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DYNAMIC MODELING OF CARBONATOR FROM CALCIUM-
LOOPING PROCESS USED FOR CARBON CAP E
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ABSTRACT. Carbon capture and storage (CC ch ies are mitigation
measures aimed to reduce CO, emissions fr@n enefigy and other energy-
intensive sectors. Among various CCS techgalo ch¥mical looping systems
(e.g. the calcium-looping process) are ¢ R s potential solutions to
reduce CO, capture energy penalty. T : @ *ents a dynamic mathematical
model of carbonation reactor of calci nggbrocess to be used for carbon
capture in fossil fuel-based po The mathematical model described
the particle distribution in carbon @ding a 1D model for fast fluidization
presented by Kunii and L ie e CO, adsorption efficiency in the
carbonator is divided in_t taking into account the dense and lean
regions of the bed.

Keywords: capture, Ca-looping process, dynamic mathematical
model]
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0 generation sector which use fossil fuels (coal, lignite, natural
gagletc major contributor to the increase of carbon dioxide concentration

in atmosphere and it consequently leads to global warming [1]. In order
im®the climate change modifications, it is now widely recognized that
rge-scale reductions in carbon dioxide (CO,) emissions are required.

However, the first generation CCS technology, i.e. scrubbing with amines, is

nergy intensive [2] and, thus, results in a substantial decrease in the overall
plant efficiency (in the range of 10 net electrical percentage points [1]). To
reduce the costs associated with the capture of CO,, 2nd and 3rd generation
CCS technologies, such as carbonate looping or chemical looping combustion
(CLC) have been proposed [3]. The basic idea of the calcium looping process
is to use calcium oxide as sorbent of CO,, through the theoretically reversible,
reaction: CaO + CO, <> CaCOs.
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validation of the Ca- looping concept has progressed rapidly. The ¢
investigating of the cyclic CO, capture process occurring I|m
been performed in different reactor set-ups, e.g. thermogray
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The use of a Ca-based sorbent as a CO, acceptor was first patented in
1933 and assessed by other scientists for sorption—enhanced hydrogen
production [4], the application of a Ca-based sorbent in a post-combustion
configuration was first proposed by Shimizu et al. (1999) [5]. The Sgerimental

[6,7], packed bed reactors [8, 9] or fluidized bed regactg 13] a rapid
decrease in CO, uptake with number of repeated ¢
calcination was reported.
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In fluidized bed reactors configuration, cagon dj
of a coal-fired power plant is captured by its r
fluidized bed reactor (carbonator) and re
the gaseous phase by producing CaCO
flue gas is vented in to the atmospher
back into CaO and gaseous CO,
produced in the calciner is then re
cycle, while the CO.-rich gas is g
after final purification (figuregp).
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Figure 1. Scheme of the carbonate looping process [14]

Some studies on plant modeling and simulation have also been published
to estimate the performance of complete power plants, which confirm the
inherent thermodynamic advantages of the Ca-looping concept [5, 14, 15].
Abanades et al. [11] adapted the model proposed by Kunii and Levenspiel [16]
for two-region reactor: bubble and emulsion to the conditions of the experiments
carried out in a fluidised bed carbonator and included a full kinetic model for the
carbonation reaction in two stages proposed by Bhatia and Perimutter [17].
According to this kinetic model, carbonation reaction takes places in two stages
at different reaction rate: a first regime of chemical reaction control where
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reaction occurs at the highest velocity and a second period of product layer
diffusion control due to the fact that the CaCO; layer thickness increases. The
models proposed by Hawthorne et al. [18]; Lasheras et al. [14] and Romano
[19] have been based on the core-annulus model of Kunii and LeV
and considered the reactor as a circulating fluidized bed wherg
were distinguished: a bottom dense zone and a lean one locate
most detailed reactor model has been considered which

Romano (2012) [19] that evaluated the CO, concentrgtion in the core
and wall zone of the dense part, and the CO, proflle h one. But a
detailed dynamic model to describe the dynamic be e not presented.
Using modelling and simulation methods, the pot tions of calcium
based chemical looping system to generate usly hydrogen and
power with almost total decarbonisation of investigated too [21].
The goal of this paper is to develop and 13 @ Against experimental data
published in literature a dynamic Qo fyas€arbonator of a Ca-looping
process and to investigate the effe f rent operating conditions on its

performance. @
MATHEMATICAL MODELWG

The particles dlstrlbutlon in the carbonator
is determined by a 1D model for fast fluidization
as presented by Kunii and Levenspiel [16]. In this
model, the reactor is divided into two regions:
the dense region, in the lower part of the riser,
where the volume fraction of the solids, &4 is
constant, and the lean region where the volume
fraction of solids decreases exponentially with
height. In the dense zone, &5 value depends on
the superficial velocity u, and the mean particle
diameter d,. In case of fast fluidization for &5
value a ranges 0.06-0.2 has been suggested by
Kunii and Levenspiel [20]. The radial distribution
consists of dense bottom zone is divided in
two: a leaner core zone and a denser wall
Figure 2. Particle distribution | ZOne with solid volumetric fractions of &5 and

in the carbonator &sw, respectively, figure 2 [16,20].
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The hydrodynamics of circulating fluidized beds

Given the total reactor height H,, the lean and dense zone height H,,
Hy and mass of solids in each zone W, W, could be determin using the
following equations [20].

NG (1)

H= e —e)

H,=H, ~H, \@ )

Wd :AtIOSHdgsd VVI :AtpsH/o (3)
* gd _8

=g 4+ 8 se 4

fimert e K @)

The decay constant (a in€quation 4 is determined from the
values ranging from 2 to 7 s sall for the constant au, [20].

The volume fracti of s at the reactor exit &* could be
determinate by following equaggn:

%is 5
\ T).ps ()
\ uO.IOs

mass velocity of solids at the exit of the riser G, can be
ca ted as a function of terminal velocity ur and superficial gas velocity
ming spherical particles [22].

where

G =23.7pu, exp(— 5.5”—Tj 7)

L2

The terminal free-fall velocity ur, depends on the particle diameter
dp, solid and gas density ps, p, and the viscosity u of the gas under the
given conditions [20].

1/3
& =d, {M} (8)

10



DYNAMIC MODELING OF CARBONATOR FROM CALCIUM-LOOPING PROCESS ...
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Mass balance @
The particle conversion model proposed b s . [23] similar to

that proposed by Bhatia and Perimutter [17] is u in Bhis work. According

to this model, the correlation which defines b lon degree X can be

expressed according to a first order kin e the kinetic constant k;
If 4

is a function of the carbonation de e

dXx 2
E: k, (CCO2 -C - 1'% (I_X)A(CCOZ _CCOZ,eq) (11)
On base of particleg€on model the material balance for the
lean region is:
-C d( co, _CCOz,e )
«© 0 dz - é:gslﬂzkri (Cco2 - CCOZ,eq) (12)

gion is divided into a wall and core region, where the

The
materigl ba@ance described bellow.
ForioEX'
( COWc _CCOZ,eq)Z _
dt

K d(Ceoc = Ceopa)
u, ( o, - coz,q)_ ng,; k, (CCOZ,C _CCOZ,eq)_
- kcw (CCOZ,C - CCOZ,W) (13)

For wall zone:

d(Ccoz,w - CCOZ,eq )

A, " -
diC. , - C » &,
_Ag,w . ( coz,dz co. q)_ . V’ ”.(CCOZ’W— C027eq)+
g,w
t Ag,ckcw(ccoz,c _CCOZ,W) (14)
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where,

and &k, - is the kinetic and volume ratio between the potentially
(CaO and CaCOs;) and the total solids [19]. By combining
model of process with an optimization algorithm and the

published by Charitos et al. in 2011 [24], the k,;value afin ¢
The equilibrium CO, concentration (Ccozeq) iS S equilibrium

pressure the equation proposed by Garcia- Labla@ ation 16).
4.137-10" exp 204 (16)

pCOZ,eq
RESULTS AND DISCUSSION \K
The mathematical m loped has been implemented in the
equation oriented numerical gbm S nvironment Matlab/Simulink 2008. The

dynamic model of carbon dio capture by Ca-looping has been validated with
data collected from pilot plant, lished by Charitos et al. [24] and Rodriguez
et al. [12].

A su r fluidization column characteristics and operating
data, used in thi wpresented in Table 1 [19, 20, 24].
) 2 Table 1. Model parameters
\ameter Carbonator
ean particle size, dp [um] 170/350

Height, H; [m] 12.4
Diameter, D [m] 0.07
Gas velocity, ug [m/s] 4-6
Inlet CO, concentration, Ccozin [mol/m] 1.48
Temperature, T [°C] 650
Pressure, p [bar] 1
Fluidization regime Fast

In Table 2, decay of the CO, carrying capacity, Xy, vs. the carbonation/
calcination cycle number N, for the German limestone used by IFK pilot
plant [12] and value calculated by process simulator is presented.

12
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Table 2. Pilot plant data and simulated results

N=1 N=5 N=10 N=20

exp sim exp Sim exp Sim exp. sim
Ccozin 1.4856 1.4856 1.4856 1.4856 1.4856 1.4856 1.48 1.4856
[mol/m?]
Ccoz,out 0.624 0.6934 1.07 1.1036 1.203 1.221 58
[mol/m®]
X[ 0.58 0.53 0.28 0.26 0.19 0.12

The superficial velocity of the gas has a fgajor 8fect on the particle
distribution in the fast fluidized bed [20]. The hej se region decreases
with the increasing of the superficial velo@ty gas. The most of the
carbonation reaction takes place in t en ion, therefore at smaller
superficial gas velocities much hi caponation degree can be achieved
(Figure 3).

u0=4 m's

___u0=5 s
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Figure 3. Vertical distribution of solid with
variable superficial gas velocity
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The particle diameters of the solid have effect on the particle
distribution in the fast fluidized bed [21]. The height of the dense region
decreases with changing of the superficial velocity of the gas and solid
particle diameter (figure 4).

13
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The most part of thgfica on reaction takes place in the dense
region and more precisely in the wall zone as can be seen from figure 5.
Increasing the superficial velO®ity of the gas the difference between the
concentration of t on dioxide in the wall and core zone becomes

more signific | zone the volume fraction of solids is higher than
in the core z fj entratlon drop there is more noticeable.
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Figure 5. CO, concentration profile for carbonator
for variable superficial gas velocity
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In accord with experimental data, the model predicts that in every
carbonation-calcination cycle the sorbent capacity decreases significant
with the number of cycles. Figure 6 presents the variation of carbon dioxide
concentration with carbonation/calcination number.

Figure 6. Mean CO, cen n profile for carbonator for variable
carbona calcination cycle number

CONCLUSIONS

The dyn&gi n capture evaluation has a highly important role

in establishj p | operation procedure for power plants equipped with
CCS.®i ely Whown that fossil power plants are required to be operated
[ S lo due to the timely variation of the grid demand.
tMg, paper, a dynamic mathematical model of carbonation reactor
-looping process for carbon capture in fossil fuel-based power
pla was developed.
n the developed model has been taken into consideration the particle
istribution in the reactor and the deactivation of the sorbent with the
number of cycles (N). The particle distribution in the carbonator is described
according to the 1D model for fast fluidization presented by Kunii and Levenspiel.
The CO, adsorption efficiency in the carbonator is divided in two terms taking
into account the dense and lean regions of the fluidized bed.

All mathematical equations used in this model have been implemented
in Matlab /Simulink 2008. The dynamic model of CO, capture process has
been validated with data collected from pilot plant, published in literature.

The simulation results showed more than 90 % of the total CO, capture
has occurred in the dense region of the carbonator. The height of the dense
region decreases significantly from 6.5 m to 4 m with the increasing of the

15



ANA-MARIA CORMOS, ABEL SIMON

superficial gas velocity from 4 m/s to 6 m/s, for carbonator. Moreover, within
the dense zone a small difference can be noticed in capture efficiency in
the wall and core zone which becomes significant at higher gas velocities.

Nomenclature

superficial gas velocity in the reactor (m/
particle diameter (m)
total height of the reactor (m)

height of the lean region (m)

height of the dense region (m)
mass of solids in the lean regio
mass of solids in the dense re

mass of solids in the react
decay constant for so n |n lean region (m
cross-sectional area o r (m )

average value of t SO|IdS in the lean region (-)
saturated mass fI ids (kg/m’s)
rti falImg through the gas (m/s)

surface area available for reaction in partlcle havmg

N calcination-carbonation czycles m’ )

BOnal area in the wall zone (m

ctional area in the core zone (m”)

avaage concentratlon of carbon dioxide in a generic CFB riser
s-section (mol/m®)

concentration of carbon dioxide in the core zone (moI/m )

concentration of carbon dioxide in the wall zone (moI/m )

core-wall mass transfer coefficient (s )

first order kinetic constant of the carbonation reaction (s )

equilibrium carbon dioxide partial pressure

time (s)

molar volume (m*mol)

molecular weight of specie i (kg/kmol)

volume fraction of solids in the dense region (-)
volume fraction of solids in the core zone (-)
volume fraction of solids in the wall zone (-)
saturated carrying capacity of a gas (-)

volume fraction of solids at the reactor exit (-)
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Esi volume fractlon of solids in the lean region (-)

o density (kg/m®)

u viscosity (Pa-s)

n contacting efficiency in the CFB riser with respect to a@ideal plug

flow
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