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a b s t r a c t

A two-step thermochemical cyclic process to capture CO2 from atmospheric air via consecutive CaO-
carbonation CaCO3-calcination reactions is investigated using concentrated solar energy. A kinetic
analysis of the carbonation of CaO with dry and moist air containing 500 ppm CO2 is performed in a
fluidized bed solar reactor with particles directly exposed to high-flux thermal irradiation. The CO2

removal capacity was examined in the temperature range 290–390 ◦C and water vapor concentration
range 0–17%. Complete CO2 removal was achieved from a continuous flow of moist air at 390 ◦C and res-
idence times of less than 1.5 s, while the extent of CaO-carbonation was almost doubled by the addition
of water vapor. Kinetic models that account for consecutive chemically and diffusion-controlled regimes
ir

arbonation
inetics
olar energy
adiation
luidized bed reactor

were applied to describe the carbonation rate with dry air, limited initially through interface reactions
and later through reactant penetration across the layer of CaCO3 until reaching the unreacted core. In
contrast, a chemically-controlled rate law was applied to describe the augmented carbonation rate with
moist air, which proceeded through the formation of an interface of water and/or OH ions at the solid
surface not covered by CaCO3. The corresponding reaction orders and Arrhenius rate constants were

he ex
determined by fitting to t

. Introduction

In previous papers [1–3], the chemical thermodynamics, reac-
ion kinetics, and materials recyclability were investigated for

novel thermochemical cyclic process aimed at the continu-
us removal of CO2 from ambient air using concentrated solar
nergy as the source of high-temperature process heat. The cycle
s based on consecutive CaO-carbonation and CaCO3-calcination
teps, through the reversible reaction:

aO(s) + CO2(g) = CaCO3(s) (1)

he capture of CO2 from air – vis-à-vis its capture from a flue gas
tream – is evidently a thermodynamically less favorable option.
owever, air remediation could become necessary for stabiliz-
ng the global CO2 concentration in the atmosphere in view of
ncreasing emissions derived from transportation and other dis-
ributed sources [4–7]. In this case, the CO2 capture plant could
e strategically located next to a source of renewable energy and
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to the final storage site, such as inhabited deserts with high solar
irradiation and vast geological storage reservoirs. Calcium-based
materials have been applied as CO2 sorbents in reformers [8–10],
gasifiers [11], and combustors [12–18]. Recyclability by calcina-
tion is crucial. Sorbent deactivation is mainly attributed to sintering
[12–14,16–18], but reactivation is accomplished by hydration with
intermediate formation of Ca(OH)2 [2,3,19–21].

CaCO3(s) + H2O(g) = Ca(OH)2(s) + CO2(g) (2)

The CO2–CaO reaction proceeds through an initially rapid and
chemically-controlled regime, followed by a transition to a slower
diffusion-controlled regime [2,22–26]. The addition of water vapor
significantly enhanced the reaction kinetics [2,27,28].

In this paper, an experimental investigation on CaO-carbonation
with air is reported using a solar-driven fluidized bed reactor.
Examined are the effects of the reactor temperature and water
vapor concentration on the reaction kinetics and CO2 removal
capacity, with the aim of minimizing water feed and temperature
level to reduce the energy penalty associated with evaporation and

superheating in large-scale commercial applications. Kinetic rate
laws are formulated for the reactions with dry and moist air, and
their rate constants are determined by fitting to the experimen-
tal data obtained with reactants directly exposed to concentrated
thermal irradiation. The results may be directly applied to guide

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:aldo.steinfeld@ethz.ch
dx.doi.org/10.1016/j.cej.2009.10.004
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Nomenclature

Ar Archimedes number
C CO2 concentration [ppm]
dp particle diameter [m]
d∗
p dimensionless particle diameter

g gravitational constant [N/kg]
Ea apparent activation energy [kJ mol−1]
k kinetic rate constant [s−1]
k0 pre-exponential factor [s−1]
L0 total pore length [1/m2]
n number of moles
q frequency distribution fraction [%]
p∗

H2O equilibrium partial pressure of water [bar]

R ideal gas constant [J mol−1 K−1]
R2 coefficient of determination
Remf Reynolds number at minimum fluidization velocity
S0 surface area available for reaction [m2/cm3]
T temperature [◦C]
t time [s]
X reaction extent
Xu ultimate conversion
umf minimum fluidization velocity of binary mixture

[m/s]
umf,0 minimum fluidization velocity of coarse particles

[m/s]
u* dimensionless velocity
ut terminal fall velocity [m/s]
ut,c terminal fall velocity of coarse particles [m/s]
ut,f terminal fall velocity of fine particles [m/s]
u∗
t dimensionless terminal velocity [m/s]

u0 superficial gas velocity [m/s]

Greek letters
ε0 porosity
�f density fluid [kg/m3]
�p density particle [kg/m3]
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197.5 Å) using the solar-driven fluidized bed reactor, as described
previously [3]. SiO2 coarse particles (MERK #1.07711.1000; BET
specific surface = 1.73 m2/g; average pore size = 48 Å) were added
to facilitate fluidization and avoid sintering. Mean particle sizes
� viscosity fluid [Pa s]
˚ sphericity

he design of solar reactors with similar heat and mass transfer
haracteristics.

. Experimental set-up

The laboratory-scale solar reactor prototype is depicted in
ig. 1. The details of its design and its performance for conducting
onsecutive CaO-carbonation and CaCO3-calcination cycles were
escribed previously [3]. The main engineering features are sum-
arized here. It consists of a 25 mm-o.d. 22 mm-i.d., 25 cm-height

uartz tube containing a fluidized bed of CaO particles. Experimen-
ation was carried out at the ETH’s High-Flux Solar Simulator: a
igh-pressure Ar arc close-coupled to an elliptical reflector that
elivers an external source of intense thermal radiation and simu-

ates the heat transfer characteristics of highly concentrating solar
ystems [29]. With this arrangement, the fluidized bed is directly
xposed to concentrated thermal radiation, providing efficient heat
ransfer to the reaction site. The nominal fluidized bed and off-

as temperatures were measured by thermocouples type-K. The
ncoming gas (synthetic air) and liquid (water) flows are controlled
y electronic flow controllers (Bronkhorst HI-TEC) with the operat-

ng ranges 0–5 l/min and 0–1 l/min and an accuracy of ±2% for gas
nd liquid flows, respectively.
Fig. 1. Scheme of experimental set-up, featuring a fluidized bed reactor directly
exposed to concentrated thermal radiation.

Synthetic air containing 500 ppm CO2 (manufactured gas mix-
ture of 79.5 vol% of N2, 20.5% of O2, 500 ppm of CO2, <200 vpm of
H2O) was used in all experimental runs, as this concentration in
the ambient air is predicted by the time the proposed technology
would become indispensable. No differences in the reaction kinet-
ics are expected if live air were used, unless contaminated with
species (e.g. by-products from combustion processes) that react
with CaO/CaCO3. The CO2 content of the gaseous products was
analyzed by an IR system (Siemens Ultramat 23) equipped with
two detectors for the ranges of 0–1000 ppm and 0–5%, at 1 Hz sam-
pling rate and 0.2% range detection limit. Particle size distribution
of solid reactants was measured by laser scattering (HORIBA LA-950
laser scattering analyzer). Specific surface area was determined by
N2 adsorption at 77K (Micromeritics TriStar 3000). Composition of
solid products was determined by X-ray powder diffraction (XRD,
Bruker AXS D8 Advance 40 kV, 40 mA, Å, 2� = 10–70◦, 0.05◦ step).

The reactor was loaded with 6.5 g of 3 wt% CaO–SiO2. CaO parti-
cles were obtained by carbonation–calcination of Ca(OH)2 powder
(Fluka # 21181; BET specific surface = 17.4 m2/g; average pore size
Fig. 2. Particle size distributions of binary mixture CaO/SiO2.
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Table 1
Summary of particle dynamics characterization.

d̄p × 106 [m] �p [kg/m3] ˚ umf × 102 [m/s] ut × 102 [m/s]

CaO 8 3350 0.70 – 0.634
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SiO2 200 2650 0.95 3.45 156
Mixture – – – 2.76 –

f CaO and SiO2 were 9 and 229 �m, respectively, as determined
y the bimodal distribution function shown in Fig. 2. BET specific
urface area of the sorbent binary mixture CaO/SiO2 was 2.3 m2/g
ith an average pore size of 94 Å. The specific surface area of
aO particles in the binary mixture, estimated from the mass frac-
ions, was 20.7 m2/g. The laboratory fluidized bed reactor operated
eliably with the selected particle sizes. Fine powders with high
pecific surface area enhance the reaction kinetics, but may intro-
uce handling complications in scaled-up reactor designs. The use
f inert additives, such as SiO2, causes an energy penalty dur-
ng the calcination stage, but the binary mixture may be replaced
y pelletized limestone. For a binary mixture comparable to the
ne used in this study, with a mass fraction of 95% of coarse
articles and 5% of fines, umf/umf,0 ≈ 0.8 [30], where umf,0 is the min-

mum fluidization velocity of the coarse particles determined from
31]:

r0 = 24.5Re2
mf,0 + 1650Re2

mf,0 (3)

ith

e2
mf,0 = dp,c · umf,0 · �f

�f
(4)

ence, umf,0 = 0.0345 m/s and umf = 0.0276. The terminal velocities
f the single CaO and SiO2 particles are calculated according to [32]:

∗ = dp
[
�f (�p − �f )

�2

]1/3

(5)

∗ = u
[

�2

�(�p − �f )

]1/3

(6)

t
∗ =

[
18

(d∗
p)

2
+ 2.335 − 1.744˚

(d∗
p)

0.5

]−1

, 0.5<˚< 1 (7)

ssuming the SiO2 and CaO sphericities ˚SiO2
= 0.95 and

CaO = 0.7(32), the corresponding terminal velocities are
t,c = 1.56 m/s and ut,f = 0.000634 m/s. The results of the particle
ynamics characterization are summarized in Table 1.

The fluidized bed was first heated under Ar to the desired
teady-state temperature, and then exposed to the reacting gas:
ynthetic air (“dry air”) or a mixture of synthetic air and water
apor (“moist air”). A synthetic air mass flow rate of 2 ln/min1 was
ept constant throughout all the experiments. The temperature
as varied in the range 290–390 ◦C. The water vapor concentration
as varied in the range 0–17%. An upper limit of 17% was cho-

en, as this concentration was already shown in the cyclic process
o result in fast CO2 uptake [3], and lower concentrations imply a
eduction in the energy penalty for water evaporation and super-
eating. The reaction extent of CaO-carbonation, XCaO, is defined

s:

CaO = 1 − nCaO(t)
nCaO,0

(8)

1 ln denotes liters at normal conditions; mass flow rates are calculated at 273 K
nd 1 bar.
eering Journal 155 (2009) 867–873 869

where nCaO,0 is the initial CaO molar content and nCaO(t) is the
CaO molar content at time t as determined from the measured
CO2 in the product gases. Equilibrium composition computa-
tions [33] indicate that the intermediate formation of Ca(OH)2
is thermodynamically favorable when CaO is reacted with moist
air. The partial pressure of water vapor for all performed runs,
except those with the water vapor concentration of 3% and
4.9% at 390 ◦C, was higher than the equilibrium vapor pressure,
given by p∗

H2O [bar] = 8 × 106 exp(−12512/T [K]). Note however
that the intermediate formation of Ca(OH)2 by hydration of CaO is
continuously consumed during carbonation [34,35], as XRD mea-
surement confirmed that Ca(OH)2 was not present in the final solid
products.

3. Results and discussion

The reaction extent of CaO-carbonation with air (containing
500 ppm CO2) at 390 ◦C as a function of the reaction time is shown
in Fig. 3 for various water vapor concentrations in the range 0–17%.
The corresponding CO2 concentration in the outlet air flow exiting
the fluidized bed is shown in Fig. 3b. For all runs at 390 ◦C, complete
CO2 removal is achieved from a continuous air flow at residence
times of 1.1–1.3 s during a first reaction stage. This stage lasted
between 1190 s at 0% H2O–air and 1830 s at 4.9% H2O–air. In the
dry air case, the rate of CaO-carbonation varies as the reaction pro-
gresses and is initially controlled by chemical reaction and later –
when a thicker product layer is formed – by diffusion [24,25]. In the
moist air case, the initial linear stage corresponds to the chemically-
controlled regime, while the slow-down stage corresponds to a
combined chemically and diffusion-controlled regime [34,35]. Final
reaction extent of CaO-carbonation with air at 390 ◦C as a function
of water vapor concentration is shown in Fig. 3c. XCaO increases
from 0.35 with dry air to 0.5 with moist air containing 3% H2O
after 2500 s. At these conditions, the formation of Ca(OH)2 is ther-
modynamically unfavorable. A further increase of the water vapor
concentration to 17%, where Ca(OH)2 is thermodynamically stable,
has practically no influence on the final reaction extent. Thus, aug-
mentation might not be attributed to the intermediate formation
of Ca(OH)2. Presumably, the catalyzing surface effect by steam is
the primary driver, which is consistent with previous observations
[35].

The extent of CaO-carbonation with dry air (containing 500 ppm
CO2) as a function of the reaction time is shown in Fig. 4, for
isothermal runs in the range 300–390 ◦C. The data points are the
experimentally measured values, the curves are the numerically
modeled values described in the following section. The reaction is
characterized by an initial rapid chemically-controlled regime fol-
lowed by a transition to a diffusion-controlled regime governed by
CO2 diffusion through the solid CaCO3 layer [2,24,25]. Clearly, the
reaction rate in both regimes is augmented by an increase of tem-
perature [25] leading to higher conversion and reaching XCaO = 0.35
at 390 ◦C after 2500 s.

The extent of CaO-carbonation with moist air (containing
500 ppm CO2 and 3% H2O) as a function of the reaction time is
shown in Fig. 5 for isothermal runs in the range 300–380 ◦C, and
with moist air (containing 500 ppm CO2 and 4.9% H2O) as a func-
tion of the reaction time is shown in Fig. 6 for isothermal runs in the
range 290–375 ◦C. The data points are the experimentally measured
values, the curves are the numerically modeled values described in
the following section. Clearly, the presence of water vapor enhances

the surface kinetics by the adsorption of CO2 on the solid surface by
OH-groups [2]. As already observed in Fig. 3, an increase of the water
vapor concentration from 3 to 4.9% has practically no influence on
the final conversion, reaching XCaO = 0.49–0.52 at 375–380 ◦C after
2500 s.
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Fig. 3. (a) Extent of CaO-carbonation as a function of time at 390 ◦C with air containing 500 ppm CO2; (b) corresponding CO2 concentration in the outlet air flow exiting
the fluidized bed; (c) reaction extent after 2500 s of CaO-carbonation as a function of time at 390 ◦C with air containing 500 ppm CO2. The parameter is the water vapor
concentration of the inlet air, in the range 0–17%.

Fig. 4. Experimentally measured (data points) and numerically modeled (curves) extent of the CaO-carbonation with dry air containing 500 ppm CO2 as a function of time
for isothermal runs in the range of 300–390 ◦C, by applying (a) the Bhatia and Perlmutter model and (b) the Lee model.
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Table 2
Kinetic parameters in the consecutive chemically-controlled and diffusion-
controlled regimes by applying Lee’s model.

T [◦C] Chemically-controlled Diffusion-controlled

k [s−1] Xu k [s−1] Xu

−4 −4
ig. 5. Experimentally measured (data points) and numerically modeled (curves)
xtent of CaO-carbonation with moist air containing 500 ppm CO2 and 3% H2O as a
unction of time for the isothermal runs in the range 300◦–380 ◦C.

. Kinetic modeling

.1. Dry air carbonation

Since the rate of CaO-carbonation with dry air varies with XCaO
Fig. 4), the experimental data was divided into the two consecutive
hemically-controlled and diffusion-controlled regimes with tran-
ition at 731, 516, 1401 and 1664 s for 300, 340, 355 and 390 ◦C,
espectively. Firstly, Bhatia and Perlmutter’s model [25], which
akes into account the internal pore structure of CaO, is applied
o describe the apparent kinetics of CaO-carbonation in the two

egimes. It is expressed by:

for the chemically-controlled regime:

1
 

[√
1 − ln(1 − X) − 1

]
= kt (10)

ig. 6. Experimentally measured (data points) and numerically modeled (curves)
xtent of CaO-carbonation with moist air containing 500 ppm CO2 and 4.9% H2O as
function of time for the isothermal runs in the range 290–375 ◦C.
300 1.06 × 10 0.13 1.68 × 10 0.11
340 1.48 × 10−4 0.23 1.93 × 10−4 0.17
355 1.69 × 10−4 0.35 2.1 × 10−4 0.39
390 1.7 × 10−4 0.83 2.6 × 10−4 0.81

for the diffusion-controlled regime:

1
 

[√
1 − ln(1 − X) − 1

]
= k

√
t (11)

with  being structural parameter defined by:

 = 4�L0(1 − ε0)

S2
0

(12)

where L0 is the total pore length, ε0 is porosity, and S0 is
the surface area available for reaction. Assuming that the pore
characteristics of the synthesized CaO particles are comparable
to those of the initial Ca(OH)2 determined by BET analy-
sis, L0 = 6.65 × 1014 [1/m2] (assuming a cylindrical pore model),
ε0 = 0.2, and S0 = 193 [m2/cm3], yielding  = 0.176. Eqs. (10)
and (11) were fitted to the experimental data by varying the
value of k and using an error minimization algorithm based
on Nelder–Mead method [36]. The solid lines of Fig. 4a cor-
respond to the numerically modeled XCaO. The corresponding
Arrhenius plots are shown in Fig. 7a. The apparent activation
energies and pre-exponential factors obtained by linear fitting
are: Ea,chem = 8.2 kJ mol−1, Ea,diff = 15.3 kJ mol−1, k0,chem = 0.0012 s−1

and k0,diff = 0.43 s−1 for the chemically-controlled and diffusion-
controlled regimes, respectively. The coefficient of determination
R2, defined as R2 = cov(Xexp, Xmodel)/var(Xexp) var(Xmodel), is higher
then 0.99 and 0.96 in the chemically and diffusion-controlled
regimes accordingly for all curves considered. The divergence
between the experimental and modeled data in the diffusion-
controlled regime is attributed to the possible discrepancy in the
morphology between the initial Ca(OH)2 and the synthesized CaO.

Secondly, Lee’s model [24], which was developed on Bhatia and
Perlmutter’s data, is also applied to describe the apparent kinetics
of CaO-carbonation in the two regimes. It is expressed by:

dX
dt

= k
(

1 − X

Xu

)n
(13)

where n is a reaction order, and Xu is the ultimate conversion of
CaO at which the rate of carbonation approaches to zero, and k is
the intrinsic chemical reaction rate. Integrating Eq. (13) yields:

for the chemically-controlled regime (n = 1):

X = Xu
(

1 − exp
(

− k

Xu
t
))

(14)

for the diffusion-controlled regime (n = 2):

X = Xut

(Xu/k) + t (15)

Eqs. (14) and (15) were fitted to the experimental data by
varying the values of k and Xu using an error minimization algo-
rithm based on Nelder–Mead method [36]. The solid lines of
Fig. 4b correspond to the numerically modeled XCaO. The val-
ues for k and Xu for both regimes are summarized in Table 2.

The corresponding Arrhenius plots are shown in Fig. 7b. The
apparent activation energies and pre-exponential factors obtained
by linear fitting are: Ea,chem = 4.8 kJ mol−1, Ea,diff = 5.8 kJ mol−1,
k0,chem = 11 × 10−4 s−1 and k0,diff = 9.2 × 10−4 s−1 for the chemically-
controlled and diffusion-controlled regimes, respectively. In this
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hot CO2 exiting during CaCO3-calcination step at 875 C [1,3]. For
both steps of the cycle, high-temperature process heat is supplied
by concentrated solar radiation. Reported energy requirements
for wet scrubbing using alkali metal hydroxides solutions ranged
from 30 to 390 kJ mol−1 of CO2 captured [39]. Since a significant
Fig. 7. Arrhenius plot for k in the chemically and diffusion-controlled regim

ase, the coefficient of determination R2 is larger than 0.999 for all
urves considered. The transition times between the regimes can
e found by solving the system of Eqs. (14) and (15), yielding values
omparable to those computed numerically.

The values of Ea determined by applying Bhatia and Perlmut-
er’s model are about twice those determined by applying Lee’s

odel. Previously reported activation energies are in the range of
9.7–89 kJ/mol for dry carbonation of lime at around 400 ◦C with
O2 partial pressure in the range 10–42% and using commercially
vailable CaO particles of average size 81 �m [24–26,37]. Since CaO
articles synthesized for this study are characterized by smaller
article size and higher reacting surface area, their carbonation is

ess hindered by diffusion limitations and less dependent on tem-
erature, which lead to the smaller values of the activation energy.
or the chemically-controlled regime, the value of the activation
nergy is comparable to that for carbonation with moist air (see
ext section). The direct irradiation of the reactants may stimulate
photochemical enhancement of the reaction kinetics.

.2. Moist air carbonation

Shih’s model [38], appropriately applied for Ca(OH)2 carbona-
ion and for CaO-carbonation in the presence of water vapor [2],
onsiders CO2 adsorption by water molecules and/or OH ions at
he solid surface. The reaction rate is assumed to be chemically-
ontrolled at the Ca(OH)2 surface that is not yet covered by CaCO3,
nd is expressed by:

dX
dt

= k1

[
[1 − (2 − n)k2X]1/(2−n)

]
(16)

here k1 and k2 are proportionality constants and n is the reaction
rder. Eq. (16) was fitted to the experimental data for the CaO-
arbonation with moist air (Figs. 5 and 6) by varying the values
f k1, k2, and n using an error minimization algorithm based on
elder–Mead [36]. The solid lines of Figs. 5 and 6 correspond to the
umerically modeled XCaO, with R2 > 0.99 for both cases. The mean
alue for n is 1 for both experimental sets, which is consistent with
n intrinsic chemical reaction rate-determining regime [38]. Eq.
16) with n = 1 is equivalent to Eq. (14), obtained by applying Lee’s
odel for dry carbonation in the chemically-controlled regime [24].
he Arrhenius plots for k1 are shown in Fig. 8. The apparent activa-
ion energies and frequency factors obtained by linear regression
re Ea = 3.02 kJ mol−1, k0 = 0.00065 s−1 for CaO-carbonation with
oist 3% H2O–air (Fig. 5), and Ea = 5.15 kJ mol−1, k0 = 0.0012 s−1 for
ermined by applying (a) Bhatia and Perlmutter’s model and (b) Lee’s model.

CaO-carbonation with moist 4.9% H2O–air (Fig. 6). The relatively
low values of Ea indicate weak dependence on temperature and
are in a good agreement with previously reported data [2,38]. For
example, Ea = 17.44 kJ mol−1 was obtained by thermogravimetric
analysis of CaO-carbonation with CO2 from moist (50% water vapor)
ambient air [2].

4.3. Energy balance

The required thermal energy input for the complete CaO–CaCO3
thermochemical cycle is 10.6 MJ mol−1 of CO2 captured, assum-
ing 3% water feed in the air during the carbonation step and the
use of heat exchangers to partially recover the sensible heat of
hot air exiting during the CaO-carbonation step at 375 ◦C and of

◦

Fig. 8. (a) CaO-carbonation with moist 3% H2O–air (Fig. 5); (b) CaO-carbonation
with moist 4.9% H2O–air (Fig. 6).
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nput of thermal energy is required to heat (to 375 ◦C) 57.9 kg
f ambient air per mole CO2, the total energy requirement for
he CaO–CaCO3 thermochemical cycle is estimated to be an order
f magnitude higher. For a 55 MWth solar power plant based on
entral-receiver tower technology, similar to the existing commer-
ial plant in Seville, Spain [40], the captured rate would be 6.6 tons
f CO2 per day. Captured CO2 could be either stored or recycled.
hermal splitting of CO2 into separate streams of CO and O2 has
een demonstrated using metal oxide redox reactions [41,42].

. Conclusions

We have performed a kinetic analysis on the CO2 capture from
ir using a solar-driven fluidized bed reactor, in which directly irra-
iated CaO particles were fluidized with dry and moist air. The
resence of steam significantly enhanced the surface kinetics by
he adsorption of CO2 on the solid surface by OH-groups, but a vari-
tion of the H2O-concentration in the range 3–17% had only a weak
nfluence on the CO2 uptake. In contrast, CaO-carbonation with dry
ir was hindered by product layer diffusion. The CaO-carbonation
xtent reached 0.58 and 0.35 at 390 ◦C after 2500 s for moist and dry
ir, respectively. Kinetic models that account for successive chem-
cally and diffusion-controlled regimes were applied, and reaction
rders, activation energies, and pre-exponential factors were deter-
ined by fitting to the experimental data with good accuracy. The

equired solar thermal energy input for the complete CaO–CaCO3
hermochemical cycle was calculated to be 10.6 MJ mol−1 of CO2
aptured, assuming 3% H2O–air during the carbonation step and
he use of heat exchangers to partially recover the sensible heat of
ot air exiting during the CaO-carbonation step at 375 ◦C and of hot
O2 exiting during CaCO3-calcination step at 875 ◦C.
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