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ABSTRACT: Calcium looping technology has a high potential for capturing
CO, in cement plants as the CaO-rich purge from the calciner can be used to
replace a sizable fraction of the CaCOj; used as feedstock. Integrating the CaL
process into the cement plant requires the carbonator reactor to operate
under new conditions (i.e, a higher carbonator CO, load, a more active
sorbent, smaller particle sizes). This work analyzes the impact of some of the
new CaL operating conditions on the performance of the carbonator in a
retrofitted 30 kWy, testing facility as there is little experimental information
available nowadays. A wide range of sorbent activities has been tested,
including those corresponding to very large makeup flows of limestone that
would be characteristic of CaL applications in cement plants. The results have
been interpreted using a basic reactor carbonator model that required little
modification of previous versions developed for power plants.
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B INTRODUCTON

One of the largest sources of anthropogenic CO, is the cement
industry which accounts for 5.7% of global CO, emissions.'
Approximately 60% of CO, emissions are inherent to the cement
production process, as they come from the decomposition of
CaCOj to form CaO (used as precursor of clinker). It is generally
agreed therefore that effective CO, emission reductions in the
cement industry can only be achieved by using CO, capture and
storage (CCS) systems. Of these, oxy-fuel combustion and
postcombustion CO, capture technologies seem to be the most
favored.”” As a hybrid technology between the two groups,
calcium looping is recognized as the technolo7gy with a high
potential for capturing CO, in cement plants.*~"” In this process,
a flow of CaO particles is used to capture CO, from a flue gas
stream in a carbonator operating at temperatures close to 650 °C
to form CaCOj;. As a result, a flue gas with a low CO, content is
released to the atmosphere after an effective heat recovery. The
carbonated stream of solids leaving the carbonator is then sent to
a second reactor, the calciner, where the CaCO; formed is
decomposed to regenerate a CaO-rich sorbent. The heat demand
in the calciner is fulfilled by burning a fuel under oxy-fuel
conditions at temperatures slightly over 900 °C. Thus, the CO,
captured from the flue gas as well as the CO, produced during
fuel combustion are obtained in the form of a concentrated gas
stream, ready to be cooled down, purified, and compressed for
storing.

As in the case of other CCS technologies, the capture of CO,
from power plants has been the main R&D focus of recent CaL
developments. For this specific application, CaL has advanced
rapidly over past decade to reach TRL 6-7, and it has been tested
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the CaL system. In principle, CaL could be used to capture CO,
as a standalone postcombustion system retrofitted to the cement
plant without any integration step other than that of a connecting
pipe for the flue gases and some means of using the purge of
solids material arriving from the CaL system in the clinker
oven. ' *'>!151¢ Eor this purpose, a Cal, configuration based on
circulating fluidized bed reactors, similar to the one used for
capturing CO, from power plants, may be adequate. The main
difference between such a configuration and a standard CaL
configuration in power plants is related with the high CO, load
sent to the carbonator (due to the higher concentration of flue
gas from the cement plant) and the use of sorbents with a higher
activity as a consequence of the larger limestone makeup flows
being used in the calciner. Two of key parameters affecting the
CO, capture efficiency in the carbonator are the inventory of
CaO in the reactor bed and the fraction of active CaO. Two of
key parameters affecting the CO, capture efficiency in the
carbonator are the inventory of CaO in the reactor bed and the
fraction of active CaO. Previous studies have shown that is
possible to achieve high CO, capture efliciencies in the
carbonator when operating with solid with low CO, carrying
capacities at the expenses of increasing the inventory of solids in
this reactor.'” As a result, the residence time of the particles in the
carbonator is increased and carbonation conversions close to the
maximum CO, carrying capacity of the sorbent can be achieved.
Also, operating with fine particles would facilitate the use of a
CaO-rich purge in the cement plant.16 However, an inherent
shortcoming of these low integration approaches is that the
energy requirements for calcination of the CaCOj; formed in the
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carbonator increase substantially because part of the CaCOsj is
formed by the reacted CO, that has evolved from the calcination
of the raw meal rich in CaCOs;.

More integrated schemes have also been proposed in order to
reduce the consumption of energy in the calciner of the CaL
system. Some of these processes are aimed at replacing the
existing precalciners in cement plants with the calcium looping
system (as depicted in Figure 1), so that the raw materials fed to
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Figure 1. Basic process scheme of a cement plant operating with a
calcium looping system.

the plant leave the calcium loop completely calcined before
entering the clinker oven.”'*'® In these systems, the raw material
is calcined in an oxy-fired calciner after being preheated, and only
a fraction of the CaO-rich material is sent to the carbonator in
order to capture the CO, from the rotary kiln flue gas. For these
specific configurations, it may be beneficial to use an entrained
flow reactor in order to handle the small particle size required in
the raw mill (below 30 ym), which would imply the development
of advanced process schemes for the entire cement plant
integrated with the calcium looping system to minimize energy
needs.'>'°

Despite the increasing number of publications highlighting the
theoretical advantages of CaL technology in cement plant
environments, there is little experimental information on the
performance of the main reactors operating under conditions
close to those expected of CaL systems designed to capture CO,
from a cement plant (i.e., a higher carbonator CO, load, a more
active sorbent in the solids circulation loop because of the
increased makeup flows of CaCOj3, and small particle sizes to
facilitate clinker reactions in the rotary kiln, etc.). Accordingly,
the aim of this work is to experimentally investigate the effect of
some of these new CaL operating conditions on the performance
of the carbonator reactor in the capture of CO,. For this purpose,
several experimental campaigns were carried out in a small
retrofitted 30 kW, pilot plant made up of two interconnected
circulating fluidized bed reactors. A basic reactor carbonator
model was then applied to interpret the results obtained from the
pilot in an attempt to establish a sounder better basis for the
future scaling up of this technology.

B EXPERIMENTAL SECTION

The results presented in this work were obtained in a 30 kWy,
pilot plant at INCAR-CSIC. The main characteristics of this
facility have been described in detail in a previous work™® and are
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briefly summarized here. The pilot was composed of two
interconnected fluidized bed reactors acting as carbonator and
calciner with an internal diameter of 0.1 m and a total height of
6.0 and 6.5 m, respectively. Each riser was equipped with a
primary cyclone to separate the gas flow from the solid particles.
The stream of solids leaving each riser circulated to the opposite
reactor through a bubbling fluidized-bed loop seal that closes the
pressure balance. A synthetic flue gas was fed to the carbonator
by mixing air and CO, using mass flow controllers. Some
experiments were carried out by adding water vapor to the air/
CO, mixture in order to produce a more realistic flue gas. For this
purpose, a small steam generator with a maximum rate of 2.0 kg
H,O/h was used to supply the continuous flow of water vapor
needed.

The calciner was fed with coal and limestone from two
hoppers using screw feeders. Two gas analysers were used to
measure the composition of the flue gas leaving each reactor.
There were several ports for measuring the pressure and
temperature to facilitate the control of the pilot and the analysis
of the experimental results. The inventory of solids in the
carbonator and calciner was estimated by measuring the pressure
drop in each riser. Ports for sampling the solids were located at
different points in the pilot. These solids were routinely
characterized to measure reactivity toward CO, and CO,
carrying capacity as well as particle size distribution and CaSO,
content as detailed described in previous work.”> The solids
circulation between reactors in this facility can be estimated
continuously by performing an energy balance between the pipe
connecting the loop seal and the riser of the carbonator using the
temperature of the solids at the inlet and outlet as the heat losses
were calibrated according to the wall temperature. The resulting
value can be periodically checked by using a bypass located below
the loop seals, which allowed the solids flow to be diverted to a
dead volume for a certain period of time so that the circulation of
solids can be experimentally measured.

The insulation of the reactors has been recently upgraded, and
additional heating elements have been installed at the top of the
reactors. This has made it possible to increase the thermal power
available for calcination, which is essential for operating with high
limestone makeup flows. New recycle loops have also been
installed so as to maintain a particle size distribution of solids
with finer particles within the calcium loop. These recycles
consisted of a secondary cyclone that captured the particles,
leaving the primary cyclone, and a return leg so that the particles
can be reinjected into the standpipes of the carbonator and
calciner, as depicted in Figure 2.

The initial tests were carried out by calcining a limestone of
high purity (composition of the calcined limestone: 96.13%,,
CaO, 1.19%,, MgO, 1.11%,, SiO, 0.21%,, Fe,0,, 0.10%,,
ALO,, 0.05%,, K,0, 0.01%,, Na,0, <0.05%,, TiO,). A low
ash and sulfur coal was also burned in the calciner (71.1%,,, C,
4.4%.. H, 0.2%,, S, 3.9%.,, ash). Figure 3 exemplifies a particle
size distribution typical of the pilot test carried out in this work.
As one would expect, the material circulating between the
reactors in the primary loop is of a larger particle size (dps, = 76
um in this example). The moderate solids separation efficiency of
the primary cyclones allows small particles to escape toward the
recycle loop, where a large fraction of the solids is captured by the
secondary cyclones. As a result, the particles circulating through
the recycle loops are of a smaller particle size (dpsy = 35 ym).
Only solids with a fine particle size (typically below a dps, of 10
um) leave the system through the stack. These represent only a
small fraction of the total inventory in the pilot and, as a result,
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Figure 2. Schematic representation of the 30 kW, test facility at
INCAR-CSIC.
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Figure 3. Particle size distributions in the 30 kW, test facility retrofitted
with recycle loops (d,so: 76 em primary loop, 35 ym recycle loop, 7 ym
stack).

the overall solids mass balance in each experiment can be closed
with a total solids mass loss of less than 10%.

Ca-based materials with a particle size below 30 pm are
commonly handled in large-scale cement plants,”* but this pilot
was not able to operate with such fine materials. The circulation
of solids between reactors was unstable due to frequent blockage
of the standpipes (only SO mm i.d. in this pilot) that prevented
the steady-state capture of CO, under these experimental
conditions. It was therefore decided to avoid operating with fine
materials below 70 ym in the primary loop. When operating
under these conditions, the recycle loops were used to purge the
system of the finest particles.

The main operating condition ranges tested in these
experiments are summarized in Table 1. A wide range of sorbent
activities was tested from moderate limestone makeup flows to
freshly calcined limestones as those expected in CaL applications
to cement plant. An inlet CO, concentration of up to 27% was
used in experiments both with and without steam in order to
simulate the flue gas composition of a cement plant. Despite the
limitations to particle size (ie., d,s no less than 70 um), the
experimental conditions tested can be considered as being
representative of most of the CaL process schemes integrated
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Table 1. Range of Operating Conditions and Main Variables
during the CO, Capture Tests

carbonator temperature (°C) T 620-725
carbonator inlet velocity (m/s) Ucarty 2.0-3.7
inlet CO, volume fraction to the carbonator Vcoz 0.10—-0.27
inlet steam volume fraction to the carbonator Vo 0-0.12
inventory of solids in the carbonator (kg/m?) Wi 15-590
maximum CO, carrying capacity KXove 0.18—0.66
solids circulation flow rate (kg/m?s) G, 0.9-3.7
calciner temperature (°C) Teae 800—920
calciner inlet velocity (m/s) Uyl 1.5-33
average particle size in the primary loop (um)  dyso 74—100
molar ratio of fresh makeup to the inlet CO, Fy/Fco, 0-0.55
experimental CO, capture efficiency (%) E 30-95

with cement plants based on circulating fluidized bed reactors.
The results presented in this work correspond to the results
obtained during more than 85 h of CO, capture where a good
closure of the overall carbon balances (see below) was achieved.

B RESULTS AND DICUSSION

To analyze the effect of the different operating variables, the
experiments were divided into relatively steady-state periods of at
least 20 min, where the CO, inlet and outlet concentrations to
the carbonator, temperature, bed inventory, and solids
circulation rates can be considered constant and can be measured
independently. CO, mass balances were solved and closed at
each of these points in order to validate the consistency of the
experimental information and the stability of the facility. As an
example, Figure 4 shows the results obtained during a particularly
stable experimental period of 30 min. The average reactor
temperature during this period was 655 and 860 °C in the
carbonator and calciner, respectively. A flue gas flow with a CO,
concentration of 12%, was fed to the carbonator, operating at an
inlet gas velocity of 2.0 m/s. In this case, a moderate makeup flow
was fed to the calciner (Fy/Fcq, = 0.23), which yielded a sorbent
with a maximum CO, carrying capacity (X,,.) of 0.32. The
average CO, capture efficiency during this experiment was 0.8.

CO, captured from the gas phase is calculated continuously as
the CO, fed to the carbonator (Fc,;,) is already known and the
molar flow at the exit (Fcg,0y:) can be determined by measuring
the flow of flue gas, leaving the reactor and its composition.
Similarly, the CO, produced by calcination in the calciner can be
calculated by discounting the CO, produced by coal combustion.
Figure 4b shows the calculated molar flow of CO, captured in the
carbonator (Feoycy) and the molar flow of CO, calcined in the
calciner (Fcgsec)- Ideally, under steady-state conditions and low
makeup flows of limestone when there is no accumulation of
CaCOs; in the inventory of solids, the CO, captured should be
the same as the CO, calcined. The difference observed in Figure
4b is due to the makeup flow of limestone fed into the calciner
during this test period. The molar flow of CO, at the inlet and
exit of the carbonator are used to calculate the capture efficiency
which is defined as follows:

FCOZin - PCOZout

E

carb ™
(1)
When interpreting the performance of the carbonator reactor,
it is important to bear in mind that the maximum CO, capture
eﬂiCienCy (Ecarb eq = (FCOZin - FCOZout eq)/FCOZi.n) is limited byzt?e
minimum CO, molar fraction permitted by the equilibrium.

E CO2in
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Figure 4. Example of a steady state in the 30 kW, experimental facility (W_,q, = 600 kg/m? Fo/Fco, = 0.23, X i, = 0.27, Xy = 0.08, X, = 0.32, dpsy = 97
um).
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Figure 5. Example of experimental results. (a) Test operating with high activity materials ( Ty, = 700 °C, tiy, = 2.8 m/s, Vo, = 0.18, X, = 047, G, =2.7
kg/m?s, dpso = 75 um). (b) Test operating with a CO, concentration of 27% (T, = 704 °C, Uiy, = 2.6 m/S, Ucoy = 0.26, X, = 0.34, W, = 117 kg/m?,
dpso = 77 um). (c) Test showing the effect of steam on CO, capture (T4, = 673 °C, tiyy, = 2.5 m/s, Voo, = 0.14, X, = 0.19, G, = 1.0 kg/m’s, dpgy = 78
um). (d) Test operating with limited solids circulation between reactors (T, = 674 °C, ey, = 2.0 m/s, Ve, = 0.18, X, = 0.32, W1, = 540 kg/m?, dps,
= 86 ym).

Another important mass balance that must be fulfilled is that molar flow of CaCOj can be calculated for each steady state from
which corresponds to the molar flow of CaCO; formed in the the circulation of solids between the reactors and the carbonate
stream of solids circulating through the carbonator which should content of the solids samples taken from the carbonator (X_,;)

be the same as the molar CO, captured from the gas phase. The and calciner (X_,.). The calculated molar flow of CaCO; during

2637 DOI: 10.1021/acs.iecr.6b04617
Ind. Eng. Chem. Res. 2017, 56, 2634—2640


http://dx.doi.org/10.1021/acs.iecr.6b04617

Industrial & Engineering Chemistry Research

the test presented in Figure 4 was 2.7 mol/m?s, which matches
the CO, captured from the gas phase.

Another example of CaL operating with a high-activity sorbent
typical of cement plant applications with a high makeup flow of
limestone is shown in Figure Sa. The X,,. during this test was
0.47, and the average particle diameter (dpso) was 75 pm. These
fine solids resulted in a low inventory in the circulating fluidized
bed reactors (around 100 kg/m? in the carbonator and 75 kg/m*
in the calciner). Almost the maximum capture efficiency allowed
by the equilibrium (around 80% when the carbonator is
operating at 700 °C) was achieved, even with a very modest
inventory of solids in the carbonator. Figure Sb shows a
representative example of a CaL integrated with a cement plant
operating with a high CO, load to the carbonator. The inlet
concentration during this test was 26%, and the CO, molar flow
at the inlet was 9.6 mol/m’s. An average CO, capture efficiency
0f 0.78 was achieved by maintaining a solids circulation rate of 2.2
kg/mzs between the reactors by using a sorbent with a CO,
carrying capacity of 0.34.

As mentioned above, several tests were carried out by feeding
steam into the flue gas. Figure 5c shows an experimental period
of 40 min with an inlet CO, concentration of 14%,. At 13:02, a
steam flow of 2.0 kg/h was injected into the flue gas while the air
flow was reduced in order to maintain the other operation
conditions constant (i.e., Lce, gas velocity in the carbonator,
inventory of solids). As can be seen, the presence of steam
increased the flow of CO, captured in the carbonator from 3.3
mol/m?s up to 3.8 mol/m?s. The positive effect of steam on CaO
carbonation has been reported in the literature by other
authors.”*~*’

To validate the carbonator models, the operation conditions
were tested using low CO, capture efficiencies. As an example,
Figure Sd shows an experimental period where CO, capture
efficiency is limited by the solids circulation between the reactors.
The low circulation of solids (0.9 kg/m?s) and the high inventory
of solids in the carbonator (540 kg/m?) led to a long particle
residence time as a result of which the particles almost reached
their maximum conversion (X,,, = 0.32).

To analyze the carbonator performance in a quantitative
manner, a methodology similar to the one proposed in previous
works for testing power plant configurations was applied in this
work. The key assumption is that the carbonator behaves like a
perfectly mixed reactor for the solids.””*" In steady states, the
amount of CO, reacting with the inventory of CaO particles is
the same as that being removed from the gas phase.

CO, removed

CO, reacting ]

from the gas phase (with CaO in the bed

@)

As mentioned above, the molar flow of CO, entering and
leaving the carbonator is continuously determined throughout
the experiments. The molar flow of CO, reacting with the CaO
particles in the carbonator bed is calculated as the product of the
average reaction rate of the solids at carbonator conditions and
the active inventory of sorbent (nc, ,u.) as follows:

dx

FCOZinEcarb = N, active( _)
dt reactor (3 )

To calculate the average reaction rate of the solids, a constant
rate is assumed until the particles achieve their maximum CO,
carrying capacity (X,..).”" From this point, the reaction rate
drops to such a low point that it can be considered zero. Of
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course, more accurate reaction rate models could be applied.*”
However, this simple approach for the kinetics of carbonation is
consistent with the experimental data available from the TG tests
(see, for example, ref 33) and consistent with the level of detail
and modest accuracy of the experimental information on the
behavior of the solids in this pilot. The particle reaction rate can
now be calculated as a function of the CO, carrying capacity of
the sorbent (X,,.) and the average CO, concentration in the
carbonator as follows:

dx
— = kpX,.o(0cor — O
(dt )reactor P ave( CcOo2 COZeq) (4)

where k; is the constant reaction rate of the limestone used and ¢
is the gas—solid contact factor as defined in previous works.”’
The active inventory of sorbent is composed of those particles
that have not reached their maximum CO, carrying capacity
(Xyve)- Assuming that the carbonator behaves like a perfectly
mixed reactor, the fraction of active solids in the bed (f,) can be
calculated as the fraction of particles with a residence time lower
than that required to increase the carbonate content of the

particles from X, to X,,, under carbonator conditions (£*):

ave
_ _ —t¥/ng /K,

fi= (=T (s)

where nc, is the total inventory of calcium in the carbonator and

F¢, is the molar flow of calcium between the reactors. The

characteristic reaction time (#*) can be estimated using the X,

and X,,. values measured from the samples taken from the

ave

reactors and the reaction rate defined in eq 3.

Pk = Xave B Xcalc

ks(anve(UCOZ - vCOZeq)

(6)

By introducing eqs 4 and S into eq 3, all the CaL operation
parameters become linked in the following expression:

FeorEcab = ncafo, k@ Xowe(Dcor = Dconeq)

)

The apparent constant reaction rate (k@) can be calculated as a
fitting parameter by comparing both terms of eq 7. A value of k@
= 0.36 s™' was calculated using the new set of experimental
results obtained under experimental conditions similar to those
expected of cement plants. This value is in agreement with that
found in previous works, including those obtained in a 1.7 MWy,
testin%) fgcility that captured CO, from a power plant flue
gases. " This result is not surprising as the reaction of CO, with
cycled CaO particles follows a homogeneous model and particle
size has reduced impact on sorbent activity.*”

Finally, to correlate the CO, capture efficiency with the main
operation variables in the carbonator, eq 7 can be rearranged into
the following expression:

Ecup = Tactiveks(p(UCOZ - UCOZeq)

(8)

where 7, is the active space time (nc,f c.Xove/ Fco,)->" Figure 6
shows the equilibrium normalized CO, capture efficiency (E.,,/
Ecarbeq) against the active space time. The solid line corresponds
to the values calculated from eq 8 and the average values of the
parameters based on the experimental data obtained for each
series of data. In this graph, the dotted line calculated with the
model corresponding to an inlet molar fraction of 0.13 may be
considered as a reference case for power plant applications.
Despite the dispersion, there is reasonable agreement between
the experimental results and those predicted by the model when
the data are grouped around the three representative average
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partial pressures of CO, used to estimate the model curves from
eq 8. The dispersion of the data points in Figure 6 is due to the
uncertainty in the experimental determination of 7., which is a
combination of three experimental variables inherently difficult
to measure with precision in this small pilot plant (in particular,
the solids circulation rates and a representative value of X, for
the entire solids inventory in the carbonator).

No attempt has been made to perform an exhaustive analysis
of the effect of the steam on carbonator performance due to the
limited number of experimental tests carried out. However, as
can be seen in Figure 6, the experimental CO, capture efficiency
achieved during the experiments where steam is introduced into
the flue gas is systematically above the values predicted by the
model (solid line). This confirms the positive effect of steam on
carbonator performance observed in other pilot plants.**~>°

Tests under conditions similar to those of cement plants have
yielded fundamental parameters very close to those developed
for power plant configurations that have been tested at pilot level
in a number of studies around the world. Thus, the results
presented in this work lend support to the scalability of this
technology for capturing CO, in cement plants by using the
knowledge acquired in these large facilities.

Bl CONCLUSIONS

Postcombustion CO, capture by calcium looping adapted to
capture CO, from cement plants has been studied in this work.
For this purpose, a 30 kWy, pilot was retrofitted to operate with a
higher carbonator CO, load, more active sorbent, and smaller
particle sizes. The use of materials of low particle size resulted in a
lower inventory of solids in the carbonator (as low as 75 kg/m?*)
at typical gas velocities in the carbonator reactor of the pilot
(around 2.5 m/s). Under these conditions, despite the high CO,
load in the carbonator and low inventories, it is possible to
achieve high capture efficiencies (close to the limit allowed by the
equilibrium) when there is a high sorbent activity, which is
characteristic of calcium looping in cement plants. The apparent
carbonation constant rate calculated from all the experimental
results in the pilot is 0.36 s™!, which is consistent with the
equivalent parameters of previous works aimed at capturing CO,
from power plants. In summary, the results of this work indicate
that CaL technology can be retrofitted to cement plants on the
basis of the knowledge acquired with CaL in the more developed
systems of power plants.
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H NOTATION

E..1=CO, capture efficiency

Eyp eg=maximum CO, capture efficiency allowed by the
equilibrium

f,=fraction of active particles in the carbonator bed

F¢, mol/ m?2s=Ca molar flow circulating between reactors
Fcoaeae mol/m*s=molar flow of CO, produced by calcination
leaving the calciner

Fcoain mol/m*s=molar flow of CO, entering the carbonator
Fo0u mol/m’*s=molar flow of CO, leaving the carbonator
F mol/s=makeup flow of limestone

G, kg/ m2s=solids flow circulation rate from carbonator to
calciner

k, s-1=constant reaction rate

n., mol/m?=total inventory of Ca in the carbonator bed
t* s=time required to increase the carbonate content from X,
to Xave

T, °C=average calciner temperature

T, “C=average carbonator temperature

U m/s=calciner gas velocity

u,,4, m/s=carbonator gas velocity

W, kg/m?=total inventory of solids in the calciner

Wes kg/ m2=total inventory of solids in the carbonator

X we=maximum CO, carrying capacity

X =molar carbonate content of the solids in the calciner

calc

X p=molar carbonate content of the solids in the carbonator

@=gas—solids contact effectivity factor
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