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System And Method For Calcination/Carbonation Cycle

Processing

FIELD OF INVENTION

The present invention relates broadly fo a system and method for

- calcination/carbonation cycle processing.

BACKGROUND

The environmentel impact of anthropogenic carbon dioxide emissions, which are
currently at about 23.4 Gionne, is now recognised to be a major tisk to mankind.

Carbon Capiure and Sequestration (CCS) processes aim fo reduce CQ,
emigsions by capluring CO, from industrial processes, principally in the powar, cement,
and steel procesaes, that burn fossil fuels, and secuestering the GO in deep saline
aquifers, depleted oll and gas fields, desp ¢oal seams, or deep ocean reservoirs, »

There are three approaches to carbon capiure for the CCS application — post-
combustion capture, pre-combustion capture and oxy-fuel combustion. Pre-combustion
capture would be used, for example, in an Integrated Gasificalion Combined Cycle
power plant. However, the initial capital costs of a power plant hased on this approach
are belizved to be very high. Oxy-fuet combustion Uses oxygen instead of air, but
suffers from the very high cost of éeparating oxygen from air, and may never be
commaercially viable. Post-combustion capture is believed to be the most promising CCS
process, with the benefit of being more easily integrated into existing power generation
systems.

The transport, sequestration and monituring of CCS are both well established,
and their costs ére not a hurdle to the adoption of CCS. Haowever, there is currently no
estahlished carbon capture process that hae been shown to be economically viable for
CCS8. Only ohe carban capture process is commercially used This process, called the
MEA process, is currently used by the petroleum indusiry to separate CO; from natural
gas, where the CO;, has been injected into the reservoirto force out the hydrocarbons.
The MEA process separates the natural gas from the CO,, and regenerales the MEA
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sorbent for a gyclic process. MEA uses amines (and similar materials) as the sorbent,
and the raverse process uses steam to release the CO; to regenerate the amine, The
MEA process could operate today as a post combustion pracess in a power piant ata.
cost of US$50-70 per tonne of CO;, avolded, well in excese of the target of US$10-20 per
tonne of GO, avoided, as required for the COS application. MEA cannot be currently
used in its present form because it consumes foo much- energy from the power plant.
MEA is a toxic material. Thus there is a world-wide effort to devetop new carbon capture
technologies that can meet the long term cost target for GCS.

Shimizu et al, (T. Shimizy, T. Hirama, M. Hosoda, K. Kitano, A twin bed reactor
for removal of CO, from combustion processes”, Trans | Chem E, 77A, 1989) first
propused that & calcination/carbonation cycle be used to capture carbon from flue
gases. The paper by Shimizu ¢t al. proposes limestore carbonation éi 800°C for
capluring the carban from the flue gas, and regeneration of CaCO, above 950°C by
burning fuel with the CaCO;, akin to conventional calcination, with pure oxygen frama .
separating plant, 80 a5 to give pure GO, and steam as an output. However, this
approach is impractical, and limestone calvined above 950°C will rapidly fose its
reactivity due to sintering, as was demanstrated In the work of Shimizu,

Abzndades and Alvarez (“Conversion Limits in the Reaction of CO,, with Lime",
Energy & Fuels, 2003,17, 308-315) presented additional data and reviewed previous
work on the Calcium calcination/carbonation’ cycle. They demonsirated that the fast
reaction observed by all researchers was due io the calcination and carbonation of
surfaces in micropores of the Ca0, which are refifed in carbonation, and & smaller
contiibution from calcination and carbonation on ffie larger surfaces. Repeated sintering
of the particles during the calcination cycles caused a gradual change in the morphology
of the particles with a loss of the micropores, résulting in a loss of the fast component of
the carbonation and a degradation of the serbent, o

Garefa et al. (A Garcia, J Carlos and J. Oakey; “Combustion ‘method with
integrated COp separation by means of carhonation” US Patent publication no.
20050060985)-described & process that uses this cycle. They claim a systemn based on
a fluid circulating fluid bed reactor, drawn bed reactor, or cyclone reactor. Their patent
discloses that heat transfer from the combustion reactor provides hesat to the calcinar,
and the use of a partial vacuum or steam in the operation of the calciner. They specify a
calcination ternperature of 900°C and a carbonation temperature between 600-750°C.

PCT/AU2006/001568
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They report that the replenishment of the sorbent is 2-5%, so that, on average, the
limestone is cycled between 50 and 20 times.

The practical problems with this approach arise firstly from the lifetime of the -
reécﬁvity of the granules. 1t is understood that the granules will react with the 80x
contaminants in flue gases to produce CaSO.., which is later oxidised to gypsum
Ca80,. The injection of Iimegstone granufes into hot flue gases to scrub the SO, is an
existing technique referred ta as “furnace sorbent injection”. In addition, the limestone
granules ose reactivity at high temperature in the calcination stage due to sintering. The
calciner described by Garcia et al is a fluidized bed to take advantage of the high heat
trangmission coefficients. Altematively, a pneumaﬂc fransported bed of pipes is
described through which the steam is made to pass. The results of A, Abanades and D.
Alvarez Energy and Fuels, 2003, 17, 308-315, shows how the perfarmance of a
material that is produced (and later recycled) through 10 minute long calcination steps
degrades. The cumutative sintering not only reduces the surface area but closes the
pores.

1-8 Fan and H.Guptz (US Patent pubiication no. 20060039853) also described
carbon capture process by fimestone using the calcinationfcarbohation sorption c:yclé for
application in the water gas shift reaction to promote plants hydrogen generation in the
water gas shift reaction, They describe the use of a material described in a previous
patent (US 5,779,484} as a “super sotbent’ as characterised by a high surface area and
of 25 m® gm™ and a pors, volume of 0.05 cm® g, and a mesoporous pore size
distribution in the range of 5-20 nm diameter. Their objective was to make a limestone
with a surface that mitigates the effect of “pore clogging”, namely one that has a
mesoporous structure, rather than a microporous structure with pares <2nim.

. A critical factor in the assessment of the viability of a CCS system is the energy,
capital and operating costs of the processes and the footprint of the capture systems.
The energy cost for an sffisient regenerable sorbent system is largely determined by the
integration of the process into the thermal processes of the power plants or industrial
pracesses and is determined by the recuperation of heat, because the chemical energy
of sorplion and desorption is recoversd. However, any ancillary processes that
consume energy such as transfer of granules between reactors would create a penalty.
The capital cost translates into the cost of the process, and simple scalable reactor
designs are required.  The operating costs include the cost of feedstock, and the
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sorbents used should have a long lifetime and should preferably, be a low cost to
manufacture, The operating costs also include the cost of disposal of the spent sorbent, and
preferably this should be non-toxic and a waste product that can be profitably consumed. It is
understood that a major concern in developing a practical CCS system is the footprint of the
reactor systems. Some concepts, when scaled, lead to a CCS system that is as large as the
power generator.

A need therefore exists to provide a system and method for calcination/carbonation

cycle processing that seeks to address at least one of the above mentioned problems.

SUMMARY

It is an object of the present invention to substantially overcome, or at least
ameliorate, one or more disadvantages of existing arrangements.

According to a first aspect of the present invention there is provided a system for
calcination/carbonation cycle processing, the system comprising a calciner reactor for
receiving partially carbonated mineral sorbent granules, the calciner reactor arranged such
that the sorbent granules move through the calciner reactor under gravitational forces in a
granular flow; a heat exchange structure for transferring heat through a wall of the calciner
reactor to the granular flow of the sorbent granules for facilitating a calcination reaction of
the sorbent granules 1o regenerate the sorbent granules; a gas extraction unit for removing gas
products from the calciner, wherein the gas products comprise carbon dioxide from the
calcination reaction; a carbonator reactor for receiving the regenerated sorbent granules from
the calciner reactor and for receiving a cold flue gas, such that the regenerated sorbent
granules are partially carbonised while the flue gas is scrubbed and the partially carbonated
sorbent granules and the scrubbed flue gas exit the carbonator reactor as respective hot
materials; and a riser unit for cycling the partially carbonated sorbent granules from the
carbonator reactor to the calciner reactor.

The calciner reactor may comprise a fceder unit for the granules; a retort chamber
having the feeder unit located at a top portion thereof, whereby the sorbent granules move
through the retort chamber under gravitational forces in a granular flow; and the heat
exchange structure is thermally coupled to a wall of the retort chamber for providing heat to
the granules inside the retort chamber through heat transfer through the wail of the retort

chamber.

3152949v1 (783201C_Amended_Claims)
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The riser unit may pneumafically cycle the partially carbonated sorbent
granules from a basg of the carbonator reactor to the feeder unit at the top of the
retort chamber. :

The system may further comprise a mixer means disposed inside the retort
chamber, the ‘mixer means imparting at teast horizontal forces on the granules
moving through the chamber such that the granules are moved towards the wall of
the retort chamber for facilitating the heat exchiange to the granules through the wall
of the retort chamber,

The gas extraction unit may comprise a gas/particles separatar structure
disposed inside the calcination reactor and coupled to exhaust openings of the retort
chamber for facilitating separation of the gas products from the granules.

The gas extraction unit may comprise a vacuum purnp for removing the gas
products from the calciner reactor. :

A gas used to pneumatically cycle the granules from the carborator to the

calciner may be steam.

The caiciner reactor may comprise a plurality of retert chambers, each retort
chamber comprising a-feeder unit located at a top portion of said each refort
chamber, wheraby the granules move through said each retort chamber under
gravitationial forces in a granufar flow; the heat exchange structure is thermaily
coupled to a wall of said each retort chamber for providing heat o the sorbent
granules inside said each retort chamber through heat fransfer through the wall of
said each retort chamber; and the gas exiraction unit removes the gas products
from said each retoﬁ chamber.

The system may comprise a plurality of carbonator reactors, wherein the
regenergted sorbent granules are fed serially through the pluraiity of carbonator
reactors.

PCT/AU2006/001568
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The system may further comprise a bleed unit for bleeding a portion of the
calcinated granules from the calciner reactor prior to the carbonator reactor, and a feed unit
for feeding a corresponding portion of fresh calcinated granules into the carbonator reactor.

The sorbent granules may have a size distribution between about 40 microns to
about 125 microns.

The system may further comprise means for scrubbing dust from the gas products
comprising the carbon dioxide.

The system may further comprise means for cooling the gas products comprising the
carbon dioxide.

The system may further comprise means for compressing the gas products
comprising the carbon dioxide.

According to a second aspect of the present invention there is provided a method for
calcination/carbonation cycle processing, the method comprising the steps of receiving
partially carbonated mineral sorbent granules in a calciner reactor; providing for movement of
the sorbent granules through the calciner reactor under gravitational forces in a granular flow;
transferring heat through a wall of the calciner reactor to the granular flow of the sorbent
granules for facilitating a calcination reaction of the sorbent granules to regenerate the sorbent
granules; removing gas products from the calciner, wherein the gas products comprise carbon
dioxide from the calcination reaction; receiving the regencrated sorbent granules from the
calciner reactor and a cold flue gas in a carbonator reactor, such that the regenerated sorbent
granules are partially carbonised while the flue gas is scrubbed and the partially carbonated
sorbent granules and the scrubbed flue gas exit the carbonator reactor as respective hot
materials; and cycling the partially carbonated sorbent granules from the carbonator reactor to
the calciner reactor.

The calciner reactor may comprise a feeder unit for the granules; a retort chamber
having the feeder unit located at a top portion thereof, whereby the sorbent granules move

through the retort chamber under gravitational forces in a granular

3152949v] (783201C_Amended_Claims)
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flow; and the heat exchange structure is thermally coupled to aAwa'lI of the refort
chamber for providing heat to the granules inside the retort chamber through heat
transfer through the wall of the retort chamber.

The partially carbonated sorbent granules may be pheumatically cycles from
a base of the carbonator reactar to the feeder unit at the top of the retori chamber.

The method may further comprise imparting at least horizontal farces on the
granules moving through the chamber such that the grahules are moved towards
the wall of the retort chamber for facilitating the heat exchange to the granules
through the wall of the retort chamber, '

The method may comprise utlising a gas/particles separator structure
disposed inside the calcination reasior and coupled to exhaust openings of the refort
chamber for facilitating separation of the gas products frorm the granules.

The method may comprise utilising a vacuumn pump for removing the gas
products from the calciner reactor. '

A gas used to pneumaticaily cycle the granules from the carbenztor fo the
calciner may be steam,

The calciner reactor may comprise a plurality of refort chambers, each retort
chamber comprising a feeder unit focated at 2 top portion of said each retort
chamber, whereby the granules move through said each retort chamber under
gravitational forces in a granular flow; the heat exchange siructure is therm'a\ly
coupled to a wall of said each retort chamber for providing heat to the sorbent
granules inside said each retort chamber through heat transfer through the wall of -
said each retort chamber; and the gas extrastion unit removes the gas products
from said each retort chamber.

The method may comprise ulilising a plurality of carbonator reactors, wherein
the regenerated sorbent granules are fed serially through the plurality of carbanator
reactors.

-10-
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The method may further comprise bleeding a portion of the calcinated
granules from the caliner reactor prior to the carbonator reactor, and feeding a
comesponding porfion of fresh calcinated granules into the carbonator reactor,

The sorbent granules may have a size distribution befween about 40 microns
to about 125 misrons,

The method may further comprise scrubbing dust from the gas products
comprising the carbon dioxide.

The method may further comprise cooling the gas products comprising the
carbon dioxide. :

The method may further comprise compressing the gas products comprising
the carbon
BRIEF DESCRIPTION OF THE DRAWINGS

Ermbodiments of the invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Figure 1 shows a schematic vertical crose-sectional drawing of a
calciner/carbonator reactor for calcination/carbonation cycle processing according to
an example embodiment,

Figure 2 shows a schematic horizontal cross-sectional view of a static mixer
structure inside the calciner reactor of Figures 1 in another embodiment.

Figure @ shows a schematic vertical ¢ross-sectional view of a gas/particle
separator structure for use inside the calciner reactor of Figure 1 in another
embediment,

. Figure 4 {s a schematic representation of a carbon capture system based on
an array of calciner and carbanator reactors of the type described in Figure 1 that
may be deployed in a power station with desulphonator reactors.

Figure 5 shows a flow chart illustrating a method for calcination/carbonation
cycle prucéssing.

11-
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DETAILED DESCRIPTION

The described émbodiments relate to & method for separating GQ; and SQ, from
combustion gases using fime granules as the feedstock in & regenerative sorbent
process. The embodiments described herein use as a common feature the
calcination/sarbonation cycle o remave the carban dioxide using the reactions based on
a metal axide MO(s) sorbent. The chemical reactions that comprise the cycle are:- '

MO({g) + CQ.(g) — MCO;q (s) carbonation {carbon capture from fiue gas)

MCO;(s) = MO(s) + COz(g) calcination (carbon release to sequestration)

The embodiments are based on & reactor system in which the granules are
preumatically transposted between the carbonater reacior through which flows the flue
gaces and a calciner in which the sotbent is regenerated and the released carbon ‘
dioxide is scrubbed, if required, and mechanically compressed far sequestration.

The embodiments assume that the initial feedstock is preferably a “super
sorbent” prepared using a steam catalytic calciner, but other methods of feedstock
preparation are known In the art.

The embadiments further assume that the particles are spent through the
regction with SO, such thal the end product, is a8 MSO, after oxidation.  Thus the
embodiments relate to a reactor system that is appropriate to removal of bbth CO, and
50, from fiue gases.

The reactors described herein are appropriate to the use of caleium or
magnesium (that is M = Ca or Mg). - The calcium caicination/carbonation regction
operates at 900-950°C for calcination and 800-760°C for carbonation, whereas the
magnesium calcination/carbonation reaction operates at 500-850°C for calcination and
300-400°C for carbonation.  For the magnesium cycle, the sorbent may be magnesia
Mg or a new material MgO.CaCy, referred fo hereln by the trademark semidolime , or
a mixture thereof. It is understood that reference to the new material using the trademark
semidolime in the provided descrfptioh is not to be viewed as making that name a
generic description of the new material. For the calcium cycle, ime Ca0 is preferably
used. The advantages of using semi-dolime as the sorbent are principally the cost of
dolomite compared to magnasite, but alsa the pore clogging of semi-dolime is reduced

-12-
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by the “dilution” of the surface active MgO sites by the inactive CaCQy sites. The
sorption efficiency of semidolime is fimited to 0.31 kg of GO, per kg of MgO.CaCO,
sorbent compared to the extraordinary capacit\) of 1.08 kg of CO, per kg of MgQ
sorbent. By camparison with fime as sorbent, the cost of lime is [ess than dolomite, and
fimestone is already extensively used in power stations for 8Oy redugtion. A éalcium
calcination/carbpnation cycle can operate with no net increase in feedstock cost
because the regenerative carbon caplure oycle uses the lime many times before it is’
poisoned by the SOy For ealcium sorbents the temperatures are higher and the
enthalpies of reaction are higher than the magnesium sorbents, and thus the integration
of the calcium cycle into an industrial process may be more difficult and expensive,
whereas the magnesium cycle is potentially more adaptable.

The embodiments desoribed herein are esgentially the same for both caleium
and magnesium based sorbents, and persons skilled in the art would éppreciate the
differences that.are required. For example, those parts of the system continuously
exposed to temperatures above $00°C would be fabricated from alioys that were
resistant at'those temperatures, whereas the materials used at 650°C would be lower
cost, for example stainless steel,

A key challenge to the adoption of calcination/sarbonation to carbon capture is
likely to be the capital cost and footprint of the systems used for example, in a power
plant. The embodiments described herein use & design in which these two parameters
are reduced compared to existing technigues.

The described method uses a calcination process that seeks to minimise the
residence time of the granules in the calciner reactor. There are two important
consequences of this principle. Firstly the volume of the calciner/carbonator reactor
aystem scales with the residence time in the reactor, for a given sorption efficiency. This
is particularly important in the development of serbent reactors that deal with the large
cathbon dioxide output of power stations and other large industrial processes. Thie wil
also be reflected in the capital coat and the foolprint of the systern. Secondly, the
deleterious effects that arise from sintering of the granul‘es scales with the sumulative
residence time in the high temperature caliner reactor. .

The described method also seeks to minimise the footprint of the reactor by
using a slim gravity fed caleiner madule in which the residence time is between 1-10
seconds. Such g reactor would be 12-38 m high and would be such that the gravitational
fall of a stream of granules, extended by mixer segments, has this residehce time. The

13-
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heat transfer inte this reactor aceurs through the walls of the retort, and relies on the
high viscosity of the granular flow. The solids fraction of the flow has to be sufficient that
the fiow develops, but should not be too high that the heat transfer rate, most generally
limited by heat transfer through the calciner walls, limits the conversion efficiency during
the residence time. The advantage of using gravity to transport the granules is that it is
fow cost, and the handling of granules using pneumatics is understood.

The described methed is applicable to the removal of CO; from flue gasses or
from ather discharges fram industrial processes.

The described embodiments further pravide a pracess of separating 80y and fly
ash from the flue gas dsingl said granules in separate desulphonator reactors that use as
its feedstock the spent granules fram the amray of calciner/carbonator reactors, and
which capture the SOy, fly ash and other pollutants before the flue gases enter the
calciner/carhonator reastors described herein. The design of such a desulphonator
reactor is understood, and is not further described in this method. This method ensures
that the granules in the calciner/carbonator reactors can be cycled to capture carbon
dioxide for the maximum number of cycles before they become poisoned by residual
80, or they lose reactivity by the cumulative sintering. i

The descrihed embodiments deal with the separation of the CO, Qsing the
calcination and carbonation process in an asray of coupled calcinen‘cafbona{or reactars,
extracting the heat from gas streams exiting the reactors, and collecting the CO; for re-
use and/or for containment in geological formations know as sequestration. The scaling

of the reactors in ah array facllitates managing the heat flows betweén the reactors, a

result that derives from the use of the viscosity of the granular flow to cause heat
transfer across the calciner walls.

In the described embodiments for & single calcinet/carbonator reactor, the
calcination is undertaken on partially carbonated granules in which the carbonation is on
the surfaces of the granules, including the filed micropores and mesopores. The use of
steam catalysis that is preferably used to fabricate the sorbent is not required in the
described embadiments because the reaction fakes plage sufficiently quickly because
the carbonised regions acour at surface regions of the granules. It may be preferred to
minimise the use of steam on the basis of cost, The reaction rate for caicination and
carbohation slows down considerably as the reaction front moves info the deeper
reaches of the particles. The granule surfacs area S(x) evolves during the calcinafion
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reaction through the degree of conversion x. Khinast et al demonstrated that their
resulis could be modelled by a randem pare distribution that evolves as:
S = 8 (10"(1-37 In(1-x))"*  m¥kmel ‘

where S is the BET surface area in m¥kmol at x=o. This functicn initially increases as
fhe departing carbon dioxide crestes pores, and then decreases as the resction zone
approaches the core. It has been recognised by the inventors that, given the imperative
to minimise the reacior residence time, it is more effective to only partially carbonate the
granules and in sach cycle use the inifial fast calcination process to relsase the carbon
dioxitie. This approach sacrifices the very high sormption efficiency cf the granules for
other benefits. Thus, it has becen recognised by the inventors that the 'dcgres of
carbanation of the particles o+ can be set to the range of 30-80% in the described
calcination/carbonation process such that the calcination proceeds from x=1 {0 x=g+. In
this regime, the average value of S(x) exceeds unity.

Figure 1 shows a caleiner and carbonator reactor pair. However, it is noled that
& carbonator reactor can more generally fed by a number of calciner reactors in different
embodiments 'so that the flue gas handing is optimised. Refering o Figure 1,
carbonised granules at numeral 100 with & size distibution between about 40 microns to
about 125 microns are injected into a calciner reactor 102, where the granules fall
through the about 12m length and are regenerated by caleination. The calciner retort is
the inner tube 104 of the reactor 102, and the heat for the endothermic reaction is
supplied through inner heat exchange walls 106.  The calciner 102 aleo has  static
mixer sagments (shown in Figure 2) which assist the heat transfer and to promote
uniform caleination, and conjcal separator sagments (shown in Figure 3) to assist in the
separation of the carbon dioxide from the granules in each segment. The residence time
is set by the fall of the granular flow through the length, and is about 1.9 s. The flow of
heat to maintain the caleination pracess is primarily supplied through the calciner walls
106. In this embodiment, the caleiner walls 106 are heated at  heat exchange unit 108
by a heat exchange fluid, which may be compressed carbon dioxide, supplied from the
power plant 140. The heat transfer to the granules falling through the calciner 102 is
limited by the transport of heat through the calsiner walls 108, as the heat transfer from
the wall 106 to the granules is faster by virtue of the viscosity of the granular fiow. The
temperature in the calciner retort 104 experienced by the particles varies along the
length of the retort 104, as determined principally by the balance of the heat transfer rate

-through the walls and the reaction rate The femperature inside the calciner retort 104
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will increase down the calciner as the conversion takes place and will approach that of
the heat exchange fiuid. The reaction rate is quenched by the background carbon
dioxice and this effect is reduced 'by the conical separators (Figure 8), and the pumping
of the gas from the calciner to produce & partial vacuum. The sorbent foed tate is
controlled such that the sorbed CO;, in the injected granules (je o*= 30-50%) is released
in a single pass. With a diameter of about 0.3 m, the sarbent capacily of the caloiner
retort 104 is about.1-3 kg s releasing about 0.5 kg 87 of GO, The GO, produced by
the calciner 102 is drawn out of the caleiner 102 by a gas extraction unit comprising a
vacuum pump 116 and a compresaor 118 in the example shown in Figure 1, which
maintains the gas preasure in the calciner at not more than about 0.3 aim in the
described example. The gas is passed through the power plant 146 to recuperate heat,
The compressed CO, is available for sequesration, which is a process common to most
carbon capture systems. The pressure is uniform within the calciner 102 of the described
example. The carbon dioxide is extracted ihrough the central tube of the gas/particles
separetors, as Will be desoribed below in Figure 3. The volume of the caleiner 102 Is
about 1 m®. The volume could be raduced by decreasing the tube 104 diametar, with
the constraint being that the heat transfer rate should be sufficient to achieve the
required degree of calcination, The regenerated granules extracted from the base 122 of
the caleiner 102 are injec'ted at the position 128 into a carbonator reactor 124. - The
carbonator reactor 124 is preferably based an an autothermal design. The flue gases
from the power plant 142, after conditioning described in detail with reference to Figure 4
below, are injected near the base 136 of the carbonator and pass through the falling
fluidised bed of granules. The temperature of the carbonator is a balance of the heat
released by the carbonation readtion and the heat in the granules and gasses entering
and leaving the reactor. in the autothermal mode, the temperaiure is that at which the
catbonation is complete. The flue gas 126 is heated and the granules injected at 128 are
cooled.  The carbonator walls 127 in this embodiment are insulaing. For energy
efficiency, the calciner/carbanator reactor system is preferably incarporated into the
thermal oydle of ths power plant, such that the hot sorubbad flue gas 134 are routed fo
the power plant 144 for conditioning, as will be descibed with reference to Figure 4
below. It will be apprediated that there are many possible configurations which can
depend not only on the themmal aycle but also on the choice of sorbent (calcium or
magnesium or other). The carbonated gramules are coliected from the base 138 of the
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carbonator 124 and are transported pneumatically in a riser 138 to the entrange 112 of
the calciner 102 to complete the oycle. )

It will be recagniced thet the deseribad _example specifies the source of heat for
the caleiner 102 as coming from within the power plant 140, and the heat in the flue
yases also comes flom power plant 142, This heat is rectiperated, as much as is
possible, from the carbon dioxide at pdwer plant 146 and the scrubbed fiue gas &t power
plant 144. This annotation represents that the reactor system as a whole is infegrated
into & power plant or othar industrial process so as to maximise the thermal efficiency of
the overall process. The soures of the heat may be provided as part of the power plant
combustion system, or from steam from that plant, or by a separate energy source,

In ancther embodiment, superheated steam can be used in the system as the

“means for preumatically transporting the particles in the riser 138. The superheated

steam will saturate the granules during this process, when they are injected into the
calciner, it will catalyse to a limited degree the calcination reaction. A further advantage
of using steam to transpart and saturate the granules is that the released steatn in the
czleiner gas stream is easily separated by & condenser before the gas is compressed,
leading to pure carban dioxide praduct, The condensation assists in-pumping out of the
gases for reasons discussed below, The use of Superheated steam in this way reduces
the complexity of the pneumatic systems. However, it will be appreciated that steam
and carbon dioxide at high temperature are understood fo catalyse the sintering of the
granules, znd therefore steam is preferably used sparingly in the calciner 102.

Returning to the description of the calciner reactor 102, it is important to
recognise that the efficiency of the calciner refies on the heatttransfer etiiciency across
the calciner walls and the suppression of the back reagtion with carban dioxide. To
achieve a high efficiency, the calciner embadiments described include a helical stafic
mixer (Figure 2) and conical gas separatar (Figure 3) inserts.

Details of the static mixer in the example embodiment will now be described,
with reference to Figure 2. The static mixer 200 is used, in part, to increase the surface
area for heat transfer, but the principle tasks of the static mixer 200 are to deflect kinetic
energy into the (r,8) plane to induce the granular flow, and to mix the granule flow
streams to break up the tendency for the graniles to form a laminar flow, so that the

-degree of calcination is unifarm actoss the calciner by virtue of this mixing. It is

understood that the static mixer .'éoo Gan, for example, be constructed from helisgl
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segmenis to achieve those tasks. In Figure 2, the static mixer 200 provides unifarm
turbulent mixing of the particles and the steam, and maximiges the interactions of the
parlicles with the calciner walls 104, The static mixer 200 is fabricated from' plate
segments 206 having a width equal to the inner diameter of the calciner walls 104
(Figure 1). The plate segments 206 are twisted at & pitch angle of about 33:3°, and
having a segment length equal to the pitch, or one half of the pitch. Each segment is -
attached to a segment of the opposite handedness, rotated by 90°. The assembly of
such segments is inserted into the caiciner 102, and may be welded to it so that the )
surface area of the flange acls as a part of the heat exchanger systern', or alternatively,
Joiner in such a manner es to allow the segment to be vibrated so as to dislodge
granules that would otherwise build up and constric the particle flow. In the described
embodiment, the assembly of the segments, i.e. the stafic mixer and the conical
separator (Figure 3) extends from the base of the calirer 102 to substantially
underneath the throat 112 (Figure 1). The central tube 204 is used to accommadate the
gas flow from the conical separator in-a tube 308 (Figure 3) positionad below this static
mixer as shown in Figure 1.

Details of the conicél solid-gas separator in the example embodiment will now be
described, with reference to Figure 3. In this embodiment, conical gas-solids separators
are deployed along the retod, Each conical segment e.g. 302 Is placed so that granules
falling onto the exterior of the cone 304 are deflected to the calciner walls 306, and the
solids density is increased as the particles flow down {owards the base of the cone 304, -
The gases from the segment 308 below are exhausted by their upwards flow-into the
inner region of the segment 304 and are injested into the upper part of the next upper
segment through a tube 308 that passes through the static mixer central wube 204
(Figure 2). Breaking up of the granular flow, and the formation of dust in the gonical
separator is to be minimised, To prevent this dust from exiting the caleiner, a screen
309 can be placed near the exhaust point of the gas and is electrically charged from an
external battery 50 as to repel such disengagéd granules, based on the fact that ground
granules have a significant surface charge. That is, the separator 300 is designed to
minimise granule entrainment in the exhaust, The separator can also be vibrated or
rotated {vibrator unit or rotator Lmit 314) so as to eliminate the build-up of granules on
surfaces, Thie separator siructure 300 may be combined with a helical stafic mixer
(compare Figure 2) by altemating respective segments, so that the helica! static mixer
causes azimuthal and radial mixing of the granules (io achieve uniform canversion),
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whilte the cone section promotes efficient Interaction with the calciner walls.
Alternatively, the helical static mixer may be incorporated onto the outside of the canical

structure 300,  In a further embodiment, the background pressure of the carbon dioxide

is reduced by pariial evacuation of the calciner. it is hoted that cooling of the exhausted

gases as a stage of a gas compressor system will act as a pump. Steam may be

injected In the canical separator 300 through a feed pipe 311 via pipe contuits 312 o a

slotted ring 313 to provide not only a catalytic effect but also to flush the calciner to

reduce the back reaction.

" The reactor system 101 uses a very rapid calcination reéctlon. This preferably
overcomes a number of practical hurdles to the use of the calginer/sarboniser reaction
for carbon capture. Firstly, the amount of time that the granules spend at high
temperature has been minimised, and thus the effect of sintering is minimised. Sintering
is cumuylative, and at ~1.5 seconds per pass, the cumulative effect is equivalent to 1.5
minutes of sintering if the rate of feeding and bleeding gives an average of 60-100
passes: It is expected that the surface of the granules will degrade during the multipie
pagses &s has been demonstrated by others, but these studies demonstrate that the
particles will not lose their reactivity with 1.5 minutes of sfniering, The degradation of the
sorbent is more likely to arise from poisoning of the surface by 80y in the flue gas.

The designs of the calciner and carhonator have a significant difference in that
the calciner is reliant on heat transfer between the calciner wall 106 and the granules
based on good conduction across this wall 106, whereas the walls 127 of the carbonator
are insulating and the heat transfer is betwsen the flue gases and the granules.

The calciner system described in Figure 1 has a residence time for the granules
of ~1.5 sedonds for a typical system, the injection rate of granules with a degree of
carbonation ¢*=30-50% is 1-3 kg s~1. At such rates, the heat transfer across the surface
of the calciner in steady state is givenby 4 '

UA(T-Te) = yo AHea(Te)

where v is feedstock injection tate in kg 5, A is the surface area of the calciner
and AHu is the enthalpy of the reaction in J kg, and U is the hesat transfer coefficient in
WK fram the external heat exchanger at ils (averags) temperature T, fo the
Feedstock particles at the (average) calcination temperature T, , through the calciner
surface. U is given by the expression
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where h, is the heat transfer coefficient from hot flue gas 108 to the outer ¢alciner wall.
106, §r is the wall 108 thickness and k is the heat conductivity of'the wall 108 material,
and b, is the heat transfer coefficient from the inner surface of the wall 106 to the
particles. The calciner heat exchange system is designed such that hy >> kiér.  The
viscosity of a granular flaw is wall approximated to be 1 Pa s, and fhis gives rise toa
heat fransfer coefficient b, >% k/8t, where h, can be estimated from well established
correlations of hydrodynarmics. Thus, U ~ kér in these embodiments. A reasonable
temperature gradient can be established for the sorbent feed rates with 2 caleiner
diameter of ~0.3 .

A single reactor system of the proposed design is capable of removing betwsen

~0.5 ky 7 of carbon dioxide depending an the sarbent efficiency and the degree of

sorption o* for a temperature gradient of ~50°C across ithe calciner walls. Flue gasses

are produced in large volumes by an industrial soale combustion process. For example,

a 1000MW power plant consumees coal at 40 kg & and produces CO, at about 95 kg gt
with a total flue gas throughput of 440 Kg s, Using the reactor capacity described
above, a farm of some 200 reactors can be implemented to scrub the CO,, and. this
would be combined with ane o more desulphonator reactors to scrub the SOx priar to

injection into the CO2 reactor farm using the spent sorbent from these reactors. Each

reactor system described above has a footprint of less than 1 m?, excl uding pneumatic
trangport systems and heat exchangers, is such that the array of calciner retorts
oocuples a footprint of not less than 200 m” Practical considerations of the provision of
ancillary services increases this footprint considerably, but this minimal footprint is
demonstrates an implementation viability of the described ;iesign, It is noted that the
solids fraction of the calciner reactor ee. is very small, of order 5-15*10%.  This.is a
small sofids fraction for a reactor, and distinguishes the embodiment from other fiuid bed
reactors. It is sufficiently large, hawever, that the collective flow is established, and that
flow creetes the nacessary viscosity and heat fransfer.  The e is small because of the
limited surface area of the calciner determines the rate of heat transfer to-the granules,
and that heat transfer is restricted by the heat flow across the calciner walls. Too high a
flow and the calcination yield will fall,’

Turning now to the carbonator reactor 124, the reaction time for the carbonation
Tearp 16 refated to the reaction time of calcination 7, by the approximate expression

-20-

PCT/AU2006/001568




WO 2007/045048

10

15

20

25

30

PCT/AU2006/001568
18 '
Tear = Teals e}(p[AHwk(‘H RTwm'1 Il RTcan)]/ Peoz.cay

Where Poogean is the partial pressure of CO2 in the flue gases. Far a typical system with
Teaie ™~ 1.6 8, Team ~ 90 6. This difference lres important implications in the design of the
reacior in example embodiments, because the volume of granules in the carbonator
reactor \/;,i, is approximately related to that of the calcingr Ve by

Vearn = Neao Voaie tearbfloaie Scalo/Soarne

where Nes, is the number of calciner reactors that discharge into the carbomator
reactor and eep is the solids fill factor of the catbonator. In the embodiment describad
in Figure 1, Neaw=1. It is apparent that Ve, can be reduced by using a carbanator design
in which the solids fil factor ece, is high, say ~0.1. This is more typical of fluid bed
reactors. In-the limit of Neaw=1, & carbonator reactor retort with the same diameter as the

- calciner, namely 0.8m, the height of the carbonator reactor would be ~A4m, giving a total

height of the calciner/carbonator reactor of ~16m, excluding the ancillary equipment.
This embadiment shows that the larger volume for the carbonator reactor can be
compensated for by the higher solids fraction, and in the example described above, it
can have a smaller volume. [n contrast to the calciner design, the heat transfer in the
autothermal carbonator is between the granules and the gas, and this gives the freedom
to minimise the volume by incraasing the solids fraction. The calciner solids fraction Seak
is constrained by the heat transfer actoss the calciner walls. The freedom to scele the
carbonator allows the development of a flue gas treatment system in which Neg>>1 to
simplify the flue gas handling processes. Thus the granules from Neae c&lciners are fed
into a carbonator and are recovered through Ny, ports that feed the granules into the
respective calciners. The design of the carbonator reactor takes account of the granule
size and the entrainment of granules in the flue gas strearm must be miminised. This
technology is understood and not the subject of this invention.

Further, for a given carbon capture system, there may be Neus slich carbonator
reactors and Ny desulphonaﬁor reactors that consume the spent granules from the
carbonator reactors. The desigh of desulphonator reactors Is understood and is not the
subjéct of this invention,
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The schematic layout of a system that captures CO, and 80, is set out in Figure
4in an example embodiment. The flue gas 401 from a power station 402 is disiributed
in the dssulphpnator amay 403 of N, desulphonator reactors to extract the 8O, aﬁd
the fly ash such that sulphonated granules and fly ash, indicated at numeral 404, are
produced as a useful waste by product, as is conventionally done in flue gas
desulphurisation. The SO and particulate scrubbed flue gas 405 is then injected info
the carbonator amay 406 of Ney, carbonator reactors. In these reactors the COsis
scrubbed by the sorbent and the flue gas, now scrubbed of both CO, and 8O, has the
dust from entrained granules removed 407, and is cooled by a heat exchanger 408
before being released to the atmosphere. The order of the processes of dust remaval
407 and heat exchange 408 in different embodiments depends on the method of
integration of this systern into a power plant 402, and the schematic represantation in
Figure 4 should not be considered as & limitation. )

The CO, loaded strbent granules 410- are pneumatically transparted fo the
calciner array 411, The New calciner reactors of the array 411 calcine the sorbent to
release a pure stream of carbon dioxide which is pumped 412 from the calciness and the
dust 413 from entrained sorbent granules is collected. A condenser/heat exchanger 414
is used to condifion the gas which is then compressed 415 and is ready for
sequestration. The order of the processes of dust removal, pumping and heat exchange
depends on the method of integration of this system Into a power plant, and the flow
chart of Figure 4 should not be considered as a limitafion.

In the calciner array 411, the sorbent granules are regensrated by the aforesaid
release of CO, and the regenerated sorbent granules 417 are then transported
pheumatically to the carbonator aray 406 to complete the process.  Fresh sorbent
granules produced from sorbent festistock 418 in a sorbent fabrication plant 419 are

-introduced into the carbonalar arcay 408 This is done at the same rate as the spent

sorbent granules 420 are bled from the carbonaior array and sulphonated granules are
gjected 404 from the desulphonator array 403, so that the loading of the system by
granules is meintained, taking info account the mass changes of granules in the
respective processes and any particle dectepitation,

With reference to Figure 4, it is noted that the routing of the gasses and granules
is indicated onfy schematically. In one embodiment, the fius gas in the carbonator arvay
406 is routed through one or more of the carbanatar reactars of the array 408 so as to
achisve the optimum reduction of CO.. When more than one carbonator reactors is so
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used, it is preferable to inject the fresh granules into the last carboniser where the partial
pressure of CO; in the flue gas is significantly reduced from that at injection into the
array. In this embodiment, the routing of the gases through the carbonater reactors leads
to a progressive reduction of GO, soncentration, and the conditions for carbon capture in
the last such reactor will be more stringent, In this case, there is a bleed of granules
from this one carbohiser to ancther such that, at the first carbaniser that the flue gas
passes through, the granules are bled into the desulphonator aray 403. It will he
appreciated that this utility of the described embadiment ‘is dependent on the design of
the carbanatars, which Is not the subject of the present application, Howaver, this utility
emphasises the flexibility of the modular approach in the described example
embodimant,

With respect to desulphonation, in a practical system for capturing carbon from
flue gases, any gases that permanently reaet with the sorbent should be remaved or
glse the granules will be poisoned. The major companent of flue gasses that has the
capacity to poison the granules is sulphur dioxide/trioxide referred to as 80, For coal,
this depends on the exlent that the coal is washed to- remove inorganic sulphides, and
the organic content of the coal. While SO, is removed effectively by washing with
fimestone, this is a low temperature solution process and is not integrated with the
described example. The bleed 420 of granules from the reactor system as part of the
method to refresh the granules in the calciner/carboniser reactor system produces a
product that has significant residual activity for reaction with 80,

The granules can be injasted into the flue gas in the desulphonators array 403 at
high temperature, and will react with the SOx, converting it to MSQ./MSO,. This i
referred to as “furnace sorbent injection” ard essentially replaces the 80, by CO,. The
MSQ4/80; is in the form of MO granules in which the surface layer of aboul 30-50% is
ME0/MEC, as a result of pore blocking discussed above for carbanation. This form of
removing 80, does not require the flue gases to be cooled for solution based scrubbing,
and then reheated for carbon removal, The amount of surbent feedstock (limestone,
dofomite) used by a plant for furnace sorbent injection may not be too different from one
that firstly produces the sorbent from that feedstack in a calciher in a sorbent fabr?caﬁdn
plant 419 , and then uses that sorbent in the calciner 411 and carbonator 406 arrays
and then uses the spent granules for scrubbing SO, fn the sulphonater arnay 403, if the
C:8 ratlo in the fiue gasses is say, 3%, and each granule goes through 60 cycles of
removing CO,, and the granules remove S0x with an efficiency of 30%, then the
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feedstocl/sulphur ratio is 1:1, which is comparable to that for an efficient 80 scrubber.
The granules from this process would be removed from the flue gas, and such capture
would also capture fly ash, The solids product can be used as a filler for construction
materials, ’

To appreciate the scale of the system., it is understood that flue gasses are
produced in large volumes by an industrial scale combustion procass. For example, a
1000MW pawer plant consumes coal at 40 kg s and produces GO, at about 95 kg st
with a total flue gas throughput of 440 kg ™. Using the reactor capacity described
dbove, a farm of some Neae Nessy = 200 calciner reactors can be implemented to scrub
the CQy, and this would be combined with a number of SOy reactors to scrub the SO,
priet to injection into the CC; reactor farm. In the embodiment described in Figure 4, the
flue gases progress through the systemn in a fixed path, However, the flow of the flue
gasses between, agy, the N carbonators ¢an be reconfigured using valves that could
isolate, say, any one module for repair and maintenance without substantially
decreasing the flus gas flow. The autonomous regulation of the system fo changes
would allow the farm to maintain operation during a change. of flow, provibling that the
changes vcelr refatively slowly o the imescale of minutes {o hours.

In another embadiment, the calciner/carbonator reactor system described above
with Newg = 1 ¢an be minfaturised for use with small combustors, as the energy
reduirernents are smalfl, the system can regulate itseff, and feedstock for fabricating the
sorbents is plentiful, and the scrubbed material can be recycled with the compressed
carbon diexide. ) .

Figure § shows a flow chat 500 ‘flustrating a method  for
calcination/carbonation cycle processing. At step 502, partially carbonated mineral
sorbent granules are received in a calcirier reactor. At step 504, heat is transferred
through a wall of the calciner reactor fo a granular flow of the sorbent granules for
facilitating & calcingtion reaction of the sorbent granules to regenerate the sorbent
granules. At step 508, gas products are removed from the calcinér. wherein the gas
products comprise carbon dioxide from the calcination reaction. At step 508, the
regenerated sorbent granules from the calciner reactor and a cold flue gas are
recelved in a carbonator reactar, such that the regenerated sorbent granules are
partially carbonised while the flue gas is scrubbed and the partially carbonated
sorbent\ granules and the scrubbed flue gas exit the carbonator reactor as respective
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hot materials. At step 510, the partially carbonated sorbent granules from the
carbonator reactor are cycled to the calciner reactor.

t will be appreclated by a person' gkilled in the art that numerous variaﬁoris
andfor modifications may be made ta the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodimentis are, therefore, to be considered in all respects to
be llustrative and not restrictive.
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The claims defining the invention are as follows:

1. A system for calcination/carbonation cycle processing, the system
comprising:

a calciner reactor for receiving partially carbonated mineral sorbent granules, the
calciner reactor arranged such that the sorbent granules move through the calciner reactor
under gravitational forces in a granular flow;

a heat exchange structure for transferring heat through a wall of the calciner reactor
to the granular flow of the sorbent granules for facilitating a calcination reaction of the
sorbent granules to regenerate the sorbent granules,

a gas extraction unit for removing gas products from the calciner, wherein the gas
products comprise carbon dioxide from the calcination reaction;

a carbonator reactor for receiving the regenerated sorbent granules from the calciner
reactor and for receiving a cold flue gas, such that the regenerated sorbent granules are
partially carbonised while the flue gas is scrubbed and the partially carbonated sorbent
granules and the scrubbed flue gas exit the carbonator reactor as respective hot materials; and

a riser unit for cycling the partially carbonated sorbent granules from the carbonator

reactor to the calciner reactor.

2. The system as claimed in claim 1, wherein the calciner reactor comprises:

a feeder unit for the granules,

a retort chamber having the feeder unit located at a top portion thereof, whereby the
sorbent granules move through the retort chamber under gravitational forces in a granular
flow; and

the heat exchange structure is thermally coupled to a wall of the retort chamber for
providing heat to the granules inside the retort chamber through heat transfer through the

wall of the retort chamber.
3. The system as claimed in claim 2, wherein the riser unit pneumatically

cycles the partially carbonated sorbent granules from a base of the carbonator reactor to the

feeder unit at the top of the retort chamber.
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4, The system as claimed in claims 2 or 3, further comprising a mixer means
disposed inside the retort chamber, the mixer means imparting at least horizontal forces on
the granules moving through the chamber such that the granules are moved towards the wall
of the retort chamber for facilitating the heat exchange to the granules through the wall of the

retort chamber,

3. The system as claimed in any one of the preceding claims, wherein the gas
extraction unit comprises a gas/particles separator structure disposed inside the calcination
reactor and coupled to exhaust openings of the retort chamber for facilitating separation of

the gas products from the granules.

6. The system as claimed in any one of the preceding claims, wherein the gas
extraction unit comprises a vacuum pump for removing the gas products from the calciner

reactor,

7. The system as claimed in any one of the preceding claims, wherein a gas

used to pneumatically cycle the granules from the carbonator to the calciner is steam.

3. The system as claimed in any one of the preceding claims, wherein the
calciner rcactor comprises a plurality of retort chambers, each retort chamber comprising a
feeder unit located at a top portion of said each retort chamber, whereby the granules move
through said each retort chamber under gravitational forces in a granular flow; the heat
exchange structure is thermally coupled to a wall of said each retort chamber for providing
heat to the sorbent granules inside said each retort chamber through heat transfer through the
wall of said each retort chamber; and the gas extraction unit removes the gas products from

said each retort chamber.
9. The system as claimed in any one of the preceding claims, comprising a

plurality of carbonator reactors, wherein the regenerated sorbent granules are fed serially

through the plurality of carbonator reactors.
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10. The system as claimed in any one of the preceding claims, further
comprises a bleed unit for bleeding a portion of the calcinated granules from the calciner
reactor prior to the carbonator reactor, and a feed unit for feeding a corresponding portion of

fresh calcinated granules into the carbonator reactor.

1. The system as claimed in any one of the preceding claims, wherein the

sorbent granules have a size distribution between about 40 microns to about 125 microns.

12. The system as claimed in any one of the preceding claims, further

comprising means for scrubbing dust from the gas products comprising the carbon dioxide.

13. The system as claimed in any one of the preceding claims, further

comprising means for cooling the gas products comprising the carbon dioxide.

14. The system as claimed in any onc of the preceding claims, further

comprising means for compressing the gas products comprising the carbon dioxide.

15. A method for calcination/carbonation cycle processing, the method
comprising the steps of:

receiving partially carbonated mineral sorbent granules in a calciner reactor;

providing for movement of the sorbent granules through the calciner reactor under
gravitational forces in a granular flow;

transferring heat through a wall of the calciner reactor to the granular flow of the
sorbent granules for facilitating a calcination reaction of the sorbent granules to regenerate
the sorbent granules;

removing gas products from the calciner, wherein the gas products comprise carbon
dioxide from the calcination reaction;

receiving the regenerated sorbent granules from the calciner reactor and a cold flue
gas in a carbonator reactor, such that the regenerated sorbent granules are partially
carbonised while the flue gas is scrubbed and the partially carbonated sorbent granules and

the scrubbed flue gas exit the carbonator reactor as respective hot materials; and
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cycling the partially carbonated sorbent granules from the carbonator reactor to the

calciner reactor.

16. The method as claimed in claim 15, wherein the calciner reactor
comprises:

a feeder unit for the granules;

a retort chamber having the feeder unit located at a top portion thereof, whereby the
sorbent granules move through the retort chamber under gravitational forces in a granular
flow; and

the heat exchange structure is thermally coupled to a wall of the retort chamber for
providing heat to the granules inside the retort chamber through heat transfer through the

wall of the retort chamber.

17. The method as claimed in claim 16, wherein the partially carbonated
sorbent granules is pneumatically cycles from a base of the carbonator reactor to the feeder

unit at the top of the retort chamber.

18. The method as claimed in claims 16 or 17, further comprising imparting at
least horizontal forces on the granules moving through the chamber such that the granules are
moved towards the wall of the retort chamber for facilitating the heat exchange to the

granules through the wall of the retort chamber.

19. The method as claimed in any one of claims 15 to 18, comprising utilising
a gas/particles separator structure disposed inside the calcination reactor and coupled to
exhaust openings of the retort chamber for facilitating separation of the gas products from the

granules.

20. The method as claimed in any one of claims 15 to 19, comprising utilising

a vacuum pump for removing the gas products from the calciner reactor.

21. The method as claimed in any one of claims 15 to 20, wherein a gas used

to pneumatically cycle the granules from the carbonator to the calciner is steam.
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22. The method as claimed in any one of claims, 15 to 21 wherein the calciner
reactor comprises a plurality of retort chambers, each retort chamber comprising a feeder unit
located at a top portion of said each retort chamber, whereby the granules move through said
each retort chamber under gravitational forces in a granular flow; the heat exchange structure
is thermally coupled to a wall of said each retort chamber for providing heat to the sorbent
granules inside said each retort chamber through heat transfer through the wall of said each
retort chamber; and the gas extraction unit removes the gas products from said each retort

chamber.

23. The method as claimed in any one of claims 15 to 22, comprising utilising
a plurality of carbonator reactors, wherein the regenerated sorbent granules are fed serially

through the plurality of carbonator reactors.

24. The method as claimed in any one of claims 15 to 23, further comprising
bleeding a portion of the calcinated granules from the calciner reactor prior to the carbonator
reactor, and feeding a corresponding portion of fresh calcinated granules into the carbonator

reactor.

25. The method as claimed in any one of claims 15 to 24, wherein the sorbent

granules have a size distribution between about 40 microns to about 125 microns.

26. The method as claimed in any one of claims 15 to 25, further comprising

scrubbing dust from the gas products comprising the carbon dioxide.

27. The method as claimed in any one of claims 15 to 26, further comprising

cooling the gas products comprising the carbon dioxide.

28. The method as claimed in any one of claims 15 to 27, further comprising

compressing the gas products comprising the carbon dioxide.
DATED this 23rd Day of November 2010

CALIXLTD
Patent Attorneys for the Applicant
SPRUSON&FERGUSON
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