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Abstract 

A novel study is undertaken on low cost thermochemical storage which utilizes temperatures which 

are compatible with low grade renewable energy capture. The discharge performance of 

thermochemical storage matrix materials is assessed using a custom developed experimental 

apparatus which provides a means of comparing materials under scaled reactor conditions. The 

basic performance of three salts (CaCl2, LiNO3 and MgSO4) was investigated and their subsequent 

performance using layering and blending techniques established that the performance could be 

increased by up to 24% through the correct choice of mixing technique. Layering the CaCl2 on the 

LiNO3 provided the most efficient thermal release strategy and yielded a thermal storage density of 

0.2 GJ/m3. The research also uniquely highlights the important finding that incorrect mixing of the 

materials can lead to a significant reduction in efficiency with freely mixed CaCl2 and LiNO3 

possessing a storage capacity of less than 0.01 GJ/m3 as a result of chemical interactions between 

the deliquesced materials in close proximity. The paper has impact for the design and control of 

thermochemical storage systems as it clearly identifies how performance can be improved or 

degraded by the choice and the structuring of the materials. 

 

1. Introduction 

Thermochemical storage materials provide an efficient means whereby excess thermal energy can 

be harvested and utilized at a subsequent time period when there is a demand and is the source of 

increasing research and development interest,(1–5). It has the potential to provide higher storage 

densities than sensible or phase change storage and can be tailored to suit the heat source available. 

In addition, thermochemical storage systems do not suffer from self discharge issues related to 

directly storing thermal energy(6,7). For the built environment, one such heat source is a transpired 

solar collector (TSC) which absorbs solar radiation and causes an uplift in the air that is in contact 

with the absorber surface. This warm air is drawn through a perforated skin into a plenum chamber 

and is available for further distribution or storage (8). In a northern European climate this system is 

capable of providing air at a temperature of up to 80 C (9), which although considered “low grade” 



  

has the potential to be used as an energy source in a building thermal storage system.  The principle 

of operation of such a system is shown in Figure 1. During dry warm periods (Figure 1a), the hot air 

produced by the TSC can be used to chemically change the storage material and this air can then be 

safely discharged to the exterior of the building. During colder periods, Figure 1b, the cold air can be 

elevated in temperature by chemical reactions in the thermochemical storage and supplied directly 

to the building or as input air with a temperature uplift to a conventional air heating system.  

Hot & dry
45 to 70C

Warm & moist air

TSC Thermochemical 
Storage

SIM

To exhaustTo Building

 

Cold & moist 
air

Warm & dry air

TSC

To exhaustTo Building

SIM Thermochemical 
Storage

 
(a) Storage during warm weather (b) Discharge during cold weather 

Figure 1 : Simplified schematic of charge and discharge stages of salt in matrix (SIM) thermochemical 

cycle using a transpired solar collector (TSC) for building thermal storage and heating. 

A potentially low cost and high storage capacity thermochemical storage material is a salt in matrix 

(SIM) where the enthalpy of hydration of a salt is used to store energy (10) within an inert matrix 

which provides a physical scaffold upon which the salt crystals form(11). This matrix provides the 

large surface area (and hence aids sorption), it also serves to provide a protective structure and can 

mitigate some of the detrimental effects of deliquescence of the salt during the hydration phase, 

(12). Numerous salts provide a means of thermochemical storage by hydration (13,14) with the 

primary factor in determining suitability being the compatibility of the temperatures available from 

the heat source. A salt which has received a significant amount of attention is Calcium Chloride 

(CaCl2) which with its many hydration states across a broad temperature range, coupled with its low 

cost makes it an attractive proposition (15–18). It has also been shown to possess excellent 

reversibility for multiple charge / discharge cycles (19).  Other salts which have been studied include 

LiNO3(20), MgSO4(21,22),  LiBr(23,24), MgCl2 (25),  AlSO4 (25), SrBr2(26)  and  CuSO4 (27).  

The ideal SIM provides maximum storage energy density, an even thermal temperature output 

throughout the discharge process, discharges when supplied with moist air and discharges 

completely without long term detrimental effect on any subsequent recharge.  As each salt has its 

own characteristics in terms of hydration / dehydration temperature range, hydration / dehydration 

rate, solubility, corrosive properties and cost there is merit in forming composite / blended salts 

which balance each salt’s properties with the requirements. Composite salts have also been blended 

to provide a wider operating temperature range and broaden the charge /discharge envelope. 

(23,28,29). Composite salts can be manufactured and used in a number of ways. Salts can be mixed 

in solution prior to impregnation into the host matrix or each salt can be impregnated into the 

matrix individually and either assembled in layers or mixed randomly in the reactor. When MgCl2 

was blended with MgSO4 there was an increase in storage capacity, but this required a higher 

charging temperature of 130 oC(30). A blend of pure CaCl2 / MgCl2 was found to have improved 

kinetic performance and cyclic ability(31), but this study considered small volumes of salt (around 

2g) within an idealised environment of analytical laboratory equipment with no host matrix. 



  

Previous work by the authors have highlighted that the performance in bulk (>12 mm of thickness), 

differs considerably from the performance under laboratory analytical conditions, (32). This work 

sets out to examine the performance of some of these composite SIM materials when used in a 

system at a scale more suited to interseasonal heat storage system. 

Potential host matrices are selected primarily on their ability to disperse the salt, prevent 

deliquescence during hydration, possess a high internal surface area on which to disperse the salt, 

be highly porous (to both gas and liquid phases), lightweight, durable, inert and be of relatively low 

cost. Casey et al (33,34) completed a relative comprehensive review of various potential host 

matrices including silica gel, vermiculite (35), activated carbon and zeolite 13X impregnated with a 

range of inorganic salts. Casey (33) suggests that the silica gel and zeolite 13 X matrices suffered 

damage to the internal pore network during synthesis. The study also concluded that following 

impregnation with the salt a reduction in mesopore volume occurs with non-vermiculite matrices, 

reducing accessibility to moisture and that the vermiculite suffered no such performance 

degradation.    

Much of the work in the literature has been focussed on the fundamental thermodynamic properties 

of the storage materials through analytical analysis, with venturing into the application of the 

technology being less frequent. Previous scale studies are well summarised in (2) who identifies that 

that reactor efficiency is governed by the interaction between the materials, reactor design and 

operating conditions. Where reported, these have dealt with a fixed mono salt (26,36) with no  

consideration of mixing to improve performance. 

What the literature has highlighted is that there has been considerable effort on the understanding 

of chemical and thermodynamic characteristics of salt / SIM during hydration and de-hydration 

process as mono and mixed salts, but only within a small volume under analytical conditions. The 

scope of the literature reduces when a larger volume of mixed SIM materials are considered, 

particularly for the temperature range which is compatible with a relatively low grade renewable 

energy source such as a TSC. Thus, the aim of the study was to examine the interactions between 

common SIMs and understand, how through the choice and structure of the materials, their 

combined performance can be enhanced or degraded. This provides further insight into the 

mechanisms of hydration and also provides design and operational guidelines for applied thermal 

engineers in the field of reactor design and operation.  

 

2. Materials and methods 

The 80 C maximum temperature expected from a TSC limits the choice of suitable salts and 

therefore CaCl2, LiNO3 and MgSO4 were selected for the present study as their change in hydration 

levels are within the operational window of the energy source available, (37). Salts were sourced at 

99.9% purity from Sigma Aldrich. Salts were impregnated into the vermiculite using fully saturated 

solutions for each salt. The internal volume of the matrix was measured using a liquid volume 

method. A mass of matrix was added to an excess volume of water in a suitable container which was 

placed under a vacuum to remove the air from the internal pores, replacing the evacuated air with 

solution. Further details of the material manufacture and characterisation are available(32). 



  

The thermal discharge response of each SIM material was evaluated by placing each material into a 

cylindrical vertically aligned reactor with a diameter 5.5 cm and volume of 700 cm3 with air entering 

the reactor at the base, as outlined in Figure 2. During the discharge (hydration) portion of the cycle 

(replicating Figure 1 b) controlled humidity air was used and the temperature and humidity were 

monitored prior to entrance and exit of the reactor as well as at 3 points along the reactor path.  
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Figure 2: Schematic of the experimental apparatus developed to investigate parameters 

representative of a typical thermal storage system. 

The reactor was filled with 600 cm3 of material leaving a headspace of 100 cm3. Dry air was supplied 

from a compressed air source and subsequently passed through Dreschel bottles to provide the 

reactor with air at a constant 19 C and 12.9 g H2O/cm3 for the CaCl2 and LiNO3 SIM materials and 

15.5 g H2O/cm3 for the MgSO4 material as prior evaluations had highlighted limited reactivity at 

lower water vapour concentrations(38). These temperature and water vapour concentration level 

were chosen as it provides sufficient moisture at a rate which provides a measureable change in 

temperature over a practical experimental period, (32), it represents a water vapour concentrations 

which is comparable to trends observed UK Autumn / Winter levels(39) and it could be provided 

consistently in the laboratory over the entire measurement period (32). Temperature and humidity 

were monitored using type K thermocouples and a TE-HPP805C031 RH sensor at the locations 

identified in Figure 2. Prior to discharge analysis, materials were charged using an oven set to 120 C 

for 48 hours to ensure that the entire sample was all at its lowest hydration state, i.e. CaCL2.2H2O, 

LiNO3.1H2O and MgSO4.1H2O. 

3. Results 

Prior to assessment of the composite matrices, it is important to examine each material in isolation 

so as to identify the merit of each SIM, to act as a reference against which combinations could be 

compared and to identify likely successful combinations. An ideal SIM / SIM combination would 

provide a maximum temperature uplift consistently during the discharge period.       

3.1 Single SIM operation  



  

The response of each individual SIM identifies the behaviour of each material and acts as a baseline 

against which their combined performance can be compared. The relative rate of hydration and 

thermal response of each salt in the vermiculite SIM differs considerably, as shown in Figure 3. For 

each SIM, thermal and water vapour concentrations are shown at the base and mid reactor with key 

characteristics summarized in Table 1 and 2.  In all instances peak temperatures are generated in the 

first hour of exposure to the moist air at the base of the reactor. During the period of energy 

liberation, the local moisture level is depressed compared to the input air indicating an interaction 

between the SIM and moisture. There is further reduction in moisture concentration as one 

proceeds through the reactor as the hydration reactions proceed. These temperature profiles are 

similar in form to those predicted by reactor numerical models, although the absolute magnitude of 

the temperature rise is lower (40). 

Table 1 : Temperature rises in the reactor at each position relative to the air entry point for each 

single SIM material (oC). “Average” denotes the mean temperature uplift at the position over the 40 

hour experimental period while “Max” denotes the peak temperature uplift. 

Position → 1 2 3 Exit 

Temperature °C Average Max Average Max Average Max Average Max 

V-CaCl2 8.8 25.3 11.2 18.9 9.5 13.6 6.0 9.7 

V -LiNO3 6.1 16.6 6.8 21.4 5.5 20.3 2.8 8.7 

V-MgSO4 3.7 15.4 2.5 10.0 1.2 6.4 0.3 2.9 

 

Table 2 : Reactor exit temperature uplift  (C) of each SIM in the reactor in single SIM mode 

T (C) V-CaCl2 V-LiNO3 V-MgSO4 

@1 hr  4.4 2.6 2 

@10 hrs  6.4 2.3 0.1 

@20 hrs  9.6 2.7 0.1 

@30 hrs  5.0 3.3 0.6 

@40 hrs  4.0 3.7 0.4 

Mean 5.9 2.9   0.6 
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Figure 3 : Discharge characteristics for each SIM measured at each vertical position in the reactor. 

 

The proposed mechanism for hydration and energy release from the SIM materials can be explained 

by the reactor temperature, humidity and absorbed moisture profiles in each reactor section, Figure 

4. The absorption profile is calculated by examining the change in moisture content between the 

inlet of each section and that which exits each section, the difference being that which has ‘reacted’ 

via hydration, adsorption or deliquescence in this section. From the mass of salt and salt 

characteristics within each section the accumulated moisture as a percentage of stoichiometric 

quantity required for exothermic hydration (100%) can be obtained. Excessive accumulation (>100%) 

results in deliquescence while accumulation levels below 100% indicate poor utilization of the 

available moisture. Through examination of the moisture availability through the reactor it is 

possible to explain the thermodynamic response of the reactor with each material. 
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Figure 4 : Accumulated moisture for each SIM measured at each vertical position in the reactor. 

 

The initial peak temperature rise is associated with the hydration reaction on the SIM surface. This 

reaction liberates energy and depresses the local humidity as moisture is drawn from the air. Once 

the surface salt has reacted, the reaction rate reduces (resulting in lower temperatures) as the water 

vapour must pass into the inner layers of the SIM and there is a subsequent small increase in the 

local humidity level as water is drawn from the air at a slower rate. As the salt reactant within the 



  

SIM is used, then the local vapour is no longer reduced and vapour is able to pass to the next stage 

and the rate of energy liberation (and hence local temperature) reduces. 

The CaCl2 SIM produces a peak temperature rise of 25 °C at the base of the reactor and this is 

maintained for approximately 4 hours before reducing gradually over the remaining 36 hours of the 

test period.  Further along the reactor path, similar trends are observed except that the absolute 

temperature increases are reduced and there is a time delay in the point at which the maximum 

temperature is reached. This reflects a sorption wave related to the moisture availability further 

along the reactor path. The low exit moisture level with the CaCl2 is associated with the excess 

deliquescence of the CaCl2 whereby moisture is drawn from the air, even when it is unfavourable to 

the release of energy (19,32,41). The relationship between the moisture absorption (Figure 4) and 

thermal response (Figure 3) is clearly evident with the CaCl2 where the local temperature maximums 

coincide with the exothermic hydration absorption while thermal response is lower where excessive 

moisture is absorbed through deliquescence. This deliquescence is evident in Figure 4 where two 

thirds of the material absorbs an excess of moisture within a 5 hour period with the central section 

absorbing around 350% of the required moisture over the 40 hour period. This finding has an impact 

on the maximum permissible moisture / SIM path length which can be used with such a reactor.  It 

also highlights the importance and impact of control and monitoring philosophies for any scaled 

reactor. Poor engineering design or poor control of the extent or distribution of hydration via 

moisture delivery can significantly impact on the evolved thermal energy that is available and thus 

reduce the overall efficiency and viability of a scaled thermochemical storage unit. 

The LiNO3 provides the most consistent temperature uplift at the exit, averaging a temperature 

uplift of between 3 and 4 C. Peak temperatures over 10 C are experienced for around 20 hours of 

operation in the reactor base and this reduces to around 5°C over the experimental period. The 

MgSO4 SIM  temperature profile is characterised by a rapidly dissipating peak at the reactor base and 

a gradual temperature rise of around 1 C. The moisture level increases rapidly, nearing the inlet 

moisture level at the base indicating that there is minimal interaction between the SIM and the 

water vapour. Further along the reactor the moisture level of the air in the MgSO4 SIM lowers only 

by a small amount indicating that some SIM / water vapour interaction occurs, although the net 

thermal result is negligible. This can be attributed to the lower moisture uptake rate illustrated in 

Figure 4.  The poor temperature uplift performance of the MgSO4 has been observed previously 

(22,25,36) and is a result of the relative inactivity at low humidity levels, (42). Energy is liberated 

near the reactor inlet, which reduces the moisture levels for the air passing through the remainder 

of the reactor, limiting the availability of moisture and hence energy liberation in the latter reactor 

sections. The energy liberated in the early stages of the chamber is then absorbed by the thermal 

mass of the unreacted material with a subsequent reduction in exit thermal uplift.  

In each case the air exit temperature is lower than that achieved in the reactor core and is a result of 

the energy liberated in the reactor being absorbed by the inactive mass in the reactor. Some of the 

energy is absorbed by the SIM material itself, the air temperature increase is diluted by the 

unreacted air passing around the SIM and a portion is also absorbed by the reactor body itself, in 

areas where significant over saturation of the SIM material occurs, the increased thermal mass of 

the water will also reduce the overall energy liberation at the exit of the vessel. Each SIM therefore 

has its advantages and disadvantages in terms of discharge performance, Table 3, and this dictates 

likely combinations which may have superior performance.   



  

Table 3 : Summary of performance of each individual SIM material  

SIM material Advantages Disadvantages 

CaCl2  High relative temperature uplift 

 Good thermal release in low 
moisture levels 

 Low cost 

 High tendency for deliquescence 
 

LiNO3  Single hydration energy release 
step. 

 Significantly higher costs 

 Limited energy density. 
MgSO4  Largest potential energy storage 

 Uniform moisture absorption 
through reactor 

 Minimal agglomeration 

 Reduced tendency for 
deliquescence 

 Poor response at low humidity levels 

 Low peak temperatures 

 Rapid drop off from initial peak 
 

 

3.3 Layered SIM operation 

In order to improve the thermal response of the individual SIM materials, the materials were 

combined in number of ways using a layering approach. The tendency of the CaCl2 SIM to deliquesce 

dictates that it would operate most efficiently when subjected to lower humidity air, allowing 

reaction and energy liberation while minimizing excess interaction with the moisture. It was 

subsequently placed in the upper region of the reactor.  

The response of a 2 layered system with CaCl2 as the upper SIM illustrates that it is possible to 

provide an extended period of temperature uplift utilising a LiNO3 / CaCl2 layered approach, Figure 5 

(a). There is an initial reaction between the LiNO3 and the moist air which liberates energy at the 

lower part of the reactor for the first 15 hours with a reduction in the air moisture level. This 

reduced moisture air subsequently passes into the upper portion of the reactor where the CaCl2 

scavenges the remainder of the moisture and liberates energy as a result. As the LiNO3 becomes fully 

hydrated, the moist air passes through the lower stages unhindered allowing the CaCl2 to react and 

liberate further energy before eventually becoming fully hydrated with a reduction in temperature 

as the CaCl2 SIM begins to deliquesce. The net result is a mean exit temperature uplift of 7.6 °C over 

a 40 hour period, Table 4. This is around a 24% improvement over the single operation with CalCl2 

SIM only, Table 2. No deliquescence was observed in the CaCL2 SIM during its operation above the 

LiNO3 SIM, thus the layering has the added benefit of eliminating this detrimental characteristic. 

Layering of the CaCl2 SIM on top of the MgSO4 SIM does not result in any improvement in the 

performance in the temperature lift from the reactor. As with the single operation, the energy 

liberated from MgSO4 is minimal at these humidity levels. The relative inactivity of the MgSO4 in the 

lower portion of the reactor means that the CaCl2 SIM is exposed to higher moisture levels and 

therefore tends to deliquesce resulting in lower exit moisture levels and temperature uplift, Figure 

4(b). 



  

 

 (a) CaCl2 / LiNO3  (b) CaCl2 / MgSO4 
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Figure 5 : Discharge Profile (temperature and moisture sorption) for a double material layered 

Combination (a) CaCl2 / LiNO3 and (b) CaCl2 / MgSO4  

 



  

 

In order to further examine the benefit of material layering within the reactor, three-layer systems 

were also investigated. Each layer constituted 1/3 of the reactor length with the CaCl2 SIM 

consistently being the upper SIM material as this ensured that the material most likely to deliquesce 

was not subjected to the highest moisture levels. Temperature and humidity were monitored within 

each material in the reactor.  The thermal characteristics observed in a triple layered system are in 

line with thermal characteristics of the individual materials.  

In all instances the reactor exit moisture level is depressed compared to the input moisture level 

throughout the test period, indicating there remains an interaction between the water vapour in the 

air and the SIM materials, Figure 6. In both layering regimes, the temperature / moisture profile near 

the inlet is similar to the temperature / moisture profile when the same single salt in used in this 

region indicating that the local impact of the downstream material is minimal. With the MgSO4 in the 

base, the local temperature uplift in the reactor core is modest (around 5 °C) but consistent as the 

relatively slow reaction between the MgSO4 and moisture occurs. The lower moisture level relative 

to the input air in this section provides additional evidence of the hydration reaction. There is little 

evidence of reaction between the LiNO3 and the moist air in the central layer of the reactor as the 

moisture level remains similar to the base region and there is a reduction in temperature as the 

thermal mass of the SIM in this region acts as a sink.  

Although the difference observed in the exit moisture profile between the two layering options is 

relatively small, the temperature uplift is greater when LiNO3 is placed at the base. With the LiNO3 in 

the base of the reactor, a characteristic spike in temperature uplift is seen at the base of the reactor, 

Figure 6(b), although the peak temperature uplift is relatively short. This suggests an initial reaction 

of the free salt on the SIM surface with a continued reduced rate of reaction with the LiNO3 within 

the SIM. This reduced reaction rate results in a subsequent increase in local free moisture level and 

allows passage of the high moisture air into the MgSO4 where the moisture is of a sufficient level to 

provide a minimal reaction with the relatively inactive MgSO4.  

The overall thermal uplift for the triple layered system is poorer than the double layered system and 

the sensitivity to the layering structure highlights the complexity of the salt / moisture reaction 

kinetics and their subsequent impact of reactor efficiency. The choice of SIM and its subsequent 

reaction with the moisture has a direct impact on the likely reaction in those regions further 

downstream. 

 (a) CaCl2 / LiNO3 / MgSO4 (b) CaCl2/ MgSO4 / LiNO3 
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Figure 6 : Discharge Profile (temperature and moisture sorption) for a three material layered 

Combination (a) CaCl2 / LiNO3 / MgSO4 and (b) CaCl2/ MgSO4 / LiNO3  

 

Table 4 : Reactor exit thermal temperature uplift  (C) of each SIM in the reactor with layered SIM 

 CaCl2 /  
LiNO3 

CaCl2 /  
MgSO4 

CaCl2 / LiNO3 / 
MgSO4 

CaCl2 / MgSO4/ 
LiNO3  

T@1hrs C 9.9 2.4 0.0 4.6 

T@10hrs C 8.5 2.9 2.0 7.0 

T@20hrs C 6.9 3.4 3.3 5.8 

T@30hrs C 7.2 3.4 2.8 5.6 

T@40hrs C 5.7 2.7 2.4 5.6 

Mean 7.6 3.0 2.1 5.7 



  

3.4 Blended SIM operation 

The performance envelope of the SIMs when blended in equal mass proportions was also examined 

to determine their composite performance, Figure 7 and Table 5. Blending the materials gave no 

discernible improvement in the performance.  

When MgSO4 and LiNO3 are blended, Figure 7(a), the temperature profile follows a similar pattern to 

the layered counterpart, although the magnitude of temperature uplift is lower. This is associated 

with the lower degree of reaction between the SIM and water vapour as shown by the higher exit 

moisture level at the exit throughout the discharge period. Blended CaCl2 and MgSO4 SIM materials 

produce a similar output profile to the solo CaCl2  profile, although the overall temperature uplift is 

reduced, Figure 7(b).This is evidenced by the higher exit moisture level when compared to the CaCl2 

on its own, Figure 3, indicating a lower reaction and deliquescence level within the reactor. When 

CaCl2 and LiNO3 were blended there was a substantial reduction in reactor performance Figure 7(c) 

which is attributed to the excess deliquescence of the CaCl2 within the blend which is both 

thermodynamically unfavourable and adds additional mass as a thermal sink. The initial thermal 

uplift induced by the salt hydration is seen as a small temperature uplift at the exit (around 1.5 °C), 

but ceases at around 16 hours. As the exit moisture level remains more or less constant at a low 

level throughout the experimental period it is postulated that the blending induces greater moisture 

capture within the reactor which leads to a reduction in the core temperature as an excess of water 

is deposited increasing its thermal mass. This excess deposition of water in the core also starves the 

material further up the reaction chamber of the moisture required for the release thermal energy. A 

similar scenario is observed when all SIM materials are blended in equal proportion, Figure 7(d). 

  (a) 
50 : 50 

MgSO4 : LiNO3 

(b) 
50 : 50 

CaCl2 : MgSO4 

(c) 
50 : 50 

CaCl2 : LiNO3 

(d) 
33 : 33 : 33 

CaCl2 : LiNO3 : MgSO4 
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Figure 7 : Reactor response of each blended SIM configuration. 

 

Table 5 : Reactor exit thermal temperature uplift  (°C) of each SIM in the reactor when blended 

 
LiNO3/MgSO4  CaCl2/MgSO4 CaCl2/ LiNO3 

CaCl2/MgSO4/ 
LiNO3 

T@1hrs C 1.0 1.3 0.3 0.2 

T@10hrs C 1.8 5.8 1.3 2.0 

T@20hrs C 2.6 4.6 0.1 2.8 

T@30hrs C 3.2 4.5 0.0 3.3 

T@40hrs C 3.3 2.6 0.0 3.6 

Mean 2.4 3.8 0.4 2.4 

 

The relative performance of the SIM mixing / layering shows that average and maximum exit 

temperature uplift can be increased by around 15% through layering SIM materials which have a 

high tendency to react / absorb water vapour within the later stages of the chamber, Figure 8. This 

prevents their water scavenging behaviour leading to poor salt utilization in further on in the 

chamber.  However, if the reactivity between the upstream SIM salt is too low, e.g. MgSO4, then 

there is no benefit of layering the SIMs as the low reactivity material acts as a thermal sink on the 

reactive material, reducing the overall air temperature uplift.  
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(a) Reactor core (b) Reactor Exit 

Figure 8 : Maximum and average temperature uplift experienced by the air in (a) Reactor core and 

(b) Reactor exit. (Notation: C – CaCl2, L –LiNO3, M – MgSO4). 

From the mass and type of salt in the reactor it is possible to calculate the total energy stored if the 

salt undergoes hydration from its hydrated state at 80 °C to its maximum hydrated state (2 to 7 

CaCl2, 1 to 3 LiNO3 and 1 to 4 MgSO4). Integration of the thermal response at the reactor exit over 



  

the 40 hour period for the flow rate specified and including the thermal mass of the reactor allows 

an evaluation of the reactor efficiency defined as the ratio (as a percentage) of the energy extracted 

to the air to that which is held stored within the reactor. Layering the CaCl2 on the LiNO3 provides 

the most efficient release of energy, although the benefit over a single layer CaCl2 is small, Figure 

9(a) and this also results in the highest storage density, Figure 9(b). The inclusion of the MgSO4 does 

not have a positive effect on the performance and cannot be recommended unless there is a way of 

artificially increasing the humidity.  
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(a) Overall efficiency of energy release (b) Energy storage density  

Figure 9 : Summary of mixing strategy performance (Notation: C – CaCl2, L –LiNO3, M – MgSO4) 

The mechanisms by which reactor efficiency is lowered can be understood by examining the position 

and extent to which moisture is absorbed in each section of the reactor, Figure 10. In each instance 

the stoichiometric quantity of moisture required for exothermic hydration (100%) is compared to 

the change in air moisture through the reactor. In all instances where CaCL2 is used, an excess 

(>100%) of moisture is absorbed in this section of the reactor which results in a reduction in the 

temperature uplift. The MgSO4 is continually under-utilized (<100%) and this is reflected in the low 

thermal response of the SIM.  
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Figure 10 : Moisture absorption of compared to the stoichiometric requirement of 100% for 
each SIM combination examined at each measurement position in the reactor. 

 

Throughout the investigation, the measured temperature uplifts are relatively modest (7.6 C for 40 

hours) and the efficiency of energy transfer is low (a maximum of 15%), with even the most 

optimum SIM layering. This represent 0.2 GJ/m3 and equates to 15 m3 of air with a 7 C uplift from 

0.0006 m3 (600 cm3) of material. 



  

5. Conclusions 

An experimental study on the performance of mixed SIM materials has been carried out in order to 

assess their capabilities for thermal storage. The thermal response of the materials can be directly 

linked to the local moisture level and the accumulation of changes in moisture level. The study has 

identified that there can be a benefit in energy release and subsequent temperature uplift if the 

appropriate SIM materials are mixed in the reactor. In multi salt systems, the choice and location of 

the materials governs the effectiveness of the reactor and has a dramatic impact on the 

performance of the materials. Placing lower reactivity SIM materials close to the inlet of the reactor 

has a beneficial impact on material utilization and uplift produced by the reactor. Over saturation 

and subsequent deliquescence of the more reactive salts reduce the performance of the overall 

chamber in mixed systems if they are placed in areas of highest humidity, this is likely due to the 

increased thermal mass and dH of solution. Arrangements of the SIMS such that deliquescence is 

minimised but utilisation is high are beneficial in terms of storage efficiency. The findings have 

implications for the installation and operation of thermal storage reactors.  
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