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Abstract: Heat storage for high temperature applications 
can be performed by several heat storage techniques. Very 
promising heat storage methods are based on thermo-
chemical gas solid reactions. Most known systems are 
metal oxide/steam (metal hydroxides), carbon dioxide 
(metal carbonates), and metal/hydrogen (metal hydrides) 
systems. These heat storage materials posses high gravi-
metric and volumetric heat storage densities and because 
of separation of the reaction products and their storage in 
different locations heat losses can be avoided. The re-
ported volumetric heat storage densities are 615, 1340 and 
1513 [kWh m-3] for calcium hydroxide Ca(OH)2, calcium 
carbonate CaCO3 and magnesium iron hydride Mg2FeH6 
respectively. Additional demands for gas storage decrease 
the heat storage density, but metal hydride systems can 
use available hydrogen storage possibilities for example 
caverns, pipelines and chemical plants.
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1 �Introduction
The increased production of electricity from renewable 
sources (wind, sun, water) makes a continuous and reli-
able electricity supply more difficult, because of fluctuat-
ing amounts of wind and/or sun power and to a lesser 
extent of waterpower. To overcome these problems flexi-
ble power stations (e.g. combined-cycle power plants) and 
energy storage systems must be developed and con-
structed. Possibilities for the storage of electricity are, 

amongst others, big battery systems, power-to-gas conver-
sion (methanation) or pumped-storage power plants. All 
these different systems are currently under investigation 
or construction. Contrary to most of the electricity pro-
duced from re-newables, carbon-based power plants (oil, 
gas, coal) produce electricity and heat. This heat is useable 
for industrial processes or in urban heating networks or it 
is released in the environment as exhaust heat. The elec-
tricity feed act in Germany and other European countries 
demands a preferred feeding of electricity produced from 
renewables into the grid, with the consequences that con-
ventional power plants must reduce their production. This 
leads to unbalanced electricity in the grid and lowered 
amounts of heat, especially for industrial processes. This 
gap must be closed in near future with new developed 
efficient heat storage systems [1, 2].

Reversible thermochemical reactions are appropriate 
for thermal energy storage because of their high energy 
densities compared to the sensible or latent heat storage 
systems. During the thermochemical heat storage a ther-
mochemical material is converted under the addition of 
heat into two other components. Both of them can be 
stored separately. By recombining the components the 
original thermochemical material is produced, releasing 
the same amount of heat which was previously stored 
(Equation 1).

A-B

heat storage
endothermic reaction

heat release
exothermic reaction

A + B (Eq. 1)

The advantages and disadvantages of the three possible 
concepts for the storage of thermal energy were proposed 
by [3] and are listed in Table 1.1.

The energy densities and operational temperatures 
for different heat storage materials can be found in Table 
1.2. The heat storage Q of the sensible heat storage mate
rials like water, rock, concrete and salt (nitrate salt-sensible 
heat) depend on both the available temperature difference 
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ΔT between the heat source and the sink, and on the mass 
m of the material (Formula 1).

= ⋅ ⋅DQ m c T (1)

The storable heat of the latent heat storage (KNO3-heat of 
fusion) and the thermochemical systems (Ca(OH)2, CaCO3, 
hydrides) depend only on the mass as variable (Formula 
2). The signs DRH, c and �M describe the heat of fusion or 
reaction enthalpy, specific heat capacity and molar weight 
of the compound respectively.

D
= ⋅ �

RHQ m
M

(2)

If chemical reactions for heat storage are considered, the 
heat of reaction should be taken into account for com
parison reasons. Under equilibrium state conditions the 
change of the Gibbs free energy ΔRG (Formula 3) is 0.

D = D - ⋅DR R RG H T S (3)

This means that the reaction enthalpy ΔRH is equal to the 
expression TΔRS, where ΔRS is the entropy change of 

the  reaction and T is the temperature. Entropy changes 
are  high if solid-gas reactions occur. These systems are 
dominated through the entropy rise from the solid to the 
gaseous state. Gas-solid reactions are outstandingly suit-
able for the storage of heat, because of the easy separation 
of the released gas during the heat absorption. The re-
leased gases can be stored under the equilibrium pressure 
of the system (closed system), under pressure conditions, 
in large underground gas caverns or sometimes in lique-
fied form.

Thermochemical gas-solid reactions are suitable as 
short-term and long-term heat storage systems. Important 
for short-term heat storage applications is a good kinetics 
of the absorption and desorption of the gaseous com-
pound, combined with good heat conductivity of the reac-
tion bed. After the separation of both compounds during 
the heat storage process, the whole reaction energy is 
trapped in the system and can be used at any time without 
energy losses (long-term storage conditions).

In the following sections three interesting systems 
for  high-temperature heat storage are presented and 
described in more detail. None of them is commercially 
available, but they are being intensively investigated for 
several high temperature applications.

Table 1.1: Advantages and disadvantages of the three different kinds of thermal energy storage concepts

heat storage sensible heat latent heat thermochemical heat

capacity weak weak large
restitution variable temperature constant temperature variable temperature
insulation required required not required
energy losses large in long term fair in long term low (losses in sensible heat)
working temperature low low high
life long limited high
environmental impact nil nil sometimes hazardous
transportability little distances little distances long distances
technology simple simple complex

Table 1.2: Energy densities and temperature data of different heat storage materials

Material Gravimertic energy 
density [kWh kg  −1]

Volumetric energy 
density [kWh m−3]

Temperature change  
[K]

Temperature [°C]

Water 0.093 93 80 t1bar < 100
Sand rock [4] 0.035 60 100 thot = 300
Reinforced concrete [4] 0.045 100 200 thot = 400
Nitrate salts (sensible) [4] 0.134 250 300 thot = 565
Nitrate salts (KNO3-latent) [4] 0.074 155 tmelting = 333
CaO + H2O ⇋ Ca(OH)2 [5] 0.336 615 t1atm = 527
CaO + CO2 ⇋ CaCO3 [5] 0.6 1340 t1atm = 890
Mg + H2 ⇋ MgH2 [6] 0.78 1110 trange = 350–450
2Mg + Fe + 3H2 ⇋ Mg2FeH6 [6] 0.55 1513 trange = 450–550
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2 Metal hydrides
Metal hydrides are materials that are produced from a 
metal, or a metal alloy and hydrogen gas. They are useful 
for the storage of hydrogen in the solid state. In reversible 
metal hydride systems, the absorption of hydrogen gas is 
combined with the release of heat. The same amount of 
heat must be added to the metal hydride system for the 
decomposition and release of hydrogen. The high heat 
amount and the stability over thousands of cycles (closed 
systems) turn metal hydrides into ideal candidates for 
different heat storage applications, depending on the 
thermodynamic properties of the metal hydrides system 
[6, 7]. Important data for selected metal hydrides useful 
for heat storage applications can be found in Table 2.1. 
Hydrogen gas in this application is used only as a working 
medium during heat storage and heat release. Hydrogen is 
proposed as a secondary energy carrier in a future hydro-
gen economy. Metal hydrides for heat storage can link the 
electricity and heat production with excess energy storage 
and distribution of hydrogen in future energy systems.

Metal hydride systems for heat storage can be con-
structed as closed systems with an intermediate storage 
of hydrogen under the dissociation pressure of the metal 
hydride given by the working temperature. In this case, 

the complete system is self-regulated and the status of the 
system depends only on the heat in- or output into the 
metal hydride bed.

Huge amounts of hydrogen for heat storage applica-
tions can be stored for example in salt caverns, available 
hydrogen pressure reservoirs or hydrogen gas pipelines or 
it can be exchanged with plants dealing with hydrogen 
e.g. refineries (Part A in Figure 2.1). Salt caverns for hydro-
gen storage already exist in Texas USA or in Teesside UK. 
In combination with a second metal hydride for the hydro-
gen uptake and release near room temperature (low tem-

Table 2.1: Selected physical data of metal hydrides for heat storage 
applications

H2- 
content 
[wt.%]

ΔRH  
[kJ mol−1 H2]

heat storage 
density  
[kWh kg  −1]

equilibrium 
temperature 
at 1 bar [°C]

MgH2 7.7 75 0.78 280 [8]
NaMgH3* 4.0 86 0.47 380 [9]
Mg2FeH6 5.5 77 0.55 320 [8]
Mg2NiH4 3.6 62 0.31 250 [8]
CaH2 4.8 181 1.19 950 [7]

* calculated for the reaction NaMgH3 ⇄ NaH + Mg + H2

Fig. 2.1: Heat storage based on metal hydride/hydrogen system [6].
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perature (LT)-hydride) the volume for the intermediate 
storage of hydrogen gas is drastically reduced (Part B in 
Figure 2.1).

Magnesium hydride has been regarded as a possible 
heat storage material over the last thirty years [10, 11]. It is 
a well-studied metal hydride compound with a working 
temperature around 400 °C. The reaction enthalpy is 
75  kJ  mol-1 resulting in a heat storage capacity around 
0.8 kWhth kg-1. MgH2 decomposes in a single reaction step 
into Mg-metal releasing one mol of H2 (Equation 2).

MgH2 + 75 kJ mol-1
heat storage

heat recovery
Mg + H2 (Eq. 2)

The hydrogen gas can be stored in a pressure tank under 
the equilibrium pressure of MgH2.

Figure 2.2 shows the equilibrium pressure of MgH2 
depending on the temperature. The equilibrium pressure 
of MgH2 at 350 °C is 10 bar and 20 bar at 400 °C. If the pres-
sure is lower than the equilibrium pressure at the given 
temperature (grey area in Figure 2.2) MgH2 decomposes 
until the pressure inside the closed system reaches 10 bar 
at 350 °C or 20 bar at 400 °C. At pressures higher than the 
equilibrium pressure Mg-metal can be hydrogenated 
(white area in Figure 2.2). With the selection of the back-
pressure in the closed system and the overall volume of 
the system the heat release and storage can be cycled in 
small temperature ranges or at one temperature if the 
volume of the hydrogen reservoir is “endless”. Under heat 
storage conditions MgH2 decomposes e.g. at 400 °C until 
the pressure inside the system reaches 20 bar (equilibrium 
conditions). If the temperature is not increased the de-
composition comes to an end. Heat release is combined 
with a reduction of the temperature in the metal hydride 
bed. This means that the pressure inside the system is now 

higher compared to the equilibrium pressure at the lower 
temperature, consequently Mg-metal is hydrogenated and 
heat is released from this reaction. With a backpressure of 
10  bar, the lowest temperature for the released heat is 
350  °C. As mentioned before, the temperature range of 
heat release and storage can be reduced if the backpres-
sure and the volume of the hydrogen reservoir are adapted 
to the amount of produced or absorbed hydrogen gas and 
the working temperature of the heat storage system.

The production of directly generated superheated 
steam from the thermochemical MgH2/Mg heat storage 
system was shown several years ago [12]. With an amount 
of 14.5 kg Mg-powder the system has the ability to produce 
10 kWh of heat, mostly on the same temperature level.

Magnesium is a ubiquitous element and therefore rel-
atively low in price. Because of its high hydrogen storage 
amount (7.7 wt.%) it is under commercialization for the 
storage of hydrogen. With the addition of different transi-
tion metals (Ni, Ti) or transition metal oxides the kinetic 
of hydrogenation and dehydrogenation can be extremely 
accelerated.

Another lightweight metal hydride, suggested as a 
possible heat storage material is NaMgH3. The overall hy-
drogen amount is 6 wt.%. The material can be prepared in 
a simple ball milling process from NaH and MgH2 or it is 
produced through hydrogenation from the pure metal Na 
and Mg or from a mixture of one metal and one metal 
hydride. The decomposition/hydrogenation proceeds in 
two steps. The first decomposition produces Mg-metal and 
sodium hydride. An amount of 4 wt.% hydrogen is released 
during this step. Additional 2 wt.% of H2 are released in 
the second step from the mixture of NaH + Mg.

NaMgH3 + 86 kJ mol-1
heat storage

heat recovery
NaH + Mg + H2

(Eq. 3)

NaH + Mg Na + Mg + 1/2 H2 (Eq. 4)

The reaction enthalpy for the first step is 86 kJ mol-1 H2, 
slightly higher compared to pure MgH2 with a ΔRH of 
75 kJ mol-1 H2. At 410 °C the hydrogen dissociation pres-
sure is only 2 bar and at 500 °C around 11 bar [9]. The high 
reaction enthalpy in combination with a flat pressure 
plateau and negligible hysteresis (Figure 2.3) makes 
NaMgH3 a potential and interesting material for heat 
storage in solar and other heat applications. Since long-
term behavior of the material is unknown, this compound 
is currently under ongoing investigation.

An interesting material for heat storage useable at 
higher temperatures than MgH2 is Mg2FeH6 with a gravi-

Fig. 2.2: Equilibrium pressure of MgH2 depending on the 
temperature [6].
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metric hydrogen content of 5.5 wt.%. It can be easily pre-
pared from stoichiometric mixtures of Mg and Fe powders 
at 450 °C and at hydrogen pressures between 20–120 bar. 
During the reversible hydrogenation/dehydrogenation 
process, the Mg2FeH6 produces two moles of Mg, one mole 
of iron and releases 3  moles of hydrogen (Equation 5). 
Magnesium and iron are completely immiscible to each 
other and do not produce any kind of alloy or intermetallic 
compound over the whole concentration range. There-
fore, a complete separation into two metallic phases is 
observed during every decomposition process.

Mg2FeH6 + 77 kJ mol-1
heat storage

heat recovery
2 Mg + Fe + 3 H2

(Eq. 5)

Mg2FeH6 shows a somewhat higher reaction enthalpy ΔRH 
compared to MgH2 (77 kJ mol-1 H2 vs. 75 kJ mol-1 H2) result-
ing in a lower dissociation pressures at the same tempera-
ture. The hydrogen dissociation pressure is e.g. 66 bar at 
500  °C for Mg2FeH6 and 100  bar for MgH2. The material 
shows excellent cycle stability under severe conditions 
without any capacity loss. In a cycling test over 50 cycles 
at temperatures of 510  °C (hydrogenation) and 590  °C 
(dehydrogenation) and in a pressure range between 
138–149 bar H2 a constant hydrogen amount of 5.1–5.2 wt.% 
is observed without any degradation [13] (Figure 2.4). 
Under these pressure conditions, heat can be delivered at 
temperatures between 550–556 °C.

The experimentally realized heat storage densities 
without any optimization is 0.54 kWhth kg-1 based on the 
weight and 0.65 kWhth dm-3 based on the volume.

In contrast to Mg and Fe, magnesium and nickel 
produce an intermetallic compound Mg2Ni. The corre-
sponding metal hydride, Mg2NiH4, is also suitable for heat 
storage applications with a theoretical hydrogen amount 
of 3.6 wt.% [14]. During the decomposition of Mg2NiH4 the 
compound Mg2Ni is produced and 2 mol of H2 are released 
(Equation 6).

Mg2NiH4 + 62 kJ mol-1
heat storage

heat recovery
Mg2Ni + 2 H2

(Eq. 6)

The reaction enthalpy ΔRH is only 62 kJ mol-1 H2 [14], lower 
than for MgH2 and Mg2FeH6. Mg2NiH4 can be used for heat 
storage application in a temperature range 230–330 °C 
and shows good cyclic stability over thousands of cycles 

Fig. 2.4: Hydrogen storage capacity of Mg2FeH6. Cycling conditions: 
hydrogenation/dehydrogenation 510/590 °C, 138–139 bar. 
Reprinted from [13], with permission from Elsevier.

Fig. 2.5: Cyclic stability of Mg2Ni. Cycling conditions: hydrogenation/
dehydrogenation 230/330 °C, 0.4–2.8 bar, 3 h for one cycle. 
Reprinted from [14], with permission from International Assoc of 
Hydrogen Energy.

Fig. 2.3: Pressure concentration isotherms of NaMgH3 at different 
temperatures. Reprinted with permission from [9]. Copyright (2011) 
American Chemical Society.
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(Figure 2.5). Under conditions of the long term cycling test 
a heat density of 0.25 kWhth kg-1 is observed.

A possible metal hydride system operating at very 
high temperatures around 900  °C is CaH2. The reaction 
enthalpy of CaH2 is ΔRH is 181  kJ  mol-1 H2 resulting in 
1.19 kWhth kg-1, which is much higher compared to MgH2. 
Like Mg-metal, calcium belongs to the alkaline earth 
metals and forms a similar metal hydride compound. 
Starting from CaH2 it decomposes into Ca metal and re-
leases one mol of hydrogen (Equation 7).

CaH2 + 181 kJ mol-1
heat storage

heat recovery
Ca + H2 (Eq. 7)

CaH2 is currently under investigation as a heat storage 
compound for concentrated solar power systems. The 
Australian company EMC Solar has developed a concept 
for a CST (concentrated solar tower) plant with a CaH2-
heat storage system and a Stirling engine with a continuous 
output of 100 kWel (Figure 2.6) [7]. The released hydrogen 
during the energy storage process is stored in Ti-Fe-
hydride, a low temperature metal hydride with a working 
temperature around 20 °C. Calculated for an 18 h storage 
capacity an amount of 3 tons of Ca is required. The princi-
pal functionality of the CaH2-storage system was shown 
for a 50 kg CaH2 test reactor.

3 Metal hydroxides
Hydroxides for heat storage purposes result usually by re-
action of water (steam) and metal oxides, preferable from 
the alkaline and alkaline earth metals. Decomposition 
reactions with hydroxides of the first alkaline group like 
LiOH, NaOH, KOH, RbOH or CsOH, all of them in liquid 
state, are described in the following equation (Equation 8):

2 MeOH
heat storage

heat recovery
Me2O + H2O (Eq. 8)

Me = Li, Na, K, Rb, Cs

Only LiOH is pointed out as a good storage material for 
solar heat storage. The alkaline earth metal hydroxides 
like Mg(OH)2, Ca(OH)2, Sr(OH)2 or Ba(OH)2 have been con-
sidered as heat storage materials [15].

Me(OH)2

heat storage

heat recovery
MeO + H2O (Eq. 9)

Me = Mg, Ca, Sr, Ba

Beside of them also Cu(OH)2 was proposed as a candidate 
for storage of thermal energy [3]. However, mainly the hy-
droxides Ca(OH)2 and Mg(OH)2 were investigated theoreti-
cally and experimentally. The thermodynamics (Teq,1 bar, 
reaction enthalpy ΔRH298K and reaction entropy DRS298K) 
and operational data (Texothermic, Tendothermic) for these both 
hydroxides are given in Table 3.1.

The data shown in Table 3.1 for the metal hydroxides 
Ca(OH)2 and Mg(OH)2 are based on systems with evapo-
rated water (steam). The operational temperatures 
Texothermic and Tendothermic describe required temperatures for 
discharging or recharging the heat storage system.

In highly superheated steam, MgO is inactive and re-
action rates decrease with enhance of temperature. Below 
230 °C MgO reacts with steam, if it is superheated only in 
the range of 35–75 K [5]. These characteristics were not ob-
served for Ca(OH)2. As emphasized in Figure 3.1 the reac-
tion enthalpy of Mg(OH)2 changes much more in depen-

Table 3.1: Temperatures, enthalpies and entropies for Ca(OH)2 and Mg(OH)2 [3].

Reaction Teq,1bar 
[K]

Texothermic 
[K]

Tendothermic 
[K]

D
RH298K  

[kJ mol−1]
D

RS298K 
[J mol−1 K−1]

CaO(s) + H2O(g) ⇋ Ca(OH)2(s) 752 675 800 109.2 145.2
MgO(s) + H2O(g) ⇋ Mg(OH)2(s) 531 450 550 81.2 152.8

Fig. 2.6: Conceptual 100 kWel calcium hydride reactor with 
thermocline heat storage and TiFe-hydride hydrogen storage,  
© [2012] IEEE. Reprinted, with permission, from [7].
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dence on the temperature up to 500 °C compared to the 
reaction enthalpy of Ca(OH)2 [16].

The capacity degradation of Mg(OH)2 system was re-
ported to be quite high. In one investigation the capacity 
dropped from 95% to 60–70% after 40 cycles (in total 500 
cycles), whereas the capacity of Ca(OH)2 was stable at 95% 
(211 cycles) [5]. Also energy losses, if condensation/
evaporation energy is considered, are higher for Mg(OH)2 
(1/2 of the total energy) than for Ca(OH)2 (1/3 of the total 
energy) [5]. Due to the above mentioned reasons and the 
lower material costs for Ca(OH)2 compared to Mg(OH)2, 
calcium hydroxide is much more attractive for heat storage 
applications. Theoretical and practical heat storage densi-
ties of Ca(OH)2 in relation to the volume are 615 kWhth m-3 
and 246 kWhth m-3 respectively [3, 5].

A heat storage cycle based on Ca(OH)2, with the ex-
changed thermal energies is shown in Figure 3.2 [17]. Each 
value of the transported heat is related to one  mol H2O 
stored as a liquid, which reacts when heat is desired (in 
Figure 3.2 during the night or wintertime) with solid CaO 
at ambient temperature. It is pointed out, that also sensi-
ble heat is needed to cool down the products or for heating 
of Ca(OH)2 in the heat storage reaction at 510 °C.

The temperature of solid CaO can rise as high as 
535 °C, when the reaction with water (CaO sphere in water 
flow at 2 m s-1, 30 °C) takes place [18]. The evolved thermal 
energy is used then for water evaporation and superheat-
ing, and therefore partially uses of the released heat for 

the phase change of water decreases the available heat. So 
the reaction enthalpy for the Ca(OH)2 system is DRH298K =  
73.7 kJ mol-1 if liquid water is considered [5] in comparison 
to 109.2  kJ  mol-1 (see Table 3.1) if there is another heat 
source for the phase change and if steam is already avail-
able. It would be advantageously if CaO could be operated 
within an industrial application, which is able to exchange 
steam for some purposes, such as power generation using 
steam turbines. When liquid water is stored, also the heat 
of condensation has to be consumed by an appropriate 
cooling device. In this case, it would be an energetic 
advantage, if any application is available which can 
consume the superheated low pressure steam (e.g. 5 bar at 
589 °C [1]).

Recent investigations at DLR Germany have shown 
new results for material data of Ca(OH)2 and CaO regard-
ing heat capacity, reaction enthalpy and kinetics [19]. In 
laboratory experiments Ca(OH)2 was tested with partial 
pressures of H2O up to 0.956 bar and also 100 cycling tests 
were carried out without any significant losses of conver-
sion ability. The equilibrium partial pressure of 1 bar was 
achieved at 505  °C and the estimated reaction enthalpy 
was 104.4 kJ mol-1. In the past, equilibrium pressures up 
to 50 bar at 800 °C (94 kJ mol-1 reaction enthalpy) were 
reported [20] and experiments with melted material at 
1000  bar were published [21]. However one problem 
for  the operation of Ca(OH)2 reactors is the tendency 
towards agglomeration of the material particles and the 

Fig. 3.1: Enthalpy of dehydration reaction in dependence on 
temperature for Ca(OH)2 and Mg(OH)2, reprinted from [16], with 
permission from Elsevier.

Fig. 3.2: Heat storage cycle of Ca(OH)2 system with separately stored 
products CaO and H2O at ambient temperature [17].
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low permeability of the packed bed. The drawback of per-
meability seems to be solved in optimized reactors, when 
steam flows through the reactor [22], but agglomeration is 
still a problem [23]. Other demerits of metal hydroxides 
used as materials for heat storage applications are their 
poor heat transport characteristics [24] (thermal conduc-
tivity of Ca(OH)2 is in the range of 0.6 W m-1 K-1 [25]), possi-
ble crystallization after dehydration [26] and sintering at 
higher temperatures [27]. The reaction kinetics are en-
hanced and the decomposition temperature of Ca(OH)2 is 
decreased, when dopants like Ni(OH)2, Zn(OH)2 or Al(OH)3 
are used [28]. Also additives like Zn, Al and Cu were tested 
as admixtures to Ca(OH)2 and prepared to pellets [29]. 
These additives can significantly increase the reaction 
rate with Al as the most advantageous one. However pel-
letized Ca(OH)2 shrinks after dehydration and because of 
volume expansion during rehydration, cracks are gener-
ated, so the shape of the pellets after several cycles can 
vanish and the pellets are destroyed.

As mentioned above the thermal conductivity of 
calcium hydroxide is very low and therefore improve-
ments in this field are necessary. The insertion of copper 
fins in the packed bed were investigated and showed very 
good enhancement of heat transfer characteristics [17]. 
Heat transport can be improved, if fluidization of the ma-
terial particle can be achieved [1], which is currently under 
investigation. It is worthy to mention, that also combined 
Ca(OH)2-CaCO3 systems were investigated [30]. In this case 
instead of carbonation of CaO, Ca(OH)2 reacts with CO2 to 
CaCO3. In this case the carbonation of calcium hydroxide 
takes place at lower temperatures compared to the car-
bonation of CaO, with higher conversion rates and posi-
tive effects concerning material aging.

The heat storage systems on the basis of metal hy-
droxides can be operated in such a way, that the heat 
transport can be realized directly or indirectly as pointed 
out for Ca(OH)2 in [1]. In the former case steam and inert 
fluid is entering the reactor charged with CaO, when heat 
demand occurs. The inertial fluid transports the heat to 
the heat demand, which is produced from the reaction of 
steam and calcium oxide. In the opposite case, when heat 
should be stored, a thermal energy carrying inertial fluid 
at appropriate temperature enters the reactor. Than the 
heat is stored during the decomposition of the metal hy-
droxide and the mixture of both fluids (inertial fluid and 
the steam) escape the vessel. This direct heat exchange is 
more effective compared to a transport with an additional 
heat exchanger installed in the heat storage reactor. In the 
later case, the heat storage system can be used as a closed 
system. After the separation of CaO and steam, the storage 
of both products is desired [1] or the steam can be 

exchanged for some other purposes without storage. For a 
closed heat storage system, when additional storage 
volume for condensed steam is needed, a volumetric heat 
capacity of 364 kWhth m-3 can be achieved, whereas in an 
open system a volumetric heat capacity of 462 kWhth m-3 
was reported [1]. Beside the DLR system for heat storage 
based on Ca(OH)2 there are only few known constructed 
heat storage systems [25].

4 Metal carbonates

Metal carbonates are further potential candidates for 
high-temperature heat-storage systems. The decomposi-
tion reactions of metal carbonates provide similar possi-
bilities of heat-storage to the hydroxides.

Among the carbonates, CaCO3 has been considered as 
the most promising heat-storage material [31]. Depending 
on the manageable CO2-pressure, a CaCO3 based system 
appears to be suitable for high-temperature heat-storage 
above 700 °C [32]. The construction of a heat storage 
system with metal carbonates follows the same logic as 
applied to the metal hydrides with an intermediate storage 
of CO2. The necessary pressure for liquefaction of CO2 at 
room temperature is around 60 bar. Storage of CO2 under 
these conditions reduces the volume for the intermediate 
gas storage significantly.

CaCO3 + 167 kJ mol-1
heat storage

heat recovery
CaO + CO2

(Eq. 10)

Fig. 4.1: Equilibrium decomposition pressure of the system CaCO3/
CaO/CO2 depending on the temperature for [33].
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The process described by the above equation is also known 
as the calcination of limestone to produce the widely used 
chemical compound quicklime.

The equilibrium temperature at 1 bar of CO2 is 896 °C, 
reaction enthalpy at 1 bar is ΔRH = 167 kJ mol-1, and the 
storage capacity of the solid is 0.6 kWhth kg-1. Assuming a 
porosity of 50% – the volumetric storage capacity is 
670  kWhth  m-3. Taking into account the volumes of the 
tanks of a complete heat storage system, the volumetric 
storage density amounts to 113 kWhth m-3 [34].

CaCO3 is one of the most abundant compounds on 
earth and is found frequently in geologic settings. The 
pure calcium carbonate minerals are calcite, aragonite 
and vaterite. The majority of CaCO3 used in industrial pro-
cesses is extracted by mining or quarrying. Pure CaCO3 
can be prepared from burnt lime by adding water to give a 
solution of Ca(OH)2 and passing CO2 through the solution 
to precipitate CaCO3.

In the heat storage process, the carbonate is decom-
posed to CO2 and metal oxide. The reversible reaction 
leads to the release of the reaction enthalpy by absorbing 
the CO2. The output temperature of the reactor can be con-
trolled by adapting the CO2-pressure: If the CO2-pressure 
during the carbonation-process is higher than the CO2- 
pressure during the decarbonation-process, then the car-
bonation-reaction will take place at higher temperatures 
than the temperatures where the decomposition of CaCO3 
had occurred [31].

Regarding the working pressures it is found, that for 
the heat storage process, e.g. the decarbonation of 
CaCO3,  the pressure of CO2 has to be below half of the 
equilibrium-pressure of CO2 in order to obtain usable reac-
tion rates [35].

In comparison to the hydroxides differences result 
due to higher decomposition temperatures and higher 
storage capacities. Furthermore, the desorbed CO2 has to 
be stored in an adequate way, e.g. as a liquid by mechanical 
compressing is. This leads to parasitic losses of energy [5].

Alternative methods for storing the CO2 are
–– absorbing the CO2 on other metal oxides or
–– adsorbing the CO2 on appropriate adsorbents.

For the discharge of the high temperature heat the stored 
CO2 has to be released thermally at a lower temperature 
level in order to react with the calcium oxide.

Such systems can be build up as chemical heat pumps 
(CHP). E.g., a CaO/CO2 + PbO/CO2 - system has been inves-
tigated as CHP with the capability to store heat at 900 °C 
(decarbonation of CaCO3) and to release heat up to 997 °C 
(carbonation of CaO). The heat storage capacity of this CHP- 
system was evaluated to 0.22–0.25 kWhth kg-1 [36, 37, 38].

The system CaO/CO2 has been investigated as a prom-
ising possibility for high-temperature heat-storage since a 
long time. It had been found, that the decarbonation-
carbonation cycle of CaCO3 in the form of a powder with 
particle sizes around 10 μm is not wholly reversible. Fur-
thermore, there is also a continuous loss of reversibility 
with increasing number of reaction-cycles, which is ex-
plained mainly by a decrease of the surface area of CaO by 
sintering of the particles. It has also been shown, that the 
reaction-cycle using significantly smaller CaO-particles 
(10  nm), where the reaction of CO2 with CaO is not 
diffusion-controlled, can be made almost wholly revers-
ible [39].

Further enhancements of the long-term stability could 
be achieved by introducing an inert framework, e.g. of 
CaTiO3, in the CaO-reactant [40].

Until now, the practical application of the experimen-
tal and theoretical investigations concerning CaCO3 as 
heat storage material in field-scale is not performed.

5 Conclusion
The intermediate storage of heat will become an important 
point in future energy systems to compensate the fluctuat-
ing production of electricity and heat from renewable and 
carbon based power plants. In comparison to other heat 
storage systems, thermochemical reactions can store much 
larger amounts of heat on different high temperature 
levels. In thermochemical gas-solid reactions with H2O, H2 
or CO2 as gaseous compounds all gases are only working 
media and not consumed or burned during the heat 
storage and heat release. Thermochemical heat storage 
systems are self-regulated and the status of the system 
depends only on the in- and output of energy. Metal hy-
drides, metal hydroxides and metal carbonates are im-
portant systems currently under intensive investigation. 
Indeed, such systems have already been investigated in 
the past, but now they attract new attention for the 
storage of heat in solar thermal power plants or as inter-
mediate storage of heat in conventional power plants. 
Most of the described systems were not tested on a tech
nical scale until now. Scientific and engineering chal-
lenges (e.g. heat conductivity, kinetics) must be solved in 
the next years, before these systems can be successfully 
implemented in new developed energy systems based on 
renewable production. They have the potential to become 
an important part for sustainable and ecological handling 
of energy.
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