equilibrium with air at room temperature and humidity are 

shown in Table 2. 

 

Table 2 Preliminary tests performed with the material in equilibrium (thermal and water balances) 

with the ambiance 

 value tests R R(%) MAD MAD(%) SD SD(%) 

w /kg kg-1 0.193 8 0.027 13.9 0.014 7.0 0.015 8 

 /Kg M-3 794 38 78 9.9 16 2.1 20.8 3 

         

 /mW m-1 K-1 (Hot Wire) 94.5 8 6 6.3 1 1.5 1.7 2 

 /mW m-1 K-1 (Hot disk) 120.8 22 33 27.6 23 19.1 7.3 7 

 /mW m-1 K-1 (Hot Plate) 93.9 9 23 24.4 6 6.8 7.3 7 
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E /W m-2 K-1 s-0.5 (Hot disk) 337 22 31 9.1 7.9 1.9 7.7 2 

107 D /m² s-1 (Hot disk) 1.29 22 0.70 54.2 0.13 9.7 1.63 13 

         

CP /mJ m-3 K-1 (Hot disk) 0.94 22 0.28 29.8 0.13 14.0 0.07 8 

         

Cp /J kg-1 K-1 (DSC)   

(T = 60 to 95°C) 

1369 1       

 

First, we can observe a difference in the thermal conductivity values obtained by the hot disk and 

the other experiments (around 30%) and a greater dispersion of experimental values (MAD > 19 

%). The same holds true for the specific heat capacity (MAD ≈ 14 %). Moreover, the heat capacity 

is low in comparison with the literature and the results obtained by thermo-gravimetric 

investigations.  

According to the theory, the thermal conductivity and the specific heat are simultaneously 

estimated by fitting the experimental temperature of the sensor with equation 3. 

 

∆𝑇 =  
𝑃0

𝜋
3
2 𝜆𝑟

∫
𝑑𝜎

𝜎²

𝜏

0
  ∫ 𝑣𝑑𝑣 ∫ exp (

−(𝑢2+𝑣²

4𝜎²
)

1

0

1

0
𝐼0 (

𝑢𝑣

2𝜎²
) 𝑢𝑑𝑢   (3) 

P0 is the power input, I0 represents the 0 order modified Bessel functions and 𝜏 = √
𝐷𝑡

𝑟²
. With t the 

time measured from the start of the experiment, D is the thermal diffusivity of the material and r is 

the radius of the hot disk.  

In practice, this equation is not used in the calculation, because of its complexity [33,39,40]. Indeed, 

after a comparison between the calculations carried out by the software and our calculations, it was 

observed that the software used the solution of a one-dimensional heat transfer problem. The 

system (material and heat source) is assumed to be a 1D half-space unsteady problem subjected to 
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a constant heat flux. The solution to this problem leads to a temperature profile in the material bed 

as follows (eq. 4): 

  𝑇(𝑥, 𝑡) = 𝑇(𝑡 = 0) +
𝑃0

𝜆𝑆
√𝐷𝑡 [

1

√𝜋
𝑒−

𝑥2

4𝐷𝑡 −
𝑥

2√𝐷𝑡
𝑒𝑟𝑓𝑐 (

𝑥

2√𝑎𝑡
)]  (4) 

Starting from this equation the sensor temperature is (x = 0): 

      𝑇(𝑥 = 0, 𝑡) = 𝑇(𝑡 = 0) +
𝑃0

𝜆𝑆
√𝐷𝑡 [

1

√𝜋
]       (5) 

The thermo-physical properties are estimated first by fitting the experimental sensor temperature 

with a function of the square root of time. The slope of the linear curve of T(t) versus √𝑡 is directly 

proportional to the material effusivity 𝐸 = √𝜌𝐶𝑝𝜆. The study of the different temperature profiles 

shows good linearity and explains that the estimation of E is given with low dispersion. 

Second, the thermal conductivity is estimated by minimizing a quadratic criterion between the 

sensor temperature (experimental) and equation 3 after significant simplifications. For this, the 

three integrals are substituted by a polynomial function of τ (the polynomial coefficients are 

previously pre-calculated from equation 3). 

For this material, the obtained thermal conductivity is different from the ones measured with hot-

wire and hot plate techniques. Moreover, we observe a significant dispersion of the results. 

The same conclusions are observed for specific heat and thermal diffusivity because they are 

deduced from calculations of effusivity and thermal conductivity. 

From these results and observations, we can conclude that the transient plane source technique is 

not well suited for measuring the thermal conductivity and heat capacity of this material. 

Consequently, the thermal diffusivity is affected by a large uncertainty. Only the material effusivity 

can be estimated accurately. 

Starting from these preliminary results, the material properties were investigated by using a hot 

wire for thermal conductivity, TG-DSC for specific heat, and a hot disk for effusivity.  
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Thermo-physical properties of zeolite 13X  

Material density was measured at room temperature for different moisture contents according to 

the protocol detailed in the previous section. This methodology was applied owing to the influence 

of material placement operations. The results are shown in Fig. 1. 

 

 

 

Fig. 1 Material apparent density as a function of water content 
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As expected, the bulk density of zeolite 13X is linearly proportional to the water mass fraction. 

The difference in Y-intercept is due to the difference in material placement in the column. This 

difference is about 50 kg m-3. The density of the dried material is about ρ0 = 662 kg m-3. The best 

fitted equations for the studied samples are consistent with the theory, i.e. 𝜌 = 𝜌0 (1 + 𝑤). The 

intrinsic density of the material is 1160 kg m-3 at w = 0.235 kg kg-1. The void fraction is estimated 

to be in the range of 26 – 32 %. Additional tests at different temperatures (up to 90 °C) reveal the 

same behavior. The bulk density does not appear to be dependent on temperature, but only on 

filling ways.  
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Fig. 2 Apparent thermal conductivity of a zeolite 13X bed versus water content 

 

The apparent thermal conductivity of the zeolite bed of around 1 mm diameter beads is shown in 

Fig. 2. It is a linear function of the inner moisture content.  

The thermal conductivity is low and can be explained by the important void fraction (around 30%) 

and the porous volume that represents two thirds of the volume. The presence of adsorbed water in 

the pores improves the conductive heat transfer inside the beads. These results are in good 

agreement with the results of A. Aittomaki and A. Aula [36]. The thermal conductivity of a dry 

bed of zeolite 13X (diameter of particles 2-3 mm) is 0.076 W m-1 K-1. The dependence on 
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temperature of the bulk thermal conductivity is very complicated to investigate owing to the 

relationship between temperature and water content. Additional tests performed on a guarded hot 

plate (up to 50 °C) do not show a change with temperature. This would be expected since air (void 

fraction) is mainly responsible for the low thermal conductivity. Indeed, the thermal conductivity 

of dry air slightly increases with temperature (from 26 to 31 mW m-1 K-1 in the range of 20–90 °C).   

 

 

Fig. 3 specific heat of dried zeolite 13X versus temperature 

The specific heat of the material is estimated by using a differential scanning calorimetry analyzer. 

The experiments were carried out at temperatures ranging from 65 to 140 °C for the dried material 
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and from 60 to 90 °C for the material at different water contents. Figure 3 shows the specific heat 

of the dried material. A slight increase in specific heat with temperature is observed, but in the 

range of 70 – 95 °C, this value is constant at 913 J kg-1 K-1. This result is indeed quite different 

from the specific heat obtained by Simonot-Grange [24] for anhydrous zeolite 13X. 

 

Fig. 4 specific heat of zeolite 13X for different water contents 

The same experiments are repeated for different water contents. For this, the air humidity is 

controlled to have a constant mass of material. Figure 4 shows the specific heat of the material at 

different moisture content. The specific heat seems to vary linearly with water content. Results 

show that the experimental error increases with the water content due to the difficulty of controlling 

a constant mass of material.  
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From the linear approximation, the specific heat of the dried material Cp(db) is 910 J kg-1 K-1 (max 

= 916, min = 905 J kg-1 K-1), which is close to 913 J kg-1 K-1 (obtained for dried material). The slope 

is 2191  217 J kg-1 K-1. 

For this material type, many authors assumed a linear variation with water content. A linear rule of 

mixing (equation 7) can be applied to calculate the specific heat of the hydrated material. 

   𝐶𝑝 = 𝐶𝑝(𝑑𝑏) + 𝑤[𝐶𝑝(𝐻2𝑂) − 𝐶𝑝(𝑑𝑏)]    (7) 

With this assumption, the specific heat capacity of water in the material is about 3100 J kg-1 K-1 

(max = 3323, min = 2878 J kg-1 K-1).  

This result is in good agreement with data available in the literature [25]. Indeed, Hirasawa et al. 

conclude that the specific heat of adsorbed water is about 3000 to 5000 J kg-1 K-1. This value is an 

intermediate value between the liquid and vapor specific heats of water (i.e. 4190 and 1830 J kg-1 

K-1, respectively). 

In order to verify the relevance of the properties estimations, calculated effusivity values are 

compared to results from hot disk experiments.  
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Fig. 5 material effusivity (experimental and calculated) as a function of water content 

 

Figure 5 shows the experimental effusivity values (from hot disk experiments) and the calculated 

ones by using equation 8 as follows: 

 𝐸 = [662(1 + 𝑤)(71 + 130𝑤)10−3(904 + 2391𝑤)]
1

2     (8) 

Calculated and experimental results are in good agreement, validating the applied methodology.  
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Conclusion 

A precise estimation of the thermo-physical properties of adsorbent and reactive materials is a 

necessary and inevitable step for the development of heat storage systems. In this work, different 

techniques were used and compared to improve the measurement accuracy. In particular, results 

show that the transient hot disk method is not suitable for estimating the thermal conductivity and 

the heat capacity of this type of material. There was a significant difference in thermal conductivity 

(approximately 30%) between the hot disc studies and the other methods, as well as a greater 

dispersion of the experimental results (MAD > 19%). The same was discovered for specific heat 

capacity (MAD ≈14%). Nevertheless, this technique enables a good estimation of the thermal 

effusivity. Thermal conductivity and heat capacity were investigated by hot wire and TG-DSC, 

respectively. There was a little rise in specific heat with temperature, although this value remains 

constant at 913 J kg-1 K-1 between 70 and 95 °C. Experimental and calculated thermal effusivity 

values from independent characterization validate the applied methodology. These results allow to 

obtain the thermo-physical properties of a reactive and hygroscopic material as a function of 

temperature and water content in a larger range of operating conditions than those reported up to 

now in the literature. These data are required as key input data for simulating thermochemical heat 

storage operations.  
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