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FIG.1

reactor may include at least one tapered section and multiple injection gas
ports. The multiple injection gas ports may be configured to deliver a fuel to
the first moving bed reactor. The first moving bed reactor may be configured
to reduce an oxygen carrying material with a fuel by defining a countercur -
rent flowpath for the fuel relative to the oxygen carrying material. The second
reactor may communicate with the first moving bed reactor and may be oper-
able to receive an oxygen source. The second reactor may be configured to
regenerate the reduced oxygen carrying material by oxidation.
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SYSTEMS FOR CONVERTING FUEL

This application claims benefit to U.S. Provisional Application Serial No. 61/485,010,

filed May 11, 2011, which is incorporated by reference herein in its entirety.

Field

The present invention is generally directed to systems and methods of converting
fuel, and is specifically directed to oxidation-reduction reactor systems used in fuel

conversion.
Technical Background

There is a constant need for clean and efficient energy generation systems. Most
of the commercial processes that generate energy carriers such as steam, hydrogen, synthesis
gas (syngas), liquid fuels and/or electricity are based on fossil fuels. Furthermore, the
dependence on fossil fuels is expected to continue in the foreseeable future due to the much
lower costs compared to renewable sources. Currently, the conversion of carbonaceous fuels
such as coal, natural gas, petroleum coke is usually conducted through a combustion or
reforming process. However, combustion of carbonaceous fuels, especially coal, is a carbon
intensive process that emits large quantities of carbon dioxide to the environment. Sulfur and

nitrogen compounds are also generated in this process due to the complex content in coal.

Chemical reactions between metal oxides and carbonaceous fuels, on the other
hand, may provide a better way to recover the energy stored in the fuels. Several processes
are based on the reaction of metal oxide particles with carbonaceous fuels to produce useful
energy carriers. For example, Ishida et al. U.S. Pat. No. 5,447,024 describes processes
wherein nickel oxide particles are used to convert natural gas through a chemical looping
process into heat, which may be used in a turbine. However, recyclability of pure metal
oxides is poor and constitutes an impediment for its use in commercial and industrial
processes. Moreover, this technology has limited applicability, because it may only convert
natural gas, which is more costly than other fossil fuels. Another well known process is a

steam-iron process, wherein coal derived producer gas is reacted with iron oxide particles in a
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fluidized bed reactor to be later regenerated with steam to produce hydrogen gas. This
process however suffers from poor gas conversion rates due to improper contact between

reacting solids and gases, and is incapable of producing a hydrogen rich stream.

As demands increase for cleaner and more efficient systems of converting fuel, the
need arises for improved systems, and system components therein, which will convert fuel

effectively, while reducing pollutants.

The concepts of the present disclosure are generally applicable to systems for
producing hydrogen from coal, or other carbonaceous fuels. In accordance with one
embodiment of the present disclosure, a system for converting fuel may comprise a first
moving bed reactor, a second reactor, and a non-mechanical valve. The first moving bed
reactor may comprise at least one tapered section and multiple injection gas ports. The
multiple injection gas ports may be configured to deliver a fuel to the first moving bed
reactor. The first moving bed reactor may be configured to reduce an oxygen carrying
material with a fuel by defining a countercurrent flowpath for the fuel relative to the oxygen
carrying material. The second reactor may communicate with the first moving bed reactor
and may be operable to receive an oxygen source. The second reactor may be configured to
regenerate the reduced oxygen carrying material by oxidation. The non-mechanical valve
may comprise a circuitous piping assembly disposed between the first moving bed reactor
and the second reactor. At least one gas opening may be configured to receive a gas stream.
The gas stream may be operable to reduce gas leakage between the first moving bed reactor

and the second reactor.

The following detailed description of specific embodiments of the present
disclosure may be best understood when read in conjunction with the following drawings,

where like structure 1s indicated with like reference numerals and in which:

Fig. 1 is a schematic illustration of a system for converting fuel according to one or

more embodiments of the present invention;

Fig. 2 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;
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Fig. 3 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 4 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 5 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 6 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 7 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 8 is a schematic illustration of another system for converting fuel according to

one or more embodiments of the present invention;

Fig. 9A 1is a side-view schematic illustration of a reduction reactor of a system for

converting fuel according to one or more embodiments of the present invention;

Fig. 9B is a side-view schematic illustration of another reduction reactor of a

system for converting fuel according to one or more embodiments of the present invention;

Fig. 10 side-view schematic illustration of another reduction reactor of a system for

converting fuel according to one or more embodiments of the present invention;

Fig. 11 is a cross-section schematic illustration of a reduction reactor of a system

for converting fuel according to one or more embodiments of the present invention;

Fig. 12 is a cross-section schematic illustration of another reduction reactor of a

system for converting fuel according to one or more embodiments of the present invention;

Fig. 13 is a cross-section schematic illustration of another reduction reactor of a

system for converting fuel according to one or more embodiments of the present invention;
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Fig. 14 is a cross-section schematic illustration of another reduction reactor of a

system for converting fuel according to one or more embodiments of the present invention;

Fig. 15 is a cross-section schematic illustration of another reduction reactor of a

system for converting fuel according to one or more embodiments of the present invention;

Fig. 16A is a cross-section schematic illustration of a combustion reactor and
combustion reactor inlet stream of a system for converting fuel according to one or more

embodiments of the present invention;

Fig. 16B is a cross-section schematic illustration of another combustion reactor and
combustion reactor inlet stream of a system for converting fuel according to one or more

embodiments of the present invention;

Fig. 16C 1is a cross-section schematic illustration of another combustion reactor and
combustion reactor inlet stream of a system for converting fuel according to one or more

embodiments of the present invention;

Fig. 16D is a cross-section schematic illustration of another combustion reactor
and combustion reactor inlet stream of a system for converting fuel according to one or more

embodiments of the present invention;

Fig. 17 is a cross-section schematic illustration of a solids flow measurement

device installed onto a reduction reactor;

Fig. 18 is side-view cross-sectional schematic illustration of a fuel injection
system of a system for converting fuel according to one or more embodiments of the present

invention;

Fig. 19 is top-view cross-sectional schematic illustration of a fuel injection system
of a system for converting fuel according to one or more embodiments of the present

invention;

Fig. 20A is side-view schematic illustration of a fuel injection system of a system

for converting fuel according to one or more embodiments of the present invention;
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Fig. 20B is top-view cross-sectional schematic illustration of a fuel injection
system of a system for converting fuel according to one or more embodiments of the present

invention;

Fig. 21 is a side-view schematic illustration of a solids separation unit of a system

for converting fuel according to one or more embodiments of the present invention;

Fig. 22A is a cross-section schematic illustration of a combustion reactor according

to one or more embodiments of the present invention;

Fig. 22B is a cross-section schematic illustration of another combustion reactor

according to one or more embodiments of the present invention; and

Fig. 22C is a cross-section schematic illustration of another combustion reactor

according to one or more embodiments of the present invention.

The present invention is generally directed to the components of a system for the
conversion of solid carbonaceous fuels into other forms of energy. Other configurations of
the present invention may also be applied to convert liquid and gaseous fuels. The conversion
of fuels may generally be performed with a binary mixture of particles in a system, wherein
the binary mixture may comprise an oxygen carrying material and a solid carbonaceous fuel.
In one embodiment, oxygen present in the oxygen carrying material oxidizes the solid fuels,
while the oxygen carrying material particles are reduced to a lower oxidation state. Generally,
the products of the system may include heat, power, chemicals, liquid fuels and/or H,, which
may be generated by re-oxidizing the reduced oxygen carrying material particles using
oxidizing agents such as, but not limited to, air and/or steam in a separate reactor. In some
embodiments, chemicals and liquid fuels may be produced using H, and/or CO, produced by
the system, or through partial oxidation of metal oxide particles and coupling of the

carbonaceous fuels.

In some embodiments, the systems described herein may involve circulation of
primary metal oxide particles in a circulating fluidized bed with a downcomer of either a
packed moving bed or a series of interconnected-fluidized beds, in which the solid fuels are

injected and dispersed throughout the primary particles for the chemical reaction with
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primary oxygen carrying material particles. Generally, the metal oxides with coarse particle
size may be used in the packed moving bed as the oxygen carrying material to avoid
fluidization, whereas the solid fuel particle size is smaller than metal oxides, in order to
extend the hydrodynamic limit of moving bed operation. The systems described herein also
may utilize the difference of hydrodynamic properties of two types of particles to control
their interaction and to separate the byproducts of solid fuels or unconverted solid fuels from
the oxygen carrying material particles and gas products. Various application schemes using
the oxygen carrying material circulating systems are explained herein. In addition, various
reactor designs and details regarding the solid fuel handling and processing strategy in the

chemical looping system are explained herein.

Methods for producing hydrogen gas by the use of a chemical looping process in
an oxidation and reduction reaction scheme with carbon-based reducing fuels and oxidizing
gases are disclosed in Thomas et al. (US Patent 7,767,191), Fan et al. (PCT Application No.
WO 2007/082089), and Fan et al. (U.S. Provisional Application No. WO 2010/037011)

respectively, and their teachings are incorporated herein in their entirety by reference.

Generally, the present invention is directed to systems and methods for converting
fuel by redox reactions of oxygen carrying material particles. In some embodiments, reactor
system may utilize a chemical looping process wherein carbonaceous fuels may be converted
to heat, power, chemicals, liquid fuels, and/or hydrogen (H,). In the process of converting
carbonaceous fuels, oxygen carrying materials within the system such as oxygen carrying
particles may undergo reduction/oxidation cycles. The carbonaceous fuels may reduce the
oxygen carrying materials in a reduction reactor. The reduced oxygen carrying materials may
then be oxidized by steam and/ or air in one or more separate reactors. In some embodiments,
oxides of iron may be preferred as at least one of the components in the oxygen carrying
material in the chemical looping system. In some embodiments, oxides of copper, cobalt and
manganese may also be utilized in the system. Oxygen carrying materials are described in
Thomas et al. (U.S. Published App. No. 2005/0175533 A1), which is incorporated herein in

its entirety by reference.
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Now referring to Fig. 1, embodiments of the systems described herein may be
directed to a specific configuration wherein heat and/or power may be produced from solid
carbonaceous fuels. In such a fuel conversion system 10, a reduction reactor 100 may be used
to convert the carbonaceous fuels from an inlet stream 110 into a CO»/H>O rich gas in an
outlet stream 120 using oxygen carrying materials. Oxygen carrying materials that enter the
reduction reactor 100 from the 700 solid storage vessel 700 through connection means 750
may contain oxides of iron with an iron valence state of 3+. Following reactions which take
place in the reduction reactor 100, the iron in the oxygen carrying material may be reduced to

an average valence state between about 0 and 3+.

As would be familiar to one of ordinary skill in the art, the oxygen carrying
materials may be fed to the reactor via any suitable solids delivery device/mechanism. These
solids delivery devices may include, but are not limited to, pneumatic devices, conveyors,

lock hoppers, or the like.

Referring to the reaction in the reduction reactor 100, the reduction reactor 100
generally may receive a fuel, which is utilized to reduce the at least one metal oxide of the
oxygen carrying material to produce a reduced metal or a reduced metal oxide. As defined
herein, “fuel” may include: a solid carbonaceous composition such as coal, tars, oil shales, oil
sands, tar sand, biomass, wax, coke etc; a liquid carbonaceous composition such as gasoline,
oil, petroleum, diesel, jet fuel, ethanol etc; and a gaseous composition such as syngas, carbon
monoxide, hydrogen, methane, gaseous hydrocarbon gases (C1-C6), hydrocarbon vapors, etc.
For example, and not by way of limitation, the following equation illustrates possible

reduction reactions:

Fe;03+2CO—2Fe+2CO,
16F6203+3C5H12—>32FG+ 1 5C02+ 1 SHZO

In this example, the metal oxide of the oxygen carrying material, Fe,Os, may be
reduced by a fuel, for example, CO, to produce a reduced metal oxide, Fe. Although Fe may

be the predominant reduced composition produced in the reduction reaction of the reduction
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reactor 100, FeO or other reduced metal oxides with a higher oxidation state are also

contemplated herein.

The reduction reactor 100 may be configured as a moving bed reactor, a series of
fluidized bed reactors, a rotary kiln, a fixed bed reactor, combinations thereof, or others
known to one of ordinary skill in the art. Typically, the reduction reactor 100 may operate at
a temperature in the range of about 400°C to about 1200°C. and a pressure in the range of
about 1 atm to about 150 atm; temperatures and pressures outside these ranges may be
desirable depending on the reaction mechanism and the components of the reaction

mechanism.

The CO»/H,0 rich gas of the outlet stream 120 may be further separated by a
condenser 126 to produce a CO; rich gas stream 122 and an H,O rich stream 124. The CO,
rich gas stream 122 may be further compressed for sequestration. The reduction reactor 100
may be specially designed for solids and/or gas handling, which is discussed herein. In some
embodiments, the reduction reactor 100 may be configured as a packed moving bed reactor.
In another embodiment, the reduction reactor may be configured as a series of interconnected
fluidized bed reactors, wherein oxygen carrying material may flow counter-currently with

respect to a gaseous species.

Still referring to Fig. 1, the reduced oxygen carrying materials exiting the reduction
reactor 100 may flow through a combustion reactor inlet stream 400 and may be transferred
to a combustion reactor 300. The reduced oxygen carrying material in the combustion reactor
inlet stream 400 may be moved through a non-mechanical gas seal and/or a non-mechanical

solids flow rate control device. Such system components are described herein.

To regenerate the metal oxide of the oxygen carrying materials, the system 10 may
utilize a combustion reactor 300, which is configured to oxidize the reduced metal oxide of
the oxygen carrying material. The oxygen carrying material may enter the combustion reactor
300 and may be fluidized with air or another oxidizing gas from an inlet stream 310. The iron
in the oxygen carrying material may be re-oxidized by air in the combustion reactor 300 to an
average valence state of about 3+. The combustion reactor 300 may release heat during the

oxidation of oxygen carrying material particles. Such heat may be extracted for steam and/or
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power generation or used to compensate the process heat requirements. In some
embodiments, the combustion reactor 300 may comprise an air filled line or tube used to
oxidize the oxygen carrying material. Alternatively, the combustion reactor 300 may be a

heat recovery unit such as a reaction vessel or other reaction tank.

The following equation lists one possible mechanism for the oxidation in the

combustion reactor 300:

2F€3O4+0.502—>3F6203

Following the oxidation reaction in the combustion reactor 300, the oxidized
oxygen carrying materials may be transferred to a gas-solid separation device 500. The gas-
solid separation device 500 may separate gas and fine particulates in an outlet stream 510
from the bulk oxygen carrying material solids in an outlet stream 520. The oxygen carrying
material may be transported from the combustion reactor 300 to the gas-solid separation
device 500 through a solid conveying system 350, such as for example a riser. In one

embodiment, the Fe;O4 product may be oxidized to Fe,Ojs in the solid conveying system 350.

The bulk oxygen carrying material solids discharged from the gas-solid separation
device 500 may be moved through a solid-solid separation device 600, through connection
means 710, and to a solid storage vessel 700 where substantially no reaction is carried out. In
the solid-solid separation device 500, oxygen carrying materials may be separated from other
solids, which flow out of the system through an outlet 610. The oxygen carrying material
solids discharged from the solid storage vessel 700 will pass through another non-mechanical
gas sealing device 750 and finally return to the reduction reactor 100 to complete a global

solids circulation loop.

In some embodiments, the oxygen carrying material particles may undergo
numerous regeneration cycles, for example, 10 or more regeneration cycles, and even greater
than 100 regeneration cycles, without substantially losing functionality. This system may be

used with existing systems involving minimal design change, thus making it economical.
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Now referring to Fig. 2, in another embodiment, H, and/or heat/power may be
produced from solid carbonaceous fuels by a fuel conversion system 20 similar to the system
10 described in Fig. 1, but further comprising an oxidation reactor 200. The configuration of
the reduction reactor 100 in this embodiment follows the similar configuration as the
previous embodiment shown in Fig. 1. The system 20 of Fig. 2 may convert carbonaceous
fuels from the reduction reactor inlet stream 110 into a CO,/H,O rich gas stream 120 using
the oxygen carrying materials that contain iron oxide with a valence state of about 3+. In the
reduction reactor 100, the iron in the oxygen carrying material may be reduced to an average
valence state between about 0 and 2+ for the H, production. It should be understood that the
operation and configuration of the system 20 comprising an oxidation reactor 200 (a three
reactor system) is similar to the operation of the system 10 not comprising an oxidation
reactor (a two reactor system), and like reference numbers in Fig. 1 correspond to like parts in

Fig. 2.

Similar to the system 10 of Fig. 1, the CO,/H,O rich gas in the outlet stream 120 of
the system 20 of Fig. 2 may be further separated by a condenser 126 to produce a CO, rich
gas stream 122 and an H,O rich stream 124. The CO, rich gas stream 122 may be further
compressed for sequestration. The reduction reactor 100 may be specially designed for solids
and/or gas handling, which is discussed herein. In some embodiments, the reduction reactor
100 may be operated in as packed moving bed reactor. In another embodiment, the reduction
reactor may be operated as a series of interconnected fluidized bed reactors, wherein oxygen

carrying material may flow counter-currently with respect to a gaseous species.

The reduced oxygen carrying material exiting the reduction reactor 100 may be
transferred through a connection means 160 that may have a non-mechanical gas-sealing
device, to an oxidation reactor 200. The reduced oxygen carrying materials may be re-
oxidized, with steam from an inlet stream 210. The oxidation reactor 200 may have an outlet
stream 220 rich in H; and steam. Excessive/unconverted steam in the outlet stream 220 may
be separated from the H, in the stream 220 with a condenser 226. An H; rich gas stream 222
may be generated. The steam inlet stream 210 of the oxidation reactor 200 may come from
condensed steam recycled in the system 20 from an outlet stream 124 of the reduction reactor

100. In one embodiment, a portion of the solid carbonaceous fuel in the reduction reactor 100
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may be intentionally or unintentionally introduced to the oxidation reactor 200, which may
result in a H,, CO, and CO, containing gas in an outlet stream 220. Such a gas stream 220
may be either used directly as synthetic gas (syngas) or separated into various streams of pure
products. In the oxidation reactor 200, the reduced oxygen carrying materials may be
partially re-oxidized to an average valence state for iron that is between 0 and 3+. In some
embodiments, the reduction reactor 100 is configured to operate in a packed moving bed
mode or as a series of interconnected fluidized bed reactors, in which oxygen carrying

material may flow counter-currently against the gaseous species.

The oxidation reactor 200, which may comprise the same reactor type or a
different reactor type than the reduction reactor 100, may be configured to oxidize the
reduced metal or reduced metal oxide to produce a metal oxide intermediate. As used herein,
“metal oxide intermediate” refers to a metal oxide having a higher oxidation state than the
reduced metal or metal oxide, and a lower oxidation state than the metal oxide of the oxygen
carrying material. For example, and not by way of limitation, the following equation

illustrates possible oxidation reactions in the oxidation reactor 200:

3Fe+4H,0—Fe;0O4+4H,
3Fe+4CO2—Fe;04+4CO

In this example, which centers on oxygen carrying materials that may be ceramic
composites that utilize Fe,Os as the metal oxide, oxidation in the oxidation reactor 200 using
steam may produce a resultant mixture that includes metal oxide intermediates comprising
predominantly Fe;O4. Fe;Oszand FeO may also be present. Furthermore, although H,O,
specifically steam, is the oxidant in this example, numerous other oxidants are contemplated,

for example, CO, O, air, and other compositions.

The oxidation reactor 200 may be configured as a moving bed reactor, a series of
fluidized bed reactors, a rotary kiln, a fixed bed reactor, combinations thereof, or others.
Typically, the oxidation reactor 200 may operate at a temperature in the range of about 400

°C to about 1200 °C and a pressure in the range of about 1 atm to about 150 atm; however,
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temperatures and pressures outside these ranges may be desirable depending on the reaction

mechanism and the components of the reaction mechanism.

The oxidation reactor 200 may comprise a moving bed with a countercurrent
contacting pattern of gas and solids. Steam may be introduced at the bottom of the reactor
and may oxidize the reduced oxygen carrying material particles as the particles move
downwardly inside the oxidation reactor 200. In this embodiment, the product formed may be
hydrogen, which is subsequently discharged from the top of the oxidation reactor 200. It will
be shown in further embodiments that products such as CO and syngas are possible in
addition to hydrogen. Though Fe,0; formation is possible in the oxidation reactor 200, the
solid product from the oxidation reactor 200 is expected to be mainly metal oxide
intermediate, Fe;O4. The amount of Fe,O; produced in the oxidation reactor 200 depends on
the oxidant used, as well as the amount of oxidant fed to the oxidation reactor 200. The steam
present in the hydrogen product of the oxidation reactor 200 may then be condensed in order
to provide for a hydrogen rich stream 222. At least part of this hydrogen rich stream may be
recycled back to the reduction reactor 100. In addition to utilizing the same reactor type as
the reduction reactor 100, the oxidation reactor 200 may similarly operate at a temperature

between about 400 °C to about 1200 °C and pressure of about 1 atm to about 150 atm.

The partially re-oxidized oxygen carrying materials exiting the oxidation reactor
200 may flow through a combustion reactor inlet stream 400 and may be transferred to a
combustion reactor 300. The reduced oxygen carrying material in the combustion reactor
inlet stream 400 may be moved through a non-mechanical gas seal and/or a non-mechanical

solids flow rate control device.

The oxygen carrying material may enter the combustion reactor 300 and may be
fluidized with air or another oxidizing gas from an inlet stream 310. The iron in the oxygen
carrying material may be re-oxidized by air in the combustion reactor 300 to an average
valence state of about 3+. The combustion reactor 300 may release heat during the oxidation
of oxygen carrying material particles. Such heat may be extracted for steam and/or power

generation or used to compensate the process heat requirements.
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Followed by the oxidation reactions in the combustion reactor 300, the oxidized
oxygen carrying materials may be transferred in the same manner as the previous
embodiment in Figure 1, such as through a solid conveying system 350 such as a riser, to a
gas-solid separation device 500, to solids separation device 600, and to solid storage vessel

700.

Referring now to Fig. 3, in one embodiment, a fuel conversion system 30 may be
configured to produce chemicals, fuels, H,, heat, and/or power are produced from
carbonaceous fuels. A reduction reactor 100 may be used to convert the carbonaceous fuels
from an inlet stream 110 into a hydrocarbon containing, preferably ethylene (C,H4), gas
outlet stream 120 using oxygen carrying materials that may contain oxides of manganese
and/or iron. The desired hydrocarbon product may be withdrawn from the top of the
reduction reactor in a stream 120 or slip streams 130 along the reduction reactor 100. The
hydrocarbon containing stream 120 may be further processed in necessary separation/upgrade
units 801. The hydrocarbon from reduction reactor 100 may be separated and used as a bulk
chemical or may be upgraded into liquid fuels such as gasoline and/or diesel in an outlet
stream 811. A function of the oxygen carrying material in the reduction reactor 100 may be to
donate oxygen to carbonaceous fuels in order them to be partially oxidized and reformed into
hydrocarbons such as C,H,4. The metal oxide in the oxygen carrying material may be partially
reduced in the reduction reactor. In some embodiments, the reduction reactor 100 is operated
in a packed moving bed reactor configuration or as a series of interconnected fluidized bed
reactors, in which the oxygen carrying materials may flow counter-currently relative to a

gaseous species.

The reduced oxygen carrying material may then be transferred through a non-
mechanical gas-sealing device 160 to an optional oxidation reactor 200. In the oxidation
reactor 200, the reduced oxygen carrying materials may be re-oxidized, with steam from an
inlet stream 210, into a H, containing gas stream 220. Steam in the outlet stream 220 may be
further condensed in a condenser 126, generating a H, rich gas stream 122 and a steam rich
stream 124. The outlet stream 122 may be used to upgrade the hydrocarbon products
generated in the reduction reactor 100. In some embodiments, at least a portion of the

carbonaceous fuel may be intentionally or unintentionally introduced to the oxidation reactor
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200, which may result in a H,, CO, and CO, containing gas stream 220. Such a gas stream
220 may either be used directly as syngas or may be separated into various streams of pure
products. In some embodiments, the reduction reactor may be configured to operate as a
packed moving bed reactor or a series of interconnected fluidized bed reactors, in which

oxygen carrying materials may flow counter-currently relative to a gaseous species.

The re-oxidized oxygen carrying material may then be transferred, through a
combustion reactor inlet stream 400 optionally comprising a non-mechanical gas seal and/or
a non-mechanical solids flow rate control device, to a combustion reactor 300, where it may
be fluidized with air. The metal oxides are further oxidized in the combustion reactor 300.
The combustion reactor may release heat. Such heat may either be extracted for steam and/or

power generation or used to compensate the process heat requirements.

Following oxidation reactions in the combustion reactor 300, the oxidized oxygen
carrying materials may be transferred in the same manner as the previous embodiment in Figs.
1 and 2, through a riser 600, into a gas-solid separation device 500, solids separation device

600, and solid storage vessel 700.

By controlling the amount of steam in the oxidation reactor inlet stream 210, the
overall ratio of production rates among hydrocarbons, H,, and power may be adjusted. In the
case when H, is not the desired product, the oxidation reactor may be by-passed and
reduction reactor 100 and combustion reactor 300 may be directly connected through the

combustion reactor inlet stream, similar to the embodiment of Fig. 1.

Now referring to Fig. 4, in another embodiment, a fuel conversion system 40 may
be directed to a configuration where pyrolysis oil, H, heat and/or power is co-produced from
carbonaceous fuels from an inlet stream 810, preferably solid carbonaceous fuels such as
biomass, oil shell and/or coal. Under such a configuration, a pyrolyzer reactor 800 may be
used to convert the carbonaceous fuels from the inlet stream 810 into pyrolysis oil and/or
fixed carbon. The heat for pyrolysis may be provided by a high temperature oxygen carrying
material particle that may contain iron oxide with a valence state of 3+. The oxygen carrying
material may be slightly reduced in the pyrolyzer reactor 800. The carbon may then be

carried over, along with the oxygen carrying materials, to the reduction reactor 100 where it
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1s oxidized to a CO; rich gas stream 120 by the oxygen carrying materials. The steam in the
outlet stream 120 may be further separated by a condenser 126 to produce a CO, rich gas
stream 122, which may be further compressed for sequestration. The metal in the oxygen
carrying materials may be reduced to an average valence state between 0 and 2+. At least a
portion of the undesired fraction of the pyrolysis products in the outlet stream 820 may be
introduced to the reduction reactor as a reducing agent through an inlet stream 830. In some
embodiments, the reduction reactor may be operated as a packed moving bed reactor or a
series of interconnected fluidized bed reactor where oxygen carrying material flows counter-

currently with respect to the gaseous species.

The reduced oxygen carrying material may then be transferred, through a non-
mechanical gas-sealing device 160, to an optional oxidation reactor 200. The reduced oxygen
carrying material may be re-oxidized, with steam, producing an H, containing gas outlet
stream 220. Steam in the gas stream 220 may be separated by a condenser 226, generating a
H, rich gas stream 222. H, may be used to upgrade the pyrolysis oil produced from the
reduction reactor 100. For the steam inlet stream 210 of the oxidation reactor 200, usage of
condensed steam in outlet stream 124 from the reduction reactor may be optional. In some
embodiments, a portion of the carbonaceous fuel may be intentionally or unintentionally
introduced to the oxidation reactor 200, which may result in a H,, CO, and CO, containing
gas in the outlet stream 220. Such a gas stream may be either used directly as syngas or
separated into various streams of pure products. In the oxidation reactor 200, the iron oxide in
the reduce oxygen carrying material is also re-oxidized to an average valence state that is
between 0 and 3+. In some embodiments, the oxidation reactor 200 may be operated as a
packed moving bed reactor or a series of interconnected fluidized bed reactor where oxygen

carrying material flows counter-currently with respect to the gaseous species.

Still referring to Fig. 4, the reduced oxygen carrying materials exiting the reduction
reactor 100 may flow through a combustion reactor inlet stream 400 and may be transferred
to a combustion reactor 300. The reduced oxygen carrying material in the combustion reactor
inlet stream 400 may be moved through a non-mechanical gas seal and/or a non-mechanical
solids flow rate control device. Such system components are described herein. To regenerate

the metal oxide of the oxygen carrying materials, the system 10 may utilize a combustion
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reactor 300, which is configured to oxidize the reduced metal oxide. The oxygen carrying
material may enter the combustion reactor 300 and may be fluidized with air or another
oxidizing gas from an inlet stream 310. The iron in the oxygen carrying material may be re-
oxidized by air in the combustion reactor 300 to an average valence state of about 3+. The
combustion reactor 300 may release heat during the oxidation of oxygen carrying material
particles. Such heat may be extracted for steam and/or power generation or used to
compensate the process heat requirements. In some embodiments, the combustion reactor 300
may comprise an air filled line or tube used to oxidize the metal oxide. Alternatively, the
combustion reactor 300 may be a heat recovery unit such as a reaction vessel or other

reaction tank.

Following the oxidation reaction in the combustion reactor 300, the oxidized
oxygen carrying materials may be transferred to a gas-solid separation device 500. The gas-
solid separation device 500 may separate gas and fine particulates in an outlet stream 510
from the bulk oxygen carrying material solids in an outlet stream 520. The oxygen carrying
material may be transported from the combustion reactor 300 to the gas-solid separation
device 500 through solid conveying system 350, such as for example a riser. In one

embodiment, the Fe;O4 product may be oxidized to Fe,Os in the solid conveying system 350.

The bulk oxygen carrying material solids discharged from the gas-solid separation
device 500 may be moved through a solid-solid separation device 600, through connection
means 710, and to a solid storage vessel 700 where substantially no reaction is carried out. In
the solids separation device 500, oxygen carrying materials may be separated from other
solids, which flow out of the system through an outlet 610. The oxygen carrying material
solids discharged from the solid storage vessel 700 will pass through another non-mechanical
gas sealing device 750 and finally return to the reduction reactor 100 to complete a global

solids circulation loop.

Alternatively, a portion of the oxygen carrying materials from the gas-solid
separation device 500 may by-pass the solid-solid separation device 600 and pyrolyzer

reactor 800 and enter directly into the reduction reactor 100 through a stream 550.
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Alternatively, a portion of the carbonaceous fuels in the inlet stream 310 may be
directly introduced to the combustion reactor 100. By controlling the amount of steam in inlet
stream 210 to the oxidation reactor 200 and the fuel injection ratio between the reduction
reactor 100 and pyrolysis reactor 800, the overall product ratio among pyrolysis products, Ha,
and power may be adjusted. In the case when H, is not the desired product, the oxidation
reactor 200 may be by-passed and the reduction reactor 100 and/or the solid conveying
system 350 such as a riser may be directly connected through the non-mechanical gas seal
and solids flow rate control device, in order to compensate the heat requirement in the

reduction reactor 100.

Now referring to Fig. 5, in another embodiment, the oxidization step of the fuel
conversion system 50 may be completed in two or more steps in order for better energy
management. Two oxidizers 200, 300 may be used for oxygen carrying material regeneration.
The air first goes to the second oxidation reactor or combustion reactor 300 and then the first
oxidation reactor 200. The oxidation reactor 200 may be configured as a moving bed design
with counter-current gas solid flow pattern. Such design may ensure a better conversion for
the depleted air stream 510 by contacting it with more reduced oxygen carrying material in
the first oxidation reactor 200. The combustion reactor 300 is configured as a fluidized bed
using air stream 310 to ensure the complete oxidation of oxygen carriers from the first
oxidizer 200. The completely oxidized oxygen carrier particles are then transferred through a
solid conveying system 350, such as a riser. Depleted air used in the combustion reactor 300
and the solid conveying system 350 is used to oxidize and transfer the particles, respectively,
and is recycled to the first oxidation reactor 200. Such an embodiment may reduce the reactor

size and excess air requirement.

Now referring to Fig. 6, in another embodiment, the fuel conversion system 60
may comprise a two step oxidization process that converts fuel. Iron oxide may be a
preferred oxygen carrying material in this embodiment, and the oxidant used in the oxidation
reactor 200 may be steam. By steam-iron reaction, the reduced iron oxide particle may be
partially oxidized to FesO4 and hydrogen may be produced. The hydrogen may be used as
fuel for a gas turbine or feedstock for chemical synthesis in a reactor 540. The combination of

the hydrogen stream from the oxidation reactor 200 and the nitrogen stream from the
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combustion reactor 300, the reactor system 550 may be integrated for ammonia synthesis. In
some embodiments, the disclosed design could improve the ammonia yield by more than

10%.

Now referring to Fig. 7, in another embodiment, a fuel conversion system 70 may
utilize oxygen uncoupling materials from the oxides of copper, manganese, and/or cobalt. In
this embodiment, both the solid fuel and oxides of copper, manganese, and/or cobalt are
introduced in the top of the reduction reactor 100 through an inlet stream 144 and move
downwards. A recycled stream 142 consisting of mainly CO, and H,O i1s used to force the
released oxygen moving downward for fuel conversion. The spent oxides of copper,
manganese, and/or cobalt may then be discharged from the bottom of the reduction reactor
100 and may be sent to the combustion reactor 300 for regeneration with air in inlet stream
310. Via the concurrent flow in the moving bed reduction reactor 300, the oxygen release rate
and extent may be controlled so that no low melting point materials form during the
conversion, which avoids the agglomeration of the copper, manganese, and/or cobalt based

oxygen carrying materials.

Now referring to Fig. 8, in another embodiment, a fuel conversion system 80 may
comprise a reduction reactor 100 that may be an oxygen release reactor, which may perform
the oxygen release from copper, manganese, and/or cobalt, and may be embedded in a
fluidized bed combustion (FBC) boiler 900 for the combustion of carboneous fuels in an inlet
stream 950. Oxygen may be released from the oxides of copper, manganese, and/or cobalt in
the reduction reactor 100, and the effluent gas may be a mixture CO,, H,O and O, from the
combustion reactor 300, which may enter an inlet stream 950 and be used for fuel combustion
in the FBC boiler 900. Inside the reduction oxygen release reactor 100, gas species flow
downward concurrently with the oxides of copper, manganese, and/or cobalt and exit through
an outlet stream 960. At least portion of the exhaust gas stream 970 from the FBC boiler 900
may be recycled to the reduction reactor 100 through an inlet stream 910. The heat required
for oxygen decoupling in the reduction reactor 100 may be transferred from the FBC boiler
900. This integration minimizes the fuel contact with copper, manganese and/or cobalt-based
oxygen carrier particles and thus ensures its recyclability. An oxidation reactor 200 may be in

communication with the reduction reactor 100 through connection means 920 and connection



10

15

20

25

WO 2012/155054 PCT/US2012/037544

-19-

means 910. Gas inlet 930 and gas outlet 940 may function similarly to oxidation reactor inlet

and outlet streams in the embodiments described herein.

The reactors of the systems described herein may be constructed with various
durable materials suitable to withstand temperatures of up at least 1200° C. The reactors may
comprise carbon steel with a layer of refractory on the inside to minimize heat loss. This
construction also allows the surface temperature of the reactor to be fairly low, thereby
improving the creep resistance of the carbon steel. Other alloys suitable for the environments
existing in various reactors may also be employed, especially if they are used as internal
components configured to aid in solids flow or to enhance heat transfer within a moving bed
embodiment. The interconnects for the various reactors can be of lock hopper design or
rotary/star valve design to provide for a good seal. However, other interconnects as can be

determined easily by a person skilled in the art may also be used.

Various mechanisms can be used for solid transportation in the numerous systems
disclosed herein. For example, in some embodiments the solid transportations systems
described herein may be transport systems using a pneumatic conveyor driven by air, belt
conveyors, bucket elevators, screw conveyors, moving beds and fluidized bed reactors. The
resultant depleted air stream may be separated from the particles and its high-grade-heat
content recovered for steam production. After regeneration, the oxygen carrying material
particle may not be substantially degraded and may maintain full particle functionality and

activity.

Heat integration and heat recovery within the system and all system components
may be desirable. Heat integration in the system is specifically focused on generating the
steam for the steam requirements of the oxidation reactor 200. This steam may be generated
using the high grade heat available in the hydrogen, CO, and depleted air streams exiting the
various system reactors 100, 200, and/or, 300, respectively. In the process described herein,
there may be a desire to generate pure oxygen. To generate this pure oxygen, at least part of

the hydrogen may be utilized.

The residence time in each reactor is dependent upon the size and composition of

individual oxygen carrying material particles, as would be familiar to one or ordinary skill in
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the art. For example, the residence time for a reactor comprising Fe based metal oxides may

range from about 0.1 to about 20 hours.

In some embodiments, additional unwanted elements may be present in the system.
Trace elements like Hg, As, Se are not expected to react with Fe,Os at the high temperatures
of the process. As a result they are expected to be present in the CO; stream produced. If
COg,is to be used as a marketable product, these trace elements may be removed from the
stream. Various cleanup units, such as mercury removal units are contemplated herein.
Similar options will need to be exercised in case the CO;stream is let out into the
atmosphere, depending upon the rules and regulations existing at that time. If it is decided to
sequester the CO; for long term benign storage, e.g. in a deep geological formation, there
may not be a need to remove these unwanted elements. Moreover, CO, may be sequestered
via mineral sequestration, which may be more desirable than geological storage, because it

may be safer and more manageable.

Furthermore, sulfur may constitute an unwanted element, which must be accounted
for in the system. In a solid fuel conversion embodiment, sulfur, which is present in coal, is
expected to react with Fe,O; and form FeS. This will be liberated on reaction with steam in
the oxidation reactor 200 as H,S and will contaminate the hydrogen stream. During the
condensation of water from this steam, most of this H,S will condense out. The remaining
H,S can be removed using conventional techniques like amine scrubbing or high temperature
removal using a Zn, Fe or a Cu based sorbent. Another method for removing sulfur would
include the introduction of sorbents, for example, CaO, MgO, etc. Additionally, sorbents may
be introduced into the reduction reactor 100 in order to remove the sulfur and to prevent its
association with Fe. The sorbents may be removed from the system using ash separation

device.

Although some embodiments of the present system are directed to producing
hydrogen, it may be desirable for further treatment to produce ultra-high purity hydrogen. As
would be familiar to one of ordinary skill in the art, some carbon or its derivatives may carry
over from the reduction reactor 100 to the oxidation reactor 200 and contaminate the

hydrogen stream. Depending upon the purity of the hydrogen required, it may be necessary to
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use a pressure swing adsorption (PSA) unit for hydrogen to achieve ultra high purities. The
off gas from the PSA unit may comprise value as a fuel and may be recycled into the
reduction reactor 100 along with coal, in solid fuel conversion embodiments, in order to

improve the efficiency of hydrogen production in the system.

It should be understood that the while several of the embodiments of the systems
described herein utilized an oxygen carrying material comprising an iron oxide, other oxygen

carrying material may be used in the fuel conversion systems described herein.
Reduction Reactor Design

Direct conversion of solid fuels in the chemical looping process may be considered
to occur in two stages, i.e. gaseous volatile conversion and non-volatile containing solid fuel
conversion. In some embodiments, a packed moving bed configuration is used in the present
system for the reduction reactor 100 in the systems of Figs. 1-8. The reduction reactor 100
shown in Figs. 1-8 may be replaced with a series of fluidized beds for some cases. When
solid fuels are injected into the reduction reactor 100 through a solid fuel delivery and
injection system, the gaseous volatile matters in the solid fuels are rapidly evolved and
carried with gases to the upper section of the reduction reactor 100. In this section, the

volatiles may be converted by oxygen donated from the oxygen carrying material particles.

As the gaseous volatiles are converted in the upper section of the reduction reactor
100, the remains of solid fuel may be converted with aid of oxygen carrying materials and
oxidizing gases throughout the reduction reactor 100 or in certain regions of the reduction
reactor 100. The oxidizing gases may prompt the conversion of remaining solid fuels and
provide consequent reducing gases for reduction of metal oxides to lower their oxidation
state. In some embodiments, fresh CO, or H,O or recycled CO»/H,O stream from the outlet
of the reduction reactor 100 may be used as the oxidizing agents, but O, may also be an
acceptable oxidizing gas for the promotion of solid fuel conversion. Reductive gases such as
CO and H; may be formed from the gasification of remains of solid fuel and may lead to the

reduction of metal oxides.
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In the packed moving bed configuration, the conversion strategy of remains of
solid fuel is determined by the gas velocity conceived by the oxidizing gases mentioned
above, reactor design, or the configuration of solid fuel injection in the reducer. A feature of
the packed moving bed is to provide gas and oxygen carrying material particles in a counter-
current contact pattern, and the flow pattern of solid fuel is decided in such way that enough
residence time is provided for the conversion. The solid fuels may flow counter-currently or

co-currently with respect to the flow of oxygen carrying materials.

Because the solid fuel conversion process evolves gases as they are converted, the
gas velocity in the packed moving bed needs to be carefully regulated, in order to maintain
the moving bed regime throughout the reduction reactor 100. One or more stage of taper-
shape connections, which have a larger cross-sectional area on the upper section, may be
utilized to reduce the gas velocity in the upper section where evolved gases flow towards.
The number of stages for tapers and angle and height of tapers may be determined based on
the solid fuel conversion expectancy and hydrodynamics of oxygen carrying materials and
solid fuels. In some embodiments, the oxygen carrying material particle size prefers to be
large enough such that they flow counter-currently with gases in the packed moving bed
manner in the reduction reactor 100 and the oxidation reactor 200 and solids
fluidization/entrainment is generally achievable and practical in the combustion reactor 300
and the solid conveying system 350, respectively. Another potential strategy is to withdraw a
portion of the gas from intermediate section of the reactor. This gas may either be directly

used as a fuel gas/chemical looping or separated and with the fuel portion recycled.

Figure 9A depicts an embodiment of a packed moving bed reducer reactor, which
corresponds to the reduction reactor 100 in Figs. 1-8. At the bottom of the reduction reactor
100, the oxidizing gas mentioned above is introduced through a ring-type gas distributor
acting as an injection gas port 170 for its better distribution. The gas velocity gradually
decreases at the upper section of taper union as the cross-sectional area of taper increases. In
other embodiment shown in Figure 9B, the reduction reactor 100 may have multiple injection
gas ports 170 along a tapered section of the reactor wall disposed annularly. This

embodiment allows oxidizing gas to locally aerate the solids, which prevents the bridging
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formation near the taper. Wide range of particle size distribution may cause solids to be

locked up in the taper.

Referring now to Figs. 9A and 9B, the reduction reactor may comprise a geometry
with multiple tapers, such as a first taper 161 and a second taper 162. The tapered design
allows for the reduction reactor 100 to have a larger cross sectional area in higher regions
than in lower regions, such that the reduction reactor 100 has a larger cross sectional area at
its top than at its bottom. It should be understood that the reduction reactor 100 may have one
taper or not tapers at all. In some embodiments, the reduction reactor may have more than
two tapers. The tapers may have different sizes and shapes respectively. In one embodiment
of the reduction reactor 100, the entire vertical length of the reduction reactor 100 may be
tapered, such that the cross sectional area increases continually with respect to the vertical

height of the reduction reactor 100.

Referring now to Fig. 10, in some embodiments, a larger vessel size of the
reduction reactor 100 may be used, and multiple tapered sections in parallel may be applied at
the bottom stage of the reduction reactor 100, such that the reduction reactor has multiple
outlet streams. A first taper 177 and a second taper 176 may both emanate from the bottom
section of the reduction reactor 100 and form multiple outlets for oxygen carrying material.
Multiple taper connections may prevent excessive stress on single taper and channel flow of
solids. In this embodiment, multiple non-mechanical valves may be installed to transfer
particles to multiple combustors. Then, identical riser, gas-solid separation system and solid-

solid separation may be repeated in parallel.

A series of fluidized beds may alternatively be used for the solid fuel conversion
and/or H, production, in the reduction reactor 100 and the oxidation reactor 200, respectively.
In such a configuration, the preferred oxygen carrying material particle size range may be
between about 50 and about 2,000 microns. Both oxygen carrying materials and solid fuel
remains are fluidized by oxidizing inlet gas and intermediate and products gases from the
reactions. In some configurations of multistage fluidized beds, the gases and oxygen carrying

materials exchange oxygen counter-currently. Alternatively, the solid fuels and oxygen



10

15

20

25

WO 2012/155054 PCT/US2012/037544

24-

carrying materials may flow together co-currently and/or flow counter-currently in some

embodiments.

In one embodiment, the co-current flow of a series of fluidized bed has inlets and
outlets of solid fuels (if any) and oxygen carrying material that are identical, and the
oxidizing gases are introduced into a first fluidized bed at the bottom of the series of fluidized
beds, which takes solids input from a second fluidized bed above the first fluidized bed and
produces a final output of solids. The resultant gases from the first fluidized bed may move
into the second fluidized bed. The recycled oxygen carrying materials from the storage vessel
are introduced into the upper most fluidized bed. Injection of solid fuels may be made at any
of the fluidized beds. The interchanges of gases and solids reputably occur between each
fluidized bed. In the co-current flow of series of fluidized bed, the oxygen carrying materials
and solid fuels typically have similar properties of hydrodynamics. The oxygen carrying
material and solid fuel particle sizes also prefer to be in the range where their simultaneous
fluidization is achievable and practical in the reduction reactor 100 and/or the oxidation

reactor 200.

In the counter-current flow of series of fluidized beds, where the solid fuels and
oxygen carrying materials flow into the opposite direction of each other, the solid fuels may
be entrained out from each fluidized bed along with gases, whereas the oxygen carrying
materials may be continuously fluidized in each reactor before they are transported to the
next ones. For this counter-current fluidized bed operation, the density and size of the oxygen
carrying material particle needs to be suitable such that the fluidized regime is maintained in
each fluidized reactor and solid fuels are small enough for the quick entrainment by gas for

easy separation from the oxygen carrying materials.
Flow Regime

Now referring to Fig. 11, in one embodiment of a packed moving bed reactor, the
oxidizing gas 150 has a velocity at the lower section of a taper 161 that is between the
terminal velocity of remains of solid fuels 140 and the minimum fluidization velocity of
oxygen carrying materials 130. The reactor may be configured as a packed moving bed where

flow directions of solid fuels 140 and oxygen carrying materials 130 is counter-current. The
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oxidizing gas 150 at high velocity is added to the lower section of the taper 161, and the
remains of solid fuel flow with the oxidizing gas 150 through the void space of descending
oxygen carrying materials 130. In this embodiment, the gas-solid-solid contacting mode may
prefer a relatively large size of particle of oxygen carrying material 130 (any size between
about Imm and 10mm), a pulverized solid fuel particles 140 that is smaller than oxygen
carrying materials 130 (any size between about 1 um and about 1,000pum), and a relatively
high oxidizing gas 150 flow velocity (higher than minimum fluidization velocity of
pulverized solid fuel 140, but lower than minimum fluidization velocity of oxygen carrying
materials 130) in the bottom zone. In this embodiment, substantially no byproduct of solid
fuels 140 and/or unconverted solid fuels may be present in the combustion reactor 300 and
riser 350, because high gas velocity at the bottom of taper 161 allows only circulation of
oxygen carrying materials 130, which may have coarser particle sizes. Byproducts of solid
fuels 140 and/or unconverted solids may be separated and rejected from the system at the top

of the reduction reactor 100, as described herein.

Now referring to Fig. 12, in another embodiment, solid fuels 140 with highly
volatile contents may be injected below the taper 161. If necessary, additional oxidizing gas
150 may be injected below the solid fuel injection point in order to prevent the down flow of
solid fuels 140. The flow direction of solid fuels 140 and oxygen carrying materials 130 may
be countercurrent. This embodiment provides the maximum reaction zone for the volatiles
from solid fuel 140. In this embodiment, substantially no byproduct of solid fuels 140 and/or
unconverted solid fuels may be present in the combustion reactor 300 and riser 350, because
high gas velocity at the bottom of the taper 161 may allows only global circulation of oxygen
carrying materials 130, which may have coarser particle sizes. Byproducts of solid fuels 140
and/or unconverted solids may be separated and rejected from the system either at the top of

reduction reactor 100 or along with the fresh solid fuels.

Now referring to Fig. 13, in another embodiment, the flow of solid fuels 140 and
oxygen carrying material 130 is co-current. The reduction reactor 100 may be configured
such that solid fuel 140 may flow downwards together with the oxygen carrying material 130
particles, whereas the oxidizing gas 150 may flows upwards. In this embodiment, the gas-

solid-solid contacting mode may prefer low oxidizing gas 150 velocity in the lower section of
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the taper 161 and/or the remains of solids fuel 140 have similar hydrodynamic characteristics
as the oxygen carrying materials 130. Any unconverted solid fuels 140 may be converted in
the combustion reactor 300 with air and their byproducts may be separated from the oxygen
carrying materials 130 before the oxygen carrying materials re-enter the reduction reactor
100. This conversion scheme may result in a carbon dioxide byproduct in the combustion
reactor 300 gas outlet. In one embodiment, a solid-solid separation unit may be positioned
before the combustion reactor 300, such as a fluidized bed, to separate oxygen carrying
material 130 and unconverted fuel 140 based on their different hydrodynamic properties. This
embodiment may allow for recycling of unconverted solid fuel 140 back to the reduction
reactor 100 and may eliminate a carbon leak through the combustion reactor 300 and riser

350.

Referring to Fig 14, in another embodiment, a non-volatile or low volatile solid
fuel 140 such as, but not limited to, char or coke may be utilized, and the injection of solid
fuels 140 may be made at the top of reduction reactor 100. The solid fuels may be introduced
with recycled oxygen carrying materials 130 from the storage vessel and may flow co-
currently downwards in the reduction reactor 100. In another embodiment, a series of

fluidized beds may be utilized in a similar flow configuration.

Now referring to Fig. 15, in another embodiment, the gas-solid-solid contacting
modes may be achieved by a combination of co-current and counter-current flow regimes of
oxygen carrying materials 130 and remains of solid fuel 140. In this embodiment, the solid
fuels 140 may have a wide range of particle sizes. The remains of solid fuel 140 with relative
small particle size may follow the counter-current flow, whereas relative large sizes of solid
fuels 140 may flow co-currently with respect to the oxygen carrying materials 130. Any
unconverted solid fuels 140 may be converted in the combustion reactor 300 with air and
their byproducts may be separated before re-entering the reduction reactor 100. This
conversion scheme may result in a carbon dioxide byproduct in the combustion reactor gas
outlet. One another embodiment, a solid-solid separation unit is positioned before the
combustion reactor 100, such as a fluidized bed, to separate oxygen carrying material 130 and

unconverted fuel 140 based on their different hydrodynamic property. This embodiment may
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allow for recycling unconverted solid fuel 140 back to the reduction reactor 100 and may

eliminate the carbon leak through the combustion reactor 300 and riser 350.
Non-Mechanical Valve

The oxygen carrying materials in the chemical looping system may need to be
transported from the reduction reactor 100 or oxidation reactor 200 to the combustion reactor
300 at regulated and desired flow rates. Because a conventional mechanical device such as
table feeders or ball valves rely on the moving parts, operation cost may be expensive and the
devices may be unreliable when they are applied in the chemical looping system where
abrasive oxygen carrying materials and solid fuels are handled at elevated temperatures.
Therefore, non-mechanical valves may be incorporated into the chemical looping systems
disclosed herein at the combustion reactor inlet 400. The non-mechanical valve may
transport the solids and be configured such as to prevent gas mixing between the reduction
reactor 100 or the oxidation reactor 200 and the combustion reactor 300. As used herein,
non-mechanical valve is any valve that does not rely on moving parts, other than for example

a gas flow, in its operation. A non-mechanical valve may have a circuitous piping assembly.

Now referring to Figs. 16A, 16B, 16C, and 16D, disclosed herein are several non-
mechanical valve configurations. Generally, the non-mechanical valve may comprise a
vertical standpipe 410, which is connected to the reduction reactor 100 or the oxidation
reactor 200, at least one horizontal pipe 420, optionally at least one vertical pipe 470, and
optionally an angle pipe 430. The vertical standpipe 410 may conceive the pressure build-up
between the reduction reactor 100 or the oxidation reactor 200 and the combustion reactor
300 to prevent gas mixing. A zone seal gas stream 440 may be used to build up the pressure
on the standpipe, which may prevent gas leakage between reactors. Inert gas such as, but not
limited to, N> and Ar, steam or less-reactive gases like CO, may be used to seal the reactors.
Preferred configurations of horizontal and angle pipes are determined by the particle
characteristics of oxygen carrying materials and/or gas usage in the system. The global
circulation rate of oxygen carrying material s mainly determined and controlled by the
aeration gas stream 450 on the vertical standpipe of valves. Inert gas such as, but not limited

to, N> and Ar, steam or less-reactive gases like CO, are preferred as an aeration gas. An
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additional aeration gas stream 460 may be installed to minimize the static zone and prevent

fine accumulation.

The non-mechanical valve may be configured with a specific geometry, which may
depend on the specification of the fuel conversion system. Fig. 16A shows an “L-valve”,
which is configured in the shape of an “L” and comprises a standpipe 410, which is
connected to a horizontal pipe 420, which is connected to the combustion reactor 300. Fig.
16B shows an “extended L.-valve”, which is configured in the shape of an “L” with an
extension and comprises a standpipe 410, which is connected to a horizontal pipe 420, which
is connected to an angle pipe 430, which is connected to the combustion reactor 300. Fig.
16C shows a “J-valve”, which is configured in the shape of n “J” and comprises a standpipe
410, which is connected to a horizontal pipe 420, which is connected to a vertical pipe 470,
which is connected to an angle pipe 430, which is connected to the combustion reactor 300.
Fig. 16D shows an “h-valve”, which is configured in the shape of an “h” and comprises a
standpipe 410, which is connected to a first horizontal pipe 420, which is connected to a first
vertical pipe 470, which is connected to and a second horizontal pipe 420, which is connected

to the combustion reactor 300.
Solid Flow Measurement System

In one embodiment, the fuel conversion systems disclosed herein may comprise a
solids flow rate measurement device and may be positioned at the combustion reactor inlet
stream 400. The solid flow measurement device may be coupled with a non-mechanical
valve. In addition to the solid flow regulatory system, solids flow rate measurements may be
installed to ensure the proper operation of the reactor system. It may be important to have
knowledge of the oxygen carrying material circulation rate in the system in order to
determine the stoichiometric balance between fuel feed and oxygen carrying material.
Improper global solid circulation rate may result in solid agglomeration in the reduction

reactor 100 and/or the oxidation reactor 200 and/or incomplete fuel conversion.

In one embodiment, the oxygen carrying material circulation is determined by
using the characteristics of packed moving bed and low heat capacity of solids in the moving

bed. A batch of cold particle may be added into the reactor through a lock-hopper system and
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the temperature trend of temperature measurement devices on the reactor wall may be
monitored. In the given example in Fig. 17, the temperature measurement devices 480, such
as, but not limited to thermocouples, may be installed on the reactor wall, arranged
periodically down the vertical height of the reactor. The first thermocouple to show a large
drop in temperature may indicate the level of the bed. Since the solids in the reactor move
downward, the batch of cold solid lowers the temperature in a below region. This trend
continues until the batch of solids comes to the reactor steady state temperature. The time lag
between temperature drops between temperature measurement devices indicates the linear
velocity of the oxygen carrying material particle. The linear velocity may be converted to the

mass flowrate if the density of solid and cross sectional area of reactor is known.

In another embodiment, a solids flow rate measuring system may comprise a
transport line with a transport window. The transport line may be located parallel to the main
transport lines, such as between the solids separation device 600 and the solids storage vessel
700, and may ensure similar operational condition in the measuring device and the main
reaction. The solids flow rate may be obtained from the solids flow rate in the measuring
device multiplied by the area ratio between the cross-sections of the measuring line and the

main transport line.
Design of Solid Fuel Injection System

No referring to Figs. 18, in one embodiment, the reduction reactor 100 comprises a
solid fuel injection and distribution system 171 for a packed moving bed reactor
configuration. The input rate of solid fuels may be controlled by utilizing a conventional solid
handling device. The system 171 may comprise a storage unit of solid fuels 700 and a solid
flow rate controller 174. The solid fuels are delivered to the transportation by the solid flow
rate controller 174, and then a motive gas from a stream 176 may carry the solid fuels into the
packed moving bed reactor 100. Generally, a neutral, non-reactive, or less-reactive gas is
used to transport the solid fuels from the solid flow control device 174 into the packed
moving bed reactor 100. In certain embodiments, oxidative gases such as CO,, H,O, and/or
O, may be used as the motive gas. The size of the solid fuel transportation system 170 and

motive gas velocity may be dependent on the properties of the solid fuels. The numbers and
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location of solid fuel injections may be also attuned based on the reactor size, reactivity of
oxygen carrying materials with solid fuels, and/or solid fuel flow rates. An emergency shut-
off valve 178 may be installed to prevent sudden back-flow of oxidizing gas to the solid fuel

storage unit.

Now referring to Figs. 18 and 19, in one embodiment, the solid fuels with a motive
gas may be tangentially injected into the packed moving bed reactor 100 around a funnel
shaped solid flow adjustor 180. Figure 18 depicts the flow direction of solid fuels by a motive
gas near the flow adjustor with a two-point tangential injection configuration. The oxygen
carrying materials may pass through the funnel shaped solid flow adjustor 180, and they
focus into the smaller surface area providing space for the solid fuels to be injected the
oxygen carrying materials inside the funnel shaped solid flow adjustor 180. The solid flow
adjustor 180 may coaxially disposed within a moving bed reactor, and the spacing between
the solids flow adjustor and the walls of the first moving bed reactor defines a tangential
flowpath for fuel entering the first moving bed reactor via multiple fuel injection ports. The
funnel shaped solid flow adjustor 180 may be constructed from a porous material, such that
smooth gas flow may be obtained. Internal reactor design may be an effective and efficient

means to distribute the solid fuels in the packed moving bed.

The reduction reactor may comprise a flow static mixer. As the mixture of two
solids passes through the static mixer, mixing between solid fuels and oxygen carrying
materials may be achieved. Different shapes of static mixer may be applied to achieve

different degree of mixing.

Now referring to Figs. 18 and 20, in one embodiment, in which size of the
reduction reactor 100 is large, the method of tangential solid fuel injection may not be
preferred due to difficulty to distribute solid fuels among the oxygen carrying materials in the
large vessel. Identical solid delivery system such as solid feeder and a motive gas may be
used as the previous embodiment. However, different internal design and multiple solid
feeders may be applied in the large vessel to ensure the solid fuel distribution. Multiple
internal cones 184 may be installed to conceive the space for solid fuel injection throughout

the vessel, such that multiple injection ports define a cone shape. The cones 184 may be
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funnel shaped and may be constructed from a porous material, such that substantially smooth
gas flow may be obtained. The number of internal structures and solid feeding systems are
dependent on the size of the reduction reactor 100 and/or properties of the solid fuels used.
Emergency shut-off valves may be installed to prevent sudden back-flow of oxidizing gas to
the solid fuel storage unit. Followed by the solid fuel injection, a static mixer 182 may be
installed to achieve a higher degree of solid mixing in the moving bed. In one embodiment,
the internal structures that assist vertical redistributions of both gas and solids are installed in
the reduction reactor 100 and/or the oxidation reactor 200 reactor. These internals may assist
the more even distributions for solid fuels across the reactor bed. In addition, gas injections
along the reactor wall are provided in certain embodiments to allow better distributions of

solid fuels.
Solids Separation System

In some embodiments, the reactor system is operated with relatively large particles,
pellets, or agglomerates of oxygen carrying materials. In this embodiment, attrited/refused
fines of oxygen carrying materials, byproduct of solid fuel and/or unconverted carbon may
need to be separated since severe accumulations of byproduct of solid fuel, unconverted
carbon and/or refused fine may cause oxygen carrying material deactivation and reactor
plugage. During the continuous operation of the unit, all or portion of the fines, i.e. byproduct
of solid fuel, unconverted carbon and refused oxygen carrying material powder, may need to
be purged out from the system before the oxygen carrying materials re-enter the reduction
reactor 100. Fig. 21 represents an embodiment of fine removal apparatus in the chemical
looping process for solid fuel conversion. Although gas-solid separator may be used to
separate out extremely fine materials, most of the byproduct of solid fuel and oxygen
carrying material powders are removed before the storage vessel. The fine removal apparatus
600 utilizes the difference of hydrodynamic properties of particles to separate the byproducts
of solid fuels, unconverted solid fuels or refused oxygen carrying material particles from the
primary oxygen carrying material particles. Solid flow stream 520 contains fines generated in
the combustor, riser and cyclone, and primary oxygen carrying material particles. Because
the oxygen carrying materials are vigorously transported in the combustor, riser, and cyclone,

most of the fines may be generated in these zones. These fines include refused oxygen
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carrying materials, byproducts of solid fuels or unconverted solid fuels. The mixture of fines
and coarser particles are carried from the cyclone. Before these particles enter the receiver,
the aeration gas is introduced at an inlet stream 630 to elutriate the fines within the mixture
whereas the primary coarse oxygen carrying materials are circulated back into the receiver.
Depending on the cut-off size of removed fines, the carrier gas velocity in the vertical
standpipe section 620 may be adjusted. Generally, the carrier gas velocity in the standpipe
620 is set to be a slightly higher than a terminal velocity of desired fines. Generally, a neutral,
non-reactive, less-reactive gas and/or air is used to separate fines in this apparatus 600. In
some embodiments, the solids collected from the outlet stream 610 may be reprocessed and
reused in the reactor system. The refused oxygen carrying materials and/or unconverted solid

fuels may be separated from aeration gas by a gas-solid separator.

In some embodiments, entrained particles and gas from the riser 350 may by-pass
the gas-solid separator 500. Alternatively, the riser 350 may be directly connected with the
solids separator at a slanted angle. Inlet stream 520 may contain particles that need to be
separated. For this embodiment, the solids separation system 600 is preferred to have much
larger cross-sectional area compared to the solid conveying system 350, such as a riser, in
order to avoid the entrainment of particles. As it is mentioned in the previous embodiment,
separated particles in the outlet stream 610 and may be eligible to be reprocessed for recycle

in the chemical looping system.

Additional aeration gas may be input from the bottom of the solid storage vessel
700, in order to separate fines from the primary oxygen carrying materials that passed the
solids separation device 600 and are already settled in the solid storage vessel 700. A small
gas outlet is installed at the top of the solid storage vessel 700 to eject the fluidized fines from

the surface level of oxygen carrying materials.
Combustion Reactor and Riser Design

Pressure fluctuations occasionally occur in the chemical looping system mainly
due to slugging effects of large particle size oxygen carrying materials experienced in the
combustion reactor 300. The solid slugging in the combustion reactor 300 causes sudden

loss/gain of solids inventory in storage vessel and sudden change in gas and solid flow.
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Now referring to Figs. 22A, 23B, and 23C, in one embodiment, the combustion
reactor 300 may reduce the slugging during the fluidization of oxygen carrying materials.
Possible ways which may be adopted for reducing slugging in the combustion reactor 300
include, but are not limited to, special design on the shape and size of the combustion reactor
300, and the addition of internal devices. In one embodiment, a tapered bed with larger cross-
sectional area on the top, as shown in Fig. 22A, may greatly reduce the gas and solids
fluctuation near the surface of solids level. In another embodiment, as shown in Fig. 22B,
inserting the lower end of the riser 350 inside the combustion reactor 300 may effectively
decrease slugging by preventing solids from colliding with the wall. In another embodiment,
as shown in Fig 22C, internal devices including vertical internals 304 and horizontal internals
302 may also reduce the slugging by separating the combustion reactor 300 into several parts
and limit the size of each part. Other possible methods to reduce slugging include screws or

agitators, which may prevent slugging by changing the local flowability of solids.

In one embodiment, steam may be produced by recovering heat from the
exothermic reaction in the combustion reactor 300 and/or the riser 350. In this embodiment,
the heat in the combustion reactor 300 and/or the riser 350 may be transferred to steam
generation resulting in a temperature decrease in combustion reactor 300 and/or the riser 350.
Since the temperature decrease contracts the gas volume, the gas velocity may be lowered in
the upper section of combustion reactor 300 and/or the riser 350. If the gas velocity in the
riser is not sufficient to transport the particles back to the storage vessel, additional gas

injection ports may be installed on various points of the riser 350.

It is noted that recitations herein of a component of the present disclosure being
“configured” in a particular way, to embody a particular property, or function in a particular
manner, are structural recitations, as opposed to recitations of intended use. More
specifically, the references herein to the manner in which a component is “configured”
denotes an existing physical condition of the component and, as such, is to be taken as a

definite recitation of the structural characteristics of the component.

For the purposes of describing and defining the present invention it is noted that

the term ““substantially” is utilized herein to represent the inherent degree of uncertainty that
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may be attributed to any quantitative comparison, value, measurement, or other
representation. The term “substantially” is also utilized herein to represent the degree by
which a quantitative representation may vary from a stated reference without resulting in a

change in the basic function of the subject matter at issue.

Having described the subject matter of the present disclosure in detail and by
reference to specific embodiments thereof, it is noted that the various details disclosed herein
should not be taken to imply that these details relate to elements that are essential
components of the various embodiments described herein, even in cases where a particular
element is illustrated in each of the drawings that accompany the present description. Rather,
the claims appended hereto should be taken as the sole representation of the breadth of the
present disclosure and the corresponding scope of the various embodiments described herein.
Further, it will be apparent that modifications and variations are possible without departing
from the scope of the appended claims. More specifically, although some aspects of the
present disclosure are identified herein as preferred or particularly advantageous, it is

contemplated that the present disclosure is not necessarily limited to these aspects.
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CLAIMS
1. A system for converting fuel comprising:

a first moving bed reactor comprising at least one tapered section and multiple
injection gas ports, the multiple injection gas ports being configured to deliver a fuel to the
first moving bed reactor, wherein the first moving bed reactor is configured to reduce an
oxygen carrying material with a fuel by defining a countercurrent flowpath for the fuel
relative to the oxygen carrying material;

a second reactor communicating with the first moving bed reactor operable to receive
an oxygen source, wherein the second reactor is configured to regenerate the reduced oxygen
carrying material by oxidation; and

a non-mechanical valve comprising a circuitous piping assembly disposed between
the first moving bed reactor and the second reactor, and at least one gas opening configured
to receive a gas stream, the gas stream being operable to reduce gas leakage between the first

moving bed reactor and the second reactor.

2. The system for converting fuel of claim 1, wherein the second reactor is a countercurrent

moving bed reactor.

3. The system for converting fuel of claim 1, wherein the circuitous piping assembly

comprises at least one vertical standpipe.

4. The system for converting fuel of claim 1, wherein the injection gas ports are disposed

annularly on at least one tapered section.
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5. The system for converting fuel of claim 1, wherein the first moving bed reactor has

multiple tapered sections that are aligned in parallel, such that the first moving bed reactor

has multiple outlet streams.

6. The system for converting fuel of claim 1, further comprising a solids flow adjustor

coaxially disposed within the first moving bed reactor.

7. The system for converting fuel of claim 6, wherein the spacing between the solids flow

adjustor and the walls of the first moving bed reactor defines a tangential flowpath for fuel

entering the first moving bed reactor via the multiple fuel injection ports.

8. The system for converting fuel of claim 6, wherein the solid flow adjustor is funnel shaped.

9. The system for converting fuel of claim 1, wherein multiple injector ports define a cone

shape.

10. The system for converting fuel of claim 1, wherein the multiple injection gas ports are

disposed along the tapered section.
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