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a b s t r a c t

It is well known that the solid sorbents used in calcium looping CO2 capture systems experience a reduc-
tion in carrying capacity with the number of cycles. Several sorbent reactivation schemes have been
proposed as means of overcoming this deactivation process. This work analyzes the integration of a reac-
tivation process in a Ca-looping cycle by means of a hydration reactor. The mass balances involved in this
three-reactor systems must then be solved in order to evaluate the effect of the different variables on the
O2 capture
a-looping
orbent regeneration
ydration

average activity of the sorbent. The positive impact of reactivation by hydration (i.e. average increase in
activity of the sorbent arriving at the carbonator) is discussed in conjunction with the negative impacts
on the overall operation of the system (e.g. steam consumption, etc.) and on the large reactivation reac-
tors. Two different scenarios employing different degrees of hydration have been evaluated. The results
obtained show that steam is used more efficiently when only a small fraction of the circulating solids is
hydrated to a high degree. Moreover, the performance of the sorbent reactivation step is better when

eston
low make up flows of lim

. Introduction

Calcium looping is rapidly developing into a viable technology
or CO2 capture from combustion flue gases and hydrogen pro-
uction systems [1–4]. In all the calcium looping systems for CO2
apture, the carbonation reaction of CaO with CO2 is followed by
he reverse calcination reaction of CaCO3 in order to regenerate
he CaO in a pure atmosphere of CO2 or CO2/H2O. Low price nat-
ral limestones and dolomites are generally considered to be the
est CaO precursors for large scale CO2 capture in power plants.
owever, the capture capacity of these CaO sorbents is known to
ecay rapidly with the number of carbonation calcination cycles
5,6]. In spite of the decay in the maximum CO2 capture capac-
ty of CaO derived from natural rocks, it has been demonstrated
hat a sufficient make up flow of fresh limestone can compensate
or this decay at a reasonable cost [7]. Especially when the large
urge of solids abandoning the system is used as a feedstock in
he cement industry [8]. However, situations may arise where this
ynergy between calcium looping and cement manufacture will

ot be feasible. In these cases, minimization of the sorbent make
p flow will be an important requirement for process design. One
olution [9] would be to take advantage of the residual activity of
he CaO sorbents (7–10 percentage points of Ca conversion), which
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remains stable for many hundreds of cycles and is able to sustain
the calcium looping processes at the expense of the large solids cir-
culation flows between the reactors. The other option would be to
find methods to improve the sorbents and/or sorbent reactivation
techniques.

The search for improved sorbents and/or sorbent reactivation
strategies continues in the scientific literature (see Section 4 in
the recent review of Blamey et al. [3]). There are clear bene-
fits for the overall performance of the system when more active
materials (greater carrying capacity of CO2 and/or higher reaction
rates) are employed. The use of materials with higher CO2 carrying
capacities reduces the solids circulation rates and hence the heat
requirements of the calciner [10] and solids make up flows. Higher
reactivities also help to reduce the solids inventory in the carbon-
ator reactor, which is necessary in order to achieve a CO2 capture
efficiency of over 90% [11,12]. There are however certain limits to
such improvements, as demonstrated by Lisbona et al. [13], in their
assessment of the integration of sorbent reactivation methods to a
power plant equipped with a CO2 capture system. Clearly, the cost
and/or the energy requirements in the manufacture or reactivation
of the sorbent material used in the capture loop need to be carefully
assessed for each sorbent and reactivation technique.

One of the most promising low cost methods for enhancing

sorbent performance in Calcium looping systems is the partial
hydration of the deactivated material [14–17]. The idea of reac-
tivating CaO particles for Calcium looping processes by means of
hydration was proposed during the development of the Acceptor
Gasification Process during the 1970s [18].
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Nomenclature

EC CO2 capture efficiency in the carbonator reactor
FCO2 molar flow of CO2 that enters the carbonator reactor
FH molar flow of solids that enters the hydrator reactor
FH2O molar flow of steam to the hydrator
F0 molar flow of make up limestone
FR molar flow of solids that circulates between the car-

bonator and calciner reactors
k general deactivation constant for limestones
kH fitting parameter to calculate regenerated sorbent

activity
N number of cycles
Nage number of cycles that a natural sorbent needs to go

through to reach a value of maximum conversion
equal to X ′

N
rN fraction of calcium that has been cycled between the

carbonator and calciner N times
X ′

N maximum carbonation conversion achieved after N
cycles after sorbent hydration in the carbonator

Xave maximum average carbonation conversion attain-
able by the solids in the carbonator

XH
N maximum carbonation conversion achieved by a

particle after hydration
XN maximum carbonation conversion achieved after N

cycles of the solids leaving the calciner
Xr general residual conversion of limestones after an

infinite number of cycles
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XrH fitting parameter to calculate regenerated sorbent
activity

What is more, hydration is already a well-established mecha-
ism of reactivation which has been proposed for use with similar
a-based sorbent materials to capture SO2 in circulating fluidized
ed boilers (CFBC) (see review by Anthony [19]). In this case, the

arge molar volume of CaSO4 compared to that of CaO, favours pore
lockage and the formation of a rich layer of sulphate around the
articles or grains of CaO. As a result the diffusion of gaseous species
hrough the CaSO4 layers is slow and therefore the sorbent conver-
ion in CFB systems is low (typically between 30 and 45%). In these
ases, hydration can be used to regenerate the used sorbents, as H2O
s able to permeate through the layer of CaSO4 and react with fresh
aO inside the particle to form Ca(OH)2. This process creates cracks

n the sulphate layer because the particle swells due to the higher
olar volume of Ca(OH)2 compared to that of CaO. As a result, fresh

aO sorbent is exposed to the ambient and this can react further
ith SO2 [20].

The hydration process used to reactivate the sorbent for CO2
apture is different to that of SO2 because the deactivation mech-
nisms in the carbonation and sulfation reactions differ. Pore
lockage is not so critical in the carbonation reaction unless there

s substantial particle shrinkage during calcination [21]. During
he carbonation/calcination cycles in a Ca-looping process, the
ecrease in the carrying capacity of CO2 is mainly due to the sin-
ering of the sorbent, which reduces the surface area of the solids
6,22,23]. This mechanism is accompanied by the formation of a
roduct layer on the free surfaces of CaO that drastically limits the
rogress of the carbonation reaction after it has reached a thick-
ess of between 30 and 50 nm [21,24]. Despite the differences in

eactivation, the mechanism for reactivating calcium by means of
ydration in Ca-looping systems is similar to that of capture by SO2.
he idea is to use the swelling tendency of CaO during hydration to
orm Ca(OH)2 in order to be able to expose a larger fraction of CaO
fter the decomposition of Ca(OH)2 in the calciner or in the carbon-
Journal 163 (2010) 324–330 325

ator. Calcined sorbents after hydration have a higher surface area
and pore volume and therefore a greater sorbent carrying capacity.

Hughes et al. [14] conducted an experimental study of this reac-
tivation method with a spent CaO sorbent from a Ca-looping sys-
tem. They reported an improvement in the capacity of the sorbent
to absorb CO2 during the TGA test and demonstrated that a regen-
erated sorbent can achieve a conversion of 52% after 20 calcina-
tion/carbonation cycles. Fennel et al. [16] proposed the use of water
at room temperature to hydrate used sorbents. They applied this
method to the regeneration of used lime in a fluidized bed during 30
carbonation/calcinations. After the regeneration step the sorbent
was able to achieve a carbonation conversion higher than 50%.

Most of the experimental work carried out has been focussed
on the total hydration of sorbents, whilst experiments aimed at
analyzing the impact of the partial hydration on deactivated lime
are scarce. The effect of partial hydration was studied by Grasa et
al. [17] who found that there is a non-linear trend between the
level of hydration and the carrying capacity of the regenerated sor-
bent. Recent studies [25] have shown that more intensive operation
conditions are needed to regenerate the sorbent when it has been
subjected to a high degree of carbonation, implying that sorbent
hydrates more rapidly and to a greater extent in a calcined form.
This phenomenon was explained by arguing that the external shell
of CaCO3 on CaO surfaces will prevent any reaction between the
CaO and the steam. However, in a subsequent work using solids
with low carbonation conversions, which are more representative
of what might occur in large scale systems, they observed that the
external thin shell of CaCO3 did not seem to affect the hydration of
the carbonated sorbent very much [26].

The hydration reaction may also be affected by the operation
conditions. Some authors claim that the reactivation temperature
of the sorbent is a critical parameter, as it determines the degree
of activity of the regenerated CaO. Grasa et al. [17] observed that
regeneration temperatures higher than 750 ◦C lead to a decrease
in sorbent activity. Similar trends were observed by Wu et al. [27],
who completely hydrated their CaO and then reactivated it at differ-
ent temperatures. They found that high reactivation temperatures
(>950 ◦C) resulted in a sorbent with a lower activity than that of the
original CaO.

Another issue to be considered when selecting the operating
conditions for a possible reactivation process by means of hydra-
tion is the impact that they may have on the mechanical stability
of the sorbent. Some researchers [16,17] found that a hydrated sor-
bent has much poorer mechanical properties and that this may
promote the formation of elutriable fines within the system. To
avoid the phenomenon of attrition, Materic et al. [28] have pro-
posed a method for reactivating a sorbent that involves the use of
steam and a superheated dehydration step at high temperatures
(620 ◦C) in the presence of CO2. This results in the formation of
active CaCO3 that can be reused in the process. The sorbent pro-
duced by this method presents better mechanical properties and
may reduce the formation of fines.

It is important to put all these variables in perspective, and to
consider their impact on the operation of a potential reactivation
reactor. This is because, due to the limits of equilibrium, hydra-
tion of the sorbent cannot be performed in the calciner or in the
carbonator, and so an additional reactor working at lower temper-
atures is needed. Consequently, the beneficial effects of hydration
on the carrying capacity of the sorbent must be weighed against
the disadvantages associated with the increase in water and energy
consumption entailed by adding a new reactor for hydration. The

size of the hydration reactor or hydrator will depend on the degree
of hydration required, the residence time of the solids and the flow
of the sorbent to be treated. It is obvious that all these variables
have to be minimized in order to make the reactivation step eco-
nomically more interesting than the alternative solutions, such as
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Fig. 1. CO2 capture process with sorbent reactivation by hydration.

he use of a larger make up flow of fresh limestone. The aim of the
resent work is to contribute to this analysis by solving the neces-
ary mass balances to establish a relationship between the increase
n activity resulting form hydration in continuous mode with the
evel of reactivation induced in the individual particles and the frac-
ion of total solids circulating through the regeneration reactor. The
elationships derived from this will facilitate the selection of suit-
ble reactivation strategies in order to increase the activity of the
orbent and at the same time minimize the consumption of steam
n the hydrator and the flow of solids to the reactivation reactor.

. Mass balance with sorbent reactivation

Fig. 1 shows a process scheme in which a sorbent regeneration
y hydration is applied to a Ca-looping cycle. In this process, the
olids leaving the calciner are assumed to be composed of only CaO.
ther solids such as fuel ash, CaSO4, CaCO3, may be present in this

tream, but they are not participating in the CO2 capture loop and
heir concentration can be determined from independent mass bal-
nces as a function of F0 and FR. The CaO leaving the calciner (FR) is
plit into two streams, one of which is sent directly to the carbon-
tor, FR − FH, while the other, FH, is diverted to a hydrator reactor
here CaO reacts with H2O to form Ca(OH)2 to a certain extent. The

tream of hydrated solids is then sent to the carbonator where the
a(OH)2 decomposes into CaO which is more active than the solids
ntering the reactivation reactor. The reactivation of the sorbent
an be controlled by modifying the degree of hydration which in
urn is modified by the operational conditions in the hydrator reac-
or (residence time, temperature, atmosphere composition, etc.).

Alternative schemes are possible depending on the position of
ach reactor and the way they are interconnected. The scheme in
ig. 1 is similar to those proposed by other authors [1,5,29], and
nvolves the calcination of Ca(OH)2 in the carbonator and not in
he calciner. The advantages of this scheme are that the amount of
eat required for calcination will be lower, less attrition of solids
hould be expected (because the calcination rate will be less severe
nder these carbonation conditions) and certain benefits can be
xpected from a partial steam pressure in the carbonator that has
een reported to improve sorbent performance when SO2 is present

n the flue gas [30]. However, certain disadvantages should also
e mentioned. In the scheme of Fig. 1 the steam is released with
he flue gas (whereas if it were released in the calciner it could be
aptured in the CO2 purification and compression process). As a
esult, the partial pressure of CO2 may decrease significantly in the
arbonator if the Ca(OH)2 flow is too large, causing a reduction in
he carbonation rates. A decrease in CO2 partial pressure however
oes not have the same negative effect in the calciner because the

alcination rates will increase with the lower partial pressures of
O2 and the higher partial pressures of steam.

To sum up, several factors will determine which reactor to
se for the calcination of Ca(OH)2 depending on the final process
esign. Although the analysis that follows applies directly to the
Journal 163 (2010) 324–330

scheme in Fig. 1, it could be easily adapted to alternative schemes
where the reactivated stream of solids abandoning the hydrator,
FH, returns directly to the calciner.

From Fig. 1, it is clear that the flow of steam entering the hydra-
tor, FH2O, in the regeneration step is an important process variable
that will influence the energy and mass balance of the system. One
of the criteria to be considered in designing this process is the need
to minimize the amount of steam used in the regeneration reac-
tor with respect to the flow of CO2 captured in the carbonator and
released in the calciner, FCO2 .

Moreover, the calcination of Ca(OH)2 is an endothermic process.
If Ca(OH)2 is calcined in the carbonator, the heat has to be sup-
plied by the exothermic reaction between CaO and CO2. Although
the heat used to calcine Ca(OH)2 will be recovered as exother-
mic heat from the hydration in the reactivation reactor, it must be
pointed out that the hydrator works at a relatively low tempera-
tures (<400 ◦C), which limits the heat recovery efficiency. Although
heat integration is beyond of the scope of the present work it is
clear that for both heat recovery and H2O consumption it is impor-
tant to minimize FH and FH2O. This will be one of the main targets
of the following analysis.

2.1. Calculation of the average activity of the solids in the CO2
calcium loop with hydration

As was mentioned above, the maximum carbonation conversion
of CaO particles (XN) in a carbonation–calcination loop without the
use of reactivation reactor is reduced due to the deactivation of
the sorbent as the number of carbonation and calcination cycles
increases (see for example [5,6,31,22]). The decay in the maximum
conversion as a function of the cycle number (N) can be calculated
using several semiempirical equations. These models calculate the
sorbent conversion taking into account the sintering of the sorbent
with the number of cycles and the limited thickness of the product
layer. In this work, we use an equation that has proven to be valid
for a wide range of conditions and many limestones [9]:

XN = 1
(1/(1 − Xr)) + kN

+ Xr (1)

where k is the deactivation constant, Xr the residual conversion
after an infinite number of cycles and N is the number of carbona-
tion and calcination cycles. The values k = 0.52 and Xr = 0.075 were
calculated by adjusting this equation to the results obtained for dif-
ferent limestones over long testing periods [9]. Other authors have
used an even larger number of cycles and obtained only slightly
different results [30,32,33].

It is important to note that Eq. (1) is only valid for that part of
the CaO that undergoes an N number of full carbonation and calci-
nation cycles. As reported elsewhere [34], partial carbonation and
calcination has certain effects on the average activity of the mate-
rials in the systems, but we shall ignore these effects at this stage in
order to focus on the impact of the reactivation introduced by the
hydrator reactor in Fig. 1. Moreover, it is not possible to use Eq. (1)
directly for particles that have been cycled N times in the system
of Fig. 1, because the carrying capacity of CaO, X ′

N; has changed to
a certain extent due to the perfect mixing with the CaO that passes
through the hydrator. However, the “cycle number” for any particle
or fraction of CaO can still be determined from the number of calci-
nations experienced by these particles. The carbonator and the new
hydrator reactor do not produce any change in the number of cycles
(they remain as N and only change to N + 1 when the particles go

through the calciner again) but the hydrator does produce a certain
change in X ′

N . In other words, although the maximum carbonation
conversion is no longer as indicated by Eq. (1), the fraction of CaO
that has been fully carbonated to its maximum level and fully cal-
cined N times, rN, is still only a function of F0 and FR, which allows
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of F0/FR higher than 0.001 it is usually enough to consider values of
Fig. 2. Graphic representation of the procedure for calculating X ′
N .

s to maintain our strategy for calculating the average activity of
he solids entering the carbonator, Xave. The definition of the aver-
ge activity of the materials circulating in the system of Fig. 1 is
dentical to the definition for a system without a hydration step
35]:

ave =
N=∞∑
N=1

rNX ′
N (2)

This methodology has been used by other authors to estimate
ave using different assumptions (partial carbonation/calcination
34], doped CaO-based sorbents [36]). If all the reactors in Fig. 1 are
deally mixed fluidized beds, a mass balance yields the fraction of
articles that have been cycled N times (rN) through the calciner:

N = F0FN−1
R

(F0 + FR)N
(3)

Therefore, once rN has been defined, the next task is to provide
method for estimating the second term in Eq. (2), the carbona-

ion conversion of particles, X ′
N , that have cycled N times through

he calciner and that have been partially hydrated on occasion-
lly passing through the hydrator and fully carbonated on passing
hrough the carbonator.

To formulate the necessary mass balances to estimate X ′
N , we

eed to look at the effects of hydration on the individual activity
f each fraction of particles. We will assume for convenience the
xistence of a reactivation function that will enable us to calculate
he new carrying capacity, XH

N , of a certain particle or mass frac-
ion of CaO characterized by a certain maximum activity, XN, before
ydration.

On the basis of the experimental results contained in the ref-
rences discussed in the Introduction [17] we shall assume that
he mathematical form XH

N is identical to Eq. (1) but with different
arameters in order to define the decay of the sorbent’s carry-

ng capacity in the subsequent carbonation–calcination cycles. The
hoice of the parameters, kH and XrH, allows us to simulate differ-
nt reactivation scenarios (from full to partial hydration) as will be
hown later.
Fig. 2 shows two continuous curves that represent the impact of
eactivation on the CaO particles with an original maximum con-
ersion capacity (without reactivation), expressed as XN, that will
hange during reactivation to a new maximum conversion capacity
f XH

N .
Journal 163 (2010) 324–330 327

In order to estimate X ′
N for each rN we will use an induction

approach, whereby we set up the necessary mass balances to esti-
mate X ′

N from an assumed knowledge of X ′
N−1. We can therefore

complete the infinite sum of Eq. (2) if we know XN=1 and the relation
between X ′

N and X ′
N−1.

In order to estimate X ′
N from X ′

N−1, we need to define the rele-
vant mass balances as represented in Fig. 2. A particle in its previous
cycle, N − 1 (just before its N calcination) will have reached a car-
bonation conversion of X ′

N−1. As was mentioned above, due to the
effect of the hydrator, X ′

N cannot be calculated directly from the
value of N using Eq. (1). However, since we are assuming that X ′

N−1
is known, we can still use Eq. (1) in reverse, in order to calculate
an associated cycle number called Nage that represents the “age”
of the particle taking into account its conversion capacity [37], i.e.
the number of cycles that a natural sorbent needs to go through
to reach a value of maximum conversion equal to X ′

N−1 in normal
conditions.

Nage−1 =
(

1
k

)(
1

X ′
N−1 − Xr

− 1
1 − Xr

)
(4)

In other words, if we introduce Nage−1 in Eq. (1), we obtain a
carbonation conversion, XNage−1 , that is equal to that of the particles
that have cycled N − 1 times (X ′

N−1 = XNage−1 ). The reason for intro-
ducing the concept of Nage into this analysis is because it allows
us to calculate the loss of activity of a particle during one addi-
tional calcination step, by simply increasing the cycle number to
Nage from Nage−1. Therefore, if a particle has been cycled N − 1 times,
it will have a value of Nage−1 before it enters the calciner, where it
will experience a drop in activity characteristic of an increase in
Nage = Nage−1 + 1. The corresponding activity or maximum carbona-
tion conversion after calcination, XNage , can then be calculated using
Eq. (1) with Nage. If the particle is directed to the carbonator with-
out passing through the hydrator (i.e. it is part of the solid stream
FR − FH), its maximum carbonation conversion in the carbonator
will be XNage . But, if the particle is sent to the carbonator via the
hydrator, its activity will be upgraded from XNage to XH

Nage
according

to the reactivation function XH
N defined above. With these defini-

tions we know the activities of particles circulating through the
system of Fig. 1 and we can then set up the mass balances taking
into account the solid flows in order to estimate X ′

N:

X ′
N = XNage

(FR − FH)
FR

+ XH
Nage

FH

FR
(5)

where both XNage and XH
Nage

are estimated from a value of X ′
N−1 as

indicated in the previous paragraph.
As for X ′

N=1, we are assuming that XNage=1 = XH
Nage=1

(as given by

Eq. (1)) because this is consistent with the experimental evidence
which indicates that the very active particles derived from the first
cycle experience little additional activation as a result of hydration.
However, the calculation approach proposed can still be applied
for hydration conditions where XH

Nage=1
/= XNage=1 . In this case, if

the maximum carbonation conversion of the hydrated fresh cal-
cined lime is known, X ′

N=1 can be calculated by using Eq. (5) and
introducing XNage=1 and XH

Nage=1
.

The calculation procedure outline above allows XN and rN to
be calculated from N = 1, and hence, the average carbonation con-
version in the carbonator can be calculated by using Eq. (2). The
summation of Eq. (2) is straightforward because for typical values
N of around 10,000 in order to account for more than 99.9% of the
particles in the system and obtain a very good estimate of Xave. It is
then possible to analyze the effects of the key operation conditions,
FH2O, FH, FR, F0, on the maximum carbonation conversions, and
the consequences for the different reactivation strategies.All that
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ig. 3. Comparison of the experimental results reported by Grasa et al. [17] and
odel predictions (Eq. (5) with FH/FR = 1) for two hydration conditions, 20 and 60%.

emains to be done is to determine by means of suitable laboratory
xperiments XH

N (top line of Fig. 2).
Unfortunately, we have not been able to find in the litera-

ure suitable data that can be directly fitted to the XH
N curve. The

xperimental curve of XH
N can be constructed on the basis of the

mprovement in sorbent carrying capacity of many original samples
f sorbent with different starting carrying capacities. This should
e done in different sets of operating conditions (hydration atmo-
phere, temperature, pressure, reaction time, etc.). In the absence
ny direct method of determining XH

N , we attempted to re-interpret
ublished data on hydration and to put them in a form suitable for
djusting them to the curve XH

N on the basis of sufficient exper-
mental evidence to support the analysis presented in this work.
s pointed out above, the function adopted for XH

N was that of Eq.
1), and therefore, the definition of XH

N requires the definition of
arameters kH and XrH. The source of the experimental data was a
revious study on hydration in a TGA of a high purity limestone [17].
he thermogravimetric equipment (TGA) used during the experi-
ents has been described elsewhere [9]. The reacting gas mixture

CO2, O2/air; air/steam) was regulated by mass flow controllers and
ed into the bottom of the quartz tube. Temperature and sample
eight were continuously recorded in a computer. The routine of

he experiments was calcination of the sample (in air at 900 ◦C for
min), a reactivation stage (hydration with steam, pH2O 0.5 atm
nd 400 ◦C in air) and carbonation (pCO2 0.1 atm and 650 ◦C for
min).

The key assumption for deriving kH and XrH is that particles in
hese TGA experiments are equivalent to particles with a value of
H/FR = 1 (i.e. 100% of the solids cycling in both systems undergo
ydration). Therefore, the carbonation conversion of the fraction of
olids cycled N times, X ′

N , will be equivalent to the maximum car-
onation conversion determined in the TGA after hydration, when
he solids are hydrated between each calcination/carbonation cycle
X ′

Nage
= XH

Nage
when FH/FR = 1 according to Eq. (5)). Thus, kH and XrH

an be calculated as fitting parameters in the calculation procedure
xplained above to calculate X ′

N with Eq. (5) for FH = FR. Fig. 3 com-
ares the results of this analysis, using kH and XrH as adjustable
arameters for hydration conversions of 0.20 (kH = 0.63; XrH = 0.15)
nd 0.60 (kH = 1.39; XrH = 0.36), and shows the experimental maxi-
um carbonation and those predicted with the model (solid line).
s can be seen, there is reasonable agreement between the the-
retical and experimental results at both degrees of hydration. It

hould also be noted that the X ′

N curves for these degrees of hydra-
ion show stable values with a relatively small number of cycles.
his corresponds to the point where the gain in carrying capacity
uring hydration becomes equal to the loss of activity during each
arbonation/calcination cycle.
Fig. 4. Effect of FH on maximum carbonation conversion X ′
N achieved by solids after

hydration at 20%.

Finally, Fig. 4 represents an example of the three relevant func-
tions discussed above. They define as a function of the number
of full carbonation calcination cycles the maximum conversion
achieved in the absence of hydration, XN, and the maximum conver-
sion achieved by solids in the continuous process scheme of Fig. 1 as
a function of XH

N and the fraction of solids FH/FR passing through the
hydrator reactor X ′

N . In the scenario where no solids are diverted
through the hydrator, FH/FR = 0, there is no sorbent reactivation and
the carbonation conversion of solids can be calculated directly by
means of Eq. (1) (X ′

N = XN). However, when a stream of solids is
passed through the hydrator, there is an increase in activity for
each fraction of particles cycled N times, and this activity increases
further with FH.

3. Effect of sorbent hydration on the CO2 capture process

To evaluate the effect of the degree of hydration and the amount
of solids sent to the hydrator, FH, on the system of Fig. 1, two dif-
ferent scenarios were analyzed using the XH

N curves determined for
0.20 and 0.60 of sorbent hydration and compared with equivalent
scenarios where FH/FR = 0 (X ′

N = XN). The results are presented in
Fig. 5, where Xave was calculated using the procedure explained in
the previous section, using Eq. (4) for a fixed value of FR. As can be
seen from this figure, when there is no hydration (FH/FR = 0), Xave is
directly linked to F0/FR and the average activity of the solids in the
carbonator can only be increased by adding fresh sorbent to the sys-
tem. However, as discussed in the introduction, the purpose of the
hydration process is to reduce the consumption of fresh limestone
required to achieve a certain activity Xave. As can be seen in Fig. 5,
Xave can be increased greatly by hydrating the sorbent instead of
by adding fresh limestone to the system. The higher the amount of
solids diverted to the hydrator, FH, the higher the Xave value and the
amount of CO2 that can be captured in the carbonator for a fixed
value of solids circulation rate between the carbonator and cal-
ciner (FR). However, it should be noted that the effect of FH on Xave

is less pronounced for high values of F0/FR. As mentioned before,
hydration tends to be not very effective for regenerating active sor-
bents whereas it is highly effective for increasing the activity of very
deactivated solids. Therefore, for high values of F0/FR, the fraction of
active sorbent in the system increases as a result of increased frac-
tions of particles with low cycle numbers, and in these conditions
the hydration is accordingly less effective.
Comparison of the two graphs in Fig. 5 also highlights an impor-
tant effect that the hydration degree has on the Xave computed
for identical conditions of FH, F0 and FR. If we compare the results
obtained for the two hydration degrees of 0.2 and 0.6, it can be seen
that the increase in activity for a hydration of 0.6 is higher than that
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sumption (FH2O/FCO2 ) and the solids circulation for different make
up flows and a fixed capture efficiency of 0.9. It can be seen that
for a fixed value of F0/FR, the solids circulation can be reduced by
means of sorbent hydration. As was mentioned before, the effect of
Fig. 5. Effect of FH and F0 on Xave for both degrees of hydration.

f 0.2 for the same amount of steam consumption (FH2O/FR). This
hows that higher degrees of hydration can lead to greater reac-
ivation. This can be explained by assuming that steam will react
referably with active lime. If a small amount of steam is used in
he hydration reactor, this will react preferably with the active part
f the sorbent, which will hardly undergo any reactivation as it
s already active for CO2 capture, and so less H2O will be avail-
ble to react with the non-active CaO. However, if more steam is
dded, the reaction with non-active lime will take place to a larger
xtent and the steam will serve to regenerate the deactivated part
f the sorbent more efficiently. Besides having an impact on sor-
ent reactivation, higher degrees of hydration may serve to reduce
he amount of solids sent to the hydrator (FH) in order to obtain a
pecific value of Xave. This would help to reduce the size the regen-
ration reactor. It should also be noted that for the cases analyzed
n this work, for a fixed value of steam consumption (FH2O/FR), the
mount of solids sent to the hydrator is three times smaller if the
orbent is hydrated to a degree of 0.60 instead of a 0.2.

In a Ca-looping CO2 capture system, a fraction of the CO2 fed into
he carbonator may not be captured and may be released with the
ue gas. The ratio between the CO2 fed into the carbonator (FCO2 )
nd the CO2 captured is defined as CO2 capture efficiency (EC):

C = FRXave

FCO2

(7)

To analyze the effect of sorbent hydration on the performance
f the CO2 capture process, Fig. 6 shows the capture efficiency for

fixed solids circulation of 5 mol CaO/mol CO2 between carbon-

tor and calciner. These results correspond to a hydration degree
f 0.60 and three different levels of steam consumption, 0.03, 0.15
nd 0.30 mol H2O/mol CO2. As can be seen from this figure, if no
team is added, a solids circulation of 5 mol CaO/mol CO2 is not
Fig. 6. Effect of steam consumption on capture efficiency for a solids circulation of
5 mol Ca/mol CO2 and a hydration degree of 60%.

enough to achieve high capture efficiencies (>80%), unless a high
make up flow is used (F0/FCO2 > 0.08) or unless the solid circulation
(FR) is increased. However, for low values of F0/FCO2 , high values
of EC can be achieved by introducing steam into the hydrator. It is
noteworthy that even if no fresh limestone is added to the system
(F0/FCO2 = 0), capture efficiency can be as high as 0.85 for a solid cir-
culation rate of 5 mol CaO/mol CO2, if a 0.3 mol of steam/mol CO2
is fed into the hydrator. However in real systems, due to the ash
and/or sulphur content of the fuel used in the calciner, a flow of
purge can be expected to keep the inventory of solids in the system
constant or to remove any CaSO4. In such a situation, a compromise
between a minimum value of F0, to purge the system, and a flow of
steam to increase Xave must be adopted.

Besides having an effect on the CO2 balance, the internal cir-
culation rate (FR) has an influence on other aspects of the system,
such as the energy balance (i.e. heat requirements in the calciner).
For this reason, it is important to keep FR at reasonable low val-
ues. In accordance with Eq. (7), once the CO2 capture parameters
have been fixed (EC and FCO2 ), there is a link between the differ-
ent mass flows involved in the system (F0, FR and FH). To illustrate
these effects, Fig. 7 shows the relation between molar steam con-
Fig. 7. Effect of steam consumption on solid circulation rate between reactors for a
capture efficiency of 0.9 using a hydration degree of 0.6.
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orbent hydration on FR is higher for low F0/FR ratios. For high make
p flows, the activity of the solids in the system (Xave) is influenced
ore by the addition of fresh limestone. On the other hand, for low
ake up flows, the solids in the system exhibit a low activity. In

his case, sorbent hydration is an effective method to increase Xave

nd thereby reducing the solids circulation requirements between
eactors.

. Conclusions

A process for integrating sorbent hydration into a Ca-looping
ycle has been analyzed by adding a new reactor to the CO2 capture
oop and solving the associated mass balances for the three inter-
onnected reactors. The main variables that influence the level of
orbent regeneration are the mass flow of solids sent to the hydra-
or and the degree of hydration. The solution of the mass balances
aking into account the sorbent decay curves and the functions
or calculating the fraction of particles in the system calcined a
iven number of times makes it possible to evaluate the impact
f hydration on sorbent activity and capture efficiency. Two dif-
erent scenarios of partial hydration were analyzed (20 and 60%).

hen a hydrator reactor is integrated into the CO2 capture pro-
ess, the average activity of the solids circulating in the system can
e increased by using steam instead of fresh limestone. The results
btained in this work indicate that steam is more efficient when
he sorbent is hydrated to a high degree. In the scenarios analyzed
n this work, the activity recovered by the sorbent after hydration
an be 45% higher if the sorbent is hydrated to 0.6 instead to 0.2.
his means that for a given value of steam consumption, it is more
uitable to divert a smaller flow of solids to the hydrator and to
egenerate them to a higher level (up to 0.6) than to use a lower
ydration level (0.2) and a larger solids flow. On the other hand,

mprovement in average sorbent activity by means of hydration is
ore pronounced when the system is working with highly deacti-

ated solids, which is characteristic of situations where a low make
p flow of fresh limestone is used.
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