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(57) Abrégée/Abstract:
Char-handling processes for controling overall heat balance, ash accumulation, and afterburn In a reheater are provided.

Carbonaceous biomass feedstock Is pyrolyzed using a heat transfer medium forming pyrolysis products and a spent heat transfer

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




CA 2805386 C 2017/08/01

anen 2 805 386
13) C

(57) Abrege(suite)/Abstract(continued):

medium. The spent heat transfer medium Is separated into segregated char and char-depleted spent heat transfer medium. The
char-depleted spent heat transfer medium Is introduced into a dense bed of heat transfer medium fluidized by a stream of oxygen-
containing regeneration gas. All or a portion of the segregated char iIs combusted In the dense bed using the stream of oxygen-

containing regeneration gas. A portion of the segregated char may be exported out of the pyrolysis system to control the overall
heat balance and ash accumulation.
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(57) Abstract: Char-handling processes for controlling
overall heat balance, ash accumulation, and afterburn m a
reheater are provided. Carbonaceous biomass feedstock 1s
pyrolyzed using a heat transfer medium forming pyrolysis
products and a spent heat transfer medium. The spent heat
transfer medium 1s separated into segregated char and
char-depleted spent heat transfer medium. The char-de-
pleted spent heat transfer medium 1s mtroduced nto a
dense bed of heat transter medium tluidized by a stream of
oxygen-containing regeneration gas. All or a portion of
the segregated char 1s combusted in the dense bed using
the stream of oxygen-containing regeneration gas. A por-
tion of the segregated char may be exported out of the py-
rolysis system to control the overall heat balance and ash
accumulation.
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CHAR-HANDLING PROCESSES IN A PYROLYSIS SYSTEM

FIELD OF THE INVENTION
[0002] The present invention generally relates to char-handling processes in a pyrolysis
system, and more particularly relates to char-handling processes for controlling the overall

heat balance, ash accumulation, and afterburn in a reheater of a pyrolysis system.

DESCRIPTION OF RELATED ART
(0003] Pyrolysis is a thermal process during which solid carbonaceous biomass feedstock,
i.e., “biomass”, such as wood, agricultural wastes/residues, algae, forestry byproducts,
cellulose and lignin, municipal waste, construction/demolition debris, or the like, is rapidly
heated to pyrolysis temperatures of 300°C to 900°C in the absence of air using a pyrolysis
reactor. Biomass may be pyrolyzed using various pyrolysis methods, including the Rapid
Thermal Process method and catalytic pyrolysis. Under these conditions, solid and gaseous
pyrolysis products are formed. The gaseous pyrolysis products (“pyrolysis gases”) comprise a
non-condensable portion and a condensable portion (vapors) that can be condensed nto
liquid biomass-derived pyrolysis oil. The solid pyrolysis products include combustible solids
containing carbon, referred to as “char”.
[0004] As known in the art, heat for the endothermic pyrolysis reaction is produced in a

reheater zone of a pyrolysis reactor or in a separate reheater (collectively referred to herein as
a “reheater’”) by combusting the non-condensable pyrolysis gases and the combustible solids

produced in the pyrolysis reaction. Heat is transferred from the reheater to the pyrolysis
reactor by a “heat transfer medium.” While the heat for the endothermic pyrolysis reaction

and ambient heat losses (collectively “heat demand”) are normally balanced with the heat
supplied from combustion in the reheater, heat balance is not always achieved. Pyrolysis of
certain types of biomass generates considerably more combustible solids and thus more

thermal energy than is required to meet the heat demand of the pyrolysis reactor. If too much
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heat 1s generated, large quantities of excess dilution air or the addition of expensive cooling
systems may be required for the pyrolysis system.

[0005] The heat transter medium typically comprises inert solids such as sand. In catalytic
pyrolysis, catalytic solids may be used, instead of or in addition to the inert solids, as the heat
transter medium. During pyrolysis, the combustible solids mix with the inert solids, the
catalytic solids if present, or both, forming spent heat transfer medium. Spent heat transfer
medium has a reduced ability to transfer heat, and in the case of catalytic solids, also has a
reduced catalytic activity. To restore the heat transfer medium, the spent heat transfer
medium is continuously transferred from the pyrolysis reactor to the reheater after separation
from the pyrolysis gases. The spent heat transfer medium is regenerated in the reheater by
combusting the combustible solids in the mixture. The regenerated heat transfer medium 1s
then recirculated to the pyrolysis reactor.

[0006] When the combustible solids are combusted in the reheater, the metals therein,
typically the alkaline metals, are released as ash to mix with the regenerated heat transfer
medium. As ash 1s continuously produced in the pyrolysis system, ash removal 1s necessary
to balance the pyrolysis system. When the regenerated heat transter medium is recirculated to
the pyrolysis reactor with ash present, pyrolysis of the biomass may be disadvantageously
affected by increased gas production.

[0007] The heat transter medium i1s maintained as a fluidized dense bed 1n a lower portion
of the reheater by the upward passage of an oxygen-containing regeneration gas stream
through the fluidized dense bed. Reheater flue gas 1s in a dilute phase in an upper portion of
the reheater. During regeneration of the spent heat transfer medium in the reheater, a portion
of the combustible solids become entrained in the reheater flue gas. The short height of the
dense bed in the reheater and the small size and low density of the combustible solids results
in a considerable amount of the combustible solids escaping from the dense bed and burning
in the dilute phase (so-called “afterburning’). The combustible solids may also be “blown”
from the dense bed into the dilute phase because of the velocity (typically 0.76 meters to 0.91
meters/second (2.5-3 teet/second)) of the oxygen-containing regeneration gas up through the
dense bed into the reheater tlue gas in the dilute phase. Afterburning may also occur in the
plenum and flue gas transfer lines through which the flue gas exits the reheater, rather than in

the dense bed of the reheater.
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{0008] In addition to afterburning of the combustible solids, afterburning of the carbon
monoxide in the oxygen-containing regeneration gas to CO; in the dilute phase may occur.
Reheaters typically are designed to operate so that substantially all of the carbon monoxide
(CO) in the oxygen-containing regeneration gas combusts to form carbon dioxide (CO»),
thereby imparting the heat of reaction to the reheater. However, there may be incomplete
combustion of the dilute phase flue gas CO to CO, or incomplete consumption of O3 in the
dilute phase. Either problem also gives rise to afterburning. Afterburning is exothermic, and
either must be quenched by additional injection of the oxygen-containing regeneration gas or
the flue gas must absorb the heat of combustion, which undesirably decreases the amount of
heat transferred to the dense bed.

[0009] Accordingly, it is desirable to provide processes.for controlling the overall heat
balance, ash accumulation, and afterburn in a reheater of a pyrolysis system. Furthermore,
other desirable features and characteristics of the present invention will become apparent
from the subsequent detailed description of the invention, taken in conjunction with the

accompanying drawings and this background of the invention.

SUMMARY OF THE INVENTION
[0010] Processes are provided for pyrolysis of a carbonaceous biomass feedstock in a
pyrolysis system. In accordance with one exemplary embodiment, the process comprises
pyrolyzing carbonaceous biomass feedstock using a heat transfer medium forming pyrolysis
products and a spent heat transfer medium. The spent heat transfer medium is separated into
segregated char and char-depleted spent heat transfer medium. The char-depleted spent heat

transfer medium is introduced into a dense bed of heat transfer medium fluidized by a stream

of oXygen-containing regeneration gas.

[0011] Processes are provided for controlling heat balance, afterburn, and ash accumulation
in a reheater in accordance with yet another exemplary embodiment of the present invention.
The process comprises separating spent heat transfer medium from a pyrolysis reactor into
char-depleted spent heat transfer medium and segregated char. The char-depleted spent heat
transfer medium is introduced into a fluidized dense bed of heat transfer medium. The
fluidized dense bed is maintained by a stream of oxygen-containing regeneration gas and a

dilute phase above the fluidized dense bed. At least a portion of the segregated char is
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introduced into the fluidized dense bed of the reheater below the elevation where the char-
depleted spent heat transfer medium is introduced, into the stream of oxygen-containing,
regeneration gas outside of the reheater, or both, to combust the segregated char below the
dilute phase.

[0012] Processes are provided for controlling heat balance, afterburn, and ash accumulation
in a reheater in accordance with yet another exemplary embodiment of the present invention.
The reheater includes a fluidized dense bed of heat transfer medium and a dilute phase. The
dilute phase is positioned above the fluidized dense bed. The process comprises substantially
separating char from a spent heat transfer medium to form segregated char and char-depleted
spent heat transfer medium. The char-depleted spent heat transfer medium comprises a
mixture of residual char and inert solids, catalytic solids, or both. The char-depleted spent
heat transfer medium is introduced into the reheater combusting the residual char to convert
the char-depleted spent heat transfer medium into a heat transfer medium using an oxygen-
containing regeneration gas. The oxygen-containing regeneration gas is introduced into the
reheater through an inlet riser. The segregated char is combusted with an effective amount of
the heat transfer medium from the fluidized dense bed in the oxygen-containing regeneration
gas outside the reheater.

[0012a] In another embodiment of the present invention there is provided a process for
pyrolysis of a carbonaceous biomass feedstock in a pyrolysis system, comprising: i)
pyrolyzing carbonaceous biomass feedstock using a heat transfer medium forming pyrolysis
products and a spent heat transfer medium; i1) separating the spent heat transfer medium into
segregated char and char-depleted spent heat transfer medium; iii) introducing the char-
depleted spent heat transfer medium into a dense bed of heat transfer medium fluidized by a
stream of oxygen-containing regeneration gas; iv) combusting all or a portion of the
segregated char in the dense bed using the stream of oxygen-containing regeneration gas; and
v) additionally combusting the segregated char outside of a reheater of the pyrolysis system in
the stream of oxygen-containing regeneration gas before introduction of the segregated char

into the dense bed.

[0012b] In a further embodiment of the present invention there is provided a process for
controlling heat balance, afterburn, and ash accumulation in a reheater, comprising: 1)
separating spent heat transfer medium from a pyrolysis reactor into char-depleted spent heat
transfer medium and segregated char; ii) introducing the char-depleted spent heat transfer
medium into a fluidized dense bed of heat transfer medium, the fluidized dense bed
maintained by a stream of oxygen-containing regeneration gas and having a dilute phase
above the fluidized dense bed; iii) introducing at least a portion of the segregated char into the

fluidized dense bed of a reheater of the pyrolysis system below the elevation where the char-
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depleted spent heat transfer medium is introduced, into the stream of oxygen-containing
regeneration gas outside of the reheater at a distal end of an inlet riser into the reheater, or
both, to combust the segregated char below the dilute phase.

10012c] In yet another embodiment of the present invention there is provided a process for
controlling afterburn in a reheater, the reheater including a fluidized dense bed of heat transfer
medium and a dilute phase, the dilute phase disposed above the fluidized dense bed, the
process comprising the steps of: substantially separating char from spent heat transfer medium
to form segregated char and char-depleted heat transfer medium, the char-depleted spent heat
transfer medium comprising a mixture of residual char and inert solids, catalytic solids, or
both; introducing the char-depleted spent heat transfer medium into the reheater; combusting
the residual char and converting the char-depleted spent heat transfer medium into a heat
transfer medium 1n the fluidized dense bed using an oxygen-containing regeneration gas
introduced into the reheater through an inlet riser; and combusting the segregated char with an
effective amount of the heat transfer medium from the fluidized dense bed in the oxygen-
containing regeneration gas outside the reheater.

[0012d] In yet a further embodiment of the present invention there is provided a method,
comprising: 1) separating a mixed stream comprising heat transfer medium and char into a
segregated char stream and a char-depleted stream,; ii) introducing the char-depleted stream to
a dense bed of heat transfer medium fluidized by an oxygen-containing fluidization gas, said
oxygen-containing fluidization gas introduced into a lower portion of the fluidized dense bed;
and 111) combusting the segregated char stream to heat the lower portion of the fluidized dense
bed, wherein at least a portion of the segregated char stream is mixed with the oxygen-
containing fluidization gas and at least partially combusted in said gas prior to introduction to
the fluidized dense bed.

[0012¢] In another embodiment of the present invention there is provided a process to heat a
heat transfer medium in a reheater, comprising: i) separating a mixed stream comprising the
heat transfer medium and char into a plurality of separate streams comprising: a) a first stream
rich in the heat transfer medium and containing a residual quantity of char; and b) a second
stream comprising char; i1) introducing the first stream into a dense bed in a lower portion of
the reheater; 111) fluidizing said dense bed with at least a primary oxygen-containing
regeneration gas stream; and 1v) combusting all or a portion of the char with the primary
oxygen-containing regeneration gas stream, wherein: X) the primary oxygen-containing
regeneration gas stream is introduced to the dense bed through an inlet riser in fluid
communication with a lower portion of the reheater; and Y) the second stream is mixed and at
least partially combusted with the primary oxygen-containing regeneration gas stream in the

inlet riser.
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[0012£] In a further embodiment of the present invention there is provided a method,
comprising: 1) separating a mixed stream comprising heat transfer medium and char into a
segregated char stream and a char-depleted stream; ii) introducing the char-depleted stream to
a dense bed of heat transfer medium fluidized by an oxygen-containing fluidization gas, said
oxygen-containing fluidization gas introduced into a lower portion of the fluidized dense bed;
and 111) combusting the segregated char stream to heat the lower portion of the fluidized dense
bed, wherein: a) the fluidized dense bed is contained in a reheater; b) the oxygen-containing
tfluidization gas comprises a primary oxidant stream and a secondary oxidant stream; and ¢) at
least a portion of the segregated char stream is mixed with the primary oxidant stream and at

least partially combusted in said primary oxidant stream prior to introduction to the fluidized
dense bed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The present invention will hereinafter be described in conjunction with the following
drawing figures, wherein like numerals denote like elements, and wherein: [0014] FIG. 1 is a
flow chart of a char-handling process, according to exemplary embodiments of the present
invention;
[0015] FIG. 2 1s a diagram of an exemplary overall pyrolysis process apparatus including a
dual stage cyclone separator of a gas-solid separator, in accordance with exemplary
embodiments of the present invention;
|0016] FIGS. 3A and 3B are schematic diagrams of different modes of operation in the dual
stage cyclone separator of FIG. 2, in accordance with various exemplary embodiments of the
present invention;
|0017] FIG. 4 1s a diagram of another exemplary overall pyrolysis process apparatus
including a cyclone separator coupled to an elutriation chamber in another gas-solid separator,

in accordance with exemplary embodiments of the present invention;

4b
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[0018] FIG. 5 1s a schematic diagram of the mode of operation in the cyclone separator and
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elutriation chamber of FIG. 4, in accordance with another exemplary embodiment of the
present invention; and
[0019]  FIGS. 6A-6E are schematic diagrams of various exemplary embodiments of the

reheater of the present invention.

DETAILED DESCRIPTION
[0020] The following detailed description of the invention is merely exemplary in nature
and 1s not intended to limit the invention or the application and uses of the invention.
Furthermore, there 1s no intention to be bound by any theory presented in the preceding
background of the invention or the following detailed description of the invention.
[0021] Various exemplary embodiments of the present invention are directed to processes
for handling combustible solids (hereinafter “combustible solids” or “char” produced during
pyrolysis of carbonaceous biomass feedstock). Char is segregated from a heat transfer
medium to control afterburn in a reheater during regeneration of the heat transfer medium. A
portion of the segregated char may be exported to control the overall heat balance and
accumulation of ash in the pyrolysis system.
[0022] FIG. 1 1s a flow chart of a char-handling process 10, in accordance with an
exemplary embodiment of the present invention. FIG. 2 illustrates a pyrolysis system 5 that
uses the process 10 of FIG. 1. Referring to FIGS. 1 and 2, the process 10 begins by
pyrolyzing carbonaceous biomass feedstock 15 (hereinafter “biomass”) in a pyrolysis reactor
20 using a heat transfer medium and forming pyrolysis products and a spent heat transfer
medium (step 12). The spent heat transfer medium leaving the pyrolysis reactor is entrained
in gaseous pyrolysis products (“pyrolysis gases™), the pyrolysis gases with entrained spent
heat transter medium referred to in FIG. 2 with the reference numeral 35. As noted
previously, the pyrolysis products comprise solid and gaseous pyrolysis products. Gaseous
pyrolysis products 45 comprise a condensable portion and a non-condensable portion 47. The
condensable portion may be condensed into liquid biomass-derived pyrolysis oil 49. The
solid pyrolysis products include combustible solids containing carbon (also referred to herein
as “‘char”).
[0023] The heat transter medium comprises inert solids, such as sand, catalytic solids, or

both. The heat transter medium leaving the pyrolysis reactor is said to be “spent”, because it
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contains the combustible carbon-containing solids from the pyrolysis process. The gaseous
pyrolysis products with entrained spent heat transfer medium 35 are transferred from the
pyrolysis reactor 20 to a gas-solid separator 30a (FIG. 2) for separating the gaseous pyrolysis
products 45 from the spent heat transter medium and separating the spent heat transfer
medium 1nto separate streams of segregated char 65 and char-depleted spent heat transfer
medium 75 (step 70). The term “char-depleted spent heat transfer medium™ as used herein
means both spent heat transter medium from which all char has been removed and spent heat
transter medium from which a portion of the char has been removed but residual char
remains.

[0024] In one embodiment, as shown in FIGS. 2, 3A and 3B, the gas-solid separator 30a
comprises a dual stage cyclone separator. The dual stage cyclone separator comprises a first
stage cyclone separator 31 and a second stage cyclone separator 33. As shown in FIGS. 3A
and 3B, the first stage cyclone separator 31 has a first outlet 37 coupled to an inlet of the
second stage cyclone separator 33 and a second outlet 39 coupled to an inlet of the reheater
60. The char-depleted spent heat transfer medium 75 exits the first stage cyclone separator 31
and 1s directed to the reheater 60 via a pipe or dipleg 41. The level of solids in the pipe or
dipleg 41 can be controlled by a first solids flow-control device 43 such as an L-valve, J-
valve, slide valve or the like to control solids flow of the char-depleted spent heat transfer
medium 75 (the mert solids, catalytic solids, or both) to the reheater 60 (FIGS. 3A and 3B).
10025] In accordance with an exemplary embodiment, and as shown in FIGS. 2, 3A and
3B, the stream of gaseous pyrolysis products with entrained spent heat transfer medium 35 is
transterred to the first stage cyclone separator of the gas-solid separator 30a. Preferably, the
first stage cyclone separator collects the char-depleted spent heat transfer medium 75 and
transfers a mixture 46 of pyrolysis gases with entrained char to the second stage cyclone
separator 33. As shown 1n FIG. 3A, the first stage cyclone separator 31 generally runs
substantially empty of solids with the gaseous pyrolysis gases being the continuous phase.
The solids of the char-depleted spent heat transfer medium 75 do not become a continuous
phase until exiting the first stage cyclone separator in the pipe or dipleg 41 because the
cyclone gas vortex 24 in the first stage cyclone separator 31 would otherwise lift the solids of
the char-depleted spent heat transfer medium out of the pipe or dipleg. A top surface 51 of the
char-depleted spent heat transter medium 1s shown in FIG. 3A in the dipleg 41 below the

bottom of the first stage cyclone separator 31. A nitrogen purge (not shown) may be
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introduced at the top of the first stage cyclone separator to re-entrain the char from the first
stage cyclone separator to the second stage cyclone separator, if necessary.

[0026] To improve char separation in a retrofitted dual stage cyclone separator, as shown in
F1G. 3B, the first solids flow-control device 43 permits the solid particles of the char-depleted
spent heat transter medium 75 back into the bottom of the first stage cyclone separator (i.e.,
near or into the cyclone gas vortex 24 of the cyclone separator) so that the top surface 51 of
the char-depleted spent heat transfer medium is at a higher level than that shown in 3A. By
exposing the cyclone gas vortex to the char-depleted heat transfer medium, the cyclone gas
vortex separates the lighter and/or smaller solid combustible particles (i.e., char) from the
solid particles of the heat transfer medium in the first stage cyclone separator by lifting and
carrying them out of the first stage cyclone separator 31 into the second stage cyclone
separator 33 1n the product vapor and fluidizing gas stream comprised of the pyrolysis gases

with entrained char 46.

[0027]  Still referring to FIGS. 2, 3A, and 3B, the second stage cyclone separator 33 collects
pyrolysis gases with entrained char 46 from the first stage cyclone separator 31, resulting in
separate streams of pyrolysis gases 45 and segregated char 65. The stream of pyrolysis gases
45 1s transferred from the second stage cyclone separator 33 to a condenser 81 (FIG. 2). The
condensable pyrolysis gases are condensed in the condenser into the liquid biomass-derived
pyrolysis o1l 49. The non-condensable pyrolysis gases 47 may be circulated to the reheater 60
for combustion and/or to the pyrolysis reactor 20 as lift medium for the heat transfer medium
(as shown by arrow F in FIG. 2).

[0028] At least a portion of the segregated char 65 is transferred to the reheater 60 and
processed as hereinafter described in accordance with FIGS. 6 A-6E. In accordance with an
exemplary embodiment, and as shown in FIGS. 2, 3A, and 3B, a portion of the segregated
char may be exported (hereinafter “exported segregated char” 53) out of the pyrolysis system
after exiting the gas-solid separator 30a and prior to the reheater 60 (step 300). Export of a
portion of the segregated char prior to combustion helps maintain heat balance in the
pyrolysis system and manage ash accumulation by removing a portion of the combustible
solids before it would otherwise be combusted. The exported segregated char 53 may be
further processed, used as end product (e.g., as fertilizer), sent for disposal, or a combination
thereof. The exported segregated char may be removed before or after a second solids flow-

control device 57 on the export stream (FIGS. 3A and 3B). Following is the calculation to

7



10

15

20

25

30

35

40

CA 02805386 2013-01-14

WO 2012/009207 PCT/US2011/0432935

determine the amount of exported segregated char 53 to be removed from the pyrolysis

system in order to heat balance the pyrolysis system:

Char to be removed for heat balance (kg/hr) =

FY — { G Cpre (Trc - Tair) + F(1- Xn20) Hrx + F(Cpr (Trx - TE) + Hyap) + Qiosses +
A Cp,A (Tsand - Tair) } / Hcomb,

wherein:

F = Wet biomass feed rate (kg/hr)

G= Flue gas rate (kg/hr)

Qosses = Heat losses from pyrolysis system through walls to atmosphere (J/hr)

A = Air added for complete char combustion (kg/hr)

Y = Yield of char (kg char/kg wet biomass feed)

Xu20 = Mass fraction of water in wet biomass feed (kg water/kg wet biomass feed)
C, kg = Heat capacity of flue gas (J/kg/® C)

Trg = Temperature of flue gas leaving sand combustion bed (° C)

T,ir = Inlet temperature of air (° C)

Tr = Inlet temperature of wet biomass feed (° C)

Tsang = Temperature of sand bed in char combustion zone (° C)

Trx = Temperature of pyrolysis reaction (° C)

C,.r= Sensible heat capacity of wet biomass feed (J/kg/® C)

Cp.a = Heat capacity of air (J/kg/° C)

Hrx = Heat of reaction of pyrolytic conversion of biomass to pyrolysis products (J/kg dry

biomass)
Hcomb = Heat of combustion of char before or in sand combustion bed (J/kg char)

H..p = Latent heat of vaporization of wet biomass (J/kg wet biomass)

[0029] In an alternative embodiment, as shown in FIGS. 4 and 5, the stream containing the
gaseous pyrolysis products with entrained spent heat transfer medium 35 is transferred from
the pyrolysis reactor 20 to a gas-solid separator 30b (FIG. 4). The gas-solid separator 30b
comprises a cyclone separator 200 coupled to a char elutriation chamber 210. The gaseous
pyrolysis products with entrained spent heat transfer medium 35 are transferred to the
cyclone separator 200 for separation into separate streams of pyrolysis gases 45 and spent
heat transfer medium 55. The pyrolysis gases 45 are transferred from the cyclone separator
200 of gas-solid separator 30b to the condenser 81 to condense the condensable gaseous
pyrolysis products into liquid biomass-derived pyrolysis oil 49. The non-condensable gaseous
pyrolysis gases 47 exit the condenser 81 and may be circulated to the reheater 60, as a source
of fluidizing elutriation gas 59 for the char elutriation chamber 210, and/or to the pyrolysis

reactor 20 as lift medium for the heat transfer medium (as shown by arrow F 1n FIG. 4). A
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first larger portion of the spent heat transfer medium 55 (with the gaseous pyrolysis products
already removed) may be transterred to the reheater 60 and a second smaller portion thereof
transterred to the char elutriation chamber 210. The flow to the reheater is controlled by a
third solids tlow control device 69 such as a slide valve (FIG. 5). The flow to the char
elutriation chamber 1s controlled by a fourth solids flow control device 71. The second
smaller portion of spent heat transfer medium 55 is introduced into a fluidized bed 63 of heat
transter medium maintained in the char elutriation chamber 210 for separation into a stream
of char-depleted spent heat transfer medium 75 and a stream of segregated char and fluidizing
elutriation gas (collectively referred to in FIGS. 4 and 5 with the reference numeral 67). The
stream of char-depleted spent heat transfer medium 75 from the char elutriation chamber 210
1s transterred to the reheater 60 through a fifth solids flow control device 61 or to the
pyrolysis reactor 20.

10030] The stream 67 of char and fluidizing elutriation gas is transferred to a solids-
elutriation gas separator 68 such as a bag house, electrostatic precipitator, cyclone water
deluge or the like for separation into segregated char 65 and fluidizing elutriation off-gas 73.
As the combustible solid particles (1.e., the char) have a much lower density and/or smaller
particle size than the solid particles of the heat transfer medium (i.e., inert solid particles,
catalytic solid particles, or both), the char is readily elutriated by the fluidizing elutriation gas
59 trom the non-condensable pyrolysis gases 47 or other convenient fluidizing gas.
Elutriation 1s a known process for separating lighter particles from heavier particles using a
vertically-directed stream of elutriation gas. The combustible particles rise to the top because
their terminal velocities are lower than the velocity of the rising fluid.

[0031] At least a portion of the segregated char 65 is transferred to the reheater 60 and
processed as hereinafter described in accordance with FIGS. 6A-6E. In accordance with an
exemplary embodiment, and in the same manner as described above with respect to FIGS. 2,
3A, and 3B, and as shown 1n FIGS. 4 and 5, a portion of the segregated char may be exported
out of the pyrolysis system after exiting the gas-solid separator 30b and prior to the reheater
(F1G. 1, step 300). As noted previously, export of a portion of the segregated char prior to
combustion helps maintain heat balance in the pyrolysis system and manage ash
accumulation by removing a portion of the combustible solids before it would otherwise be
combusted. The exported segregated char may be further processed, used as end product

(e.g., as tertilizer), sent for disposal, or a combination thereof. The exported segregated char
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may be removed before or after a solids flow control device on the export stream. The
amount of segregated char to be exported from the pyrolysis system in order to heat balance
the pyrolysis system is calculated in the same manner as described above with respect to
FIGS. 2, 3A and 3B. It is noted that, as the solids flow into the elutriation chamber of gas-
solid separator 30b is relatively small compared to overall solids flow, the use of the gas-solid
separator 30b 1s preferred when only a small fraction of the char is desired to be exported.
While gas-solid separators 30a and 30b have been described, other types of gas-solid
separators may be used to separate the pyrolysis gases from the spent heat transfer medium
and at least a portion of the char from the spent heat transfer medium.

[0032] The char-depleted spent heat transfer medium 75 from gas-solid separator 30a and
from gas-solid separator 30b are thereafter processed in the reheater 60 of FIGS. 2 and 4 as
1llustrated in FIGS. 6A-6E. The char-depleted spent heat transfer medium 75 from the first
stage cyclone separator (of the gas-solid separator 30a in FIG. 2) and from the char elutriation
chamber (of the gas-solid separator 30b in FIG. 4) is introduced into a fluidized dense bed
110 of the reheater 60 to combust at least a portion of any residual char using a stream of
oxygen-containing regeneration gas 115, preferably air (step 80). An exemplary reheater 60
(shown 1n FIGS. 6 A-6E) comprises a large vertical substantially cylindrical vessel 120
wherein the heat transfer medium is maintained as the fluidized dense bed 110 in the reheater
by the upward passage of the oxygen-containing regeneration gas stream 115 (also referred to
herein as a “primary oxidant stream”), preferably air, that fluidizes the heat transfer medium.
The oxygen-containing regeneration gas stream also agitates the heat transfer medium within
the tluidized dense bed. The oxygen-containing regeneration gas stream rises in an inlet riser
130 through the bottom of the reheater and into a reheater distributor 140a (FIG. 6A), 140b
(FIGS. 6B and 6C), 140c (FIGS. 6D and 6E) into the reheater. The inlet riser 130 may
include a first and a second inlet conduit 128 and 195 (FIGS. 6C and 6E) near a distal end
thereof for purposes as hereinafter described. The fluidized dense bed 110 formed by the heat
transfer medium is in a lower portion of the vessel and a dilute phase 150 is in an upper
portion ot the vessel. The reheater is typically maintained at a temperature of 400°C to
1000°C.

10033] Combustion product flue gas 85 (FIGS. 2 and 4) in the dilute phase, derived from
the oxygen-containing regeneration gas stream, contains gases arising from the combustion of

the combustible solids such as carbon dioxide, carbon monoxide from the oxygen-containing
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regeneration gas stream, inert gases such as nitrogen from air, and unreacted oxygen. The
combustion product flue gas 85 also contains entrained combustible solids, inert solids,
catalytic solids, or a combination thereof as well as at least a portion of the ash from
combustion of the carbon from the combustible particles.

[0034] The portion of the ash that is not entrained in the combustion product flue gas
remains in the fluidized dense bed of heat transfer medium. Depending on the ash yield and
ash entrained in the combustion product flue gas, the amount of ash in the regenerated heat
transfer medium may vary. In accordance with an exemplary embodiment, ash accumulation
in the reheater is controlled by removing the “exported segregated char” from the pyrolysis
system prior to combustion (to produce less ash) or combusting the segregated char in the
fluidized dense bed of the reheater that results in more of the ash exiting the reheater in the
combustion product flue gas, as hereinafter described.

10035] The char-depleted spent heat transfer medium 75 from the gas-solid separator 30a or
300 1s 1introduced into a lower portion of the fluidized dense bed to permit the residual char, if
present, contained 1n the stream of char-depleted spent heat transfer medium to be combusted
in the fluidized dense bed, as indicated by arrow A in FIGS. 6A-6E to designate the flow
direction of the char-depleted spent heat transfer medium. Flow may be controlled by a first
valve 175. As used herein, “a lower portion” of the fluidized dense bed means that portion
closer to a bottom surtace of the fluidized dense bed than a top surface of the fluidized dense
bed. The char-depleted spent heat transfer medium enters the oxygen-containing regeneration
gas stream 1n the reheater under conditions sufficient to combust the residual char converting
the “char-depleted spent heat transfer medium” into “heat transfer medium”. Heat from the
combustion is transferred to the heat transfer medium in the fluidized dense bed. Combustion
raises the temperature of the dense bed material (i.e., the heat transfer medium) to the
operating conditions needed in the pyrolysis reactor, i.e., 300°C to 900°C.

[0036] The segregated char 65 from gas-solid separator 30a and the segregated char 65
derived from gas-solid separator 30b are thereafter processed in the same manner. Still
referring to FIGS. 1, 2, 4, and 6A-6E, at least a portion of the segregated char 65 from the
second stage cyclone separator (gas-solid separator 30a (FIG. 2)) and from the solids-
elutriation gas separator 68 (FIG. 4) is introduced into the fluidized dense bed of the reheater
to combust at least a portion of the segregated char using the oxygen-containing regeneration

gas and increase the temperature of the inert solids, the catalytic solids, or both, in the
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fluidized dense bed (step 90), as indicated by arrow B in FIGS. 6A-6E to designate the flow
direction of the segregated char. Flow of the segregated char into the fluidized dense bed may
be controlled by a second valve 180. Segregation of the char stream from the char-depleted
spent heat transfer medium permits its deeper introduction into the fluidized dense bed thus
minimizing the potential for afterburn in the dilute phase.

[0037] In one embodiment, as shown in FIG. 6A, the segregated char may be introduced
directly into the fluidized dense bed to mix with the inert solids, catalytic solids, or both in
the fluidized dense bed, where the segregated char 65 is then combusted by the oxygen-
containing regeneration gas stream 115, which increases the temperature of the heat transfer
medium to pyrolysis temperature, as noted previously. The segregated char 1s introduced at
an elevation below where the char-depleted spent heat transfer medium is introduced,
permitting more efficient combustion and additional combustion time. The oxygen-
containing regeneration gas stream 115 rises in the inlet riser 130 through the bottom of the
reheater and into the reheater distributor 140a in the bottom portion of the reheater. The
reheater distributor includes an opening (not shown in FIG. 6A) through which the oxygen-
containing regeneration gas stream 115 1s discharged into the reheater.

[0038] In alternative embodiments as shown in FIGS. 6B-6E, the segregated char 65 may
be combusted in the dense bed and additionally combusted (step 100) (FIG. 1) outside of the
reheater in the inlet riser 130 through which the stream of oxygen-containing regeneration
gas 115 is introduced upwardly into the dense bed. In the additional combustion step, the
segregated char 65 1s introduced into the oxygen-containing regeneration gas stream through
the first inlet conduit 128 near a distal end of the inlet riser 130 and into the reheater 60
through a reheater distributor 140b or 140c, as hereinafter described. The segregated char 1s
initially combusted in the inlet riser and then the non-combusted segregated char is
combusted in the dense bed. As shown in FIGS. 6C and 6E, the segregated char 65 may be
mixed with an effective amount (equal to the flow rate of A or C of the heated inert solids,
catalytic solids, or both (i.e., the heat transfer medium), as indicated by arrow D from the
reheater dense bed which increases the rate of additional combustion of the segregated char.
The heated inert solids, heated catalytic solids, or both may be introduced into the inlet riser
through the second inlet conduit 195 to mix with the segregated char (FIGS. 6C and 6E). The
flow of the heated inert solids, heated catalytic solids, or both from the reheater may be

controlled by a third valve 185. The segregated char is at least partially combusted outside of
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the reheater while it flows upwardly 1n the inlet riser, with or without the heated heat transfer
medium, in the oxygen-containing regeneration gas, and further combusted in the fluidized
dense bed, thereby minimizing its combustion, 1.e., “afterburn” in the dilute phase or
downstream therefrom, such as in a plenum 160 or a flue gas transfer line 170. The reheater
distributor 140b (FIGS. 6B and 6C) may include at least one opening through which the
oxygen-containing regeneration gas and the segregated char, or the oxygen-containing
regeneration gas and the mixture of segregated char and heated heat transfer medium may be
discharged into the lower portion of the dense bed. The oxygen provided by the oxygen-
containing regeneration gas stream 115 comprises substantially the stoichiometric amount of
oxygen needed for substantially complete combustion of the char (both residual and
segregated char) (FIGS. 6A, 6B, and 6C). Alternatively, more than the stoichiometric
amount of oxygen may be added, in an amount of 10 to 15% more than the stoichiometric
amount.

[0039] In other embodiments, as shown for example in FIGS. 6D and 6E, less than the
stoichiometric amount of oxygen is provided by the oxygen-containing regeneration gas
stream (hereinafter referred to as a “primary oxidant stream”) and a secondary oxidant stream
125 also enters the reheater. The secondary oxidant stream preferably comprises air. The
secondary oxidant stream provides from 25 to 75% of the overall oxygen gas needed for
substantially complete combustion of the char (both residual and segregated char) in the
reheater. The primary oxidant stream is introduced into the reheater through reheater
distributor 140c. In one exemplary embodiment, the reheater distributor 140c comprises a
substantially L-shaped distributor and includes openings through which the primary oxidant
stream 1s introduced into the reheater along with at least partially combusted segregated char
or a mixture of at least partially combusted char and heated heat transfer medium. The
secondary oxidant stream enters the reheater through a reheater distributor 140d at a level
below the reheater distributor 140c.

10040] Combustion of the combustible solids from the spent heat transfer medium
regenerates the heat transfer medium. The regenerated heat transfer medium 25 is withdrawn
from an upper portion of the fluidized dense bed and returned to the pyrolysis reactor 20, as
indicated by arrow C in FIGS. 6 A-6E, for further usage as the heat transfer medium, as

shown in FIGS. 2 and 4. Flow of the regenerated heat transfer medium 25 from the reheater

may be controlied by a fourth valve 190.
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[0041] Referring again to FIGS. 2 and 4 and 6A-6E, the combustion product flue gas 85
passes from the reheater 60 via gas discharge conduit (not shown) into the plenum 160,
located in the upper portion of the reheater. Combustion product flue gas 85 is vented or
otherwise removed from the reheater via the flue gas transfer line 170 from the plenum into

an external tlue gas-solids separator 72 such as a cyclone separator. At least a portion of the
solid particles entrained in the combustion product flue gas 85, such as a mixture 23 of heat
transfer medium and ash, are separated from the combustion product flue gas 85 in the
external flue gas-solid separator 72 forming substantially solids-free flue gas 105. The
substantially solids-free flue gas may contain residual combustible solid particles and residual
ash particles as these particles are generally smaller (on average) than the inert solid particles
and the catalytic solid particles and therefore not as easily separated from the flue gas in the
external flue gas-solids separator 72. That the substantially solids-free flue gas may contain
residual ash particles enables the ash particles to escape the reheater confines, thus
substantially preventing ash build-up in the reheater.

[0042] As shown in FIGS. 2 and 4, the mixture 23 of separated heat transfer medium and
ash from the flue gas-solid separator may be recirculated to the reheater for regeneration of
the separated heat transfer medium. Alternatively, the mixture 23 of separated heat transfer
medium and ash may be removed from the pyrolysis system as indicated by arrow E in FIGS.
2 and 4. As a matter of economics, a heat transfer medium comprising catalytic solids may be
recirculated to the reheater while typically less costly sand is removed from the pyrolysis
system for disposal. Ash may be also separated from the mixture 23 by known methods and
removed from the pyrolysis system (not shown).

[0043] From the foregoing, it is to be appreciated that the exemplary embodiments of the
char-handling processes for char segregation and selective removal from the pyrolysis system
have been provided. Such char-handling processes help control the overall heat balance, ash
accumulation, and afterburn in the reheater during regeneration of the heat transfer medium.
The char-handling processes contribute to combustion of the combustible solids and the
carbon monoxide below the dilute phase such as in the fluidized dense bed or in an inlet riser
into the reheater, thus minimizing combustion in the dilute phase, or downstream therefrom
(1.e., “afterburning”) which also results in more ash leaving with the combustion product flue
gas. Therefore, the amount of heat transferred to the reheater dense bed is increased for

regeneration of the heat transfer medium and ash accumulation is minimized. In addition,
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such char-handling processes permit the selective removal of a portion of the energy rich char
stream from the pyrolysis system to provide a balance between the heat supplied from char
combustion in the reheater with the heat demand due to sensible and latent heat required from
the cold feedstock, ambient heat losses, and the pyrolysis reaction.

[0044] While at least one exemplary embodiment has been presented in the foregoing
detailed description of the invention, it should be appreciated that a vast number of variations
exist. It should also be appreciated that the exemplary embodiment or exemplary
embodiments are only examples, and are not intended to limit the scope, applicability, or
configuration of the invention in any way. Rather, the foregoing detailed description will
provide those skilled in the art with an exemplary embodiment of the invention, it being
understood that various changes may be made in the function and arrangement of elements

described in an exemplary embodiment without departing from the scope of the invention

as set forth in the appended claims and their legal equivalents.
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The embodiments of the present invention for which an exclusive property or

privilege is claimed are defined as follows:

1. A process for pyrolysis of a carbonaceous biomass feedstock in a pyrolysis

system, comprising:

1) pyrolyzing carbonaceous biomass feedstock using a heat transfer medium
forming pyrolysis products and a spent heat transfer medium;

i) separating the spent heat transfer medium into segregated char and char-
depleted spent heat transfer medium;

111) introducing the char-depleted spent heat transfer medium into a dense bed of
heat transfer medium fluidized by a stream of oxygen-containing
regeneration gas;

1v) combusting all or a portion of the segregated char in the dense bed using the
stream of oxygen-containing regeneration gas; and

V) additionally combusting the segregated char outside of a reheater of the
pyrolysis system in the stream of oxygen-containing regeneration gas before

introduction of the segregated char into the dense bed.

2. The process of claim 1, wherein the step of additionally combusting the
segregated char comprises mixing in an inlet riser the heat transfer medium from the dense

bed with the segregated char in the stream of oxygen-containing regeneration gas.

3. The process of claim 1, wherein the step of introducing the char-depleted
spent heat transfer medium comprises combusting residual char in the char-depleted spent

heat transfer medium.

4. The process of claim 1, wherein the step of introducing the char-depleted
spent heat transfer medium comprises introducing the char-depleted spent heat transfer

medium into a lower portion of the dense bed.

5. The process of claim I, wherein the steps of combusting and additionally
combusting the segregated char comprise introducing the segregated char into the dense bed

below an elevation where the char-depleted spent heat transfer medium is introduced.

6. The process of claim 1, wherein the steps of combusting and additionally

combusting the segregated char comprise providing substantially at least a stoichiometric
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amount of oxygen in the oxygen-containing regeneration gas to combust the segregated char

and residual char present in the char-depleted spent heat transfer medium.

7. The process of claim 1, wherein the steps of combusting and additionally
combusting the segregated char comprise providing less than the stoichiometric amount of
oxygen in the oxygen-containing regeneration gas and using a secondary oxygen-containing

regeneration gas to combust the segregated char.

8. The process of claim 1, wherein the step of separating the spent heat transfer
medium comprises separating using a dual stage cyclone separator, a cyclone separator

coupled to an elutriation chamber, or both.

9. The process of claim 8, wherein the step of separating the spent heat transfer
medium using the dual stage cyclone separator comprises exposing the char-depleted spent
heat transfer medium to a cyclone gas vortex in a first stage cyclone separator that lifts and
carries residual char in the char-depleted spent heat transfer medium from the first stage

cyclone separator into a second stage cyclone separator.

10.  The process of claim 1, further comprising the step of exporting a portion of

the segregated char from the pyrolysis system prior to the combusting step.

11. A process for controlling heat balance, afterburn, and ash accumulation in a
reheater, comprising:

1) separating spent heat transfer medium from a pyrolysis reactor into char-
depleted spent heat transfer medium and segregated char;

11) introducing the char-depleted spent heat transfer medium into a fluidized
dense bed of heat transfer medium, the fluidized dense bed maintained by a
stream of oxygen-containing regeneration gas and having a dilute phase
above the tluidized dense bed;

111) introducing at least a portion of the segregated char into the fluidized dense
bed of a reheater of the pyrolysis system below an elevation where the char-
depleted spent heat transfer medium is introduced, into the stream of oxygen-
containing regeneration gas outside of the reheater at a distal end of an inlet

riser into the reheater, or both, to combust the segregated char below the

dilute phase.
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12. The process of claim 11, wherein the step of separating the spent heat transfer
medium comprises separating using a dual stage cyclone separator, a cyclone separator

coupled to an elutriation chamber, or both.

13. The process of claim 11, further comprising the step of exporting a portion of
the segregated char prior to the step of introducing at least a portion of the segregated char

Into the fluidized dense bed step.

14. The process of claim 11, wherein the step of introducing the char-depleted
spent heat transfer medium comprises combusting residual char in the char-depleted spent

heat transfer medium.

15.  The process of claim 11, wherein the step of introducing the segregated char
into the stream of oxygen-containing regeneration gas outside of the reheater comprises
mixing the segregated char with the heat transfer medium from the reheater outside of the

reheater in the stream of oxygen-containing regeneration gas.

16.  The process of claim 11, wherein the step of introducing the segregated char
Into the stream of oxygen-containing regeneration gas outside of the reheater comprises
introducing the heat transfer medium into the oxygen-containing regeneration gas at the distal

end of the inlet riser to mix with the segregated char.

17.  The process of claim 12, wherein the step of introducing the segregated char
comprises providing at least a stoichiometric amount of oxygen in the oxygen-containing
regeneration gas to combust the segregated char and residual char present in the char-depleted

spent heat transfer medium.

18.  The process of claim 12, wherein the step of introducing the segregated char
comprises providing less than the stoichiometric amount of oxygen in the oxygen-containing
regeneration gas and using a secondary oxygen-containing regeneration gas to combust the

segregated char and residual char present in the char-depleted spent heat transfer medium.
19. A process for controlling afterburn in a reheater, the reheater including a

tluidized dense bed of heat transfer medium and a dilute phase, the dilute phase disposed

above the fluidized dense bed, the process comprising the steps of:
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substantially separating char from spent heat transfer medium to form
segregated char and char-depleted heat transfer medium, the char-depleted spent heat
transter medium comprising a mixture of residual char and inert solids, catalytic
solids, or both;

introducing the char-depleted spent heat transfer medium into the reheater;

combusting the residual char and converting the char-depleted spent heat
transfer medium into a heat transfer medium in the fluidized dense bed using an
oxygen-containing regeneration gas introduced into the reheater through an inlet riser;
and

combusting the segregated char with the heat transfer medium from the

tluidized dense bed in the oxygen-containing regeneration gas outside the reheater.

20.  The process of claim 19, wherein the step of combusting the segregated char
comprises providing substantially a stoichiometric amount of oxygen in the oxygen-

containing regeneration gas to combust the segregated char and the residual char.

21.  The process of claim 19, wherein the step of combusting the segregated char
comprises providing less than the stoichiometric amount of oxygen in the oxygen-containing
regeneration gas and using a secondary oxygen-containing regeneration gas to combust the

segregated char and the residual char.

22. A method, comprising:

1) separating a mixed stream comprising heat transfer medium and char into a
segregated char stream and a char-depleted stream;

1) introducing the char-depleted stream to a dense bed of heat transfer medium
fluidized by an oxygen-containing fluidization gas, said oxygen-containing
fluidization gas introduced into a lower portion of the fluidized dense bed;

and
1i1) combusting the segregated char stream to heat the lower portion of the
fluidized dense bed,
wherein at least a portion of the segregated char stream is mixed with the oxygen-containing

fluidization gas and at least partially combusted in said gas prior to introduction to the

fluidized dense bed.

23. The method of claim 22, wherein at least a further portion of the segregated

char stream 1s introduced directly into the lower portion of the fluidized dense bed.
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24, The method of claim 22, wherein the oxygen-containing fluidization gas

comprises an amount of oxygen needed for combustion of the char.

23. The method of claim 22, wherein the oxygen-containing fluidization gas
comprises an amount of oxygen in a range of 10% to 15% more oxygen than a stoichiometric

amount of oxygen needed for combustion of the char.

26. The method of claim 22, wherein the fluidized dense bed is contained in a
reheater.

27. The method of claim 26, wherein the potential for afterburn in the reheater is
minimized.

28. The method of claim 26, wherein the oxygen-containing fluidization gas

comprises a primary oxidant stream and a secondary oxidant stream.

29. The method of claim 28, wherein the secondary oxidant stream comprises air.

30. The method of claim 28, wherein the secondary oxidant stream comprises an
amount of oxygen in a range of between 25% and 75% of an amount of oxygen needed for

combustion of the char.

31. The method of claim 22, wherein the oxygen-containing fluidization gas

comprise air.

32. A process to heat a heat transfer medium in a reheater, comprising:

1) separating a mixed stream comprising the heat transfer medium and char into

a plurality of separate streams comprising:

a) a first stream rich in the heat transfer medium and containing a

residual quantity of char; and

b) a second stream comprising char;

1) introducing the first stream into a dense bed in a lower portion of the
reheater;

111) fluidizing said dense bed with at least a primary oxygen-containing

regeneration gas stream; and
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1v) combusting all or a portion of the char with the primary oxygen-containing
regeneration gas stream,

wherein:
the primary oxygen-containing regeneration gas stream is introduced to the
dense bed through an inlet riser in fluid communication with a lower portion of the
reheater; and
the second stream is mixed and at least partially combusted with the primary

oxygen-containing regeneration gas stream in the inlet riser.

33. The process of claim 32, wherein the mixed stream is received from a
pyrolysis reactor and the heated heat transfer medium is returned from the reheater to the

pyrolysis reactor.

34, The process of claim 32, wherein the process further comprises: removing a
portion of the heated heat transfer medium from the fluidized dense bed and mixing said

removed portion with the second stream in the inlet riser.

35. The process of claim 32, wherein:

the plurality of separate streams further comprises: an additional stream
comprising char; and

the process further comprises: combusting the additional stream in a lower

portion of the dense bed.

36. The process of claim 32, wherein the at least a primary oxygen-containing
regeneration gas stream comprises a secondary oxidant stream introduced through a reheater

distributor in the lower portion of the dense bed.

37. The process of claim 32, wherein:
the plurality of separate streams additionally comprises: a further stream
comprising char; and

the process additionally comprises: exporting the further stream.
38. A method, comprising:

1) separating a mixed stream comprising heat transfer medium and char into a

segregated char stream and a char-depleted stream;
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introducing the char-depleted stream to a dense bed of heat transfer medium
fluidized by an oxygen-containing fluidization gas, said oxygen-containing
fluidization gas introduced into a lower portion of the fluidized dense bed;
and

combusting the segregated char stream to heat the lower portion of the

fluidized dense bed,

the fluidized dense bed is contained in a reheater:;

the oxygen-containing fluidization gas comprises a primary oxidant stream
and a secondary oxidant stream; and

at least a portion of the segregated char stream is mixed with the primary
oxidant stream and at least partially combusted in said primary oxidant

stream prior to introduction to the fluidized dense bed.
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