
HAL Id: hal-03489259
https://hal.science/hal-03489259v1

Submitted on 21 Dec 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License

Experimental investigation of a moving-bed heat storage
thermochemical reactor with SrBr_2/H_2O couple

Lauren Farcot, Nolwenn Le Pierrès, Jean-François Fourmigué

To cite this version:
Lauren Farcot, Nolwenn Le Pierrès, Jean-François Fourmigué. Experimental investigation of a moving-
bed heat storage thermochemical reactor with SrBr_2/H_2O couple. Journal of Energy Storage, 2019, 26,
pp.101009. ⟨10.1016/j.est.2019.101009⟩. ⟨hal-03489259⟩

https://hal.science/hal-03489259v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


 

1 

 

Experimental investigation of a moving-bed heat storage thermochemical reactor 

with SrBr2/H2O couple 

Lauren Farcot a,b, Nolwenn Le Pierrès a*, Jean-François Fourmigué c 

*Corresponding author: nolwenn.le-pierres@univ-smb.fr 

a Université Savoie Mont Blanc - CNRS, LOCIE, Le Bourget-du-Lac, 73370, France,  
b CEA/DTBH/SBRT/LSHT, Le Bourget-du-Lac, 73370, France  

c CEA/DRT/LITEN/DTBH, Grenoble, 38000, France 

 
Abstract: 

This study investigates a moving-bed thermochemical reactor with hydrated salt and humid air 

flow, suitable for building heating applications. A well-instrumented reactor prototype, developed 

to produce a heating power up to 1 kW, allowed analysing the functioning of the reactor. The 

SrBr2.H2O/SrBr2.6H2O pair was used and allowed reaching reactor temperatures up to 41°C and 

specific heating powers of 1.7 to 4.6 kW/m3 of reactor bed. Once the thermal steady state was 

reached, the temperature was homogeneous throughout the bed. This study shows the impact of the 

air humidity at the reactor inlet on the reactor performances and shows the feasibility of continuous 

thermochemical heat storage in a moving bed reactor with hydrated salt. Finally, this study 

highlighted the advantages and limitations of moving bed reactors for thermochemical storage 

applications. 
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1. Introduction and context 

Energy consumption in buildings represents about 20% of the energy consumption in the world 

(40% in Europe) and the main share of this energy (50% in the world) is used for space heating [1]. 

Solar heat could be a good option to decrease fossil fuels consumption in buildings, but this energy 

source is intermittent. Thus, development of efficient and convenient energy storage systems is an 

important step toward a better management of this renewable energy as it leads to time adequacy 

between the energy resource and demand [2].  

Heat storage technologies available nowadays, using sensible or latent heat [3-4], are efficient and 

reliable for daily and weekly storage but they present important heat losses for longer time scales. 

Thermochemical technologies are thus a good alternative for long-term heat storage because heat is 

stored as a chemical potential and there is no heat losses during the storage phase [5-7].  

Indeed, thermochemical energy storage (TES) systems are based on a phenomenon of the form:  

S0 + νG � S1 + ∆h�� 

The decomposition (endothermic phenomenon) of the solid (S1) into the solid (S0) and gas (G) 

requires a heat input of ∆hr. Thus, for seasonal storage purpose, the reactive solid (S1) can be heated 

by solar energy during the summer period. It is the charging phase of the process. Inversely, during 

the winter period, (S0) can react with gas (G) to form (S1). This phenomenon is exothermic and 

corresponds to the discharging phase of the process (heat recovery period). 
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The solid reactants must be low cost, non-toxic, non-corrosive and have sufficient energy storage 

density, to expect large scale technological development. Energy storage density (or energy density) 

in this case is the amount of heat that can be stored per unit mass or volume. In the following work, 

as the application aimed at is building integration, the volumetric energy density will be used. 

Reactive pairs can be of several sorts and different reactive gases can be used for thermochemical 

systems (NH3, H2O, …). In this paper, focus is put on a reactive pair using water as reactive gas. 

Literature’s data show that a large temperature range can be reached using different reactive pairs 

(from ambient temperature to several hundred degrees) [5-6]. A large number of studies has been 

carried out in the last years in the field of TES, especially regarding thermochemical material 

development and improvement of their properties (energy storage density, thermal conductivity, 

cycle stability …) [8-11]. In comparison, fewer investigations have been performed to develop 

thermochemical reactor technologies [12-15], whereas it is an important aspect to enhance heat and 

mass transfer in the system. Indeed, the energy density of the storage material is usually a lot larger 

than the energy density of the whole storage system [16]. Optimizing the design of the reactor thus 

allows achieving a maximum conversion of the reactant and increasing the power and energy 

density of the reactor. 

TES technologies can work in open mode, crossed by humid air at atmospheric pressure or in 

closed mode with pure (G) vapour, usually at low pressure. The closed mode allows a better control 

of the operating conditions in the reactor and favours the reaction kinetics but it increases the 

technical constraints on the process (airtightness, non-standard components …). The open mode, at 

atmospheric pressure, allows avoiding these constraints. Thus, it could lead to a simpler and 

cheaper reactor conception [17]. 

Additionally to the open or closed operating mode, two different reactor types can be distinguished 

for TES: integrated or separate reactors. In an integrated reactor, the material is stored in the same 

tank where it reacts. On the contrary, with a separate reactor, the reactor where the charging and 

discharging phases take place is separated from the thermochemical material storage reservoir. Each 

technology presents advantages and drawbacks. The main advantage of separate reactors is the 

dissociation between the thermal power and the storage capacity of the installation, which increases 

the storage density of the process because there is no need for vapour diffusers and heat exchangers 

integrated into the reactor. In a separate reactor, only the required amount of reactant is heated, 

making the charging and discharging phases more efficient. Moreover, the heat and gas transfers 

can be optimized in a separate reactor by stirring of the solid reactant. The separate reactor 

technology allows to work in steady-state, what can provide constant thermal power output. Finally, 

in this configuration, the technological constraints are focused on the reactor and the storage 

functions are simplified, making the storage reservoir cheaper, and a smaller reactor can be 

designed compared to the integrated one, which results also in a smaller thermal inertia and in lower 

sensible heat loss. However, this technology implies transportation of the solid material and 

therefore, a transport system has to be added, resulting in a more complex design and the addition 

of mechanical components and of power consumption for transportation. Transportation can also 

damage the material and have an impact on its cycling stability [6-7]. 

The separate reactor technology has not been fully investigated yet. Indeed, most of the works on 

TES systems deal with integrated reactor technology [6-7, 12, 27]. A lot of studies regarding integrated 

reactor technology have investigated packed bed technologies, but vibrating bed reactors [27], 

fluidized bed reactors [13, 20] and a rotary kiln reactor [14] have also been adapted to thermochemical 

storage.  
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The originality of the present work is the choice to develop an open mode moving bed reactor with 

humid air as the reactive gas and heat carrying fluid, which will be described in the next section. 

This type of reactor adapted to solid/gas thermochemical reactions allows to get technological 

simplicity of the process components, a good contact between the solid and the gaseous phases to 

improve heat and mass transfers, a low power consumption both for solid transportation and for air 

flow, avoiding the use of a stirring device which can cause the attrition of the solid, and reducing 

the air volume according to the solid phase in the reactor in order to reach the highest storage 

density and the highest outlet air temperature during the discharging phase.  

To the authors’ knowledge, this technology has already been investigated by one team in the 

Institute for Thermodynamics and Technical Engineering (ITW) [15] for space heating application, 

using zeolite and salt impregnated zeolite as storage materials. The storage system consisted of a 

reactor of approximately 30 l and a sorbent storage reservoir of 200 l. This prototype was 

experimentally investigated under various air humidities and heating demands. The main challenge 

observed was to maintain a uniform solid flow through the reactor. A ratio of electric consumption 

of the solid material transportation to useful thermal power of 13 Wel/kWth was measured, assuming 

an energy density of approximately 0.67 GJ/m3 [7]. This study showed that the moving bed reactor is 

adapted for solid/gas thermochemical heat storage. 

However, the use of zeolite in thermochemical storage is not adapted to a large panel of 

applications because of the short range of discharging temperature that can be reached (40 - 80 °C), 

moreover, this material presents a lower energy density compared to thermochemical hydrated salts 
[21]. This is why the aim of the present project is to adapt the moving bed reactor technology to the 

use of hydrated salts. A prototype was developed and tested in conditions close to the ones expected 

in a real solar building and allowed analysing the functioning of the moving bed reactor in a TES 

system with hydrated salt. The objective of this paper is thus to present the process, the 

experimental results and the limits of the prototype to prove the feasibility of a hydrated salt moving 

bed reactor for long term heat storage. 

2. Process description 

2.1. Process general description 

The process in the case of a fixed bed with zeolite and its implementation into a building were 

described in [18]. Possible implementation of the storage system in a solar building, and the two 

functioning phases are presented in Figure 1. Desorption takes place in summer (Figure 1a), using 

the heat delivered by solar collectors. Heat is released when the humid inside air flows through the 

reactor (Figure 1b) so that the following heat exchanger receives warmer, dry air. The heat of the 

outflowing air is transferred to the incoming fresh air. This warm air is then used for heating 

purposes.  

The studied reactor here is a moving bed, that is a circulating bed with the same porosity as a fixed 

bed. The solid moves downwards slowly from the top to the bottom of the reactor by gravity and 

the humid air flow is cross flow with respect to the falling solid (Figure 2). The transportation of 

vapour through the reactor is thus due to the air flow. The bed behaviour is close to a packed bed 

one, as the solid motion is really slow (~0.01 m/h) compared to the air velocity (~200 m/h). But 

contrarily to a fixed packed bed, the state of the solid changes from the top to the bottom and thus 

air flowing through the top of the reactor does not react in the same way as air flowing through the 

middle or the bottom of the reactor. To prevent air from exiting the reactor vertically by the top or 
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the bottom of the reactor, two inert zones are placed at the top and the bottom of the reactor and 

filled with the reactive salt: the air pressure drop in this bed should allow neglecting the air flow in 

the vertical direction. The solid velocity is regulated by the rotation speed of a rotary valve at the 

bottom of the lower inert zone (with a low rotation speed of 0.15 to 0.5 rph). 

 

Figure 1 : Possible implementation of the storage system in a solar building with a) functioning in the charging 

phase and b) in the discharging phase 

 

 

Figure 2 : Process description and functioning. a) Charging phase. b) Discharging phase. 

An external heat exchanger transfers the energy from the outlet air of the reactor to the house during 

the discharging phase or from solar collectors to the inlet air of the reactor during the charging 

phase. As this heat exchanger is separated from the reactor, it does not influence the reactor 

functioning and design. 
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Numerical study of the reactor [23] has proven that the reaction front in the bed would approximately 

follow a diagonal of the reactor at steady state, in the case of an optimal solid salt velocity with 

respect to the air flow and humidity (Figure 3). The optimal solid velocity corresponds to the case 

when all the solid has reacted when it goes out of the reactor and when the entire volume of the 

reactor is used efficiently [23]. The reaction takes place along a sharp reaction front separating the 

bed in a fully hydrated part (X=1, red) and a fully dehydrated part (X=0, blue). An inertia effect 

appears at the entrance of the unreacted solid (top of the reactor). Along this layer of the reactor, the 

reaction is more diffuse than at the bottom of the reactor, as the dehydrated solid is colder than in 

the rest of the bed, so the reaction kinetic is higher but the air velocity is also higher (due to higher 

porosity of the bed) and increases the reaction front thickness. Contrarily to an integrated fixed bed 

reactor system, this reactor can reach steady-state, what can provide constant thermal power output. 

The power output during the discharging phase depends mostly on the reactor thickness, the cross 

section of the reactor and on the air humidity [23]. 

 

Figure 3 : Typical simulated temperature field and reaction rate in the reactor during the discharging phase [22]. a) 

Temperature profile; b) advancement profile. Here, the solid velocity was adjusted such that the salt just reaches 

fully hydrated state at the bottom of the reactor 

 
 
2.2. Reactant choice 

Possible reactive pairs for TES systems are numerous and different reactive gases can be used 

(NH3, H2O, …). In this project, as the system is open, the reactive gas is obviously water. As 

thermochemical hydrated salts present a high energy density, the aim of this project was to use 

hydrated salts as solid reactant. The corresponding reactions allow reaching a large range of 

equilibrium temperatures, storage densities or material characteristics. The choice of the salt in this 

case follows the same criteria as for other open TES systems: the solid must be low cost, non-toxic, 

non-corrosive and have high energy storage density, to expect further large scale technological 

development. The reactive pair chosen for this study is thus SrBr2.H2O/SrBr2.6H2O. In this case, the 

advancement of the reaction is X=0 when the salt is in its mono-hydrated form SrBr2.H2O and the 

advancement of the reaction is X=1 when the salt is in its hexa-hydrated form SrBr2.6H2O. When 
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considering the whole bed, the advancement of the reaction can change progressively between 0 

and 1 and represents the average state of the salt in the bed.  

The choice of this couple was made regarding the equilibrium of the reaction that can provide the 

target temperature range for a solar building heating application. Furthermore, this material presents 

a good energy density (≈ 300 kWh/m3 ie 1 GJ/m3) and its physico-chemical properties are available 

in the literature, as this salt has been investigated and characterized in former studies [12, 19]. It is also 

stable, and has been highlighted as one of the most promising salt for heat storage at higher 

temperature. For these reasons, this material was chosen for this study despite the corrosion issue 

that can be encountered with steel [22] and its quite high cost [11]. This salt has already been used in 

thermochemical storage prototypes in previous research projects [12, 19, 24], both in closed and open 

systems, but has never been tested in a moving bed continuous reactor. 

 
2.3. Prototype design 

A prototype was designed and built to prove the feasibility of thermochemical heat storage in a 

moving bed with hydrated salts. The reactor bed is 0,95 m high, 0,95 m wide and 10 cm thick 

(Figure 4). This thickness is low enough to avoid large air pressure drop in the reactor, but is large 

enough to allow theoretically the solid to flow quasi-uniformly. The reactor walls are in stainless 

steel to avoid corrosion, and the air diffuser and collector are separated from the reactor by a 

stainless steel mesh with 70 μm holes. The air cross section of the reactor can be adjusted (reduced) 

by adding stainless steel walls along the mesh. To prevent air from exiting the bench by the top or 

the bottom of the reactor, the two inert zones at the top and the bottom of the reactor are 30 cm-

high. A stainless-steel reservoir receives the salt that falls from the rotary valve at the bottom of the 

reactor, and the salt can be manually transferred back to the feeding funnel (for this feasibility 

study, the solid transportation has not been automated). 

Air can be flown through the reactor at a temperature between 0 and 100 °C, a relative humidity 

between 0 and 90% and a volumetric flow rate between 60 and 400 m3/h, after being treated in a 

dedicated air-handling unit. 
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Figure 4 – a) Reactor scheme and dimensions and b) picture of the protoype. 

 
2.4. Prototype instrumentation 

The reactor was equipped by 67 thermocouples with a precision +/- 0,2°C positioned as presented 

in Figure 5, both inside the bed and in the air distributor and collector. The air speed is measured at 

the inlet of the distributor with a precision +/- 0,2 m/s. The relative air humidity is measured at the 

air inlet and outlet ducts with a precision +/- 3,4% RH, and the mass of the reactor is measured 

using four strain gauges with a precision +/- 0,39 kg each. This mass measurement allows 
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evaluating the average advancement of the reaction X in the reactor, but with a relative uncertainty 

of 42% only. 

The different measurements are recorded every 10 s along the tests. Pressure losses observed 

through the reactor bed were not registered automatically, but could be measured between 1500 and 

1700 Pa for all the experimental conditions. This pressure drop is acceptable in the framework of a 

building air ventilation system. 

 

Figure 5 : Thermocouples positioning in the reactor bench 

 

3. Experimental study 

3.1. Experimental conditions 

As the discharging phase is the most critical phase of the process (as it reveals the discharging 

temperature that can be used for building heating and the power produced by the system), tests will 

be presented for this phase only. Between each discharging test, charging tests were performed to 

regenerate the hydrated salts at 75°C, 0,6 g/kg absolute humidity (corresponding to ~95 Pa vapour 
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pressure), but will not be discussed. Considering the SrBr2.H2O/SrBr2.6H2O equilibrium curve [19] 

and the length of the charging tests, the salt could be considered fully in its monohydrated state at 

the beginning of each hydration test (X~0). As the prototype has not been automated, discharging 

tests lengths were limited to about 10 h. 

For these experiments, a problem with the reactive material supply constrained us to use only half 

of the reactor, and stainless steel walls were added to block the air flow from the top half of the 

reactor section. These stainless steel walls are represented in red in Figure 5. Thus, only the 

thermocouples situated in the bottom-half of the bed will be analysed. 

The experimental conditions chosen are presented in Table 1. After a transient period of about 15 

minutes at the beginning of each test, these conditions were maintained at the set value with a range 

of +/-0.5°C for the temperature, +/- 6% for the air flow and +/-0.6 g/kg maximum for the vapour 

mass fraction (with +/-0.4 g/kg vapour mass fraction averaged over 1 h for tests with inlet vapour mass 

fraction lower than 8 g/kg). 

These experimental conditions correspond to possible conditions in real solar buildings during the 

discharging phase, as shown in Figure 1 and 2. The inlet air temperature (~21°C) corresponds to air 

exiting the building and the reactor outlet air flows through a heat recovery unit (heat exchanger) 

from a double-flow controlled mechanical ventilation system. The vapour mass fraction of the inlet 

air corresponds to possible buildings air humidity during the winter season. 4, 9 and 12 g/kg vapour 

mass fraction correspond to ~28%, 60% and 80% relative humidity at 21°C, or ~640 Pa, 1400 Pa 

and 1880 Pa respectively. The highest humidities tested would not happen often in real buildings 

during the winter season, but could happen during the spring or autumn, or for specific activities 

inside the dwelling. The solid velocity of 0,5 cm/h corresponds to the optimal velocity in the air 

conditions of test H3. At that velocity, the salt just reaches full hydrated state at the bottom of the 

reactor: it allows obtaining the maximum outlet temperature of the air and the highest process 

energy density. A higher velocity of 1,5 cm/h has also been tested (H6 test). 

Table 1 : Experimental conditions 

Test 

number 

Air flow 

(m3/h) 

Air inlet 

temperature (°C) 

Inlet vapour mass 

fraction (g/kg) 

Inlet vapor 

pressure (kPa) 

Solid velocity 

(cm/h) 

H1 140 25 4 0.64 0.5 

H2 110 21 12 1.88 0.5 

H3 93 22 9 1.38 0.5 

H4 90 22 9 1.38 0.5 

H5 80 to 100 21 12 1.88 0.5 

H6 80 to 100 21 9 1.40 1.5 

 

3.2. Experimental results: reference test 

Discharging test H3 shown in Table 1 is considered as a reference case as it presents average humidity 

of inlet air and an optimal solid velocity. Figure 6 shows the measurements of the thermocouples 

located in the reactive zone in the middle of the reactor (Line 2, see Figure 5) during test H3. There is a 

good homogeneity of temperatures along this line of thermocouples, except for the thermocouple T28 

which is located at the top end of the reactive zone (Figure 5) and is thus influenced by the solid inlet 
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temperature. However, this side effect is limited, as it does not impact temperature T29 located 5 cm 

below T28.  

The chemical steady state is long to establish. Evaluation of the advancement of the reaction in the 

reactor using the strain gauges showed that during 8 h 30 min of test H3, the average advancement of 

the reaction in the bed changes only from ~1.7% to ~8.7%. The average advancement at steady state 

being larger than 50%, as shown in Figure 3, the chemical steady state is not reached during this H3 

test. However, the thermal steady state in the bed is reached when the temperature profiles do no 

longer change. For this test H3, this steady state is reached after about 40 min (Figure 6). After that 

period, the temperature of the bed increases slightly, but the main effect is a better homogeneity of 

temperature for each thermocouple line, and a decrease of the side effects at the top and bottom of the 

bed.  

 

Figure 6 : Temperatures in the bed along the thermocouple line 2 (see Figure 5) during test H3 

In Figure 7a, the average temperatures of lines 2 and 3 that correspond to thermocouples 28 to 37 

and 48 to 57, respectively (Figure 5), are represented with the inlet and outlet ducts conditions 

(Th,in=T62 and Th,out=T67), during test H3. In Figure 7b are presented the inlet and outlet humidities 

of the prototype. On both evolutions, the time needed to reach the thermal steady state is 

highlighted (dashed lines). There is a difference in temperature between the thermocouple lines 2 

and 3 at the beginning of the test while the bed is heating up, with a logical delay of heating up of 

line 3 compared to line 2, linked to the evolution of the reaction front in the bed. Then, once the 

steady state is reached, the temperatures of the two lines of thermocouples are almost identical, 

which indicates that the temperatures become homogeneous in the bed.  

The vapour mass fraction at thermochemical equilibrium between the flowing air and the salt close 

to the exit of the reactor (����	
���
�) can be calculated using data from [25]. The change in 

temperature of the bed influences the water vapour mass fraction at the outlet of the bed 

(����	Figure 7b). Indeed, the evolution of the vapour mass fractions at the outlet of the reactor ���� 
follows that of the equilibrium vapour mass fractions at the temperature of the bed (����	
���
�) at 

the beginning of the test : the quantity of steam consumed (��� � ����) is therefore high at the 

beginning of the reaction and then stabilizes after reaching the thermal steady state.  
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Figure 7 : Temperatures a) and vapour mass fractions b) in the prototype during test H3 

 

3.3 Experimental results: Analysis of the test results 

When comparing the temperatures of the bed 	
���
 (Figure 7a) with the temperature of the air in the 

air collector		�,��� , a strong temperature decrease from 36.5 to 31°C is observed. Moreover, the 

vapour mass fraction at thermochemical equilibrium between the flowing air and the salt close to 

the exit of the reactor (����	
���
�, Figure 7b) is weq=3.7 g water/kg dry air at steady state, but the 

measured value in the outlet duct (�����	is as high as 5.5 g water/kg dry air. Consequently, 

considering both thermal and mass balances over the bed, one can conclude that some of the air 

flow that has passed the reactor has not reacted or even interacted with the reactor salt. This 

unreacted (or partially reacted) air then mixes with the air that has actually crossed the salt bed in 

the collector and both increases its humidity and decreases its temperature, as illustrated in Figure 8. 

Air channelling is indeed created by a lack of homogeneity of the salt bed, as will be discussed in 

the next section. This ‘bypass effect’ should then be evaluated to be able to analyse the 

performances of the reactor.  

In practice, the bypass effect must be reduced to a minimum, using adequate material and sufficient 

inert material above the reaction zone, but in the present results the bypass effect cannot be 

neglected and a bypass factor can be proposed to weigh the bypass effect. The bypass factor 

represents the fraction of the air that passes through the reactor bed without reacting with the salt 

(eq. (1)). The energy balance at the exit of the bed can be written as eq. (2) and the mass balance of 

water vapour as eq. (3). 

�� � �� �,������
�� �, !

           (1) 

��"� #,��$%�,��	�,�� & �1 � ���"� #,��$%�,(	
���
 � "� #,��$%�,���	)
    (2) 

where $%�,�� � $%# & ���$%*, $%�,( � $%# & �($%* and $%�,��� � $%# & ����$%*  

��"� #,����� & �1 � ���"� #,���( � "� #,������      (3) 
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Figure 8 : Scheme of the bypass effect created by of the flowing inhomogeneity in the salt bed. 

These equations allow to calculate both the bypass factor �� and the water vapour mass fraction in 

the reactor bed, �(.  

For test H3, the bypass factor at steady state is 0.33. This value is high, as during the test, a lack of 

salt did not allow to have a large amount of salt in the inert zone above the reactor bed (Figure 8), 

thus a large bypass flow could appear at this point. In future experiments, with a larger amount of 

salt available, this bypass zone would be avoided and thus the bypass factor could be decreased. 

The water vapour mass fraction in the reactor bed, �( calculated using eq. (2) and (3), reaches 3.7 g 

water/kg dry air (or 580 Pa vapour pressure) in these conditions, which is exactly the vapour mass 

fraction at thermochemical equilibrium between the flowing air and the salt close to the exit of the 

reactor (Line 3), as calculated using data from [25] and the Clausius - Clapeyron formula [12] : 

%���	� � %(�+exp	/012°
4 � 0�2°

45 6        (4) 

where pref is the reference pressure. 

Using eq. (1) to (3) on experimental test allowed to calculate the water vapour mass fraction in the 

reactor bed, �(. Comparison with equilibrium �( obtained using eq. (4) at Tline3 lead to the same 

value with a precision of +/-3% at thermal steady state, thus validating the approach proposed for Fb 

calculation. This result also confirms the fact that the humid air that has actually crossed the salt bed 

reaches the thermochemical equilibrium state in the bed, as was shown by numerical simulations 
[23].  

An important criterion to weigh the performance of such reactor is the power of the reactor which 

corresponds to the heat transferred to the air,	q� heat between the inlet and outlet of the bench. At steady 

state, the reactor power is equal to the power generated by the reaction, q� r, from which the thermal 

losses q� loss, are subtracted. These different powers are presented in Figure 9. >�( can be calculated 
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following the expression used in [26], taking into account the bypass factor as stated in eq. (5), >���#� is 
expressed as eq. (6) and >�
�11 at the exit of the bed as eq. (7).  

>�( � �1 � ���"� #,��
? !@?2

AB
∆ℎ(�        (5) 

>���#� � "� #,��D�$%# & ����$%*�	�,��� � �$%# & ���$%*�	�,��E    (6) 

>�
�11 � "� #,��D�$%# & ����$%*�F	�,��� � 	)
GE      (7) 

For that H3 test, the thermal balance is presented in Figure 9. At the beginning of the test, the variation 

of internal energy in the reactor corresponds to the sensible heat accumulated by the solid salt, 

ssensible,
q&  and by the stainless-steel walls of the prototype. For this prototype, the mass of stainless 

steel in contact with the reactor bed and with the flowing air is about 200 kg, thus the amount of heat 

accumulated in these walls is not negligible, and can be observed in Figure 9 as the area between the 

green and the blue curves, which corresponds to 0,43 kWh. One can thus observe a thermal steady 

state time of the salt bed of about 40 min and a longer thermal steady state establishment of the whole 

reactor, including the air diffuser and collector, of about 1 h 20 min. This shows the importance of the 

choice of the walls of the reactor, as the thermal inertias of the reactor walls and ducts walls increase 

significantly the establishment time of the thermal steady state of the system. 

Analysis of the experimental results of test H3 also shows that thermal losses from the bed can be 

neglected: as can be seen at steady state in Figure 9, the heat losses from the prototype to its 

surroundings are of the order of magnitude of 10 W. At thermal steady state, the power output of the 

reactor is about 270 W in these conditions, which means a specific power of 3 kW/m3 of reactor bed. 

As a comparison, tests performed previously [12] with this salt in a fixed packed bed reactor reached a 

specific power of 2,96 kW/m3. 
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Figure 9 : Thermal balance during test H3 

 

3.4 Experimental results: summary of the different tests and 
comparison 

From the results of the different discharging tests, it is possible, on the one hand, to check the 

repeatability of the experiments (comparison between H3 and H4), and on the other hand to assess the 

impact of the vapour mass fraction (H3 - H5), of the air flow (H2 - H5) and of the solid velocity (H3 - 

H6) on the reactor performances. The main experimental results are presented in Table 2. The average 

bed temperature was calculated using thermocouples 28 to 37 and 48 to 57. The analysis of these 

measurements reveals a good repeatability of the tests and shows the consistency of the results. The 

thermal power output and the reactor bed temperature depend essentially on the air humidity at the 

reactor inlet. Indeed, tests H2 and H5, which were carried out with a vapour mass fraction of 12 g/kg 

(1880 Pa vapour pressure) have a higher reactor power than the others. The power of the H2 test is 

higher because the air flow is also higher and because H5 test presents a high bypass level. Similarly, 

tests H3, H4 and H6, which were conducted with a vapour mass fraction of 9 g/kg (1400 Pa vapour 

pressure), present higher powers than test H1, whose vapour mass fraction was 4 g/kg (640 Pa vapour 

pressure), although it was also performed with an air flow rate and inlet temperature higher than all 

other tests. The vapour mass fraction of the air at the reactor inlet is therefore an essential parameter for 

the performance of this system. However, this inlet humidity is not controlled in real systems in 

buildings and could be a limitation for the future use of these open TES systems. 

Table 2 : Main experimental results at thermal steady state 

Test number Bypass factor Fb Reactor power q� heat  Average bed temperature 
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(kW/m3) (°C) 

H1 0.21 1.76 29.8 

H2 0.23 4.57 41.0 

H3 0.33 3.00 36.2 

H4 0.26 2.56 36.3 

H5 0.44 2.56 38.5 

H6 0.31 2.00 34.5 

Figure 10 shows vertical temperature profiles at steady state in the bed for tests H3 and H6. The main 

difference between these tests is the velocity of the solid, 3 times higher for the H6 test. The small 

differences in average temperature between the two tests (T(H6)=34.5°C and T(H3)=36.2°C) can be 

explained by the small difference between the air inlet temperatures (Table 1) that influence the 

thermochemical equilibrium. The temperature profile appears less homogeneous when the velocity of 

the solid increases, and the bed temperature is lower at the top. Feeding an amount of cold solid at the 

top of the reactor causes this particular temperature profile.  

  

Figure 10: Comparison of tests H3 and H6: temperature profiles at thermal steady state in the bed (green dots: 

line 2, red dots: line 3) 

Moreover, some phenomena were observed during all the tests: 

- The thermal inertia of the reactor, which is related to heat accumulation in the solid phase and 

in metal walls of the prototype, lasted from 1 to 2 h (Figures 6, 7 and 9), which is significant at 

the scale of a single day but could be negligible for inter-seasonal thermal storage operations 

which can reach several hundreds of hours. In case of systems needing fast thermal responses, 

the inertia of the reactor and ducts walls should be carefully assessed as they represent about 

half of the thermal inertia of the system. 

- Once the thermal steady state is reached, the temperature is homogeneous throughout the bed 

(Figure 7a): the temperature front that was expected following the numerical study was not 

observed, as these short experimental tests did not allow reaching the chemical steady state of 

the salt bed. 
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- Moreover, difficulties were encountered during the tests, mainly linked to the solid flow inside 

the reactor. During preliminary tests without air flow through the bed, no blocking was 

observed and the solid flow was homogeneous. However, during both charging and 

discharging tests in conditions of high humidity of the air, some solid blocks and holes could be 

observed in the reactor (Figure 11). The reaction of the solid with water vapour thus could 

modify the salt flowing characteristics, due to the salt swelling and possibly to crystallisation of 

the salt in blocks at high relative humidity. This difficulty was handled by careful observation 

of the reactor during operation and vibrations applied to the reactor walls in critical conditions 

when inhomogeneity of the bed was detected. However, this solid flowing issue, that was 

already encountered during tests using solid adsorbents [15], would prevent the system from 

automating and should be further studied. Another consequence of the solid flowing 

inhomogeneity is the creation of air channelling, the development of large bypass factors of the 

reactor (0.21 K �� K 0.44), thus performances reached by the system were not as high as 

expected, as vapour could also flow without reacting with the salt through the bed cracks. Thus 

performances presented here could be improved by a better management of the solid flow. 

 

Figure 11 : Pictures of the flowing inhomogeneity in the salt bed. a) Side view of the bed. b) View from the 

bottom of the bed (after disassembly of the rotary valve) 

 

4. Conclusion 

This study was a first step toward the development of a moving bed reactor using thermochemical salt 

for solar heat storage in buildings. A real scale prototype was developed and allowed testing the SrBr2 

salt in a moving bed reactor, showing that this system is feasible and analyzing the functioning of the 

reactor with several air flows and water contents. In practice, these parameters change over time 

depending on the weather and building use. With constant parameters, once the thermal steady state 

was reached, the temperature was homogeneous throughout the bed. Reactor temperatures up to 

41°C at thermal steady state and specific heating powers of 1.7 to 4.6 kW/m3 of reactor bed were 

obtained. Due to the duration of the tests, it was not possible to compare the total extracted energy 

to theoretical values. This study nevertheless highlighted the impact of the air humidity at the 

reactor inlet on the reactor performance. Further development is still necessary concerning the solid 
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flow inside the reactor, to insure better performance and possible automation of the system. For 

example, the use of composite material made with salt integrated into a matrix such as zeolites may 

solve the flow problem [27]. However, this solution lowers the energy density of the material [28] and 

thus, the energy density of the system. Moreover, if an adequate material is found, more tests should 

be performed with the full reactor (and not just the half of it) so the top inert zones mentioned in 

section 2.1 can be filled and can reduce the air bypass issue. Moreover, longer tests (few days) have 

to be performed in order to reach chemical steady-state in the reactor. On a longer perspective, the 

economic questions of this technology will also have to be investigated. 
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Nomenclature 

Latin symbols 
 

$% Heat capacity [kJ/(kg.K)] 

�� Bypass factor [-] 

G gas 

h height in the reactor [m] 

M Molar mass [g/mol] 

"�  Mass flow [kg/s] 

p Pressure [Pa] 

>�  heating power [W] 

R Ideal gas constant [J/(mol.K)] 

RH relative humidity of air  

S solid 

T Temperature [K] 

w Vapour mass fraction of the humid air [g water/kg dry air] 

X advancement of the reaction [-] 

Greek symbols 

ν stoichiometric coefficient 

∆ℎ(� Reaction standard enthalpy [kJ/molv] 

∆M(� Reaction standard entropy [kJ/(molv.K)] 

Subscripts and superscripts 

1/0 solid type 

a dry air 

bypass through the channelling of the bed 

el electrical 

eq solid-gas equilibrium 

h humid air 

heat reactor heating 

in at the inlet 

line’i’ Line position of the thermocouple 
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loss losses to the surroundings 

number ‘i’ number of the thermocouple 

out at the outlet 

r Reaction/ of the reactor bed 

ref reference 

sensible,s sensible heat in the salt 

th thermal 

v Water vapour 
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