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Abstract
Actual national and international energy strategies generally encourage the use of renewable energy sources. Thermal energy storage
(TES) offers various opportunities in the design of renewable energy systems. Thermochemical heat storage has gained popularity among
researches because of higher energy density and lower heat loss compared to sensible and latent heat storage. On the other side solar
energy has been recognized as one of the renewable energy sources with the most potential. This paper reviews thermochemical heat
storage materials with emphasis on materials used in systems involving solar energy utilization in buildings. The studies are reviewed
based on used storage materials and based on models to predict and optimize system performance.
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INTRODUCTION

The key targets of the European Union (EU) 2030 Energy
Strategy is to reduce greenhouse gas (GHG) emissions by at
least 30% compared to 1990 levels, increase the share of
renewable energy sources in final energy consumption to at
least 27% and achieve an energy efficiency increase of at least
27%. Improving the energy performance of buildings is the
key to achieve these goals, as buildings are responsible for
40% of primary energy consumption and 36% of CO2

emissions in the EU1,2. The easiest and also the most promising
measure  is  to  increase  the  utilization  of  solar energy. The
total potential in Slovenia of solar irradiation on horizontal
area  which  can  be  used  for  heat  and electricity conversion
is  5.3×1012  kWh/year.  Technical  potential of solar radiation
in Slovenia with consideration of all roofs on houses is
8.3×1010 kWh/year.  The  total  solar  energy  potential  in 
Turkey is 380×1012 kWh/year, which ranks in top five among
EU members3. Due to stochastic nature of solar energy the use
of heat storage technologies are necessary to realize its full
potential.

Heat storage can be accomplished through physical or
chemical processes. With respect to the form of heat involved
it is distinguish between sensible and latent physical heat
storage methods. Sensible heat storage is achieved through
the temperature rise of the storage material. In this case the
density of the stored thermal energy (i.e., stored energy/unit
volume or mass) depends on the temperature lift and thermal
capacity of the storage material. Latent heat storage involves
heat interactions associated with a phase change of a material
(at constant temperature) commonly from liquid to solid and
vice versa. Latent heat storage generally allows higher heat
densities than sensible heat storage since thermal energy
change during phase change is usually significantly higher
than the thermal energy change due to temperature rise of a
chosen material. Stritih and Butala4 investigated cold storage
with phase change materials (PCM) which proved to be very
perspective for “free cooling” of buildings in night time, where
it was pointed out that in the process of using latent heat
storage the PCM should provide complete solidification and
melting process which depends mostly on local climate
conditions and proper PCM selection. All studies according to
Osterman et al.5, have shown that the use of PCMs helps to
improve energy performance of buildings, the problems  were 
encountered  in  heat  transfer  and the amount of PCM
needed for storage. In further researches Osterman et al.6,7 
proposed a stand-alone unit filled with PCM suitable for
heating and cooling of the office. Experimental and numerical
investigation took place where annual analysis of the PCM

storage unit was investigated and found out that energy
consumption in an office can be annually reduced for
approximately 142 kWh. 

Nevertheless sensible heat storage systems are still the
prevalent technology for seasonal solar energy storage
because of higher thermal stability and significantly lower cost
of the involved storage materials compared to phase change
materials (PCMs).

On  the  other  side  there  are  thermochemical heat
storage  systems  which  are  not  yet  commercially  viable.
Thermochemical heat storage involves reversible chemical
reactions. During the charging process heat is supplied to the
storage material which causes an endothermic reaction. The
supplied heat can be stored for an arbitrary time (almost)
without heat loss as long as the products of the endothermic
reaction are separated. This combined with a several times
higher stored thermal energy density compared to sensible
and latent storage (Fig. 1) makes thermochemical materials
(TCM) a promising alternative for mid and long-term heat
storage.

The main objective of this paper was to review TCMs for
seasonal heat storage with emphasis on systems involving
solar energy utilization in buildings, hence with focus only on
TCMs with a charging temperature below 140EC8. 

Thermochemical heat storage
Basics: Thermochemical heat storage is generally classified
under  chemical  heat  storage  processes  (Fig.  2). Sorption
heat  storage  processes  are  usually  summarized  under the
term thermochemical heat storage.  Some  authors   (e.g.,
N’Tsoukpoe et al.9) also mention thermochemical storage
without sorption but with no exact definition of the latter.
Sorption can be defined as a phenomenon of fixation of a gas
by a substance in solid or liquid phase10. It is distinguish
between adsorption and absorption. The term absorption is
used when molecules of a substance in gas phase enter a
liquid (usually) or solid thereby changing the composition of
the liquid or solid11. Adsorption is defined as binding of a gas
on a surface of a solid or porous material9. Adsorption is
further divided in physical adsorption or physisorption and
chemical adsorption or chemisorption. The attraction between
the gas and solid in physisorption is caused by Van der Waals
forces. Chemisorption on the other hand is based on valence
forces which form stronger bonds than Van der Waals forces.
Consequently chemisorption processes enable to achieve
higher thermal energy densities than physisorption, however,
may also be irreversible and therefore unsuitable for heat
storage applications. In the following sections only reversible
sorption processes are considered.
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Fig. 2: Classification of chemical heat storage

Reversible sorption heat storage processes can be written
in the following way:

AB+QøA+B (1)

where, AB is a compound of components A and B, Q
designates the heat supplied to dissociate AB into
components A and B. Hence the dissociation of compound AB
represents an endothermic reaction. When components A and
B are put in contact heat is released (exothermic reaction)
during the forming of compound AB. The supplied heat Q can
be stored with negligible heat loss as long the components A
and B are separated. As a result of this the dissociation of
compound AB is called charging while the forming of
compound AB represents the discharging process of the
thermochemical heat storage cycle (Fig. 3). The component
which is desorbed during charging is named adsorbate. The
material capable of adsorbing (absorbing) the other
component is called adsorbent (absorbent). The term
adsorptive (absorptive) is also used for the adsorbate in the
desorbed  state,   especially  when  adsorbate  and  adsorptive

Fig. 3: Thermochemical heat storage cycle

differ in chemical structure (not the case in physisorption). In
heat storage applications mainly water (vapour) is used as
adsorbate because of its availability (i.e., cheap) and non
toxicity.

The heat needed for desorption can be divided into three
parts10:

Q = Qsens+Qcond+Qbind (2)

Here, Qsens represents the sensible heat needed to heat the
adsorbent to the temperature required for desorption. Qcond is
the heat needed to vaporize the adsorbate while Qbind is the
heat required to overcome the  sorption  forces.  The  latter  is
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therefore usually termed as binding heat. As seen from Fig. 4
Qbind decreases with the increase of sorbate concentration.
This means that Qbind is more needed at the beginning of the
charging process when the sorbate concentration is low. For
heat storage applications the contribution of Qbind must be as
low as possible compared to Qcond since it results in lower
temperatures required for desorption12.

Reactants: Knowledge on materials is a prerequisite to design
thermal storage systems and their components. Different
sorption working pairs or reactants have been studied for
thermal energy storage applications. In sorption storage
systems, low-cost crystalline or amorphous silica-based porous
materials  and  their  composites  with  hygroscopic  inorganic
salt hydrates (e.g., CaCl2) have been considered as the most 
promising   sorbents.   Despite   many   scientific   efforts,  none
of these  materials  currently  meet  the  requirements  for
large-scale applications. Through the literature9,12-19 the
following requirements for TCMs have been exposed: 

C High energy density
C Low charging temperature
C High uptake of sorbate
C Thermal and chemical stability
C High thermal conductivity
C High heat transfer with the heat transfer fluid
C Moderate operating pressure range
C Non-corrosive
C Environmental safety
C Low cost

From listed requirements in previous paragraph the
sorption properties are foundations of finding suitable TCMs
for  any   given   application,    however    the   comprehensive

evaluation of sorption properties of available sorbents is a
time consuming task as it requires precise measurements of a
set of sorption isobars, isosteres and isotherms under a wide
range  of  temperatures  and  pressures.  The  energy  storage 
densities and charging/discharging temperatures of some
materials suitable for thermochemical heat storage are listed
in Table 1. The most promising TCMs have low charging
temperatures and high energy storage densities. 

For seasonal solar energy storage in buildings water is the
primary sorbate substance of choice since it satisfies the
conditions of environmental friendliness and low cost. Hence,
hydrophilic materials are appropriate for the counterpart
reactant or the sorbent. Silica gels are widely studied as
hydrophilic compounds due to their high affinity to water
vapour, large water sorption capacity at low humidity, low cost
and easy regeneration17. However, silica gels have one major
drawback, i.e., they provide low material energy densities
because of the low hydrophilic characteristic within the
working window. Therefore the application prospect of silica
gels in solar energy storage is obscure. Zeolites are on the
other hand more hydrophilic than silica gel because of the
strong interaction between their electrostatically charged
framework and the water molecules64. Consequently they
require a higher desorption or charging temperature which
can be altered with dealumination, ion exchange or the
variation of the aluminum-silicon ratio40,61,64,106. Another option
is to impregnate mesoporous silicates with hygroscopic
salts107-111 to increase performance of the sorption reaction and
enhance heat and mass transfer. Nevertheless these
composite materials suffer from leakage of salt species and are
also corrosive due to the contained salts112.

In     some     research     articles    microporous 
aluminophosphates (APO-n) and their modified analogues
(SAPO-n and MeAPO-n) to modify zeolites are favored because
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Table 1: Material used in thermochemical heat storage studies
Charging Discharging Energy 
temperature temperature density

Phenomena Sorbent Sorbate (EC) (EC) (kWh mG3) References
Adsorption

Silica gel H2O 88 32 50-125 Mitra et al.20, Chua et al.21, Wang et al.22, Aristov et al.23, Mitra et al.24, 
Ilis et al.25, Niazmand and Dabzadeh26, Bjurstrom et al.27, Bales et al.28, 
Gartler et al.29,Hauer 30, Jahnig et al.31,Wagner et al.32, Basciotti and Pol33 
and Stritih and Bombac34

Zeolite 13X H2O 160-180 20-40 97-160.5 Bales 13, Hauer30, Lehmann et al.35, Schreiber et al.36 Leong and Liu37,
Pal et al.38, Mette et al.39, Janchen et al.40,Hauer 41,Hongois et al.42, Lu et al.43,
Bales and  Gantenbein44, Hauer and Fischer 45 Janchen et al.46, 
Weber et al.47, Mette et al.48, Mette et al.49, Hauer50 and Johannes et al.51

Zeolite 4A H2O 180 65 130-148 Bales and Gantenbein44, Zettl et al.52, Michel et al.53, Kerskes et al.54-56 and
Englmair et al.57

Zeolite 5A H2O 80-120 20-30 83 Cuypers et al.58 and Finck et al.59,60

Zeolite MSX H2O 230 154 Zettl et al.52 and Englmair et al.57

APO-n H2O 95-140 40 240 Ristic et al.8, Janchen et al.46, Henninger et al.61,62, Lohse et al.63, 
Henninger et al.64 and Rajic et al.65

SAPO-n H2O 95-140 40 - Ristic et al.8, Janchen et al.46, Henninger et al.61,62, Lohse et al.63 and 
Henninger et al.64

MeAPO-n H2O 95-140 40 - Ristic et al.8, Henninger et al.61,62 and Rajic et al.65

Absorption
CaCl2 H2O 45-138 21 120-381 Van Essen et al.66, Hui et al.67, Quinnell and Davidson68, Rammelberg et al.69,

Vasiliev et al.70 and Quinnell  and Davidson71

LiCl H2O 66-87 30 253-400 Bales et al.28 and Hui et al.67

LiCl2 H2O 46-87 30 253 Bales13 and Bales et al.15,28

LiBr H2O 40-90 30 252-313 Hui et al.67, N'Tsoukpoe et al.72,73, Cerkvenik et al.74,N'Tsoukpoe et al.75,76

NaOH H2O 50-95 70 154-250 Bales et al.28,  Hui et al.67, Weber and Dorer77 , Fumey et al.78,79, 
Daguenet-Frick et al.80, Fumey et al.81,82 and Daguenet-Frick et al.83,84

SrBr2 H2O 80 - 60-321 Michel et al.53, Mauran et al.85, Lahmidi et al.86,Tanguy et al.87, 
Fopah-Lele et al.88 and Lele et al.89

Chem. react.
BaCl2 NH3 56-70 40 787 Stitou et al.90, Li et al.91, Le Pierres et al.92, Li et al.93 and Veselovskaya et al.94

CaCl2 NH3 95-99 - 673 Li et al.91,95 and Fadhel et al.96

CaSO4 H2O - 89 390 Abedin and Rosen97

CuSO4 H2O 92 - 575 Ferchaud et al.98

Li2SO4 H2O 103 - 255 Ferchaud et al.98

MgCl2 H2O 130-150 30-50 556-695 Van Essen et al.66, Rammelberg et al.69 and Zondag et al.99

MgSO4 H2O 122-150 120 420-924 Tatsidjodoung et al.17 and Zondag et al.100

MnCl2 NH3 152 - 624 Li et al.91

Na2S H2O 80-95 80-110 780 Iammak et al.101, Boer et al.102, De Boer et al.103 and De Jong et al.104,105

of lower discharging temperatures and higher energy
densities8,46,61-65. The main focus in research of materials
suitable for  heat  storage  applications  has  been  to  increase
the uptake of sorbate (water) with incorporating silicon or
metal cations in aluminophosphates8,113,114. The performance
of the  latter  substances  usually  degrades  after  a  few
charging/discharging cycles because of framework structure
degradation and dislodgement of incorporated cations from
the framework61,62,113,114. However the main limitation of
aluminophosphates compared to zeolites (and silica gels) is
their high synthesis cost17,46,64.

In absorption heat storage studies mostly calcium
chloride (CaCl2), lithium chloride (LiCl), lithium bromide (LiBr)
and sodium hydroxide (NaOH) are used as the reactive sorbent
with water as sorbate. Of the listed substances NaOH is a base
while the other compounds are hygroscopic salts and are thus

applied in form of solutions. Strong acids and bases have the
advantage of high water uptake and low cost but are also
corrosive and require a high charging temperature.

In contrast to sorption processes chemical reactions are
characterized by a change in the molecular configuration of
the compound involved during the reactions. Though
chemical  reactions  possess  excellent  storage potential
based on the analysis on the material level their performance
in actual systems requires further research. Due to the
deliquescence, swelling and agglomeration phenomena after
several incipient cycles, the reaction is very difficult to
continue12. Furthermore because chemical reactions induce
volume modification of the solid an obvious hysteresis may
exist.

Since sorption processes demand lower activation energy
to start the reaction than  chemical  reactions  they  are  more 
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suitable for low temperature applications such as seasonal
solar energy storage. Furthermore because liquid-gas
absorption systems are limited with corrosion and
crystallization issues only heat storage applications utilizing
solid-gas adsorption processes are discussed in the
subsequent sections.

Sorption storage systems: According to the system design,
sorption thermal storage systems can be divided into open
and closed systems. The key difference between these system
configurations is in the storage of the gas reactant (sorbate).
Closed systems are isolated from the atmospheric
environment therefore they require an additional vessel for
storing the working fluid. In contrast the working fluid vapour
is released to the environment in open systems which means
that only water (vapour) can be used as the sorbate.

Closed system generally consists of two vessels (Fig. 5).
Namely a reactor where reactive sorbent is located and a
condenser/evaporator where liquid water is collected. The
vessels are connected by a conduct as a passage for vapour.
The charging process consists of adsorption reaction in the
reactor and a phase change reaction in the condenser. When
a high temperature heat source (e.g. from solar collector) is
added to the reactor the sorbate starts to escape from the
sorbent. Through the duct the vapour turns into its liquid state
in a condenser at a low temperature level. The heat of
condensation is taken away and released to the heat sink.
After the charging process is finished the reactor and the
condenser are separated from each other. If heating is needed
the reactor and the condenser/evaporator are connected
again. The discharging process works in a reverse direction
whereby an additional low temperature heat source is needed
for water evaporation. Closed systems allow adjusting the
operating  pressure  of  the  working  fluid  and  are  able  to
reach  higher  output  temperatures  for  heating applications 

compared to open systems19. However the regeneration of
closed systems usually requires a higher temperature level.
Therefore closed systems are appropriate especially for small
scale applications.

In open systems (Fig. 5) a dry air stream is guided to a
reactor filled  with  sorbent  during  the  charging process.
Water adsorbed/absorbed by the sorbent is extracted by the
hot air and exits the reactor bed. Hereby the air is adiabatically
cooled. During discharging cold humid air stream enters into
the (desorbed) reactor. Part of the water vapour in the air is
attracted by the sorbent. The air temperature increases due to
the released sorption heat. Weather conditions are limiting the
operation of open systems. The ambient air humidity must be
sufficient for a good discharging rate. Thus the air must be
additionally humidified when the ambient moisture content
is insufficient. The design of open systems is much simpler and
consequently cheaper compared to closed systems since they
do not require the use of condensers, evaporators and
working fluid storage reservoirs. However the main advantage
of using the open system configuration are the better heat
and mass transfer conditions because the heat transfer fluid
(air) is in direct contact with the solid reactant while closed
systems require a separate heat transfer loop and hence a heat
exchanger in the reactor (heat is transferred mainly by
conduction). On the other side open systems may suffer from
high (electric) energy consumption for overcoming pressure
losses through the reactor.

Numerical modeling: Sorption storage systems can be
designed and simulated with the use of numerical models
based on characteristics of the storage material. In this way
one can optimize the design of the storage system and
analyze its performance on an application scale without
having to perform costly experiments. Hence, only the most
promising storage systems and materials can be tested in  full 

Fig. 5: Operation principle of sorption storage systems: (left) closed, (right) open
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scale experiments. There are generally three approaches for
modelling solid-gas adsorption processes, i.e., steady-state
models, lumped-parameter models and spatially resolved
models. Steady-state models disregard the heat and mass
transfer kinetics  inside  the  adsorbent  bed.  Since these
models assume that the adsorbate and adsorbent are in
thermodynamic equilibrium, they are suitable only to predict
the  upper  performance  limit  of  the  storage  system.
Lumped-parameter models on the other hand consider the
global heat and mass transfer between the adsorbent bed and
the surrounding but still threat the reactor as a homogenous
control volume with an internally uniform state. Because of
the higher accuracy compared to steady-state models,
lumped-parameter models can be used to approximately size
the reactor or to simulate the global performance of the
reactor at different conditions. However, for detailed
modelling  and  optimization  of  processes  occurring  inside
the reactor spatially resolved models are needed, as they
consider both heat and mass transfer during a process inside
the reactor, i.e., temporospatial evolution of state variables
(e.g., temperature gradient inside the adsorbent bed). The
drawback of using spatially resolved models is that their
computation requires solving transient and spatial coupled
heat and mass transfer balance equations with complicated
boundary conditions, which involves the application of
specialized numerical methods. The mostly applied
discretization methods are the finite difference method 
(FDM), the finite element method (FEM) and the finite volume
method (FVM).

Despite the differences between the mentioned
modelling approaches all of them need an equilibrium
isotherm to calculate the amount of vapour uptake by the
adsorbent at a given pressure and temperature. The most
widely used approaches for describing adsorption equilibria
are the Langmuir isotherm115, BET isotherm116, Tòth isotherm117

and the Dubinin‒Polanyi (DP) theory118. The latter is the most
popular approach since all isolines (isotherms, isobars,
isosteres etc.) of an adsorption working pair can be derived
(extrapolated) based on one single characteristic curve. The
most celebrated expressions for fitting to an experimentally
obtained characteristic curve are the Dubinin-Radushkevich
(DR) equation119 and its generalization the Dubinin-Astakhov
(DA) equation120. A crucial parameter of the Dubinin-Polanyi
theory is the adsorbate density function, which describes the
temperature dependence of the adsorbate density since it is
required to calculate the adsorbent loading and the
corresponding adsorption enthalpy. Several density functions
were proposed by Cook et al.121 and Nikolaev et al.122 of which
none  is  generally  preferred.  This  dilemma was addressed in

the works of Lehmann et al.35 and Nagel et al.123, in both of
which a comparative analysis of different adsorbate density
models was performed. Lehman et al.35 concluded that the
choice of adsorbate density function has little effect on the
obtained heat storage densities and hence in view of
computational efficiency simpler density models should be
preferred. On the other hand, Nagel et al.123, came to the
conclusion that for energy storage applications a sufficiently
general mathematical expression for an accurate fit of the
experimentally determined characteristic curve together with
a (quasi) linear density model should be applied.

The mentioned adsorption isotherms only correlate the
equilibrium vapour uptake to the conditions (temperature,
pressure) in the adsorbent bed. Non-equilibrium states are
marked by a difference between the actual vapour uptake and
the maximum vapour uptake at equilibrium conditions. This
difference dictates the rate of adsorption or the so-called
adsorption kinetics. The adsorption kinetics can be modeled
by Fickian diffusion124, linear driving force (LDF) model125 or its
modified form126. Among these models the LDF model is the
most widely used for modelling, because of its accuracy and
simplicity. In the LDF model the mass transfer resistance from
the fluid phase into the adsorbent pores is reduced to an
overall mass transfer resistance.

The above mentioned adsorption kinetics models
account for mass transfer resistance inside the adsorbent
particles, i.e. internal mass transfer resistance between the
solid and the adsorbate gas. In order to model adsorption
processes accurately external mass transfer resistance, i.e.
pressure gradient inside the adsorbent bed, must also be
considered. The most prevalently used models for describing
gas flow inside the adsorbent bed are Darcy's law127 and
Ergun’s equation128. The latter model is more general, since it
includes both viscous and inertial effects. Conversely, Darcy’s
law assumes that inertial effects are negligible with regard to
viscous forces. The application of Navier-Stokes (NS) equations
to describe gas flow though porous solids is rare because the
exact pore network and topology are unknown and because
of its computational complexity.

A summary of solid-gas adsorption processes modelling
efforts in the literature concerning heat storage and
transformation is provided in Table 2 whereby the works are
classified based on the modelled adsorption pair, the aim of
modelling, model parameterization, the applied adsorption
equilibria approach, the models used for internal and external
mass transfer resistances and the numerical methods and/or
software used to solve the model equations. For a more
comprehensive review concerning numerical modelling of
thermochemical heat storage and transformation processes
reader is refer to the work done by Nagel et al.164.
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CONCLUSION

In this paper TCMs for thermochemical heat storage were
reviewed with emphasis on TCMs used in systems with solar
energy utilization in buildings, where studies were reviewed
based  on  used  TCMs  with  charging  temperature  below
140EC and models to predict and optimize thermochemical
storage system performance.

An overview of working pairs studied for thermochemical
heat storage  was  given  where  none  of  the  presented
materials currently meet the  requirements  for  large-scale low
temperature heat storage applications due to unsuitable
operating  conditions  (i.e.,  too  high  charging temperature),
too low energy density and discharging temperature,
corrosiveness, thermal/chemical instability, environmentally
unfriendly production or high cost. The most promising are
solid materials with water vapour as sorbate where the focus
of material research has been on zeolites and their composites
with hygroscopic inorganic salt hydrates and on microporous
aluminophosphates. Nevertheless, one issue is common to all
sorption storage materials, i.e. the discrepancy between the
material and system energy storage density.

The review of numerical modelling techniques for the
reactor design in literature indicates that in the majority of 
solid-gas   adsorption   processes   modelling   efforts  the
Dubinin-Polanyi theory is applied for describing adsorption
equilibria while Darcy's law and LDF model are used to predict
the pressure gradient inside the adsorbent bed and the
adsorption rate.

To  conclude,  a  better  understanding  of relations
between material synthesis procedures, structural properties
and system level properties needs to take place during
development of thermochemical heat storage systems.
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