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Abstract−Carbon capture and storage (CCS) technologies are a cornerstone for reducing CO2 emissions from energy
and energy-intensive industries. Among the various CCS technologies, solid sorbent looping systems are considered to
be potentially promising solutions for reducing CO2 capture energy penalty. We present an evaluation module for a
carbonator with sorbent looping cycle to calculate the carbonation efficiency. The module incorporates a simple sor-
bent activity model, and the solid/gas balances are constructed by assuming simple reactor mixing quality. By conduct-
ing simulations, we examine the variation in the carbonation efficiencies as a function of the sorbent looping operation
factors and discuss an optimum operating strategy.
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INTRODUCTION

Carbon capture and storage (CCS) is an important mitigation
technology for reducing anthropogenic CO2 emissions from indus-
trial and energy-related point sources [1]. Several technologies for
CO2 capture including amine scrubbing, ammonia scrubbing, oxy-
combustion, anti-sublimation, calcium looping, and indirect calci-
nation have received great attention. Among these, one of the most
promising technologies from an industrial point of view is the ad-
sorption process based on the reversible reaction of CO2 on spe-
cific metal oxides at high temperatures. CaO-based sorbents have
attracted the most attention owing to their high absorption capac-
ity, wide availability, and low cost. In addition, a state-of-the-art
circulating fluidized bed (CFB) system, used in post-combustion
calcium looping processes, offers relatively small energy penalty
[2,3] since it provides high heat transfer, uniform and controllable
temperature profiles, favorable gas-solid contacting, and the ability
to handle wide variations in particulate properties [4]. A typical
CFB system involves two reactors: the carbonator and calciner or
regenerator. In the first reactor (carbonator), CO2 reacts with CaO
particulates to form limestone (CaCO3), while sorbent regenera-
tion and release of CO2 take place in the second reactor (calciner
or regenerator). The calcination reaction is strongly endothermic
and occurs at temperatures above 900 oC achieved by fuel com-
bustion in the calciner. Pure O2 stream is used as an oxidizing agent
to achieve high CO2 concentrations in the exit gas. On the contrary,
the carbonation reaction is exothermic and is realized at lower
temperatures of 600-700 oC [5].

There are many reports on modeling approaches for describing
the carbon-capture technology, among which the 1-D fluidized
bed model has been widely used [6,7]. Fang et al. [8] determined
the kinetic rate constants for calcium looping cycles and developed
a mathematical model. Wang et al. [9] proposed that dynamic and
cyclic steam injection were favorable for preventing the sintering
of modified CaO-based sorbents and facilitating diffusion. Hejazi
et al. [10] evaluated the effects of key process variables such as
temperature, pressure, and solids circulation rate on the steam gas-
ification of biomass. Sarkar et al. [11] conducted multiphase com-
putational fluid dynamic (CFD) simulations for the regenerator,
besides applying CFD for both the reactors with focus on the flow
characteristics [12,13].

In the area of reactor modeling, Kunii and Levenspiel [14,15]
developed the K-L model to explain and correlate the observed
reaction rate with physio-chemical phenomena occurring in the
fluidized beds. They considered gas-solid mass transfer, gas-solid
heat transfer, and solid catalyzed chemical reactions as factors
influencing the rate. The model has been extensively used to fit
reactivity data from laboratory tests of sorbent deactivation [16].
Meanwhile, there are several reports where simple and empirical
reactor models have been used to describe the apparent kinetics of
CaO carbonation [17,18].

Previously, we developed a partial least square (PLS)-based sor-
bent activity model for a carbonator under batch operation mode
[19]. Since the sorbent activity is affected by the regeneration cycle
number, reactor temperature, and particle size, two design param-
eters for the particle activity model, namely the characteristic time
(t*) and maximum attainable conversion of particles (XN), were
determined as functions of the carbonator operating conditions by
applying the PLS method to experimental data reported in the lit-
erature [17,19]. In the present work, we have developed an evalua-
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tion module for a carbonator with continuous sorbent looping by
incorporating the PLS-based activity model to calculate the CO2

capture efficiency. The carbonator evaluation module is based on
solid and gas balances with the effective average residence time used
as an adjustable parameter. By applying the evaluation module, we
obtain the carbonation efficiencies as a function of the circulation
operation factors and are able to suggest an optimal operating
strategy.

MATHEMATICAL MODELING

1. PLS-based Carbonation Reaction Model
In commercial-scale carbonators, a carbonation reaction occurs

in the fast kinetic-controlled regime, which is followed by a very
slow CO2 diffusion-controlled regime [16]. When the contact time
(t) between the solid absorbent and CO2 is lower than t*, the reac-
tion occurs at a nearly constant rate. The reaction is extinguished
after t* as described in Eq. (1) [16,19]:

(1)

where XN represents the maximum attainable conversion of parti-
cles in the Nth cycle, and usually decreases with increasing cycle
numbers. Since the sorbent activity is observed to vary with the
regeneration cycle number, reactor temperature, and particle size,
two key parameters for the particle activity model, namely t* and
XN, were determined as functions of the carbonator operating
conditions by applying the PLS method [19] to the experimental
data reported in the literature [17]. The cycle number (N), tem-
perature (T), and particle diameter (dp) were studied as manipu-
lated variables (xi), and they were correlated with t* and XN.
Nonlinear terms were included in the input vector to address the
nonlinearity of the relationship as follows (Eq. (2)).

(2)

Finally, a prediction model for quality variables (y=[t* XN]) was
constructed by applying the PLS algorithm in the linear regres-
sion form as follows (Eq. (3); cf. Table 2 in [19] for detailed values).

(3)

2. Continuous Carbonator Model
Eq. (1) allows the calculation of the carbonation rate of an ab-

sorbent particle that is progressing towards XN given by Eq. (3) as
a function of the operating conditions, especially the number of
cycles (N). However, in the presence of circulating particle streams,
i.e., the continuous feed of fresh particles and purging of aged ones
in the carbonator-calciner loop system shown in Fig. 1, a mixture
of particles with different cycle numbers and different activities for
CO2 capture (depending on N) will exist in the carbonator. Assum-
ing that the solid particles are perfectly mixed in both the beds, it
is possible to calculate the inlet flow rates of the kth generated par-
ticles (Fk) into the carbonator and the fraction of active particles (fa, k)
corresponding to the kth generated particles that have not yet fully
reached their maximum attainable conversion (XN

k) as follows:

(4)

(5)

where FR and F0 denote the overall inlet flow rate of particles into
the carbonator and make-up rate of fresh particles into the calciner,
respectively, and τ is the average particle residence time in the car-
bonator. τ is defined by Eq. (6).

(6)

The various symbols in the equation are defined in the Nomencla-
ture section.

Considering the PLS-based simple reaction model, the carbon-
ates leaving the carbonator at the steady state have two contribu-
tions from carbonates converted to their maximum attainable con-
versions (XN, k) depending on the individual cycle number (k) in
the extinguished particles whose contact time (t) is higher than tk

*

and active particles with contact time (t) lower than tk
* still reacting

at the carbonation rate given by Eq. (1). Incorporating these two
contributions, the conversion is calculated as follows (Eq. (7)):

(7)

where  represents the average conversion of the kth regenerated
active particle with a contact time (t) lower than tk

*, and is calcu-
lated by Eq. (8).

(8)

Using Eqs. (1) and (5) for rCaO, k and tk
*, respectively, the average

conversion of the kth regenerated lime particles in the carbonator is

rCaO = 

XN

t*
------  for t t*<

0  for t t*>⎩
⎪
⎨
⎪
⎧

xT
 = xi, xi

2, xixj i≠ , xiln[ ], i, j = N, T, dp( )
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Fk = F0RF
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-----------------, k =1, 2, 3…
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*/τ( )exp

τ = 
WCaO

MCaOFR
------------------

FRX = Σk=1
∞ Fk fa, kXk + 1− fa, k( )XN, k( )

Xk

Xk = 
1

fa, k
------- rCaO, k

0

tk
*

∫
t
τ
-- − 

t
τ
--

⎝ ⎠
⎛ ⎞exp dt

Fig. 1. Scheme of the continuous carbonator with sorbent looping
cycle. The amounts of CO2 in the treated flue gas and con-
centrated CO2 streams are FCO2, in (1−Ecarb) and FCO2, inEcarb, re-
spectively, and their sum is equal to FCO2, in to satisfy overall
mass balance.
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derived as a function of the fractions of active particles (fa, k) as fol-
lows (Eq. (9)).

(9)

Substituting Eq. (9) into Eq. (7) results in the following equation
(Eq. (10)) for the average conversion of the solids leaving the car-
bonator (X).

(10)

The ratio test shows that the infinite series in Eq. (10) is always
convergent.

(11)

Fig. 2 shows that the partial sums of the infinite series in Eq. (10)
converge rapidly within 20 terms under typical operating condi-
tions. As a result, the carbon capture efficiency (Ecarb) is calculated
by substituting the PLS-correlated solid activity model (Eq. (3))
and Eq. (5) into the solid balance (Eq. (10)), as shown in Eq. (12).

(12)

Alvarez and Abanades [20] reported that, for most types of limes
and regeneration number (N), the conversion of solid particles
reaches XN when the gas-solid reaction front is at a distance of ca.
50 nm (εmax) from the pore walls. Thus, the specific reaction sur-
face area SN can be deduced from XN as follows:

(13)

Assuming that the fast reaction regime is dominated by the reac-
tion control of CaO with CO2, the following gas consumption rate
is obtained:

(14)

By combining Eqs. (5) and (13) depending on the PLS-correlated
solid activity model and the gas consumption rate (Eq. (14)), the
carbon mass balance in the gas phase can be written as follows:

(15)

In the above equation, Ecarb and FCO2, in represent the capture effi-
ciency and feed flow rate of CO2 in the carbonator, respectively,
and ks, fin, and Cin on the right-hand side of the equation denote the
kinetic rate constant, molar fraction of CO2, and feed CO2 concen-
tration at the inlet of the carbonator reactor, respectively. By using
the above gas phase balance, it is possible to calculate the axial
concentration profile of CO2 in the carbonator.

Note that the exit carbonation efficiency in Eq. (15) should be
equal to the carbonation efficiency calculated from the solid bal-
ance shown in Eq. (12). However, in some cases, those two values
do not match, which is attributed to the simple assumptions made
regarding the fluid dynamics of the gas (plug flow) and solid
(instant and perfect mixing). When (1) the fraction of fresh cata-
lyst is high (i.e., when there is a large amount of fresh sorbent with
high activity) for a fixed FR, (2) fraction of circulating flow rate is
very high compared to F0 (τeff and τ are low, resulting in high

Xk = XN, k 1− 
1
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⎝ ⎠
⎛ ⎞  − 

1
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1
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∞
Fk

FR
-----fa, kSN, k⎝ ⎠
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Fig. 2. Convergence of the partial sums of the infinite series in Eq.
(10) (carbon solid balance).

Fig. 3. Matching of the solid and gas balances with the effective aver-
age residence time under various solid looping conditions (T=
928 K, dp=0.5 mm, FR=10 mol/s, FCO2, in=5 mol/s, τ=20 min);
(a) F0=5 mol/s (RF=0.67), (b) F0=3 mol/s (RF=0.77), and (c)
F0=1 mol/s (RF=0.91).
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activity as shown in Eq. (5)), and (3) CO2 feed flow rate is low (gas
residence time is very high), the CO2 consumption rate is so high
that the concentration reaches equilibrium even when the gas con-
tact time is lower than t* and thus, the posterior section of the
carbonator is under the stagnant regime. Thus, the carbonator bed
is not completely used, indicating that the actual residence time is
lower than τ. For example, Fig. 3 shows the carbonation efficiency
at the exit when τ is fixed at 20 min and the fraction of FR (RF) is
varied. Clearly, the efficiencies calculated from the gas and solid
balances are different at τ=20, and the actual residence time (τeff),
which is obtained from the intersection between the two balances,
reaches a value close to τ with increasing RF. This is because when
the value of RF is increased, the fraction of fresh catalyst is decreased,
and thus, the CO2 concentration is far from the equilibrium. We
used the simple bisection algorithm to calculate the exact value of
τeff with τ used as one of initial guesses (the other guess is speci-
fied arbitrarily). Finally, τeff is introduced into Eq. (5) as follows:

(5)

RESULTS AND DISCUSSION

The continuous sorbent looping carbonator module with the
PLS-correlated sorbent activity model was applied to operating
conditions that are representative of the actual operation (a power
plant delivering a given flow rate of CO2, FCO2, in). As in the case of
any fluidized bed, there is a need for a good knowledge of the
fluid dynamics inside the carbonator to determine the solid con-
tent (WCaO) and the gas-solid contact quality. However, it is beyond
the scope of the present work to incorporate a detailed fluid dynam-
ics sub-model into the carbonator module. Instead, the objective

fa, k =1− − tk
*/τeff( )exp

Fig. 4. Effects of make-up flow rate F0 on the effective average resi-
dence time and the carbonation efficiency (T=928 K, dp=0.5
mm, FR=10 mol/s, FCO2, in=5 mol/s, τ=20 min).

Fig. 5. Effects of make-up flow rate F0 on the variation in axial car-
bonation efficiency (T=928K, dp=0.5mm, FR=10mol/s, FCO2, in=
5 mol/s, NCaO=20 kmol).

Fig. 6. Effects of circulation flow rate RF on the effective average re-
sidence time and the carbonation efficiency (T=928 K, dp=
0.5 mm, F0=5 mol/s, FCO2, in=5 mol/s, NCaO=20 kmol).

of this work was to determine the principal operating variables to
economically achieve a given carbon capture efficiency.
1. Effects of Make-up Flow Rate F0

Fig. 4 shows the variation in the effective average residence time
and the exit carbonation efficiency as a function of the make-up
flow rate. The exit carbonation efficiency approaches the maximum
attainable value, and the effective average residence time decreases
gradually when the make-up flow rate matches the solid circula-
tion flow rate (FR). When the make-up flow rate is close to one-
half of the circulation flow rate (F0=0.5FR=5 mol/s), the carbon-
ation efficiency is already close to the maximum value. In Fig. 5,
variation in the axial carbonation efficiency is presented corre-
sponding to the make-up flow rate in Fig. 4. Here, it is also ob-
served that when the value of F0 is high, the CO2 concentration
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reaches equilibrium rapidly and the reaction is stagnant in the rear
section. As a result, the effective average residence time is reduced
significantly compared to the actual residence time.
2. Effects of Circulation Flow Rate FR

Figs. 6 and 7 provide results similar to Figs. 4 and 5, except that
the former shows the variation in the circulation flow rate instead
of the make-up flow rate. The average residence time also reduces
linearly depending on the circulation flow rate and, at high circu-
lation rates, the effective average residence time and average resi-
dence time exhibit similar decreasing slopes. Further increase in
the circulation rate leads the reaction into the stagnant regime
(Fig. 7) (see the discussion in section 2: Continuous carbonator
model in the MATHEMATICAL MODELING section).
3. Effects of Carbonator CaO Holding

Carbonator holding weight of CaO (WCaO) is mainly determined
to guarantee the fluidization of solid particles and is also depend-
ing on a given flow rate of CO2 (FCO2, in). In the present work, the
reference value of NCaO (number of moles of CaO) was selected
using the reported value [21]. Fig. 8 shows the effects of two sor-
bent looping reactor operating factors, F0 and FR with different CaO
holding weights on the exit carbonation efficiency. The sorbent
holding weight mainly determined by the fluidization technology
affects the maximum attainable value of the exit carbonation effi-
ciency. In particular, the maximum attainable values are achieved
over the wide range of solid flow rates. Therefore, we deduce that
the optimum operating conditions would occur at the boundary
of the flat surfaces (red surfaces in Fig. 8) of the maximum attain-
able value to minimize the operating costs at maximum efficiency.

CONCLUSIONS

We developed an evaluation module to study the optimal design
and operation of a carbonator for CO2 capture with a continuous
sorbent loop cycle. The carbonator model was constructed by
combining the solid and gas balances with the PLS-based sorbent
activity model under simple kinetic assumption. Simulation stud-
ies confirmed that more than 85% carbonation efficiencies are
achievable over a wide range of two main operation factors, F0 and
FR, by applying continuous sorbent looping. Also, the maximum

carbon capture efficiency with the reduced operating cost can be
retained if these operation factors are selected at the boundary of
the flat regime of maximum obtainable efficiencies.
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NOMENCLATURE

A : carbonator section [m2]
CCO2 : concentration of CO2 [mol/m3]
CCO2, e : equilibrium concentration of CO2 [mol/m3]
Cin : carbonator inlet concentration [mol/m3]
Ecarb : CO2 capture efficiency in the carbonator
fa : volumetric fraction of CaO that reacts in the fast rate regime
fe : molar fraction of CO2 at equilibrium under the reaction

conditions
fin : inlet molar fraction of CO2

FCO2, in : inlet molar flow rate of CO2 [mol/s]
emax : maximum thickness of the CaCO3 layer in the sorbent

particle pores, 50 nm
ks : kinetic rate constant [m4/mol/s]
MCaCO3 : molecular weight of CaCO3 [g/mol]
MCaO : molecular weight of CaO [g/mol]
NCaO : number of moles of CaO held in the carbonator [kgmol]
rCaO : carbonation rate of the active sorbent [s−1]
rCO2 : consumption rate of CO2 [s−1]
F0 : sorbent make-up flow rate [mol/s]
FR : sorbent circulating flow rate [mol/s]
SN : reaction surface in the N cycle [m−1]
t* : characteristic time at which the carbonation rate becomes

zero [s]
WCaO : carbonator holding weight of CaO [kg]
X : conversion of sorbent particles in the carbonator
XN : maximum conversion of sorbent particles in the Nth cycle

Greek Symbols
ρ : density [g/m3]
τ : average residence time [s]
τeff : effective average residence time [s]
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