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Abstract

Heat energy extracted from nuclear reactors so far has been used only for power generation.

As it is known, there are industrial processes such as iron manufacturing, coal gasification and so on,

which mainly consist of thermal energy process. Recently, cleaner fuels such as hydrogen and

methanol are highly expected to resolve global warming and oil shortage problems. From the view

point of best energy mixing or highly developed energy system, it is important to study the possibility

of making effective use of thermal energy from the nuclear reactors for different kinds of industrial

applications and for producing cleaner fuels.

In order to realize the usage of high temperature heat (around 1023-1273 K) from the nuclear

reactors, development of thermal energy utilization system like heat storage, heat transportation, heat

pump, etc. are essential. However, it is very difficult to store large amount of heat energy at very high

temperatures. Among the thermal energy storage methods, thermochemical energy storage seems very

appropriate for storing high temperature heat since chemical energy storage, in principle, needs a

minimum of thermal insulation as the thermal energy is converted into chemical bonds and is stored as

chemical bonding energy. Moreover thermochemical storage can store large amount of energy per unit

mass and can also perform as a heat transformer.

As research works on the chemical reactions for heat energy storage are rather scant, simple

thermal dissociation reactions have been investigated for energy storage and are compared in terms of

their thermodynamic, reaction equilibrium and physical properties of the involved reactants.

Among them CaO/CO2 reaction system seems very promising because (i) its energy storage

density is very high (-0.42 kcal/kg) (ii) CaCO, dissociates at 1123 K under 101 kPa of CO2 pressure

(iii) the reaction products are free from toxicity and corrosiveness (iv) the CaO-CO2 reversible reaction

has no side reaction and (v) the CaCCX, raw material is abundantly available.

Dissociation of CaCO., produces CO2 gas which has to be stored (1) as compressed gas (2)

in the form of other metal carbonates by letting the CO2 gas reacts with other metal oxides or (3) as

adsorbed CO2 by adsorbing the CO2 gas with appropriate adsorbents like zeolite. Each corresponding

exergy values, COP (coefficient of performance) and the upgraded temperature in heat upgrading
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configuration was evaluated.

Repeated carbonation/decarbonation of CaO was carried out by TGA (thermogravimetric

analysis technique) to study the reactivity of CaO when it underwent repeated heat absorbing/releasing

processes. It is found that under 101 kPaof CO2 pressure, CaCO3 completely decomposes at 1123 K

and that reactivity and conversion of CaO is faster and higher with increase in temperature for

temperatures lower than that of the decomposition temperature.

The ability to generate high temperature heat around 1273 K by CaO-CO2 reaction is

confirmed by means of carbonating CaO in a lab-scale adiabatic reactor. During these carbonation

experiments, pseudo-steady state conditions prevailed in which the reactant bed temperatures are, e.g.

about 1220 K for loaded CO2 pressure of 200 kPa and about 1300 K for CO2 pressure of 600 kPa,

etc. From this, it is concluded that the CaO-CO2 reversible reaction can be used not only for energy

storage but also for transforming heat at a certain temperature to a relatively higher temperature; e.g.

heat at 1123 K will be used for decomposing CaCO3 at 101 kPa pressure, whereas, heat at about

1220 K will be generated when CaO is made to react with CO2 of 200 kPa.

Such issues as the enhancement of reactivity of CaO, heat and mass transfer in the reactor

packed with CaO particles are now being studied for realizing this CaO/CO2 heat storage system from

a practical point of view.

1. Introduction

It is well known that demand for energy had again restarted to expand at a significant rate.

Moreover, it has been predicted that the demands will grow enormously also in developing countries

in the near future. Hence, in order to establish a secure total energy system for our future needs, it is

essentially important to re-organize current energy utilization systems.

There are various types of primary energy resources, such as fossil fuels, nuclear fuels and

natural energy, etc. For most cases, energy included in these fuels is extracted at first as thermal

energy in the form of steam or hot gases through boilers, combustors, nuclear reactors, etc. The

generated steam or hot gases are subsequently transported and then used in heating processes and

other applications, or are converted into electrical energy by means of steam or gas turbines. Thus,

it is noticed that energy is used through the combination of the conversion among heat, electricity,

substances, motion and light. In particular, heat energy is not only the first form being converted

from fuels, but also is one of the energy forms that participated in all energy conversions that appear

in the systems. This fact implies that an innovative advancement of conversion technology between

heat and other forms of energy may be a breakthrough for the ultimate energy utilization.

So far, heat energy extracted from nuclear reactors has been used only for power generation.

As it is known, there are industrial processes such as iron manufacturing, coal gasification, etc. which

mainly consist of thermal energy processes and also recently, cleaner fuels such as hydrogen and
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methanol are highly expected to resolve global warming and oil shortage problems. From the view

point of ultimate energy utilization or highly developed energy system and of broadening the nuclear

energy utilization, it is important to study the possibility of making effective use of thermal energy

from the nuclear reactors for different kinds of industrial applications and for producing cleaner fuels.

In order to realize the usage of high temperature heat (around 1023-1273 K) from the nuclear

reactors, development of thermal energy utilization system like heat storage, heat transportation, heat

pump, etc. are essential. However, it is very difficult to store large amount of heat energy at very

high temperatures. Among the thermal energy storage methods, thermochemical energy storage

seems very appropriate for storing high temperature heat since chemical energy storage, in principle,

needs a minimum of thermal insulation as the thermal energy is converted into chemical bonds and is

stored as chemical bonding energy. Moreover thermochemical storage can store large amount of

energy per unit mass and can also perform as a heat transformer.

Many candidate reaction systems have been reviewed [1] and the CaO/CO2 systems very

promising because of its high energy storage density, absence of toxic reactants, etc. Thermal

operation efficiency of some of the heat storage systems employing CaO/CO2 reaction are evaluated.

The kinetics of the CaO-CO2 reaction in the region 773-1273 K has been studied and the ability to

generate heat at temperatures aroung 1273 K by the CaO-CO2 reaction is verified by means of

carbonating CaO particles in a lab-scale adiabatic reactor.

2 . Operating principle of a CaO/CO2 heat storage system

Reversible chemical reactions can absorb large amount of energy during their endothermic

decomposition reaction and this absorbed energy can be extracted at any time by letting the

decomposed products to react and form back into the original substance again. Table 1 lists some

of the candidate reactions and the respective turning temperature T* (the temperature at which the

formation of reaction products is favorable), and the reaction enthalpy. Among these reversible

thermochemical reactions, carbonate and hydroxide types are the only reaction types that are free from

toxic reactants. However, hydroxide system is subjected at very high temperatures (above 773 K)

where the steam pressure is excessively high. In carbonate type reactions, CaO/CO2 reversible

reaction seems very attractive, because

(i) its energy storage density is very high (-0.42 kcal/kg)

(ii) CaCO-, dissociates at 1123 K under 101 kPa of CO2 pressure

(iii) energy can be stored for a very long time as the reaction products can be readily stored separately

(iv) the reaction products are free from toxicity and corrosiveness (v) the CaO-CO2 reversible reaction

has no side reaction

(vi) the CaCO, raw material is abundantly available.

The operating principle of CaO/CO2 heat storage system can be expressed by a box diagram

as shown in Fig. 1. In each vessel a substance with the different pressure-temperature equilibrium
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Table 1. AH0 and T* of some thermochemical energy storage systems

. _ . w

J ^ • System [kJ/mol] W
1 Ammonia ^Ammonium sails system

2 NH3 (g) < = > N2 (g) + 3 H2 (g) 59 468

NH4HSO4 (!) < = > H2O (g) + NH3 (g) + SO3 (g) 335 740

~2 "GarFonatesystem ™

Z11CO3 (s) <==> ZnO (s) + CO2 (g) 67 406

MgCO3 (s) <==> MgO (s) + CO2 (g) . 125 670

CaCO3 (s) < = > CaO (s) + CO2 (g) 176 1110

SrCO3(s) <==> SrO (s) + CO2 (g) 234 1381

"1 jFTuorlile system
KDF4 (s) <==> KF(s) + DF3 (g) 109 978

2 NF3 (s) < = > N2 (g) + 3 F2 (g) 130 945

~4 RycEcie system

system

10 Organic systems

C2H6 (g) < = > C2H4 (g) + H2 (g)

C6HJ2 (g) < = > C6H(5 (g) + 3 H2 (g)

CH4 (g) + H2O (g) < = > CO (g) + 3 H2 (g)

CH4 (g) + CO2 (g) < = > 2 CO (g) + 2 H2 (g)

— 4 1 1 —

LiH(s) < = > Li(s) + 1/2 H2 (g) 88 1220

NaH(s) <==> Na(s) + 1/2 H2 (g) 88 735

Mg(OH)2(s) < = > MgO(s) + H2O (g) 84 531

Ca(OH)2 (s) < = > CaO (s) + H2O (g) 109 752

Sr(OH)2 (s) <==> SrO (s) + H2O (g) 126 852

LiOH (I) < = > l/2 Li2O (s) + H2O (g) 59 1004

Ca(NO3)2(s) < = > CaO(s) +2NO2 (g) + 1/2 O2 109 740

L1NO2 (s) + L1NO3 (s) <==> 2 LiO (s) 4- 2 NO2 (g) 109 1089

^>xide""pcr6xT(Ie~svstems
DaO2(s) < = > 2DaO(s) + 1/2 02 (i) 7 5 1 0 2 9

8 Sulfate system

MgSO4 (s) < = > MgO (s) + SO3 (g) 280 1470

CaSO4 (s) < = > CaO (s) + SO3 (g) 402 2145

5O3 system

SO3(g) <==> SO2 (g) + l/2O2(g) 109 1055

138

205

205

247

1136

568

961

. 959
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Heat Storing mode

B ( g ) mi-

Vessel-1 Vessel-2

Heat absorbed at T(medium) Heat rejected at T(low)

Heat Generation mode

B(g) I'-

Vessel-1 Vessel-2

Heat generated at T(high) Heat absorbed at T(medium)

Note:
AB = CaCO3, Ca(OH)2
B = CO2, H2O, Alcohol
C = MgO, zeolite, active

carbon, etc.

Fig. 1 Conceptual operation diagram of chemical heat
pump
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relationship for the working fluid CO2 is packed. In heat storing mode, when vessel-1 is heated at a

temperature TM (773-1073 K), the decomposition of CaCO3 takes place and the working fluid CO2

gas is released. This CO2 gas is absorbed or condensed in the other vessel. The process

mentioned corresponds to the heat storage into the substance CaO. In heat generating mode, vessel-

2 is sealed off and is heated at TM and the pressure of CO2 in this vessel will become higher than that

of CO2 in the vessel-1. By opening the connecting valve, CO2 gas will move to vessel-1 and will

react with CaO. As the reacting gas pressure is much higher than the CO2 pressure during

decomposition at TM, the reaction heat will be obtained at a higher temperature T(I. The above

processes can be conveniently expressed by means of temperature and pressure parameters in the

form of logP vs. log 1/Temploying the equilibrium temperature-pressure relationships as in Fig. 3(a-

c).

Three cases are considered with regard to vessel-2 that functions as a storage for the

decomposition product CO2 gas and that regulates the pressure of the working fluid CO2 gas in the

system:

2.1 Case l:CaO-CO2-compressor system

Vessel-2 is composed of a compressor and the decomposition product CO2 gas from CaCO,

is compressed and sotred as a compressed gas (Figs. 2a and 3a). In these figures, heat source at

TM (773 K) is used for decomposing the CaCQ, in vessel-1 under 0.01 kPa CO2 pressure. The

product CO2 is cooled down toTL (373 K) where it is compressed and stored at PH (1100 kPa). The

stored CO2 gas under high pressure is heated to TM (773 K) and is made to react with the CaO in

vessel-1 and the carbonation reaction will occur at the temperature TH (-1273 K) which is in

equilibrium with the loaded CO2 pressure of 1100 kPa.

2 .2 Case 2:CaO-CO2-MgO system

Vessel-2 is packed with an inorganic oxide such as MgO, CaMgO2, ZnO, etc. The

decomposition product CO2 from vessel-1 is made to react with the oxide at temperature TLand is

stored as a chemical substance in the form of another carbonate (Figs. 2b and 3b). In the figures,

the product CO2 is cooled down to TL (478 K) where it reacts with MgO and forms into MgCO,. In

heat generating mode, MgCO, is first heated to TM (773 K) where it decomposes and releases CO2 at

pressure PH. The released CO2 is then let to react with CaO in vessel-1 and the reaction heat will be

generated at temperatureTH.

2 .3 Case 3:CaO-CO2-zeoIite system

Vessel-2 is packed with an appropriate CO2 adsorbent material such as zeolite, activated

carbon, etc. Since the adsorptivity at lower temperatures is very much higher than that at higher

temperatures, large amount of CO2 gas can be stored by this way (Figs. 2c and 3 c).

When evaluated, it is found that the thermal operation efficiencies of the above three systems

are quite comparable to one another (Fig. 4).
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Fig. 4 COP vs. upgraded temperature of Fig. 5 Conversion of 5 u\m CaCO;, to CaO

CaO-CO2 energy storage systems with various when decarbonated under various temperature

CaO-CO2 storage systems. Note: in Zeolite#l and 101 kPa N2. Note: no loss in weight is

system, it is assumed that adsorption of CO2 by observed for decarbonation under 973 K and 1

zeolite occurs within (4g of CO2/100g of kPaCO2.

zeolite) to (lOg/lOOg), whereas in Zeolite#2

system it is within (4g/100g) to (16g/100g).

3. Experimental

3.1 Study of decarbonation reaction of CaCO3

Experiments are carried out with 5 |J.m particles of limetsone (99.5% CaCO,) in a Shimadzu

TG-50H thermogravimetric apparatus.

The sample is placed in the TGAand is heated with a heating rate of 50 K.min"1 under 101

kPa CO2 atmosphere. At a predetermined temperature, the CO2 gas is shut off and pure N2 gas or

N2-CO2 gas mixture is introduced.

3.1.1 Result and discussion
It is observed that dissociation of CaCO, started to occur around 823 K under 100% N2 gas

atmosphere. The rate of dissociation increases with the increase in temperature and the conversion

rate became quite significant around 873 K. Fig. 5 shows the conversion of CaCO., to CaO when

decarbonated at 923-973 K under 100% N2 atmosphere. It can be seen that decomposition is almost

complete for decarbonation at 973 K within a few minutes whereas the conversion reached only a

mere 10% for 20 minutes of decarbonation at 923 K. Fig. 6 shows the conversion for the

decarbonation of CaCO, at 1073 K under various partial pressures of CO2 gas. It ciLn be seen that

for a certain temperature, the rate of decomposition is strongly suppressed by the presence of CO2 gas

molecules: the higher the CO2 partial pressure, the slower is the decomposition rate.
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Decarbonalion of
5 [lm CaCO3
P(= 101 kPa

T=1073K

1

0.9

0.8

0.7

X 0.6

| 0.5

I 0.4
u

0.3

0.2

0.1

2 4 6 8 10 12 14 16 18 20

Time t, [min]

Fig. 6 Conversion of 5 |im CaCO, to CaO

when decarbonated under 1073 K and various

CO2 partial pressures. Note: no loss in weight

is observed for decarbonation under 10 kPa

CO2.

0D-
0

1073 K

Calcined calcite 5 (Im
P(total) = 101 kPa
CO2 =20-100 vol. %
Temperature 673-973 K

o
•
O
O

100%
80%
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20%

673 K
t
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Time [min]

50 60

Fig. 7 Conversion of 5 (im CaO to CaCO3

when carbonated under 673-1073 K and 20-

101 kPa of CO2 partial pressure for 1 hr.

It is concluded that the decomposition reaction of CaCO3 can be used for absorbing thermal

energy at temperatures around 823 K and higher and it is required that the heat storing mode (Figs. 1,

3) should be carried out at CO2 partial pressures lower than the eqilibrium dissociation pressure of

CaCO., related to the temperature of heat source.

3 . 2 Study of carbonation reaction of CaO

In these experiments, about 5 mg of CaCO, sample is placed in theTG and is heated with a

heating rate of 50 K.min"1 under 100% N2 atmosphere. The sample is calcined at 1123 K for 15 min.

Then it is cooled down to a predetermined temperature. When the temperature is reached, N2 gas is

shut off and carbonation reaction is started by introducing the CO2 gas.

3.2.1 Result and discussion
Fig. 7 shows the conversion of CaO to CaCO, when carbonated under various temperature

and pressure. It can be seen that although the initial reaction rate and final conversion increases with

the increase in temperature, the initial reaction rate for a certain temperature is almost independent of

the CO2 partial pressure in the 40-100 kPa range.

It is concluded that the heat energy stored in the substance CaO can be extracted by letting it

react with CO2 gas (Vessel-lb in Fig. 2).

- 4 1 6 -



JAERI-Conf 96-010

3.3 Verification of heat upgrading ability of CaO/CO2 reaction
3.3.1 Sample preparation

Limestone of 1 mm are calcined at 1123 K for 3 hr under atmospheric condition in a muffle

furnace. When the furnace has been cooled down to 773 K, the calcined sample is withdrawn and is

placed in a dessicator where it is cooled down to room temperature.

3.3.2 Apparatus
Reactor of 50 mm(|) x 230 mmH is placed in a molten salt bath which is kept at 773 K.

Schematic diagram of the reactor is shown in Fig. 8. Three thermocouple leads are placed along the

central axis at 35, 70 and 105 mm points from the bottom of the reactor. The reactor is provided

with vacuum pump, pressure recorder and a CO2 supply.

3.3.3 Procedure

Calcined sample is filled into the reactor to a height about 120 mm. Then the reactor is

sealed off and the air trapped inside the reactor is removced by vacuum pump. Pressure inside the

reactor is maintained at 0.1 kPa until the temperature inside the reactor is equal to that of the molten

salt bath. Then CO2 gas is slowly introduced into the reactor to a certain desired pressure where it is

kept throughout the experiment.

To Vacuum
Pump

1400

1300

1200

1100

I 1000

900

800

700

Phase-1
Phase-2

Phase-3

Adiabatic Carbonation of
0.7 mm Calcined calcilc
with 100% CO2

CO2 pressure

Bed temperature
at
r/R = 0, z/Z=0.5

To = 77T K

608 kPa

304 kPa

206 kPa

Thermocouples
placed 35 mm
apart from base
of reactor

Insulation

Heating Coil

x = Thermocouples

Molten salt bath
773 K

CO2
Buffer
Bottle

CO2
Cylinder

15 200 5 10

Time [min]

Fig. 9 Temperature profiles of the CaO

reactant bed when it is carbonated adiabatically

under CO2 pressures of 200-700 kPa.

Fig. 8 Schematic diagram of the lab-scale

adiabatic packed bed reactor used for

verification of the temperature upgrading ability

of the CaO-CO2 reaction.
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3.3.4 Results and Discussion

The temperature profile of the reactant bed for the adiabatic carbonation experiments with

206, 304 and 608 kPa CO2 pressures are shown in Fig. 9. It can be seen that the temperature of the

bed is raised from 773 K to about 1273 K within the first one two minutes (phase-1) due to heat

generated during the fast initial reaction between CaO and CO2. For the CO2 pressure of 206 kPa,

the temperature of the bed is upgraded to about 1200 K, whereas, if theCO2 pressure is at 608 kPa,

the temperature of the bed reaches 1300 K. It is estimated that about 40% conversion has to be

attained so that the amount of reaction heat generated will be sufficient to elevate the temperature of the

whole reaction medium to 1273 K.

The temperature of the reactant bed remains almost constant at the elevated temperature for

about 15 minutes (phase-2). As the' pseudo-steady state1 exists for a certain period, the temperature

and pressure prevail during phase-2 are considered to be in pseudo-equilibrium. The temperature of

the reactant bed later falls gradually (phase-3) to that of the molten salt bath at 773 K.

In this way, heat energy at 773 K of the reactant bed is transformed to high temperatures

during phase-1 and phase-2 of the reaction.

4 . Conclusion

It has been pointed out that in order to broaden the use of nuclear energy, development of

high temperature thermal energy utilization system like heat storage, heat pump, etc. are essential.

For storing large amount of heat energy at high temperatures, CaO-CO2 reversible seems

very attractive. In this paper, three energy storage methods employing CaO-CO2 reaction has been

proposed and their respective thermal operation efficiency are evaluated.

From the decarbonation/carbonation experiments carried out by thermogravimetric technique,

it is found that:

heat energy can be stored in the substance CaO by heating the carbonate material CaCQ,

under appropriate temperature-pressure conditions

the heat energy stored in the substance CaO can be extracted again by letting it react with

CO2.

By lab-scale adiabatic carbonation experiments, it has been verified that the temperature of

the reactant bed can be transformed from 773 K to temperatures around 1273 K by carbonating with

CO2 of 200-600 kPa pressures.
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