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Abstract 

To support the transition to a fossil-free society, energy storage and particularly thermal energy 

storage have been identified as strategic technologies. Large quantities of thermal energy – both 

per weight and price - can be stored reversibly in SrCl2 upon exo-/endothermal ab-/desorption of 

ammonia. To achieve high efficiency of an ammonia-based heat storage system, the heat and 

mass transfer within the reactive salt bed must be well understood and analyzed. For this 

purpose, we combined theoretical and experimental methods. While a COMSOL Multiphysics 

3D model was developed to study heat and mass transfer in the reactor, neutron radiography 

was used as an experimental imaging tool to study the ammonia ab-/desorption in-situ in the salt 

bed and validate the 3D model. The initial model is able to model some of the main features in 

the experimental kinetic ab-/desorption curves, but refinement of the model parameters is 

needed to further improve the model. The 3D model will be used to optimize the design of the 

reported reactor and may also be adopted to similar heat storage systems. 

 

Keywords: Thermochemical Heat Storage (TCHS), Sr(NH3)xCl2, COMSOL modelling, neutron 

radiography, model validation 

 

1. Introduction  

Over the past decade, energy storage has been identified by the European Commission as a topic 

of utmost importance for the ongoing transformation of the European energy system. 

Specifically, Thermal Energy Storage (TES) is expected to play an important role in increasing 

the overall efficiency of energy systems [1,2]. This is particularly true for systems producing 

waste heat at temperatures below 100˚C, so-called low-grade waste heat, which according to the 

recent studies accounts for more than 45% of the global primary energy consumption [3]. 

Within the framework of the project “Neutrons for Heat Storage”, a first prototype of a 

thermochemical heat storage (TCHS) system, utilizing heat of the temperature up to 100˚C, is 

constructed. The basic principle of the system operation is shown on a simple schematic with 

two vessels, one with a salt and another one with liquid ammonia (Figure 1). 
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Figure 1. Sketch of a TCHS system working in three different modes: absorption, storage, and desorption, 

corresponding to heat production, heat storage, and heat adsorption, respectively. 

In the heat storage mode, the connection between the two vessels is closed, and the heat can be 

stored for any period without significant energy losses. If the two vessels are connected, the 

ammonia flows from the liquid ammonia container into the reactor where it gets absorbed by the 

salt and the heat of absorption is released. During desorption, the molecules of ammonia are 

detached from the salt by the supplied heat and are condensed in the liquid ammonia container. 

The system is considered to go through a full cycle upon the completion of two half-cycles, 

which are absorption and desorption. 

The heat is stored and recovered thanks to the reversible reaction between gaseous ammonia and 

solid SrCl2. One molecule of SrCl2 can absorb up to eight molecules of ammonia among which 

only seven can be desorbed at the temperature of low-grade heat: 

Where    is the reaction enthalpy equal to 41.432 kJ/mole of NH3 [4]. 

One of the main components of the system - the reactor - consists of a vessel containing a U-

shape tube and eleven honeycomb structure discs filled with powdered SrCl2 salt. In the effort 

of rationalizing the design of the reactor, the present study aims at investigating heat and mass 

transfer processes occurring in the honeycomb structure half-disc representing a basis element 

of the whole rector. To study the transport processes in the TCHS system, neutron radiography 

was selected as a complementary technique to numerical modeling for two main reasons. First, 

ammonia (NH3) contains hydrogen, and hydrogen has a neutron scattering cross section, which 

allows tracking the evolution of the ammonia concentration in the salt bed during ammonia 

cycling. Second, neutrons have high penetrating power giving the opportunity to study materials 

in bulky reactors. A numerical model was developed to investigate the transport processes in the 

reactor over ammonia cycling. The results from neutron radiography were used to calibrate and 

validate the model which may  be used for rationalizing and optimizing the design of the TCHS 

reactor. 

 

2. Materials and method 

Neutron imaging experiments: setup and operation 

The set-up for the neutron imaging experiments consisted of a cell and a cartridge with 

ammoniated SrCl2 used as an ammonia source during absorption and as an ammonia sink during 

desorption (Figure 2). 

  (   )   ( )      ( )    (   )    ( )       (1) 
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Figure 2. Schematic of experimental set-up for the neutron imaging experiments 

The cell comprised a stainless steel honeycomb structure half-disc of 10 cm diameter and 1 cm 

height with SrCl2 embedded in its slots and a stainless steel heating element of 0.8 cm diameter 

and 8 cm length equipped with a thermocouple (Figure 3). Both the disc and the element were 

enclosed in an aluminum container. The aluminum container was closed with an aluminum lid 

connected to the cartridge with ammonia. Aluminum is almost transparent for neutrons. The 

cartridge could be replaced with a vacuum pump for the system evacuation. To follow and 

record the pressure evolution in the system during the ab-/desorption experiments, a pressure 

transducer P was installed in between the two parts of the system. 

 

Figure 3. The cell for the neutron radiography experiments 

Given the fact that SrCl2 swells up by three times after the first absorption, while it maintains 

the developed porous structure for the subsequent ab-/desorption cycles, the amount of the salt 

required for the full occupation of the honeycomb slots was calculated as one third of the total 

volume of the slots. Knowing the mass of the salt and the total volume, the porosity of strontium 

chloride mono- and octaammine was quantified by calculating the change in the true density of 

the powdered salt over cycling. This variation was assumed linear with the advancement of the 

reaction. The true densities of Sr(NH3)Cl2 and Sr(NH3)8Cl2 were calculated starting from the 

crystallographic data, i.e. the size of the unit cell and the sum of the weight of all atoms in the 

unit cell, as reported in [5]. The results of the calculation are presented in Table 1. 

Table 1. Cell and materials parameters 

Total volume of the honeycomb slots, m
3
 2.02x10

-5
 

True density of SrCl2, kg/m
3
 3050 

True density of Sr(NH3)Cl2, kg/m
3
 2441 

True density of Sr(NH3)8Cl2, kg/m
3
 1394 
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Tap density of SrCl2, kg/m
3
 1525 

Mass of SrCl2, kg  1.03x10
-2

 

Porosity of Sr(NH3)Cl2 0.79 

Porosity of Sr(NH3)8Cl2 0.38 

 

Before the start of the experiments, the whole system was evacuated with the vacuum pump for 

15 min. For the absorption, the temperature in the cartridge was set to 76˚C to desorb its 

ammonia, while the cell was kept at room temperature to absorb the ammonia. Reverse 

procedure was applied during the desorption, the temperature of the heating element in the cell 

was set to 100˚C, and the cartridge was kept at room temperature. The pressure in the cell was 

1.2±0.1 bar during the desorption. During the absorption, the initial pressure was 1 bar rising up 

to 2.6 bar by the end of the reaction. 

 

COMSOL model 

Geometry and Domains 

For the numerical investigations, only the cell represented by the stainless steel honeycomb 

structure half-disc with SrCl2 embedded in its slots is taken into consideration. The half-disc is 

enclosed in an insulating block filled with ammonia gas at the cell ammonia pressure Pcell. For 

the simulation reproducing the neutron results, the experimental values of Pcell are used as input 

values. Depending on whether the salt is subject to ammonia absorption or desorption, there is 

an ammonia inlet or outlet in the block. For the simplicity of the numerical model, the heating 

element is omitted in the geometry, and in case of desorption the temperature of the wall in 

contact with the heating element is set to 100˚C. 

The following assumptions were made while formulating the 3D numerical model: 

1. Local thermal equilibrium exists between the gas and the solid particles; 

2. Heat transfer through the bed is by conduction only; 

3. Inside the honeycomb slots, the material is treated as a porous media composed of the 

three phases: NH3, Sr(NH3)Cl2, and Sr(NH3)8Cl2. Knowing the properties of each phase, 

the effective properties of the porous media have been defined (See below). 

The geometry is divided into three domains, and each domain is characterized by different 

materials, the properties of which are presented in Table 2. 

Material properties for ammonia such as thermal conductivity      and specific heat capacity 

       were taken from Engineering Equation Solver (EES 2016) and interpolated linearly. 

Ammonia density was derived based on the ideal gas law equation: 

    (   )  
           

  
  (2) 

Where Pcell is the pressure in the cell, MWNH3 is ammonia molecular weight, R is the ideal gas 

constant, and T is the temperature of gaseous ammonia. 

In the model the honeycomb slots domain was homogenized into a porous media, and in order 

to describe the behavior of the salt, effective material properties defined as the expressions 

below were used. 

(   )     ( )              (   ( ))       ( )       (   )  (3) 
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Table 2. Modelled domain and materials properties. The full expressions are reported in Equations (2-10) 

Domain Component Material 
Density 

(kg/m
3
) 

Thermal 

conductivity 

(W/(m*K)) 

Specific heat 

capacity 

(J/(kg*K) 

1 Ammonia NH3(g)  NH3(P,T) kNH3(T) Cp NH3(P,T) 

2 
Honeycomb 

slots 

NH3 

Sr(NH3)Cl2 

Sr(NH3)8Cl2 

 eff(P,T,x) keff(T,x) Cp eff(P,T,x) 

3 
Honeycomb 

structure 
Stainless steel 7950 20 490 

 

      ( )       (   ( ))       ( )  (4) 

Where ε is the salt porosity, x is degree of desorption/absorption or reaction advancement, ρsalt 

is the salt density, Csalt is the salt specific heat capacity, and ksalt is the salt thermal conductivity. 

All the properties of the salt depend on the degree of the reaction x (desorption or absorption) 

defined in the following way: 

Table 3. Definition of reaction advancement for absorption and desoprtion 

x=0 

Absorption: the ammonia is fully desorbed, and the salt is in the form of 

Sr(NH3)Cl2 

Desorption: the ammonia is fully absorbed, and the salt is in the form of 

Sr(NH3)8Cl2 

x=1 

Absorption: the ammonia is fully absorbed, and the salt is in the form of 

Sr(NH3)8Cl2 

Desorption: the ammonia is fully desorbed, and the salt is in the form of 

Sr(NH3)Cl2 

 

For the calculation of intermediate reaction advancement, the properties of the salt were 

assumed linear between the non-ammoniated and fully ammoniated states. For desorption, the 

equations describing the salt properties are listed below: 

           (   )     (   )     (   )      (5) 

      
     (   )        (   )     (   )    (   )        (   )    

     (   )     (   )    (   )    
  (6) 

           (   )     (   )   (   )      (7) 

 ( )       (   )     (   )     (   )      (8) 

Where ρSr(NH3)1Cl2, CSr(NH3)1Cl2, kSr(NH3)1Cl2, ρSr(NH3)8Cl2, CSr(NH3)8Cl2, kSr(NH3)8Cl2 are density, specific 

heat capacity, and thermal conductivity of strontium chloride monoamine and octaammine, 

respectively. 



  
Eurotherm Seminar #112 

Advances in Thermal Energy Storage 

 

 6 

The listed above equations were used for the determination of the corresponding salt properties 

during absorption as well but with the correction for reversibility when x was substituted by (1-

x) and (1-x) by x. 

The expressions of specific heat capacities of strontium chloride mono- and octaammine were 

taken from [6] and are presented below: 

      (   )                        
              (9) 

      (   )                        
              (10) 

Since no experimental data was found for the thermal conductivity of strontium chloride mono- 

and octaammine, it was assumed to be 1.1 W/(m*K) for both of the salts consistently with the 

measurements reported in [7]. 

Mathematical modeling 

Assuming no fluid dynamics, the equations governing heat transfer in the honeycomb structure 

and the honeycomb slots can be written as follows: 

      
  

  
  (       )     (11) 

(   )   
  

  
  (       )     (12) 

   
  ( )

  
        (13) 

Where ρss, Css, kss are the density, the specific heat capacity and the thermal conductivity of 

stainless steel, respectively. Q is the heat sink/source during desorption/absorption and Ns is the 

molar density of ammonia in honeycomb slots. 

The reaction rate equation describing the kinetics of the gas-solid reaction was expressed as 

follows: 

  

  
  ( )   (   )  (14) 

Where f(x) is a function describing the rate-controlling step of reaction, k(T,P) is a rate constant 

of reaction as a function of temperature and pressure: 

 (   )     
 
  
    ( )  

(15) 

Where k0 is the pre-exponential factor, Ea is the activation energy of reaction, and g(P) is the 

pressure impact function expressing the degree of the discrepancy between the actual gas 

pressure in the system and the equilibrium gas pressure over the salt. This factor can be written 

as follows [8]: g(P)=((P-Peq)/Peq)
m
 for absorption and g(P)=((Peq-P)/Peq)

m
 for desorption. Peq is 

defined by the van’t Hoff equation: 

       
 
  

  
 
  

   (16) 

Where    is a reference pressure equal to 1 Pa,    is the reaction entropy equal to 228.6 J/mole 

of NH3 for Equation (1) [4]. 

The kinetic parameters and functions for the working pair SrCl2-NH3 were already defined by 

Huang et al. [9]. However, in the mentioned study the value of activation energy for the 

desorption is lower than the reaction enthalpy which is in contradiction with the endothermic 

nature of desorption. Thus, to correct this value a series of kinetics experiments were performed 

using a Sieverts-type apparatus. The kinetics curves obtained from the experiments were treated 

according to the procedure reported by Chaise et al. and Li et al. [10,11], and as a result new 

values of the kinetic parameters were obtained (Table 4). 
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Table 4. The literature and experimental values of the kinetics parameters 

Parameter 
Absorption Desorption 

Literature Experiment Literature Experiment 

f(x) (1-x)
2.96

 2(1-x)
3/2

 (1-x)
3.02

 4(1-x)
1/4

 

k0 0.019 28.1 0.125 1.8*10
8
 

Ed 6921 31 9000 75000 

m 1 1 1 0.44 

 

3. Results and discussion 

From neutron radiography, grayscale images showing ammonia distribution over the cell in time 

were obtained. During the absorption, the light-grey strontium chloride monoamine was 

reacting with ammonia and being converted into dark-grey strontium chloride octaammine. The 

reverse process was observed for the desorption: because of the supplied heat, dark-grey 

Sr(NH3)8Cl2 was losing ammonia and being transformed into Sr(NH3)Cl2 appearing as light-

grey. 

 

Figure 4. Neutron radiography image of desorption at t = 0 s with indexed hexagons 

Assuming that in the beginning and in the end of the half-cycles there was either pure 

monoamine or octaammine, experimental results presenting the dependence of the reaction 

advancement versus time were obtained and plotted as in Figure 5. While Figures 5a and 5c are 

the results obtained from a single hexagon of the honeycomb structure, Figures 5b and 5d show 

an average value of the numbered hexagons in Figure 4. The results obtained from the 

numerical model were also plotted in Figure 5 for comparison. 
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Figure 5. Kinetic curves of desorption (a, b) and absorption (c, d) shown as dotted line for experiments and as solid 

line for numerical model 

In Figure 5a, describing the desorption in the individual hexagons, while the sigmoidal shape of 

the experimental results is well captured by the model, a discrepancy appears when the 

desorption proceeds, which is even larger when the hexagon is further away from the heat 

source. As a result, the global kinetic curve (Figure 5b) obtained from the modelled desorption 

coincides with the experimental results until 4000 s. Thereafter, the model does not reproduce 

the experimental data with a good agreement, as the reaction appears to slow down. The reason 

for the observed mismatch could be due to errors in the value of the thermal conductivity or 

specific heat capacity of the porous media, or could originate from the poor description of the 

heat transfer between the honeycomb walls and the salt. This is the topic of further 

investigation. 

For the absorption results showed in Figures 5c and 5d, the shape of the modelled curves do not 

correspond to the experimental ones at the beginning of the reaction. The modelled absorption 

starts sharply, which is consistent with our expectations, but the experimental data show that the 

absorption starts only after 3000 s. The explanation for the delay in the neutron imaging results 

could be that the initial cell pressure was inferior to the equilibrium pressure at room 

temperature or that the temperature of the salt bed was above the expected room temperature. 

Since the pressure was being recorded during the experiment, and it was made sure to be high 

enough for the start of the absorption at room temperature, it suggests that the reactive salt bed 

was not cooled down to room temperature after the preceding desorption, and the surplus of 

heat suppressed the reaction at the beginning. After 3000 s, the experimental reaction started 

and proceeded faster that what is predicted by the model. Again, as for the desorption, the 

discrepancy between the model and experimental results suggest that adjustment of the thermal 

properties of the porous media and/or introduction of the heat transfer coefficient between the 

salt and the honeycomb structure are needed. Another observation to make is that in the 

experiment the fastest reaction rate is observed for the hexagon closer to the ammonia inlet, 

while the opposite results were obtained for the model. The reasons for this could be that the 

fluid dynamics was not included in the model, and the pressure of ammonia was almost constant 

within the cell during the simulation. Therefore, the next step of this work will be to build a 

numerical model including fluid dynamics. 

4. Conclusions 

In the present study, the comparison between neutron radiography and numerical simulation of 

ammonia ab-/desorption in SrCl2 is presented. While the numerical model coupling the reaction 

kinetic with heat transfer is in a reasonable agreement with the experimental data, discrepancies 

exist and call for improvement of the model:  

1. Ammonia fluid dynamics is to be introduced in the model. 

2. Thermal properties of the porous media have to be refined for a better description of the 

heat propagation during sorption processes. 

3. Since in reality the contact between the porous media and the honeycomb structure is 

not ideal, thermal resistance in the contact area of the two domains have to be 

considered. 
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