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Description
TECHNICAL FIELD

[0001] The present disclosure relates to the generation of steam resulting from the combustion and processing of
carbonaceous material for the generation of electricity and other uses.

BACKGROUND OF THE INVENTION

[0002] Despite the serious problems caused by its use, coal is cheap and plentiful and will not be abandoned as an
energy source any time soon. According to the Pew Center for Global Climate Change, coal use, primarily for the
generation of electricity, now accounts for roughly 20 percent of global greenhouse gas emissions. Rising energy demand
will continue to drive up coal consumption, particularly in countries with large reserves such as the United States, China
and India. http://www.pewclimate.org/global-warming-basics/coalfacts.cfm.

[0003] Coal can provide usable energy at a cost of between $1 and $2 per MMBtu compared to $6 to $12 per MMBtu
for oil and natural gas, and coal prices are relatively stable. At current consumption rates and with current technology
and land-use restrictions, the U.S. coal reserves would last well over 250 years. Although coal is higher-polluting and
more carbon-intensive than other energy alternatives, coal is so inexpensive that one can spend quite a bit on pollution
control and still maintain coal’s competitive position.

[0004] Coal plays a major role in meeting U.S. energy needs, and is likely to continue to do so in coming decades.
About fifty percent of the electricity generated in the United States is from coal. U.S. coal-fired plants have over 300 GW
of capacity, but approximately one-third of the U.S. coal-fired plants date from 1970 or earlier, and most of the rest from
1970-1989. Only twelve coal-fired plants have been built in the United States since 1990.

[0005] Greenhouse gas emissions from coal-fired power are significant and growing rapidly. The United States has
been estimated to produce close to 2 billion tons of CO, per year from coal-burning Document WO 2008/130260 A1
discloses a method for generating steam using a single processing chamber having a plasma arc torch.

SUMMARY OF THE INVENTION

[0006] Preferred embodiments provide a method of generating steam comprising providing a continuous supply of
coal, combusting the coal in a primary processing chamber in the presence of oxygen and water to provide a first product
gas stream, recovering heat from the first product gas stream in a first heat recovery steam generator (HRSG) to produce
a first steam output, processing the first product gas stream in a secondary processing chamber in the presence of
oxygen and water to provide a second product gas stream substantially free of inorganic, organic and particulate con-
taminants, recovering heat from the second product gas stream in a second heat recovery steam generator (HRSG) to
produce a second steam output, and combining the first steam output and the second steam output. In preferred em-
bodiments, the combined steam output is used to drive a steam turbine. In certain preferred embodiments, the steam
turbine is operatively coupled to an electric generator to produce electricity. In preferred embodiments, the method
further comprises at least one of reducing the temperature of the second product gas stream, treating the second product
gas stream by wet scrubbing, separating sulfur from the second product gas stream and collecting the sulfur with a
baghouse, using a carbon dioxide recovery system, and discharging a treated gas stream substantially free of contam-
inants.

[0007] Other embodiments of the method comprise providing a continuous stream of thermal waste gas, recovering
heat from the thermal waste gas stream in a first heat recovery steam generator (HRSG) to produce a first steam output,
processing the thermal waste gas stream in a primary processing chamber in the presence of oxygen and water to
provide a product gas stream, recovering heat from the first product gas stream in a second heat recovery steam
generator (HRSG) to produce a second steam output, and combining the first steam output and the second steam output.
In preferred embodiments, the combined steam output is used to drive a steam turbine. In certain preferred embodiments,
the steam turbine is operatively coupled to an electric generator to produce electricity. In preferred embodiments, the
method further comprises reducing the temperature of the product gas stream, treating the product gas stream by wet
scrubbing, separating sulfur from the second product gas stream and collecting the sulfur with a baghouse, and dis-
charging a treated gas stream substantially free of contaminants.

[0008] Certain embodiments provide a system for generating steam comprising a primary processing chamber having
atleastone plasma arctorch, the primary processing chamber being operatively connected to a continuous carbonaceous
material feed, a treatment gas source and a water source, wherein the primary processing chamber is fluidly connected
to a first heat recovery steam generator that is fluidly connected to a steam turbine. In certain embodiments, the system
further comprises a secondary processing chamber having at least one plasma arc torch, the secondary processing
chamber being fluidly connected to the first heat recovery steam generator, a treatment gas source and a water source,
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wherein the secondary processing chamber is fluidly connected to a second heat recovery steam generator that is fluidly
connected to the steam turbine. In some embodiments, the carbonaceous material is thermal waste gas. In some
embodiments, the carbonaceous material is selected from the group consisting of coal, oil, natural gas, and oil shale,
biomass, coke, petroleum coke, char, tars, wood waste, methanol, ethanol, propanol, propane, butane, and ethane. In
some embodiments, the second heat recovery steam generator is fluidly connected to at least one of a quench chamber,
a wet scrubber, a baghouse or a carbon dioxide removal system.

[0009] Certain embodiments provide a method of generating steam comprising providing a continuous supply of a
carbonaceous material, combusting the carbonaceous material in a first processing chamber having at least one plasma
arc torch in the presence of oxygen and water to provide a first product gas stream; recovering heat from the first product
gas stream in a first heat recovery steam generator to produce a first steam output; processing the first product gas
stream in a second processing chamber having at least one plasma arc torch in the presence of oxygen and water to
provide a second product gas stream substantially free of carbon monoxide and hydrogen, recovering heat from the
second product gas stream in a second heat recovery steam generator to produce a second steam output; and using
the first steam output and the second steam output. Typically, method comprises using the first steam output and the
second steam output to operate a steam turbine. In preferred embodiments, the first steam output and the second steam
output operate a steam turbine operatively connected to an electric generator to produce electricity.

[0010] In preferred embodiments, the method comprises one or more of the steps of quenching the second product
gas, processing the second product gas with a wet scrubber, processing the second product gas with a baghouse, and
processing the second product gas with a carbon dioxide removal system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The foregoing and other objects, features and advantages of the disclosure will be apparent from the following
more particular description of preferred embodiments of the disclosure, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts throughout the different views. The drawings are not necessarily

to scale, emphasis instead being placed upon illustrating the principles of the disclosure.

Figure 1 is a flow-chart showing an exemplary embodiment of a system according to the present disclosure having
two heat recovery steam generators ("HRSGs").

Figure 2 is a flow-chart showing an alternative exemplary embodiment of the system of Figure 1 further comprising
an electric generator 110, a quench chamber 50, a wet scrubber 60, a baghouse 70, and a CO, removal system 120.

Figure 3 is a flow-chart showing an alternative exemplary embodiment of the system of Figure 2 further comprising
an absorption boiler 15.

Figure 4 is a flow-chart showing an alternative exemplary embodiment of the system of Figure 2 in which the
baghouse 70 is upstream of the wet scrubber 60.

Figure 5 shows a Sankey diagram for one exemplary baseline two- HRSG embodiment of a system according to
the present disclosure.

Figure 6 shows a Sankey diagram for another exemplary two-HRSG embodiment of a system according to the
present disclosure.

Figure 7 shows a Sankey diagram for another exemplary two-HRSG embodiment of a system according to the
present disclosure.

Figure 8 shows a Sankey diagram for another exemplary two-HRSG embodiment of a system according to the
present disclosure.

Figure 9 shows a Sankey diagram for another exemplary two-HRSG embodiment of a system according to the
present disclosure.

Figure 10 is a flow-chart showing an alternative exemplary embodiment of the system that is useful for treating a
thermal waste gas stream.

Figures 11A and 11B are schematic diagrams of a non-transferred mode plasma arc torch, 300, and a transferred
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mode plasma arc torch 350.

Figure 12 is a schematic diagram of a processing chamber having a transferred mode plasma arc torch 350 and a
centrifuge 400.

Figure 13 is a schematic diagram of an embodiment of a vertical processing chamber layout having primary and
secondary processing chambers and two HRSGs according to the present disclosure.

Figures 14A, 14B and 14C are schematic diagrams of an embodiment of a horizontal processing chamber layout
for primary and secondary processing chambers and two HRSGs according to the present disclosure, showing a
cross-section view, Figure 14A with a modular plasma-arc centrifugal treatment system (PACT), a longitudinal
section view, Figure 14B and cross-section view, Figure 14C with a plurality of modular PACTs.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0012] The present disclosure is directed to a method and system for generating steam from coal for the generation
of electricity and other uses. The term "coal," as used herein, is intended to refer to any carbonaceous feedstock, such
as wood chips or organic waste, of adequate carbon density. As used herein, the term "carbonaceous material" refers
to any solid, liquid or gaseous carbon-containing material suitable for use as a fuel, i.e. a material which can be combusted
to produce energy. Included within the scope of this term are fossil fuels, including coal, oil, natural gas, and oil shale,
biomass, i.e. plant materials and animal wastes used as fuel, coke, petroleum coke ("petcoke"), char, tars, wood waste,
thermal waste gas, methanol, ethanol, propanol, propane, butane, ethane, etc. In certain preferred embodiments, the
coal is a bituminous coal.

[0013] According to the system and method of the present disclosure, coal is combusted in the presence of oxygen
and water and to generate a hot product gas stream, from which heat is extracted to produce steam for uses including,
but not limited to, driving a turbine operatively linked to an electric generator for the production of electricity. After the
heat is extracted, the product gas stream is treated to remove the majority of contaminants. This treatment produces a
"clean" carbon dioxide stream that meets Environmental Protection Agency ("EPA") emission regulations, and can be
used, for example, in chemical processes, for EPA approved sequestration, and the like.

[0014] The disclosed apparatus and method of operation enable combustion at very high temperatures for the direct
and efficient exploitation of the heat produced to generate steam and the processing of the combustion products enabling
efficient and convenient management of environmentally unfriendly byproducts of the combustion.

[0015] The method includes providing a continuous supply of coal, combusting the coal in a primary processing
chamber (PPC) that provides circulation of gaseous reactants, recovering the heat that is the result of the combustion
in a heat recovery steam generator (HRSG) to produce high-pressure steam Complete combustion of the coal is ac-
complished by combining the coal with oxygen and water in a high-temperature plasma reactor.

[0016] Processes for gasifying coal to produce synthetic gas ("syngas") are known. The purpose of such gasification
processes is to increase or at least maintain the caloric content of the syngas relative to the coal starting material. The
syngas is then burned for generate steam to drive a turbine, for electricity generation. However, in the method of the
present invention, instead of burning the product gas that results from the combustion of coal in the presence of oxygen
and water, the heat from the product gas is used to convert water to steam, which in turn is used, in some preferred
embodiments, to drive a turbine operatively linked to an electric generator to produce electricity.

[0017] Embodiments of the method may include multiple stages through which the product gas stream passes se-
quentially, with each stage comprising a processing chamber or reactor and a heat recovery steam generator (HRSG),
with the HRSG downstream relative to the processing chamber. The product gas output from the final (furthest down-
stream) HRSG is processed through further steps comprising quenching, wet scrubbing and baghouse filtration, as
needed, which result in a gas stream that is suitable for convenient management. Equipment for the practice of the
disclosed method is commercially available from several suppliers. In preferred embodiments, a suitable processing
chamber or reactor is a plasma-arc centrifugal treatment ("PACT") system built by Retech Systems LLC (Ukiah, CA),
and a suitable heat recovery steam generator (HRSG) system is built by NEM Standard Fasel (Hengelo, Netherlands).
[0018] Preferred embodiments of the systems and methods of the present disclosure can process coal in a continuous
stream instead of batches, efficiently extract heat from the gas produced by the combustion of the coal in the presence
of oxygen and water to create steam to drive a stream turbine, require about fifty (50%) percent less coal than other
coal fired power plants to achieve similar electrical power levels; remove contaminant efficiently removal from gas
streams, produce and capture a clean carbon dioxide stream ready for EPA approved sequestration.

[0019] Embodiments of the system and method will now be described with reference to the Figures. Figure 1 is a flow-
chartillustrating one exemplary system 1 comprising a combustion section A operatively connected to a power generating
section B and a gas decontamination section C.
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[0020] As shown, combustion section A comprises a primary processing chamber 10 ("PPC 10"), first heat recovery
steam generator 20 ("first HRSG 20"), a secondary processing chamber 30 ("SPC 30"), a second HRSG 40. In preferred
embodiments, the gas decontamination section C comprises one or more of the following components: aquench chamber
50, a wet scrubber 60, a baghouse 70, and a CO, removal system 120, all fluidly connected. A source of a treatment
gas 80, 90 (such as O,), and source of water 85, 86, are both fluidly connected to each of the primary and secondary
processing chambers 10, 30, respectively. The treatment gas 80 and the treatment gas 90 may be the same or different.
In certain preferred embodiments, treatment gas 80 and treatment gas 90 comprise 93-95% oxygen and 5-7% argon.
[0021] The PPC 10 receives a continuous coal feed 75 as well as the treatment gas input 80 and water input 85, and
outlets 16 and 18 for slag and gas, respectively. The PPC 10 is capable of withstanding the processing conditions (i.e.,
temperature, pressure, corrosion, and the like) under which the combustion of coal in the presence of oxygen and water
takes place. One exemplary system is a plasma arc centrifugal treatment (PACT) system available from Retech Systems,
LLC, in Ukiah, California, which comprise at least one plasma arc torch. For ease of discussion, the terms "torch" or
"torches" will be used hereinafter to refer to plasma arc torches. The torches are capable of reaching temperatures
ranging of up to about 10,000°F to about 20,000°F (about 5,540°C to about 11,080°C), or more.

[0022] There are two types of plasma torches differing in their structure and the mode in which they operate, as shown
in Figures 11A and 11B. The first, a transferred-arc torch, is effective at heating the work piece, and operates by drawing
the arc between the torch and the work piece (the molten slag) with the work piece acting as the cathode. The second,
a non-transferred-arc torch, is especially effective in heating the gas. In non-transferred-arc torches, the torch houses
both the anode and the cathode, and the cathode is downstream of the anode. In operation, the arc is drawn within the
torch, and the plasma extends beyond the end of the torch as a result of high gas flow through the torch, even though
the electrodes are inside the torch. One exemplary PACT system comprises one or more non-transferred arc plasma
torches fitted with gas backflow collars.

[0023] Inpreferred embodiments, the method involves continuously introducing coal into the PPC 10, with the treatment
gas 80 simultaneously supplied to chamber 10 at a predetermined flow rate and concentration to ensure complete
combustion of the coal, while the torches heat both the coal and the treatment gas contained in the chamber. The ability
to feed and operate the process continuously is an important virtue, improving both efficiency and the continuity of the
output electrical power.

[0024] Inembodiments of the present method, the torches contactthe coal, and are operated at a temperature sufficient
to induce the spontaneous combustion of the coal, which is about 10,000°F (about 5,540°C), and at this temperature
we take all elements to their molecular state. The temperature in PPC 10 may be sustained by minimal energy input
from the coal.

[0025] Optionally, the concentration of oxygen supplied to PPC 10 may be used to regulate and maintain the ratio of
COto CO+CO,in adesirable range, e.g., between about 20% and about 45%, which prevents or minimizes the formation
of soot. Also optionally, water 85 may be added to the gas flow to maintain the temperature of the gas discharged from
the PPC 10 within a desired temperature range, e.g., from about 2,000°F (about 1,100°C) to about 2,400°F (about
1,300°C), or higher, up to the practical limit of the highest temperature that the downstream equipment can withstand.
[0026] During combustion of the coal in the PPC 10, about ninety percent (90%) of the "ash" components of the coal
are melted down into a glassy slag 88 by the torches, and the remainder becomes inorganic particulates entrained in
the gas stream. The ash combustion product may not be electrically conducting until it is melted. To effect the required
melting, a dual-mode plasma torch may be operated initially in non-transferred-arc mode until the work piece is molten
and conducting, and then switched to non-transferred mode. The plasma gas may be introduced tangentially so as to
produce swirl, thereby stabilizing the flow.

[0027] In preferred embodiments, the PPC 10 is configured to produce mixing of the coal feed 75, treatment gas 80
and water 85 to facilitate complete combustion. The slag resulting from combustion of the ash is melted and collects at
the bottom of the PPC 10, which acts as a crucible. In preferred embodiments, the crucible is rotated in a centrifuge.
The rotation serves to distribute heat from the torch over the molten slag and to hold, by centrifugal force, the molten
slag away from the axis of rotation. Rotation of the crucible allows the slag to be removed from the bottom of the crucible
by slowing its rotation. When sufficient slag has accumulated in the processing chamber it is removed, cooled and
allowed to solidify in a shape convenient for disposal or use as building material. Any heavy metals present in the slag
are locked in the leach-resistant glassy slag. An air lock may be used to remove the slag mold and the slag therein.
[0028] During the combustion of coal in PPC 10, certain chemicals and contaminants may be present or formed. If
desired or necessary, the PPC 10 may be maintained at a negative pressure of, for example, about 25 to 50 mbar, to
prevent release of contaminants from the PPC. Accordingly, the hot gas stream may comprise, for example, gases such
as carbon monoxide (CO), carbon dioxide (CO,), hydrogen (H,), and combinations of the foregoing; as well as toxic
and/or environmentally hazardous compounds such as nitrogen oxides ("NO,"), sulfur oxides ("SO,"), dioxin, polychlo-
rinated dibenzodioxins ("dioxins"), dioxin-like compounds ("DLCs"), polychlorinated dibenzofurans ("furans"), polychlo-
rinated biphenyls ("PCBs"), volatile organic compounds ("VOCs") acids, (e.g., hydrochloric acid (HCI), nitric acid (HNO3),
sulfuricacid (H,SQO,), and the like), and combinations of the foregoing. The majority of these chemicals and contaminants
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that are formed during combustion are destroyed after formation during the typically 2 second residence time in the
primarily processing chamber 10.

[0029] After combustion of the coal in PPC 10, the resulting gas stream O is discharged into first HRSG 20. The
HRSGs are capable of receiving the hot gas stream from the PPCs without suffering appreciable degradation. That is,
the HRSGs are capable of withstanding the temperature, pressure, corrosive chemicals, and the like, to which they may
be subjected when contacting the hot gas. To assist in accommodating the elevated temperatures, it may be beneficial
to line portions of the HRSG with ceramic. One exemplary HRSG is a heat-recovery boiler manufactured by NEM (Leiden,
the Netherlands). The first HRSG 20 includes an inlet 22 for receiving the contaminant-containing gas stream O (here-
inafter "gas stream O") discharged from the PPC 10 at a first temperature T, and an outlet 24 for discharging gas stream
O into the SPC 30 at a temperature T, that is lower than T4. In the first HRSG 20, heat is extracted from gas stream O
using a heat exchanger for later use in electricity production, discussed in greater detail below. The amount of heat
available for exchange in the first HRSG can vary depending upon various factors including, but not limited to, the
configuration of the system, the size of the PPC 10, the rate of coal input, and the processing conditions in PPC 10,.
[0030] The SPC 30, like the PPC 10, is capable of withstanding the processing conditions (i.e., temperature, pressure,
corrosion, and the like) to which it is subjected, and further is adapted to remove any contaminants remaining after
combustion of the coal in the PPC 10. One example of such a system for treating the gas stream P is the PACT system
as discussed above.

[0031] SPC 30 is operated in the same manner as PPC 10. The treatment gas 90 and optionally water 95 are simul-
taneously supplied to SPC 30 at a predetermined flow rate and concentration, while the gas stream P flows into the
chamber inlet 32 from the outlet 24 of the first HRSG 20, and the torches heat the gas. An SPC residence time of two
seconds is estimated to suffice for the completion of combustion. The addition of water in the SPC 30 to the gas stream
can be used to maintain and/or control the temperature of the gas in the SPC 30. In some embodiments, it may be
desirable to maintain a temperature of about 2,400°F to about 2900°F (about 1,300°C to about 1,600°C).

[0032] In SPC 30, treatment gas 90 can react with certain contaminants in the waste stream to produce a treated gas
stream Q from which dioxins, furans, the majority of NO,, and the majority of particulate matter (e.g., ash) suspended
in the gas stream P have been removed, as well as non-toxic reaction products and/or by-products. See Examples 1-5,
below. For example, during treatment in SPC 30, any remaining carbon monoxide and hydrogen in the gas stream P
are converted to carbon dioxide and water vapor. Compared the chemical compositions of gas streams P and Q in
Tables 3-5, 7 and 8, below. Such a conversion is accompanied by the release of the remaining chemical energy stored
in the gas, and may be assisted by the addition of oxygen to the gas. The auto-ignition temperature for CO is about
1,100°F (about 593°C). Therefore, it may be desirable to use a spark or flame in the SPC 30 to initiate combustion. A
non-transferred plasma torch may be used for this purpose.

[0033] Aftertreatmentin SPC 30, treated gas Q, at temperature T5, is discharged into the inlet 42 of the second HRSG
40. Second HRSG 40 is fluidly connected to the outlet 34 of SPC 30, and is adapted to receive treated gas stream Q
and to discharge the treated gas stream R, at a fourth temperature T, lower than T,, into the inlet 52 of quench chamber
50. Similar to PPC 10, and depending upon various factors including, but not limited to, the configuration of the system,
the size of the PACT system, the rate of coal input, and the processing conditions in SPC 30, the amount of heat available
for exchange in the second HRSG may vary.

[0034] Optionally, one or more additional HRSGs (not illustrated) may be used sequentially with the HRSGs 20 and
40 to capture any residual waste heat from the gas stream R. Optionally, the system may comprise one or more additional
HRSGs (not illustrated) used sequentially with the primary HRSG 20, all of which perform the same function, which is
the transfer of heat from the gas stream to the water circulation in the HRSG. In embodiments employing multiple HRSGs,
heat may be extracted at different points along the gas stream. For example, the system comprises two HRSGs 20 and
40; the first HRSG 20 extracts heat from the gas stream O as it is discharged from the PPC 10. At this point O, the gas
stream contains some corrosive and toxic contaminants; see Examples 1-5, below. The second HRSG 40 extracts heat
from the gas stream Q as it is discharged from the SPC 30.

[0035] The HRSGs employed in a multiple-HRSG embodiment may differ from one another. For example, HRSGs 20
and 40 may differ significantly in the density of corrosive and toxic components to which they are subjected, and the
HRSGs may have different construction to withstand such differences. When the operating temperature of the processing
chamber exceeds the maximum temperature the HRSG can accommodate, Figure 2 illustrates an embodiment in which
an additional heat sink, such as an absorption boiler 15, may be introduced to extract heat from the gas stream between
the primarily processing chamber 10 and the HRSG 20. The gas stream resulting from any additional HRSGs is discharged
into either the SPC 30 or the quench chamber 50, if needed, depending upon their position. Additional processing
chambers and additional heat exchangers may be added either serially or in parallel.

[0036] As shown in Figures 2-4, in certain embodiments, the system and method further comprise components for
decontaminating the product gas and for generating electric power. Power generating section B comprises a steam
turbine 100 operatively connected to a generator 110 for generating electricity. First and second HRSGs 20, 40 are
fluidly connected to power generating section B via the steam turbine 100, separately from the fluid connection to the
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coal treatment system A. The first and second HRSGs transfer heat from the gas streams O and Q of section A to the
water supplies 27, and 47 of section B, producing steam for steam sources 29, 49 that are fluidly connected to the steam
generator 100. Suitable equipment and systems for implementing the disclosed methods are available from several
manufacturers.

[0037] In the quench chamber 50, if needed, the temperature of the treated gas stream R is further reduced to a
temperature sufficiently low to prevent the re-formation of contaminants, and to a suitable range to prevent damage to
the wet scrubber 60 and/or bag house 70. In the quench chamber 50, water spray is added to the gas stream to rapidly
bring the temperature down to roughly 280 °F, or just above the saturation temperature. Figure @ and Example 5 illustrate
an embodiment without a quench chamber.

[0038] After reduction of the temperature to a suitable range, treated gas S is discharged from quench chamber 50,
into the inlet 62 of wet scrubber 60. In wet scrubber 60, trace VOCs, SO, and remaining particulate matter are removed
from treated gas S.

[0039] After treatment in wet scrubber 60, the treated gas U is discharged into baghouse 70, in which the sulfur from
the SO, is collected. Thereafter, a "clean" gas stream T comprising cooled down H,O and CO, is discharged from the
baghouse 70. The water can then be separated and the CO, stream can then be captured and isolated for EPA approved
sequestration or other approved carbon capture and sequestration (CCS) techniques by CO, removal system 120.
[0040] As noted above, the primary and secondary HRSGs are fluidly connected to a steam turbine 100. The heat
extracted from the gas streams O, Q in each of the primary, secondary and any additional HRSGs, is combined and
used to generate steam to drive the steam turbine 100. After condensation of the steam in the turbine 100, water is
recycled back to each of the HRSGs to absorb the heat from the gas streams O, Q. In preferred embodiments, steam
29, 49 produced by HRSG 20 and HRSG 40 drives a steam turbine 100 that drives a generator of electrical power 110
to generate electricity in a manner well known in the art.

[0041] The system may comprise a variety of equipment configurations, as shown in Figures 2-9, to accommodate
different space and/or processing requirements. In addition, as shown in Figure 4 or Figure 9 compared to Figure 2, the
relative positions of the quench, wet scrubber and baghouse may be changed, as needed or desired.

[0042] Figures 5-9 show Sankey Diagrams of the system illustrated in Figure 4, based on varying equipment and
process conditions. As noted above, the present method comprises two fluid flows, a first flow carrying the products of
combustion occurring in the PPC and SPC, and the second flow of the circulation of water cyclically through a HRSG
and steam turbine. Examples 1-5 are discussed below. lllustrative calculations were made using a proprietary energy
balance spreadsheet (Retech Systems LLC, Ukiah, CA) that calculates the energy available during the combustion
process for given input materials and an oxidant, such as air, oxygen or mixtures thereof. A balanced system must have
the input and output mass and the input and output energy equal.

[0043] The input coal composition used in these Examples is that of the coal from the Union Pacific Corporation’s
Dugout Canyon Mine, Price, Utah. The analysis is provided in Table 1, below, and is indicated by M in Figures1-9.

Table 1
Chemical Composition of Input Coal (M)
Dugout Canyon Mine, Price Utah
(http://www.uprr.com/customers/energy/coal/utah/soldier.shtml)
Total % Ash % Ibs/hr kg/hr
Carbon 72.20 30083 13646
Hydrogen 5.00 2083 945
Oxygen 10.30 4292 1947
Nitrogen 1.40 583 465
Sulfur 0.48 200 91
ASH: 10.62
Silica 6.55 61.7 2730 1238
Alumina 1.75 16.5 730 331
Titania 0.06 0.6 27 12
Ferric oxide 0.32 3.0 133 60
Lime 0.82 7.7 341 155
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(continued)

Table 1
Chemical Composition of Input Coal (M)
Dugout Canyon Mine, Price Utah
(http://www.uprr.com/customers/energy/coal/utah/soldier.shtml)

Total % Ash % Ibs/hr kg/hr
Magnesia 0.18 1.7 75 34
Potassium oxide 0.10 0.9 40 18
Sodium oxide 0.08 0.8 35 16

Sulfur trioxide 0.53 5.0 221 100

Phosphorus pentoxide 0.07 0.7 31 14
Undetermined 0.15 1.4 62 28

TOTAL 100.00 41,667 18,900

[0044] The analysis provided in Table 1 does not indicate the presence of mercury. However, according to the US
Energy Information Administration’s website, www.eia.doe.gov/oiaf/analysispaper/stb/, mercury levels in coal can vary
by region, from 2.04 up to 63.90 Ibs/trillion Btu. At 12,000 Btu per pound, this equates to 24.5 to 766 Ibs of mercury per
billion pounds of coal. For the purposes of this study, the high end of the range has been assumed. It has further been
assumed that all of this mercury will turn to vapor and travel with the gas through the system and be condensed in two
places in the offgas system: the quench chamber 50, and the wet scrubber 60. The liquid mercury can then be captured
and removed by tapping the bottom of these two vessels. Ninety percent is assumed to be captured in the quench
chamber 50 and the remaining 10% in the scrubber 60. Any mercury remaining in the offgas will thus be below regulatory
requirements.

Example 1
Baseline Case: Outlet Temperatures of PPC (T,) and SPC (T3) Both = 2400°F (1316°C)

[0045] The outlet temperatures of PPC 10 (T4) and SPC 20 (T,) are controlled by adding water from water sources
85, 86 to the respective processing chambers. The mass flow rates in kilograms per hour (kg/h) of all inputs and outputs
are shown in Table 2 for the slag chemical composition N, and Table 3, for the chemical composition of the gas flow at
points O, P, Q, R, §, T, and U indicated in the schematic diagram of Figure 5.

[0046] In this Example, the coal feed 75 is taken as 18,900 kg/h of coal having the composition M given in Table 1,
above. The treatment gas 80 input to the primary processing chamber 10 is 28,900 kg/h O,, and the water 85 input to
the primary processing chamber 10 is 41,800 kg/h H,0.

[0047] Given these inputs for a primary processing chamber 10 of volume 5,000 ft3 (141,584 1) and a secondary
processing chamber 30 of volume 10,1001t3(286,000 1), the slag 88 has the composition N, summarized in Table 2, below.

Table 2
Slag Chemical Composition (N),
kg/h
Silica 1,110
Magnesia 30.7
Lime 139
Iron Oxide 54.2
Alumina 298
Other 170

[0048] The treatment gas input 90 to the secondary processing chamber 30 is 21,334 kg/h O,, and the water input
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86 to the secondary processing chamber 30 is 820 kg/h H,O. The water input 87 to the quench chamber 50 is 21,467
kg/h H,O. The quench chamber 50inlettemperature, Ts, is 658°F (328°C), and the quench chamber 50 outlet temperature,
Te, is 260°F (127°C). The mercury recovery at the quench chamber 50 is 1.31x1 02 kg/h, and 1.45x1072 kg/h at the wet
scrubber 60.

[0049] The calculated analysis of the chemical composition of the gas flow is presented in Table 3, below, for the
following points of the process:

primary processing chamber 10 outlet gas, O;
first HRSG 20 outlet gas, P;
secondary processing chamber 30 outletgas, Q;
second HRSG 40 outlet gas, R;
quench chamber 50 outlet gas, S;
wet scrubber 60 outlet gas, U;
baghouse 70 outlet gas, T.
Table 3
Gas Chemical Composition, kg/h
(0] P Q R S T U
cO, 3.22x104 4.90x104 5,00x104 5.00x104 5.00x104 5.00x104 5.00x104
(of0) 1.13x104 6.00x102 0 0 0 0 0
0O, 0 0 8.24x103 8.20x103 8.20x103 8.20x103 8.20x103
N, 1.24x103 1.24x103 1.24x103 1.24x103 1.24x103 1.24x103 1.24x103
H,O 4.20x104 3.51x104 5.03x104 5.03x104 7.18x104 7.18x104 1.67x103
SOx 1.79x102 1.81x102 1.82x102 2.26x102 2.27x102 2.27x102 2.27x101
H, 8.36x102 1.61x103 0 0 0 0 0
Hg 1.45x1072 1.45x1072 1.45x1072 1.45x102 1.45x1072 1.45x102 0
Inorg. Part. 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 1.005
NO, 1.94x10-3 0 15.60 1.55x10-3 3.00x105 3.00x10° 3.00x10°

[0050] The basic condition of this Example is that the outlet temperatures of the primary processing chamber 10 (T4)
and the secondary processing chamber 30 (T3) are both equal to 2400°F (1316°C). The resulting outlet temperatures
of the first HRSG 20 (T,) and the second HRSG 40 (T,) are both 658°F (328°C).

Example 2
Outlet Temperature of PPC (T;) = 2800°F (1538°C)

[0051] This study assumes that components downstream of the primary processing chamber 10 can tolerate an outlet
temperature of the PPC, T4, of 2800°F (1538°C); less water is thus required to control the temperature. This Example
also differs from Example 1 in that no water is added in the SPC 20; the outlet temperature of the SPC, T5, only reaches
2568°F (1409°C). The mass flow rates in kilograms per hour (kg/h) of all inputs and outputs are shown in Table 2, above,
for the slag chemical composition N, and Table 4, below, for the chemical composition of the gas flow at points O, P, Q,
R, S, T, and U indicated in the schematic diagram of Figure 6.

[0052] In this Example, the coal feed 75 is taken as 18,900 kg/h of coal having the composition M given in Table 1,
above. The treatment gas 80 input to the primary processing chamber 10 is 28,900 kg/h O,, and the water 85 input to
the primary processing chamber 10 is reduced to 34,800 kg/h H,0O. The primary processing chamber 10 has a volume
5,000 t3 (141,584 1) and the secondary processing chamber 30 has a volume 10,100 ft3 (286,000 1). The slag 88 has
the composition N, summarized in Table 2, above.

[0053] The treatment gas input 90 to the secondary processing chamber 30 is 20,800 kg/h O, and the water input
86 to the secondary processing chamber 30 is 0 kg/h H,O. The water input 87 to the quench chamber 50 is 19,500 kg/h
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H,0O. The quench chamber 50 inlet temperature, T, is 658°F (328°C), and the quench chamber 50 outlet temperature,
Te, is 260°F (127°C). The mercury recovery at the quench chamber 50 is 1.31x1 02 kg/h, and 1.45x1072 kg/h at the wet
scrubber 60.

[0054] The calculated analysis of the chemical composition of the gas flow is presented in Table 4, below, for the
points of the process O, P, Q, R, S, U, and T, as in Example 1.

Table 4 Gas Chemical Composition, kg/h

o) P Q R S T u
co, 2.95x104 4.90x104 5.00x104 5.00x104 5.00x104 5.00x104 5.00x104

co 1.30x104 7.19x102 0 0 0 0 0
0O, 0 0 7.68x103 7.64x103 7.64x103 7.64x103 7.64x103
N, 1.24x103 1.24x103 1.24x103 1.28x103 1.28x103 1.28x103 1.28x103
H,0 3.70x104 2.91x104 5.03x104 4.33x104 6.29x104 6.29x104 1.67x103
SOx 1.79x102 1.81x102 1.82x102 2.26x102 2.27x102 2.27x102 2.27x101

H, 7.10x102 1.60x103 0 0 0 0 0

Hg 1.45x102 | 1.45x10-2 | 1.45x102 | 1.45x102 | 1.45x10-3 | 1.45x10-3 0

Inorg. Part. | 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 1.005

NO, 4.6x102 0 224 1.53x10-3 | 3.00x10® | 3.00x10° | 3.00x10

[0055] The basic condition of this Example is that the outlet temperatures of the primary processing chamber 10 (T)
2800°F (1538°C). The resulting outlet temperatures of the first HRSG 20 (T,) and the second HRSG 40 (T,) are both
658°F (328°C).

Example 3
Rapid Quench

[0056] This study examinesthe expected performance if arapid quench of the gases is required to prevent the formation
of dioxins or furans, a step that would be likely to be required if chlorine is present in the coal feed. The mass flow rates
in kilograms per hour (kg/h) of all inputs and outputs are shown in Table 2, above, for the slag chemical composition N,
and Table 5, below, for the chemical composition of the gas flow at points O, P, Q, R, S, T, and U indicated in the
schematic diagram of Figure 7.

[0057] In this Example, the coal feed 75 is taken as 18,900 kg/h of coal having the composition M given in Table 1,
above. The treatment gas 80 input to the primary processing chamber 10 is 28,900 kg/h O,, and the water 85 input to
the primary processing chamber 10 is 41,800 kg/h H,O. The primary processing chamber 10 has a volume 5,000 ft3
(141,584 1) and the secondary processing chamber 30 has a volume 10,100 ft3 (286,0001). The slag 88 has the
composition N, summarized in Table 2, above.

[0058] The treatment gas input 90 to the secondary processing chamber 30 is 20,800 kg/h O,, and the water input
86 to the secondary processing chamber 30 is 0 kg/h H,O. The water input 87 to the quench chamber 50 is 19,500 kg/h
H,O. The quench chamber 50 inlet temperature, Tg, is 658°F (328°C), and the quench chamber 50 outlet temperature,
Te, is 260°F (127°C). The mercury recovery at the quench tower 50 is 1.31x1 02 kg/h, and 1.45x102 kg/h at the wet
scrubber 60.

[0059] The calculated analysis of the chemical composition of the gas flow is presented in Table 5, below, for the
points of the process O, P, Q, R, S, U, and T, as in Example 1.
Table 5 Gas Chemical Composition, kg/h
o) P Q R S T u
co, 2.95x104 4.90x104 5.00x104 5.00x104 5.00x104 5.00x104 5.00x104
co 1.30x104 7.19x102 0 0 0 0 0
0O, 0 0 7.68x103 7.64x103 7.64x103 7.64x103 7.64x103




10

15

20

25

30

35

40

45

50

55

EP 2 848 777 B1

(continued)

Table 5 Gas Chemical Composition, kg/h

o) P Q R S T u
N, 1.24x103 1.24x103 1.24x103 1.28x103 1.28x103 1.28x103 1.28x103
H,0 3.70x104 2.91x104 5.03x104 4.33x104 6.29x104 6.29x104 1.67x103
SOx 1.79x102 1.81x102 1.82x102 2.26x102 2.27x102 2.27x102 2.27x101

H, 7.10x102 1.60x103 0 0 0 0 0

Hg 1.45x102 | 1.45x102 | 1.45x102 | 1.45x102 | 1.45x103 | 1.45x103 0

Inorg. Part. | 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 2.01x102 1.005

NOx 4,6x102 0 224 1.53x103 | 3.00x10% | 3.00x10%5 | 3.00x10°°

[0060] The basic condition of this Example is that the outlet temperatures of the primary processing chamber 10 (T)
2800°F (1538°C). The resulting outlet temperatures of the first HRSG 20 (T,) and the second HRSG 40 (T,) are both
658°F (328°C).

Example 4
Smaller (PACT-8) Size System

[0061] This study examines the expected performance a smaller size system, roughly the size of the PACT-8 (Retech
Systems LLC, Ukiah, CA), that can accommodate a coal feed of about 1,000 kg/hr. The mass flow rates in kilograms
per hour (kg/h) of all inputs and outputs are shown in Table 6, below, for the slag chemical composition N, and Table 7,
below, for the chemical composition of the gas flow at points O, P, Q, R, S, T, and U indicated in the schematic diagram
of Figure 8.

[0062] In this Example, the coal feed 75 is taken as 1,000 kg/h of coal having the composition M given in Table 1,
above. The treatment gas input 80 to the primary processing chamber 10 is 1,470 kg/h O, and the water 85 input to
the primary processing chamber 10 is 1,900 kg/h H,O. The primary processing chamber 10 has a volume 265 ft3 (7503
1) and the secondary processing chamber 30 has a volume 500 ft3 (14158 1). The slag 88 has the composition N,
summarized in Table 6.

Table 6
Slag Chemical Composition (N), kg/h

Silica 59

Magnesia 1.63
Lime 7.36

Iron Oxide 2.87

Alumina 15.8
Other 8.98

[0063] The treatment gas input 90 to the secondary processing chamber 30 is 1,170 kg/h O,, and the water input 86
to the secondary processing chamber 30 is 0 kg/h H,0. The water input 87 to the quench chamber 50 is 1.108 kg/h
H,O. The quench chamber 50 inlet temperature, Tg, is 658°F (328°C), and the quench chamber 50 outlet temperature,
Tg, is 260°F (127°C). The mercury recovery at the quench chamber 50 is 6.9x1073 kg/h, and 7.7x10% kg/h at the wet
scrubber 60.

[0064] The calculated analysis of the chemical composition of the gas flow is presented in Table 7, below, for the
points of the process O, P, Q, R, S, U, and T, as in Example 1.

11
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Table 7
Gas Chemical Composition, kg/h

o) P Q R S T u
co, 1.66x103 2.59x103 2.64x103 2.54x103 | 2.54x10% | 2.54x103 | 2.54x103

co 6.25x102 3.66x101 0 0 0 0 0
0O, 0 0 4.74x102 473x102 | 4.73x102 | 3.46x10% | 3.46x103
N, 7.97x102 7.97x102 7.97x102 7.97x102 | 7.97x102 | 7.97x102 | 7.97x102
H,0 1.98x103 1.6x103 2.35x103 2.36x103 | 3.46x103 | 3.46x103 | 3.46x103
SOx 9.49x100 9.59x100 9.62x100 1.2x100 1.2x100 1.2x100 1.2x100

H, 4.22x101 8.4x102 0 0 0 0 0
Hg 7.67x103 | 7.67x103 | 7.67x103 | 7.67x103 | 7.7x104 7.7x104 7.7x104
Inorg. Part. | 1.06x10" 1.06x101 1.06x101 1.06x101 1.06x10" [ 1.06x10" | 1.06x101
NO, 3x104 0 1.03x100 3x104 3x104 3x104 3x104

[0065] The smaller sizes of the PPC 10 and the SPC 30 in this Example were associated with lower values of Ty,
2400°F (1316°C), and T3, 2012°F (1100°C). The resulting outlet temperatures of the first HRSG 20 (T,) and the second
HRSG 40 (T,) are both 658°F (328°C).

Example 5
Outlet Temperature of HRSG1 (T,) = HRSG2 (T,) = 260°F (127°C)

[0066] This study assumes that outlet temperatures from both HRSGs are 260°F (127°C). , T3, only reaches 2568°F
(1409°C). The mass flow rates in kilograms per hour (kg/h) of all inputs and outputs are shown in Table 2, above, for
the slag chemical composition N, and Table 4, below, for the chemical composition of the gas flow at points O, P, Q, R,
S, T, and U indicated in the schematic diagram of Figure 9.

[0067] As in Example 1, the coal feed 75 is taken as 18,900 kg/h of coal having the composition M given in Table 1,
above. The treatment gas input 80 to the primary processing chamber 10 is 28,900 kg/h O,, but the water 85 input to
the primary processing chamber 10 is reduced to 41,000 kg/h H,O. The primary processing chamber 10 has a volume
5,000 ft3 (141,584 1) and the secondary processing chamber 30 has a volume 10,100 ft3 (260,5001). The slag 88 has
the composition N, summarized in Table 2, above.

[0068] The treatment gas input 90 to the secondary processing chamber 30 is 21,300 kg/h O,, and the water input
86 to the secondary processing chamber 30 is 0 kg/h H,0. The quench chamber 50 is eliminated. Mercury recovery at
the second HRSG is 1.31x102 kg/h, and 1.45x102 kg/h at the wet scrubber 60.

[0069] The calculated analysis of the chemical composition of the gas flow is presented in Table 8, below, for the
points of the process O, P, Q, R, U, and T, as in Example 1.
Table 8
Gas Chemical Composition, kg/h
o) P Q R T u
co, 3.22x104 4.90x104 5.00x104 5.00x104 5.00x104 | 5.00x104
co 1.13x104 6x102 0 0 0 0
0O, 0 0 8.17x103 8.13x103 8.13x10% | 8.13x103
N, 1.24x103 1.24x103 1.23x103 1.24x103 1.24x103 | 1.24x103
H,0 4.20x104 3.48x104 4.95x104 | 4.95x104 4.95x104 | 1.67x103
SOx 1.79x102 1.81x102 1.82x102 | 2.27x102 2.27x102 | 2.27x101
H, 8.36x102 1.65x103 0 0 0 0

12
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(continued)

Table 8
Gas Chemical Composition, kg/h
o) P Q R T u
Hg 1.45x102 | 1.45x102 | 1.45x102 | 1.45x102 | 1.45x1073 0
Inorg. Part. | 2.01x102 2.01x102 2.01x102 | 2.01x102 2.01x109 1.005
NO, 1.94x1073 0 9.06 4x10% 4x10° 4x105

[0070] Baseline energy-balance calculations indicate that desirable temperatures for the gas entering the HRSGs may
range from about 2,000°F to about 2900°F (about 1,100°C to about 1,600°C), and that desirable temperatures for the
gas exiting the HRSGs may range from about 258°F to about 1500°F (about 120°C to about 860°C).

[0071] In an alternative embodiment, the gas output from the PPC 10 may be discharged directly into a turbine that
is adapted to receive gases at the temperatures resulting after oxidation, e.g., about 10,000°F (about 5,540°C), without
decreasing the temperature of the gas to a temperature that the HRSGs can accommodate.

Example 6
Treatment of Thermal Waste Gas

[0072] The presentdisclosure is directed to a method and system for generating energy from a gaseous waste stream,
such as gaseous waste streams resulting from certain industrial processes including, but not limited to, power plants,
industrial manufacturers, industrial facilities, waste to power plants, generators, steel mills, incinerators, factories, landfills,
methane conversion plants, landfill flares, smokestacks, medical waste facilities, and the like. Such gaseous waste
streams may comprise, for example, gases such as carbon monoxide (CQO), carbon dioxide (CO,), hydrogen (H,), and
combinations of the foregoing; and additionally toxic and/or environmentally hazardous compounds such as nitrogen
oxides ("NOx"), sulfur oxides ("SOx"), dioxin, polychlorinated dibenzodioxins ("dioxins"), dioxin-like compounds ("DLCs"),
polychlorinated dibenzofurans ("furans"), polychlorinated biphenyls ("PCBs"), acids (e.g., hydrochloric (HCI), nitric
(HNO3), sulfuric (H,SQO,), and the like), and combinations of the foregoing.

[0073] Figure 10 is a flow-chart illustrating one exemplary system and method according to the present disclosure,
which comprises a gaseous treatment section A operatively connected to a power generating section B. As shown,
gaseous treatment section A comprises a first heat recovery steam generator 20 (“first HRSG"), a primary processing
chamber 10, a second HRSG 40, a quench chamber 50, a wet scrubber 60, and a baghouse 70, all fluidly connected.
Asource of atreatmentgas 80, such as O,, isfluidly connected to the primary processing chamber 10. Suitable equipment
and systems for implementing the disclosed methods are available from several manufacturers.

[0074] Power generating section B comprises a steam turbine 100 operatively connected to an electric generator 110,
for generating electricity. First and second HRSGs 20, 40 are fluidly connected to power generating section B via the
steam turbine 100, separately from the fluid connection to the coal treatment system.

[0075] Inthe present method, a contaminant-containing gas stream O, from a contaminant-containing gas source 130,
is continuously introduced into the first HRSG 20. The first HRSG 20 comprises an inlet 22 for receiving the gas stream
O at a first temperature T, and an outlet 24 for discharging gas stream P, at a temperature T, that is lower than T4, into
the primary processing chamber 10. In the first HRSG 20, heat is extracted from gas stream O for later use in energy
production, which will be discussed in greater detail below.

[0076] Optionally, one or more additional HRSGs (not illustrated) may be used sequentially with the primary HRSG
20 to utilize any residual waste heat from the primary HRSG 20, and the gas stream resulting from any additional HRSGs
is discharged into the primary processing chamber 10.

[0077] Primary processing chamber 10 is capable of treating gas stream P such that the majority of contaminants and
particulates are removed therefrom. Accordingly, primary processing chamber 10 is capable of withstanding the process-
ing conditions (i.e., temperature, pressure, corrosion, and the like), under which such treatment takes place. In preferred
embodiments, the PPC 10 is configured to produce mixing of the coal feed 75, treatment gas 80 and water 85 to facilitate
complete combustion. One exemplary system is a plasma arc centrifugal treatment (PACT) system available from Retech
Systems, LLC, in Ukiah, California) comprising one or more non-transferred arc plasma torches fitted with gas backflow
collars. Non-transferred arc plasma torches house both electrodes inside the torch, and the plasma extends beyond the
end of the torch as a result of high gas flow through the torch, even though the electrodes are inside the torch. For ease
of discussion, the terms "torch" or "torches" will be used hereinafter to refer to non-transferred arc plasma torches.
Figures 11 A and 11B are schematic diagrams of a non-transferred mode plasma arc torch, 300, and a transferred mode
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plasma arc torch 350.

[0078] Figure 11Aand Figure 11B are schematic diagrams of a non-transferred plasma arc torch 300 and a transferred
plasma arc torch 350. Figure 10A shows the front electrode 310, the rear electrode 312, insulator 318, the arc gas supply
320 and the plasma gas 330. Figure 11B shows the electrode 314, the nozzle 360, insulator 318, the swirl ring 316, the
arc gas supply 320 and the plasma gas 330 contacting the melt 370, which is maintained at electrical ground.

[0079] According to the present method, the gas stream P is continuously introduced into the primary processing
chamber 10, and the treatment gas 80 is simultaneously supplied to primary processing chamber 10 at a predetermined
flow rate and concentration, while the torches heat both the gaseous waste stream and the treatment gas contained in
the chamber. In primary processing chamber 10, treatment gas 80 can react with certain contaminants in the waste
stream to produce a treated gas stream Q from which dioxins, furans, the majority of NO, and the majority of particulate
matter (e.g., ash) suspended in the gas stream P have been removed, and also comprising non-toxic reaction products
and/or by-products. For example, during treatment in primary processing chamber 10, CO and H, are oxidized such
that the treated gas stream comprises carbon dioxide (CO,) and water (H,0).

[0080] After treatment in primary processing chamber 10, treated gas Q, at temperature T is discharged into second
HRSG 40. Second HRSG 40 is fluidly connected to the outlet of primary processing chamber 10, and is adapted to
receive treated gas stream Q and to discharge the treated gas stream R at a fourth temperature T,, lower than Tj, into
the quench chamber 50.

[0081] In the quench chamber 50, the temperature of the treated gas stream R is further reduced to a temperature
sufficiently low to prevent the re-formation of contaminants, and to a suitable range to prevent damage to the wet scrubber
60 and/or bag house 70. After reduction of the temperature to a suitable range, treated gas S is discharged from quench
chamber 50 into the wet scrubber 60. In wet scrubber 60, VOCs, SO, and remaining particulate matter are removed
from treated gas S, and the treated gas U is discharged into baghouse 70, in which the sulfur from the SO, is collected.
[0082] Thereafter, a "clean" gas stream T comprising cooled down H,O and CO, is discharged from the system A.
The water can then be separated and the CO, stream can then be isolated for EPA approved sequestration or other
approved carbon capture and sequestration (CCS) techniques for CO, removal in CO, removal system 120.

[0083] Figure 12 is a schematic diagram of certain features of an embodiment of a primary processing chamber
showing a transferred plasma arc torch 350 and a centrifuge portion 400. The transferred plasma arc torch 350 includes
water-cooled electrode 315, nozzle 360, swirling plasma gas 334, and plasma arc terminations 336. The slag bath 372
is held away from the slag exit 16 in the centrifuge floor 420 by the rotation of the centrifuge 400.

[0084] Figure 13 is a diagram of a vertical embodiment showing the primary processing chamber 10 in fluid commu-
nication with the first HRSG 20 having inlet 22 and outlet 24, the secondary processing unit 30 having inlet 32 and outlet
34 and the second HRSG 40 having inlet 42 and outlet 44. The primary processing chamber 10 has slag outlet 16, gas
outlet 18, atransferred plasma arc torch 350 and a centrifuge portion 400. Slag collection containers 89 can be positioned
below the slag outlet 16.

[0085] Figures 14A, 14B and 14C are schematic diagrams of an embodiment of a horizontal processing chamber
layout for primary and secondary processing chambers and two HRSGs according to the present disclosure. Figure 14A
shows a cross-section view with a modular PACT 500 as a region of the primary processing chamber 10; the PACT 500
includes a slag outlet 16, centrifuge portion 400, gas outlet 18, and a transferred plasma arc torch 350. Slag collection
containers 89 can be positioned below the slag outlet 16. Figure 14B is a longitudinal section view showing the primary
processing chamber 10 in fluid communication with the first HRSG 20 having inlet 22 and outlet 24, the secondary
processing unit 30 having inlet 32 and outlet 34 and the second HRSG 40 having inlet 42 and outlet 44. Figure 14C is
a schematic diagram of a cross-section view showing a primary processing chamber 10 in fluid communication with a
plurality of modular PACTs 500.

[0086] While the disclosure has been described with reference several exemplary embodiments, it will be understood
by those skilled in the art that various changes may be made and equivalents may be substituted for elements thereof
without departing from the scope of the disclosure. In addition, manv modifications may be made to adapt a particular
situation or material to the teachings of the disclosure without departing from the essential scope thereof. Therefore, it
is intended that the disclosure not be limited to the particular embodiments disclosed as the best mode contemplated
for carrying out this disclosure, but that the disclosure willinclude all embodiments falling within the scope of the appended
claims.

[0087] Ranges disclosed herein are inclusive and combinable (e.g., ranges of "up to about 25 weight percent (wt.%),
with about 5 wt.% to about 20 wt.% desired, and about 10 wt.% to about 15 wt.% more desired," are inclusive of the
endpoints and all intermediate values of the ranges, e.g., "about 5 wt.% to about 25 wt.%, about 5 wt.% to about 15
wt. %", etc.). Unless defined otherwise, technical and scientific terms used herein have the same meaning as is commonly
understood by one of skill in the art to which this disclosure belongs.

[0088] Throughout the application, it should be noted that the terms "first" and "second," "primary" and "secondary,"
and the like herein, do not denote any order or importance, but rather are used to distinguish one element from another,

and the terms "a" and "an" herein do not denote a limitation of quantity, but rather denote the presence of at least one

14



10

15

20

25

30

35

40

45

50

55

EP 2 848 777 B1

of the referenced items. Similarly, it is noted that the terms "bottom" and "top" are used herein, unless otherwise noted,
merely for convenience of description, and are not limited to any one position or spatial orientation. In addition, the
modifier "about" used in connection with a quantity is inclusive of the stated value and has the meaning dictated by the
context (e.g., includes the degree of error associated with measurement of the particular quantity).

Claims

1.

10.

11.

12.

13.

14.

A method for generating steam comprising:

providing a continuous supply of a carbonaceous material;

combusting the carbonaceous material in a first processing chamber having a first at least one plasma arc torch
in the presence of oxygen, a first treatment gas and water to provide a first product gas stream;

recovering heat from the first product gas stream in a first heat recovery steam generator to produce a first
steam output;

processing the first product gas stream in a second processing chamber having a second at least one plasma
arc torch in the presence of oxygen, a second treatment gas and water to provide a second product gas stream
substantially free of carbon monoxide and hydrogen; and

recovering heat from the second product gas stream in a second heat recovery steam generator to produce a
second steam output; and

using the first steam output and the second steam output wherein each of the first plasma torch and the second
plasma torch generates heat from 5540° C to 11,080° C.

The method of claim 1 further comprising the step of using the first steam output and the second steam output to
operate a steam turbine, optionally operatively connected to an electric generator to produce electricity.

The method of claim 1 further comprising the step of quenching the second product gas.

The method of claim 1 further comprising the step of processing the second product gas with a wet scrubber, with
a baghouse or with a carbon dioxide removal system.

The method of claim 1 wherein the first treatment gas has a composition, the second treatment gas has a composition,
and the first treatment gas composition and the second treatment gas composition are essentially identical.

The method of claim 5 wherein the first treatment gas composition and the second treatment gas composition
comprises 93% - 95% oxygen and 5% - 7% argon.

The method of claim 1 wherein the first product gas stream has a temperature of 1000° C to 1600° C, and the second
product gas stream has a temperature of 1000° C to 1600° C.

The method of claim 1 wherein the first processing chamber and the second processing chamber have essentially
identical temperatures.

The method of claim 1 wherein the first processing chamber comprises a centrifuge portion, and optionallywherein
the centrifuge portion further comprises a centrifuge floor operatively connected to a slag exit.

The method of claim 9 further comprising forming a slag bath.

The method of claim 10 further comprising the step of rotating the centrifuge portion with a rotational velocity sufficient
to exclude the slag bath from the slag exit, and optionally further comprising the step of slowing the rotational velocity
of the centrifuge portion thereby allowing the slag bath to enter the slag exit.

The method of claim 1 further comprising extracting heat from the first product gas stream in a heat sink.

The method of claim 12 wherein the heat sink comprises an absorption boiler.

The method of claim 12 further comprising directing the first product gas stream from the heat sink to the first heat
recovery steam generator.
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The method of claim 1 further comprising contacting the carbonaceous material with the first plasma torch, and
optionally wherein the first product gas stream comprises a composition having a ratio of carbon monoxide to carbon
monoxide plus carbon dioxide of 20% to 45%.

Patentanspriiche

1.

10.

11.

12.

Ein Verfahren zum Erzeugen von Dampf, das Folgendes beinhaltet:

Bereitstellen einer kontinuierlichen Zufuhr eines kohlenstoffhaltigen Materials;

Verbrennen des kohlenstoffhaltigen Materials in einer ersten Verarbeitungskammer mit einem ersten mindes-
tens einen Plasmalichtbogenbrenner in der Gegenwart von Sauerstoff, eines ersten Behandlungsgases und
Wasser, um einen ersten Produktgasstrom bereitzustellen;

Zurickgewinnen von Warme aus dem ersten Produktgasstrom in einem ersten Warmerlickgewinnungsdampf-
generator, um eine erste Dampfausgabe herzustellen; Verarbeiten des ersten Produktgasstroms in einer zweiten
Verarbeitungskammer mit einem zweiten mindestens einen Plasmalichtbogenbrenner in der Gegenwart von
Sauerstoff, eines zweiten Behandlungsgases und Wasser, um einen zweiten Produktgasstrom bereitzustellen,
der frei von Kohlenmonoxid und Wasserstoff ist; und Zuriickgewinnen von Warme aus dem zweiten Produkt-
gasstrom in einem zweiten Warmeriickgewinnungsdampfgenerator, um eine zweite Dampfausgabe herzustel-
len; und

Verwenden der ersten Dampfausgabe und der zweiten Dampfausgabe, wobei jeder des ersten Plasmabrenners
und des zweiten Plasmabrenners Warme von 5540 °C bis 11 080 °C erzeugt.

Verfahren gemaR Anspruch 1, das ferner den Schritt des Verwendens der ersten Dampfausgabe und der zweiten
Dampfausgabe beinhaltet, um eine Dampfturbine zu betreiben, die optional wirksam mit einem elektrischen Gene-
rator verbunden ist, um Elektrizitdt zu produzieren.

Verfahren gemaR Anspruch 1, das ferner den Schritt des Quenchens des zweiten Produktgases beinhaltet.

Verfahren gemafl Anspruch 1, das ferner den Schritt des Verarbeitens des zweiten Produktgases mit einem Nass-
wascher, mit einem Gewebefilter oder mit einem System zur Entfernung von Kohlendioxid beinhaltet.

Verfahren gemalk Anspruch 1, wobei das erste Behandlungsgas eine Zusammensetzung aufweist, das zweite
Behandlungsgas eine Zusammensetzung aufweist und die Zusammensetzung des ersten Behandlungsgases und
die Zusammensetzung des zweiten Behandlungsgases im Wesentlichen identisch sind.

Verfahren gemafl Anspruch 5, wobei die Zusammensetzung des ersten Behandlungsgases und die Zusammen-
setzung des zweiten Behandlungsgases 93 %-95 % Sauerstoff und 5 %-7 % Argon beinhaltet.

Verfahren gemaf Anspruch 1, wobei der erste Produktgasstrom eine Temperatur von 1000 °C bis 1600 °C aufweist
und der zweite Produktgasstrom eine Temperatur von 1000 °C bis 1600 °C aufweist.

Verfahren gemal Anspruch 1, wobei die erste Verarbeitungskammer und die zweite Verarbeitungskammer im
Wesentlichen gleiche Temperaturen aufweisen.

Verfahren gemaR Anspruch 1, wobei die erste Verarbeitungskammer einen Zentrifugenabschnitt beinhaltet, und
wobei der Zentrifugenabschnitt optional ferner einen Zentrifugenboden beinhaltet, der wirksam mit einem Schla-
ckeauslass verbunden ist.

Verfahren gemaR Anspruch 9, das ferner das Bilden eines Schlackebads beinhaltet.

Verfahren gemafl Anspruch 10, das ferner den Schritt des Drehens des Zentrifugenabschnitts mit einer Drehge-
schwindigkeit beinhaltet, die ausreichend ist, um das Schlackebad von dem Schlackeauslass abzugrenzen, und
das optional ferner den Schritt des Verlangsamens der Drehgeschwindigkeit des Zentrifugenabschnitts beinhaltet,

wodurch dem Schlackebad ermdglicht wird, in den Schlackeauslass zu flieRen.

Verfahren gemaR Anspruch 1, das ferner das Extrahieren von Warme aus dem ersten Produktgasstrom in einem
Kuhlkérper beinhaltet.
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Verfahren gemaR Anspruch 12, wobei der Kiihlkérper einen Absorptionskessel beinhaltet.

Verfahren gemafl Anspruch 12, das ferner das Leiten des ersten Produktgasstroms von dem Kihlkérper zu dem
ersten Warmerlckgewinnungsdampfgenerator beinhaltet.

Verfahren gemaR Anspruch 1, das ferner das In-Kontakt-Bringen des kohlenstoffhaltigen Materials mit dem ersten
Plasmabrenner beinhaltet, und wobei der erste Produktgasstrom eine Zusammensetzung beinhaltet, die ein Ver-
haltnis von Kohlenmonoxid zu Kohlenmonoxid plus Kohlendioxid von 20 % bis 45 % beinhaltet.

Revendications

1.

10.

11.

Une méthode pour générer de la vapeur comprenant :

le fait de fournir une alimentation continue d’une substance carbonée ;

le fait de procéder a la combustion de la substance carbonée dans une premiére chambre de transformation
ayant une premiere au moins une torche a plasma d’arc en présence d’oxygéne, d’un premier gaz de traitement
et d’eau afin de fournir un premier flux de gaz produit ;

le fait de récupérer de la chaleur du premier flux de gaz produit dans un premier générateur de vapeur a
récupération de chaleur afin de produire une premiére sortie de vapeur;

le fait de transformer le premier flux de gaz produit dans une deuxiéme chambre de transformation ayant une
deuxiéme au moins une torche a plasma d’arc en présence d’oxygéne, d’un deuxieme gaz de traitement et
d’eau afin de fournir un deuxiéme flux de gaz produit substantiellement exempt de monoxyde de carbone et
d’hydrogéne ; et le fait de récupérer de la chaleur du deuxiéme flux de gaz produit dans un deuxiéme générateur
de vapeur a récupération de chaleur afin de produire une deuxiéme sortie de vapeur ; et

le fait d’utiliser la premiére sortie de vapeur et la deuxiéme sortie de vapeur ol chacune de la premiére torche
a plasma et de la deuxiéme torche a plasma génére de la chaleur allant de 5 540 °C a 11 080 °C.

La méthode de la revendication 1 comprenant en outre I’étape consistant a utiliser la premiere sortie de vapeur et
la deuxiéme sortie de vapeur afin de faire fonctionner une turbine a vapeur, facultativement raccordée de maniére
fonctionnelle a un générateur électrique afin de produire de I'électricité.

La méthode de la revendication 1 comprenant en outre I'étape consistant a tremper le deuxiéme gaz produit.

La méthode de la revendication 1 comprenant en outre I'étape consistant a transformer le deuxiéme gaz produit
avec un dépoussiéreur par voie humide, avec un dépoussiéreur a manches ou avec un systéme d’élimination du
dioxyde de carbone.

La méthode de larevendication 1 ol le premier gaz de traitement a une composition, le deuxiéme gaz de traitement
a une composition, et la composition du premier gaz de traitement et la composition du deuxiéme gaz de traitement

sont essentiellement identiques.

La méthode de la revendication 5 ol la composition du premier gaz de traitement et la composition du deuxieme
gaz de traitement comprennent de 93 % a 95 % d’oxygéne etde 5 % a 7 % d’argon.

La méthode de la revendication 1 ou le premier flux de gaz produit a une température de 1 000 °C a 1 600 °C, et
le deuxiéme flux de gaz produit a une température de 1 000 °C a 1 600 °C.

La méthode de la revendication 1 ou la premiére chambre de transformation et la deuxiéme chambre de transfor-
mation ont des températures essentiellement identiques.

La méthode de la revendication 1 ou la premiére chambre de transformation comprend une portion centrifugeuse,
et facultativement ou la portion centrifugeuse comprend en outre un plancher de centrifugeuse raccordé de maniére
fonctionnelle a un orifice d’évacuation de scorie.

La méthode de la revendication 9 comprenant en outre le fait de former un bain de scorie.

La méthode de la revendication 10 comprenant en outre I'étape consistant a faire tourner la portion centrifugeuse
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avec une vitesse de rotation suffisante pour exclure le bain de scorie de l'orifice d’évacuation de scorie, et faculta-
tivement comprenanten outre I'étape consistant a ralentir la vitesse de rotation de la portion centrifugeuse permettant

de ce fait au bain de scorie de pénétrer dans l'orifice d’évacuation de scorie.

La méthode de la revendication 1 comprenant en outre le fait d’extraire de la chaleur du premier flux de gaz produit
dans un dissipateur de chaleur.

La méthode de la revendication 12 ou le dissipateur de chaleur comprend une chaudiére a absorption.

La méthode de la revendication 12 comprenant en outre le fait de diriger le premier flux de gaz produit du dissipateur
de chaleur vers le premier générateur de vapeur a récupération de chaleur.

La méthode de la revendication 1 comprenant en outre le fait de mettre en contact la substance carbonée avec la

premiére torche a plasma, et facultativement ou le premier flux de gaz produit comprend une composition ayant un
rapport du monoxyde de carbone au monoxyde de carbone plus dioxyde de carbone de 20 % a 45 %.
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arlaimares g contrifiugs rosx forgntast sebonsegs lassifdndnsk lopdodl, axdllat ohellvd Bug & salak Hindd sedmarg, hogy

Dedénien maalal kimenaibe,

oA :é%i“_i)(l-i)‘i szenoll ohdrds, amaly tarabnaes Dvabid & hO Kivonasdl ar olsd ok cazdrambd! agy hielvezsltben
¥ ! ) o)
{h@ﬁt s K}

T AT igdnypont szerintl eljdras, ahal & ndalversi0 tantalngs egy shampdits bolert

1 ATR

< igenypont srednt @

ey, amely tanalmazze ovablia sz oind tormik gazdram fdnyitiedt dirscing) 8 hicherstobd

{heat sink} avoled ho Rinverd gégenseitotba{hastroncvery sleam ganaratan.

)

18 A2 1, igenypant seerintl ofdrds, anmaly arislnazze ovall] o seontartalnd aoyag Grinthezdshs hozds® sz obsd plasma

fakdydval, o5 Kivant esstben ahol sz 858 termék gaaioam olyan kimporiddt tartalvaz, amelyien 8 sadd-monoxid aranya (ralio)
a szdremanodd plusy széi-diosithor o 20% S 45% KO0 terbominyhan van,
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