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ABSTRACT

Calcium looping cycles for capturing CO, from large emission sources will most likely use interconnected
circulating fluidized bed reactors. The mass balances that govern the mixed solids in the main reactors
of these systems, combined with a description of sorbent reaction and decay in activity, are used in this
work to define the average activity of the material as a function of the sorbent recycling and make up
flow ratios. The new formulation of the mass balances takes into account the fact that particles during
carbonation and/or calcination achieve partial conversion in the respective reactors. In these conditions,
average activity is shown to be a function of not only sorbent properties and make-up flow ratios, but also
the internal solid circulation rates between the reactors. Explicit equations are obtained for the average
activity of the circulating materials. These equations are used to discuss the effect of the key operating
variables on CO; capture efficiency. The equations proposed here for the CaCO3/Ca0 system may also be

valid for other chemical reactor systems that use interconnected circulating fluidized beds.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In order to mitigate the effects of climate change over the next
few decades it will be necessary to find a way to balance the use
of cheap and widely available fossil fuels, coal in particular, with
the ambitious goal of drastically reducing global emissions of CO,
before 2050 [1]. When the mitigation options take into account the
need to ensure the minimum cost of this mitigation, CO, capture
and storage (CCS) emerges as one of the main options for com-
bating climate change [2]. The devices necessary to deploy CCS
on a large scale already exist in the oil, natural gas and chemi-
cal industries, and only minor additional investment is required
for them to be applied at an even larger scale in the power gen-
eration sector. CO, capture is known to be the most costly and
energy consuming step in the CCS chain. Therefore the goal of
many ongoing projects is to develop more energy and cost effec-
tive capture methods. One growing area of investigation is that of
chemical looping processes. These operate at high temperatures
and can theoretically capture CO, with minimum energy penal-
ties. Anthony [3] has recently reviewed the development of these
processes. From this review it can be seen that they have already
entered experimental validation in small pilot plants. The use of the
carbonation reaction of CaO with CO, and the subsequent calcina-
tion of CaCO3 into CaO and CO,, is one of these promising chemical
looping concepts [3]. A schematic of the carbonation-calcination
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loop is represented in Fig. 1 to illustrating the key gas and sorbent
mass streams.

In postcombustion applications, a flue gas containing diluted
CO; (Fco, in mole of COy/s) is brought in contact with CaO parti-
cles to form CaCOj3 in the carbonator reactor up to a certain level of
conversion. The CaO particles are continuously coming into the car-
bonator from the calciner in the solids stream, Fr. A make-up flow
of limestone (Fy) is introduced into the calciner (or at any other
point in the system) and this is balanced in stationary state by an
identical flow of CaO (mixed with ashes and other solids if present)
leaving the system. The resulting carbonation reaction takes place
at temperatures of around 650 °C. Over 900 °C the reverse calcina-
tion reaction takes place in the calciner, as a result of which the CaO
is regenerated and a concentrated CO, stream is obtained.

The material (Cao particles) cycling in the
carbonation-calcination loop is known to become deactivated
(loss of CO, capture capacity) with the number of carbonation and
calcination cycles [4-9]. After each cycle, the fraction of active
Ca0 in a particle is usually defined as the carbonation conversion,
Xy, which is reached at the end of the rapid carbonation stage. A
general equation for this deactivation has been proven to be valid
for many limestones up to 500 cycles [8,10]:

1

=g —xysrn

Xr (1)
where k is the deactivation constant (this has a value of 0.52 for
many limestones and under many conditions), X; is the residual
conversion of CaO after an infinite number of cycles (X, =0.075) and
N is the number of full carbonation and calcination cycles. Recent
works have proposed simple measures to reduce the tendency of
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Fig. 1. Schematic of a calcium looping system to capture CO, and main gas and solid
streams.

deactivation of natural sorbents expressed by Eq. (1) (whereby the
effective deactivation constant is reduced and/or the value of the
residual activity is increased). Examples of such measures are reac-
tivation methods [11], hydration [12] or treatment of the limestone
with doping agents [13]. However for the purpose of our analysis,
we have assumed that the decay in conversion is only dependent
on the number of cycles as described by Eq. (1).

In a continuous system involving interconnected circulating flu-
idized beds such as that in Fig. 1, the particles in the fluidized
bed reactors are ideally mixed with respect to solid residence time
distributions. There is therefore a wide range of particles, with dif-
ferent cycle numbers, constantly present in the system. A mass
balance of the carbonate loop of Fig. 1 was carried out in an earlier
work [14] to estimate the fraction of particles that have cycled the
system N times, ry, as a function of the circulation rates, Fg, and
make-up flow ratio, Fy:

FoFy !
w=—L% 2)
(Fo + FR)

The average activity, Xave, Or maximum carbonation conversion
of a sample of solids from the system, was calculated assuming
complete calcination of the sorbent and the total completion of
the fast carbonation stage (up to the level given by Eq. (1)) in the
reactors of Fig. 1. N would then represents both the number of
times that a particle cycles between each reactor and the num-
ber of total carbonation-calcination cycles it experiences when the
average activity of the solids in the system is defined as:

N=oo
Xave = ZrNXN (3)
N=1

This equation generates explicit equations for Xyye (depend-
ing on the choice of deactivation curve for Xy), and have been
used for reactor designs and systems analysis in previous works
(see [15-19]). The equations for X are valid as long as the
operating conditions and reactor designs allow the maximum
conversion of solids during carbonation and calcination. This is
most likely to occur in the precombustion applications of the
carbonation-calcination loop, because the high temperature and
high partial pressures of CO, guarantee a very fast carbonation
reaction, which was demonstrated experimentally by Curran et al.
[9] when developing the CO, acceptor process. However, recent
indications from modelling and experimental results [17,20-22]
suggest that the total carbonation conversion of solids may not
be feasible with the typical residence times of particles in a cir-
culating fluidized bed carbonator. This is because the application

of calcium looping cycles to large flow rates of characteristic flue
gases in postcombustion CO, capture systems would require very
compact reactor designs (short gas-solid contact times). In these
conditions, the carbonator reactor would have to operate at low
partial pressures of CO, and which would not allow the particles
to undergo their maximum conversion. Furthermore, for the sys-
tem to operate at a reasonable capture efficiency, a certain amount
of active material must be present in the carbonator reactor in
stationary state [17,20,21,23], which means that it is necessary a
certain amount of CaO with capacity to react with CO,. This req-
uisite implies that partial carbonation of the solids is necessary
for the carbonator reactor to be able to operate as an absorber of
CO,.

On the other hand, the need to keep calcination tempera-
tures down in the calciner, in order to avoid materials and ash
related problems, means that calcination temperatures should
exceed the equilibrium calcination temperature of CaCOs as lit-
tle as possible. Therefore, although the conditions for complete
carbonation (up to the limit given by Eq. (1)) and complete cal-
cination can be expected given the high rates of carbonation and
calcination reactions, these conditions are in fact likely to be
somewhat different from what one would expect for an optimum
reactor design. In other words, the search for carbonator reactors
of minimum size and with small bed inventories that are able
to operate at minimum calcination temperatures will inevitably
lead to conditions in which carbonation and calcination cannot
be completed. The average activity of the sorbent material flow-
ing into the carbonator will be different from that predicted for
these conditions of partial solid conversions. And yet an accurate
estimation of this average activity is essential for the design of
the carbonator reactor. Thus, the objective of this work is to find
a general and simple function that expresses the average activity
of the sorbent in the carbonate loop of Fig. 1 when only partial
carbonation and calcination conversions take place in the reac-
tors.

2. Mass balances with incomplete particle conversion

As mentioned above, Eq. (1) represents the capture capac-
ity of a sorbent after N complete carbonation and calcination
cycles and Eq. (2) is the equation used to estimate the fraction
of particles that have cycled N times between the carbonator
and calciner. However, if the carbonation and calcination reac-
tions are not completed, the two “N” mentioned in the previous
sentences are no longer the same. For the purpose of this work,
however, we retain the meaning of N as being the number of times
that a particle has cycled between the carbonator and calciner.
As recently discussed elsewhere [24], since Eq. (1) establishes a
link between the total carbonation conversion, and the number
of complete carbonation/calcination cycles, we can define a cycle
number from the maximum conversion attainable by the sorbent,
Xave, Which represents the ‘reaction age’ of the particles, or the
cycle number associated to such particles, irrespective of their
previous history of partial or complete carbonation/calcination
cycles:

1 1 1
Nage = 1 (X X 1 —xr) )

Furthermore, it is possible to define in the system of intercon-
nected reactors illustrated in Fig. 1 two characteristic conversions
of the solids that leave the carbonator (X.,1,) and the calciner (X¢,;c),
and the characteristic changes in carbonation conversion of the
solids entering and leaving each reactor. Fig. 2 shows the nota-
tion employed for these conversions. Since full conversions are not
achieved in the carbonator or in the calciner, it is possible to define
the extent or fraction of calcination or carbonation in each reactor,
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Fig. 2. Definition of the main carbonation conversions involved in the mass balances.

which is as follows:

Xcarb - Xcalc
- _calc 5
fearb Xave — Xealc (5)
Xearb — X
fcalc carb calc (6)
Xcarb

It should be emphasized here that X,ye in Eq. (5) is still the aver-
age of the maximum carbonation conversion of the family of all
particles of the CaO fractions arriving at the carbonator (Eq. (3)).
In the carbonator reactor, there will be a certain amount of active
solids that have not yet been carbonated and that are responsible
for the absorption of CO, from the gas phase [17,20,21,23] defined
here as X,ive (see Fig. 2). It is also important to note that the frac-
tions of carbonation and calcination defined above are assumed to
apply to all the particles in the system, irrespective of their indi-
vidual activity or capture capacity. In perfectly mixed reactors, this
will not be the case because the large residence time distribution
of particles in the bed makes it possible for fully converted parti-
cles (long individual residence times) to coexist with particles of
low conversion (short residence times). However, it is possible to
assume an average conversion that applies to all the particles loop-
ing in the system and with this assumption subsequent analysis
is greatly simplified. Furthermore, it is also assumed that individ-
ual fractions of CaO change their actual age (by Eq. (4)) in discrete
mode, by completing a new calcination cycle after their carbona-
tion. In other words, we assume here that partial conversion does
not affect the mechanism of decay that leads to Eq. (1) and that
a given volume of CaO changes its activity after each calcination
cycle.

Following the schematic representations of Figs. 1 and 2 and the
previous set of assumptions, the target in this section is to obtain an
explicit expression for the average activity, Xave (Or maximum car-
bonation conversion) of the solids entering the carbonator reactor
as a function of the solid circulation flows (Fg and Fp) and assumed
fractional carbonation and calcination conversions, f.ac and fearp-

According to our previous analysis, a certain mass of CaO (par-
ticles or fraction of CaO in these particles) has a discrete value of
activity that is associated to a specific maximum conversion capa-
bility (X, )- A certain fraction of Ca0, ry,,,, that has experienced
Nage full carbonations and calcinations in the loop, enters the car-
bonator in the solid stream (FR). If total carbonation has occurred
after complete calcination, XNage = Xn (Eq. (1)) and ry,,, = v (Eq.
(2)). When the carbonation and/or calcination are not completed,
the fraction of CaO, rn,,,, together with activity Xy,,., can be cal-
culated from a succession of mass balances by incorporating the
fraction of calcination and the fraction of carbonation (f.;. and
fearb)- The first mass balance applies to rg, which represents the
mole fraction of CaO circulating through the loop that has not expe-

rienced any calcination (i.e. still in the same form of fresh CaCO3
as when it comes from the make-up flow). The total flow of solids
leaving, or entering, the calciner is the sum of Fy and Fg. There will
be an uncalcined flow of fresh limestone from the make-up flow
leaving the calciner, Fo(1 —fc3c), and an uncalcined flow of fresh
limestone arriving from the carbonator and leaving the calciner,
Frro(1 — feaic)- Therefore, the fraction of calcium in the system that
has never been calcined is:

— Fo(1 — feaic) + Frro(1 — feaic)
0 Fo + Fr

(7)

Or in explicit form:

_ FO(‘1 —fcalc)
Fo +FRfcalc

Note that the absorption capacity of this fraction of CaO is zero
(XN,ge OT XN is equal to zero when Nage or N is zero because not even
the first calcination has yet taken place). In contrast, the next frac-
tion of Ca0, rq represents the mole fraction of CaO or CaCO3 that
has experienced just one calcination, i.e., the fraction ry is made up
of CaO and CaCO3 with an equivalent cycle number Nage =1. 17 is
obtained from a mass balance around the calciner. The mass bal-
ance is made up of four terms (all with a CO, capture capability
or capacity equal to Xj in Eq. (1)): flow of calcium oxide leaving
the calciner resulting from the calcination for the first time of the
fresh limestone fed into the calciner (Fof ;. ), flow of calcium oxide
cycling in the loop (and therefore arriving from the carbonator)
that has never been calcined and is calcined now for the first time
(Frrofzaic), flow of calcium oxide cycling in the loop that belongs
to cycle number 1 but has never been carbonated in the carbona-
tor reactor, and for that reason they still keep on the same capture
capacity of cycle number 1 (Frr1(1 — fearp)) and flow of calcium car-
bonate cycling in the loop that has been calcined once, it has also
been carbonated once, but it is not calcined again when it leaves
the calciner (Frr1fcarb(1 —feaic))- Thus, ry is expressed by:

_ F(lfcalc + FR(rOfcalc + rl(l _fcarb) + rlfcarb“ _fcalc))
Fo +Fr

(8)

]

I (9)

Inasimilar mass balance, we define r, as the mole fraction of CaO
with a carbonation conversion that corresponds to cycle number 2
(X2 in Eq. (1)). The mass fraction of CaO in the system that belongs
to r, is made up of: flow of calcium that changes from cycle number
1 to number 2 after being calcined and carbonated for the second
time (Frr1fcarbfcaic ), flow of calcium that has been calcined twice but
it has been carbonated only once, thus its capture capacity is kept
on the cycle number 2 (Frr(1 — fcarb)) and flow of calcium that has
been calcined and carbonated twice, thus it is already part of the
fraction of calcium of cycle number 2, but in their third chance to be
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calcined in the calciner, they are not calcined (Frrafcarb(1 — feaic))-

Fr fearbfeate + 12(1 = fearb) + r2fearb(1 = fealc) (10)

2= Fo + Fr

It can be seen that the general term for the fraction of CaO in the
cycle Nage is given by Eq. (11).

(ot (Fo/FR))fNage=1fNage (1)
Nage ((FO/FR) +fcarbfcalc )Nage

Note here that Eq. (1), which represents how any fraction of
calcium (originally as CaCOs in the fresh limestone) decreases the
capacity to react with CO, with the number of cycles, is still valid
for this system. It is assumed that when the carbonation and cal-
cination reactions are not completed, particles will end up with a
variety of Ca fractions (ro, 11, 2, . . ., ', ) Within the particle, but
the evolution of the activity in each of these fractions of CaO will
still be governed by Eq. (1). Eq. (2) is also valid for this system, but
the physical meaning of ry is different from the physical meaning
of ry,,. above. In the first case, ry is the fraction of CaO that has
cycled N times between carbonator and calciner. In Eq. (11) g,
is the fraction of CaO and CaCOs3 that has been fully calcined Nage
times after Nage—1 complete carbonations. Complete carbonation
and complete calcination can take place in many partial steps, so
that Nis always larger than Nage except when fyic = fearp =1 (Eq. (11)
becomes Eq. (2) when this happens). However, when it is a question
of defining the average activity of the material, we can still define
this as an infinite sum of small contributions from each fraction of
material with an activity Xy, . Therefore, we can rewrite Eq. (3) as:

Nage=00

Xave = Z rNageXNage (12)
Nage=1

We have not been able to find an explicit expression for this sum
when using Eq. (1) for X, and Eq. (11) for ry,,.. But the solution is
straightforward when deactivation of CaO (Eq. (1)) is approached
as a geometric progression [14]. However, to retain the quality of
the fit provided by Eq. (1) for the real deactivation curves, it is con-
venient to put this equation into the form recently proposed by Li
etal. [17]:

XNyge = Q1ffee ! 4 apfpeeet 4 b (13)

where the fitting constants, a; =0.1045, f; =0.9822, a,=0.7786,
f>=0.7905 and b=0.07709, fit the data of Eq. (1) with a regression
square coefficient higher than 0.99, which means that Xy, in Eq.
(13), represents virtually the same deactivation curve as the one
expressed by Eq. (1). The advantage of approximating Eq. (13) to
Eq. (1) is that when substituting Eq. (13) into Eq. (12) it is then
possible to calculate the limit of the infinite sum of the geometric
series and calculate the maximum average conversion by means of
the following equation:

aiff . a>f} L b
Fo +FRfcal'bfcalc“ *f]) F0+FRfca|'bfca]c(1 *fZ) Fo

Xave = (FO + FRrO)fcalc |: :| (]4)

This is a key purpose designed equation for calcium looping sys-
tems because it links the key sorbent performance parameters with
the main solid circulation flows and reactor performance indicators
(fearb and fa1c) providing a way to estimate the average activity of
the material circulating between the reactors.

It is now possible to analyze the impact of partial carbonation
and calcination on systems where the same CO, capture parame-
ters are maintained constant. For this purpose, we define here the
molar flow of the CO, captured as:

FC:ECFC02 (15)

The mass balance in Fig. 1 also defines CO, capture efficiency as:

Ec = FRAXcarb (16)
Fco,

Carbonation conversion of solids in the carbonator reactor
(AXcarb =Xcarb — Xcalc) is maximum when the carbonation and cal-
cination reactions are completed, since X ., Will be equal to Xave
and X, will be equal to zero. When the reactions are not com-
pleted, the carbonation conversion can be expressed as function of
the partial carbonation and calcination as follows:

AXcarb = fearbfealcXave (17)

Thus, the sorbent molar flow circulating between the reactors
(FRr) can be expressed as a function of the CO, molar flow captured
(Fc), the partial carbonation and calcination fractions (fearb» fealc)s
and the maximum average conversion attained in the carbonator
(Xave):

fcarbfcalcxﬂve

Hence, in the next sections we will discuss the effect of f.,,;, and
fealc on the average capture capacity of the material circulating in
the system for different ratios of characteristic flows of material in
the capture system.

Fr (18)

3. Effect of solid circulation rates on average activity

In order to discuss the effect of the main solid circulation rates
on the average activity of the sorbent we shall begin with a case
where complete calcination is achieved in the calciner (f.yc=1),
where Eq. (14) becomes:

Yoo = a1f2Fo N a>f3Fo
ave Fo + Frfcarb(1 = f1) ~ Fo + Frfcamn(1 = f2)

Eq. (19) is represented in Fig. 3 to show how the maximum
average conversion (continuous lines) increases for the same molar
ratio Fy/Fg, at different values of f.,, and when capture efficiency
is set to 0.9. The carbonation conversion (X, ) reached in the reac-
tor is indicated by dotted lines for each carbonation fraction (Fig. 3).
As can be seen from this figure, the effect of incomplete carbona-
tion in the system for any value of Fy and Fg is an increment of
Xave for decreasing numbers of the partial carbonation fraction.

+b (19)
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Fig.3. Maximum average conversion and carbonation conversion attained as a func-
tion of the molar flow relation Fy/Fr for different partial carbonation conversions
(fcalc =1,E.= 0~9)~
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Fig. 4. Relationship between the make-up and recycled flow ratios in order to
achieve a target capture efficiency of CO, for different fractions of carbonation
reaction.

This seems a radical improvement with respect to full carbona-
tion conditions because the active phase (X,jve) in the carbonator
reactor increases as Xave increases and X, decreases. However,
this apparently positive result is misleading because the improve-
ments are at the expense of the increase in the solid circulation
rates Fr necessary for the same flow of carbonate to be transported
between reactors when the carbonation conversions decrease (see
Eq. (16)). Furthermore, since Fig. 3 represents the results as a func-
tion of Fy/Fg, the necessary increase in Fg to compensate for lower
Xcarp under partial carbonation conditions also entails an increment
of Fy to maintain the Fy/Fg ratios constant, thereby causing a fur-
ther increase in the average activity of the materials as a result of
the increase in the make-up flow of limestone.

As pointed out above, once the CO, capture parameters (Ec and
Fco,) are fixed, the flow ratios Fy/Fco, and Fr/Fco, are connected
by the mass balance (Eqgs. (14) and (16)). In order to clarify this
point, Fig. 4 represents the relationship between the make-up and
recycle flow ratios for different values of f,.,. This is a critical point
in design choice for achieving the desired capture efficiency: high
values of make-up flow (which will increase the operational cost of

N. Rodriguez et al. / Chemical Engineering Journal 156 (2010) 388-394

the capture system of Fig. 1 if no use is found for the solids purged
from the deactivated CaO) or high values of internal solid circula-
tion rates (which will increase heating requirements in the calciner
among other problems). In principle, any one of the points on the
solid lines indicates a set of conditions under which it would be pos-
sible to capture 90% of the CO, fed into the carbonator. Points on the
left hand side of the curve represent systems with circulating solids
of high average activity because of the large value of the Fo/Fco,
make up flow. These systems require the lowest solid circulation
values between reactors, Fr/Fco,. The partial carbonation of the
solids requires a higher value of Fr /Fco, and therefore all solid lines
move to the right. As discussed in previous paragraphs, this means
that the average activity of the material increases since partial car-
bonation is achieved at the expense of an increase in internal solid
circulation. Thus, both increasing the make-up flow and increas-
ing the partial carbonation have the same effect of increasing the
average activity of the material. In summary one might argue from
Fig. 3 that partial carbonation introduces a net benefit into the
design at no apparent extra cost. However, Fig. 4 highlights the
opposite effect of partial carbonation on the other key parameter
in the reactor design: the solid circulation rate increases propor-
tionally as the value of partial carbonation decreases provided that
the make-up flow is kept constant. Therefore, the apparent benefit
of partial carbonation (increasing the average activity of the circu-
lating material) has to be weighed against its negative effect on the
increase in solid circulation.

Another way to analyze in more detail the effect of partial car-
bonation on maximum average conversion once capture efficiency
Is set to a certain value, is by substituting Fr (Eq. (18)) into ry,,,
(Eq. (11)) when fcyc = 1. The following expression for ry,,, is thus
obtained:

e = (Fo/Fc)Xave
¢ ((Fo/Fc)Xave + 1 )Nage

It can be seen from this implicit equation that the maximum
average conversion of any type of CaO in the system is actually
independent of the fraction of carbonation (f.;,) as long as full
calcination takes place after carbonation. Then, under full calcina-
tion conditions, the average activity of the solids in the loop is only
determined by the flow of fresh make-up limestone to the system.
The flow of solids’ cycling affects the solids’ conversion in the car-
bonator. For a given flow of CO, capture, higher solid circulation
flows lead to partial carbonation conversion and in addition, this
will improve the average activity of the circulating solids according
to Eq. (20).

(20)

e E.=0.90
=Y. f=1.0
N
0.5 -
04 -
fca ] fca lc rD xave
Xave 0.3 - 1 1 0 Xy
1 0 1 ry'0=0
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o0+—r—TTT—T—+—

0 01020304 0506070809 1

FoFeon

Fig. 5. Maximum average conversion attainable in the carbonator as a function of the Fy/Fco, ratio for different fractions of calcination (e, = 1.0).
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The question now arises as to what happens when calcination
is not completed in the calciner (f;yc <1). The first thing to note is
that rg (Eq. (7)), or the fraction of calcium from the make-up flow
that has never been calcined, is greater than zero. These particles
therefore do not have the capacity to capture CO,. Their activity is
considered to be zero despite their potential to yield particles with
the highest possible capture capacity after the first calcination. By
substituting Fg (Eq. (18)) into r,,, (Eq.(11)) when fcy)c and fcar, are
not equal to one, the following general equation is obtained for the
fraction of CaO in the Njge cycle:

_ (((FO/FC)U *fcalc)xave )/((FU/FC)fcarbXave + 1)) + (FO/FC)fcachave
Nose = ((Fo/FeWXave + 1)

Unlike Eq. (20), Eq. (21) shows that, in this case, the maximum
average conversion of particles in the system is indeed affected by
the fraction of partial calcination (f,c) and the fraction of partial
carbonation (f.;:,) when complete calcination is not achieved. Thus,
the activity of the solids in the loop (represented by Eq. (12)) is
determined not only by the flow of fresh make-up limestone (as in
the case of complete calcination) but also by f, and feac.

Fig. 5 shows the maximum average carbonation conversion as
a function of the Fy/Fco, ratio when f,|. takes different values. For
the sake of simplicity f.,p, is considered to be equal to one in the
figure. Once the capture efficiency is set to a certain value, the figure
shows that the effect of the partial calcination and/or carbonation
becomes significant when the make-up flow of fresh limestone, F,
is high. The decrease in Xave with lower values of f;c, is more pro-
nounced when Fy/Fco, has values higher than 0.2. However, it must
be emphasized that the looping system for capturing CO, is unlikely
to work with such a large flow of fresh limestone (Fy/Fco, = 0.2
would entail make-up flows of limestone of about 1 kg limestone/kg
of coal). The grey area in the figure shows a more feasible operating
window.

The decrease in Xayve as fqac decreases is due to the increase in
the fraction of calcium that has never been calcined, ro. When cal-
cination is incomplete and Fj increases, there will be an increasing
amount of fresh CaCO3 entering the carbonator reactor. ry is always
lower than f, because, as Eq. (7) shows, ry depends on both the
make-up flow and the recycled flow ratios. For instance, the frac-
tion of rg is 19% of the total amount of solids in the system when
Jeale i 0.4 and the ratio Fy/Fco, is 1. This means that only 19% of the
particles have not yet been calcined despite the low value of f_.
This is because the circulation system offers the particles more than
one opportunity to calcine even when the calciner is operating at
low values of f ;..

It can be concluded from the previous analysis that, once the
capture efficiency is fixed, and given a feasible operating window
of make-up flows (Fp/Fco, < 0.2) partial calcination does not sig-
nificantly affect the average maximum conversion provided that
there is no limit to the flow of CaO being recycled. Of course, this is
not a realistic supposition because there are well established limits
to the solid circulation flows between reactors, as discussed with
reference to Fig. 4. It will always be necessary to take into account
the Fr/Fco, ratio.

Fig. 6 shows the capture efficiency attained in the carbonator
reactor as a function of the Fy/Fco, ratio and for two different val-
ues of recycled flow. As shown in the figure, the increase in the
activity of the solids inside the reactor due to partial carbonation
(e.g. fearb =0.8 and f.; =1), does not benefit the capture efficiency
unlike complete carbonation and calcination (fea =fca1 =1) when
the recycled flow of CaO is fixed. As discussed in previous para-
graphs, higher values of carbonation and calcination (f,;, and fcaic
close to 1) lead to higher capture efficiencies for the same solid cir-
culation rates. However, in these conditions, the active fraction of
calcium (Xave — Xcarp) Will be low and a very high amount of solids
will be needed for the bed inventory to achieve a good capture effi-
ciency. There is then a clear tradeoff between these two effects,
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Fig. 6. CO, capture efficiency in the loop using different flow ratios.

and the equations proposed in this work could be very useful for
optimizing the design of the system.

4. Conclusions

Cao looping system can be designed to capture CO, from flue
gases by means of cycling carbonation and calcination reactions.
Large solid flows between reactors will lead to limited residence
times of particles in each of their pass through the carbonator or
calciner reactors. Complete carbonation and calcination conver-
sions may not take place and particles will have to cycle between
carbonation and calcination reactors a higher number of times in
order to transport the same amount of CO,. For a fixed value of cap-
ture efficiency the effect of incomplete carbonation and calcination
will translate an increase in the average capture capacity of the
circulating material. However, the active phase in the circulating
solids will increase at the expense of an increase in solid circula-
tion rates. Therefore, the relative benefit achieved from incomplete
particle conversions will be the lower solid inventory required in
the carbonator reactor thanks to the increase in the active fraction
of calcium. However this advantage needs to be offset against the
limitations on the reactor design imposed by the increment of the
solid circulation rates, that tend to increase the heat requirements
in the calciner.

Notation

Ec CO, capture efficiency in the carbonator reactor

fealc fraction of calcination of all the particles in the system

Searb fraction of carbonation of all the particles in the system

Fo molar flow of fresh make-up limestone fed into the sys-
tem (mol/s)

Fc molar flow of CO, captured (mol/s)

Fco, molar flow of CO, that enters the carbonator reactor
(mol/s)

Fr molar flow of recycled solids inside the loop (mol/s)

k general deactivation constant for limestones

N number of calcination and full carbonation cycles

Nage equivalent number of full carbonation and calcination

cycles for a sorbent to reach its current maximum con-
version potential (measured as Xy, )
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To fraction of calcium in the system as CaCO3 that has never
been calcined

N fraction of calcium that have cycled between carbonator
and calciner N times

TNage fraction of calcium that have been fully calcined Njge
times after at least Nage—1 complete carbonations

X molar conversion of CaO to CaCO3

Xactive  CaOreacting in the fast reaction regime in the carbonator

Xave maximum average carbonation conversion attainable by
the solids in the system

Xealc conversion to CaCOj3 of solids leaving the calciner

Xcarb conversion to CaCO3 of solids leaving the carbonator

XN maximum carbonation conversion achieved after N calci-

nation and full carbonation cycles

maximum carbonation conversion achieved in a full car-

bonation cycle irrespective of the history of the sorbent

in terms of previous calcination-carbonation cycles

Xr general residual conversion of limestones after an infinite
number of cycles

XNage

AXcap  carbonation conversion of solids in the carbonator reactor

AXave maximum possible carbonation conversion possible in
the carbonator reactor
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