
Natural Resources, 2016, 7, 655-665 
http://www.scirp.org/journal/nr 

ISSN Online: 2158-7086 
ISSN Print: 2158-706X 

DOI: 10.4236/nr.2016.711052  November 30, 2016 

 
 
 

Thermochemical Heat Storage Performance in the 
Gas/Liquid-Solid Reactions of SrCl2 with NH3 

Kazuki Kuwata1, Soichirou Masuda1, Noriyuki Kobayashi1*, Takuya Fuse2, Toru Okamura2 

1Department of Chemical Engineering, Nagoya University, Nagoya, Japan 
2Denso Corporation, Kariya, Japan 

 
 
 

Abstract 
Thermochemical heat storage is a promising technology for improving energy effi-
ciency through the utilization of low-grade waste heat. The formation of a SrCl2 am-
mine complex was selected as the reaction system for the purpose of this study. Dis-
charge characteristics were evaluated in a packed bed reactor for both the gas-solid 
reaction and the liquid-solid reaction. The average power of the gas-solid reaction 
was influenced by the pressure of the supplied ammonia gas, with greater powers 
being recorded at higher ammonia pressure. For the liquid-solid reaction, the ob-
tained average power was comparable to that obtained for the gas-solid reaction at 
0.2 MPa. Moreover, the lower heat transfer resistance in the reactor was observed, 
which was likely caused by the presence of liquid ammonia in the system. Finally, the 
short-term durability of the liquid-solid reaction system was demonstrated over 10 
stable charge/discharge cycles. 
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1. Introduction 

The efficient use of energy is extremely important due to the ongoing depletion of 
energy resources and also in the context of environmental protection. For example, the 
utilization of surplus heat is crucial to improve the energy efficiency of a range of 
processes, as the majority of excess energy is exhausted as heat. In this context, thermal 
energy storage techniques have been employed for heat management, with examples 
including utilization of the latent heat of water-ice and organic materials [1] [2] [3] [4], 
and the heat of chemical reactions (i.e., thermochemical heat storage) with metal hy-
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droxides [5] [6] [7] [8] and some metal salts [9] [10] [11] [12]. In particular, heat sto-
rage using the gas-solid reaction between a condensable gas as the working fluid and a 
metal salt or metal oxide has been studied in detail because of its excellent heat storage 
capacity and its wide temperature range. 

More specifically, the utilization of low-grade heat (i.e., <100˚C) is particularly im-
portant, as this type of heat is lost to the atmospheric surroundings from various in-
dustrial processes and automotive uses, and as such, it accounts for the majority of heat 
waste. Thus, the storage and reuse of low-grade heat for a range of heating purposes 
could benefit from such processes. 

We herein investigate the formation of a SrCl2 ammine complex (see Equations (1)- 
(3) below) as a potential thermochemical heat storage system, due to its ability to store 
the heat <100˚C, and its relatively high heat of reaction compared to other ammine/ 
water reactions [13] [14]. Figure 1 shows the flow of ammonia during the charge/ 
discharge operation of this system. 

Charge operation 
( ) ( )2 3 2 3 3 2 3SrCl 8NH s SrCl NH s 7NH (g) 290.0 kJ mol SrCl NH⋅ → ⋅ + − − ⋅    (1) 

Discharge operation (gas-solid) 
( ) ( ) ( )2 3 3 2 3 2 3SrCl NH s 7NH g SrCl 8NH s 290.0 kJ mol SrCl NH⋅ + → ⋅ + − ⋅    (2) 

Discharge operation (liquid-solid)  
( ) ( ) ( )2 3 3 2 3 2 3SrCl NH s 7NH SrCl 8NH s 140.0 kJ mol SrCl NH⋅ + → ⋅ + − ⋅    (3) 

The thermochemical heat storage system employed herein consists of a reactor and an 
evaporator/condenser, the latter of which is responsible for the supply and storage of the 
working fluid. The charging operation involves the endothermic gas-solid reaction shown 
in Equation (1), which charges heat to the reactor, and where the released ammonia vapor 
is transported to the condenser. In this study, both a liquid-solid reaction and a gas-solid 
reaction are employed for heat discharge. In terms of the discharge operation using the 
gas-solid reaction shown in Equation (2), the ammonia vapor is transported from the 
evaporator to the reactor, where an exothermic reaction subsequently occurs. For the 
system of interest, the gas-solid reaction is expected to exhibit a larger heat of reaction 
than the liquid-solid reaction. In contrast, for the liquid-solid reaction shown in Equa-
tion (3), liquid ammonia is simply supplied to the reactor without the evaporation stage. 

 

 
Figure 1. Ammonia flow during the charge and discharge operations. 
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Therefore, although the heat of reaction is small, the selection of this liquid-solid reac-
tion is likely to be particularly applicable in extremely cold conditions, where the eva-
porator performance is limited due to heat exchange inhibition through frost formation 
or through a low saturated ammonia vapor pressure. In addition, presence of liquid 
ammonia on the heat exchange surface or in the reactant interparticle voids might im-
prove heat transfer performance in the reactor. Although several previous studies re-
port the use of water as the working fluid in liquid-solid reactions [15] [16], few studies 
report the use of liquid ammonia. 

We therefore chose to evaluate the discharge characteristics of both reactions using 
gaseous and liquid ammonia, where the experimental apparatus consisted of a packed 
bed reactor. In addition, reaction cycling was carried out in the liquid-solid reaction 
system to evaluate its short-term durability. 

2. Experimental 
2.1. Materials 

Anhydrous SrCl2 powder (purity >98.0%) was obtained from Kanto Kagaku, Japan. The 
median diameter (dp50) of the SrCl2 particles was 100 µm. Prior to use, the powder was 
dried at 200˚C for 12h in an electric furnace. 

2.2. Experimental Apparatus 

Figure 2 shows a schematic representation of the experimental apparatus employed 
herein, which consisted of a reactor, an ammonia condenser, an ammonia cylinder, a 
vacuum pump, and a liquid level indicator. The various components of the setup were 
connected by a range of tubes for the transport of ammonia. In addition, flows of water 
connected to thermostat baths were connected to the reactor and the ammonia con-
denser.  

Photographic images of the top view of the reactor and the stainless steel mesh and 
plate can be seen in Figure 3. The SrCl2 particles were deposited on a heat exchange  

 

 
Figure 2. Schematic representation of the experimental apparatus (left) and s cross section 
of the reactor (right). 
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Figure 3. Photographic images of the top view of the SrCl2- 
filled reactor (left) and the stainless steel mesh and plate (right). 

 
plate (100 mm × 100 mm) with a thickness of 1 mm, onto which were placed a stainless 
steel mesh and a stainless steel plate. The purposes of the stainless steel mesh and plate 
were to prevent the outflow of SrCl2 particles and to limit particle scattering through 
curtailing the momentum of the liquid ammonia flow. The heating medium (i.e., water) 
flowed under the heat exchange plate, and the inlet and outlet water temperatures were 
measured during using a platinum resistance temperature detector. The heat generated 
by the reactant bed was transferred to the water through the heat exchange plate, re-
sulting in an increase in water temperature during discharge. 

2.3. Evaluation of Discharge Characteristics 

The discharge characteristics of the liquid-solid reaction and the gas-solid reaction were 
evaluated. The two exothermic reactions of interest are shown in Equations (4) and (5) 
below. The coordination change of 0 to 8 ammonia molecules, which isn’t strictly based 
on the practical conditions, was selected to create uniform initial packed bed condi-
tions. 

( ) ( )2 3 2 3 2SrCl s 8NH (l) SrCl 8NH s 118.4 kJ mol SrCl+ → ⋅ + −        (4) 

( ) ( ) ( )2 3 2 3 2SrCl s 8NH g SrCl 8NH s 305.3 kJ mol SrCl+ → ⋅ + −       (5) 

In this process, the condensation of ammonia was carried out prior to beginning the 
discharge operation of the liquid-gas reaction. Ammonia was supplied from the NH3 
cylinder at the pressure beyond equilibrium pressure and was condensed in the iso-
therm condenser and the liquid level indicator. The successful condensation of ammo-
nia was confirmed visually. Subsequently, the valve above the liquid level indicator was 
closed. The liquid NH3 level in the indicator was 13 mL, which is equivalent to the 
quantity of SrCl2 employed to fill the reactor. Following condensation, the liquid NH3 
was supplied to the reactor by opening the valve below the liquid level indicator, which 
triggered the start of the liquid-solid reaction. For the gas-solid reaction, gaseous NH3 
was supplied directly from the NH3 cylinder to the reactor. The various experimental 
conditions employed are outlined in Table 1. 

The average power, Qaverage, as defined in Equation (6), was based on the measured 
water temperature (see nomenclature list for definitions). 
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Table 1. Experimental conditions for discharge characteristic evaluation. 

Reactor Temperature (˚C) NH3 Pressure (MPa) Reaction Type 

15 0.73 Liquid-Solid 

15 0.6 Gas-Solid 

15 0.4 Gas-Solid 

15 0.2 Gas-Solid 

5 0.52 Liquid-Solid 

5 0.4 Gas-Solid 

5 0.2 Gas-Solid 

*Mass of SrCl2: 9.6 g; Thickness of packed bed: 1 mm; Flow rate of heat transfer water: 0.8 L/min. 

 

( )out in0

t
average pQ vC T T dt tρ= −∫                   (6) 

Furthermore, the characteristic heat transfer coefficient, U, was determined to eva-
luate the heat transfer resistance in the reactor, and was calculated from the experi-
mental results as outlined in Equation (7). 

( ) ( )out in r flpQ vC T T UA T Tρ= − = −                  (7) 

where Q is the momentary power, based on the measured water temperature. Tfl is the 
temperature of the heat transfer water, which was calculated as a logarithmic mean of 
the inlet and outlet temperatures of the heat transfer water. Moreover, A is the area of 
the heat transfer surface (i.e., 100 mm2), and Tr is the characteristic temperature of the 
reactant packed bed, which was determined by measuring the temperature using a 
thermocouple at 0.5 mm above the heat exchange plate, as indicated in Figure 2. The 
characteristic heat transfer coefficient is the parameter that reflects the heat resistances 
1) through the packed bed, 2) between the packed bed and the heat transfer plate sur-
face, 3) the heat transfer plate, and 4) the thermal boundary layer at the bottom of the 
heat transfer plate. The heat resistances at 3) and 4) are same under all the experimental 
conditions, therefore, the change in this parameter implies heat resistance changes at 1) 
and 2). 

2.4. Cycling Capabilities of the Liquid-Solid Reaction 

We then aimed to evaluate the short-term cycling capabilities of the discharge opera-
tion of the liquid-solid reaction, as outlined in Equation (3). 

Following the condensation of NH3, the discharge and charge operations were re-
peated 10 times as per the reaction conditions outlined in Table 2. Each reaction cycle 
was operated as follows. During discharge, liquid NH3 was supplied to the reactor from 
the liquid level indicator, allowing the liquid-solid reaction to commence. Following the 
exothermic reaction, the reactor was heated to 80˚C using the thermostat bath, allowing 
the endothermic reaction to take place. The desorbed NH3 then transferred to the con-
denser and liquid level indicator and was condensed. This charge operation took place  
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Table 2. Experimental conditions for reaction cycling. 

Volume of liquid NH3 13 mL 

Mass of SrCl2 10.9 g 

Thickness of SrCl2 packed bed 1 mm 

Heat release step 
 

Reactor and condenser temperature 5˚C 

Flow rate of heat transfer water 0.8 L/min 

Heat storage step 
 

Reactor temperature 80˚C 

Flow rate of heat transfer water 2.7 L/min 

Duration 6 h 

 
over 6 h, and was completed by closing the valve between the reactor and the condens-
er, and by subsequently cooling the reactor to 5˚C. After precooling, the heat release 
operation was repeated once more. The condenser temperature was maintained at 5˚C 
for the duration of this experiment. It should be noted that as the initial reactant was 
SrCl2, the exothermic reaction shown in Equation (3) takes place upon the supply of 
liquid NH3. This initial reaction was defined as cycle 0, while the subsequent exother-
mic reaction shown in Equation (1) was defined as cycle 1. 

The average power, Qaverage, defined by Equation (6), and the conversion ratio, X, de-
fined by Equation (8), were calculated 

( )out inp theoΧ vC T T dt Hρ∆ = − ∆∫                    (8) 

3. Results and Discussion 
3.1. Comparison of the Liquid-Solid and Gas-Solid Reactions 

The variation in average power of the liquid-solid and gas-solid reactions with time 
over a range of pressures is outlined in Figure 4. As shown, for the gas-solid reactions 
at both 5˚C and 15˚C, an increase in pressure resulted in an increase in the average 
power, due to the difference in equilibrium temperature of the reaction. Gaseous am-
monia should be supplied at higher pressure for higher performance. The average pow-
er of the liquid-solid reaction was generally lower than that of the gas-solid reactions at 
0.4 MPa or 0.6 MPa. However, the average power of the liquid-solid reaction was com-
parable with that of the 0.2 MPa gas-solid reaction it was slightly higher at 15˚C, while 
at 5˚C, it became higher after 200 s. Thus, the liquid-solid reaction can potentially be-
come effective at low temperatures. 

We then examined variations in the characteristic heat transfer coefficient, U, with 
time (Figure 5). Comparable results were obtained for all gas-solid reactions, and the 
average value obtained over 400 s was U = 165 W/m2/K at 15˚C and U = 161 W/m2/K 
at 5˚C. However, a larger heat transfer coefficient was obtained for the liquid-solid 
reaction at both 15 and 5˚C, giving an average value of U = 302W/m2/K and U = 304 
W/m2/K over 400 s respectively. This indicates the decreased thermal resistance im-
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parted by the liquid ammonia.  
Indeed, this can be explained by the pictorial representation shown in Figure 6. In 

the gas-solid reaction, the heat of reaction transfers through the reactant particle prior  
 

 
(a)                                  (b) 

Figure 4. Variation in the average power Qave with pressure over time (a) 15˚C and (b) 5˚C. 
 

 
(a)                                  (b) 

Figure 5. Variation in the characteristic heat transfer coefficient U over time (a) 15˚C 
and (b) 5˚C. 

 

 
(a)                                  (b) 

Figure 6. Heat transfer models for the two different reaction types: (a) gas-solid reaction; 
and (b) liquid-solid reaction. 
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to reaching the heat transfer plate (Figure 6(a)). While in the liquid-solid reaction, as 
the ammonia is expected to remain in its pure form prior to the reaction with SrCl2, 
and due to the insolubility of this salt in ammonia [17], the reactant particles come into 
contact with pure liquid ammonia during the reaction (Figure 6(b)). Thus, the pres-
ence of liquid ammonia on the heat exchange surface or in the interparticle voids re-
sults in additional heat migration pathways and decreased thermal resistance. Decrease 
in the heat transfer coefficient over time in the liquid-solid reaction likely indicates the 
reduction of liquid ammonia with progress of the reaction. This enhancement of ther-
mal conductivity in the reactor might be influenced by the distribution of the liquid 
present, therefore, the discharge performance of the liquid-solid reaction can be im-
proved by devising a liquid supply method. 

The thermal conductivity in the reactor was evaluated roughly using the limited 
measuring point of the packed bed in this experiment. Therefore, detailed research on 
the mechanism of the liquid-solid reaction and the reactor design will be conducted in 
the future. 

3.2. Cycling Performance of the Liquid-Solid Discharge Operation 

We then examined the cycling performance of the liquid-solid discharge operation, 
where the reactions were cycled 10 times. Figure 7 shows the variation in the average 
power and conversion ratio, where a clear trend was observed for both measurements, 
despite small differences being detected over the 10 cycles. More specifically, the peak 
value of the average power fluctuated between 14 and 16 W, while the conversion ratio 
fluctuated between 0.6 and 0.7 after 400 s. Interestingly, no apparent degradation was 
observed in the short term for this system. Figure 8 shows photographic images of the 
SrCl2 packed bed particles after evaluation of the 10th cycle performance, where scat-
tering of the reactant particles from the heat exchange surface and agglomeration be-
tween the particles were observed. Scattering was likely caused by the uncontrolled 
momentum of the supplied liquid NH3, while agglomeration was assumed to be caused  
 

 
Figure 7. Variation in the average power Qave and the conversion ratio ∆X over 10 dis- 
charge operations for the liquid-solid reaction. 
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Figure 8. Packed SrCl2 particle beds following the 10 reaction 
cycles for the liquid-solid reaction. 

 
by increased adhesion between the particles due to the presence of liquid NH3. We 
therefore expect that the varying physical contact between the heat exchange surface, 
the packed bed, and the liquid ammonia led to the fluctuation in results. As this could 
potentially prevent reliable cycling over the long term, alternative routes to liquid am-
monia supply or particle fixing should be examined. 

However, in the context of the short-term durability of the proposed system, no ap-
parent degradation was observed, with comparable performances being obtained in 
each discharge operation. 

4. Conclusions 

In the context of thermochemical heat storage, we herein used the formation of a SrCl2 
ammine complex as the reaction system of interest to evaluate the discharge characte-
ristics of both the gas-solid reaction and the liquid-solid reaction. Furthermore, we 
examined the short-term durability of the liquid-solid reaction in terms of reaction 
cyclability. From the experimental results obtained, the following conclusions could be 
made: 

1) For the gas-solid reactions, an increase in pressure resulted in an increase in the 
average power, likely due to the difference in equilibrium temperature of the reaction. 

2) The average power of the liquid-solid reaction was generally lower than that of the 
gas-solid reaction carried out at either 0.4 or 0.6 MPa. However, in terms of the low 
pressure (i.e., 0.2 MPa) gas-solid reaction, comparable results were obtained to the liq-
uid-solid reaction. 

3) For the liquid-solid reaction, the lower thermal resistance in the reactor compared 
to the gas-solid reaction was observed, probably due to the presence of liquid ammonia 
during the reaction. 

4) The short-term durability of the liquid-solid reaction system was confirmed fol-
lowing successful reaction cycling (i.e., over 10 cycles). 

We expect that these results will aid in the improvement of energy efficiency through 
the utilization of waste heat, and will thus contribute to new advances in thermochem-
ical heat storage. 
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Nomenclature 

Qaverage Average heat output (W) 
t Time (s) 
Cp Heat capacity (kJ/kg/K) 
T Temperature (˚C) 
U Characteristic heat transfer coefficient (W/m2/K) 
A Area of the heating surface (m2) 
Greek letters 
v Flow rate (m3/s) 
ρ Density (kg/m3) 
X Conversion ratio (-) 
Htheo Theoretical heat of reaction (kJ) 

Subscripts 

in inlet 
out outlet 
r reactant 
fl heat transfer fluid 

 
 
 
 

 
Submit or recommend next manuscript to SCIRP and we will provide best service 
for you:  

Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.  
A wide selection of journals (inclusive of 9 subjects, more than 200 journals) 
Providing 24-hour high-quality service 
User-friendly online submission system  
Fair and swift peer-review system  
Efficient typesetting and proofreading procedure 
Display of the result of downloads and visits, as well as the number of cited articles   
Maximum dissemination of your research work 

Submit your manuscript at: http://papersubmission.scirp.org/ 
Or contact nr@scirp.org 

https://doi.org/10.1246/bcsj.77.123
https://doi.org/10.1063/1.4868029
https://doi.org/10.1080/23311916.2015.1064218
http://cnx.org/content/m33060/latest/
http://papersubmission.scirp.org/
mailto:nr@scirp.org

	Thermochemical Heat Storage Performance in the Gas/Liquid-Solid Reactions of SrCl2 with NH3
	Abstract
	Keywords
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Experimental Apparatus
	2.3. Evaluation of Discharge Characteristics
	2.4. Cycling Capabilities of the Liquid-Solid Reaction

	3. Results and Discussion
	3.1. Comparison of the Liquid-Solid and Gas-Solid Reactions
	3.2. Cycling Performance of the Liquid-Solid Discharge Operation

	4. Conclusions
	References
	Nomenclature
	Subscripts

