CARBON CONVERSION SYSTEM WITH INTEGRATED PROCESSING
ZONES

FIELD OF THE INVENTION

This invention pertains to the field of carbonaceous feedstock gasification and in
particular, to a secondary processing system with integrated processing zones [or the

conversion of a carbonaceous feedstock into a syngas and a slag product.

BACKGROUND OF THE INVENTION

Gasification is a process that enables the conversion of carbonaceous feedstock, such
as municipal solid waste (MSW) or coal. inlo 4 cornbustible gas. The gas can be nsed
o generate electricity, stearn or as a basic raw matcrial to prodoce chemicals and

liquid fuels.

Generally, the gasification process consists of feeding carbonaceous Teedstock into a
heated chamber {the gasifier) along with a controlled and/or limited amount of oxygen

and optionally steam.

As the feedstock is heated, water is the first constituent to evolve. As the temperature
of the dry feedstock increases, pyrolysis takes place. During pyrolysis the feedstock
is thermally decomposed to release hydrogen, carbon monoxide, methane, tars,

phenols, and light volatile hydrocarbon gases while the feedstock is converted to char.

Char comprises the residual solids consisting of organic and inorganic materials.
After pyrolysis, the char has a higher concentration of carbon than the dry [eedstock
and may serve as a source of activated carbon. In gusifiers operating at a high
temperature (> 1,200 °C) or in systems with a high temperature zone, inorganic

mineral matter is fused or vitrified to form a molten glass-like substance called slag.

This background information is provided for the purpose of making known

information believed by the applicant to be of possible relevance to the present



invention. No adrission is necessarily inlended, nor should be construed, that any of

the preceding information constitutes prior art against the present invention.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a Carbon Conversion System for the
conversion of a carbonaccous feedstock into a syngas and slag product. In accordance
with an aspect of the present invention, Lhere is provided a Carbon Conversion System
for the conversion of a carbonaceous feedstock into a syngas and slag produoct, the
Carbon Conversion System comprising: (i) a primary processing unil for conversion
of carbonaceous feedstock inlo a primary off-gas and a processed feedstock
comprising char, the primary processing unit comprising two or more processing
zoncs, 4 lateral transfer system, one or more feedstock inputs, wherein the primary
processing unit is operatively associated with heating means for delivering heat to the
processing zones; (ii) 2 secondary processing unit adapted to recejve the processed
feedstock comprising char from the primary processing unit and convert the processed
feedstock into a solid residue and a secondary off-gas; (iii) a melting unit operatively
associated with the secondary processing unit comprising on¢ or more sources of
plasma, the melting unit configured to vitrify the solid residue and optionally generate
a melting unit gas; (iv) a reformulating unit for reformulating off-gas to 4 syngas, the
reformulating unit comprising one or more particle separators adapted to reduce
particnlate load in an input gas, and one or more encrgy sources configured to provide
energy 1o al least a part of the reformulating unit; and (v) a control system configured

to regulate on¢ or more operating paramelers of the Carbon Conversion System.

DESCRIPTION OF THE DRAWINGS

These and other features of the invention will becomc more apparent in the following

detailed description in which refercnce is made to the appended drawings.

Figure 1A an illustrative embodiment of the Carbon Conversion System is presented,
wherein the system comprises four functional units including a primary processing

unitl, a secondary processing unit 2, a melting unil 3 and a gas reformujating unil 4.



As illustraled, the primary processing unil 1 is connected to the secondary processing
unit 2 which in turn in connected to the melting unit 3. The gas reformulating unit 4
is operatively connected with each of the primary processing unit 1, sccondary
processing unit 2 and the melting unit 3. Figurc 1B is a block flow diagram showing
one embodiment of the primary processing unit (1000) with feedstock input (1001},
the secondary processing unit (1201) and melting unit (1250) with plasma source
(1301), the gas reformulating unit (1300) with the cyclonic separator system (1400)
and plasma source (nol shown). Figures 1B 1o 1J are block flow diagrams detailing
the location of the plasma source (1301) relative to the cyclonic separator system
(1400) of the gas reformulating unit (1300) in various cmbodiments of the invention.
Optional slag granulization unit (1251}, recuperator (1500) and particulate recycle

(1202) are also shown,

Figare 2 is a schematic representation of a cross-sectionzl view of one embodiment
of the Carbon Conversion System detailing a primary processing unit (1000) with
moving grate (1003) and feedstock input (1001), a combined vertically oriented
secondary processing and melting unit (1200) with slag outlet (1252) and axial
cyclonic separator system (1401) of the gas reformulating unit. The plasma sources

are not shown in this schematic.

Figuress 3JA and 3B are schematic representations of one embodiment of the Carbon
Conversion System detailing the various functional units and flow of gas and recycled
heat in the form of hot air {1503) from a syngas-to-air heat exchanger (1500) (also
referred o as a recuperator) that recovers sensible heat from hot syngas (1501)
exiting the gas reformulating unit (1300), which includes a cyclonic separator system
(1401), and transfers it to ambient air (1502) to provide hot air (1503) to the primary
processing unit (1000), the air boxes {1503) of a combincd vertically oriented
secondary processing and meliing unit (1200) and the gas reformulating unit (1300)
with axial cyclone (1401). Figure 3A illustrates one embodiment in which the
recuperator (1500) is not directly associated with the gas reformulating vnit (1300).
Figure 3B illustrates one embodiment in which the recuperator (1500) is directly

connected Lo the gas reformulating unit (1300).



Figure 4 is a block flow diagram detiling movement of material and gas through one
embodiment of the Carbon Conversion System and downstream systems including
recuperator (1500). Carbonaceous feedstock (1002) enters the primary processing unit
(1000) where any moisture from the carbonaceous feedstock is removed and volatile
components of the feedstock are volatilized by heating via hot air (1505) thereby
providing a processed feedstock (1003) comprising char. The secondary processing
vhit (1201) receives the processed feedstock from the primary processing unit (1000)
and converts the processed feedstock to a residue (1200) and an off-gas (1205). The
hot air is optionally provided by recuperator (1500) or a multi-fuel bumer (1253} that
heats ambient or cold air (1502 and 1504). Gas (1204 / 1205) from the primary
processing unit (1000) and secondary processing unit (1201) enters the cyclonic
separator (1400) of the gus reformulating unil to reduce off-gas particulate load prior
to plasma treatment (1301). Off-gas with reduced particulate load (1403) is subject to
plasma treatment. Hot syngas (1507) exiting the plasma trcatment transits a
recuperator (1500) where sensible heat is recovered for optional reuse. The cooled
syngas (1501) is optionally polished or cleaned in 2 downstream gas conditioning
system (1600). Cleaned or polished zas may be stored in appropriate tanks (1601)
prior to use in engincs (1602). The block flow diagram shows recirculation of the

pariiculate matter (1402) back into the system.

Figore 5 is a block flow diagram detailing movement of material and gas throngh one
embodiment of the Carbon Conversion System and downstream systems. The block
flow diagram shows alternate recirculation of the particulate matter (1402) back into

the system.

Figure 6 is a block flow diagram of onc embodiment of the Carbon Conversion
System detailing optional input additives (1004) which include, but are not limited to
sleam, air, Oz, Nz, ozone, catalyst, fluxing agents, water, adsorbents, and high carbon
inputs. Each additive arrow may indicate a single type of additive or multiple types
of additives. The additive(s) may be imputted in mixed form or though separate
additive input devices (and in multiple location within a given functional unit). The

primary processing unit (1000), gas reformulating unit (1300) with cyclone (1400),



and the secondary processing unil (1201) are detaled.  Feedstock (1002) inpul,

processed feedstock (1003), and a particulate reduced off-gas (1403} are also shown.

Figures 7A to 7F show a schematic representation of a top down view of various
embodiments of the Conversion System. Each separate figure shows a different
orientation of plasma torches (1301) within the gas reformulating unit (1300) which
includes a cyclonic separator (1400). A recuperator (1500) recovers sensible heat
from hot syngas (1501) and transfers it to ambient air (1502) to provide hot air (1505)
for the various functional units of the Conversion System. Figore 7A shows two
plasma torches placed in turns which are co-current to the flow. Figure 7B shows two
plasma torches placed together in the straight length of the gas reformulating unit
which promote the gas flow direction. Figure 7C shows two plasma torches placed at
the first wm of the gas reformulating unil; one supporting the direction ol gas Mow,
the other counter-current. Figure 7D shows two plasma torches pliaced in turms which
are counter-current to the flow, Figure 7E shows two plasma torches placed together
in the straight length of the gas reformulating unit which go apgainst the gas flow
direction. Figure 7F shows two torches placed at the last twm of the gas

reformulating unit; one supporting the direction of gas flow, the other counter-

current.

Figures 8A to 8G show a schematic representation of a top down view of varions
embodiments the Conversion System. Each separate figure shows a different
orientaiion of plasma torches within the gas reformulating unit. Figure 8A illustrates
embodiments in which the plasma treatmentl zone of the gas reformulaling unil is
vertical. Part (i) shows a configuration in which the plasma torches are aligned to
promote the swirl of gases. Part (ii) shows a configuration in which plasma torches
are aligned to promote the mixing of gases (angled apainst the gas swirl). Figure 8B
shows two plasma torches placed in turns with the first being counter-current and the
second co-current to the flow. Figure 8C shows two plasma torches placed in turns
with the first being co-current and the second counter-current to the syngas flow.
Figure 8D shows two plasma torches placed within close proximity to each other in
the gas reformulating unit where the two torches are placed in turns with the first

being co-current and the second counter-current to the syngas flow. Figure S8E shows



two plasma torches placed within closc proximily lo each other in the gas
reformulating unit where the two torches are placed in turns with the first being
counter-current and the second co-current to the syngas flow. Figure 8F shows two
plasma torches placed within close proximity to each other in the gas reformulaling
unit o maximize plasma mixing with syngas where the two torches are placed in
turns with the first being counter-current and the second co-current to the syngas
flow. Figure 8G shows two plasma torches placed within close proximity to each
other in the gas reformulating unit to maximize plusma mixing with syngas where the
two torches are placed so that they are adjacent o each other and perpendicular to the

syngas flow

Figures 9A to 91 show a schematic representation of a top down view of varous
embodiments of the Conversion System. Each sepurale figure shows a different
orientation of plasma torches within the gas reformulating unit. These fipures
lllustrate numcrous exemplary combinations avajlable in  placing refining
lechnologies such as plasma torches, catalysts (1302), hydrogen activators and back-
draft tubes. Where one orientation is shown with one device, another could be placed
in its place. Figure 9A shows two plasma torches placed within close proximily o
cach other in the gas reformulating unil to maximize plasma mixing with syngus
where the two torches are placed so that they are adjacent to each other, the first co-
current and the second counter-current to the flow. Figure 9B shows two plasma
torches placed within close proximity to each other in the gas reformulating unit to
maximize plasma mixing with gas where the two torches are placed so that they are
perpendicular to each other and both are co-current to the gas flow. Figure 9C shows
two plasma lorches placed within close proximily o each other in the gas
reformulating unit to maximize plasma mixing with syngas where the two torches are
placed so that they arc perpendicular (o each other and both are counter-current Lo the
syngas flow. Figure 91 shows the gas reformulating unit with a hydrogen activator
installed. Figure 9E shows the gas reformulating unit with a hydrogen activator and
plasma torch installed. Figure 9F shows the gas reformulating unit with a catalyst
bed installed betwecn plasma torches. Figure 9G shows a gas reformulating unit with
a catalyst bed, hydrogen activator and plasma torch installed. Figure 9H shows an

embodiment where a plasma plume is created before the gus enlers the cyclonic



separator, Figure 91 shows a gas reformulating unit with a back-[low tube installed

for improved mixing.

Figure 10 shows a top down view of one embodiment of the Conversion System.
This figure shows a gas reformulating nnit with cyclonic separator and expanded
section which houses the plasma torches. The torches are aligned such that they face

each other, yet are off-set 1o promote mixing and avoid unnecessary wear.

Figures 11A to 11F show a side view of various embodiments of the Carbon
Conversion Systcm detailing placement of plasma with the gas relormulating unit.
Figure 11A shows plasma torches positioned at the cyclonic scparator ontput.
Particulates collected by the cyclonic separator are channeled to the carbon recovery
unil for forther processing. Figure 11B shows plasma torches positioned within the
cyclonic separator. Optional processing pathways for collected particulates are
shown with the hatched lines. Figure 11C shows a plasma torch positioned at the
bottom of the cyclonic separator aimed up the center vortex to direct catalytic plasma
towards the gas with the least amount of particular matter. Figure 11D shows plasma
torches positioned within the cyclonic separator but before the end of the drop tube as
to not cause undue mixing of the particulate heavy outer gas vortex with the
particulate lght inner vortex. Figure 11E shows a plasma torch at the bottom of the
cyclonic separator aimed up the center voriex (o direct catalytic plasma towards the
gas with the least amount of particular matter. The addition of space around the
plasma torch allows particulate matter captured by the cyclonic separator to exil more
freely. Figure 11F shows a plasma torch at the bottom of the cyclonic separator
aimed up the center vortex to direct catalytic plasma towards the gas with the least
amount of particulate malter. The addition of space around the plasma torch allows
particulate matter captured by the cyclonic separator to ¢xit more freely but with the

catch hopper off to the side for easier torch placement with less interference.

Figure 12 shows an embodiment of the Carbon Conversion Systern where plasma is

provided at the exit of the cyclone separator.

Figures 13A w 13D illustrate various views of one embodiment of the Carbon

Conversion System where the cyclonic separator(s) are external to the shell housing



the Conversion System. Figure 13A shows a vertical cyclonic separator (1506) with a
horizontal gas reformulating unit (1300) and a vertical recuperator (1500) which heats
ambient air (1502). The {igure shows the gas reformulating unit (1300) over lop of
the rest of the primary processing unit (1000) and 4 combined vertically oriented
secondary processing and melting unit (1200), but it conld be placed beside the
primary processing unit or in a vertical orientation. The placement of the recuperalor
in this embodiment minimizes the hot air piping to the primary processing unit (1000)
and the combined vertically oriented secondary processing and melting unit (1200)
without the need of a specially shaped recuperator. Figure 13B shows the top view of
the embodiment of Figure 13A where off-gases from the various cyclonic scparators
are mixed with the addition of plasma or plasma heat alternative and hot air (1503),
Figore 13C shows the middle top view of the embodiment of Figure 13A where off-
gas lcaves the primary processing unit and secondary processing unit and goes to
external cyclonic scparator(s). Figure 13D the middle top view of the embodiment of
Figure 13A where solid rcsidue is sent o the melting unit for final processing into
slag. This embodiment also shows how the hot air 15 added to the bottom grate of the

primary processing unit and to the 2ir boxes in the secondary processing unit.

Figure 14 is a schematic representation of a top view of one embodiment of the
Carbon Conversion System detailing the moving prate (1003), and the horizontally
oriented gas reformulating unit with iwo plasma torches (1301) and eyclonic
separator (140]). Figure 14 [urther details an optiona! heat exchanger or recuperator

(1500) operatively associated with the gas reformulating unit.

Figures 15 to 19 show various configurations of the Carbon Conversion System

detailing the various zones,

Figure 20 is a schematic representation detailing the primary processing unit of one
embodiment of the Conversion Systemn, showing the refractory-lined chamber (in
part), feedstock input, latera] transfer system, and optional baffle (1010). Also shown
is an optional breaker device (1006) for breaking up feedstock as it enters, an optional
guillotine (1008), a hydraulically operated reciprocator (1012), a spring loaded
scraper plate (1011) and a brush (1014). A, B, and C indicate process additive inputs.



Figure 21 is a schematic representation detailing the primary processing vnil of one

embodiment of the Carbon Conversion System with horizontal air feed.

Figure 22 is a schematic representation detailing (he primary processing unit of one
embodiment of the Conversion System, showing the refractory-lined chamber (in
part), feedstock inpul. lateral transfer system, and optional ballle (1010). Also shown
is an optional bregker device (1006) for breaking up [eedsioek ag it cotars, an optionat
guillotine (1008). a hydraulically operated reciprocator (1012), a spring loaded
scraper plate (1011) and a brush (1014}, Perforated baffles (1022), feedstock heighi

(1017) and reactant material height (1002) are also shown.

Figure 23 is 2 schematic representation detailing the prirnary processing unit of one
embodiment of the Conversion System, showing the refractory-lined chamber (in
part), feedstock input (1007), lateral transfer system, and optional baffle (1010}, Also
shown is an optional breaker device (1006) for breaking up feedstock as it enters, an
optional guillotine (1008), a2 hydraulically operated reciprocator (1012), a spring
loaded scraper plate (1011) and a brush (1014). One or more of the perforated baffles
(1022) are provided. In this embodiment, the perforated baffles (1022) are suspended
using chains to allow for baffle movement. Feedstock height (1017) and reactant

material height {1002) are also shown.

Figure 24 is a schematic representation detailing the construction of a step in one
embodiment of the Carbon Conversion System having a stepped floor primary
processing unit. The alternating layers of thick metal (1019) and ceramic blank
(1020) are shown. Plenums for the introduction of air and/or steam are shown as
perforated lines (A, B and C). Air is supplied to the plenums from a header space.
Each plenum is equipped with a nozzle (1021). The sicp is covered by refractory
(1018).

Figure 25 is a schematic representation detailing one embodiment of the primary
pracessing unit (1000) of the Carbon Conversion System, showing the refractory-
lined chamber (in part), feedstock input, lateral transfer system, and an optional baffle

(1010). Also shown is an optional breaker device (1006) for breaking up feedstock as



it enters, an optional guitlotine (1008), a hydranlically operated reciprocator (1012), a

spring loaded scraper plate (1011) and a brush (1014).

Figure 26 is a detailed side view ol vne embodiment of the lateral transfer system

showing clockwise operation. The floor of primary processing vnit is shown (1029)

Figure 27 is a detailed view of one embodiment of the lateral transfer system
showing counterclockwise operation. Details of one embodiment of the drive system

{1031) arc shown.

Figure 28 shows 4 lop view of the lateral transfer systern shown in Figures 26 and
27.

Figures 29A and 29B illustrate one embodiment for a scraper system {1037) [or
dealing with potential clinker build up in the primary processing unit. Figure 29A
shows the side view detailing process additive inputs A, B and C, a scrape guillotine
(1036), a scraper slit in side wall (1038) and a hydravlically operated reciprocator
(1034). Figure 29B shows the front view and details the additives manifold (1032), a
reciprocating ram (1035), and the scraper trajectory (1039). Optionally, the scraper
(1037) is healed.

Figure 30 illustrates one embodiment for a scraper system for dealing with potential
clinker (1046) build vp and sticky feedstock (1047) in the primary processing unit.
Figure 30 shows hydranlic pusher system (1044) snides (1042). Also shown is the
stage above (1049) and current stage (1041). Optionally, the scraper is heated. Top
panel shows the ram in “home™ position. Middle panel shows sticky feedstock
removed and the cold scraper stopped. Bottom panel shows the hot scraper removing

clinker.

Figure 31 illustrates slanted sltuges in Lhe primary processing unit with redirected
additives. Top panel shows an approximate 20 to 30 depree slant. Botlom panel
shows a slant of less than 20 degrees and optionally steam shooting from the airbox

on the ram for ¢learing off the top.
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Figore 32 illustrates construction of steps in one embodiment of the primary
processing unit. The alternating layers of thick metal (1019} and ceramic blank
(1020) are shown. Plenums for the introduction of air and/or sleam are shown as
perforated lines (A, B and C). Air is supplied 10 the plennms from a header space.
Each plenum is equipped with a nozzle (1021). The step is covered by refractory
(1018). The position of nozzles in one layer may be stagzered relative (o the position
of nozzles in the layer below or above. A single layer rmay incinde ajr and/or steam
inputs. Individual layers may be made a5 a single solid stage (1055), as a composite
of scparate bars (1054) or as a composite of separate bars with insulation between the

bars (1053).

Figure 33 illustrates one embodiment of the bateral transfer system comprising cast
refractory blocks (1810) with air injection through thin wall tubes connected to a
central header. Adir is connected to the blocks with flexible stainless steel hoses and
flanged fittings. Each block is mounted on a single free rotating axis (1815) and is

driven by a separate hydraulic shaft. Waler cooling may be provided to cach block.
Figure 34 illustrates one embodiment of a ]ateral transfer system.

Figure 35 illustrates one embodiment of the lateral transfer system and air injection.
In this embodiment, air injection (1052) is raised slightly above the rams (1048).
This is done in order to raise the “hot zone” where partial combustion occurs. The
rams {1048) sit on refractory (1018) and is insnlated from hot air introduction. Also

shown is the air injection header (1055) and the top layer of solid residue (1056).

Figure 36 illustrates embodiments of the combined air distribution and lateral
transfer system of the primary processing unit detailing the air box (1057), air

passages (1058), and insulation (1059).

Figure 37 illustrates one embodiment of the combined air distribution and lateral
trunsfer system of the primary processing unit. The drums rotate condnuously to
move material along the grate. Vanes (1510) within each drum limit air flow to the
target region. The drums are capped on both ends with thick ceramic gasketed plates

(1512) which are bolted Lo the outer drum o maintain the dium’s pressure boundary
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to allow differeniial expansion. The drums are driven by a central drive shall
connected to the rest of the drum by the vanes. Individual drives may be provided by
drum to facilitate replacement. Also shown are air ducts (1516). Alr enters the
primary processing unit via perforations in the dmms sorfaces.  Sieps between

successive pairs of drums increase material tumbling.

Figure 38 illustrates one embodiment of the air distribution system and lateral
transfer system of the primary processing unit detailing the rams (1048) sitting
directly on top of the air boxes (1057). The perforated surface of the air box is shown

as dashed line.

Figure 39 illustrates one embodiment of the air distribution and ram lateral transfer
sysiern of the primary processing unit. In this embodiment, 10 reduce warpage, the air
boxes (1030) are constructed as separate, very heavy duty, solid pieces of steel which
only inject hot air in areas where uninterrupted/ unhindered flow oceurs. Air injection
is raised slightly above the rams (1048), and is through air box holes (1060) with one
or more jets, space permitting. The rams (1048) sit on refractory (1018). Between the
air box and the refraclory, packing insulation (1062) is provided. The air box is
further provided with insulation (1059). Also shown is the air injection header (1055)
and a seal (1064).

Figure 40 illustrates various embodiments of air injection systems top designs. To
reduce warpage, the air boxes are constructed as separate, very heavy duty, solid
pieces of steel which only inject hot air in areas where uninterrupted/ unhindered flow
occurs. Air injection is raised slightly above the rams (1048) and is through raised
tops with one or more jels, space permitting. The rams (1048) sit on refractory
(1018). Between the air box and the refractory, packing insulation (1062) is
provided. The air box is further provided with insulation (1059). Also shown is the
air injection header (1055), a seal (1064) and spacing (1066). The top of reactant

material 1s shown by line (1056).

Figure 41 illustrates one cmbodiment of a ram lateral transfer system of the primary
processing unit (1000) detailing air (1502) and steam (1067) injection. The addition

of steam can be used to control the temperature and promole steam gasification. In

12



this embodiment, steam is piped int below the air to further buffer (he rams [rom the

hot zone. The top of reactant imaterial is shown by line (1056).

Figure 42 illustraics one embodiment of & ram laleral (ransfer system of the primary
processing unit (1000) detailing air (1502) and steam (1067) injection, and the air
injection header (1055). The addition of steam can be used 1o control the temperature
and promote steam gasification. In this embodiment, the steam is premixed with the

air before it is injected into the bed. The top of reaclant material 15 shown by line

(1036).

Figure 43 illustrales a multi-stage ram system of one embodiment of the primary

processing umit,

Fipure 44 is an isometric view of the complete grate of Figure 43.

Figure 45 illustrates a single stage of the complete grate shown in Figures 43 and 44.
Figure 46 is a side view of the single stage shown in Figure 45,

Figure 47 illustrates a combined secondary processing and melting unit of one
embodiment of the Carbon Conversion System, in part, detailing ports for auxillary
burner (138 and 139), a slag outlet (130), and a zone-specific heating system (i.e. a
system that can establish two temperature zones) comprising an air box (135) and
plasma torch (140). Tn this embodiment, the impediment is 2 solid refractory dome
(145) with 4 plurality of conduits (151) mounted by wedge-shaped mounting bricks
(150) in the inter-zonal region. The solid refmctory dome js sized such that there is a
gap between the outside edge of the dome and the inner wall of the chamber, A
plurality of alumina or ¢ceramic balls (165) between 20 to 100 mm in diameter rest on
top of the refractory dome to form a bed and provide for diffusion of heated air and to
promote the transfer of plasma heat to the ash to imtially melt the ash into slag.
Figure 47A is a partial longitudinal-section view. Figure 478 is a cross-sectional
view of the embodiment illustraicd in Figure 47A at level A-A. Figure 47C is a top

view of the impediment and supporting wedges.

Figure 48 is an illustration detailing various views of an impedimenl in the inter-
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zonal region of one embodiment of the Carbon Conversion System. The impediment
comprises a series of inicreonnected refractory bricks (245). The bricks are mounted
on a mounting element (250) such that there are gaps (255) between adjacent bricks.
The slag ouotlet {230), plasma torch (240} and auxiliary bumer port (239) are also

shown.

Figure 49 is an illustration of an impediment in the inter-zonal region of one
embodiment of the Carbon Conversion System comprising a grate. The grate
compriscs a series of substantially paraliel, refractory lined tubes (3435) mounted
within a mounting ring (350). The tubes are mounted such that there is a gap (355)
between adjacent tubes. Optionally, a plurality of alumina or ceramic balls between
20 to 100 mm in diameter rest on top of the impediment to form a bed and provide for
diffusion and (o promote the transfer of plasma heut Lo the ash to initially melt the ash
into slag in the inter-zonal region. In some embodiments, hot air is fed into the
secondary processing zone through perforations in the upper surface of the

substantially parallel refraclory line tubes (345).

Figure 50 illustrates one embodiment of a combined secondary processing and
melting unit, in part. Heated air is introduced into the secondary processing unit via
air boxes (135). The air feed to the air boxes is controllable allowing for regulation
of the conversion process. Optionally, steam may be injecled into the secondary
processing unit via the sicam injection ports (not shown). The inler-zonal region
comprises a physical impediment (145) to guide the flow of malerial from the
seconduary processing unit to the melling unil. A plurality of aluming or ceramic balls
(165) between 20 Lo 100 mm in diameter rest on top of the refractory dome to form a
bed and provide for diffusion of heated air and to promote the transfer of plasma heat
to the ash to initially melt the ash into slag in the inter-zonal region. The melting unit
comprises various ports including a plasma torch port, a burncr port to accomnrodate
a burner (139) to pre-heat the chamber, and ports for various process additives
including hot air and carbon and/or bag ash. The melting unit is equipped with a
plasma torch (140) and tangentially mounted air nozzle (141). Slag outlet (130) is

also shown.
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Figure 51A is a cross-sectional view detailing the ports in the melling wnit of the
carbon recovery zZone of one embodiment of the Carbon Conversion System including
oxygen and/or air inputs (0O), carbon inputs (C). ports for plasma torches (F) and a gas
burner port (G). Figure 51B is a partial longitudinal view of the embodiment shown

in Figure 51A. A slag weir (33) and a quench water bath (78) are also shown.

Figure 52 is a partial longitudinal-sectional view of one embodiment of the Carbon
Conversion System detailing the mehting unit with 4 plasma heat deflector (61). A

quench water bath (78) is also shown.

Figure 53 illustrates one embodiment of the Carbon Conversion System in which the
melting unit further comprises a weir (33) lo form a slag pool to facilitate slag

mixing. A plasma heat deflector (61) is also shown.

Figure 54 is a partial longitudinal-seclional view of a combined secondary processing
and melting unit (in part) of one embodiment of the Carbon Conversion System
detailing a slag cooling system (114) including water spray and drag chain. Heated
air is introduced into the secondary processing unit via an air box (135). The inter-
zonal region comprises a physical impediment (145) to guide the flow of material
from the secondary processing unit to the melting unit. The melting unit is equipped
with a plasma torch (140) and a tangentially mounted air nozzle (141). A slag outlet

(130) is also shown.

Figure 55 is a partial longitudinal-sectional view of a combined secondary proccssing
and melting unit (in part) of one embodiment of the Carbon Conversion System
detailing the air boxes (135). The inter-zonal region comprises a physical
impediment (145) to guide the flow of material from the secondary processing unit to
the melting vnit. The melting unit comprises various ports including a plasma torch
port, 4 burner port to accommeodate a bummer (139) 10 pre-heat the chamber, and ports
for various process additives including hot air and carbon and/or bag ash. The melting
unit is equipped with a plasma torch {140) and tangentially mounted air nozzle (141).

A slag outlet (130) and plurality of alumina or ceramic balls (165) are also shown.
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Figure 56 is a cross-scetional view through the air box of the embodiment shown in

Figure 55,

Figure 57 iy a cross-sectional view lhrough the mangentially located air inputs and

plasma torch of the embodiment shown in Figure 55.

Figure 58 is a cross-sectional view at the burner level of the embodiment shown in

Figure 55.

Figure 59 illustrales alternative vicws of the combined sccondary processing and
melting unit of Figures 55 to 58. A slag cooling system (114) including waler spray

and drag chain is also shown.

Figure 60 details various views of a combined secondary processing and melting unijt
(in part) of on¢ embodiment of the Carbon Conversion System detailing the slag
outlet (430), and a zone-specific heating system (i.e. a system that can establish rwo
temperature zones) comprising an air inlets and plasma torch (440) and oplional
tapping spout (446). In this embodiment, the secondary processing zone 15 centrally
located and the slag or melting zone is located towards the periphery of the chamber.
The floor of the chamber is sloped such that the secondary processing zone s
upstream of the slag zone thereby promoting uni-directional movement of material
between these zones. The two zones are separated by the inter-zonal region, The
inter-zonal region comprises a physical impediment to regulate the flow of material
from the secondary processing zonc to the slag zone. In the instant embodiment, the
physical impediment comprises a series of suvbstantially vertically-oriented,
substantially parallel refractory-lined perforated pipes (445). Heated air is introduced
inlo the secondary processing zone through the perforations in the pipes to the center
of the pile of processed feedstock thereby converting and heating the carbon in the
processed [eedstock. The air is heated slightly as it comes from the bottom, while
cooling the pipes. Through air inlets (441) in the slag zone, air is injected outside the
row of pipes and serves to keep the outer surface of the pipes very hot so as to keep
the slag from freezing. The sloped bottom of the slug zone serves to drain the residue
towards the side of the chamber where the plasma torch is located soch that the

residue is melted into molten slag.
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Figure 61 detuils various views of a combined secondary processing and melting unit
(in part) of one embodiment of the Carbon Conversion System detailing a slag ontlet
(530), and zone-specific heating system (fLe. a system that can establish two
temperature zones) comprising an air inlets (not shown) and plasma torch (540). The
inter-zonal region comprises a physical impediment (o regulate the flow of material.
In the instant embodiment, the physical impediment comprises a cogwheel-shaped

dome (545).

Figure 62 details various views of a combined secondary processing and melting unit
{in part) of onc embodiment of the Carbon Conversion System. The floor of the slag
zonc comprises a rotating slanted refractory table. The rotation of the table Lop
facilitates the evacuation of the molten slag. Optionally, the table ean include a
plurality of ¢ceramic balls to facilitate plasma heal trunsfer. The floor of the slag zone
can be elevated and retracted from the processing zones. The refractory-lined table
top is mounted on a drive shaft (846) operatively connected to an externally mounted
motor (847). The slag-floor asscmbly is readily detachable [rom the inter-zonal
region and the carbon-converter zone and is mounted on an elevating table on rails to
facilitate clean out. A plurality of ceramic balls (848) promotes the transfer of plasma
heat. Optionally, molten slag is cooled by a waler spray upon exiting the slag oullet
(830) and the solidified slag falls onto a drag chain for removal. The slag outlet (830),
plasma torch (840) and impediment (845) are also detailed.

Figure 63 details varions vicws of a combined secondary processing and melting unit
(in part) of vne embodiment of the Carbon Conversion System. The impediment
comprises a rotating refractory cone (921) mounted on a drive pedestal having a drive
shaft (933) linked to an external motor (942). The lower portion of the rotating
refractory comprises a well (978) in which slag accumulates prior to exiting the
chamber. The impedirnent / slag-floor assembly is readily detachable from the inter-
zonal region and the carbon-converter zone and is mounted on an elevating table on
ruils to facilitate clean out. Optionally, molten slag is cooled by a water spray upon
exiting the slag outlet and the solidified slag falls onto a drag chain for removal.

Plasma torch (940) and propane or natural gas burner (937) are also detailed.
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Figure 64 details various views of 2 combined secondary processing amd melling unit
(in part) of one embodiment of the Carbon Conversion System plasma torch (640),

carbon and/or bag ash Inputs (642) and hot air inlets (641).

Figures 65A to 65C dctail various views of a combined sccondary processing and
melting unit (in part) of one embodiment of the Carbon Conversion System equipped
with multiple hot gas generators (HGGs) to spread out the temperature profile of the
chamber and avoid cold spots where the slag would solidify. These figures show how
the HGG/Torches could be set-up to swirl the hot gases in the melting unit or focus

the melting towards the center. Figure 65A also shows molten slag tmnsiting water

Spray.

Figures 66A to 66C show various views of a combined secondary processing and
melting unit (in part) of one embodiment of the Carbon Conversion Systern equipped
with hot gas generator (HGG). Figure 66A is a 3D illustration of the melting unit
with hot gas generator (1262) using a torch (1303) and having optional inlets for
solids and gases in the melting unit. There are multiple inlets for zases and solids on
the HGG itself. Figures 66B and 66C are sideways view of the lower chamber
showing the HGG. A slag quench unit (1259) and plasma torch support (1303) are

also shown.

Figures 67 und 68 illustrate an HGG system that can be used in a combined
secondary processing and melting unit of one embodiment of the Carbon Conversion
System. This HGG employs a plasma torch (1303) surrounded by pneumatic solid
input (1264) which is then surrounded by a warm gas input (1266) and outputs hot
gas (1263). Optionally, gas inpuls are air or nitrogen or any type of gas that could be
used in gasification including CO,, Qs syngas, or other oxygenated gas or
combinations thereof. In one embodiment, the warm gas is about ~600°C. The warm
gas outlet can optionally have vanes (1207) for swirling the gas. A plasma torch

support (13035) and slag quench (1259) are also shown.

Figure 69A illustrates the refractory layers and HGG (1262) sct-up in a combined
secondary processing and melting unit of one embodiment of the Carbon Conversion

System. In this embodiment, the outer wall (1272) is generally made of metal or
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composile material that would be used in construction (cement). The insulation
(1059) is designed to buffer the refractory and outer wall from temperature expansion
changes. The low temperature refraclory (1270) is designed to reduce the temperature
between Lhe outer wall and the slagging chamber environment. The high temperature
refractory (1269) is designed to withstand the ultra-high temperatures of the melting
zone (1271) and the degradation due to slag contact. Figure 69B is a rotated cross
section of Figure 69A Lo where there are the optional gas bypass lines (1268). Also
shown is the slag tap (1260). The impediment or bed supporl (1265} and bed support

spheres (1267) are also shown.

Figurcs 70A and 70B show an internally located cyclonic separator in one
embodiment of the Carbon Conversion System located within the shell of the
Conversion System, In the illustrated embodiment, a cyclonic separator bank with
gas [low arrows is shown from the angle of gas coming from the primary proccssing
unit and secondary processing unit. A first set of cyclonic scparator tubes are cut
away to show mus flow lines Lthough the system and where the ash would be
depositing. Figure 70B shows a 3D image of Figure 70A. Gas with particulates
(1409) enters the cyclonic scparator and gas with reduced particulute (1300) load
exits. Particulates (1402) are collected for optional [urther processing. Also shown is

a butterfly valve (1408).

Figure 71 shows various upper level configurations of plasma in the gas
reformulating unit. A) Plasma Generators (1308) are arranged to all point towards a
cenler. B) Plasma Generators (1308) pointing in random orientation in order to
promote effective mixing. C) Plasma Generators (1308) pointing opposite each other
and a bit offset to promote turbulence. Arrows indicate process additives and/or off

gas. Also shown is a refinement tube (1309).

Figures 72A and 72C show the inclusion of turbulence zones (1316) for enhanced
reformulation in one embodiment of the gas reformulating unit. Figure 72C shows
cxamples of turbulence generators including a passive grid (1313), an active grid
(1310) with rotating shaft {(1314) and fixed shaft (1311}, and sheer generator (1312)

wilh linear varying flow obstruction (1312).
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Figure 73 shows the gus (1317) to be reformulated enlering langentially into the gas
reformulating unit creating a swirl which is treated by the plasma torches and the gas
manipulator in one embodiment of the gas reformulating unit, Residue (1318) is also

shown.

Figures 74 shows exemplary means for generating turbulence. Active grid (1310)
inclundes motors (1320) and an open area (1321). A sheer gencrator (1323) with
variable obstruction for shear gencration includes blocked areas (1319) amd open

areas (132]).
Figure 75 is a diagram illustrating air-flow out of a Type A nozzle.
Figure 76 is a diagram illnstrating air-flow out of a Type B nozzle,

Figure 77 is 4 flow diagram illustrating one embodiment of the Carbon Conversion
System with a tarbulence generator (1324) detailing optional input additives (1004)
which include, but are nol limited to steam, air, O, Na, ozone, catalyst, fluxing
agents, water, adsorbents, and high carbon inputs. Each additive arrow may indicate
4 single type of additive or multiple types of additives. The additive(s) may be
inputicd in mixed form or though separale additive input devices (and int multiple
locations within a given functional unit), The primary unit (1000), the gas
reformulating unit (1300) with cyclone ([400), and the secondary processing unit
(1201) are detailed. Feedstock (1002) input, processed feedstock (1003), a particulate

reduce off-gas (1403) are also shown.

Figure 78 is a flow diagram illustrating varions embodiment of the Carbon

Conversion System with a turbulence generator (1324).

Figure 79 is a schematic illustrating the bottom part of the secondary processing unit
where ash/slag/char leaves and enlers the melting unit of one embodiment of the
Carbon Conversion System. The solid residue (1206) flows down 4 curved slope and
into the melting unit. The transferred torch (1277), elecrode (1274), burner (1273),
gate (1276) and filled / metal removal (1275) are shown.
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Figure 80 is a schemalic illustrating the bottom part of the secondary processing unit
where ash/slag/char leaves and enters the meltihg unit of onc embodiment of the
Carbon Conversion System. This modified melling unit design is such that the
melting unit footprint of the melting unit is bigger than the circumference of the
secondary processing unil. In this embodiment, the bottom slag pour plug is shown
as being replaceable and the dome has annular rings {made of metal and/or refractory)
which assist in controlling the slag flow to ensure reduced flow along the walls of the

melting unit. Also shown is the ransferred arc torch (1277),

Figurcs 81A and 31B are a schematic illustrating the bottomn part of the secondary
processing umil wherc ash/slag/char leaves and enters the melting unit of one
cmbodiment of the Carbon Conversion Systern detailing the side tap-hole. The solid
residue (1206) flows down a curved slope having a potential lance location (1279)
and into the melting unit. The transferred torch (1277), electrode (1274). burner
(1273), baffle (1010), air boxes (1502) and filled / metal removal {1275) are shown.
An aliernative entry point for TAT 1s al (1278). A baffle (]010) controls the {low of
material and includes a shaft (1280) (o adjust baffle height and a baftle support link
(1061). Figure 81B is a view down the pipe from the slag pool (1258).

Figure 82 details the blocks that make up the side tap-hole within the melting unit in
one embodiment of the Carbon Conversion System. The primary functional parts are
the plastic refractory wall with a lanced slag pour hole (1287) and the weir (1290)
with a gap for slag (1286). The rest of the plug blocks are for support and access and
include the support (1291) and packing plug (1289). Middle panel shows block plug

system onentation in a melting unit wall.

Figure 83 details all the various tools required 10 compleie the maintenance on ihe
side tap hole as shown and described in Figure 84. Plug guides (1296) are made of
high temperature resistance metal or refractory, and other tools are made out of high
temperature resistant metal and may also have refractory coatings and/or insulation to
avoid melting. Support block tongs (1297), plastic refractory skewer (1294), bent
oxygen lance (1292) with lance outlet (1293), weir tongs (1299) and tray guide
(1298) are shown,
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Figure 84 illustrates the side pour syslem can be serviced by lancing from cherry
picker or extended sunken walk way. Tray (1142), ray guide (1298), hinged open
plug door (1103), support block (1106) set aside, lance guide (1296) frozen slag zone
B (1101) and A (1100) are shown. Hatching (1143) indicates refractory blocks with
centerline hole in it to allow for slag or luncing. Hatching (1018) indicates refractory

blocks which are completely solid along the cross section.

Figure 85 dctails embodiments of plugs of different sizes. Extra space is filled in

with permanent plastic refractory. (1109) shows overhang at hot face only.

Figure 86 shows how the interior wall of onc embodiment of the melting unit could
be repaired. Optionally, the repair patch is “permanent” until it wears out. The repair
patch is produced using two aluminum plates (1110) to squeeze plastic refractory
(1112) together. A plunger (1115) packs in the plastic refractory. An inner pipe is
pushed into the melting unit (to be melted inte the slag/metal pool) 1o ereate & new
tap-hole [or the side pouring. A plug (1113) unscrews so that aluminum platc and
pipe can be pushed into melting unit interior to allow slag to flow, The plastic

refractory wall with a lanced slag pour hole (1289) is also shown.

Figure 87 shows an embodiment where a burner (1117) is used to maintain the
lemperature at the weir 5o that the slag doesn’t freeze. In this figure, the embodiment
is that the bumer is hand-held and runs on compressed gas (1118). Optionally, the
burner is attached o the side of the melting unit and is a small multi-fuel bumer
optionally mnning on syngas. The burner is inserted into the refractory block with a
burner hole (1119). The bumer hole includes a rubber stopper (1120). Exhaust
(1116) is back to the system.

Figure 88 shows an embodiment where the side pour tap-hole plug of the melting
unit has piping (1124) installed to allow for 4 cooling medium to be used in order to
extend the lifctime of the tap-hole and weir. Cooling mediums can be air, water,
steam, thermal fluid, etc, A continuous water line {1124) is attached to the weir. A
prolective insulating blanket is placed between the pipe and the groove of the
refractory block (not shown). Water cooling with recycle (1123) is shown with
optional by-pass direct to drain. (1121) shows water lines through the plug (solid
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piece attached (o removable weir). The (loor of plug (1122) is configured o

encourage slag flow away from water lines.

Figore 89 illustrates a combined secondary processing and melling unit of one

embodiment of the Carbon Conversion System, in part, detailing the transferred arc

torch (1277).

Figure 90 illustrates a moving grale lateral transfer system design in the primary
processing unit in one embodiment of the Carbon Conversion Systemn. The illustrated

moving grate is formed by overlapping cartridges (2000).
Figure 91 is an allernative view of the moving grate of Figure 90.

Figure 92 illustrates an individual cartrndge (2000) of the moving grate of Figurcs 90
and 91. A multi-piece cartridge (ramework (2010) provides the strocture of the
cartridge and support for componcnts therein. The cartridge is attached to the wall of
the primary processing unit via connection plate (2005). The cartridge includes
alignment guides (2015) to facilitate the correct insertion of the cartridge into the
chamber wall and installation notches (2020) to allow for the insertion of tools to
facilitate the insertion and remeoval of the cartridge. The air box of the cartridge is a
composite of multiple smaller air boxes (2025) constructed from thick carbon sieel
with air holes (2030) in the top of each air box. The zir is supplied to the individunal
air boxes via a single air manifold (2035) connected to an air pipe (2040) which
connects to a hot air hook vp flange (2045) in the connection plate. The lateral
transfer components of the cartridge include a multiple-finger carrier ram (2050).
The individual ram fingers comprise a groove configured to engage I-shaped (2075)
or C-shaped engagement elements (2078) located between individual air boxes and
the outside air boxes and the cartridge framework respectively, where the

corresponding anchor bottom holds the rams to the top of the air box.

Figure 93 illustrates an alternative view of the individual cartridge of Figure 92
showing air supply to the individual air boxes via a single air manifold (2035)

connected to an air pipe (2040).

Figure 94 illustrates an alternative view of the individual cartridge of Figure 92
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Figure 95 illustrales an alternative view of the individual cartridge of Figure 92.
Figurce 96 illustrates alternative views of the individual cartridge of Figure 92.

Figure 97 illustrates a combined secondary processing and melting unil of one
embodiment of the Carbon Conversion System, in part, detailing a port for auxiliary
bumer (139), 1 slag outler (130), and plasma torch inlet (141). In this embodiment,
the impediment is a solid refractory dome (1435) with a plurality of conduits (151)

mounted by wedge-shaped mounting bricks in the inter-zonal region.

Figures 98 o 100 detzil the impediment of the combined secondary processing and

melling unit of Figure 97.
Figure 101 detail floor profiles for the primary processing unit.

Figure 102A shows one embodiment of the side pour tap-hole for the melting unit
which is made out of two refractory sections (as per dotted lines). Ceramic paper
and/or blanket (1020) is shown. Figure 102B shows various embodiments of how to
handle side pour tap-hole refractory plug pieces for placement within the chamber. 1
shows placed on movable support with rollers. II shows picked up and moved using a

rail system. IIT shows moved into place with a mcchanical lift.

Figure 103 illustrates a combined secondary processing and melting unit of one
embodiment of the Carbon Conversion System, in part, detailing where ash/slagfchar

leaves and enters the melting unit (1250).

Figure 104A and 104B are a schematic illustraling the bottom part of a combined
secondary processing and melting unit of one embodiment of the Carbon Conversion
System, in part, detailing where ash/slag/char leaves and enters the melting unit of
one embodiment of the Carbon Conversion System detailing the side tap-hole. The
solid residue (1206) flows down a curved slop having a potential lunce location
(1279) and into the melting unit. The transferred torch (1277), electrade (1274),
burner (1273), baffle (1010), 2ir input (1502) and filled / metal removal (1275) are
shown. An allernative entry point for TAT is at (1278). A baffle (1010) controls the
flow of material. When the door (1128) is open, slabs of refractory (1018) can be slid
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in to adjust ballle height. The top slabs (1130) are thinmer. The blocks (1018)
support the baffle. Support grooves (1029) are provided for the blocks or slabs of

refractory. Figure 104B is a view down the pipe from the slag pool.

Figurc 105 is a schematic illustrating a burner in one embodiment of the melting unit
(1250) as viewed from above showing burner positioning. Refractory (1018), slag
pool (1258), electrode (1274) and burner (1273).

Figure 106 illustrates one embodiment of a melting umit. Input (1252), plasma torch
(1303), hot face (1131), view porl and scrape (1135), optional bumer exhaust (1143),
IFB (1138), steel shell (1134), oxygen lance (1133), optional small burner (1273) to

keep slag end hot and water quench (1136) are shown.

Figure 107 illustrates one embodiment of a melting vnit. Input (1252), plasma torch
(1303), hot face (1131}, view port and scrape (1133), passive grate (1313), oplional
bumer exhaust (1145), IFB (1138), steel shell (1134), oxygen lance (1133), optional

small burner (1273) to keep slag end hot and water quench (] 136) are shown.
Figure 108 illustrates one embodiment of a melting unit.

Figure 109 illustrates various embodiments of tap hole concepts. A) enclosed
induction heaters (1137) surround a ‘tube’ exiting the refractory and increasc the
temperature of the surrounding refractory; this allows the slag (1139) to flow though
the ‘mbe’ and pour (1140) out of the melting unit (1250). When enough slag has been
removed, the induction heaters are tumed off, and the slag solidifies in the “tube’.
During the pour, the level of the molten slag is not allowed to reach the top of the
tube, so that gases in the chamber and the atmosphere do not mix. B) The oxygen
lance (1133) is used to “burn™ a hole into the soft refractory paste (1141) allowing
molten slag (1139) to pour (1140) out. The flow is stopped by throwing some
refractory powder into the hole or pushing a piece of ceramic blanket into the hole.
During the pour the level of the mollen slag is not allowed to reach the top of the
hole, so that gases in the chamber and the atmosphere do not mix. C) A water cooled
plug (1142) is moved out (partially) to expose tap hole. Moved back in as required to

stop the flow before the hole opens up the vessel environment to the atmosphere

25



(emply the chamber), Material does not “stick™ to the plug because it is a smooth,
cool surfuce. D) A metal “wedge” (1138} is pushed In an out of Lap hole to control
flow of slag. The wedge can be quickly put back into the chamber (o avoid the molten
slag level from dropping too far. E) Slag pours out as gravity pushes the <lag through
the tap-hole maintaining the level of the pool around the level of the tap-hole exit. IY)
Samc method in E except the slag pours down and out a vertical hole made in the
refractory and a lance is used to unseal the tap-hole if it gets plugged. ) Slag pours
vul @ lemperature controlled (healed or cooled) insert in the side refractory of the
chamber with a stopper (generally conical in nature) is pushed against the exit to
control/stop the flow of slag out of the chamber. H) Slag pours out due Lo gravity but
the final exit is 4 weir block which is replaceable. Can be heated or cooled as needed

{not shown).

Figures 110A to 110G illusirate various isometric outside views of one embodiment
the Carbon Conversion Sysiem detailing a horizontally-gricnied primary processing
unit (4000) with moving grate (4002), a combined vertically crienled secondary
processing (4201} and melting unit (4250) with inter-zonal region and plasma torch
(4301), and a gas reformulating unit with eyclonic separator (4400), refining chamber
(4302) and two plasmu torches (4301).

Figures 111A and 1118 illustrate various embodiments of the cyclonic separator of
the gas reformulating unit in which reformulated syngas is recycled back into the
cyclonc to promote mixing and the cyclonic effect. A cyclone tube (1406), cyclone
tube ingert (1407), minor leakage (1411), recycled gas exit (1412), support for inner
tube (1413), support for insert (1414), syngas out (1507) is shown.

Figure 112 illustrates a side view of one embodiment of the Carbon Conversion
System detailing 2 horizontally-oriented primary processing unit (4000) with a
moving grate (4002) and associated feeding system (4001), a combined vertically
oriented secondary processing (4201) and melting unit (4250) with inter-zonal region
and plasma torch (not shown), and a gas reformulating unit with cyclonic separator
(4400), a refining chamber (not shown) and plusma lorches (43D1). The gas

reformulaling unit comprises cyclonic separator with plasma torches positioned on
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the throat of the cyclone inlet and in the alternative localion ol inside the cyclone

chamber.
Figure 113 illustrates an isometric view ol (he embodiment shown in Figure 112,

Figure 114 illustrates a side of the embodiment shown in Figure 112, with a cut

showing the internals of the vessels (chambers).

Figures 115A and 115B illustrate one embodiment of the cyclonic separator of the
gas reformulating unit.  Figure 115A shows a front view with the torches positioned
at the inlet throat of the cyelone. Figure 115A shows a top-down view of the cyclone

with the lid and torches removed from view.

Figures 116A to 116D illustrate alternative views of the embodiment shown in
Figure 115 with internal details. Figure 116A shows a side view. Figure 116B
shows an isometric view. Figure 116C shows a side view along the axis with the exit
with refining (reformulation) chamber and hot pipe W recuperator. Figure 116D

shows a side view parallel to the inlet of the cyclone.

Figure 117 illugtrates the horizontally oriented primary processing unit of one
cmbodiment of the Carbon Conversion System from the side, and detailing the

bottom grate positioning of each cartridge (2000).

Figure 118 itlustrates the horizontally oriented primary processing unit of Figure 117

in an isometric view. In this view, the inlet to the throat to the cyclone is viewable.

Figures 119A and 119B illustrate two more isometric views of the horizontally
oriented primary processing unit of one embodiment of the Carbon Conversion
System of Figure 117. Figure 119A shows the start of the chamber where the
feeding of material occurs. Figure 119B is a cut ol the feeding inlet wall, which

shows some of the internals of the chamber.

Figure 120 illustrates a side view of the horizontally oriented primary processing unit
of Figure 117 where a cut along the viewing plane allows for internals, such as the

moving prate system and gas flow controlling baffle.
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Figure 121 illustrates a front view ol the horizontally oriented primary processing
unit of Figure 117 with z cut to show the inside of the chamber which illustrates the
separation between the gas zone at the top and the levels and drop at the bottom of the

chamber.

Figure 122 illustrates a combined secondary processing and melting unit, in part, of
one embodiment of the Carbon Conversion System detailing a cogwheel dome and
ceramic balls. In addition, this cut also shows the side and bottom pour options for the

slag removal from the chamber.

Figure 123 illusirates of one embodiment of the Carbon Conversion System detailing
the primary processing unit (1000) with feedstock input (1001), baffle (1010) and
moving grate (1003), a combined secondary processing and melting unit (1200) with
plasma source (1303) and burner (1273) and slag outlet (1252), and the gas
reformulating unit (1300) with the cyclonic separator system (1401) and plasma

source (1303) and particulate collection (1402).

Figure 124 illustrates control of the Carbon Conversion System of Figure 123
whercby the flow of air is control by [low control valves (1700) and (he pressure in
the line is sensed by a sensing element (1703) (e.g. a pressure sensor) to control the

process air blower (4033).

Figure 125 illustrales one embodiment of the control of the Carbon Conversion
System of Figure 123 whereby the position of the ram is determined by pressure in
the hydraulic lines (1704) to the rack and pinion system (1151). Overall control of all
rams is by the control system, generally in a fixed cycle with other rams. Each ram
(1035) can, however, function independently if such an operation was desired by
using varions sensing elements such ag a level switch (1701) above the ram (to
indicate that the ram should move forward when it is tripped, and backwards when it
is cleared within the travel distance of the rack & pinion system) and/or a temperature
thermal couple (1702) (temperature sensor) which could indicate that the air box is
too hot and that the material is combusting rather than gasifying, and that the ram

should ¢lear that level (and also redoce the air flow to that air box (1150)).
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Figure 126 illustrutes one embodiment of control of (he Carbon Conversion System
of Figure 123 detailing placement of gas-phase temperature sensors (1702) which
could be used by the control program 1o adjust the conirol variables in order to

optimize the operation of the conversion process.

Figure 127 illustrates a top view of the dome and melting unit in one embodiment of
the Carbon Conversion Systern which incorporates cooling technology. In this
example, the dome is made out of six copper waier-cooled pieces which would make
up its core and have a relractory cover (not shown) placed on top and refractory

coating on any exposed sides and bottom to make up the complete dome.

Figure 128 illustrates a side view of a round walled melting unit in one embodiment
of the Carbon Conversion Systern which incorporates cooling technology. Here the
chamber is partially cooled by water-cooled copper inserts that surround the outside
of the vessel and penetrate the outer layer of refractory (not shown) at a height around

where the slag pool would form.

Figure 129 illustrates a partially transparent isometric view of a round wall slag
melting chamber of Figure 128, with cooling inserts prominently not transparent. A
burner port (5003), plasma torch port (5010), water-cooled copper insert (5015) for
dome cooling, grooves to hold casted slag to copper (5020), water infout {5025),
water-cooled copper insert (5030) for slag tap hole cooling, water cooled insert for
slag pool refractory wall cooling (5035), multi-piece refractory dome (5070) with

conduijts (5072) are shown.

Figures 130A to 130C illustrate copper cooling pieces in isometric views of a round
walled melting unit in one embodiment of the Carbon Conversion System, which
incorporates cooling technology. Figure 130A shows an isometric view of the top of
the dome water-cooled copper elements. Figure 130B shows an isometric view of the
bottom of the dome waler-cooled copper elements. Figure 130C shows an isometric

view of the top of the water-cooled copper elements designed to cool the walls around

the slag pool.
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Figures 131A to 131C illusirate copper cooling picces in isomelric views of a round
walled melting unit in onc embodiment of the Carbon Conversion Syslem which
incorporates cooling technology. Figure 131A is a transparent showing intemal cast
where water will pass though the copper. Figure 131B is a non-transparent showing
divots where anchors can be attached to hold it to the refractory (if casting of
refractory is chosen over bricks). Figure 131C shows a cut of the water-cooled

coaper inser,

Figure 132 illustrates a side view of a melling unit in one embodiment of the Carbon
Conversion System which incorporates cooling technology, where the slag melting
zone has flat walls and is rectangular in nature. Water-cooled copper inserts for
refractory wall cooling (5035), burner ports (5045), a secondary processing unil
interface (5050), 4 plasma torch port (5045), a waler cooler copper insert for slag tap-
hole (5030} with inner and outer pieces, and a water cooled channel (5040) are

shown.

Figures 133A to 133E illustrate various views of the melting vnit of Figure 132.
Fignre 133A shows one potential set-up of waler-cooled cooper inserts around the
chamber (chamber shell and refractory not shown). The grooves hold pour casted
refractory to copper. Water inlets and ontlets (5025) and thermocouples (5026) are
shown. Figure 133B shows an altemative water-cooled hall dome embodiment
(rather than six ple shaped pieces). Figure I33C shows an isomctric view ol a solid
embodiment. Figure 133D shows an isometric view of it transparent, showing a
potential piping channel in the cooper where water would pass. Deep cooling channel
(5080). shallow cooling channels (5082), thermocouples (5026) and water inlet/outlet
(5025) are shown. Shallow cooling channels are used at lower temperatures than the
deep cooling channels. Determination of which cooling channel to use is based on
thermocouple and internal process temperatures. Figure 133E shows a transparent
isometric view of a side wall water-cooled cooper insert piece for a slag melting zone

with a rectangular shape.

Figures 134A and 134B illustrate varions embodiments of the Carbon Conversion

System. Figure 134A shows an embodiment where a plasma torch is located at the
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throat of the cyclone but is oriented partiatly co-currently. Figure 134B shows one

embodiment where a plasma torch is located at the throat of the cyclone but is

oriented perpendicular (o Lhe current.

Figures 135A and 135B illustrate various embodiments of the Carbon Conversion
System. Figure 134A shows an embodiment where the plasma torches are located
between the primary processing unit and secondary processing unit and the cyclone
and where the cyclone is internal to the Carbon Conversion System. Figure 134B
shows one embodiment of the invention where the plasma torches are located inside

the cyclone and where the cyclone is internal to the Conversion System.

Figure 136 illustrates one embodiment of the Carbon Conversion System where there
are two plasma torches in-between the primary processing unit (1000) and the
secondary processing unit (1201) and the cyclone. They are pointed at each-other but
off-set enongh (generally at least a few inches) so that their plumes do not destroy the

other. This causes plasma 10 be parhally added co-current and counter current before

the gas enters the cyclone.

Figures 137A and 137B illustrate embodiments (in part) of the Carbon Conversion
System where the plasma torch (1303) is placed in the reformulation chamber (1300),
one where the torch is co-cwrent to the flow right as the gas exits the cyclone (1400),
and the other is co-current to flow (but not directed such that its plume would enter

the cyclone). Exit to recuperator (1500) is shown.

DETAILED DESCRIPTION OF THE INVENTION

Definitions
As used herein, the term “about” refers to an approximately +/-109 variation from a
given value. It is to be understood that such a variation is always inciuded in any

given value provided herein, whether or not it is specitically referred to.

As used herein, the term "off-gas” means generally, a gas generated during the

gasification process, prior to cooling, cleaning or polishing.
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As used herein, the lerm "syngas” means off-gas that has been reflormulated.

As used herein, the term “cyclone”, “cyclonic separator” and “cyclonic separator
system”™ are used interchangeably herein includes cyclones, cyclone bunks. cyclonic
separator, cyclonic reactors and swirl tubes and other gas cleaning technology that

works on the principals of particle vs. gas inertia and the centrifugal force of swirls.

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this

invention belongs.

OVERVIEW OF THE CARBON CONVERSION SYSTEM

The invention provides & Carbon Conversion System having four functional units,
each vnit comprising one or more zones, wherein the units are integrated to optimize
ithe overall conversion of carbonaceons feedstock into syngas and slag. The processes
that occur within each zone of the system can be optimized, for example, by the
configuration of each of the units and by managing the conditions that cccur within
each zone using a control system. In the context of the invention, a conversion or
process is “optimized” when, for example, the efficiency of the conversion/process is
within predetermined parameters, when the costs associated with ithe
conversion/process meet predetermined criteria, when the content of the syngas
produced is within predetermined parameters, or a combination thercof. Syngas
produced by the Carbon Conversion System can be utilized, for example, in gas

engines, gas turbines, chemical production, fuel cells and the like,

The four functional units comprised by the Carbon Conversion System are: 2 primary
processing unit, a secondary processing unit, a melting unit and a gas reformulating
unit. The systern may optionally include other units, for example, units that assist
with the overall carbon conversion process or that facilitate downstream processing of

the syngas.

The primary processing unit is configured to provide at least a drying Zone (o remove

moisture [rom the carbonaceous feedsiock and a volatilization zone to volatilize



carbonacecus components of the feedstock thereby generating a provessed feedstock
and a primary off-gas. The primary processing unit oplionally comprises direct or
indirect secondary feedstock addilive capabiliges in order 1o adjust the carbon content
of the primary feedstock. The secondary processing unit comprises one or more Zoncs
configured to receive processed feedstock and convert it into a solid residue and a
secondary off-gas. The melting unit is configured Lo elficicntly vitrify the solid
residuc and optionally generatc a melting unil gas. The gas reformolating unit
comprises one or more zones for reformulating gas generated within one or more of

the other functional units.

The control system comprises sensing elements for monitoring and obtaining data
regarding operating parameters within the system, and response elements for
adjusting operaling conditions within the system. The centrol system functions to

maintain a certain range of variability in the product syngas.

The four functional units comprised by the Carbon Conversion System may be
provided as discrete interconneécted compartments or two or more of the units may be
provided as a single compartment. Various embodiments of the invention provide for
a Carbon Conversion System in which the four functional units arc discrete
interconnected compartments, a Carbon Conversion System in which some of the
units are diserete interconnected units while others are provided as a single
compartment, and a Carbon Conversion System in which the four functional units are
provided in a single compartment. It is also envisioned that a given functional unit

may comprise more than one compartment.

When funclional units are provided as discrete comparlments, the inter-unit junctions
between contiguous units are configured to account for differences in the conditions
under which cach unit is operating and differences in the construction of each unit,
such that the umits function as an imtegrated systcm. For example, the inter-unit
junctions may be configured to account {or different thermal expansion coefficients of
individual units and/or to maintain a continual flow of matenal through the system.
The invention also provides for inter-unit junctions that are configured to allow the

units to be easily be separated and replaced, if necessary, and/or to allow access to the
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units. In one embodiment, one or more of the funclional units comprised by the

Carbon Conversion System arc provided as discrete compartments.

When one or more of the functional units are provided as a single compartment, the
compartment may be configured to provide discrete sections, which may have
diffcrent shapes and/or orienlations, with each section corresponding to a funetional
unit. Alternatively, one or more units may be provided as a single compartment
having a substantially uniform configuration. In one embodiment, the secondary
processing unit and melting units are provided as a single compartment. In one
embodiment, the secondary processing unit and melting units are provided as a single
compartment which is configured to provide discrete sections, onc corresponding to

the secondary processing unit and one to the melting unit.

Each functional unit comprised by the Carbon Conversion System comprises one or
more zones. In the context of the invention, a zone is a region in which a particalar
process predominantly takes place. By way of example, the volatilization zone in the
primary processing unit is a region within the unit where the volatilization process
predominates. For the purposes of clarity, the various zones comprised by the system
are described separately. It is understood, however, that these zoncs are generally
interrelated within the Carbon Conversion System, and that the system is not limited
to comprising discrete, physically separated zones, although this remains an
alternative option. In varions embodiments, therefore, the zones will be more or less
separated and, as such, may be contiguous, may overlap by various degrees, may be
coextensive or may be discrete. Wherg two or more zones are prescnt in a given unit,
they may be distributed substantially parallel to the longitudinal axis of the unit,
substantially perpendicular to the longitudinal axis of the unit, or a combination
thereof. While the zoncs are described herein according to the process that takes place
predominantly in that zone, it is to be understood that this is not limiting and that, duc
to the nature of the overall carbon conversion process, other processes may also take

place to a lesser extent in that zone.

Conditions within cach zone comprised by the Carbon Conversion System are

managed by the control system. Processes taking place within 4 zone are optimized



through control of the conditions (herein via the control system, as well as by Lhe
configuration of the unit in which the zone is located. For example. the positioning of
heat or energy sources, additive inlets, and the like, within a4 unit can assist in

oplimizing the predominant process taking place in a given zone in that unit.

In general, the carbon conversion process is carried out by the Carbon Conversion
System as [ollows. The feedstock is heated in the primary processing unit at a
temperature of generally less than about 800°C, with the main processes being the
removal of any residual moisture from the feedstock and rapid and efficient
volatilization of carbonaceous components from the feedstock. The resulting
processed feedstock, which includes char is subjected to higher lemperaturcs (for
example, abont 1000°C to about 1200°C) in the secondary processing unit, thereby
achieving any additional carbon conversion required to complete conversion of Lhe
processed feedstock to an off-gas and ash or solid residue.  Ash or solid residue from
the secondary processing unit is vitrified to slag in the melting unit. Gas gencrated in
any ol the primary processing, secondary processing and/or melting units is
reformulatcd in the gas reformulating unit. The gas reformulating unit comprises at
least onc energy source (for example, a source of plasma or heat) and optionally one
or more particle separators (such as cyclonic separators). Other energy sources
suitable for inclusion in the reformulating unit, include, for example, thermal heating,

plasma plume, hydrogen burners, electron beam, lasers, radiation, and the like.

The hot syngas product of the Carbon Conversion Systcm may optionally be
subjected to 2 cooling step prior to [urther cleaning and conditioning. In one
embodiment of the invention, the Carbon Conversion System comprises a heat
recovery unil for cooling the hot syngas produced from the carbon conversion
process. In one embodiment, the heat recovery unit is a recuperalor. In such ap
embodiment, the recuperator can comprise 2 heat exchanger for transferring the
sensible heat to a fluid for use elsewhere. In one embodiment, the heat recovery unit
is a syngas-to-air heat exchanger (also known generally as a recuperator) thal recovers
sensible heat {from the hot syngas and transfers it to ambient air to provide heated air.
In this embodiment, the heated air iy optionally passed into the primary processing

unit and/or the secondary processing unit. The recuperator may optionally include a
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heul recovery steam generator [0 generale sleam, which can be used, for cxample, w
drive a steam turbine, or as a process additive in the Carbon Conversion System. In
one ¢cmbodiment of the invention, the Carbon Conversion System comprises a syngas-
to-air heat exchanger that recovers sensible heat from the hot syngas and recycles it to

the primary processing unit and/or the secondary processing unit.

With reference (o Figure 1A an illustrative embodiment of the Carbon Conversion
System is presented, wherein the system comprises four [unctional units including a
primary processing wnitl, & secondary processing unit 2, a melling vnil 3 and a gas
reformulating unit 4. As illustrated, the primary processing unit 1 is connected to the
secondary processing unit 2 which in turn in connected to the melting unit 3. The gas
reformulating unit 4 is operatively connected with each of the primary processing unit
1, secondary processing unit 2 and the melling unit 3. Depending on the embodiment
of the Carbon Conversion System, the operative connection between the gas
reformolating unit and any one of the other three functional units of the carbon
conversion syslem can be envisioned as an indirecl operative connection or a direct

operative connection,

One embodiment of 4« Carbon Conversion System is shown in Figure 1B. In this
embodiment, the Carbon Conversion System comprises a multi-zone refractory-lined
chamber having one or more input(s) (1001) for receiving carbonaceons feedstock, a
syngas outlel, a slag outlet, heated air inputs, an optional particle separator (such as
cyclonic separator (1400)), and sources of plasma and/or plasma alternative to melt

solid residue into slag and to reformulate the off-gas,

One embodiment of the Carbon Conversion System as shown 1n Figure 1C comprises
a horizontally oriented primary secondary processing unit (1000), a vertically oriented
secondary processing unit (1201) with associated melting unit (125()), a gas
reformulating unit (1300) and optional recuperator (1500). The gas reformulating unit
compriscs a plasma source or its equivalent and an optional cyclonic separator {1400).
When a cyclone separator is present, gas in the gas reformulating unit can be subject

to reformulation or equivalent before, after or during cyclonic separation. The slag
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oullel (1252) in some embodiments is operatively associaled with a slag granulization

system (1251).

Generally, the carbon conversion process (also referred to herein as “gasification™)
carried out by the Carbon Conversion System can be subdivided inlo three stages;

namely, drying, volatization and char-to-ash (or carbon) conversion.

Stage I: Drying of the Material
The first stage of the process is drying, which occors mainly between 25°C and

400°C. Some volatilization and some carbon-to-ash conversion may also take place

al these lower temperatures.

Stage II: Volatilization of the Material

The second stage of the process is volatilization, which vecurs mainly between 400°C
and 700°C. A small degree (the remainder) of the drying operation as well as some

secondary processing (char to off-gas) will also take place art this temperature.

Stage III: Carbop Conversion
The third stage of the process is that of carbon conversion, which takes place at a

temperature range of between 600°C and 1000°C. A small degree (the remainder) of
volatilization will also take pluce at this temperature.  After this stage, the major

products are a substantially carbon-free solid residue (ash) and off-gas.

During the above-described process, in order to increase the yield of the desired
syngas products, it is preferable to maximize the conversion of the carbonaceous
feedstock into the desired gaseous products. The Carbon Conversion System
therefore provides a system for ensuring substantially complete conversion of the
available carbon in the feedstock inio a syngas, while also providing for the recovery
of the syngas and a slag product. In various embodiments, the Carbon Conversion
System also provides for the addition of heated air and/or process additives, such as
steam and/or carbon rich gas and/or carbon, to facilitate the conversion of the carbon
to the desired syngas product. The Carbon Conversion System also provides plasma

or equivalent to facilitate the complete conversion of the residual inorganic materials
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(i.e. ash) into 4 vitrified substance or slag and to polish and/or reformulate the off-gas

thereby producing the desired syngas.

The Carbon Conversion System facilitates the production of syngas by providing for,
in an integrated system, the sequential promotion of feedstock drying, volatilization,

carbon conversion and off-gas reformulation.

In particular, the primary processing unit is designed primnarily (o dry the feedstock
and volatilize the carbonaceous components of the feedstock. The secondary
processing unit is designed to remove any remaining volatiles from the processed
feedstock and to get value out of the lefiover carbon in the char by providing for
example additional air, intense heat from the associated melting unit, and a residence

time that promotes the recovery of carbon.

As a result, the two processing unils produce two distinct streams of off-gas. The
primary processing unit provides a high heating value gas full of volatiles, water
vapour and other hydrogen compounds, whereas the secondary processing unit
produces an ofl-gas which is mainly CO and CO;, with some Hj, heavy carbon

compounds and ¢arbon soot.

The gas reformulating unit with its optional particle separator provides for the
removal or reduction of particulate matter in the gas and the reformaultion of the gas
into syngas. Inclusion of a particle separator can help to reduce clogging and wear on
downstream equipment, reduce the negative effects of particulate, and reduce the need

for downstream particulate cleaning where condensable tars may be present,

Referring to Fignure 4 and 5 which show block flow diagrams detailing movement of
material and gas through one embodiment of the Carbon Conversion System and
downstream systems including recuperator (1500), carbonaceous feedstock (1002)
cnters the primary processing onit (1000) of the Carbon Conversion System where
any moisture from the carbonaceous feedstock is removed and volatile components of
the feedstock are volatilized by heating via hot air (1505) which may be provided by
recuperator (15300) or a2 muld-fuel burner (1253) that heat ambient or cold air (1502
and 1504) hereby providing a processed [eedstock (1003) comprising char, The
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secondary processing unit (1201) receives the processed [eedstock from the primary
processing unit (1000) and converts the processed feedstock to a restdue (1206) and
an off-gas (1205). In the illustrated embodiment, gas (1204 / 1205) from the primary
processing unit (1000) and secondary processing unit (1201) enters the cyclonic
separator (1400) of the gas reformulating unit to reduce off-gas particulate load prior
to reformulation (1301). Off-gas with reduced particulate load (1403) is subject to
reformulation. Hot syngas (I501) exiting the reformulating zone transits a
recuperator (1500) where sensible heat is recovered for optional rense. The cooled
syngas (1501) is optionally polished or cleaned in downstream gas conditioning
(1600). Cleaned and/or polished gas may be stored in appropriate tanks (1601) prior

to use in engines (1602).

Residue (1206) from the secondary processing unit and optionally particulate (1402)
from the cyclonic separator (1400) is melled in the melting unil o produce a hot slag
prodnet (1255) by the application of heat from a plasma source (1301) or equivalent.
The hot slag product (1233) is optionally granulized or otherwise handled by a slag
handling system (1256) to provide a cooled slag product (1257). Heat is provided to
the slag zone by a plasma source (1301) and an auxiliary moelii-fucl burner (1253),

which can optionally use synzus or an alternative fuel (1254),

Referring to Figure 6 process additives are optionally added to the system al various
stages to facilitale the processes occurring therein and/or to facilitate the conversion
of the carbon in the fecdstock (1002) to the desired syngas product. Process additives
(1004), such as high carbon supplementary fecdstock, steam and/or carbon rich gas
and/or carbon, can be added to the feedstock prior to initiating the process, during
specific stages of the processes (i.e. by the addition in specific units), at the interface

between units or to the products of the specific units.

The Carbon Conversion Sysiem further comprises one or more of a control system to
regulate operation of the Carbon Conversion System, and optional associated units

incloding a slag granulation unit and/or a heat recycling unit for reclaiming heat from

the syngas.
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FEEDSTOCK

Feedstocks suitable for use with the present Carbon Conversion System include
varions carbon-contlaining materials. Examples of suitable feedstock include, but are
not limited to, hazardons and non-hazardous waste materials, including municipal
solid wastes {(MSW); wastes produced by indnstrial aclivity; biomedical wastes;
carbonaceous material inappropriate for recycling, including non-recyclable plastics;
sewage sludge; coul; heavy oils; petrolenm coke; bitumen; heavy refinery residuals;
refinery wastes; hydrocarbon contaminated solids; biomass; agricultural wastes;
municipal solid waste; hazardows waste and indnstrial waste. Examples of biomass
useful for gasification include, but arc not limited to, waste wood; fresh wood;
remains from fruit, vegetable and grain processing; paper mill residues; straw; grass,

and manure.

The present system can be adapled or modified according Lo the requirements of the
feedstock being utilized. For example, when atilizing a higher carbon content
feedstock, the Carbon Conversion System can be configured to include a secondary
processing unit having a larger size than would be required for a system utilizing a
lower carbon content feedstock. Alternatively, where a feedstock having high levels
of volatile compounds is utilized, the Carbon Conversion System can be configured o
include a2 primary processing unit Lhal is larger in size than that required for a

feedstock having 4 lower volatile content.

The present Carbon Conversion Systern can also be adapted o wtilize various
mixtures of primary feedstock with one or more secondary feedstocks. In this
conlexl, 2 secondary feedstock 1$ a feedstock that functions as a process additive to
adjust the carbon content of the primary feedstock in order to maintain a consistency
in the final syngas output. For example, where the system utilizes a lower carbon
content primary [eedstock, such as biomass or MSW, a high carbon secondary
feedstock, such a3 coal or plastics, can be provided as a high carbon process additive
to increase the proportion of carbon in the feedstock. Alternatively, where a high

carbon feedstock (such as coal) is the primary feedstock, it is contemplated that g
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lower carbon secondary [eedstock (such as biomass) can be provided 10 offser the

high carbon content a8 may be required.

When more than one feedstock s utilized, the leedstocks may be combined prior (o
their introduction into the primary processing unit through a common feedstock inlet,
or they may each be introduced separately to the primary processing unit through

dedicated feedstock inlets.

The fecdstock may be pre-processed if necessary. For example, the feedstock may be
processed into smaller pieces, for example, by passage of the [eedstock through a
shredder or other cutting device (either once or in two or more passes), and/or it may
be processed to remove metal or other recyclables, for example, by passing the
feedstock through a magnetic separator, eddy-current separator, vibrating screen, air

knife or the like.

In embodiments where the primary feedstock is MSW, the feedstock may be pre-
processed by sorting to remove white goods, matrresses, propane bottles, and other
items that are either hazardous or have little energetic potential, by shredding to
reduce the size of the material, by separating ferrous metal, by removal of nonferrous
materials, by removal of inorganics and plastics, or various combinations of the

foregoing.

THE PRIMARY PROCESSING UNIT OF THE CARBON CONVERSION SYSTEM

The primary processing unit of the Carbon Conversion System provides for at least
the drying of the carbonaceous feedstock and the volatilization of carbonaceouns
components in the feedstock thercby providing a processed feedstock comprising

char, which is subsequently further processed in the secondary processing unit.

The primary processing unit comprises one or more feedstock inputs and is
operatively associated with one or more sources of heat and with the secondary
processing unit. The primary processing unit also comprises a lateral transfer system

for moving material throngh the unit. Carboneaceous feedstock enters the primary
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processing unil via the one or more feedstock inputs and is moved through the unit

during processing by the lateral transfer system loward the secondary processing unit.

In one embodiment of the invention, the primary processing unil comprises a modular
lateral transfer system. The modular lateral transfer system comprises one or more
modules, wherein each module has the ability to deliver air and/or process additives
(collectively referred to as “process gas™) in addition to moving the material through

the primary processing unit.

In the Carbon Conversion Sysiem as 4 whole, the gasification process is facilitated by
sequentially promoting drying, volatilization and carbon conversion. This is
accomplished by spatially expanding the gasification process such that drying occurs
at @ certain temperature range prior to moving the material 0 another zone and
allowing volatilization to occur at another temperature range. The processed feedstock
is then transferred into the secondary processing umit to altow for char-lo-ash

CONVersion to occur at another tenmperature range.

The primary processing unit comprises two or more zones in which temperature and
process additives may be independently controlled and optionally optimized to
promote drying and/or volatilization. In one embodiment, the primary processing unit

is provided with three or more processing zones.

During processing, feedstock is introduced into the primary processing unit proximal
to a first end (hereafter refemred to as the “feed end”), through the feedstock input{s)
and is transported from the feed end of the unit towards the junction with the
secondary processing unit. As the feed material progresses through the primary
processing unit, it loses its mass volume and pile height decreases as its volatile
fraction is volatilized and the resulting solid material comprising char is transported to

the secondary processing unit for further processing.

In one embodiment, the primary processing unit has a stepped floor having a plurality
of floor levels or steps. Optionally, each floor level is sloped. In one embodiment, the

fioor tevel is sloped between about 5 and about 10 degrees.
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In one embodiment, the primary processing unit has a stepped floor with a plurality of
floor levels. Referring to Figure 20, the step riser height progressively decreases

towards the outlet.

Optionally, slantling floor sections can be nsed with due regard (o the possibility of atr

blockage in order to “lengthen” the primary processing unit.

In one embodiment, the primary processing unit floor has an overall slope either

towards the secondary processing unit or towards the feed end.

Optionally, the individual steps may be of a solid construction, boxed construction or
layered construction. For example, the individual steps may be cast or may be a
layered construction. In layered construction embodiments, the individual sleps may

be formed from alternating layers of metal and ceramic.

Referring 10 Figure 24, in onc embodiment each step is a layered construction
comprising alternating thick metal layers and ceramic blanket layers. The tread of Lhe
step is covered with a refractory layer. Each metal layer comprises a series of
plenums, each equipped with a nozzle through which air and/or sieam can be injected
horizonlally inlo the interior of the chamber. Air is injecled at predesigned velocities
and jet penetration depths. Nozzles of varying diameters are provided to allow for

low, medium or high penetration as need to ensure uniform coverage.

In one embodiment, movement over the steps is facilitated by the lateral transfer
system with each step optionally being serviced by an independently controlled lateral

transfer unit,

For stepped floor embodiments, the number of drops and dimensions can be selected
to cover length and residence time requirernents. In one embodiment, initially big
drops and relatively shorter reciprocating distance may be used, gradually ending with
smaller drops and same travel distance (corresponding to top of the material being
close to 60 degrees from horizontal initially and 30 degrees at the end). The drop
height can be selected such that adequate mixing without uncontrolled tumbling is

achieved.
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In vne embodiment, the primary processing unil has a sloped tloor.

In one embodiment, the primary processing unit is provided with intemal baffles.

Lateral Transfer System of the Primary Processing Unit

In one embodiment, the primary processing unit comprises a lateral transfer system.
In accordance with this cmbodiment, the lateral transfer system compriscs one or
more laleral transfer units. The individual lateral transfer units comprise a moving
clement and a guiding element or alignment element or means. It would be apparent
to a worker skilled in the art that the moving element can be equipped with

appropriate guide engagement elements.

The moving element can take varions configurations including, but not limited to, a
shelf / platform, pusher ram or carrier rams, plow, screw clement, grates, conveyor or

a belt. The rams can include a single ram or multiple-finger ram.

In one embodiment, the rams are short rams which can be fully retracted with each

stroke.

In one embodiment, the primary processing unit is configured to allow for the use of a

single ram or multiple-finger ram.

In one embodimenit, a multiple-finger ram is used when minimum interference with

gas flows is desirable during operation of the rams.

In the multiple-finger ram designs, the multiple-finger ram may be a unitary structure
or a structure in which the ram fingers are attached (o 4 ram body, with individual ram
fingers optionally being of different widths depending on location. The gap betwecn
the fingers in the multiple-finger ram design is sclected lo avoid particulates of

reactant material from bridging.

In one embodiment, the individua] fingers are about 2 to about 3 inches wide, about

0.5 to about 1 inch thick with a gap hetwecn about 0.5 1o about 2 inches wide.

In one embodiment, the moving element 1s “T-shaped™.
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In certain embodiments in which the system operales al very high temperatures,
coaling can optionally be provided for the moving clements. Cooling means may be
external or may be incorporated into the moving clement. In one embodiment using a
ram or shelf, cooling within the ram or shelf can be provided. Such cooling conld be

by fluid (for example, air or water) circulated inside the ram or shelf from outside of

the chamber.

In one embodiment, the moving element comprises a plow having folding arms which

can be withdrawn when the plow is refracted.

In one embodiment, the moving element comprises 4 conveyor. In one embodiment,

the moving element comprises a belt or flighted chain conveyor.

In onc embodiment, a series ol toothed wheels are used. Referring to Figores 25, 26,
27 and 28, the tooth wheel lateral transfer units allows material movement above a
thin layer of solid residoe that acts as insulator from the hot reaction zone. During
clockwisc operation material i$ prodded along. During coonter clockwise operation
material is pushed back and off the chamber floor and then allowed to drop thercby

allowing gravity and momentum to move the material forward and down.

A small amount of ash/char may fall below (minimized by raising the floor around the
slots slightly). This can optionally be collected and fed back into primary processing
unit (for example, through the use of screws) to help maintain the insulating ash layer

(if ash is hot, it would be necessary [o avoid contact with air).

In one embodiment, the drive components for the moving elements are located

external to the elements and may optionally use greaseless bearings.

The moving clement is constructed of muterial suitable for use at high temperature.
Such materials are well-known t© those skilled in the art and can include stainless
steel, mild steel, or mild steel parnally protected with or fully protected with
refractory. The moving clements may optionally be of a cast or solid construction.
Optionally the moving elements are sized to ensure agglomeration of a variety ofsizes

and/or shapes can be effectively moved.
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The guide elements for the moving elemenls can be located in the interior of (he
primary processing unit or be internally mounted. Alternatively, the guide elements

can be located exterior to the primary processing unit or be externally mounted,

In embodiments in which the guide elements are interior or internally mounted. the

lateral transfer system can be designed to prevent jamming or debris enirapment.

In embodiments in which the guide elements arc located exterior to the primary
processing umit or are externally mounted, the primary processing unit includes at
least one sealable opening through which the moving clement can enler the primary

processing unit.

The guide element can include one or more guide channels located in the side walls of

the primary processing unit, guide tracks or rails, guide trough or guide chains.

The guide engagement members can optionally include onc or more wheels or rollers
sized (o movably engage the guide element. In one embodiment, (he guide
engagement member is a sliding member comprising 4 shoe adapted to slide along the
length of the guide track. Optionally, the shoe further comprises at least one

replaceable wear pad.

In one embodiment, the guide engagement element can be integral to the moving
element. For example, the surface of the moving element may be specifically adapted
to cngage the guide element. In anc embodiment, the floor of the primary processing
unit includes tracks and the moving element in contact with the floor of the primary

processing unil is specifically shaped to engage the tracks.

In one embodiment, the lateral location of the moving element is provided only at the
point at which the moving element enters the primary processing unit, with alignment
elemenls ensuring that the moving clement is held angularly ahgned at all times

thereby eliminating the need for complex, accurate guide mechanisms.

In one embodiment, the alignment element is two chains driven synchronously by a
common shaft. The chains are optionally individually adjustable to facilitate proper

alignment.
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In one cmbodiment, the lateral (ransfer system can be a movable shell / plaform in
which material is predominantly moved through the primary processing unit by silting
on top of the shell / platform. A fraction of material may also be pushed by the

leading edge of the movable shelf / platform.

In one embodiment, the laleral transfer system can be a carrier ram in which material
is predominantly moved through the primary processing unit by sitting on top of the
carrier ram. A fraclion of material may also be pushed by the leading edge of the

CHITIET T4,

In one embodiment, the lateral ransfer system can be a pusher ram in which material
is predominantly pushed throngh the primary processing unit. Optionally, the ram

height is substantially the same as the depth of the material to be moved.

In one embodiment, the lateral transfer system can be a set of conveyor screws.
Optionally, the conveyor screws can be set in the floor of the primary processing unit

thereby allowing material to be moved withoul interfering with air introduction.

In one embodiment, the lateral transfer system is a moving grate.

Power to propel the lateral transfer system can be provided by one or more motors

and drive systems and is controlled by onc or more actuators.

The individual lateral transfer units may optionally by powered by dedicated motor
and have individual actvalors or one or more lateral trunsfer units may be powered by

a single motor and sharcd acmators.

Yarious controllable motors or mechanical turning devices known in the art which can
provide accurate control of the lateral transfer systemn can be used to propel the laterat
transfer system. Non-limiting examples inclode electric motors. motors mn on syngas
or other gases, molors riun on Stean, Metors run on gasoline, motors run on diesel and

micro turbines.

In one embodiment, the motor 15 an electric variable speed motor which drives a

motor output shaft selectably in the forward or reverse directions. Optionally, a slip
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clutch could be provided between the molor and the motor output shafll. The motor

may further comprise a gear box.

Movement of the lateral transfer system can be effected by a suitable drive system, for
example, a hydravlic system, hydrauolic rams, chain and sprocket drive, or a rack and
pinion drive. These methods of translating the motor rotary motion into linear motion
have the advantage that they can be applied in a synchronized manner at each side of
a nnil to assist in keeping the unit aligned and thus minimizing the possibility of the

mechanism jamming.

In one embodiment, the vse of two chains per ram keep the rams angularly aligned

without Lhe need for precision guides.

In on¢ embodiment, the lateral transfer system includes one or more pnenmatie

pistons.
In one embodiment, the lateral transfer sysiem includes one or more hydraulic pistons.

The externally mounted portions or components of the lateral transfer umit is
oplivnally housed in an unsealed, partially sealed or sealed enclosure or casing. The
enclosure may further comprise 4 removable cover to allow for maintenance. In ong
embodiment, the enclosure may have 4 higher internal pressure than the interior of the
primary processing unit. Higher internal pressure may be achieved, for example, by

the use of nitrogen.

Primary Processing Unit Heating System

The gasification process requires heat, Heat addition can ocenr dircetly by partial
oxidation of the fecdstock or indirectly by the use of one or more heat sources known

in the art.

In one embodiment of the invention, the primary processing unil comprises, or is
operatively associated with, one or more heat sources. Various suilable heat sources
are known in the art and include, but are not limiled to, sources of hot air, sources of

steam, sources of plasma, electrical heaters, and the like. Heat maybe supplied to one
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or more defined regions of the primary processing umil, for example, (o the [loor of
the unit or a lower portion of the unit, or to the entire primary processing unit.
Positioning of the heat source(s) can assist in optimizing the processes taking place
within the primary processing unil. For example, positioning the heat source(s) o

deliver heat to the drying zone can assist in optimizing the drying process,

In one embodiment, the heat source can be circnlating hot air. The hot air can be
supplied from, for cxample, air boxes, air heaters or heat exchangers or recuperators,

all of which are known in the arl.

In one embodiment, hot air is provided to each level by independent air feed and
distribution systems. Optionally, hot air may be provided horizontally, vertically or a
combination thereof. Appropriale air feed and distribution systems are known in the
art and include separate air boxes for each step level from which hot air can pass
through perforatons in the floor of each step level to that step level or via

independently controlled spargers for each step level.

In one embodiment, each floor level hus one or more grooves running the length of
individual steps. The grooves are sized to accommodate hot air and/or steam pipes.
The pipes optionally being perforated on their lower third to half to facilitate the
uniform distribution of hot air or steam over the length of the step. Alternatively, the

sparger pipes can be perforated towards the top of the pipes.

In one embodiment, the number of perforation is designed to promote heat circulation

throughout the material.
In one embodiment, the airflow system is integrated into a cast and moulded insert.

In embodiments in which the individual steps arc cast, plenums may be cast into the
step. Air to the plenums may be provides from a hot air system which supplies hot air

to a header space.

Optionally, multiple plenums may be provided for air introduction thereby enabling

injection of different amounts of air through different locations o achieve uniform
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and controlled air distribution. In one embodiment, al least three plenums are

provided per step.

In one embodiment, uniform/ unintcrrupled/ unobstructed air distribution without
floidization is achieved by injecting at predesigned (and different) velocities and jet

penetration depths well away from ram iravel or obstruction by anything else.

Low, medium or high flow through varying nozzle diameters allows for low, medium

or high penetration 45 needed to cover waste area more uniformly,
In onc ernbodiment, the hot air may be moist hot air.
In one embodiment, the heat source ¢an be circulating hot sandl.

In one embodiment, the heat source can be an clectrical heater or electrical heating

elements.

In one embodiment, hot air 1% provided through airboxes. In one embodiment, hot
recycled syngas is provided throngh airboxes. Optionally, the airboxes are cast and

moulded unitary inserts.

In one embodiment, to reduce warpage the airboxes may be constructed as separate,
very heavy duty, solid pieces of steel which only inject hot air in areas where

unitterrupted/ unhindered flow occurs.

In one embodiment, hot air injection 15 raised slightly above the floor of the chamber

by the vse of raised injection ports,

Primary Processing Unit Process Additive Inputs

Process additives may optionally be added to the primary processing unit to facilitate
efficient conversion of feedstock into off-gas. Positioning of the additive inputs can
assist in optimizing the processes taking place within the primary processing unit. For
example, positioning additive inputs to deliver steam and/or air to the volatilization

ZOne can agsist in optimizing the volatilization process.
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Steam inpul can be used, lor example, to ensure sufficient free oxygen and hydrogen
to maximize the conversion of decomposed elements of the input feedstock imo off-
gas and/or non-hazardous compounds. Air input can be used, for example, to assist in
processing chemistry balancing (0 maximize secondary processing to a fuel gas
{minimizc free carbon) and to maintain the processing temperatures while minimizing

the cost of input heal.
Optionally, other additives may be used to improve emissions.

In one embodiment, addition of process addilives is monitored Lo ensure that the
amount of oxygen present in the unit is limited. Creating an oXygen-starved

environment can help 1o prevent the formation of undesirable dioxans and furans.

The primary processing unit, therelore, can include one or more process additive
inputs. These include inputs for steam injection and/or air injection. The steam inputs
can be located, for example, to direct steamn into high temperature regions. The air
inputs can be located, for example, in and around the primary processing unit to

ensure full coverage of process additives into the processing zone.

In one embodiment, the process additive inputs are located proximal to the floor of

the primary processing unit.

In one embodiment, the process additive inpnts located proximal to the floor are half-
pipe air spargers trenched into the refractory floor. Such air spargers may be designed
to facilitate replacement, servicing or modificalion while minimizing interference
with the lateral transfer of reactant material. The number, diameter and placement of
the air holes in the air spargers can be varied according to system requirements or

lateral transfer system design.

In one embodiment, the process additive inputs are located in the floor of the primary
processing unit. Such process additive inputs are designed to minimize plugging by
fine particulates or be equipped with an attachment to prevent plugging. Optionally,
the process additive inputs can include a pattern of holes through which process
additives can be added. Various patierns of holes can be used depending on system

requirements or lateral transfer system design. In choosing the pattern of the airholes,
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factors to consider include avoiding high velocity which would [(luidize the bed,
avoiding holes too close to primary processing unil walls and ends so thal channeling
of air along refractory wall is avoided, and ensuring spacing betwecn holes was no
more than approximately the nominal feed particle size (2”) to ensure acceptable

kinetics,

In one embodiment, airhole pattern is arranged such that operation of the laleral

transler unit does interfore with the air passing through the airholes.

In on¢ ¢embodiment in which a4 multiple-finger ram is uscd, the pattern of the airholes
is such that when heated the airholes are between the fingers (in the gaps) and are in
arrow pattern with an offset to each other. Alternatively, the airhole pattern can also
be hybrid where some holes are not covered and others are covered, such that cven
distribution of air is maximized (ie. areas of floor with no air input at all are

minimized).

In one embodiment, the pattern of holes facilitates the even distribution of process
additives over a large surface area with minimal disruption or resistance 1o lateral

material trans(er.

In one embodiment, the process additive inputs provide diffuse, low velocity input of

additves.

In embodiments in which hot air is used to heat the chamber additional air/foxygen

injection inputs may optionally be provided.

Moedular Lateral Transfer System

The modular lateral transfer system comprises one or more modules, wherein each
module comprises the ability to deliver process gas in addition to moving the reactant
malerial through the primary processing uvnit. The modular desipn enables the
operator to remove and repluce a module of the system, thereby substantially

minimizing the downtime of the unit required during servicing.

Each module is configured for interchangability with the primary processing unit.

Accordingly, the unit comprises one or more insertion locations for positioning of a
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module, wherein associated with each of the imserlion Jocations is an operative
coupling system configured to provide the module with operative connection to
systems and/or supplies that ¢nable the module to perform its desired functionality.
For example, the operative coupling system can include one or a combination of
connections including a power supply connection, a process additive supply
connection, an air supply conncetion, a steam supply connection, a control system
connection, 4 syngas supply connection and the like. According to embodiments,
cach insertion location of the primary processing unil can be configured to provide a
specific combination of connections, which may be dependent on the operation of the
unit and/or the module for insertion at that insertion location. In some embodiments,
a complete sel of connections is provided at an insertion localion, and the use each of
these connections can be dependent on the configuration of the module that is inserted

into that specific insertion location.

As noted above, each module is configured to deliver process gas in addition to
moving the material through the primary processing unil. Accordingly. each module
comprises a module lateral transfer system which is configured to move the material
frorn 4 first location o, or towards, a second location. Each module further comprises
one or more module process gas supply systems, wherein a process gas supply syslem
is configured to at least in parl provide a process gas to the material. For example, a

process gas can be air, a process additive gas, steam, syngas or the like.

According to embodiments, a medule further comprises a module support system
which is configured to support both the module laleral transfer system and the module
process gas supply system. The support system can additionally comprise &
mechanism for the interconnection with the primary processing onit (o which the
module is to be operatively connccted. For example, the mechanism for
interconnection can be configured based on structural shape, wherein the mechanism
is configured to substantially mate with the configuration of the insertion location of
the primary processing unit. In another example, the mechanism for interconnection
can be configured to provide a locking or retention system which is configured to

forcibly maintain the positioning of the module with respect to the insertion location,

upon placement thereat.



According 10 sume embodiments, upon insertion of a2 moduole into an insertion
location of the primary processing unil, the module is substantially antomatically
mterconnecied to the operative coupling system associated with the unit.  For,
example, the operative coupling system can be so configured such that there is a
substantially awtomatic alignment of one or more of power, process gas supplies or
others, upon insertion of the module.  According to some embodiments,
interconnection between a module and the operative conpling system of the unit
requires active coupling therebetween. For example, active coupling can be provided
by the connectlion of mating pipes or electrical connections. In some embodiments,
interconnection between a modole and the operative coupling system the primary

processing unil is 2 combination of automatic and active coupling.

According (0 embodiments, a module is configured for lateral transfer of material
within the primary processing unit and the supply of air and/or other process
additives. According to cmbodiments, a module is configured as a mulii-functional
“cartridge” specifically configured [or inserlion into the wall of the primary
processing unit. Optionally, the cartridge is configured for rapid replacement and
includes a system for the rapid connection of cartridge components Lo unit or system
components including for exampie, hot air supplies, process addilive supplies, power

supplies, contro] system, and the like.

According to some embodiments, a module includes a module lateral transfer system
and one or more process gas supply systems configured to supply air. In this
embodiment the process gas supply system is configured as one or more air boxes.
According Lo some embodiments, a module includes a module lateral transfer sysiem
and a process gas supply system configured to supply one or more process additives.
According to some embodiments, a module includes a module latera] transfer system
and a process gas supply system configured Lo supply one or more process additives

and air.

According to embuodiments, the wall of the primary processing unit is adapted to
receive the individual modules at insertion locations configured as slots or openings

being provided in the wall for the inserlion of the meodules. According to



embodiments, when more thun one module is (o be inserted the primary processing
unit wall can include muoltiple slots or openings.  Optionally, individual slots or
openings in the wall may be configured to accept more than one module. In some
embodiments, the primary processing unit is configured such that adjacent cartridges
are inserted from opposite sides of the unit. According to some embodiments, should
a slot or opening within the wall not require the insertion of a module, # plug or other

means of sealing that particular slot or slots in the wall may be provided.

According to embodiments, vpon installation the one or more modules form at least
part the floor of the primary processing unit. According to some embodiments,
wherein the floor is configured as a stepped floor, each of the modules is configured

and oriented in order to provide a single step of the stepped [loor.

In some embodiments, when installed, individual modules which are configured as
cartridges and are covered, in part, by the cartridge above it, such that only a portion
of an individual cartridge s exposed to the interior of the primary processing unit.
The slot in which the topmost cartridge 15 inserted is specifically configured such that
only a portion of the cartridge is exposed to the interior of the unit. The cartridges,
when installed, form a stepped floor and optionally form a sloped stepped floor
facilitate movement of matcrial while at least in part limiting unprocessed material

from umbling.

According to embodiments, sealing means may be provided between modules and/or
between a module and the primary processing unit, wherein the sealing means 1s
configured to prevent egress of material and/or gases into and/or out of the unit and/or
between modules. According to some embodiments, a module can be sealed in place
using high temperature sealant such as high temperature resistant silicone,
temperature resistant gaskets or other svitable scaling device. According to some
embodiments, the method of sealing the one or more modules is selected in order to

enable case of removal of a module and insertion of 4 new or repaired module.

According to some embodiments, a module is reversibly fixed in place by one or
more of a variety of fasteners, for example bolts, screws. Optionally. a module can be

held in a desired location within the wall of the primary processing unit due 10

55



friction. According to sorme embodiments, an inserlion location associated with the
wall of the primary processing uvnil can include onc or more of insert / position

alignment meuns, connection plates and seals.

According to some cmbodiments, the primary processing unit can be confignred to
receive a single format of a module, or multiple dilferent formats of 2 module. A
module may be of varying sizes and configurations and may be specifically adapted
for the intended use and/or position within the primary processing unit and/or the

configuration of the unit itself.

According to0 embodiments, 4 module is configured to provide lateral transfer of
malerial within the primary processing unit and to supply air and/or one or more other
process additives. According to these embodiments, the module further comprises a
support framework or system configured to provide the structure of the module as
well as support for hoth the lateral transfer system and the air and/or process additive
supply system. The module may further comprise a sealing and/or conncction system
to facilitate the installation of the cartridge into the chamber walls and its secoying in

position and/or insulation elements.

According to embodiments, the support framework of the module may be constructed
of a variety of materials including mild steel, high carbon steel, heat treated steel, an
alloy or other material that will be ai least in part resistant to the environment in
which it is to operate. In addition, the support framcwork may be configored to
fucilitate installation and removal, for example, by including notches or attachment

sites for tools used in the installation and remaoval process.

In some embodiments, the lateral wansfer system associated with the module is
configured to move over the top of a base portion of the module. In this embodiment,
air and/or process additives can enter at the basc portion of the module or at the
bottom of the pile of material wherein the base portion of the module forms a portion
of the process gas supply system. The process gas supply system therefore functions
as both a process gas supply system and a rcactanl pile suppott or unit floor with
reactanl material being moved across the surface of the process gas supply system

exposed to the Inlerior of the unit (i.e. the supply surface) by the lateral transfer
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system. According o embodiments, Lhe process gas supply surface is the op surface
of the process gas supply system, the supply surface of the process gas may be a side
surface, end surface, sloping end surface or the like. According to embodiments. the
conliguration of the process gas supply syslem is, at least in part, dictated by the

configoration of the lateral transter system of the module.

In some embodiments, an individual cartridge comprises both support/connection
elements and functional elements. The support/connection elements include the
module structure and one or more connection plates specifically configured for
sealing connection to the shell of the primary processing unit. Refractory may be
provided between the module structure and connection plate to reduce heat loss and
heat transfer to the connection plate. Once inscrted, the module may be secured using
appropriate fasteners. The module structure includes alipnment guides to facilitate the
correct insertion of the module into the wall of the primary processing wnit and
notches to allow for the insertion of tools to facilitate the insertion and removal of the

module,

Module 1 ateral Transfer Systemn

Each module comprises a module lateral transfer system which is configured 10 move
the materiatl from u first location to or towards a second location. According to
embodiments, the module lateral transfer system comprises one or more moving
elements and one or more driving elements. The lateral transfer system optionally
includes guiding or alignment clements which can provide fer the guiding of the
movement of the one or more moving elements. According to some embodiments,
the module laleral transfer sysiem [(urther includes two or more guide engagement
elements which are configured to mesh with the guide elements, and provide a
substantially movable interconnection therebetween, thereby facilitating retention of
the one or more moving elements in a desired orientation while ¢nabling the desired

degree of movement thercof.

In some embodiment, the lateral transfer system and the process gas supply system
are configured soch that the one or more moving elements of the lateral mansfer

system move across the supply surface of the process gas supply system. In such
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embodiments, the one or more moving elements can include, but is not limiled to, a
shelf / platform, pusher ram, carrier ram, plow or the like. According 0 some
embuodiments, the one or more moving clements can be conlgured as a Singlc ram or

a multiple-finger ram.

In some embodiments the moving clements are configured as rams, and furthermore
configured as short rams which can are configured to be fully retracted with each
stroke.  In some embodiments, which include a one or more moving elements
confipured as a multiple-finger mm design, the mulliple-finger ram may be a unitary
sfructure or a structure in which the ram fingers are attached to a ram body, with

individual ram fingers optionally being of different widths depending on location.

In some embodiments, which include one or more moving elemcnts configured as a
multiple-finger ram, there is a separation space between each of the multiple fingers
of the multiple finger ram. This separation space can be configured in order to allow
for expansion of the respective multiple fingers during operation of the primary
processing vnit. For example, the separation space may be determined at least in part

basad on the maximum operating lemperature of the primary processing unit.

According to some embodiments, 1 moving clement is configured as a “T-shaped”

moving element.

In some embodiments, the lateral transfer system and the process gas supply system
of a module are configured such that the moving element is inserted or embedded
within the supply surface of the process gas supply system. In such embodiments, the
one or more moving elements can be configured as, but not lirmited to, a screw

element, one or more wheel elements, a conveyor element or the like.

According to embodiments, the one or more moving elements are constructed of
material suitable for use at high temperature. Such materials are well-known to those
skilled in the art and can include stainless steel, mild steel, or mild steel partially
protected with or [ully protected with refractory or the like. The one or more moving
elements may optionally be of a cast or solid construction. Optionally the one or

more moving elements are sized and/or configured to ensure a variety of sized or
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shaped agglomeralion can be effectively moved. For example, as the reactant
material changes in shape and/or properties, the one or more moving elements are

configured to move the reactant material regardless of these changes.

According to embodiments, the module lateral transfer system includes one or more
guide elements which are positioned such that they are exposed to the interior of the
primary processing unit. In some embodiments, the one or more guiding elements arc
positioned such that they are at least in part isolated from the interior of the primary

processing onit.

In embodiments in which the guide elements are exposed to the interior of the primary
processing unit, the lateral wansfer system can be designed to prevent jamming or
debris cntrapment. According to some embodiments a guide element can be
configured as one or morc guide channels located in the side walls of the cartridge,
one or more guide tracks or one or more rails, one or more guide troughs, one or more

guide chains or the like.

According to some embodiments, the module lateral transfer system includes one or
more guide engagement members which are configured to movably engage with one
or more of the guide elements. The one or more puide engagement members
optionally include one or more wheels or rollers sized to movably cngage the guide
element. In some embodiments, the guide engagement member is a sliding member

comprising a shoe adapted to slide along the length of a gnide track.

In some embodiments, the one or more gnide engagement elements can be integral to
or integrally formed with a moving element. For example, the surface of 2 moving
element may be spccifically adapted to cngage with one or more of the one or more
guide elements. In some embodiments, the supply surface of the process gas supply
sysiem includes tracks and the one or more moving elements in contact with the

supply surface are specifically shaped io engage the tracks.

According to embodiments, the lateral transfer system of a module includes a
multiple-finger carrier ram, engagement elements and drive system. Individwal ram

fingers arc attached to a ram body via pins or shoulder bolts, which are configured to
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substantizlly nol dghten on the individual finger. The ram body is connected to a
drive engagement plate that includes parallel racks for operative engagement with a
pinion for movement thereof. In some embodiments, the individual ram fingers are
confisured (o engage & T or I-shaped engagement element which holds the ram
fingers in proximity to the surface of the air box such that the rams substantially
scrape the air box surface during back and forth movement thereby aiding in avoiding

clinker build up.

According to some embodiments. the end of a ram finger is benl down to ensure that
the tip contacts the top of the air box in the event that the relative localions of the ram
and airbox change due, for example, to (thermal expansion or contraction ol one or
more components. This configuration of a ram finger may also lessen detrimental
effects on the process due to air holes being covered by the ram, the air will continue

1o flow through the gap betwecen the ram and air box.

According to embodiments, each of the modules include the drive components
necessary to effect movement of the one or more moving clements associated with the
module lateral transfer system. For example a drive componeal can inclode a chain
drive, sprocket drives, rack and pinion drive or other drive component configuration
as would be readily understood. According o some embodiments, the drive
component firther comprises one or more actuators, pumps electrical molors or other
mechanism used to operate the drive component. According to some embodiments,
the provision of operative power for the respective drive component is provided by
the primary processing unit itself, wherein (his required operative power can be
enable npon operative interconnection of the module with the primary processing unil.
Optionally. in a4 configuration which includes multiple modules, operative power for
the each of the module lateral transfer systems can be provided by one or more
sclecled modules. In this manner, the there may be a reduction in costs associated
with some of the modules as the operative component does not have to be integrated

therein,

According to embodiments, power for moving (he one or more moving elements 1%

provided by a hydraulic piston. For example, power Lo propel the one or more
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moving elements is supplied by a hydraulic piston which drives one or more pinions
on a shaft via 4 rotury actuator selectably in the forward or reverse direction allowing
for extension and retraction of the one or more moving elemenls at 2 desired rate. In
some embodiments, two pinions are used and engage respective parallel racks
operatively connected to the one or more moving elements. According to some
embodiments, position sensors can be positioned to detect and transmit position

information rcgarding the one or more moving elements to the control system.

Module Process Gas Supply System

Each module further comprises one or more module process gas supply systems,
wherein a process gas supply system Is configured (o at least in part provide a process
gas 1o the material in the primary processing unit. For example, a process gas can be

air, a process additive gas, steam, syngas or the like.

According to embodiments, process gas is provided to the interior of the primary
processing unil through or at the supply surface associated with the module. The
process gas supply system may be configured to provide air only or a combination of
air and/or one or more process additives either through shared inlets or dedicated

inlets.

According to embodiments, the process gas supply system comprises a delivery
system, wherein the delivery system may be configured to provide a distributed
supply or a more focused supply of air and/or one or more process additives. For
example a distributed supply configuration can include a supply surtace which is
perforated or comprises a series of holes. A more focused supply of air and/or onc or
more process additives may be provided by the use one or more nozzles. In some
embodiments, the injection of air and/or one or more process additives 1s provided at
a location which is raised slightly above the supply surface. This positioning of the
provision of the air and/or one or more process additives can be provided by the use

of raised inputs.

In some embodiments, the supply surface associated with the process gas supply

system includes a plurality of perforations. According to some embodiments, the
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number of perforativns can be optimized to provide heat circulation throughout the

malerial.

In some embodiments, the air supply to a single module may be independently
controlled or the air pipes to two or more modules may be connected to a single
manifold such thal the air supply to the iwo or more modules is dependently

controlled.

In some embodiments whercin the process gas supply system includes one or more
nozzles, the nozzies can be configured as low, medium or high (low nozzles. This can
be enabled by varying nozzle diameters and can allow for low, medium or high
penetration of the process gas being supplied. This configuration of the process gas
supply system can be configured o cover the reactant material location are more

uniformly.

In some embodiments, hole patterns associated with the process gas supply syslem are
arranged such that operation of the lateral transfer unit does interfere with the process
gas passing through the holes. In some embodiments, the patiern of holes facilitates
the even distribution of one or more process additives or air over a large surface area

with minimal disruption or resistance to lateral material transfer,

In embodiments wherein a multiple-finger ram is used as the moving element, the
pattern of the holes is confipured such that when heated the holes are between the
fingers (in the gaps). In som¢ embodiments, the holes can be configured in an arrow
pattern with an offset to each other. In some embodiments, the hole patern can also
be hybrid where some holes are not ¢covered and others are covered, such that even
distribution of process gas is substantially maximized (i.e. areas of floor with

substantially no process gas inpat at all are substantially minimized).

In some embodiments, the process gas inputs provide diffuse, low veloeity input of
process gas. In some embodiment, diffuse, low velocity input is provided for the

process additives,

In some embodiments, (he process gas supply system further comprises air boxes,

manifolds and piping as necessary. In some embodiments, hot air is provided through
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airboxes. In one embodiment, recycled hol syngas is provided through airboxes.
Optionally, the airboxes are cast and moulded unitary inserts. The functional
elements include one or more air box components and one or more lateral transfer

components.

In some embodiments, the air box componcnt may include multiple smaller air boxes
or 4 single large air box. Oplionally the air boxes are specifically configured to
reduce distortion, to reduce the risk of stress-related failure or buckling of the air box.
In some embodiments, the individual air boxes are constructed from thick carbon
steel. In some embodiments, to reduce warpage the airboxes may be constructed as
separate, very heavy duty, solid pieces of steel which only inject hot air in areas

where uninterrupted/ unhindered flow occurs.

In some embodiments, the material for the perforated top plate of the air boxes is an
alloy that meets the corrosion resistance requirements for the overall system. If the
perforated top sheet is relatively thin stiffening ribs and structural support members to

prevent bending or buckling may be provided, for example,

In some embodiments, air enters the primary processing unit at the bottom of the pile
of material through air holes or perforations in the top of each air box. If the
individual modules include multiple air boxes, air may be supplied to the individual
air boxes via a single air manifold ¢onnected to an air pipe which connects to a hot air
hook up flange in the connection plate. A hot air hook up flange is optionally adapted

1o facilitate rapid connection to a hot air supply.

In some embodiments, in order to avoid blockage of the air holes during processing,
air hole size in the perforated tops of the air boxes is selected such that it creates a
restriction and thus a pressure drop across each hole. This pressure drop can be
sufficient to prevent particles from entering the holes. The holes can be tapered
outwards towards the upper face to preclude particles becoming stuck in a hole. In
addition, the movement of the lateral transfer vnits may dislodge any material

blocking the holes.
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In one embodiment, referring to Figures 93 (o 98, when installed, individual
cartridges are covered, in part, by the cartridge above it, such that only a portion of an
individual cartridge is exposced to (he interior of the chamber. The slot in which the
lop most cartridge is inserted is specifically configured such that only a portion of the
cartridge is exposed to the interior of the chamber. The cartridges, when installed,
form a stepped floor and are oplionally sloped to facilitate movement of material but

limit unprocessed material from tumbling.

Referring to Figure 97, in one embodiment, an individual cartridge (2000) compriscs
hoth support/connection elements and functional elements. The support/connection
elements include the cartridge struclure and conmection plate (2005} specifically
configured for scaling connection to the shell of the chamber. Relractory (not shown)
may be provided between the cartridge structure and connection plate (o reduce heat
loss and heat transfer to the connection plate. Once inserted, the cartridges may be
secorcd using appropriate fasieners, The cartridge structure, in the illustrated
embodiment, includes alignment guides (2015) to facilitate the correct insertion ol the
cartridge into the chamber wall and notches {2020) to allow for the insertion of tools
o facilitate the insertion and removal of the cartridee. The [unctional elemenis

imclude one or more air box components and one or more latera] {ransfer components.

Feedstock Input(s) of the Primary Processing Unit

In one embodiment, the primary procecssing unit includes onc or more feedstock
inputs configured to accommodate various feedstocks having different physical
characteristics, each of which feeds directly or indirectly into the primary processing
unit. The feedstock input(s) may optionally be operatively associated with various
feeder systems that deliver the feedstock(s) to the feedstock input(s) and thereby into
the primary processing unit. When the primary processing unit comprises more than
one feedstock input, cach feedstock input may be operatively associated with the
same feeder system, or the feedstock inputs may be operatively ussociated with a
plurality of feeder systems, which may be the same type of feeder system or muy be

different types of feeder systems.
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In one ¢cmbodiment, the primary processing unit may be operatively associaled with a
ractangular feedhopper and a hydrauolic assisted ram. In this embodiment, 2 gate may
optionally be installed in the feed chute to act as a heat barrier between the primary
processing unit and the feedhopper. Limit switches on the feeder control the length of
the ram stroke so that the amount of material fed into the primary processing vnil with

each stroke can be controlled.

In another embodiment, the primary processing unit may be designed to accommodate
the feeding of boxes, the form in which hospital biomedical type waste is provided for
processing. A rectangular double door port will permit the boxes to be [ed into the
primary feed hopper where the hydraulic ram can input the feedstock into the primary

processing unit.

In yet another embodiment, an auger cun be operatively associated with the primary
processing vnit to provide a granular waste material feed. For example, an auger may

be inserted hydraulically into the unit.

Other examples of feeder systems that may be operatively associated with the primary
processing unit inclode, but are not limited to, rotary valve and top gravity feed feeder
systems. In addition, liquids and gases can be fed into the primary processing unit

simultaneously through their own dedicated ports.

A conditioning process for waste material in the feed system may also be utilized

prior to being fed to the primary processing unil.

In one embodiment, minimisadon or exclusion of uncontrolled air seepage (through
waste feeder apparatus) can be accomplished by substantial compression of the feed
such that the compressed feed acts as a good, consistent plug against extensive air
seepage. Also guillotine seals may be provided. In embodiments in which the feed
material is a vertical drop into the primary processing unit may be provided to break
loose the compacted material.  Accordingly, in one embodiment the primary

processing unit comprises a compaclion system.

THE SECONDARY PROCESSING UNIT & MELTING UNIT
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The secondary processing unit of the Carbon Conversion System provides [or
removal of any remaining volatiles in the processed feedstock received from the
primary processing unit and for the conversion of char into an off-gas. The secondary
processing unil is in communication with the primary processing unit and is

operatively associated with the melting unit.

In one embodiment, the secondary processing unit is contignous with and positioned
above the melting unit. In accordance with this embodiment, the inler-unit junction
between the secondary processing unil and the melting unit provides a barrier that

prevents solids, such as ash, from passing into the melting chamber.

In one embodiment, the secondary processing unjt is oriented such that its
longitudinal axis is substantially perpendicular to the longitudinal axis of the primary
processing unit. For example, the primary processing unit is oriented such that it is
substantially horizontal to the gronnd and the secondary processing unit is oriented
such that it is substuntially vertical to the ground. In accordance with this

cmbodiment, the melting unit may be positioned below the secondary processing unit.

In one embodiment, the secondary processing unit is separated from the melting unit
by the inter-zonal region or inter-zone hat optionally comprises an impadiment for
restricting or limiting the movement of material between the two units and, in some
embodiments, may also provide for the initial melting of the residual substantially

carbon fTee solid material (i.¢. ash) into molten slap.

The secondary processing umil also provides for the addition of heated air, and
optionally process additives such as steam and/or carbon rich gas and/or carbon, to
facilitate the rernoval of any remaining volatiles and the conversion of the carbon Lo
off-gas. The melting unit also provides heat, for example plasma heat or equivalent,
to facilitate the complete conversion of the residual inorganic materials (such as ash)

into a vitrified substance or slag.

The inter-zonal region or inter-zonc may further comprise additional heat transfer

element for efficiently transferring heat. The molien slag material is output from the
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melting unit of the melting unit and passed into an optional slag cooling subsystem [or

cooling.

The secondary processing unil and melting unit cooperatively facilitate the production
of off-gas and slag by sequentially promoting secondary processing and melting of
residual substantially carbon-free solids. This is accomplished by allowing secondary
processing [0 occlr at a cerlain temperature range prior to exposing the residual
substantially carbon-free solid 10 a higher temperature range., The secondary
processing unit and melting unit thus minimize or eliminate the amount of carbon

trapped in the melt.

In one embodiment, the carbon conversion process is accomplished by providing the
appropriate level of oxygen to the solid residue comprising char and raising the
temperature of the solid residue to the level required to convert carbon in the solid
residue to an off-gas by exposing the solid residue to the specific environment of the

secondary proccssing unit.

The molten slag, at a temperature of, for example, about 1200°C 1o about 1800°C,
may continuously be output from the melting unit and thereafter cooled to form a
solid slag material. Such slag material may be intended for landfill disposal or may
further be broken into aggregates for conventional uses. Alternatively, the molten slag
can be poured into containers to form ingots, bricks tiles or similar construction
material. The resulting slag material may also be used as a supplementary cementing
material in concrete, in the production of a lightweight aggregate or mineral wool, in

the manufacture of foarn glass, or in the development of packaging materials.

Accordingly, the melting unit may also include or be operatively associated with a
cooling unit for cooling the molten slag to its solid form. The cooling unit is provided

as appropriate to afford the covled slag product in the desired format.

Secondary Processing Unit

The carbon conversion process is accomplished by raising the temperature of the

processed feedstock comprising char to the level required 1o convert carbon in the
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processed feedslock to a off-gas by exposing the processed feedstock o the specific
environment of the secondary processing unit (which may include appropriate levels

of heat, air, oxygen or steam).

The secondary processing unit receives processed feedstock comprising char from the
primary processing unit and is in communication with the melting vnit. In one
embodiment, the secondary processing unil is in commupication with the melting unit

via an inter-zonal region or inter-zone.

The secondary processing unit is provided with heat from an appropriate source W
provide the required temperature for converting any remaining volatiles and carbon to
a off-gas. The unit is also designed 1o ensure highly cfficient exposure of the residue
to the heat to minimize the amount of sensible heat that is lost via the off-gas.
Therefore, the position and orientation of the heat source are additional factors to be

considered in the design of the secondary processing unit.

Secondary Processin it Heating System

The carbon conversion process requires heat. Heut addition can occur directly by
partial oxidation of the solid residue comprising char (L.e. by the exothermic reaction
of oxygen In the air inputs with carbon and volatiles present in the solid residue
comprising char) or indircctly by the use of one or more heat sources known in the

art.

In one embodiment, the heat required to convert the unreacted carbon in the processed
feedstock is provided (at least partially) by heated air, which may be delivered to the

secondary processing unit through, for cxample, the use of heated air inputs.

The hot air can bc suppiied from, for example, air boxes, air heaters or heat

exchangers, all of which are known in the art.

In onc ernbodiment, hot air is fed into the secondary processing unit by air feed and
distribution system with inputs proximnul to the junction with the melting unit, for
example, In some embodiments proximal to the inler-zonal region or inler-zone.

Appropriate air feed and distribution systems are known in the art and include air
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boxes [rom which hot air can pass through perforations in the wall of the unit or via

air nozzles or spargers.

Additional or supplemental healing as may be required can be provided by vne or
more heating means known in the art including, but not limiled 1o, a gas burner,

circulating hot sand, an electrical heater or elecirical heating elements.
In one embodiment, the additional heal source can be circulating hot sand.

In one embodiment, the additional heat source can be an electrical healer or ¢leetrical

heating elements.

Secondary Processing Unit Process Additive Inputs

Process additives may optionally be added to the secondary processing unit to
facilitate cfficient conversion of processed feedstock comprising char into off-gas.
Steam input can be used, (or example, to ensure sufficient free oxygen and hydrogen
to maximize the conversion of decomposed elements of the input processed [eedstock
comprising char into off-gas and/or non-hazardous compounds. Air input can be used,
for exarnple, to assist in processing chemistry balancing to maximize secondary
processing to a fuel gas (minimize frec carbon) and to maintain the optimum
processing temperatures while minimizing the cost of input heat. In addition, oxygen
and/or ozone may optionally be inputted throngh process additive ports into the

secondary processing unit.

Optionally, other additives may be used to optimize the carbon conversion process

and therchy improve emissions.
Optionally, carbon-rich gas can be used as a process additive.

The secondary processing unit, therefore, can include one or more process additive
inputs. These include inputs for steam injection and/or air injection and/or carbon-rich
gas. The steam inputs can be located to direct steam int high temperature regions and

into the off-gas mass just prior to its exit from the primary processing unit. The air
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inputs can be located in and around the unit to ensure [ull coverage of process

additives into the secondary processing unil.

In one embodiment, the process additive inpuls are located proximal to the inter-zonal

region or inter-zone.

In one embodiment, the process additive inputs provide diffuse, low velocity input of

additives.

In embodiments in which hot air is uscd to heat the secondary processing unit

additional air/foxygen injection inputs may optionally be provided.

Inter-Zonal Region or Intcr-Zone

In one embodiment of the invention, the junction between the secondary processing
unit and the melting unit is configured {0 provide an inter-zonal region or inter-zone.
In accordance with this embodiment, the inter-zonul region or inter-zone [unctions 1o
substantially spatially segregate the secondary processing unit from the melling unit
and optionally provides for the initial melting of the residual solid material (e.g. ash)
of sccondary processing by elfeclively transferring heat tlla the residual solid materjal
and supports the reactant material pile in the secondary processing unit. The inter-
zonal region or inter-zone further provides a conduit or connection beiween the two
units. The inter-zone optionally comprises an impediment that limits or regulates the
movement of material between the secondary processing and melting vnits, [opr
example, by partially or intermittently occluding the inter-zone thereby impeding
excessive migration of mconverted carbon into the melt. The impediment may

optionally comprise heat transfer elements.

In one embodiment, the inter-zone may be substantially contignons with the melting
unit, In another embodiment, the inter-zone may be provided by a narrowing or
restriction between the two units, or within one unit. In such an embodiment, a
“dome" of bridged material may maintain (he secondary processing unil material bed
from falling into the melting unit.  Alternatively, a batfle may hold the material back

from entering the melting unit.
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In one embodiment, a salid plate baffle is used in the inter-zonal region of the carbon
Conversion System. In accordance with this embodiment, the baffle may optionally

be moveahle.

In one embodiment, a baffle comprising slabs of refractory material is vsed in the

imter-zonal rcgion of the carbon Conversion System.
In one embodiment, the melting unit is ofl-set.

In embodiments of the invention in which the inter-zone comprises an impediment,
the impedimenl is configured to limit or regulate the movemcnt of material berween
the secondary processing and meliing units. [or example, by either partially or

intermittently occluding the inter-zonal region.

The impediment is mounted within the inter-zonal region or inter-zone and can be of
various shapes or designs. For example, the impediment may be a flat structure, or it
miy be dome shaped, pyramidal shaped, cogwheel-shaped erc. Alternatively or in
addition, the impediment may comprise, for cxample, a grate, a plurality of spheres, a
plurality of tubes, or a combination thereof. The shape and size of the impediment
may in part be dictaled by shape and orientation of the chamber. In one embodiment,
the impediment is configured to provide one or more conduits sized to limit the flow

of material between the secondary processing zone and the slag zone.

In one embodiment, the impediment comprises a series of imterconnccted bricks
arranged to provide conduits between adjacent bricks. In another embediment, the
impediment comprises 4 plurality of tubes arranged to provide conduits between
adjacent tubes. In accordance with this embodiment, the plurality of tubes may be
oriented substantiatlly perpendicular to the longitudinal axis of the inter-zone or may

be oriented substantially horizontally to the longitudinal axis to the inter-zone.

The impediment and any necessary mounting elements must be able to effectively
operate in the harsh conditions of the carbon recovery zone and in particular must be
able to operate at high temperatures. Accordingly, the impediment is constructed of
materials designed to withstand high temperature. Optionally, the impediment may

be refractory-lined or manufactured from solid refractory.
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In one embodimeni, cooling such as waier cooling may be provided within the
impediment. In one cmbodiment, the impediment comprises waler cooled copper with
refractory lining at top and/or bottom (for example, configured as ilustrated in

Figures 127, 129, 130 and 133A).

In one embodiment, the impediment compriscs @ plurality of spheres, such as, for

exarnple, ceramic balls.
In the embodiment, the impediment comprises a cogwheel-shaped relraclory dome.

In one embodiment, the impediment is a solid refractory dome mounted by wedge-
shaped mounting bricks in the inter-zonal region, The solid relructory dome is sized
such that there 1s a gap betwcen the outside edge of the dome and the inner wall of the
chamber. Optionally, the refractory dome further comprises a plurality of holes. The

holes may be verlical oriented.

In one embodiment, an oplional plurality of alumina or ceramic balls between 20 to
100mm in diameter rest on top of the impediment to form a bed and provide for
diffusion of heated air and to promote the transfer of plasma heat to the ash to initially
mell the ash into slag. In this cmbodiment, as the ash melts it fransits the inler-zonal

region through the conduits provided by the impediment and into the melting unit.

In one embodiment, the impediment comprises a solid refractory brick grate. The
refractory brick grate is provided with gaps between the individual bricks to allow for
communication between the secondary processing unit and the melting unit via the

inter-zonal region.

In one embodiment, the impediment comprises a grate structure manufactured from

refractory-lined tubes mounted within a mounting ring.
In one embodiment, the impediment comprises a rotating moving grate.

Optionally, the inter-zonal region may further comprise heat transfer or diffusion
elements to facilitale the transfer of heat to the ash. Heat transfer elements are known

in the art and include, but are not limited (o, balls, pebbles, bricks, and gimilar
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structures manufaclured from an approprisle malerials such as ceramic, alumina,

refractory and the like.

In onc cmbodiment, the heat transfer element comprises plurality of alumina or
ceramic balls between 20 to 100mm in diameter rest on top of the implementto form a
bed and provide for diffusion of heated air and to promote the transfer of plasma heat

to the ash to initial melt the ash into slag.
Optionally, the impediment may be or comprise the heat transfer element.

Optionally, the inler-zonal region or inter-zone may be equipped with a source of
heal. Appropriate sources of heat include, but are not limited to, an air luyere, an
clectrical heater, electrical heating elements, burners including external gas or syngas

burners, and sources of plasma heat ineluding plasma torches.

The heating source can be placed in the inter-zonal region and/or at the secondary
processing unit / inter-zonal region interface and/or at the inter-zonal region / melting

unit interface.

Optionally, any carbon remaining in the ash is converted to an off-gas by the

application of plasma heat in inter-zonal region or inter-zonc.

Accordingly, the inter-zonal region can include access ports sized to accommodate

various sources of heat.

Melting Unit

The melting process is accomplished by raising the temperature of the residual
substantially carbon-free solid material (ash) to the level required to melt the
remaining residue and occurs within the melting unit, within the secondary processing
univ/melting unit junction, or in embodiments in which the systern comprises an inter-

zone, within the inter-zone, or various combinations thereof,

The heat required for the meliing process 15 provided by one or more heat sources.
This heat may be directly applied or indirectly applied via heat transfer elements. In

one embodiment, the heat is provided by one or more plasma heat sources. The heat
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will also serve 10 convert any small amounts of carbon remaining in the residuc alter
the secondary processing by the heated air inputs, In cmbodiments in which the
primary heat source is one or more plasma heat sources, addilional or supplemental
heating may be provided if required by one or more heating means known in the art

including, but not limited to, induction heating or joule heating.

The melling unit is provided with a heat source that meets the required temperature
for heating the ash (directly or indirectly) to levels required to melt and homogenize
the residual solid to provide a molten slag al a temperature sufficient to [low out.
Optionally, any carbon remaining in the ash it converted to an off-gas (“melting unit
gas”)., The melting umt is also designed to ensure highly cfficienl heat transfer
hetween the heat sonrce(s), for cxample the plasma gases, and the residue or slag, to
minimize the amount of sensible heat that is lost. Therefore, the type of heat source
used, as well as the position and orientation of the heat source are additional factors to
be considered in the design of the melting unit  Non-limiling examples of suitable
melling unit designs are provided in the Figures, however, 4 worker skilled in the art
will appreciate that other designs that meet the requirements noted above are also

possible and would be encompasscd by the present invention.

The meliing unit is also designed to ensure that the residue residence time is sufficient
Lo bring the residue up (o an adequate temperature to fully melt and homogenize the

residual inorganic materials.

Optionally, the melting unit is provided with a reservoir in which the residue
accumulates while being heated by the heal source(s). In one embodiment, the
melting unit comprises a reservoir, which also allows mixing of the solid and molten
materials during the melting process. Sufficient residence time and adequate mixing

facilitates complete melting and a desired composition for the resulting slag.

In certain embodiments, the melting unit is configored such that it is tapered towards

the slag ountlet and/or to have a sloped floor to facilitate escape of molten slag.

In one embodiment, the melting unit is desighed for continuous output of the molten

slag material. Continuous slag removal allows the conditioning process to be carried
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ont on a continual basis, wherein the residue for melting may be continuously input
ind processed, without interruption. Continuous slag exhaust can be achieved using
various conligurations or devices known in the art. For example, the melthing unit can
be configured soch that it presents an impediment to the egress of the molten slag
from the unit, which is breached when the volume of molten slag reaches a certain

level.

In one embodiment, continuous slag exhaust is achieved by using a reservoir bounded
on one side by a weir that allows the slag pool to accumulate until it exceeds a certain
level, at which point the molten slag runs over the weir and out of the chamber. Tn
one embodiment, conlinuous slag exhaust is achieved via a tcmperature controlled
(heated or cooled) insert in the side refractory of the unit. In this embodiment, flow of
slag out of the unit is controlled and/or stopped using a stopper or plug 1o block the

flow of the slag through the insert.

Due to the very high temperatures needed to condition the ash, and particularly to
melt any mcials that may be present, the wall and floor in the melting unit may
optionally be lined with a refractory material that will be subjected to very severe
operational demands. The selection of appropriate materials for the design of the
melting unit is made according to a number of criteria, such as the operating
temperature that will be achieved during typical residue conditioning processes,
resistance 1o thermal shock, and resistance to abrasion and erosion/corrosion due o
the molten slag and/or hot gases that are generatcd during the meliing process. The
porosity of the material may be considered when choosing material for (he melting

unit. Various appropriate materials and known in the art.

The melting unit may also include one or more ports to accommodate addifional
structural elements or instruments that may optionally be required. In one
embodiment, the port may be a viewport that optionally includes a closed circuit
television to maintain operalor full visibility of aspects of the ash proccssing,
including monitoring of the slag outlet for formation of blockages. The chamber may

also include service porls to allow for entry or access into the chamber for
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maintenance and repair. Such porls are known in the art and can include sealable port

holes of various sizes.

In one embodiment, the melting unit is configured Lo provide an upper curved slope
and a lower section (relemed to as an “igloo™ section), The curved slope allows solid
material to flow down into the igloo section of the melting unit. High temperatures are
generated in this section by the action of the one or more heat sources {such as plasma
torches) on the ash and/or slag from the sccondary processing unit and slag is
removed from the system. Hot gas is also generated in the igloc section, which in
certain embodiments, can be used to aid in the conversion of material in the secondary
processing unit. When plasma torches are ulilized they may be, for example,
transferred are and/or non-transferred are, or other high emthalpy plasma plume
generating device. When a transferred arc plasma torch is employed, il may comprise
an electrode within (or at the botlom) the slag pool. The electrode can be made out of
various suitable materials, for cxample, graphite. In one embodiment, additional heat
is provided to the igloo section by a burner, which can be of vartous suitable types
known in the art (including, for example, burners that utilize solid carbon fuels, char,
soot, carbon black, and the like). In one embodiment, a multi-fuel bumer designed to
normally operate on air/syngas is employed as a sceondary heal source. Allowing a
slag pool to accumulate in the bottom of the igloo section can belp to homogenize the
slag composition and bnild up a metal layer at the botiom of the pool. The slag is
removed from the igloo section, for example, by pouring out the side or the bottom of
the melting unit. The base of the unit can be configured to provide slag tap holes,
which can be used to remove build up of metal within the pool. Molten metal can, for
example, be sold to a recyeler and/or refiner. In the event the bottom of the poo! is not
sufficiently molten due to the distance from the heat source(s), lancing or application
of a burner can be employed through the tap holes lo assist the metal extraction
process. Alternatively, a higher than normal plasma heat can be nsed to speed up the

metal extraction process.

In one embodiment, the melting unit is configured to provide an upper curved slope

and a lower “igloo” section and forther comprises a “gate” between the curved section
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and the igloo section to control the flow (and pressure) of the hot gases to the

secondary processing umit.

Optionally, the bollom of lhe secondary processing unit or the inter-zonal region,
when present, is configured to provide a “dome” that helps to prevent the material bed
in the secondary processing unit from falling into the melting onit. Alternatively a

“dome" of bridged malerial could be used.

Optionally, the melting unit can be water cooled to cool the refractory therchy
prolonging the life of the refractory and therefore the entire vessel. The concept is
that by cooling the refractory below the melting temperatere of slag the inside of the
vessel can become coated with a thin layer of slag. In addition if there is a crack in the
refractory or some of it spalls off, the slag that enters will cool due to the lower

temperature and the refractory wear is reduced or halled.

In one embodiment, the melting unit comprises water-cooled copper inserts around
the outside of the unit to provide a cooling function. In accordance with this
embodiment, the copper pieces arc optionally cast with set pathways (such as, for
example, channels or pipes) and with connectors for the water pipes to interface with.
Water is puroped through the copper piéce:-; and thermocouples within the metal
(along with thermocouples in the melting unit) are vsed by the control software to

vary the flow of water and the temperature.

Additional cooling may be provided around the slag outlet of the melting unit to
regulate and/or stop the flow of slag out of the outlet. For example, the outlet may
comprise copper with cooling channels for water. The flow of slag is thos controlled
by the temperature of the copper piece. Alternatively, a water-cooled plunger can be

inserted inio the outlet.

Heat Source of the Melting Unit

The melting unit employs one or more heating sources to convert the ash material
produced by the secondary processing processes. The heat sources may be movable,

fixed or a combination thereof.
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In one embodiment, the heat source(s) are plasma heat source(s). In accordance with
this embodiment, the plasma heat sources may comprise a variety of commercially
available plasma.torches that provide suitably high temperature gases for sustained
periods at the point of application. In general, such plasma torches are available in
sizes from aboul 100 kW to over 6 MW in output power. The plasma torch can
employ one or a combination of suitable working gases. Examples of suitable
working gases include, but are not limited to, air, argon, helium, neon, hydrogen,
methane, ammonia, carbon monoxide, oxygen, nitrogen, and carbon dioxide. In one
embodiment of the present invention, the plasma heating means is continuously
operating so as to produce a temperature in excess of about 900°C to about 1800°C as

required for converting the residue material o the inert slag product.

In this respect, a number of alternative plasma technologies are suitable for use in the
melting unit. For example, it is understood that transferred arc and non-transferred
arc torches (both AC and DC), using appropriately selected clectrode malerals, may
be employed. It is also undersiood thal inductively coupled plasma torches (ICP) may
also be employed. Selection of an appropriate plasma heat source is within the

ordlinary skills of a worker in the art.

The nge of transferred arc torches instead of non-transferred arc torches may improve
the efficiency of (he residue conditioning process due to their higher electrcal to
thermal efficiency, as well as the higher heat transfer efficiency between the hot
plasma gases and the material being melted because the arc passes dircetly through
the melt. Where transferred arc torches are used, it is necessary to ensure that the
melting unit is electrically isolated since the melling unit outer shell will be

electrically connected Lo the power supply.

In one embodiment, melting unit comprises transferred are torches o improve energy
(heat) transfer as the arc travels from the torch across the gas gap to the slag pool and
to the electrode located ar the bottom of the pool. As the electrical arc travels across
the gas it creales a plume of plasma (similar to a non-transferred arc) but in addition
as the arc lravel across the slag pool, the pool’s clecirical resistance causes the arc to

heat up the slag pool.
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In one embodiment, the onc or more heal sources comprise a transferred are plasma
torch which i$ positioned in the melting unit above the slag pool and is directed
towards the pool/clectrode. Optionally, the torch is no more than 15° from 2 vertical
orientation. In one embodiment in which the melting wnit has a rectangular
configuration, the torch is mounted on top of the unit to achieve 4 more vertical

operating position.

In cone embodiment, the one or more heat soutces comprise a DC non-transferred are

plasma torch.
In one embodiment, the one or more heat sources comprise a graphile plasma torch.

In one embodiment, the one or more plasma heat sources are positioned to optimize
the conversion of the residue material to inert slag. The position of the plasma heat
source(s) is selected according to the design of the melting unit. For example, where
a single plasma heal source is employed. the plasma heat source may be mounted in
the top of the vunit and disposed in a position relative to the slag pool collecting ar the
bottom of the unit to ensure sufficient heat exposure Lo melt the residue material and
force the slag to flow. In ope embodiment, the plasma heat source is a plasma torch

vertically mounted in the top of the unit.

All plasma heat sources are controllable for power and aoptionally (where movable
heat sources arc nsed) positton. In one embodiment, the plasma heat rate is varied to
accommodate varying restdue input rate.  The plasma heat rate can also be varied to

accommodatc varying residue melting temperature properties.

The plasma heat sources may be operated on a continuous or non-continuous basis at
the discretion of the operator to accommodate varying residuve input rate and melting

temperatur¢ properties.

Optionally, the melting unit may be equipped with a deflector to deflect or direct the

plasma heat.

Process Additives of Meliing unit
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Process additives may optionally be added to the melting unit (¢ lacilitate to the
conversion of ash to slag and optionally melting unit gas. Examples of process
additives that may be employed include, but are not limited to, steam, air, carbon
and/or carbon-rich gas and/or oxygen-rich gas and/or bag ash. Accordingly, the
melting unit may be cquipped with various inputs and/or the melting vnit may further

comprise 4 number of ports for these inputs.

Slag Output of Melting Unit

The melling unit comprises one or more slag outputs, A slag output includes an outlet
through which molten slag is cxhauosted. The ontlet is typically located at or near the
bottom of the melting unit 1o facilitate the gravity {low of the molten slag pool out of
the unit. A slag oulput may also opticnally include a slag cooling subsystem to

facilitate the cooling of the molten slag to its solid form as described below,

The molten slag can be extracted in & continuous manncr throughout the full duration
of processing. The molten slag can be cooled and collected in a variety of ways that
will be apparent t0 a person skilled in the art to form a dense, non-leachable, solid
slag. Continuous extraction embodiments arc particularly suitable for systems that are

designed Lo vperale on 2 conlinuous basis.

In one embodiment, the slag outpul means also comprises 4 stug cooling subsysiem
for cooling the molten slag to provide a solid slag product. In ene embodiment, (he
molten slag is poured into a quench water bath. The water bath provides an efficient
system for cooling the slag and causing il Lo shatter into granules suitable for
commercial uses, such as for the manufacture of concrete or for road building. The
water bath may also provide a seal to the cnvironment in the form of 4 shroud that
extends from the base of the slag chamber down inlo the water bath, thereby
providing a barricr preventing outside gases from entering the residue conditioning
charmber. The solid slag product may be removed from the water bath by a conveyor

system. Alternatively, the slag cooling subsystem may comprise 4 water spray.

In one ¢mbodiment of the slag cooling subsystem, the molten slag is dropped into a
thick walled steel catch container for cooling. In onc embodiment, the molten slag is

received in an environmentally sealed bed of silica sand or into moulds to provide
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solid slag suitable for small scale processing or for testing certain pammelers
whenever such testing is performed. The small moulds can be control cooled in a

preheated oven.

In one embodiment of the slag cooling subsystern, the molten slag is converted to a

commercial product such us glass wool.

THE REFORMULATING UNIT

The reformnlating unit comprises one or more zones [or reformulating gas generated
within one or more of the other functional units, one or more energy sources Lo
promote the reflormulating process, optionzlly one or more parlicle separators and
optionally onc or more process additive inputs. In those embodiments of the invention
in which the reformulating unit comprises one or more particle scparators, the particle
separators may form part of the reformulating zone. Syngas cxiting the reformulating
unit typically comprises mostly nitrogen, carbon monoxide and hydrogen, with much
lower amounts of methane and other fuel gases, litile if any oXxygen, and very small

amounts of tars and particulates.

The reformulating unit may optionally be operatively associated with a heat
exchanger or recuperator. In one embodiment, the reformulating unit is operatively
associated with a heat exchanger or recuperator via a conduit which forms part of the
reformulating zone. The conduit can be configured such that all parts of the conduit
arc oriented at an angle from the horizontal to prevent build up of any residual

particulate matter on the walls of the conduit.

Particle Separators

In one embodiment, particulate matter entrained in the off-gas is removed / minimized
by the use of a particle separator. In one embodiment, the off-gas from the carbon
recovery zone and off-gas from the primary processing unit passes through a cyclonic
separator to reduce the particulate load. In some embodiments, the cyclonic separator
also promotes mixing of the off-gases from the primary processing unit and the

carbon recovery zone thereby improving gas homogeneity.
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Parliculales within the off-gas may include carbon containing particulate matler which
can optionally be processed further in the sccondary processing unit/melting unit or

collected for processing and/or disposal elsewhere,

The use of a particle separator for removal or reduction of particulales [rom the gas
stream before it enters the reformulating zone can, for example, reduce interference
by particulates in the reformulating step, reduce wear on the reformulating unit walls
and instruments, reduce slagging of solid particles in the gas stream doring
reformulation, facilitate catalyst use in reformulation (when implemented), allow for
higher gas flows though the primary and/or secondary processing units, and/or allow
for the addition of {luxing agents into the secondary processing unit thereby
promoting slag gencration with lower melting point and allow for the addition of
small particle size catalysts or buffer material (such as lime for the reduction of Ha8S

in the syngas).

Appropriate particle separators are known in the art. Non-limiting examples of
cyclonic separators include, but are not limited to, single tube cyclonic separators and
multitube cyclonic separators. A worker skilled in the art would appreciate (he factors
that should be considered when choosing an appropriate particle separator, these
factors include capture efficiency, pressure drop, availability, complexity of the unit,
need for redundancy and heat losses. The size und number of particle separators is
determined on a per system basis and is generally a4 compromise between mean
particle size of parliculate, desired removal cfficiency, pressure drop and equipment

Cost,

In one embodiment, to reduce the risk of uneven loading and premature wear of select
indjvidual particle separators in a bank of particle separators or multiple detached
particle separalors, the Carbon Conversion Systern is designed to ensure incoming gas
is well mixed such thal particulate is as evenly distributed between the cyclones as

possible.

In one embodiment, a bank of cyclonic separators is employed in the Carbon

Conversion System which includes a larger inlet plenvm in order to homogenize the
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distribution of particulale within the gas before the cyclone bank to ensure even

distribution of gas between each cyclone.

In some embodiments, the Carbon Conversion System comprises a plorality of
cyclonmic separators, for example as a bank ¢r as multiple individual cyclonic
separators. In accordance with this embodiment, the system may be configured soch
that each cyclonic separator can be individvally tumed off and/or gas flow can be

diverted therefrom.

The particle separators may be inlernal particle separators or external parlicle
separators. The primary considerations when deciding on internal or extemnal particle
separator(s) include cost, case of maintenance and heat losses through the additional

shell surface area.

In some cmbodiments in which the particle separator 15 external, the refractory and/or
insulating material of the Carbon Conversion System 1s specifically adapted to reduce
heat loss due to the increase in surface area. Optionally, additional safety and failsafe
systemns may be included in the Carbon Conversion System when external cyclonic
separators are included to reduce the risk of external wall breach resulting in hot gas /

ajr Interacton.

When the Carbon Conversion System comprises a plurality of particle separators, they
may be armanged in scrjal or parallel, or when more than two particle separators are
employed, the Carbon Conversion System may comprise a combination of particle

separators arranged in series and particle separators arranged in parallel.

In one embodiment, the Carbon Conversion System comprises a primary and a
secondary particle separator in series which sequentially remove particulates. In one
embodiment, the Carbon Conversion System comprises a primary and a secondary
cyclonic separator in series. When provided in series, it is envisaged that the primary
particle scparator will remove larger particolates and the secondary particle separator
will remove smaller particulates. In such embodiments, optionally particulatcs from

the primary particle separator may be recycled back into the secondary processing
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unit/melting unil while particulates from the secondary parlicle separalor are

optionally collected separately from further processing.

In some embodiments, the Carbon Conversion System comprises two or more

cyclonic separators in series.

In some embodiments, the Carbon Conversion System comprises lwo or more

cyclonic separators in paralle].

Optionally in embodiments with primary and secondary particle separators, the

primary particle separator may be internal and sccondary particle separator external.

In one embodiment, the Carbon Conversion System is configured to provide
combined off-gases from the primary processing unit and the secondary processing

unit and the melting unit to the particle separator(s).

In one embodiment, the Carbon Conversion System is conligured such that a first
particle separator, Or set or bank of particle separators, is operatively associated with
the primary processing unit and a second particle separator, or set or bank of particle
separators, 1s operatively associated with the secondary processing nmt and melting
unit, and the two off-gas steams are.c()mbined after passing though the separate
particle separator(s). As the majority of problematic particulates arises in the
secondary processing unit/melting unit, the individual particle separalors or particle
separator banks can be sized according to anticipated particnlatc load and

characteristics of the respective off-gas streams.

In one embodiment, the Carbon Conversion Syslem comprises multiple cyclonic
separators in series (with or without also having cyclonic separators in parallel) to

improve the overall particulate removal.

In one ecmbodiment, the Carbon Conversion System is configured soch that the
primary processing unit and secondary processing unit/melting unit are each
operatively associated with their own independent cyclonic separator(s) where raw
off-gas exits each cyclonic separator to be combined in & final cyclonic separator

system before the reformulating zone.
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In one embodiment, the Carbon Conversion System comprises one or more pairs of
cyclonic separators, each pair having a primary cyclonic separalor discharging gas
into a secondary cyclonic separator. In accordance with this embodiment, the off-gas
passes into the primary cyclonic separator where the bulk of the entrained particulates
are captured. The outlel of the primary cyclonic separator discharges into the
secondary cyclonic scparator carrying the most finely-sized particulates which escape
caplure in the primary cyclonic sepurator. Subsequent to capture, the particulates can
optionally be transporied by a combination of gravity and low velocity gas [low 1o the

secondary processing unit/melting unit for further processing.

In one embodiment in which the cyclonic separator is external, the Carbon
Conversion System is configured such that particulates from the cyclonic separator
relurn to secondary processing wnit/melting unit through a line, and the of[-gas with
reduced particulate load enters the reformulating zone through a separate line or

conduir,

Reformulating Zone(s)

The reformulating unit comprises a zone or zoncs in which the pas reformulating
process lakes place. The reformululing zone may be provided in the form of a
chamber, a tnbe, a pipe or other switably configured compartment that provides an
appropriatc arca for application of the one or more energy sources to the off-gases in
order to promote the reformulating process. The reformulating zone muay be
distributed over more than one compartment comprised by the reformulating unit and
may in certain embodiments include the one or more particle separators. The
reformulating zone receives off-gas from the primary and secondary processing units
and the melting unit, energy (for example in the form of heat) from the one or more
energy sources, and optionally process additives from the one or more process
additive inputs. Switable energy sources include, but are not limited to, sources of
plasma, thermal heating, plasma plume, hydrogen burners, electron beam, lasers,

radiation, and the like.

In some embodiments, reformulation occurs concurrently with particulate load

reduction. In such embodiments, the reformulating zone includes the particle
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separator and an energy source, such as a plasma torch, is provided proximal to an
mlet or outlet of the particlc separalor, or within the particle separator. The
reformulating unit may optionally comprise an additional source of heat that provides
heat to the off-gas entering the reformulation zone prior to contact with the one or

MOIE ENErgy SOUrCes.

The reformulating zone is optionally specifically adapted to promote turbulence,
mixing and/or swirling and may optionally include means to promole mixing and

turbulence,

The reformulating zone may take on a variety of configurations, so leng as
appropriale mixing or turbulence occurs and a desired residence time is maintained.
For example, the reformulating zonc can be oriented substantally vertically,
substantially horizontally or angularly and have a wide range of length-to-diameter

ratios.

In one embodiment, the reformulating zone is a straight mbular or venturi shaped
zone comprising a first (upstream) end and 4 second (downstream) end and is oriented

in a substantially vertical position or a substantially horizontal posttion.

In one embodiment, the reformulating zone is configured to have a large length to
diameter ratio. In accordance with this embodiment, the area of influence of the
energy source will include a substantial part of the cross-seclional area of the
reformulating zone thus maximizing the reformulating process. Torches can be placed

at several locations along the path of the {low.

In onc embodiment, the reformulating zone is provided as a pipe that can be

incorporated into the Carbon Conversion System in various orientations.

In one embodiment, the reformulaling zone is provided in a tubular shaped

compartment which may optionally comprise one or more bends.

Optionally, the compartment providing the reformulating zone can include internal
components, such as baffles, to promote back mixing and turbulence of the gas in the

reformulating zone,
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The reformulaling zone may be operalively associated with a recuperator or heat
exchanger. In such embodiments, the reformulating zone is conligured such that the
recuperator can be positioned close to the areas where hot air is needed thereby saving
on insulated piping of the gas to the recuperalor as well as of the hot air to the

secondary processing/melting unit.

In one embodiment, the Carbon Conversion System is configured to provide a by-pass

10 the reformulating zone.

In one embodiment, the reformulating zone is provided in a compartmenl Lhal is

removable or detachable,

Energy Sources

The reformulating unit comprises one or more energy sources for providing energy to

the reformulating zone in order to promote the reformulation process.
In one embodiment, the reformulating zone includes one or more sources of plasma.

The one or more plasma sources may be chosen from a varicty of types including but
not limited to non-transferred and transferred arc, alternating current (AC) and direct
current (DC), plasma torches, high-frequency induction plasma devices and
inductively coupled plasma torches (ICP). In all arc generating systems, the arc is
initiated between a cathode and an anode. Selection of an appropriate plasma source

is within the skills of a worker in the art.

The transferred arc and non-transferred arc (both AC and DC) torches can employ
appropriately selected electrode materials. Materials suitable for clectrodes that are
known in the art include copper, tungsten alloys, halnium ete, The electrode lifelime
depends on various factors such as the arc-working areas on the electrodes, which in
turn depends on the design of the plasma torch and the spatial arrangement of the
electrodes. Small arc-working areas generally wear out the electrodes in a shorter
time period, unless the electrodes are designed to be cooled by thermionic emission.
The electrodes may be spatially adjustable to reduce any variations in the gaps there

between, wherein the variations are causced as the electrodes wear down during their
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lifetimes.

A variety of gases can be used as a carrier gas for plasma torches including but not
limited to air, argon, helium, neon, hydrogen, methane, ammonia, carbon monoxide,
oxyyen, nitrogen, carbon dioxide, C;Ha and CiHg. The camrier gas may be neutral,
reductive or oxidative and is chosen based on the requirements of the gas
reformulation process and the ionization potential of the gas. Selection of an
appropriate carrier gas and understanding the means of introducing the carrier gas into
the plasma torch can impact its cfficiency is within the ordinary skills of a worker
skilled in the art. In particular, a poorly designed introduction of the carrier gas can

result in a non-uniform plasma plume, with hot and cold zones.

In one embodiment, the gas reformulating system comprises one or more non-
transferred, reverse polarity DC plasma torches. In one embodiment, the gas
reformulating system comprises one or more water cooled, copper electrode, NTAT
DC plasma torches. In one embodiment of the nvention, the gus reformulating

system comprises one or more AC plasma torches.

AC plasma torches may be either single-phasce or multliple phase (e.g. 3-phase), with
associated variations 1n arc stability. A 3-phase AC plasma torch may be powered
directly from a conventional utility network or from a generator system. Higher phase
AC systems (¢.z. 6-phase) may also be used, as well as hybrid AC/DC torches or
other hybrid devices wsing but not limited to hydrogen burners, lasers, electron beam

guns, or other sources of ionized gases.

Muttiple phase AC plasma torches generally have lower losses in the power supply.
In addition, the rapid movement of the are along the ¢lectrodes due to rail-gun effect
can result in improved redistribution of the thermal load between the electrodes. This
redistribution of the therma!l load along with any cooling mechanisms for the
electrodes, allows the use of malerials for electrodes having a relatively low melting

point but high thermal conductivity, such as copper alloys.

The plasma source may comprise a variety of commercially availuble plasma torches

that provide svitably high flame temperatures for snstained periods at the point of
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applicaton. In general, such plasma torches are available in sizes [tom aboul 100 kW
o over 6 MW in output power. In one embediment, the plasma torch is two 300 kW

plasrna torches cach operating at the (partial) capacily required.

In one embodiment of the invention, the encrgy sources for the reformulating zone
comprise 4 hydrogen burner wherein oxygen and hydrogen are reacted to form ultra-
high temperature steam (>>1200°C). At these high temperatures, the steam may exist
in an ionized form which enhances the gas reformulation process. Hydrogen burners
may be operated in conjunction with other energy sources such as plasma torches.
Activated hydrogen species include the henefit of rapid dispersion of the reactive
species and extensive steam cracking, both of which lead Lo a high conversion of the

initial gas at a lJower temperature than achieved with plasma,

The hydrogen for the hydrogen burner may be obtained by electrolysis. The oxygen
source may be pure oxygen or air. Other sources for hydrogen and oxygen may also
be used as would be readily known to a worker skilled in the art. The design of the
burner may utilize standard modeling tools e.gr. tools based on computational fluid
dynamics (CFD). The burner may also be adapted and sized to fit the requirernents of
the gas reformulating system taking into account various factors including but not

limited to the quantity of gases for reformulation, chamber geometry ete.

In one embodiment of the invention, the hydrogen burncr comprises a cylindrical
nozzle body, with upper and lower covers coupled to its upper and lower ends
respectively and defining a predetermined annular space 5 in the body. A gas supply
pipe is connected to a sidewall of the body such that the pipe is inclined downwards
therefrom. The upper cover may be integrated with the body into a single structore,
and 15 provided with a heat tansfer part having a thickness sufficient for easy
dissipation of heat. A plurality of nozzle orifices, which discharge hydrogen to the
atmosphere, is formed through the heat transfer part with an exposing depression
formed on the upper surface thercof to communicate with each of the nozzle orifices.
An airflow chamber is also defined in the body so that air passes through the chamber.
A guide protrusion is formed on the inner surface of the space to guide the current of

hydrogen gas to a desired direction in the space. Furthermore, the upper end of the
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annular space S, which communicates with the lower ends of Lhe nozzle orifices, is
configured as a dome shape, thus deflining a vanlted guide to guide hydrogen gas (o

the orifices.

Hydrogen bumers operate at a lower temperature and vsvally mix hydrogen with air.
They may also pse 4 oxygen-hydrogen mixture which runs al a significanuly higher
ternperature. This higher temperature can give off more radicals and ions; it also will

make the gas highly reactive with hydrocarbon vapor and methane.

In one embodiment of the invention, a hydrogen bumer serves as a source of high
temperature chemical radicals which can accelerate the reformnlation of gaseous
hydrocarbons into syngas. The hydrogen burner is operated with an oxidizing agent,
with air and oxygen being two common choices. A worker skilled in the art will
understand the relative proportion of hydrogen and the oxidizing agent required. In
addition to generating high-temperature radicals, the hydrﬁgen bumer also generates a
controllable amount of steam. Typically, hydrogen burners can be powered with

efficiencies similar to a plasma torch.

Electron beam guns may also function as a source of energy for the reformulating
zone. Electron Beam Guns produce clectron beams with substantially precise kinetic
energies either by emission mechanisms such as thermionic, photocathode and cold
emission; by focusing using pure electrostatic or with magnetic fields and by a

number of electrodes.

Electron beam guns can be used fo ionize particles by adding or removing clectrons
from the atom. A worker skilled in the art will readily know that such electron

ionization processes have been used in mass spectrometry to ionize gaseous particles.

The designs of electron beam guns are readily known in the art. For example, a DC,
eleclrostatic thermionic electron gun is formed of several parts including a hot
cathode which is heated to create a stream of electrons via thermionic emission;
electrodes which generate an eleciric field 1o focus the beam, such as a Wehnelt
cylinder; and one or more anode elecirodes which accelerate and further focus the

electrons. For larger voltage differences between the cathode and anode, the electrons
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undergo higher acceleration. A repulsive ring placed between the anode and the
cathode focuses the electrons onto a small spot on the anode. The small spot may be
designed to be a hole, in which case the electron beam is collimated before reaching a

second anode called a collector.

lonizing radiation may also function as & source of energy [or the reformulating zone.
Ionizing radiation refers to highly-energetic particles or waves that can ionize an alom
or molecule. The ionizing ability is a function of the encrgy of the individual packets
(photons for electromagnetic radiation) of the radiation. Examples of ionizing

radiation are energetic beta particles, neutrons, and alpha particles.

The ability of electromagnetic radiation 10 ionize an atom or molecules varies across
the electromagnetic spectrum. X-rays and gamma rays will ionize almost any
molecule or atom: far ultraviolet light will ionize many atoms and molecnles; near
ultraviolet and visible light will jonize very few molecules. Appropriate sources of

ionizing radiation are known in the art.

The external energy needed to sustain the reformulation process may also be reduced
by hamessing any heat generated by the process. The sensible heat present in the gas
leaving the reformulating zone may be captured using heat exchangers, and recycled

to enhance the external efficiency of the process.

Other energizing sources based on thermal cnergy or lasers may also be used, as
would be evident to a worker skilled in the art.
Promoting Mixing and/or Turbulence in Reformulating zone

In some embodiments, the reformulating unit further comprises meuns designed and
configured to substantially enhance the mixing and/or turbulence of the gases

provided to the reformulating zone.

In one embodiment, the reformulating unil comprises process additive inlets, the
location and postiioning of the nozzles of which are arranged to increase turbulence

and mixing within the reformulating zone.

In one embodiment, the reformulating unit comprises one or more baffles configured
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to indu¢e turbulence and thus mixing within the reformulating zone. Dillerent baitle
arrangements are known in the arl and include but are not limited to cross bar baflles,
bridge wall baffles, choke ri;g baffle arrangements and the like. Baffles may also be
located at or near the initial gas inlet to cnsure that the inltial gas is of more uniform

composition and/or temperature, and properly mixed with the process additives.

Referring to Figures 77A-B, wrbulence may be created either prior ta or after the
enerpy sources. Figure 78C shows (hree exemplary embodiments of means for
crealing turbulence: (i) passive grid; (ii) an active grid wiilizing a rotating shaft; and
(iii) a shear generator. Figures 79 and 80 show additional exemplary embodiments of

means for generating trbulence,

In one embodiment, the positioning of the energy sources contributes to the mixing
prior to or within the reformulating zone. In one embodiment, two plasma torches are
positioned tangenlially to create the same swirl dircetions as air and/or oxygen inputs
do. In one cmbodiment of the invention, two plasma torches are posilioned at

diametric locations along the circumference of the reformulating zone compartment.

The arrangement of the process additive inputs is based on a variety of factors
including bul not limited to the design of the reformulating zone compartment, the
desired flow, jet velocity, penetration and mixing. Various arrangements of the

process additive ports and ports for the energy sources are contemplated herein.

For example, the oxygen inputs or ports, steam inputs or ports and ports for the
energy sources may be arranged in layers around the circumference of the
reformulating zone compartment, allowing for tangential and layered injection. In
one embodiment, there is provided nine oxygen source(s) ports arranged in three
Iayers around the circumference of the reformulating zone compartment. In one
embodiment there is provided two steam input ports arranged in two layers around the
circumference of the reformulating zone compartment and diametrically positioned.
In embodiments where the air and/or oxygen input ports are arranged in layers, they

may be arranged to maximize the mixing effects.

In one embodiment of the invention, the air and/or oxygen input ports are positioned
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tangentially, thus allowing the lower level input ports to premix the gas, torch heat it
up. and start a swirl motion in the gas. The upper level air nput ports can accelerate
the swirl motion thereby allowing a re-circulating vorlex patiern to be developed and

persisted.

In accordance with one embodiment, the gas to be treated enters tangentially into the
reformulating zone resulting in formation of swirls. The embodiment also shows an
exemplary gas manipulator shaped and positioned to enhance the exposure of the gas

stream with the energy soutce.

In one embodiment, the lowest level of air input ports is composed of four jets which
will premix the gases entering the reformulating zone. The other upper two levels of
air nozzles provide main momentum and oxygen to mix pases and heal the gases to
the temperature required. The arrangements of steam inputs or ports is flexible in

number, levels, orientations and angle.

The oxygen and/or steamn input ports may also be positioned such that they inject
oxygen and steam into the reformulating zone compartment at an angle to the interior
wall of the reformulating zone compartment which promotes turbulence or a swirling
of the gases. The angle is chosen o achieve enough jet penetration based on
compartment diameter and designed air input port flow and velocity. The angle may

vary between about 50° and 70°.

The alr input ports maybe arranged so that they are in the same plane, or arranged in
sequential planes. In one embodiment the air input ports are arranged in lower and
upper levels. In one embodiment, there are four air input ports at the lower level and
another six air input ports at upper level in which three input ports are slightly higher

than the other three to create cross-jct mixing effects.

Optionally, air can be blown into the reformulating zone compartment angularly so
that the air creates a rotation or cyclonic movement of the gases passing through the
compartment. The gas energizing sources (e.g. plasma torches) may be angled to

provide further rotation of the stream.

In one embodiment of the invention, the air and/or oxygen and/or steam inputs
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comprise high temperatnre resislance atomizing nozzles or jels. Appropriate air
nozzles are known in the art and can include commercially available types such as the
type A nozzles and type B nozzles illustrated in Figure 81. The nozzles may be of a
single type or different types. The type of nozzles may be chosen based on functional
requirements, for example a type A nozzle is for changing the direction of air flows
for creating the desired swirls and a type B nozzle is for creating high velocity of air

flow to achieve certain penelrations, and maximurm mixing.

The nozzles can he designed to direct the air at a desired angle. In one embodiment,
the air jets are positioned tangentially. In one embodiment, angular blowing is
achieved by having a deflector at the tip of the input nozzle, thus allowing the inlet

pipes and flanges to be square with the chamber.

In one embodiment of the invention, one or more air jets (e.g. 4ir swirl jets) are
positioned at or near the initial gas inlet to inject a small amount of air into the initial
gas and creale a swirling motion in the initial gas stream by taking advantage of the
injected air's velocity. The number of air swirl jets can be designed to provide
substantially maximum swirl based on the designed air flow and exit velocity, so that

the jet can penatratc (o the center of the reformulaling zone compariment.

Optional Process Additives

The reformulating unil may optionally comprise one or more process additive ports
configured to provide process additives, such as oxygen sources, carbon dioxide,
other hydrocarbons or additional gases, to the reformnlating zone. Oxaygen sources
known in the arl include but are not limited to oxygen, oxygen-enriched air, air,
oxidizing medivum, steam and other oxygen sources as would be readily understood by
a worker skilled in the art. In one embodiment, the reformulating unit comprises one
or more port(s) for air andfor oxygen inputs and optionally one or more ports for

steam inpuls.

The optional addition of process additives such as air, steam and other gases, may also
be achieved withoul inlets dedicated to their injection. In one embodiment ol the

invention, the process additives may b¢ added into the off-gas source. Process
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additives may also be added (o the reformulating zone through the energy sources, [or

example when the energy sources are plasma torches.

Oplionatly, porls or inlets may be provided so thal syngas nol meeling quality
standards may be re-circulated into the reformulaling zone for further processing.
Such ports or inlets may be located at various angles and/or locations (o promote

turbulent mixing of the materials within the reformulating zone.

One or more ports can be included to allow measurements of process temperatures,

pressures, gas composition and other condilions of interest.

Optionally, plugs, covers, valves and/or gates are provided to seal one or more of the
ports or inlets in the reformulating unit. Appropriate plugs, covers, valves and/or
gates are known in the art and can include those that are manually operated or

antomatic. The ports may further include appropriate seals such as sealing glands.

Optional Catalysis

The reformulating zone may optionally include one or more catalysts. As is known in
the art, a catalyst increases the rate of a chemical reaction by lessening the time
needed (0 reach equilibrium. The use of appropriate catalysts in the reformulating
zone may reduce the energy levels reguired for the reformulation process by
providing alternate reaction pathways. The precise pathway offered by a catalyst will
depend on the catalyst used. The feasibility of the use of catalysts in reformulating
zones, in general, depends on their lifetimes. Lifetimes of catalysts may be shortened
by ‘poisoning’, i.e., the degradation in their catalytic capabilities due to impuritics in

the gas.

In one embodiment of the invention, the reformulating zone comprises a catalyst
which effectively lowers the energy threshold required for reformulation. The
catalyst may be positioned at a location upstream or downstream of the energy
source(s), or it may be in the path of the energy source(s). In one embodiment, a

catalyst is included that is positioned before and/or after the energy sources.
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The reformulaling unit may be conlipured o allow for easy replacement of the
catalyst(s) in the reformulating zone. For cxample, catalysts may be provided in the
form of a bed mounted on a sliding mechanism. The sliding mechanism allows for

easy removal and replacement of the catalyst bed.

The catalytic cupabilily of the selecled catalyst will also depend on the temperature of
operation. The appropriate operating temperature ranges for various catalysts are
known in the art. The reformulating unit may incorporate adequate cooling
mechanisms to ensure that the catalysts are maintained within their optimal operating
temperative ranges.  Additives such as steam, water, air, oxygen or recirculated
reformulated gas may be added to help increase or decrease the lemperature near the
catalyst(s). A worker skilled in the art will onderstand that the specific additive
chosen o control the lemperature will depend on the position of the catalyst and the

gas temperatures in that region.

The irregularity of the catalyst surface and good contact between the large organic
molecules and the surface will increase the opportunity for reformulation into smaller

molecules, such as Hy and CO.

Catalysts that may be used include but are not limited to olivine, caleined olivine,
dolomite, nickel oxide, zinc oxide and char. The presence of oxides of iron and
magnesium in olivine gives it the ability 1o reformulate longer hydrocarbon
molecules. A worker skilled in the art will understand to choose catalysis (hat do not

degrade quickly in the gas environment of the system.

Both nonmetallic and metallic catalysts may be used for enhancing the reformulation
process. Dolomites in calcined form are the most widely used nonmetallic catalysts
for reformulation of gases from biomass gasification processes. They are relatively
inexpensive and are considered disposable. Catalytic efficiency is high when
dolomites are operated with steam. Also, the optimal lemperature range is between
about 800°C and about 300°C. The catalytic activity and the physical propertics of

dolomite degrade at higher temperatores,
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Dolomite is a calcium magnesium ore with the general chemical formula
CaMg(CO,), that contains ~20% MgO. ~30% CaQ, and ~45% CO, on a weight basis,
with other minor mineral impurities. Calcination of dolomile involves decomposition
of the carbonate mineral, ¢liminating CO, to form MgO-CaQ. Complete dolomile
calcination occurs at fairly high temperatres and is usually performed at 800°C-
900°C. The calcination temperature of dolomite, therefore, restricts the effective use

of this catalyst to these relatively high temperatures.

Olivine, another naturally occurring mineral has also demonstrated catalylic activity
similar to that of calcined dolomite. Olivine is typically more robust than calecined

dolomite.

Other catalytic materials that may be used include but ar: not limited to carbonate

rocks, dolomitic limestone and silicon carbide (SiC).

Char can act as a catalyst at lower temperatures. In one embodiment of the invention,
the reformulating zone is operatively linked to the primary processing unit, and at
least part of the char created is moved to the reformulaling zone for use as a catalyst.
TFor embodiments ulilizing char as catalyst, the catalyst bed is typically placed before

the energy source(s).

Syngas Outlet

The reformulating unit comprises one or more syngas outlets or ports to pass the

syngas from the reformulating zone to downstream processing or storage.

In one embodiment, the reformulating unit comprises one or more outlets for the
syngas located at or near the downstream end of the reformulating zone. The outlet(s)
may comprise an opening or, alternatively, may comprise a device to control the flow

of the syngas out of the reformulating zone.

In one embodiment, the outlet comprises the open second {(downstream) end of the

reformulating zone.

In one embodiment, the outlet comprises one or more openings located in the closed

second (downstream) end of the reformulating zone.
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In onc cmbodiment, the cutlel comprises an opening in the wall of the reformulating

zone near the second (downsiream) end.

QP1IONAL HEAT RECYCLING MEANS

Heat may be recovered from the syngas and be used for various porposes, including
but not limited 1o, heating the process additives (e.g. air, steam) for the process and/or
generating electricity in combined cyele systems. The recovered electricity can be
used to drive the gas reformulation process, thereby allevialing the expense of local

eleciricily consumphion.

In one embodiment of the invention, the heal recovered [rom the syngas is supplied to
the secondary processing unit and/or melling vnit. The heat exchanger may be
operated in conjunction with a control system optionally configured to minimize
cnergy consumption and maximize energy production/recovery, for ephanced

efficiency,

In one embodiment of the invention, a gas-to-fluid heat exchanger is to transfer the
heat from the syngas to a fluid resulling in a heated fluid and a cooled gas. The heat
exchanger comprises means (¢.2. conduit syslems) [or trans(er of the syngas and fluid
1o and from the heat exchanger. Suitable fluids include but are not limited to air,

water, 0il, or another gas such as nitrogen or carbon dioxide.

The conduit systems may oplionally employ one or more regulators (e.g. blowers)
appropriately located to manage the flow rates of the syngas and the fluid. These
conduit systems may be designed to minimize heat losses to enhance the amount of
sensible heat that is recoverable from the syngas. Heat loss may be minimized, for
example, through the use of insulating barriers around the condwits, comprising
insulating materials as are known in the art and/or by reducing the surface area of the

conduits.

In one embodiment of the invention, the gas-to-fluid heat exchanger is a gas-to-air
heat exchanger, wherein the heat is transferred from the syngas 1o air lo produce a

heated air. In one embodiment of the invention, the gas-to-fluid heat cxchanger is
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heal recovery steam generator, wherein the heat is transferred o water to produce

heated water or steam.

Different classes of heat exchangers may be used including shell and tube heat
exchangers, both of straight, single-pass design and of U-tube, multiple pass design.
as well as plate-type heat cxchangers. The selection of appropriate heat exchangers is

within the knowiedge of a worker of ordinary skill in the art.

Due to the significant difference in the air input temperature and hot syngas, cach tube
in the gas-lo-air heat exchanger optionally has individual expansion bellows to avoid
tube ruptore. Tube rupture may occur where a single tube becomes plugged and
therefore no longer expands/contracts with the rest of the tnbe bundle. In those
embodiments where the air pressure is greater than the syngas pressure, tube rupture

presents 4 high hazard due (o problems resulting from air entering gas mixture.

After heat is recovered in the gas-to-fluid heat exchanger, the cooled syngas may still
contain too much heat for the systems further downstream. Selection of an
appropriate system for further cooling of the syngas prior to conditioning is within the

knowledge of a worker skilled in the art.

In one embodiment, the hot syngas passes through the gas-to-air heat exchanger to
produce a partially cooled syngas and heated exchange-air. The ajr input to the heat
cxchanger may be supplied by a process air blower. The partially cooled syngas

undergoes a dry quench step, where the addition of a controlled amount of atomized

water results in further cooled syngas.

The cooling of the syngas may also be achieved using a wel, dry or hybrid cooling
system, The wet and dry cooling systems may be direct or indirect. Appropriate
cooling systemns are known in the art and as such a worker skilled in the art in view of

the requirements of the system would be able to select an appropriate system.

In one embodiment, the cooling system is a wet cooling system. The wet cooling
systern can be direct or indircet. In cooling systems that utilize indirect wet cooling, a
circulating cooling water system is provided which absorbs the heat from the syngas.

The heat is expelled to the atmosphere by evaporation through one or more cooling
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towers. Allernatively, to facilitate waler conservation, the waler vapor is condensed

and retumed to the system in closed loop.

In one embodiment, the cooling system 13 4 dry cooling system. The dry cooling
system can be direct or indirect. In one embodiment, the dry cooling system 1s a draft
dry cooling system. Althongh, dry cooling will add modestly o the cost of the

facility, it may be preferred in areas with a himited water supply.

In one embodiment, the syngas cooler is a radianl gas cooler. Various radiant gas
coolers are known in the arl and include those disclosed in US Palent Application No,
20070119577, and US Patent No. 5,233,943,

The syngas may also be cooled by direct water evaporation in an evaporator such as

quencher.

The exit temperature of the syngas may also be reduced by re-circulating, through
appropriately located inlets, cooled syngas to the gas reformulaling unit for mixing

with newly produced syngas.

CONTROL SYSTEM

A control systern may be provided to control one or more processes implemented in,
and/or by, the system and/or one or more functional units disclosed herein, and/or
provide control of one or more process deviees contemplated herein for affeeting such
processes. In general, the control system may operatively control various local and/or
regional processes related to a given system, function vnit or component thereof,
and/or related to one or more global processes implemented within 2 system, such as a
gasification system, within or in cooperation with which the various embodiments of
the invention may be operated, and thereby adjusts various control parameters thereof
adapted to affect these processes for a defined result. Various sensing elements and
response elements may therefore be distributed throughout the controlled system
and/or one or more controlled funetional units, or in relation t© one or more
components thereof, and used to acquire various process, reactant and/or product

characteristics, and if required generate or dctermine one or more adjnstments

100



conducive to achieving a desired resull, and respond by implementing changes in one

or more of the ongoing processes via one or more controllable process devices.

In general, the control system comprigses one or more compuling plafforms that are
configured to recelve one or or more signals indicative of one or more characteristics
related to the operation of the overall system, or one or more of the functional units
thereof. A characteristic can be indicative of one or more process implemented within
the system, one or more functional units or both; one or more inputs into the system
or one or more functional units or both: or one or more outputs generated by ihe
systemn or one or more [unctional units or both. As would be readily understood, an
input can be considered at an overall system level or a functional unit level.
Furthermore, an output can be indicative of something, for example, a gas, solid,
semisolid, liquid or other product or combination thereof, being transferred belween
functional units within the overall $ystem or an output can be indicative of something
that is exiting the svstcm for example. The control system is further configured to
determing onc or moere process control parameters, al least in part derived from the
one or more input signals in conjunction with one or more control loops or control
schemes. Each of the one or more contro] loop or control schemes provide a level of
parameterization of a desired level of operation of the system or one or more of the
functional units. The process control parameters which are generated by the control
system, can at least in part be used to control one or more response elements which
are configured to adjuste one or more aspects of operation of the system or one or

more of the functional units.

In some embodiments, the control system comprises, for example, one or more
sensing elements for sensing one or more characteristics related to the system, one or
more functional vnits, process(es) implemented therein, input(s) provided therefor,
and/or output(s) generated thereby. One or morc computing platforms are
communicatively linked 1o these sensing elements for accessing a characleristic value
representative of the sensed characteristic(s), and configured to compare the
characteristic value(s) with a predetermined range of such values defined 1o
characterise these characlerstics as suitable for selected operational and/or

downstream results, and compute one or morc process control parameters conducive
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lo maintaining the characteristic value with this predelermined range. A plurality of
response clements may thus be operatively linked to one or more process devices
operable o affect the system and/or one or more functional units, process, input
and/or output and thereby adjust the sensed characteristic, and communicatively
linked to the computing platform(s) for accessing the computed process control

parameter(s) and operating the process devica(s) in accordance therewith.

According to svme embodiments, the overall system comprises [our or more
functional units, wherein each of the functional units comprises one or more Zoncs. In
this embodiment, the control systemn is configured (o capture information relating to
one or more characteristics related to the overall system, and if required determine
one or more modifications to the operational conditions of the overall system in order
to develop the respective desired one or more zones in each of the four or more
functional units. In this manner, the control system can provide for the development,
creation, maintenance or adjustment of the operational conditions in order to ensure
the required one or more zones are provided in each of the [our or more functional
units. For example, the operalional conditions of the overall system together with the
four or more functional units in association with the structural configurations thereol,
including additive input locations for example, enable formation and/or maintenance
and/or modification of the desired zones within each of the four or more functional

units.

In somc embodiments, each of the four or more functional unils comprises an
associated control subsyslem, wherein these control subsystems are communicalively
linked such that the individual operation of each of these control subsystems is at least
in part controlled by a global contral system, thereby providing 1 means for enabling
modification of an operational characteristic in a first functional unit, based at least in
part on a characteristic determined in relation to another functional unit. In this
manner, the global control system can enable an alignment with desired functionality

of the overall system.

In some embodiments, the control system is confligured to provide real time control of

the operational conditions of the entire gasification system. In some embodiments,
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the conlrol system is configured to provide just in time conlrol of the operational

conditions of the entire gasification system.

In some embodiments, the control sysiem is confligured to provide a combination of
just in time control and real time control of the operational conditions of the entire
gasification system. For example, a configuration ol the control system includes a
global control system and one or more control subsystems cach of which are
configured for control of a portion of the enlire gasification system, for example a
functional unit, or a particular zonc in a particular functional unit, or thi like. In this
example, one or more of the control subsystems can be configured to provide
substantially real-time control of the respective functional unit or particular zone in a
particular functional unit, and the entire contor] system is configurd to provide just in
lime overall control of the entire gasification system. It will be readily understood
that the configuration and operational timing of the control system can be provided in
a plorality of configurations, and these configurations can be dependent on for
example, the complexity of the desired control, level of desired control, acceptabilily
ranges of the one or more processes being performed by the gasification system, the

sensitivity to modifications of the onc or more processes and the like.

In one embodiment, the conirol system provides a feedback, fecdforward and/or
predictive control of the system, one or more funclional units, processes, inputs and/or
outputs related to the conversion of carbonaceous feedstock into a gas, so to promote
an efficiency of one or more processes implemented in relation thereto. For instance,
various process chamacleristics may be cvaluated and controllably adjusted o
influence these processes, which may include, but are not limited to, the heating value
and/or composition of the feedstock, the characteristics of the syngas (e.g. heating
value, temperature, pressore, flow, composition, carbon content, efc.), the degree of
variation allowed for such characteristics, and the cost of the inputs versus the value

of the culputs.

In some embodiments, continuous and/or real-time adjostments to various control
parameters, which may include, but are not limited (o, heat source power, additive

feed rate(s) (e.g. oxygen, oxidants, steam, efc.), feedstock feed rate(s) (e.g. onc or
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more distincl and/or mixed feeds), gas and/or system pressurefflow reguolators (e.g.
blowers, relief and/or control valves, flares, erc.), and the like, can be executed in a
manncr whereby one or more process-relaied characteristics are assessed and

modified according to design and/or downstream specifications.

In a system and/or one or more functional units utilizing pure feed-forward control,
changes in the environment related to the system and/or one or more functional units
in the form of a measured disturbance, results in a response that is pre-defined. In
contrast, a system and/or one or more funclional units uwtilizing [eedback control
enable the maintenance of a desired state of the system and/or onc or more functional
units.  Therefore, depending on the level of accumcy of the modelling or
parameterization of the operation of the system and/or one or more functional units,

feedbuck control may not have the level of stability problems of fecdforward control.

According to embodiments, feed-forward contral can he timely effective when the
following prerequisites are met: the disturbance must be measurable, the effect of the
disturbance to the output of the systern must be known and the time it takes for the
disturbance to affect the output is longer than the time it takes the feed-forward

control to affect the output,

Feed-forward control can respond quicker to known and measurable kinds of
disturbances, however it may be an inappropriate control mechanism should novel
disturbances be somewhat consistent. In contrast, feed-back control can provide a
level if control of one or more deviations from desired system and/ or functional unit
behavior. However, feedback control requires one or more measured variables
(output) from the system or one or more functional units o react to the disturbance in
order to identify a deviation. Upon identification of a deviation a feedback control
system can provide for a modification to one or more characteristics of the operation
of the system and/or one or more funclional units in order to move operation of the

system and/or one or more functional unils back to a desired level.

Feedlforward and feedback control are not mutually exclusive. In some embodiments,
the control system includes both feedforward and feedback control configurations.

For example, feedforward control can be used to provide a relatively quick response
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adjustments necessary based on specific inputs, and an additional feedback control
syslem can provide a means for readjustment of system operation, or ¢rror correction
based on the predetermincd adjustment made by the feed-forward system. According
10 some embodiments, the integration of both feedforward and feedback control can
provide a means for a relatively quick initial response and snbstantantially reduction

of operational error.

In some embodiments, the overall system can be controlled using [ecdback control
and each of the ope or more funclional units can be controlled uwsing feedback or
feedforward control. For example, the selection of feedback or feedforward control
for each of the functional units can be determined based on the level ol sophisitication
of the modelling or parameterization of the operation of the function of the respective
functional unil. The more complete the modelling, the more hikely that [eedforward
may be applicable o a respective functional unit. In some embodiments, the
operational control of one or more of the functionzl units is provided by both

[eedback and feedlorward control.

In some embodiments of the invention, model predictive control technigues may be

used In the system and/or one or more functional units.

In corrective, or feedback, control the value of a conurol parameter or control variable,
monitored via an appropriate sensing element, is compared to a specified value or
range. A control signal is determined based on the deviation between the two valoes
and provided to a control element in order to reduce the deviation. It will be
appreciated that a conventional feedback or responsive control system may further be
adapted Lo comprise an aduptive and/or prediclive ¢component, wherein response to a
given condition may be tailored in accordance with modeled andfor previously
monitored reactions to provide a reactive response to a sensed characteristic while
limiting potential overshoots in compensatory action. For instance, acquired and/or
historical data provided for a given system configuralion may be used cooperatively
to adjust a rcsponse to a system and/or process characteristic being scnsed to be
within & given range from an optimal value for which previous responses have been

monitored and adjusted to provide a4 desired result. Such adaptive and/or predictive
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control schemes are well known in the arl, and as such, are nol considered to deparl

from Lhe general scope and nature of the present disclosure.

Alternatively, or in addition thereto, the control system may be configured to monitor
operation of the various components of a the system and/or one or more funcational
units for assuring proper operation, and optionally, for cnsuring that the process(es)

implemented thereby are within regulatory standards, when such standards apply.

In accordance with on¢ embodiment, the conirol system may further be used in
monitoring and controlling the (olal energetic impact of the system and/or one or
more functional vnits. For instance, the system and/or one or more functional nnits
may be operated such that an energetic impact thereof is reduced, or again minimized,
for example, by optimising one or more of the processes implemented (hereby. or
again by Increasing the recuperation of energy (e.g. waste heat) generated by these
processes. Alternatively, or in addition thereto, the control system may he configured
Lo adjust a composition and/or other characleristics (e.z. temperature, pressure, flow,
ete.) of a syngas generated via the controlled process(es) such that such characteristics
are not only suitable for downstream use, but also substantially optimized for efficient
and/or oplimal use. For example, in an embodiment where the syngas is used for
driving a gas engine of a given type for the production of electricity, the
characteristics of the syngas may be adjusted such that these charactenistics arc best

maiched to optimal inpul characteristics for such engines.

In one embodiment, the control system may be configured to adjust 4 given process
such that limitations or performance guidelines with regards to rcactant and/or
product residence times in varions components, or with respect to various processes
of the overall process are met and/or optimized for. For example, an upstream process
rate may be controlled so to substantially match one or more subsequent downstream

processes.

In addition, the contral system may, in various embodiments, be adapted for the
sequential and/or simultaneous control of various aspects of a given proccss in a

continuous and/or real time manner,

106



According to embodiments, the control system compriscs one or more control loops
enabling the determination of one or more adjustments to be made to the operational
of the sysiem apd/or one or more [unctiopal units, in order 1o achieve one or a
combination of desired results. A control loop can be representative of the overall
functionality of the system, the overall functionality of a functional unit, the
functionality of a subcomponent of a functional unit, a combination thereof or a

subcomponent thereof.

In some embodiments, the control system includes a plorality of control loops,
wherein each of the contro] loops is associaled with a desired level of functionality of
the system, one or more functional units or subcomponenis thereof. Each of the
plurality of control loops can be assigned a level of hierarchy in order to enable the
control system to delermine which control loop is o either be considered or evaluated
first or aven considered to be the most imporiant to meet the requirements thereof,
This level of hierarchy of the plurality of control loops can thereby provide a means
for enabling the ¢ontrol system (o determine which of the plurality of control loops o
altemnpt to satisfy, should there be conflicting outcomes of one or more processes of
the system and/or functional units associated with two or more of the plurality of

control loops.

According Lo some embodiments of the present technology, the control loops can be
configured as a plurality of nested control loops, wherein each control loop of a
particular nest of control loops can be assigned a weighting factor, for example a
higher weighting factor can represent a higher importance for meeting the
parameterization associated with that particular control loop. In addition for example,
a weighting function for a particular contral loop can dependent on one or more
conditions associated with the system and/or functional units, wherein this
dependency can result in a modification or adjustment of the importance level of the

control loop, thereby resulting in an adjustment of the heirarchy of the control loops.

In general, the control system may comprise any type of control syslem architecture
suitable for the application at hand. For example, the control system may comprise a

substaptially centralized control system, a distributed control system, or a
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combination thereol. A centralized control syslem will generally comprise a cenlral
controller configured to communicate with various local and/or remote sensing
devices and response elements configured to respectlively sense various characteristics
relevant 1o Lhe controlled process, and respond thereto via one or more ¢ontrellable
process devices adupted to directly or indircetly affect the controlled process. Using a
centralized architecture, most computations are implemented centrally via a
ceniralized processor or processors, such that most of the necessary hardware and/or

software for implementing control of the process is located in a same location,

A distributed control system will generally comprise two or more distributed
controllers which may cach communicate with respective sensing and response
elements for monitoring local and/or regional characteristics, and respond thereto via
local and/or regional process devices confligured to affect a local process or sub-
process. Communication may also take place between distributed controllers via
various network configurations, wherein a charscteristic sensed via a first controller
may be communicated o & second controller for response thereat, wherein such distal
response may have an impact on the characteristic sensed at the first location. For
example, a characteristic of 3 downstream syngas may be sensed by a downstream
monitoring device, and adjnsted by adjusting a contro! parameter associated with the
drying / volatilization unit that is controlled by an upstream controller. In a distributed
architecture, control hardware and/or software i also distributed belween controllers,
wherein a same but modularly configured control scheme may be implemented on
each controller, or various cooperative modular control schemes may be implemented

on respective controllers.

Alternatively, the control system may be subdivided into separate  yet
communicatively linked local, regional and/or global control subsystems. Such an
architecture could allow a given process, or serics of interrelaled processes o take
place and be controlled locally with minimal interaction with other local control
subsystems. A global master control systern could then communicate with each
respective local control subsystem to direct necessary adjustments to local processes

for a global result.
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According lo embodiments, a locul control system is associated with each of the
functional units and configured to control, in response to inputs from within the
functional unit and/or from outside the functional unit, the processes being performed
in the same funciional unit. A global control system is operatively coupled to each of
the functional unit controllers, thereby providing a means for providing a level of

overall management of system operation.

The control system of the present invention may vse any of the above architectures, or
any other architecture commonly known in the arl, which are considered to be within
the general scope and nature of the present disclosure. For instance, processes
controlled and implemented within the context of the present invention may be
controlled in a dedicated local environment, with optional external communication to
any central and/or remote control system used for related upstream or downstream
processes, when applicable. Alternatively, the control system may comprise a sub-
component of a regional and/or plobal control system designed to cooperatively
control a regional and/or global process. For instance, a modular control system may
be designed such that control modules interactively control various sub-components
of a system, while providing for inter-modular communications as necded for regional

and/or global control.

The control system generally comprises one or more central, networked and/or
distributed processors, one or more inputs for receiving current sensed characteristics
from the various sensing elements, and one or more outpuls for communicating new
or updated control parameters lo the various response elements. The one or more
computing platforms of the control system may also comprise one or more local
and/or remote computer readable media (e.g. ROM, REAM, removable media, local
and/or nctwork access media, etc.) for storing therein various predetermined and/or
readjusted control parameters, set or preferred system and process characteristic
operaling runges, systern monitoring and control software, operational data, and the
like. Optionally, the computing platforms may also have access, either directly or via
various data storage devices, to process simulation data and/or system parameter
optimization and modeling means. Also, the computing platforms may be equipped

with one or more optional graphical user interfaces and input peripherals for

109



providing managerial access lo lhe control system (system upgrades, mainienance,
modification, adaptation 10 new system modules and/or equipment, etc.), as well as
various optional output peripherals for communicating data and information with

exlemnal sources (e.g. modem, network connection, printer, cte.).

The processing system and any one of the sub-processing systems can comprise
exclusively hardware or any combination of hardware, firmware and software. Any of
the sub-processing systems can comprise any combination of one or more
proportional (P), integral (I) or differentiat (D) controllers, for cxample, a P-
controller, an I-controller, a Plcontroller, a PD controlier, a PID controller ete. It will
be apparent to a person skilled in the art that the ideal choice of combinations of P, I,
and D controllers depends on the dynamics and delay time of the part of the reaction
process of the gasification system and the range of operating conditions that the
combination is intended to control, and the dynamics and delay time of the
combination controller, It will be apparent to a person skilled in the art that these
combinations ean be implemented in un apnalog hardwired form which can
continuously monitor, via sensing elements, the value of a characteristic and compare
it with a specified value to influence a respective control clement to make an adequalte
adjustmenl, via response elements, to reduce the difference between the observed and
the specified value. It will further be apparent to a person skilled in the art that the
combinations can be implemenied in a mixed digital hardware sofiware environment.
Relevant effects of the additionally discretionary sampling, data acquoisition, and
digital processing are well known to a person skilled in the art. P, I, D combination

control cun be implemented in feed forward and feedback conirol schemes.

Control Elemenis

Scnsing clements contemplated within the present comtext, as defined and described
above, can include, but are not limited (o, elements thal monitor gas chemical
composition, flow rate and temperature of the syngas, monitor temperature, monitor
the pressure, monitor opacity of the gas and various parameters relating to the energy

source (for example, power and position).

According to embodiments, 4 resulting H>:CO ratio in syngas is dependant on various
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factors not limited (o the operating scenario (pyrolytic or with adequate Oy/Air). on
the processing temperature, the moisture content and the Hx:CO ratio of the initial
gas. Gasification technologies penerally yield a syngas whose Hz:CO ratio varies
from as high as about 6:1 to as low as about 1:1 with the downstream application
dictating the optimal Hz:CO ratio. In one embodiment, the resuliing Hz:CO ratio
ranges from about 1.1 and about 1.2. In one embodiment, the resulting H2:CQ ratio is

1.1:1.

Taking into account one or more of the above factors, according to embodiments, the
control system regulates the composition of the syngas over a range of possible
Hy:CO ratios by adjusting the balance between applied gas energizing field {c.g.
plasma torch heat), process additives (e.g. air, oxygen, carbon, steam) thereby

allowing syngas composition to be optirnized for a specific downstream application.

In some embodiments, a number of operational parameters may be regularly or
continuously monitored to determine whether the Gas Reformulating System is
operating within the optimal set point. The parameters being monitored may include,
but are not limited to, the chemical composition, flow rate and temperature of the
syngas, the temperature at various points within the system, the pressure of the
systemn, and various parametcrs relating to the gas energizing sources (e.g. power and
posilion of plasma torches) and the data are used to determine if there needs 1o be an

adjustment to the system parameters,

[he Composition and Opacity of the Syngas

The syngas can be sampled and analyzed using methods well known to the skilled
technician. One method that can be used to determine the chemical composition of
the syngas is throngh gas chromatography (GC) analysis. Sample points for these
analyses can be located throughout the system. In one embodiment, the gas
compositon is measured using a Fourier Transform Infrared (FTIR) Analyser, which

measures the infrared spectrum of the gas.

According to embodiments, the contorl system can be configured to determine

whether too much or too little oxygen is present in the syngas stream and adjusting
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the process accordingly. In une embodiment, an analyzer or sensor in the carbon
monoxide stream detects the presence and concentration of carbon dioxide or other
suilable reference oxygen rich material.  In one embodiment, oxygen is measured

directly.

In one embodiment of the invenlion, a thermogravimetric analyzer (TGA) may be

nsed,

In onc crmbodiment, the sensors analyze the composition of the syngas for carbon
monoxide, hydrogen, hydrocarbons and carbon dioxide. Based on the data analyzed,
a controller sends a signal to the oxygen and/or steam inlets to control the amount of
oxygen and/or steam injected into the chamber and/or a signal to the gas energizing

source(s).

In one embodiment, one or more optional opacity monitors are installed within the
system to provide real-time feedback of opacity, thereby providing an optional
mechanism for automation of process additive inputl rates, primarily steam, to

maintain the level of particulate matter below the maximum allowable concentration.

Ihe Temperature at Various Toecations in System

In an embodiment, there is provided means to monitor the temperature of the syngas
and the temperature at sitcs located throughout the system, wherein such data arc
acquired on a condnuons basis. Mcans for moniloring the temperature in the
chamber, for example, may be locared on the outside wall of the chamber, or inside
the refractory at the top, middle and bottom of the chamber. Additionally, sensors for

monitoring the exit temperature of the syngas are provided.

In an embodiment, the means for monitoring the temperature is provided by

therrmocouples installed at Jocations in the system as required.

The Pressure of System

In one embodiment, there is provided means to monitor the pressure within the
chamber, wherein such data are acquired on a continuous, real time basis. In a further

embodiment, these pressure monjtoring reans comprise pressure sensors such as
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pressure transducers or pressure taps located anywhere on the drying / volatilization

unit, for example on a vertical wall of the drying / volatilization unit.

The Rate of Gas Flow

In an embodiment, there is provided means to monitor the flow rate of syngas at sites

located throughout the system, wherein such data are acquired on a continuous basis.

Fluctuations in the gas flow may be the result of non-homogeneous conditions (e.g.
torch malfunction or out for electrode change or other support equipment
malfonction). As a temporary measure fluctuations in gas flow may be corrected by
feedback control of blower speed, feed rales of material, secondary feedstock, air,
steam, and torch power. If fluctuations in gas flow persist, the system may be shut

down until the problem is solved.

Addition of Process Additives

In an embodiment, the control system comprises response elements to adjust the
reactants, including any process additives, to manage the chemical reformulating of
initial gas to syngas. For example, process additives may be fed into the chamber ©
facilitate the efficient reformulating of an initial gas of a certain chemical composition

into a syngas of a different desired chemical composition.

In one embodiment, if the sensors detect excess carbon dioxide in the syngas, the

steam and/or oxygen injection is decreased.

Response elements contemplated within the present context, as defined and described
above, can include, but are not limited to, various control elements operatively
coupled to process-related devices configured to affect a given process by adjustment
of a given control parameter related thereto. For instance, process devices operable
within the present context via one or more response elements, may include, bul are
not limited to elements that regulate oxygen source(s) inputs and the gas energizing

S0Urce(s).

Adiusting Gas energizing fiald (e.g. Fower 10 a Torch)
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The gas energizing field may be altered. In one embodiment, the plasma lorch heat 1s
controlled Lo drive the reaction. Addition of air into the chamber also bears part of the
torch heal load by releasing torch heat energy with combustion of syngas. The flow

rate of process air is adjusted to keep torch power in a soitable operating range.

In one embodiment, the plasma torch power is adjusted to stabilize the syngas exit
temperatures al the design set point. In one embodiment, the design set point is above

1000°C to promote full decomposition of the tars and soot in the gas.

Adjusting Pressure within the System

In one embodiment, the control syslem comprises 4 response element for controlling
the internal pressure of the chamber. In one embodiment, the internal pressure is
maintained at 4 negative pressure, i.e., 4 pressure slightly below atmospheric pressure.
For example, the pressure of the chamber may be maintained at about 1-3 mbar
vacuum. In one embodiment, the pressure of the system is maintained at a positive

pressore,

An exemplary embodiment of such means for controlling the internal pressure is
provided by an induction blower in gaseous communication with the Gas
Reformulating Systern. The induction blower thus employed maintains the system at
a negative pressure. In systems in which positive pressure is maintained the blower is
commanded to operate at Jower RPM than the negalive pressure case Or 4 COMpressor

may be used,

According to embodiments, in response to data acquired by pressure sensors located
throughout the systern, the speed of the induction blower will be adjusted according to
whether the pressure in the system is increasing (whereby the fan will increase in

speed) or decreasing (whereby the [un will decrease in speed).

According to embodiments, the system may be maintained under slight negative
pressure relative to atmospheric pressure to prevent gases being expelled into the

environment.

According to embodiments, pressure can be stabilized by adjusiting the syngas
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blower's speed. Optionally, at speeds below the blower’s minimum operating
frequency, a secondary control overrides and adjusts the recirculation valve insteadl.

Once the recirculation valve retarns to fully closed, the primary control re-engages.
Example Control Concepts

According to embodiments, the plurality of control loops can be configured such that
they represent onc or more control variables selected from the group comprising:
syngas LHV flux (MI/hr), Lower Heating Value - LHV (MJ/m3), Syngas flow
(m3/hr), Feed rate (kg/hr) which muay be considered if a specified throughput is
desired, Syngas composition (CO:CO2 ratio, CH4, H2) and Slag Flow (kg/hr).
Furthermore, the plurality of control loops can be configured such that they represent
one or more manipulated variables selected from the group comprising: Ram cycle
time {seconds), ram travel speed, Process Air Flow which ean include one or more of
CRV air {m3/hr) and Bottom grate air zones (m3‘/hr) and refining chamber air
(m3/hr), Air blower discharge pressure (mBar), Refining Chamber Torch power
(kWeletrical), Solid Residue Meher torch power (kWelectrical), Solid Residue Melter
burner power (kWthermal). In some embodiments, an optimal ram motion sequence
ts selected via testing, and is not adjusted by the control system. In addition, the
plurality of control loops can be configured soch that they represent one or more
constraints selected from the group comprising: Air box temperatures {°C), Converter
gas phasc temperamures (°C), Refining chamber gas temperatures (°C), System
pressure drop (syngas blower motor current, vessel design pressures), Air flow control
valve (FCVs) position (%), (CRV, bollom grate air zones & refining chamber), Melt
Chamber Temperature (°C), Primary Converter Level (cm), CRV Upper Chamber
Level (cm) and Solid Residue Melter Level (cm).

According to some embodiments, the ultimate goal for the facility is to maximize
electricity production, which can be achieved by ensuring that the flux of energy to
the each engine to which the syngus is supplied, is sufficient to keep each engine
operating at full load. Syngas cnergy flux is the syngas flow multiplied by the syngas
heating value. Improving conversion efficiency and/or increasing throughput will

enable the flux to be substantially maximized, thereby ensuring that the engines
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remain at [ull loud.

According 10 emnbodiments, there are two main methods to increase synyas [low;
Increasing air flows, and/or increasing {eed rate. Increasing air flows beyond 4 cerlain
oplimum can begin to rednce the heating value; thereby negatively impacting the
overall LHV {lux. Therefore, there 1s an optimum air flow to achieve both high flow
and high LHV. The control system can be configured to evaloate LHV and syngas
flow, and manipulate the system and/or one or more functional units associated air

flows to optimize.

In some embodiments, if conversion is poor due to reduced in-feed energy quality,
extra in-feed moisture, varying ambient condilions (shell losses from wind/air), the
control system can be configured toadjust feed rates to ensure the engines are always
fully loaded. When feed rate is adjusted, the control systemn can be further configured
to adjust air flows Lo keep the conversion (therchby the LHV flux) optimized. In
addition, feed rate can be adjusted by manipulating the ram cycle time or rm travel
speed, which will displace more material through the system thereby increasing

throughput and syngas genecration.

According to embodiment, there are constraints that limit the ability to adjust some of
the manipulated variables. For example, the bottom grate can have thermocouples
installed in each cariridge, wherein the information captured f{rom these
thermocouples can be vged to serve as an indication of level of reaction throughout
the varions stages of the grate, and additionally notify or identify any potential hot
gpots or locations of potential over conversion. A primary purpose of these
thermocouples is to protect against cxcecding bollom grale design temperatures,
however they are also be used by the conirol system 1o identify potential degrees of

CONVErS10mn.

According to embodiments, the gas phase temperatures, located above the bottom
grate and the pile of converting material can be used to indicate localized hot spots
from combustion. Both the air box temperatures and the gas phase temperatures are
vsed by the control system to modulate air flow rates to each of the bottom grate air

zones, which can impact the degree of conversion; thereby substantially directly
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impacting the syngas flux.

According to cmbodiments, there are temperalure measurcments being made
throughout the refining chamber, wherein these measurements can be used to adjust
air flow rates. According to embodiments, these iemperature measurements can only
be used for adjusting low rates in the refining chamber air flow, The response to
refining air flow rates is seen on temperatures however they can also be vsed to
control syngas flow and LHV. In some embodiments, the refining chamber
temperatures can be used to protect against excceding refraciory design temperalures,
however they may also be used by the control system to modulate refining air flow

rates,

According to embodiments, the refining chamber temperatures are determined at
locations downstream of the torches, and this information can be used by the control
system to modulate the torch power. Syngas temperature control at that point is an
optimization between refining air flow and torch power. According to embodiments,
a goal of the control system as it relates to torch power is to minimize power
consumption while optimizing conversion and tar destruction. Therefore, syngas
composition (CO:CO2 ratio, CH4, H2) models and temperature models are also used

by the control system to substantially optimize the torch power.

According (¢ embodiments, another limitation to the air flow rates and the feed rate
(for example ram cycle dme or travel speed) is related to vessel pressure drops. For
example, as syngas flow generation is increased, pressure drops throughout the
process also increase. If these pressure drops get too high, vessels could reach their
pressure or vacuum design ratings, or the syngas blower, which 15 a main mover for
the syngas, can excecd its design capacity and reach high current on its motor, or its
top speed. Accordingly, in some embodiments, these pressure drop constraints can

limit the increase in feedrate and atr flowrates.

According to some embodiments, there is an electrical parasitic power optimization
control that runs independently of the syngas flux optimization controller. This
parasitic powcer optimization controller can be configured to reduce the process air

blower discharge pressure as low as possible 10 minimize the air blower horse power
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~ thereby reducing plant power puarasilic. According to embodiments, Lhere are
constraints on how low the air blower discharge pressure can be lowered, whercin
these constraints can include the air flow control valve positions, for example localed
at bottom grate, refining chamber, CRV. According to embodiments, air FCVs (flow
control valves) are typically maintained a set valve opening that allows for a desired

level of flow control.

According to embodiments, a main control loop in the CRV is the bed height level
control. Bed height is maintained by manipulating CRV process air flow and SRM
burmer firing rate. As more material accumulates in the CRV, air flow rates are
typically increased to convert it. According to embodiments, the burmer firing rate 15
a secondary control knob used to control bed height as it provides heat flux from the
lower SEM and aids in heating/converting the lower portion of the CRV bed height.

According to embodiments, response to air flow rate and burner firing rate
adjustments are monitored by a syngas analyzer. For example, 2 goal 15 to optimize
syngas flux which is indicative of syngas flow time syngas heating value. For
example, althaugh the pile height level control may call for more air flow, if too much
air is added, the LHV or other syngas parameters (CO:CO; ratio, carbon rate, Ho,
CH,) may go past a optimum or desired level. In such a case, air cannot always be cut
back since pile height must be maintained, however in this instance feed rate can be

cut back, in order to compensate.

OrTIoNal, FURTHER PROCESSING

The syngas stream may undergo further processing before being utilized in a
downstream application, stored or flared off. For example, the reformulated gas may

cooled, conditioned, and/or held in a holding tank.

Typically, syngas exits the reformulation unit at a high temperature, for example, a
temperature of approximately 1050 °C. In one embodiment, the syngas is cooled prior to any

turiher processing,

In one embodiment, the syngas is conditioned to remove additional impurities, For

example, the syngas can be passed through a gas conditioning system in which the
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syngas is treated to remove remaining particulate matter, acid gasexs (HCL, H38) and/or
heavy metals. Examples of suitable treatments include, for example, venturi
scrubbers, HCl scrubbers to remove acid gases, HaS scrubbers to remove hydrogen
sulfide, electro-filters and fabric baghouse filters for final removal of particulates, and

a carbon beds for removal of any remaining tars and heavy metals.

The syngas may also be passed through a homogenization chamber, the residence
time and shape of which is designed to encourage mixing of the reformulated gas to

attenuate fluctuations in the characteristics thereof.

STRUCTURE OF THE CARBON CONVERSION SYSTEM UNITS

Typically, the Carbon Conversion System comprises one or more compartrents each
comprising one or more of the functional units of the system. For example, the four
functional units comprised by the Carbon Conversion Systern may be provided as
discrete interconnected compartments or two or more of the units may be provided as
a single compartment. When more than one unit is provided in a single compartment,
the compartment may comprise discrete sections or may be substantially uniform in
structure. In certzin embodiments, these compartments may be referred to as
“chambers.” The various compariments are designed to provide a sealed, insulated
space for processing of feedstock into syngas and to allow for the passage of syngas
to downstream process such as cooling or refining or other and for processing of ash
into slag. The design of the compartments reflects the specific requirements of the
processes taking place in the units. The design may optionally provide for access to
the interior of the Carbon Conversion System for inspection, maintenance and repair.
The compartment(s) may optionally be flanged to facilitate the replacement of the

individual units or zones.

For use in the Carbon Conversion Sysiem, the compartments muy be refractory-lined
and may be manufactured with multiple layers of materials as are appropriate. For
example, the outer layer, or shell, is typically steel. Moreover, it may be beneficial to
provide one or more insulating layers between the inner refractory layer and the outer

steel shell to reduce the temperature of the steel casing.  An insulating board around
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the ounter surface may also be provided 1o reduce the temperature of the steel casing.
Oplionally, a ceramic blanket may be used as an insulator. When room for expansion
of the refractory without cracking is required, a compressible material, such as a
ceramic blanket, can be nsed against the steel shell. The insulating materials are
selected to provide a shell temperature high enough to avoid acid gas condensation if
such an issue is relcvant, but not so high as fo compromise the integrity of the outer

shell.

The refractory protects the compartment from high temperatures and corrosive gases
and minimjzes unnecessary loss of heat. The refractory material can be a
conventional refractory material well-known to those skilled in the art and which is
suitable [or use for 2 high temperature e.g., a temperatore of about 1100°C to 1800°C),
un-pressiurized reaction. When choosing a refractory system [aclors Lo be considercd
include interpal temperature, abrasion: erosion and corrosion; desived heat
conservation/limitation of temperature of the external vessel; desired life of the
reftaclory. Examples ol appropriate refractory malerial include high temperature
fired ceramics, fe., aluminum oxide, aluminum nitride, aluminum silicate boron
nitride, zirconium phosphale, glass ceramics and high alumina brick containing
principally, silica, alumina, chromia and titania. To provide furiher protection from
corrosive gases the compartment can optionally be partially or fully lined with a
prolective membrane. Such membranes are known in the art and, as such, 4 worker
skilled in the art would readily be able to identify appropriate membranes based on
the requirements of the system and, for example, include Sauereisen High

Temperature Membrane No 49.

In one embodiment, the refractory employed in the Carbon Conversion System 15 a
multilayer design with a high density layer on the inside to resist the high
lemperature, abrasion, erosion and corrosion. Qutside the high density material is a
lower density material with lower resistance properties but higher insulation factor.
Optionally, outside this layer is a very low density foam board material with very high
insuladon factor and can be used becanse it will not be exposed to abrasion of erosion.

Appropriate materials for use in a multlayer refractory are well known in the art.
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In vne cmbodiment, the mullilayer refractory compriscs an internally onented

chromia layer; a middle alumina layer and an outer insulboard layer.

Optionally, the refractory in the individual zones and regions may be specifically
adapted [or the environment within that particular area of the compartment. For
ciample, the melting unit may have a thicker refractory where the working
temperature is higher. In addition, the refractory of the melting unit may be adapted
to withstand higher temperatres and be designed to limit slag penetration into he

refractory thereby reduce corrosion of the refraciory.

The wall of the compartment can optionally incorporate supporis for the refractory
lining or refractory anchors. Appropriate refractory supports and anchors are known

in the arl.

Due to the severe operating conditions, it 15 anticipated that the refractory may require
periodic maintenance. Accordingly, in one embodiment, flanged chambers are
utilized in the Carbon Conversion System. In one embodiment, the chamber is
suspended from a support structure such that the lower portion can be dropped away
from the upper portion to facilitate maintenance. This embodiment provides for
removing the lower portion without disturbing any connections between the chamber

upper portion and upstream or downstream components of the system.

To gain a better understanding of the invention described herein, the following
examples arc set forth. It will be understood that these examples are intended to
describe illustrative embodiments of the invention and are not intended to limit the

scope of the invention in any way.

EXAMPLES

Example 1

Referring to Figures 110A w G, in one embodiment, the Conversion System
comprises 2 horizontally-oriented primary processing unit (4000) with moving grate
(4002), a combined vertically oriented secondary processing (4201) and meliing unit

(4250) with inter-zonal region and plasma torch (4301), and gas reformulating unit
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with cyclonic separator (4400), refining chamber (4302) and two plasma lorches
(4301).

Horizontally-Oriented Prispary Processin it

The horizontally-oriented primary processing unil is refractory-lined and has a
feedstock input with hydraulic pump and airlock, various service and access porls are
also provided. Refemring to Figures 117 to 120, the horizontally-oriented primary
processing unit has a stepped floor with a plorality of floor levels, Each floor level s
sloped to facilitale movement of reactant material through the unjt without tumbling
of unprocessed feedsiock. Individual (loor levels correspond to a combined lateral
transfer and air input cartridge such that a plurality of these cartridge (2000) form the

moving grate.

The side walls of the primary processing unit are provided with opening for the
insertion of the individual cartridges. Adjacent cartridges are inserted from opposite
sides of the unit. When installed, individual cartridges are covered, in part, by the
cartridge above it, such that only a portion of an individual cartridge is exposed to the

intenor of the unit.

Referring to Figures 90 to 96, a series of individual cariridges in sifu forms a moving
grate (4002). An individual cartridge (2000) comprises both support/connection
elements and functiopal elememts. The suppor/connection elements include the
cartridge framework (2010) and connection plate (2005) specifically configured for
sealing connection to the shell of the primary processing unit. Refractory (not shown)
is provided between the cartridge structure and connection plate (2005) to reduce heat
loss and heat transfer lo the conneclion plate. Once inserted, the cartridges are
securcd wsing appropriate [asteners. The cartridge includes alignment guides (2015)
to facilitate the correct insertion of the cartridge into the chamber wall and installation
notches (2020) to allow for the insertion of tools o facilitate the insertion and removal

of the cartridge from the primary processing unit.

The functional elements of the cartridge include air box components and lateral
transfer components, The air box of the cartridge is 2 composite of multiple smaller

ajr boxes (2025) constructed from thick carbon steel.
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Air enters the primary processing unit at the bottom of the pile of reactant material
through air holes (2030) or pedforations in the top of each air box (2025). The air is
supplicd to the individual air boxes via a single air manifold (2035) connected Lo an
air pipe (2040) which connects to a hot air hook up flange (2045) in the connection

plate. The connection plate further includes inputs for thermocouples (2046).

The lateral transfer cormponents of the cartridge include a multiple-linger currier ram
(2050), engagement elements and drive system. Individual ram fingers (2051) are
attached to a ram body (2055) via pins or shoolder bolts (2060}, which do not tighten
on the individual finger. The ram body is connected to a drive engagement plate

(2065) that includes (wo parallel racks (2070).

The individual ram fingers (2031) comprise a groove configured to engage a T-shaped
(2075) or half T-shaped engagement elements {2078) located between individual air
boxes and the outside air boxes and the cartridge framework respectively. The
engagement elements which hold the rams in proximity to the surface of the air box
such that the rams scrape the air box surface during back and forth movement thereby

avolding clinker build up.

Power for moving the multiple-finger ram is provided by a hydraulic piston (2080).
Briefly, in the illustrated embodiment, power to propel the ram is supplied by a
hydraulic piston (2080) which drives two pinions (2085) on a shaft (2086) via a rotary
actnator (2090) selectably in the forward or reverse dircction atlowing for extension
and retraction of the rams at a contrelled rate, Position sensors transmit ram position
information to the control system. Two pinions (2085) engage parallel racks (2070)

on the drive engagement plale (2065).

Vert] Oriemted Secondary Processing and Melting Unit
Referring to Figure 114, the combined vertically oriented secondary process and
meltng unit is a vertical extension of the primary processing unit and receives
processed feedstock directly there from. The combined vertically oriented secondary
processing and melting unit is segregated by an inter-zonal or inter-unit region inte an

upper sccondary processing vnil and lower melting vnit. The secondary processing
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unil i maintained at a lemperature of about 950°C to about 1100°C and the melting

unit is maintained at a temperature of about 1350°C to about 1600°C.

The combined vertically oriented conversion and melting unit comprises a refractory-
lined vertically-oriented chamber with a slag oullel, and heating syslem comprising

air boxes and plasma torch.

Referring to Figure 114, heated air is introduced into the secondary processing unil
via eight air boxes (44()2) located proximal to the downstream end of (his unit. The
air feed (o the air box s conlrollable allowing (or regulation of the conversion
process. The air flow rate is controlled by the feed/air ratio and operating temperature
change. Optionally, steam may be injected into the secondary processing unit via the

steam injection ports.

Referring to Figures 114 and 129, the secondary processing unit tapers to the
narrowed inter-zonal or inter-unit region.  The inter-zonal region or inter-onit
comprises a physical impediment to support the reactant pile in the secondary
processing unit and guide the flow of material from the secondary processing unit to
the melting unit. Referring to Figures 129 and 130, six copper waler-cooled pieces
form the core of the impediment. The copper insers (5015) are provided with
grooves (5020) to hold casted refractory cover. Refractory coating is further provided
on any exposed sides and bottom to make np the complete dome. The impediment is
mounted in the inter-zonal region and comprises a plurality of holes thereby providing
a plurality of conduits for transfer of material and gases between secondary

processing unit and the melting unit.

A plurality of alumina or ceramic balls, between 20 o 100 mm in diamecter, rest on
top of the refractory structure to form a bed. These alomina or ceramic balls provide
for diffusion of heated air and promote the transfer of heat to the ash to initially melt

the ash into <lag in the inter-zonal or inter-unit region.

Referring to Figures 128 and 129, localed downstream of the inter-zonal region is the
melting unit. The melting unit is a refractory-lined strocture having a tap hole. The

melting uvnit is flanged into at two sections (upper Meler and lower Melter) to
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facilitate replacement of lower/tap-hole seclion. The melling unit further comprises a
transferred arc plasma torch, 4 main process burner, optional secondary burner(s) in

weir overflow, lancing ports, view ports, and instrumentation.

The plasma torch and a propane-fired bumer provide the hot gases which melt
material above the impediment into slag. 5lag colleets at the bottom of the melting
unit and is removed via a tap hole. If the tap hole becomes sealed with cool slag, lhe
tap hole is re-opened using an oxygen lance. A slag granulation and cooling system is

operatively associated with the tap hole.

The melting unit has water-cooled copper nserts around the outside to cool the refractory
thereby prolonging the life of the refractory and therefore the entire vessel. The copper pieces
are casted with set pathways (channels, pipe) and with comnectors for the water pipes to
interface with. Water is pumped through the copper pieces and thermocouples within the
metal (along with thermocouples in the melting unit) are used by the control system to vary

the flow of water and the temperature.

Additional cooling is provided around the slag pour, whereby the exit of the slag tap-
hole is made of copper with cooling channels for the water and the flow of slag is
controlled by the temperature of the copper piece. A water-cooled conical plunger

which 1s inserted into tap-hole is used to regulate and stop the rate of slag pouring.

The Gus Reformulating Unit:

Referring to Figures 114 to 116, the gas relormulating unit is connected to the

primary processing unit and receives gas from both the primary processing unit and
the combined secondary processing and melting unit. The gas reformulating unit
comprises two plasma torches, a ¢yclone and extended reformulating chamber. The
lwo plasma torches are positioned in the throat of the cyclone prior to particulate

removal.

The plasma torches of the gas reformnlating unit are transferred arc torches, generally
in the range of 100kw-1MW depending on the size of the system. Each plasma torch
is mounted on a sliding mechanism that can move the torch into and out of the gas
reformulating unit. The torch is sealed to the gas reformulating unit by means of a

sealing gland. This gland is sealed against & gate valve, which is, in turn, mounied on
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and sealed to the vessel. To remove a torch, il is pulled out of the reformulating
chamber by the slide mechanism. Initial movement of the slide disables the high
voltage torch power supply for safety purposes. The gale valve shuts automatically
when the torch has retracted past the valve and the coolant circolation is stopped. The
hoses and cable are disconnected from the torch, the gland is released from the gate

valve and the torch is lifted away by a hoist.

Replacement of a torch is done using the reverse of the above procedure; the slide
mechanism can be adjnsted to permit variation of the insertion depth of the torch. The
gate valve is operated mechanically so thal operation is automatic. A pneumatic
actuator is used t0 awtomatically withdraw the tarch in the event of cooling system
failure. Compressed air for operating the actuator is supplied from a dedicaled air
reservoir so that power is always available even in the event of electrical power
failure. The same air reservoir provides the air for the gate valve. An electrically
interlocked cover is used a forther safety featore by preventing access to the high

voltage torch conneclions.

Example 2

Start Slag Pour Procedure (Beginning of Operation and/or after plugging)

Normally a temperature differenlial of 100°C over the melting temperature will be
adequate to initjate the pour automatically (can be lower once flow slarts). With
reference to the Figure 87, the [vllowing procedure is for abnormal or upsel
conditions:
i) Place Metal Tray with Fireblanket under opening.
ii) Open Packing Plug using Double Hinged System. Remove Support Block
with Tongs and plane on Tray. Place Lance Gnide on edge of Plug
Entrance (bottom of guide slit). Lance Weir & frozen slag in Zonc A unlil
pour starts.
iii)  Determine if Melting unit B, is entirely fluid (will self-empty after step 6).
If Zone B has frozen slag — vse the bent lance and lance out any slag at the

Lop of and behind the weir.
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iv)  Remove Lance and Lance Guides and place on tray.

v) Using Plastic Reflractory on a skewer plug lance hole al the bottom of (he

weir. If Slag does not flow over weir repeat steps 4-9,

vi)  If that does not work, remove old weir with weir tongs and replace with

new weir,
vil)  Replace Support Block

viii)  Closc Packing Plug.

Example 3
This example provides one embodiment of the Carbon Conversion System and

process used to convert municipal solid waste (MSW) Lo:

1) an energetic syngas, which is subsequently cleaned and cooled to become

fuel for internal combustion engine generators; and

2) bortom ash, from which carbon is exwuacted and which 1s virified to an

essentially non-leachable aggregale.

The unit processes involved include malerial preparation, conversion of MSW o
energetic syngas and aggregate, and cleaning and cooling of the syngas so that it is

snitable for fueling internal combustion engines.

Material preparation

MSW is received directly from garbage trucks. It is not sorted, except for removing
white goods, mattresses, propane bollles, and other items that are either hazardous or
have little energetic potential. In this embodiment, the Conversion System can treat

MSW of 11000 MJ¥/tonne or more, with 2 moisture content of 25% - 45%.

Material preparation consists of two-pass shredding to reduce the material to a size of
2” minus. This is followed by ferrous metal separation using commercially available
magnetic separators. If warranted by the waste content and economics, nonferrous

maierials may be removed by commercial eddy-cumrent separators, while inorganics
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und plastics may be removed with vibrating screens, an air knife, or other mechanical

mcans.

Sorted and sized MSW 1is kept in sufficient quantity in the [eed preparation area to
ensure a sleady supply of maleral to the conversion process, while limiting the
quantity of material to that specified by the environmental permit. The inventory of
prepared material is mixed regularly in order to average out the composition of the

material and facilitate process control.

The material preparation area is kept under negative air pressure (o avoid the buildup
of odors.

Conversion of MSW to Energetic Syngas and Aggregate

MSW feeding

Prepared MSW is conveyed from the material preparation area to a feeding device
whose function 18 to provide a metered supply of MSW Lo the Carbon Conversion
System while maintaining an airtight seal. The Carbon Conversion System feeding
device consists of a reciprocating hydraulic ram that pushes MSW into the primary
processing unit through a small enough passage to ensure a good seal. The am is
triangular in cross-section, and incorporates a shearing device to resist bridging, even

in the presence of stringy or sticky materials,

The Carbon Conversion System is separated into several sub-processes as follows:

Initial Drving and Volatilization

This is achieved in a primary processing unit at temperatures up to 800 °C using
preheated air. The preheated air is blown under the MSW through small! holes in 2
reciprocating horizontal grate that is divided into multiple cascaded sections. The
quantity of air is controlled $0 that limited oxidation occurs under the MSW pile, and
the atmosphere above the pile is substoichiometric. Process temperatores, feed rates,
pile height, air flow volume, air tempcrature, number, location, and diameter ol

discharge holes all influence the proccss. The horizontal grate sections arc driven
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hydraulically using a rack and pinion system, with independent controls provided [or

each section.

As the MSW is dried and volatilized in the primary processing unil, it gives off raw
syngas, and is converted to a char/ash mixture. The oxygen-starved environment
prevents the formation of dioxins and furans, a common problem with incinerators.
Cooling of the horizontal grate is done using preheated process air. Becausc the
cooling air is at nearly 600 °C, the design of the grate is uniquely configured to
minimize distortion. Individual grate sections are modular, in order to minimize the

time required for maintenance.

Carb Ve

Bottom ash from the primary processing unit is conveyed by the bottom grate to the
end of the primary proccssing unit, where it drops into a secondary processing unit.
The ash builds in a vertical pile on a cooled refractory barrier between the secondary
processing unit and the melting unit. Preheated air at approximately 600 °C 1s blown
from near the bottom of the pile and travels upwards through it. The reaction with
carbon is exothermic, heating the ash w its melting point (1200-1400 °C), while
generating carbon monoxide gas. The pile height, diameter, air flows, temperatures,
air nozzle number, size, and location influence performance. By the time the ash gets

to the bottom of the barrier, it is depleted of carbon and has melted.

The melted ash flows by gravity from the boltom of the pile through holes in the
water-cooled refractory barrier that separate the secondary processing unit from the
melting unit. Carbon monoxide gas exits the top of the secondary processing unil

into the primary processing unit at abous 800 °C.

Solid Residue Vitrification

Melted ash [rom the secondary processing unit is maimtained at superheat in the
melting unit vsing bulk heat from fuel gas and a high temperature plasma plume that
is directed on the melt pool. The melting unit geometry is designed to minimize
erosion of the refractory, while the bottom and tide line are actively water cooled with

embedded copper blocks. The molten ash is tapped from the side of the melting unit
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and pours out in an amorphous structure that is essentially nonleachable, and is
suitable [or construction aggregate.  The taphole serves as a pressure boundary to

separate the mehing unit from the oulside.

The melted ash may be fractured into small particles by overquenching it with high

pressure witer jets, or it may be air cooled, followed by mechanjcal crushing and

sizing.

Syngas Reformulating

Syngas generated in the primary processing unit and the secondary processing unit is
heated at the entrance to a reformulating zone using directed turbulent air jets to cause
starved combustion. From. there, the heated syngas passes through the plumes of two
plasma torches. The torches serve to further heat the syngas to nearly 1100 °C, and to
break up long chain hydrocarbons into their component species through the activity of
electron-driven chemistry resulling from the active species in the plasmg plume. The
syngas then moves throngh a passage exiling the primary processing unit inio two

chambers in series, namely:

[} A hot gas cyclone used to remaove particulate matler, and
2) Ahot gas pipe used 1o convey the syngas to the recuperator vessel.

The volumes of the hot gas cyclone and the hot gas pipe are additive, and allow for
sufficient residence time to complete the chemical reactions required to refine the
syngas. The hot gas cyclone is of refractory-lined construction and of sufficient size
to allow for considerable particle buildup on its walls while maintaining process
efficiency. The hot gas pipe has no horizontal sections, in ofder to prevent buildup of

particulate.

Syngas exiling the hot gas pipe consists mostlly ol nilrogen, carbon monoxide and
hydrogen, with much lower amounts of methane and other fuel gases, no oxygen, and

very small amounts of tars and particnlates.

Cleaning and Cooling of Syngas
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Syngas cxils Lhe hol gas pipe at a temperature of approximately 1050 °C. It is cooled
in an air/gas recuperator and then moves on through a Gas Quality Cleaning Suite
(GQCS), where it is further ¢cooled and cleaned. The heat removed from the syngas
in the recuperator is used to heat process air for use in the primary processing unit,

secondary processing unit, and gas reformulating unit.

The GQCS consists of cooling and cleaning in a venturi scrubber, followed by an HCI
scrubber to remove acid gases. an HzS scrubber to remove hydrogen sulfide, a
baghouse for final removal of particulate, and a carbon bed for removal of any
remaining tars and heavy metals. Particnlate and tars removed [rom the gases are

recycled back to feed the primary processing unit.

Waste water from the scrubbing process is cleaned to surface discharge standards
using commercially available technology including an equalization vessel, an air

stripper, advanced oxidation, carbon beds, and resin beds.

Although the invention has been described with reference to certain specitic
embodiments, various modifications thereof will be apparent to those skilled in the art
without deparling from the spirit and scope of the invention. All such modiftcations as
would be apparent to one skilled in the art are intcnded o be included within the

scope of the following claims.
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CLATIM:

1. A Carbon Conversion System for the conversion of a carbonaceous feedstock into a

syngas and slag product, the Carbon Conversion System comprising:

(1) a primary processing unit for conversion of carbonaceous feedstock into a primary
off-gas and a processed feedstock comprising char, the primary processing unit comprising
two or more processing zones, a lateral transfer system, one or more feedstock inputs,
whercin the primary processing unit is operatively associated with heating means for

delivering heat to the processing zones;

(i) a secondary processing unit adapted to receive the processed feedstock comprising

char from the primary processing unit and convert the processed feedstock into a solid

residue and a secondary off-gas;

(ili} a melting vnit operatively associated with the secondary processing unit
comprising one or more sources of plasma, the melting unit configured to vitrify the solid

residue and optionally generate a melting unit gas;

(iv) a reformulating unit for reformulating off-gas to a syngas, the reformulating unit
comprising a cyclonic separator adapted to reduce particulate load in an input gas, and one or
more plasma torches configured to provide energy to at least a part of the reformulating unit,
wherein the one or more plasma torches are positioned at an inlet throat of the cyclonic

separator, within the cyclonic separator, or at an exit of the cyclonic separator; and

(v) a control system configured to regulate one or more operating parameters of the

Carbon Conversion System.

2. The Carbon Conversion System of claim 1, wherein the lateral transfer system is a

moving grate.
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3. The Carbon Conversion System of claim 1 comprsing two or more cyclonic

separators, arranged in series or in parallel.

4, The Carbon Conversion System of any one of claims 1 to 3, wherein the primary

processing unit further comprises one or more process additive inputs.

5. The Carbon Conversion System of one of claims ! to 4, wherein the lateral transfer
system is a modular lateral transfer system for moving the material through the primary

processing unit and supplying process gas.

6. The Carbon Conversion System of any one of claims 1 to 5, wherein the secondary
processing unit and the melting unit are connected via an inter-zonal region, wherein the
inter-zonal region comprises an impediment to limit the flow of material between the

secondary processing unit and the melting unit.

7. The Carbon Conversion System of claim 6, wherein the impediment is arranged

substantially parallel to the longitudinal axis of the inter-zonal region.

8. The Carbon Conversion System of claim 6, wherein the impediment is arranged

substantially perpendicular to the longitudinal axis of the inter-zonal region.

9. The Carbon Conversion System of claim 6, wherein the impediment comprises water

cooled copper with refractory lining at the top and/or bottom.

10.  The Carbon Conversion System of any one of claim 1 to 9, further comprising a

recuperator or heat exchanger operatively associated with the reformulating unit.

11.  The Conversion System of any one of claim 1 to 10, wherein the reformulating unit

comprises a catalyst.
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