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A numerical model coupling transient radiative, convective, and conductive heat transfer, mass transfer, and chemical
kinetics of heterogeneous solid–gas reactions has been developed for a semitransparent, nonuniform, and nonisothermal
particle undergoing cyclic thermochemical transformations. The calcination–carbonation reaction pair for calcium oxide
looping is selected as the model cycle because of its suitability for solar-driven carbon dioxide capture. The analyzed
system is a single, porous particle undergoing thermochemical cycling in an idealized, reactor-like environment. The
model is used to investigate two cases distinguished by the length of the calcination and carbonation periods. The calci-
nation–carbonation process for a single particle is shown to become periodic after three cycles. VC 2015 American Insti-

tute of Chemical Engineers AIChE J, 61: 2647–2656, 2015
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Introduction

Thermochemical cycles are found in important industrial
applications, including thermal energy storage, chemical-
looping combustion, and the production of commodity mate-
rials. Calcium oxide looping is a thermochemical cycle of
recent interest for carbon dioxide (CO2) capture.1 The cycle
is well suited for use with concentrated solar irradiation.2

The high-temperature capture of CO2 via solar calcium oxide
looping promises high efficiencies and capture rates.3 Con-
centrated CO2 is a commodity with applications in the phar-
maceutical, medical, environmental, food and beverage,
petrochemical, oil recovery, metallurgy, and manufacturing
industries,4,5 as well as the production of synthetic transpor-
tation fuels.6,7

In the first step of calcium oxide looping, calcium carbon-
ate (CaCO3) is thermochemically decomposed into concen-
trated CO2 and calcium oxide (CaO) in the endothermic,
solar-driven calcination reaction

CaCO3 ! CaO1CO2; D�h
0

298 K5178 kJ mol21 (1)

In the second step, CO2 is chemically absorbed from a dilute
source by CaO to form CaCO3 in the exothermic, non-solar
carbonation reaction

CaO1CO2 ! CaCO3; D�h
0

298 K52178 kJ mol21 (2)

In a systems for calcium oxide looping, intraparticle heat
transfer, mass transfer, and chemical kinetics are all impor-
tant considerations. The intraparticle phenomena were stud-
ied using numerical models of heat and mass transfer
coupled to calcination chemical kinetics.8–12 Previous perti-

nent studies dealt with radiation and other heat transfer char-
acteristics of reacting particles,13–15 interaction of particles
with high-flux solar irradiation,16 chemical kinetics of both
the calcination17,18 and carbonation3,19–21 reactions, intrapar-
ticle mass transfer effects on kinetics,22–24 and sorbent
degradation.25,26

This research aims at understanding the role of transport
processes in the complete, two-step calcium oxide looping
cycle for CO2 capture driven by concentrated solar irradia-
tion. It extends the chemical kinetics model and conse-
quently, the transient thermal transport model previously
developed12 to the full calcination–carbonation cycle. A solar
reactor for the implementation of the calcination–carbonation
cycle is currently under development.27

Problem Statement

The model system is a single, semitransparent, porous par-
ticle with nonuniform composition and temperature under-
going thermochemical cycling in a reactor-like environment
shown in Fig. 1. The system to be analyzed consists of two
solid-phase species (CaCO3 and CaO) and two fluid-phase
species (CO2 and air). The particle is thermochemically
cycled by alternately being exposed to concentrated irradia-
tion to drive the endothermic reaction and allowed to pas-
sively cool to favor the exothermic reaction.

The local, intrinsic chemical reaction rate depends on tem-
perature, solid phase composition, CO2 concentration, and
particle morphology. Fluid in the pore space moves due to
species diffusion and bulk advection. Convective mass trans-
fer occurs at the particle surface to the surrounding fluid. In
the heat transfer model, conduction is modeled in both the
solid and fluid phases. The solid phase is radiatively partici-
pating while the fluid phase is radiative nonparticipating.
Convective heat transfer occurs between both phases and the
surrounding fluid at the particle surface. Radiative heat
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transfer occurs between the particle surface and the sur-
rounding reactor walls. Ambient conditions and incident irra-
diation are assumed to be uniform over the particle surface.
Physical properties are assumed to be independent of the
polar and azimuthal coordinates.

Governing Equations

The numerical model consists of five volume-averaged,
governing conservation equations; four conservation of mass
equations for the four species of the system and one conser-
vation of energy equation. Constraint equations include a
simplified conservation of momentum equation and the ideal
gas equation of state.

To properly resolve time-dependent composition and tem-
perature profiles within the particle during cycling, mass,
momentum, and energy equations have been included in the
model. Single global time-dependent conversion expressions,
without solving for intraparticle composition or temperature
profiles, have been developed for the calcination28,29 and
carbonation19,30 reactions. However, they have limited
applicability as they are specific to experimental conditions
and do not account for mass diffusion limitations. Conver-
sion limits due to diffusion have been experimentally shown
to occur in carbonating particles.31 Governing equations for
the local solid phase composition, fluid phase composition,
and temperature are included in the numerical model,
because these quantities influence the local intrinsic kinetics
of the calcination22,24 and carbonation20,21 reactions.

Conservation of mass—solid phase

The volume-averaged conservation of mass equations for
CaCO3 and CaO read, respectively

@ 12/ð Þh�qCaCO3
is

� �
@t

5h�r 000i (3)

@ 12/ð Þh�qCaOis½ �
@t

52h�r 000i (4)

where the reaction rate term on the right-hand side is defined
as

�r 000 5
def

2
dNCaCO3

dVdt
5

dNCaO

dVdt
5

dNCO2

dVdt
(5)

NCaCO3
; NCaO, and NCO2

are the local amounts of substance
of CaCO3, CaO, and CO2, respectively. As the solid phase
composition changes, concomitant changes in porosity / are
considered, but the particle radius rp is assumed constant.

Conservation of mass—fluid phase

For the fluid phase, the volume-averaged conservation of
mass equations for CO2 and air read, respectively

@ /h�qCO2
if

� �
@t

1r � h�qCO2
ifh u!fi

� �
5

r � DCO2;effrh�qCO2
if

� �
1j00CO2

s000phase

(6)

@ /h�qairif
� �

@t
1r � h�qairifh u!fi

� �
5r � Dair;effrh�qairif

� �
(7)

where the molar concentrations of CO2 and air change due
to bulk advection, species diffusion, and for CO2, chemical
reaction and transport across the solid–fluid phase boundary.
All pores are assumed active and connected to the particle
exterior. Air is modeled as a single species composed of
79% nitrogen and 21% oxygen. Closure equations for bulk
advection and diffusion are formulated using molar-averaged
effective properties.12

Conservation of momentum

Darcy’s law simplification of the conservation of momen-
tum equation is used to determine the fluid velocity in the
pore space. Darcy’s law simplification is used for its simplic-
ity and appropriateness,32 because fluid velocities are low
enough to maintain laminar flow at all times and locations
within the particle

2r /hpfif
� �

5
lf

K
/h u!fi (8)

where pf is the local fluid pressure, lf is the viscosity of the
fluid, K is the permeability of the porous solid, and h u!fi is
the superficial fluid velocity. The local fluid pressure is eval-
uated using the ideal gas equation as the total fluid pressure
remains low at all times and locations within the particle.

Conservation of energy

The solid and fluid phases are assumed to be at local ther-
mal equilibrium, yielding one conservation of energy equa-
tion for the system

@h�qih�hi
@t

1r � h�qfifh�hfifh u!fi
� �

5r � h�hCO2
ifDCO2;effrh�qCO2

if
� �

1r � h�hairifDair;effrh�qairif
� �

1r � keffrhTið Þ2hr � q!00radi

(9)

where latent heat changes due to bulk fluid advection, fluid
species diffusion, conduction, and radiative heat transfer
within the particle. Property relations for enthalpy and equa-
tions for effective conductivity and radiative heat flux used
in Eq. 9 have been previously reported.12

Initial and boundary conditions

The particle is initially 100% CaCO3, so the cycle starts
with a calcination period followed by a carbonation period.
One calcination period tcalc and one carbonation period tcarb

comprise one cycle tcycle5tcalc1tcarb. A cycle j begins with a

Figure 1. A single particle in a reactor-like environment
with nonuniform composition and temperature.
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calcination period at time instant tj, and the carbonation
period for cycle j begins at time instant tj;calc5tj1tcalc. The
fluid in the pore space initially has the same composition as
the surrounding fluid with no pressure or species concentra-
tion gradients. The particle temperature is initially at convec-
tive and radiative equilibrium with the surroundings. The
surroundings are assumed black and at a uniform and con-
stant temperature Tw.

Time-periodic conditions of the surrounding environment
employed in the model drive thermochemical cycling. There
are two time-periodic environment variables that interact
with the system at the boundary: the surrounding CO2 con-
centration and the incident irradiation. CO2 is absorbed from
a dilute source and released in a concentrated stream. There-
fore for calcination, the surrounding fluid is modeled as a
stream of commodity-grade concentrated CO2 with non-CO2

impurities modeled as air. For carbonation, the surrounding
fluid is modeled as a mixture of air and CO2 with the CO2

concentration representative of coal-fired flue gas

�y1;CO2
5

�yCO2;calc for 0 < t2tj � tcalc

�yCO2;carb for tcalc < t2tj � tcycle

(
(10)

where �y1;CO2
is the surrounding CO2 concentration, �yCO2;calc

is the calcination CO2 concentration, and �yCO2;carb is the car-
bonation CO2 concentration.

During the calcination period, high-flux solar irradiation
drives particle heating and endothermic calcination. The inci-
dent solar irradiation is diffuse and distributed uniformly
over the particle surface. During the carbonation period, the
particle cools by reradiation and convection to allow exo-
thermic carbonation. The external heat flux at the particle
surface varies periodically with time according to

q00surf 5
q00solar for 0 < t2tj � tcalc

0 for tcalc < t2tj � tcycle

(
(11)

where q00solar is the magnitude of the concentrated solar radia-
tion. The transition between periods for both conditions in
Eqs. 10 and 11 occurs as a step change. Values of the
parameters used in Eqs. 10 and 11 are given in Table 1.

The time-periodic surrounding environment variables drive
thermochemical cycling within the system through the
boundary conditions for the fluid phase conservation of mass
equations and the conservation of energy equation. The
boundary conditions for Eqs. 6 and 7 read

h�qiifh u!fi2 Di;eff

@h�qiif

@r

" #
r5rp

5hm;eff h�qiifjr5rp
2�q1;i

� �

(12)

@h�qiif

@r

����
r50

50 (13)

where i5CO2; air. The first term on the left-hand side of Eq.
12 is the advective flux, the second term is the diffusive
flux, and the remaining term on the right-hand side is the
convective mass transfer between the fluid at the particle
surface and the surrounding fluid. The surrounding molar
densities of CO2 and air are, respectively

�q1;CO2
5�y1;CO2

p1
�RT1

(14)

�q1;air5 12�y1;CO2

� � p1
�RT1

(15)

The boundary conditions for Eq. 9 are

keff

@hTi
@r

����
r5rp

5heff T12hTijr5rp

� �

1 aeff;solarq
00
surf1 aeff;wrT4

w2 eeff;prðhTijr5rp
Þ4

(16)

@hTi
@r

����
r50

50 (17)

The numerical model does not take into account particle
degradation and loss of sorbent activity due to cycling or
irreversible morphological changes such as sintering. These
phenomena have been experimentally shown to occur in par-
ticles undergoing cyclic calcination and carbonation33 and
should be considered in the realization of solar calcium
oxide looping CO2 capture.

Chemical Kinetics

The volumetric reaction model is used for both calcination
and carbonation. The reaction rate expressions for both reac-
tions include Arrhenius-type rate constants, morphology fac-
tors, and CO2 partial pressure dependence

�r 00052kcalcs000calcfCO2;calc1kcarbs000carbfCO2;carb (18)

ki5k0;iexp 2Ea;i= �RT
� �

for i5calc; carb (19)

where k is the Arrhenius-like rate constant, s000 is the local,
volume-specific reaction surface area, and fCO2

is a function
describing the CO2 partial pressure dependence. The kinetic
models for calcination of Blanca limestone24 and carbonation
of fully calcined Strassburg limestone20 are used for reac-
tions 1 and 2, respectively.

Calcination kinetics

The volume-specific reaction specific surface area for cal-
cination is given by

s000calc5
sCaCO3

12Xlocalð Þ1sCaOXlocal½ �
1

12/ð Þ
Xlocal

qCaO
1 12Xlocal

qCaCO3

h i (20)

where sCaCO3
is the mass-specific surface area of unreacted,

3%-porous CaCO3, sCaO is the mass-specific surface area of
56%-porous CaO, and Xlocal is the local extent of the
calcination reaction further referred to as the reaction
extent, Xlocal512NCaCO3

=N0;CaCO3
. The Langmuir–Hinshel-

wood mechanism model with the Freundlich isotherm was
found to best predict the dependence on CO2 partial pressure
of experimental data in the temperature range 1048–
1173 K.24 The model has been extrapolated to 1200 K for
use in this work

Table 1. Selected Boundary and Initial Conditions

Variable Value Unit

q00solar 235 kW m22

�yCO2 ;calc 0.99
�yCO2 ;carb 0.15
T0 800 K
Tw 800 K
T1 800 K
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fCO2;calc5
12hð Þ 12

pCO2

peq

	 

for pCO2

< peq

0 for pCO2
� peq

8><
>: (21)

h5
cp

1=2
CO2

for h < 1

1 for h � 1

(
(22)

c5c0exp
2Ec

�RT

	 

(23)

where h is the fraction of active sites occupied by CO2, c is
the adsorption constant, pCO2

is the local partial pressure of
CO2, and peq is the equilibrium partial pressure of CO2, eval-
uated at the local temperature

peq5Aeqexp 2
Beq

T

	 

(24)

Values of parameters used for the calcination reaction rate
constant and in Eqs. 20, 23, and 24 are given in Table 2.
The calcination reaction rate normalized by reaction specific
surface area for selected CO2 concentrations is shown in Fig-
ure 2a. Increasing temperature and decreasing CO2 concen-
tration increases the calcination rate.

Carbonation kinetics

The volume-specific reaction specific surface area for car-
bonation is given by

s000carb5sCaOqCaO 12/CaOð ÞX2=3
local (25)

The CO2 partial pressure dependence for carbonation is

fCO2;carb5
pCO2

2peq for pCO2
> peq

0 for pCO2
� peq

(
(26)

Values for parameters used for the carbonation reaction
rate constant and in Eq. 25 are given in Table 2. The carbo-
nation reaction rate normalized by reaction specific surface
area for selected CO2 concentrations is shown in Figure 2b.
Increasing CO2 concentration results in faster kinetics.
Increasing temperature results in faster kinetics until a maxi-
mum reaction rate for a given CO2 concentration is reached.
Further increasing temperature above the maximum reaction
rate temperature results in sharply declining values until
fCO2;carb50, and consequently zero carbonation reaction rate,
is reached at the local equilibrium temperature.

The overall reaction rate is shown in Figure 3 as a func-
tion of temperature for selected CO2 concentrations. Nega-
tive and positive rate values represent calcination and
carbonation, respectively.

Numerical Solution

The governing equations are solved numerically in space
and time by employing the finite volume method in one
dimension and the explicit Euler time-integration scheme. In
the finite volume method, the central difference scheme is
used to evaluate first- and second-order integrals with
upwinding for advective and diffusive terms in Eqs. 6, 7,
and 9. The spacial domain is discretized into 30 spherical
shell elements with constant thickness Dr. The discrete equa-
tions are solved using a Fortran 90 code developed for this
application. Simulation parameters used for the numerical

Table 2. Reaction Rate Parameters

Variable Value Unit

k0;calc 6:73106 mol m22 s21 [24]
Ea;calc 1:663105 J mol21 [24]
sCaCO3

300 m2 kg21 [24]
sCaO 1:93104 m2 kg21 [24]
qCaCO3

2730 kg m23

qCaO 3350 kg m23

/CaCO3
0.03 [24]

/CaO 0.56 [24]
c0 1:831027 Pa21=2 [24]
Ec 29:33104 J mol21 [24]
Aeq 4:13731012 Pa [34]
Beq 2:04743104 K [34]
k0;carb 1:6731024 mol m22 s21 kPa [20]
Ea;carb 2:93104 J mol21 [20]

Figure 2. Reaction rate normalized by the specific surfare area vs. temperature for selected CO2 concentrations
for (a) calcination and (b) carbonation.
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solution are given in Table 3. The particle has a radius of
2.5 mm. Particles of similar size have been used for pilot-
scale calcium oxide looping for CO2 capture.35

Results

The model is used to investigate two cases: (1) with
period lengths resulting in full calcination of the particle
referred to as the “full-calcination case,” and (2) with period
lengths resulting in full carbonation of the particle referred
to as the “full-carbonation case.” The period lengths for both
cases have been identified in preliminary calculations using
the model presented in this study.

For the full-calcination case, tcalc5300 s and tcarb5800 s.
The length of the calcination period is determined by the
time it takes to completely calcine the particle. Once com-
plete calcination is achieved, the carbonation period begins.
The particle carbonates until the end of the carbonation
period at which time the cycle ends and the next cycle
begins with another calcination period. In the full-calcination
case, the particle does not completely carbonate during the
first or subsequent carbonation periods.

For the full-carbonation case, tcalc530 s and tcarb5190 s.
The length of the calcination period is determined by the
maximum extent of calcination which allows for full carbo-
nation during the carbonation period. The calcination period
proceeds until this maximum extent of calcination is
reached. Then the carbonation period begins, and the particle
carbonates until full carbonation is achieved and the next
cycle starts.

Six cycles were simulated for both cases. After two
cycles, periodicity is achieved, and the third and subsequent
cycles for both cases are identical. All physical and numeri-
cal simulation parameters are taken from Ref. 12 with the
exception of parameters in Tables 1 and 3 as discussed in
the preceding sections.

Full-calcination case

Overall reaction extent, Xoverall512NCaCO3;p=N0;CaCO3;p, vs.
time for the full-calcination case is shown in Figure 4.
Figure 4a shows all six cycles, and Figure 4b shows cycle
j 5 4. At t50 s; Xoverall50, and the cycle starts with a calci-
nation period. The particle heats to the calcination tempera-
ture and begins decomposing into CaO and CO2 at t56 s for
the first cycle and at t5tj15 s for subsequent cycles. Calci-
nation continues until all CaCO3 is consumed: Xoverall51 at
t5271 s for the first cycle and t5tj198 s in subsequent
cycles.

During the carbonation period, the particle cools until the
carbonation temperature is reached, and the particle begins to
carbonate at t5302 s for the first cycle and at t5tj;calc12 s in
subsequent cycles. The particle does not completely carbonate
during the first or subsequent carbonation periods, reaching a
minimum overall reaction extent Xoverall50:397.

During the carbonation period, two regimes are observed.
The regimes are shown in Figure 4b. The change in particle
composition during the first regime, tj;calc < t2tj < tj;calc165 s,
is rapid, while the change in particle composition in the second
regime, tj;calc165 s < t2tj < tj11, is slower. The first regime is
significantly shorter but accounts for approximately 2/3 of the
change in Xoverall during the carbonation period. The second
regime comprises the majority of the time of the carbonation
period, but only accounts for 1/3 of the change in Xoverall.

At the beginning of the calcination period in each cycle, the
particle briefly continues to carbonate before the onset of the
calcination reaction. This brief amount of carbonation can be
seen as a sharp dip in the overall reaction extent at the begin-
ning of each cycle in Figure 4a. Increasing CO2 concentration
in the particle due to increasing surrounding CO2 concentration
elevates the transition temperature between the calcination and
carbonation reactions. The transition temperature falls in the
range 1100–1200 K, depending on the CO2 concentration. The
increasing CO2 concentration and elevated transition tempera-
ture both prolong carbonation. For example, at the location
r=rp50:9; T5804:4 K and �yCO2

50:047 at the beginning of
cycle j 5 4, with a transition temperature of 993:8 K. The tran-
sition temperature for the location r=rp50:9 is reached after
5 s, when T51181:6 K and �yCO2

50:966.
Local reaction extent for four selected locations within the

particle is shown in Figure 5 for j 5 4. At the particle exte-
rior, locations r=rp51:0 and r=rp50:9 begin the cycle with
pure CaCO3 (Xlocal50) at t53300 s and then completely cal-
cine to CaO (Xlocal51) at t53336 s and t53364 s, respec-
tively. Locations r=rp50:8 and r=rp50:7 begin the cycle at
t53300 s when Xlocal50:386 and Xlocal50:687, respectively
and completely calcine to CaO at t53381 s and t53390 s,
respectively.

During the carbonation period, all locations return to their
initial states, completely carbonated for r=rp51:0 and r=rp5

0:9 and partially carbonated for r=rp50:8 and r=rp50:7.
After the carbonation period begins at t53600 s, the r=rp5

1:0 location only exhibits a rapid carbonation regime during
the carbonation period. All other locations shown in Figure 5

Figure 3. Overall reaction rate vs. temperature for
selected CO2 concentrations.

Table 3. Numerical Solution Parameters

Variable Value Unit

Particle radius rp 0.0025 m
Nodes 30 –
Time step Dt 231026 s
Ambient total pressure p1 101, 325 Pa
Free stream velocity u1 0.09 m s21
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exhibit both rapid and slower carbonation regimes, the sec-
ond regime becoming longer with increasing distance from
the particle surface.

After the calcination period, Xlocal51 at all locations in
the particle. After the carbonation period, incomplete local
carbonation at interior locations results in the maximum
local carbonation extent and a non-uniform particle composi-
tion of a porous CaO core, a dense CaCO3 outer shell, and a
region of varying porosity between the two. During cycling,
the particle transitions between these two states.

Figure 6 shows local temperature vs. time for cycle j 5 4 for
four selected locations within the particle. During the calcina-
tion period, three regions are observed. First, rapid heating of
all locations when no chemical reaction occurs; second, a

decrease in the rate of particle heating indicative of chemical
reaction; and finally, temperature stagnation of all locations.
The particle heats until calcination temperature is reached, at
which point the surface of the particle begins reacting. Calcina-
tion is endothermic and therefore inhibits particle heating
while the reaction proceeds. Heating inside the particle pro-
ceeds after calcination in the outer particle zone is complete.
Once all locations have completely calcined, the particle is
allowed to heat to a maximum temperature.

Three regions are also observed during the carbonation
period. First, rapid particle cooling to the carbonation tem-
perature; second, a decrease in the rate of particle cooling,
indicative of the first, rapid carbonation regime, and finally,
near-equilibrium temperature at all particle locations

Figure 4. Overall reaction extent vs. time for the full-calcination case (a) undergoing six cycles and (b) for cycle j 5 4.

Figure 5. Local reaction extent vs. time for the full-
calcination case for selected locations for
cycle j 5 4.

Figure 6. Local temperature vs. time for the full-
calcination case for selected locations for
cycle j 5 4.
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indicative of the second, slower carbonation regime. Carbo-
nation is exothermic and therefore slows particle cooling
while the reaction proceeds. Exterior locations such as the
particle surface reach lower temperatures earlier than interior
locations. However, the differences in temperature between
the locations during the carbonation period are smaller than
the differences during the calcination period.

Full-carbonation case

Overall reaction extent vs. time is shown for the full-
carbonation case in Figure 7. Figure 7a shows all six cycles,
and Figure 7b shows cycle j 5 4. The calcination periods
start with particle heating to the calcination temperature. The
calcination periods end at t5tj130 s, corresponding to
Xoverall50:298. The following carbonation period proceeds
until the particle is completely carbonated, Xoverall50 at
t5tj11. During the carbonation period, rapid and slower
regimes are observed and are shown in Figure 7b. The rapid
regime, tj;calc < t2tj < tj;calc130 s, accounts for a larger frac-
tion of the carbonation period time, 15.8% for the full-
carbonation case vs. 8.1% for the full-calcination case. It
also results in a larger change in Xoverall, 71.8% for the full-
carbonation case vs. 62.5% for the full-calcination case.

Local reaction extent for three selected locations in the parti-
cle for cycle j 5 4 is shown in Figure 8. At the start of the calci-
nation period at t5660 s, all locations are at Xlocal � 0. When
the calcination period begins, the particle surface r=rp51:0 is
the first location to reach the transition temperature and start
calcining at t5666 s. When the carbonation period starts, the
r=rp51:0 location immediately begins carbonating and contin-
ues to carbonate at a nearly constant rate until full carbonation
is reached at t5744 s. Locations near the particle surface begin
calcining after the particle surface and only reach a partially
calcined state. Locations r=rp50:9 and r=rp50:8 begin calcin-
ing at t5670 s and t5672 s, respectively. At the end of the cal-
cination period at t5690 s, locations r=rp50:9 and r=rp50:8
calcine to Xlocal50:418 and Xlocal50:004, respectively.

At the onset of the carbonation period at t5690 s, loca-
tions where Xlocal < 1 briefly experience calcination before

carbonation starts. Residual latent heat and the decrease in
the transition temperature due to decreasing CO2 concentra-
tions extend calcination into the carbonation period until the
temperature decreases below the transition temperature, and
carbonation begins. Interestingly, the location r=rp50:9
experiences the largest increase in local reaction extent, by
27%, when calcination occurs during the carbonation period,
resulting in the maximum local reaction extent Xlocal50:529.

Locations r=rp < 0:9 only experience a small amount of
calcination during the calcination period. The location r=rp5

0:8 has a local reaction extent of Xlocal50:004 at the end of
the calcination period, and even lower values of Xlocal are
observed for r=rp < 0:8. After the calcination period, the
particle composition is predominately a dense, unreacted

Figure 7. Overall reaction extent vs. time for the full-carbonation case (a) undergoing six cycles and (b) cycle j 5 4.

Figure 8. Local reaction extent vs. time for the full-
carbonation cases for selected locations for
cycle j 5 4.
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CaCO3 core, surrounded by a layer of porous CaO. After the
carbonation period, the local reaction extent for all locations
is nearly Xlocal50. During cycling, the particle transitions
between these two states.

Figure 9 shows local temperature vs. time for cycle j 5 4
for four selected locations within the particle. During the cal-
cination period, two regions are observed. First, a region of
rapid particle heating at all locations, and then a region of
decreased particle heating or no particle heating at all. All
locations in the particle initially experience rapid heating
without chemical reaction, then the calcination temperature
is reached and chemical reaction begins, similar to the full-
calcination case. Unlike the full-calcination case, the particle
surface is the only location to completely calcine and experi-
ence a second period of heating during the calcination
period. Other interior locations either only partially calcine
or do not calcine at all, so the temperature of those locations
remains relatively constant below the reaction temperature.
The regions observed during the carbonation period of the
full-carbonation case are similar to the regions observed in
the full-calcination case: rapid particle cooling and periods
indicative of the first, rapid and second, slower carbonation
regimes.

Case comparison

The two cases are compared in terms of the relative
amount of substance and mass of CO2 captured for each
cycle, referred to as the capture capacity

�nc5
NCO2;cycle

N0;p
(27)

nc5
mCO2;cycle

m0;p
(28)

where NCO2;cycle and mCO2;cycle are the amount of substance
and mass of CO2, respectively, absorbed by chemical reac-
tion during the carbonation period only. The cases are also
compared in terms of the theoretical energy required for
regeneration of the carbonated sorbent relative to the inci-
dent energy, referred to as the energetic efficiency

ge5
NCO2;cycleD�h

0

298 K

Qsurf;cycle

(29)

where Qsurf;cycle is given by

Qsurf;cycle5

ðtj11

tj

ð
A

q00surf dA dt (30)

Finally, the cases are compared in terms of the amount of
substance and mass of CO2 captured relative to the incident
energy

�v5
NCO2;cycle

Qsurf;cycle

(31)

v5
mCO2;cycle

Qsurf;cycle

(32)

Values of these five metrics for the representative cycle
j 5 4 for the two cases are given in Table 4.

The full-calcination case has higher capture capacities
than the full-carbonation case, because the particle is used
more extensively to capture CO2 in the full-calcination case.
However, the full-carbonation case has higher energetic effi-
ciency than the full-calcination case. A longer calcination
period is required to fully calcine the particle, resulting in a
higher solar energy input. For energetic efficiency of the full-
calcination case, the increase in the amount of CO2 captured
does not outweigh the required higher solar energy input,
resulting in the observed higher amounts of CO2 captured per
unit solar energy input for the full-carbonation case.

Summary

A numerical model coupling chemical kinetics, mass
transfer, and heat transfer with time-periodic boundary con-
ditions has been developed for a heterogeneous reacting par-
ticle. The thermochemical calcium oxide looping system was
selected as the model reaction system because of its applica-
tion in solar CO2 capture. The model predicts the coupled
transient transport phenomena and chemical reactions at the
intra-particle level.

The model is used to investigate two cases: one in which
full calcination is achieved and one in which full carbonation
is achieved. Both systems reach periodicity after three
cycles. In the full-calcination case, the maximum extent of
calcination achieved at the end of the calcination period is
Xoverall51, and the maximum extent of carbonation is
achieved at the end of the carbonation period and corre-
sponds to Xoverall50:407. In the full-carbonation case, the
maximum extent of calcination achieved at the end of the
calcination period is Xoverall50:302, and the maximum extent
of carbonation is achieved at the end of the carbonation
period, and corresponds to Xoverall50. In the full-calcination
case, the core of the particle remains porous CaO during
cycling, while in the full-carbonation case, the core of the
particle remains dense CaCO3 during cycling.

Calcination and carbonation period times were selected by
trial and error to fulfill the target case conditions. Further

Table 4. Case Comparison

Case �nc nc ge

�v
(lmol J21)

v
(lg J21)

Full-calcination 0.6034 0.2653 0.0336 0.1887 0.0083
Full-carbonation 0.2979 0.1310 0.1658 0.9316 0.0410

Figure 9. Local temperature vs. time for the full-
carbonation case for selected locations for
cycle j 5 4.
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work will include calcination and carbonation period length
optimization pertinent to sorbent particle size selection and
solar reactor design optimization. Choice of period length is
anticipated to be influenced by the reactor size and operation.

Notation

A = area, m2

Aeq = equilibrium partial pressure pre-exponential factor, Pa
Beq = equilibrium partial pressure constant, K

c = adsorption constant, Pa21=2

c0 = adsorption constant pre-exponential factor, Pa21=2

D = diffusivity, m2 s21

Ea = activation energy, J mol21

Ec = adsorption constant energy, J mol21

fCO2
= CO2 partial pressure dependence

h = heat transfer coefficient, W m22 K21

hm = mass transfer coefficient, m s21

�h = specific enthaply, J mol21

D�h
0

298 K = enthalpy of reaction, J mol21

i = species index
j = cycle index

j00CO2
= interphase molar flux, mol m22 s21

k = reaction rate constant, mol m22 s21

keff = effective thermal conductivity, W m21 K21

k0 = pre-exponential factor, mol m22 s21

K = permeability, m2

m = mass, kg
N = amount of substance, mol
p = pressure, Pa

q00 = radiative heat flux, W m22

Q = heat, J
r = radius or radial direction, m
�R = universal gas constant, 8.314, J mol K21

�r 000 = volumetric reaction rate, mol m23 s21

s = mass-specific reaction surface area, m2 kg21

s000 = volume-specific reaction surface area, m21

s000phase = interphase, volume-specific surface area, m21

t = time, s
T = temperature, K
u = velocity, m s21

V = volume, m3

X = reaction extent
�y = molar concentration

Greek symbols
aeff = effective absorptivity
eeff = effective emissivity
ge = energetic efficiency
h = fraction of occupied active sites
l = viscosity, N s m22

nc = mass capture capacity
�nc = molar capture capacity
q = density, kg m23

�q = molar density, mol m23

/ = porosity
v = mass per energy input, lg J21

�v = amount of substance per energy input, lmol J21

Subscripts
calc = calcination
carb = carbonation

eff = effective
eq = equilibrium

f = fluid
p = particle

rad = radiative
surf = surface

w = wall
0 = initial
1 = surrounding

Superscripts
f = fluid phase
s = solid phase
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