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SYSTEMS AND METHODS FOR REDOX ENERGY RECOVERY

FIELD
[0001] The present disclosure relates to systems and methods for recovering and storing energy
using redox processes. In some instances, exemplary redox processes may utilize fixed beds. In
some instances, redox particles may utilize moving beds and may convey redox particles between

exemplary system components.

INTRODUCTION

[0002] There is a continuing need for systems that generate clean and efficient energy.
Currently, many commercial processes generate energy carriers such as steam, hydrogen, synthesis
gas (syngas), liquid fuels and/or electricity mainly from fossil fuels. It is expected that in the
foreseeable future, the energy resources will still rely on fossil fuels due to their much lower costs
compared to renewable sources. However, combustion of carbonaceous fuels is a carbon intensive
process that emits large quantities of carbon dioxide into the environment. Other harmful gases,
such as sulfur and nitrogen compounds, are also generated in this process due to the complex
content in fossil fuels. 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. As demands increase
for cleaner and more efficient systems of converting fuel, the need arises for improved systems
that will convert fuel effectively.

[0003] Even though renewable sources are being used to meet the energy requirements, fossil
fuels remain the major source for energy generation. It is projected that the total fossil fuel-derived
energy will account for ~77% of the total energy production by 2050. The bulk chemicals industry
is projected to consume ~35% of the total industrial energy consumption in the U.S. by 2050 as
the demand for chemicals like hydrogen, syngas, methanol, ammonia, etc. is forecasted to increase
because they serve as building blocks of the chemical industry and are widely used for
manufacturing petrochemicals, fertilizers, and oxo chemicals among others. However, the
utilization of fossil fuels as feedstocks coupled with the conventional product syntheses routes
renders these processes both economically and environmentally unwanted due to high capital and

operating costs. Apart from the rampant use of natural gas/shale gas for chemical production, solid
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fuels such as coal and petroleum coke are also utilized for both power generation and syngas

production through partial oxidation.

SUMMARY

[0004] In one aspect, a method for operating an energy recovery system is disclosed. The
exemplary method may comprise providing a reducing gas stream to an inlet of the energy
recovery system, where the reducing gas stream comprises at least one reducing gas species
comprising at least one of carbon monoxide (CO), methane(CH4), hydrocarbons (C;+), hydrogen
gas (H), and carbon dioxide (COz). The exemplary method may also comprise contacting redox
particles with the reducing gas stream, whereupon the at least one reducing gas species undergoes
a chemical reaction with the redox particles to generate carbon dioxide (CO») and/or steam (H»O).
The exemplary method may additionally comprise obtaining a first product stream from the energy
recovery system, the first product stream comprising carbon dioxide (CO;) and steam (H,0). The
exemplary method may additionally comprise providing an oxidizing gas stream comprising steam
(H20) to the energy recovery system such that hydrogen gas (H») is generated. The exemplary
method may additionally comprise obtaining a second product stream from the energy recovery
system, the second product stream comprising hydrogen gas (Ha).

[0005] In another aspect, a reactor system is disclosed. The exemplary reactor system may
comprise a first reactor comprising redox particles; a second reactor in fluid communication with
the reducer reactor and configured to receive the redox particles from the reducer reactor; a
combustor reactor in fluid communication with the oxidizer reactor and configured to receive the
redox particles from the oxidizer reactor, where the combustor reactor comprises a particle flow
control module; and a conveying system in communication with the particle flow control module
and the reducer reactor, the conveying system configured to mechanically convey the redox
particles from the particle flow control module to the reducer reactor.

[0006] There is no specific requirement that a material, technique or method relating to energy
recovery include all of the details characterized herein, in order to obtain some benefit according
to the present disclosure. Thus, the specific examples characterized herein are meant to be

exemplary applications of the techniques described, and alternatives are possible.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0007] FIG. 1 schematically illustrates an example system comprising a recovery system in
communication with a process.
[0008] FIG. 2A and FIG. 2B show schematic depictions of co-current fixed bed and
countercurrent fixed bed configurations, respectively. FIG. 2C and FIG. 2D show schematic
depictions of crosscurrent modes of operation.
[0009] FIG. 3A and FIG. 3B show schematic depictions of co-current fixed bed and
countercurrent fixed bed configurations, respectively, for syngas generation.
[0010] FIG. 4 shows a schematic depiction of hydrogen generation wherein multiple fixed bed
reactors comprising metal oxide-based redox particles are in fluid communication with at least one
vapor-liquid separation unit.
[0011] FIG. 5 shows a schematic depiction of a system configured for heat recovery.
[0012] FIG. 6 shows a schematic depiction of a system configured for air separation.
[0013] FIG. 7A shows a schematic depiction of a system configured to generate pure streams of
CO; and hydrogen by utilizing another reactor(s) comprising materials capable or selectively
removing CO». FIG. 7B shows a schematic depiction of a system wherein a CO, removal sorbent
is fed into the fixed bed reactors along with the metal oxide-based redox particles for selective
CO; capture.
[0014] FIG. 8 is a computationally generated plot showing enhancement in hydrogen (H>) yield
upon in-situ removal of CO».
[0015] FIG. 9 shows a schematic configuration of a fixed bed reactor that utilizes a CO;-
selective membrane placed inside the reactor surrounding the metal oxide-based redox capable
particles.
[0016] FIG. 10A shows a schematic depiction of two sets of reactors, where each set of reactors
includes more than one reactor operating in parallel. FIG. 10B shows a theoretical hydrogen yield
for the system shown in FIG. 10A.
[0017] FIG. 11 shows the representation of a system with pneumatic conveying device
[0018] FIG. 12 shows the representation of overall system with mechanical conveying device
[0019] FIG. 13 illustrates a configuration of combustor with solids discharge
[0020] FIG. 14 illustrates a configuration of combustor with solids discharge
[0021] FIG. 15 illustrates a configuration of combustor with solids discharge
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[0022] FIG. 16 illustrates a configuration of carrying bucket inlet

[0023] FIG. 17 illustrates a configuration of carrying bucket outlet

[0024] FIG. 18 shows a layout of system with fixed bed configuration

[0025] FIG. 19 shows an application of the system

[0026] FIG. 20 shows process diagram of energy storage systems

[0027] FIG. 21 shows experimental results for a fixed bed receiving dilute methane gas in an
exemplary system at 1000°C, 1 atm.

[0028] FIG. 22A shows experimental results for a fixed bed sample steam oxidation and
hydrogen generation, after bed reduction, where oxidizing gas is provided in co-current fashion.
FIG. 22B shows experimental results for a fixed bed sample steam oxidation and hydrogen
generation, after bed reduction, where oxidizing gas is provided in counter-current fashion.
[0029] FIG. 23 shows experimental results for fixed bed sample CO; oxidation, after bed
reduction, where oxidizing gas COs is provided in counter-current fashion for CO generation

reaction.

DETAILED DESCRIPTION
[0030] Systems, methods and techniques disclosed herein relate to redox energy recovery
utilizing reducing gas streams originating from various sources. Exemplary sources may include
chemical, petrochemical, refining, mining, metallurgical, ceramic, mineral, energy, bio-allied,
agricultural or related environments which may generate carbonaceous streams, including
carbonaceous waste gas streams. Exemplary implementations use metal oxide-based redox
particles, where reducing gas streams are used to abstract oxygen from the metal oxide lattice
and thereby reduce the material, which then acts as an energy reservoir. This reservoir may be
further used for product generation through regeneration/oxidation of the reduced material using
suitable oxidizing agents. Exemplary systems, methods and techniques may result in the
utilization and subsequent conversion of reducing gas streams into value-added products in an

energy and cost-efficient manner, which are otherwise rendered waste streams.

L Definitions
[0031] Unless otherwise defined, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art. In case of conflict, the present
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document, including definitions, will control. Example methods and materials are described below,
although methods and materials similar or equivalent to those described herein can be used in
practice or testing of the present disclosure. All publications, patent applications, patents and other
references mentioned herein are incorporated by reference in their entirety. The materials,
methods, and examples disclosed herein are illustrative only and not intended to be limiting.

2

[0032] Theterms “comprise(s),” “include(s),” “having,” “has,” “can,” “contain(s),” and variants
thereof, as used herein, are intended to be open-ended transitional phrases, terms, or words that do
not preclude the possibility of additional acts or structures. The singular forms “a,” “an” and “the”
include plural references unless the context clearly dictates otherwise. The present disclosure also

27 e

contemplates other embodiments “comprising,” “consisting of” and “consisting essentially of,”
the embodiments or elements presented herein, whether explicitly set forth or not.

[0033] The modifier “about” used in connection with a quantity is inclusive of the stated value
and has the meaning dictated by the context (for example, it includes at least the degree of error
associated with the measurement of the particular quantity). The modifier “about” should also be
considered as disclosing the range defined by the absolute values of the two endpoints. For
example, the expression “from about 2 to about 4” also discloses the range “from 2 to 4.” The term
“about” may refer to plus or minus 10% of the indicated number. For example, “about 10%” may
indicate a range of 9% to 11%, and “about 1” may mean from 0.9-1.1. Other meanings of “about”
may be apparent from the context, such as rounding off, so, for example “about 1” may also mean
from 0.5 to 1.4.

[0034] As used herein, the term “ambient pressure” refers to the pressure of the external
environment at the location at which the system and/or the process of the present disclosure is
operated. The ambient pressure is typically atmospheric pressure

[0035] Definitions of specific functional groups and chemical terms are described in more detail
below. For purposes of this disclosure, the chemical elements are identified in accordance with the
Periodic Table of the Elements, CAS version, Handbook of Chemistry and Physics, 75" Ed., inside
cover, and specific functional groups are generally defined as described therein.

[0036] For the recitation of numeric ranges herein, each intervening number there between with
the same degree of precision is explicitly contemplated. For example, for the range of 6-9, the
numbers 7 and 8 are contemplated in addition to 6 and 9, and for the range 6.0-7.0, the number

0.0,6.1,0.2,6.3,0.4,6.5,0.6,6.7,06.8,6.9, and 7.0 are explicitly contemplated. For example, when
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a pressure range is described as being between ambient pressure and another pressure, a pressure

that is ambient pressure is expressly contemplated.

IL. Exemplary Chemical Constituents

[0037] Exemplary systems and methods may utilize various chemical constituents in fluid and
solid forms. Various aspects of exemplary chemical constituents are described below.

[0038] Exemplary systems and methods may use redox particles. Generally, redox particles
are redox capable material, also known as oxygen carriers, whose reduced state can act as an
energy reservoir. Exemplary redox particles may comprise metal oxides and/or their derivatives
that can undergo cyclic reduction and oxidation, which is accompanied by a change in the
oxidation state of one or more chemical species present in the material. Exemplary systems
disclosed herein may comprise one or more of these types of metal oxide-based materials, whose
selection may be subjected to performance parameters such as reactivity, recyclability, particle
size, mechanical strength, and the oxygen carrying capacity. Exemplary redox particles may
include one or more than one type of metal oxides where at least one of the constituents
undergoes lowering of oxidation state in the presence of reducing gases and show an increment
in the oxidation state during regeneration using suitable oxidizing agents.

[0039] Exemplary redox particles may comprise metal oxides or their derivatives such as the
oxides of iron, copper, nickel, manganese, cobalt, zinc, chromium, cerium, titanium, calcium,
potassium, sodium, lithium, lanthanum, magnesium, or combinations thereof. In some instances,
exemplary redox particles may be an Fe-based redox pair (FeOx-FeOy, 0<y<x<1.33) or Ni-based
redox pair (N1Ox-Ni1Oy, 0 < y<x < 1) or Mn-based redox pair (MnOx-MnQOy 0 <y<x <4) or Cu-
based redox pair (CuOx-CuOy, 0 <y<x < 1) or Co-based redox pair (CoOx-CoOy 0 <y<x <
1.33).

[0040] Recyclability and strength of exemplary redox particles may be enhanced by adding
support metal oxides, wherein the support material added to the redox particles may include
Si0,, SiC, AlLOs3, MgQ, Ca0, Ti0O,, MgAly,O4, Z1rO, Y stabilized ZrO», alumina-silicates, clay
supports like kaolin and bentonite, alumina-zirconia-silica, etc. or any combinations comprising
two or more support materials. Other support materials known in the art may also be used.
[0041] Active metal oxides (materials that lose and gain lattice oxygen) can constitute 10-90

wt% of the total loading present in the redox particles, with the difference comprising support
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materials, promoters, and dopants. In some instances, exemplary redox particles may comprise at
least 10 wt%; at least 20 wt%; at least 30 wt%; at least 40 wt%; at least S0 wt%; at least 60 wt%;
at least 70 wt%,; at least 80 wt% or at least 90 wt% metal oxides. In some instances, exemplary
redox particles may comprise no more than 90 wt%; no more than 80 wt%; no more than 70
wt%: no more than 60 wt%; no more than 50 wt%; no more than 40 wt%; no more than 30 wt%;
no more than 20 wt%; or no more than 10 wt% metal oxides.

[0042] Oxide, metallic, and other derivatives of elements including but not limited to Na, Li,
K, Mg, Ca, Sr, Ba, Ce, La, Be, Ni, Co, Cu, Sc, T1, V, Cr, Mn, Zn, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, Cd, Lu, Hf, Ta, W, Re, Os, Ir, Pt, and Au may be added as dopants and promoters. These
materials may provide active sites for the adsorption of reactant gas molecules and also creation
of oxygen vacancies in the lattice, thereby enhancing the rates of ionic diffusion and lowering the
activation energy barrier for product formation. Exemplary compositions of redox particles may
relate to reactivity, strength, and/or product selectivity.

[0043] Exemplary redox particles may have various sizes, which can be measured in terms of
diameter, average diameter, and/or d90 diameter. Size (diameter) of exemplary redox particles
may affect the reaction rate and/or system hydrodynamics, because a change in the particle size
can propel a change in the reactor vessel sizing. Additionally, a change in the particle size may
affect surface-to-volume ratios, in turn affecting the reaction kinetics. Size of exemplary redox
particles may relate to process parameters of exemplary systems, such as the minimum
fluidization velocity and pressure drop across the reactor. As an example, exemplary redox
particles may have an average diameter between about 0.01 mm and about 5 mm. In some
instances, exemplary redox particles may have an average diameter between 0.01 mm and 5.0
mm; between 0.01 mm and 2.5 mm; between 2.5 mm and 5.0 mm; between 0.1 mm and 5.0 mm,;
between 0.01 mm and 1.0 mm; between 1.0 mm and 3.0 mm; or between 3.0 mm and 5.0 mm. In
various instances, exemplary redox particles may have an average diameter of no less than 0.01
mm; no less than 0.05 mm; no less than 0.1 mm; no less than 0.5 mm; no less than 1.0 mm; no
less than 2.0 mm; no less than 3.0 mm; or no less than 4.0 mm. In various instances, exemplary
redox particles may have an average diameter of no greater than 5.0 mm; no greater than 4.0
mm; no greater than 3.0 mm; no greater than 2.0 mm; no greater than 1.0 mm; no greater than

0.5 mm; no greater than 0.1 mm, or no greater than 0.05 mm.
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[0044] Similar to the particle size, particle density may affect system hydrodynamics. For the
particles constituting redox material in exemplary systems, redox particle density can vary from
500-9000 kg/m”.

[0045] Exemplary redox particles can also enable efficient heat transfer across the reduction
and oxidation operations of a redox cycle. Consequently, exemplary redox particles may
comprise one or more active component(s) capable of undergoing redox (e.g., Fe;03) and an
inert material, such as an inert metal oxide (e.g., MgO, Al,Os, etc.). Typically, inert material
used in exemplary redox particles have high heat carrying capacity which may ensure heat
balance across the redox operations. The presence of an inert metal oxide or a combination of
inert metal oxides along with the active component(s) may provide both physical strength as well
as heat bearing capacity.

[0046] Certain exemplary systems and methods may involve two or more types of particles.
For example, redox particles may be used in addition to inert material particles. In some
instances, more than one type of redox particle may be used. In some instances, more than one
type of inert material particle may be used. Exemplary inert materials may help maintain desired
operating temperatures and may increase energy efficiency by lowering the temperature drop
during reduction operations, which may be attributable to endothermic nature of the metal oxide
(redox particles) reduction reactions.

[0047] Inert material particles may have various sizes. For instance, inert materials may be the
same size, or different size than redox particles. The size of inert material can be between 1% to
100 times of the size of redox particles. Multiple types of inert materials with different sizes,
densities and other physical and chemical properties can be used at the same time.

[0048] Various reducing gases may be provided to exemplary systems. In some instances,
reducing gases may comprise waste gas streams exiting high-temperature furnaces, tail gases,
natural gas/shale gas/methane (as makeup), biogas, and reducing gases from any chemical,
petrochemical, mining, metallurgical, ceramic, energy processes. In some instances, reducing
gases may comprise methane (CHs), ethane (C:Hs), hydrogen (Hz), carbon monoxide (CO),
ethylene(CoHy), propane(CsHs), propylene (CsHs) and other Cy+ hydrocarbons and combinations
thereof.

[0049] Various oxidizing gases may be provided to exemplary systems. In some instances,

exemplary oxidizing gas streams may comprise steam (H>O). In some instances, exemplary
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oxidizing gas streams may comprise steam (H20) and carbon dioxide (COz). In some instances,
exemplary oxidizing gas streams may comprise steam (H»O), carbon dioxide (CO.), and one or

more NOx gases, such as nitric oxide (NO) and nitrogen dioxide (NO»).

1L Exemplary Systems

[0050] FIG. 1A schematically illustrates an example system 100 comprising recovery system
104 in communication with process 102. Other embodiments may comprise more or fewer
components.

[0051] Process 102 may be various processes that receive fuel and provide an output. In some
instances, process 102 receives carbonaceous fuel in input 101. In some instances, input 101 may
additionally comprise one or more inert components.

[0052] Process 102 generates output 103 that is provided to recovery system 104. In some
instances, output 103 may comprise a dilute stream comprising low concentrations of reducing
carbon-based fuels. In some instances, output 103 may comprise unconverted reducing fuels such
as CO and Hz mixed with inert species such as N and combustion products such as CO; and H,O.
In some instances, output 103 may comprise waste gas streams exiting high-temperature furnaces,
tail gases, natural gas/shale gas/methane (as makeup), biogas, and reducing gases from any
chemical, petrochemical, refining, mining, metallurgical, ceramic, mineral, energy, bio-allied,
agricultural or related environments.

[0053] Recovery system 104 receives output 103 from process 102 and input stream 105.
Generally, recovery system 104 comprises one or more reactors configured to perform reduction
and oxidation operations. Recovery system 104 comprises various particles, such as redox particles
and inert material particles as described above. During typical operation, redox particles may be
reduced to a lower oxidation state, oxidizing the reducing fuels, and the energy recovery from the
reduced metal oxides may be carried out using their oxidation. Reduced metal oxides may be
subjected to one or more oxidation operations with CO» and H,O to produce concentrated H, and
CO. Various configurations of recovery system 104 are described in greater detail below.

[0054] In some instances, input stream 105 may comprise steam (H,O). In some instances, input
stream 105 may comprise steam (H>O) and carbon dioxide (CO,). Broadly, recovery system 104
generates an output 109 comprising carbon monoxide (CO) and/or hydrogen gas (H»), which may

be recycled back to process 102. Recovery system 104 may also generate output 107 that may
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comprise steam (H,O) and carbon dioxide (CO), and potentially one or more inert components,
along with some unconverted input gases.

[0055] FIG. 1B shows an exemplary two reactor recovery system 104. As shown, a first reactor
R1 receives reducing gas and, simultaneously, a second reactor receives oxidizing gas. The first
reactor outputs a stream comprising steam (H20) and carbon dioxide (CO2) and potentially one or
more inert components along with the unreacted input gases. The second reactor outputs a stream
comprising a reduced product. As discussed below, the first reactor R1 may comprise multiple
reactors, and the second reactor R2 may comprise multiple reactors. As discussed below, at some
point the input streams to the first reactor R1 and the second reactor R2 are switched, such that the
first reactor R1 receives oxidizing gas and the second reactor R2 receives reducing gas.

[0056] In some instances, exemplary recovery systems 104 comprise three sets of reactors. In
some instances, each reactor is used as the reducer, the oxidizer, and the combustor at different
times. In some instances, the first set of the reactors are used as the reducer, the second set of the
reactor are used as the oxidizer, and the third set of reactors are used as the combustor.

[0057] Exemplary recovery systems 104 disclosed herein may be generally categorized into
fixed bed systems and moving bed systems. Various aspects and configurations are discussed
below. Although different configurations may be shown in different figures, various aspects of

exemplary configurations may be combined.

A. Exemplary Fixed Bed Configurations
[0058] In some instances, an exemplary configuration may comprise redox capable metal
oxide-based particles in the fixed bed reactor. As discussed below, inlet and outlet gases can
enter or exit the reactor through top, bottom, or side ports across the length of the reactor.
Initially, the redox capable metal oxide-based particle fixed bed is reduced by the reducing gases
from the input gas stream, followed by switching the gases to oxidizing gases (comprising, at
least, H»O and/or CO») for subsequent energy recovery by oxidizing/regenerating the redox
capable metal oxide-based particles in the fixed bed reactor.
[0059] An exemplary configuration may comprise redox capable metal oxide-based particles
in the core of a fixed bed reactor with the inert material particles placed in tube bundles

surrounding the redox particles inside the reactor. Hot flue gas streams can be selectively
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provided through the tube bundles to heat up the inert particles for maintaining the desired
operating temperature.

[0060] An exemplary configuration may comprise of redox capable metal oxide-based
particles in a fixed bed reactor with internal and external heat transfer mechanism. Internal heat
transfer mechanism may include jacketing the walls of fixed bed with a heat transfer media, or
through an internal heat transfer coil, wherein the heat transfer media passes through the coil and
performs heat transfer with the reactor contents. External heat transfer mechanism may include
heat transfer across the inlet and/or the outlet streams by a heat exchanger. The heat exchanger
can be used to perform heat integration across the system or throughout the plant.

[0061] Heat may be supplied or extracted by controlled injection of a supplementary reactive
stream that can react with the gaseous and/or solid components present in the fixed bed, leading
to an exothermic/endothermic reaction inside the reactor. For example, if the exemplary system
generates endothermic reduction reactions, a supplementary stream of oxidizing gases
comprising air, or oxygen stream or any other gas that reacts exothermically with the solid or
gaseous components of the system, can be injected into the reactor during reduction operations to
supply heat and maintain temperatures during reduction operations. Exemplary flow rates of
supplementary streams may be between 0.1% to 10 times a flow rate of the primary input gas
stream.

[0062] Alternatively, the supplementary stream may comprise an inert gas acting as a carrier
gas and a heat transfer media. For example, if the exemplary system generates exothermic
oxidation reactions, a supplementary stream of inert gas comprising nitrogen, or argon, excess
steam, or any other carrier gas that extracts excess heat from the system, can be injected during
oxidation to extract heat and maintain temperatures during oxidation operations. Exemplary flow
rates of supplementary streams may be between 0.1% to 10 times of the primary input gas
stream.

[0063] FIG. 2A and FIG. 2B show schematic depictions of co-current fixed bed and
countercurrent fixed bed configurations, respectively for Hy generation. As shown, each
configuration generates hydrogen (Hz) through full/partial oxidation/regeneration of reduced
metal oxide-based redox particles using steam. A co-current mode of operation, shown in FIG.
2A, involves both the reducing gases as well as steam flow in the same direction for a given

reactor.
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[0064] A countercurrent mode of operation, shown in FIG. 2B, involves reducing gases and
steam flowing in opposite directions with respect to one another. Thus, the modes of operation
differ with respect to the direction of the gas flows wherein the solids (metal oxide-based redox
particles) remain in the fixed bed reactor.

[0065] FIG. 2C and FIG. 2D show schematic depictions of crosscurrent modes of operation.
Crosscurrent modes of operation involve sideways injection across of reducing and/or oxidizing
gas streams across the length of the reactor. Reactors R1 and R2 comprise redox particles in both
configurations. As shown in FIG. 2C, reducing gas is provided to the reactors in a plurality of
ports along a length of reactor R1 and/or reactor R2. As shown in FIG. 2C, product streams may
also be collected from a plurality of ports along a length of reactor R1 and/or reactor R2. In
various implementations, exemplary configurations may include between 2 and 50 input ports
and/or output ports along a length of a reactor. In various implementations, exemplary
configurations may include at least 2; at least 3 at least 4; at least 5; at least 6; at least 7, or at
least 8 input ports and/or output ports along a length of a reactor.

[0066] Based on the pressure balances across the reactors, the flowrates on the inlet gases can
be altered to get a sufficient gas residence times across the reactor. The distance between the
ports can vary or stay constant based on the process parameters.

[0067] Because the systems utilize fixed bed-type reactor operation, multiple reactors may be
used simultaneously, wherein at least one reactor undergoes reduction and at least one undergoes
oxidation for hydrogen production. As shown in FIG. 2A, FIG. 2B, FIG. 2C, and FIG. 2D,
reactor R1 is receiving reducing gas and reactor R2 is receiving steam. Gas switching from
reducing gases to steam and vice versa typically occurs when the change in oxidation state of the
metal oxide-based redox particles is complete. Thus, a subsequent operation of the reactors
shown in FIG. 2A, FIG. 2B, FIG. 2C, and FIG. 2D would involve providing reducing gas to
reactor R2 and steam to reactor R1.

[0068] Similarly, the process configurations shown in FIG. 3A, FIG. 3B, FIG. 4, FIG. 5, FIG.
6, FIG. 7A and FIG. 7B, described in greater detail below, are for a single operational
configuration. Accordingly, and as an example, input streams shown as comprising reducing gas
may be switched to steam or steam and carbon dioxide (CO.), and input streams shown as

comprising steam or steam and carbon dioxide (CO;) may be switched to reducing gas, where
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the switching may be based on or related to the oxidation state of the metal oxide-based redox
particles.

[0069] FIG. 3A and FIG. 3B show schematic depictions of co-current fixed bed and
countercurrent fixed bed configurations, respectively, for syngas generation. Reducing gases are
first sent through one or more fixed beds comprising metal oxide-based redox particles, where
the gases are converted into CO; and H,O by abstracting the lattice oxygen from the redox
particles. The redox particles may be subsequently oxidized using steam and CO; together for
generating syngas, and thereby converting the incoming reducing gases into high-quality syngas
(a mixture of H» and CO with the H»/CO ratio varying from 0.1 to 5.0). The syngas quality may
be controlled by changing the steam to COs ratio based on downstream utilization of syngas.
[0070] Because the systems utilize fixed bed-type reactor operation, multiple reactors may be
operated simultaneously such that at least one undergoes reduction (followed by oxidation) and
at least one undergoes oxidation (followed by reduction) to complete the redox cycle. Steam and
CO: fed into the reactor(s) during the oxidation operation can be supplied as fresh gas streams, or
from the product gas exiting the fixed bed undergoing reduction, or a combination of both. Also,
apart from co-feeding steam and CO» into the reactor during regeneration, pure CO; can also be
used as an oxidizing media for generating high-purity CO stream.

[0071] FIG. 4 shows a schematic depiction of hydrogen generation wherein multiple fixed bed
reactors comprising metal oxide-based redox particles are in fluid communication with at least
one vapor-liquid separation unit. Each reactor in the exemplary system may be configured to
receive reducing gas. Each reactor in the exemplary system may be configured to send an output
to one or more vapor-liquid separation unit and receive an input from the one or more vapor-
liquid separation units. In some instances, exemplary fixed bed reactors may be arranged to be
operated in series.

[0072] In a first operation, reducing gases such are sent through the fixed beds to reduce the
metal oxides, upon which steam oxidation is carried out. The unconverted steam/product H,
exiting one fixed bed 1s subjected to a vapor-liquid separator (e.g., flash column, knock out
drum, breakpot, suction drum) to recover hydrogen and the steam is again heated and sent to the
subsequent fixed bed, thus enabling enhanced hydrogen recovery and steam utilization.

[0073] FIG. 5 shows a schematic depiction of a system configured for heat recovery, which

may be applied to one or more other embodiments described herein. As shown, the metal oxide-
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based redox particles are first subjected to reduction using reducing gases, followed by oxidation
using air. Because air oxidation of the reduced redox particles is highly exothermic, the heat
evolved during their regeneration can be extracted and used elsewhere in the process.

[0074] FIG. 5 depicts two modes of heat recovery: internal and external modes of heat
recovery. In the internal mode of heat recovery, the heat transfer fluid is used to extract heat
from the reactor by circulation of heat transfer fluid. The fixed bed reactor may have a heat
transfer fluid circulating in a jacket around the reactor walls or through internal coils that allow
fluid flow. The heat transfer fluid may be water, which extracts the heat by formation of steam
that can be used as utility in other processes. External mode of heat recovery is heat extraction
from the outlet gases exiting the fixed bed reactor, through heat exchanger that can integrate the
recovered heat anywhere across the plant. Apart from this, other modes of heat recovery and
utilization include heat recovery from the hot exit gas streams after reduction, sending the
product gas streams after reduction/oxidation operations for power generation, combusting the
product gas streams after reduction/oxidation operations for heat recovery, or a combination of
any of the modes described herein.

[0075] Exemplary metal oxide-based redox particles can be used as an energy reservoir for
thermochemical heat storage, wherein reduction of the metal oxide can be brought about by
thermochemical means through the reducing gases while using solar (or any other
renewable/non-renewable heat source) energy as the heat source for providing elevated operating
temperatures. Reduced metal oxide particles that possess high energy density can then be used
for heat generation because their oxidation is highly exothermic in nature.

[0076] FIG. 6 shows a schematic depiction of a system configured for air separation. As
shown, the exemplary system enables air separation for selective removal of oxygen from air,
which may generate a high-purity N, stream. An exemplary process scheme may utilize a two-
operation approach. In a first operation, reducing gases are used to reduce the metal oxide-based
redox particles present in the fixed bed reactors. In a second operation, a stoichiometric amount
of air (based on the amount of oxygen required to regenerate the reduced redox particles) is fed
into a fixed bed. Molecular oxygen present in the air is used up by the reduced redox particles for
its regeneration, thereby allowing generation of a pure N; stream exiting the reactor(s). Nitrogen
produced in this manner can utilized for numerous industrial applications, such as chemical

blanketing to prevent fires and explosions, electronics manufacturing to prevent overheating of
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processing systems, in processes that require a precise control over temperature, humidity, and
oxygen levels, laser cutting, and chemicals production such as ammonia.

[0077] FIG. 7A shows a schematic depiction of a system configured to generate pure streams
of CO; and hydrogen by utilizing another reactor(s) comprising materials capable or selectively
removing CO;. Reducing gases first enter reactor R1 to reduce the metal oxide-based redox
particles. Unconverted gases comprising CO; exiting R1 enter reactor R3, which comprises
material for selective CO; capture such as CaO to form CaCQs. This material captures most of
the CO» entering the reactor and the COs.lean product gas stream exiting R3 is recycled back to
R1. Once the reduction operation in R1 is complete, it can be subjected to oxidation (equivalent
to R2) to complete the redox loop. This process configuration thus utilizes two types of
materials: one is the redox capable material that undergoes change in its oxidation state based on
its interaction with gases of either reducing or oxidizing nature; and the other type includes a
material with extremely high chemical affinity towards CO,. The regeneration of this type of
material is carried out by heating to obtain a pure CO» stream. As stated earlier, multiple fixed
beds may operate sequentially to continuously generate hydrogen using this process
configuration.

[0078] FIG. 7B shows a schematic depiction of a system wherein a CO, removal sorbent is fed
into the fixed bed reactors along with the metal oxide-based redox particles for selective CO,
capture. CO, from the reducing gas stream entering the fixed bed reactor may be captured using
the sorbent material, thus enhancing the reducing potential of the gas mixture, and enabling a
higher extent of reduction of the metal oxide-based redox particles.

[0079] FIG. 8is a computationally generated plot showing enhancement in hydrogen (Hz)
yield upon in-situ removal of CO,. A higher degree of reduction may result in a higher hydrogen
(or any product) yield when the reduced redox particles is regenerated using steam to complete
the redox loop as seen from FIG. 8. As compared to the base case of no in-situ removal of CO;
from the fixed bed using a CO» sorbent, the H; yield increases by ~65 and ~130% upon sorbent-
assisted selective removal of 10% and 20% CO», respectively. COs captured by this means can be
recovered in the form of a high purity stream by thermochemical means.

[0080] FIG. 9 shows a schematic configuration of a fixed bed reactor that utilizes a CO»-
selective membrane placed inside the reactor surrounding the metal oxide-based redox capable

particles. The membrane selection is done such that it enables the permeation of only CO» gas
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molecules, while not allowing any other gases to pass through it, thus facilitating a higher extent
of reduction of the metal oxide-based redox particles as the reducing potential of the reducing
gas increases. Nonlimiting examples of such type of membranes include thin film composite
membranes, block polymer membranes, coated membranes, etc.

[0081] During reduction operations in exemplary systems, reducing gases enter the fixed bed
reactor to reduce the redox capable material through the lattice oxygen abstraction. As the
reducing gas mixture typically contains CO; or it 1S generated in response to the oxidation of
carbonaceous reducing gases, CO; is selectively removed by the membranes and the separated,
high-purity CO, stream exits the reactor. Upon completion of this operation, steam is used to
carry out the regeneration/reoxidation of the reduced redox capable material for generation of
high purity hydrogen. As shown, where multiple fixed bed reactors operate in tandem, a
continuous generation of hydrogen can be achieved. It should be noted that although hydrogen
generation has been described here, the membrane-coupled system can also be used for
generating other products such as CO, syngas, pure N, etc. based on the type of redox material
and oxidizing media selected.

[0082] FIG. 10A shows a schematic depiction of two sets of reactors, where each set of reactors
includes more than one reactor operating in parallel. In particular, FIG. 10A shows a
countercurrent fixed bed system that uses multiple fixed beds operating in parallel with a time
delay in the oxidizing gas (steam) injection. FIG. 10B shows a theoretical hydrogen yield for the
system shown in FIG. 10A.

[0083] As shown, a continuous or semi-continuous supply of hydrogen may be obtained using
a countercurrent mode of operation when the system utilizes multiple fixed bed reactors, wherein
steam oxidation in one reactor can be followed by steam oxidation in another. The H; yield pattern
can be modulated to arrive at a reasonably steady state output by applying multiple fixed bed
reactors operating parallelly with a time delay.

[0084] During operation, as the H, yield from R4 starts to decrease after the peak, steam is
injected into RS at an appropriate time to modulate the amount of H, being generated by R4.
Similarly, as the H» yield from RS reaches a maximum and starts to decrease, Hj is produced from
R6 to modulate the outlet H, flow. Similar strategies may be applied to co-current configurations

for regulating H; yield as well.
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[0085] In exemplary implementations, multiple fixed beds can be operated in parallel, but in
different mode of steam injection (co-current, counter-current or cross-current), to attain a steady
flowrate of the product gas. For example, an initial surge in the Hs concentration during the
countercurrent operation may be used or stored for additional applications, while external Hy can
be supplied to supplement the lower Hs yields during the initial co-current operation. Further
ways of handling surge gas include recovery to be used in other process units, recycling back

into the reactor, sending for energy recovery and storage, or any combination of the above.

B. Exemplary Moving Bed Configurations

[0086] Exemplary implementations may comprise a moving bed of redox particles that
circulates between various system components. The moving bed may circulate from a reducer
reactor to an oxidizer reactor, and from the oxidizer reactor to a combustor reactor. A hopper or
similar apparatus may be used to provide the moving bed to the reducer reactor. As the moving
bed circulates, it may undergo a reduction operation with a fuel, an oxidation operation with CO»
and/or H20 to produce CO and/or Ha, respectively, and another oxidation operation with air to
supply heat for the reduction operation.

[0087] Pneumatic particle conveying systems may be used to move the solid materials at
elevated temperatures (i.e. >600°C). In some instances, the movement of solids can result in
particle attrition when employing pneumatic conveying systems. Mechanical conveying designs
can be incorporated in the transport of the solids in exemplary systems to reduce particle attrition
while being operable at the elevated operating temperatures of exemplary systems. One benefit of
a process with mechanical conveying is that there is no pneumatical transport of redox particles.
This prevents the fragmentation of particles due to motion prevalent in a circulating fluidized bed
type of system.

[0088] FIG. 11 shows a schematic configuration for a system comprising a moving bed of redox
particles and pneumatic conveying apparatus. The example pneumatic conveying device transports
redox particles between the combustor and the reducer. The reducer reactor converts fuel to
products like syngas, chemicals or CO» using lattice oxygen from redox particles composed mainly
with a metal-oxide. The reduced redox particles can be transported to the oxidizer where the

reduced particles can be partially oxidized by steam to generate hydrogen. The partially oxidized
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redox particles are then transported to, and regenerated in, a combustor reactor using air as the
oxidant.

[0089] The hydrodynamic contact pattern between the fuel and the redox particles in the
reducer, the oxidizer and the combustor reactor can be a co-current and/or a counter current mode.
For the convenience of the redox particle circulation in the exemplary system, pneumatic
conveying of redox particles using exhaust gas of combustor, such as riser, is usually used.
Typically, the redox particles are sized to be relatively small to allow for the pneumatic conveying.
The pneumatic conveying of the solids particles may generate high attrition of the redox particles
because of the high speed impingement of redox particles, which may cause defragmentation of
the particles. As a result, the operational cost of the system can be very high.

[0090] FIG. 12 shows an example of a reducer-oxidizer-combustor system that uses a
mechanical conveying device to transport redox particles between the combustor and the reducer.
In the embodiment shown in FIG. 12, the redox particles are separated from the process gas of the
combustor after being fully regenerated. The redox particles are then discharged to a container
which can be transported by a mechanical conveyor system to the top of the reducer. The
mechanical conveyor system can use belts, buckets, chains, trays or any combination of these
moving devices. The redox particles are then discharged from the container to the top of the
reducer.

[0091] FIG. 13 schematically shows an exemplary combustor reactor. As shown, the combustor
may be a moving bed reactor with solids inlet on the top and discharge from the bottom. The
process gas can be sent in from the side ports located at the bottom section of the combustor and
flow out of the combustor from the ports located on the top section of the combustor. A non-
mechanical device may be installed at the solids outlet located at the bottom of the combustor to
discharge regenerated redox particles with controlled flow rate. The non-mechanical device can
be L-Valve, J-Valve, loop seal, seal port, or combinations thereof. The on and off of the solids
discharge and its flow rate can be controlled by the aeration gas sent to the non-mechanic device.
A gate valve can be installed at the end of the non-mechanic device to prevent heat loss from the
system when there is no solids flow.

[0092] FIG. 14 schematically shows another exemplary combustor reactor. As shown, the
combustor may be a moving bed reactor with solids discharge using an overflow device inside the

combustor. The process gas can be sent in from the bottom of the combustor and flow out of the
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combustor from the ports located on the top of the combustor. The particles flowing to the top of
the overflow device will flow to the discharge pipe. A non-mechanical device may be installed at
the solids outlet to discharge regenerated redox particles with controlled flow rate. The non-
mechanical device can be L-Valve, J-Valve, loop seal, seal port, or combinations thereof. The on
and off of the solids discharge and its flow rate can be controlled by the aeration gas sent to the
non-mechanic device. A gate valve can be installed at the end of the non-mechanic device to
prevent heat loss from the system when there 1s no solids flow.

[0093] FIG. 15 schematically shows another exemplary combustor reactor. As shown, the
combustor may be a moving bed reactor with solids discharge using an overflow device located at
the top section of the combustor. The process gas can be sent in from the bottom of the combustor
and flow out of the combustor from the ports located on the top of the combustor. The moving bed
or fluidized bed operation mode can be realized by letting the velocity of the process gas inside
the combustor be higher or lower than the minimum fluidization velocity of the redox particles
under the operational conditions. The particles flowing to the port of the discharge pipe will flow
out of the combustor. A non-mechanical device may be installed at the solids outlet to discharge
regenerated redox particles with controlled flow rate. The non-mechanical device can be L-Valve,
J-Valve, loop seal, seal port, or combinations thereof. The on and off of the solids discharge and
its flow rate can be controlled by the aeration gas sent to the non-mechanic device. A gate valve
can be installed at the end of the non-mechanic device to prevent heat loss from the system when
there 1s no solids flow.

[0094] FIG. 161s a schematic depiction of an exemplary particle container. As shown, the
particle container can be designed to receive redox particles from the combustor. To prevent heat
loss from the particles, the container can be insulated. The solids inlet of the container can be
designed into a funnel shape to allow the smooth flow of the solids into the container. A gate
valve can be installed at the top of the solids inlet of the container to prevent heat loss from the
system. The gate valve opens before the container starts to take solids and closes after the solids
inlet is completed.

[0095] FIG. 17 is a schematic depiction of an exemplary particle container. As shown, the
particle container can be designed to discharge redox particles from the bottom. A gate valve can

be installed at the bottom of the solids to prevent particles from falling out. Typically, the valve
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is able to withstand the high temperature of the particles. The gate valve may open before the

container starts to discharge solids particles to the reducer.

Iv. Exemplary Methods of Operation

[0096] Broadly, exemplary methods relate to the use of metal oxide-based materials that
undergo the loss of lattice oxygen to get reduced and thereby act as energy reservoirs, where
energy can be recovered in the form of heat and/or gaseous products through their regeneration
using an appropriate oxidizing agent. Exemplary methods may utilize various system
configurations that comprise one or more than one reactors. Reducing gases may be provided
from various sources, including from other processes at a given operational location.

[0097] Exemplary recovery systems may be operated using various process schemes
depending on the target application. Operating temperatures for exemplary embodiments may
vary between 500°C to 1200°C, where the selection of the actual operating temperature is a
function of the redox particle reaction kinetics, process thermodynamics, and the system heat
balance. As the desired operating temperature of the process is high, operating temperatures can
be attained using conventional high-temperature furnaces operated using natural gas, coal, etc.,
electrical furnaces, solar concentrators, pre-heating of inlet gas streams, burning a fraction of
inlet gas streams, or heat exchangers and heat integration across exemplary recovery systems and
any other unit operation in its vicinity for waste heat recovery.

[0098] Operating pressures exemplary fixed bed recovery systems 104 can vary between 1-
150 bar, with the actual selection being influenced by reaction kinetics, process thermodynamics,
and overall process economics. In configurations with multiple fixed bed reactors, each reactor
may be operated at uniform pressures or differential pressures such that the operating pressure
during reduction operations and oxidation operations are independently controlled.

[0099] Exemplary methods for operating an energy recovery system may comprise one or
more operations. An example method may begin by receiving a reducing gas stream that
comprises at least one reducing gas species. The reducing gas stream may be provided to an inlet
of the energy recovery system.

[00100] As discussed above, exemplary reducing gas streams may comprise waste gas streams
exiting high-temperature furnaces, tail gases, natural gas/shale gas/methane (as makeup), biogas,

and reducing gases from any chemical, petrochemical, refining, mining, metallurgical, ceramic,
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mineral, energy, bio-allied, agricultural or related environments. In some instances, reducing
gases may comprise methane (CHs), ethane (C,Hs), hydrogen (Hz), carbon monoxide (CO),
ethylene(C;Hs), propane(CsHs), propylene (CsHs) and other Ca+ hydrocarbons, or combinations
thereof. Reducing gases from different sources can be used separately or mixed with one another
in different proportions based on the thermodynamic and kinetic constraints imposed by the
interaction between the reducing gas mixture and the metal oxide material.

[00101] The redox particles are contacted with the reducing gas stream, whereupon the at least
one reducing gas species undergoes a chemical reaction with the redox particles to generate
carbon dioxide (CO») and steam (H>0). A first product stream comprising carbon dioxide (CO,)
and steam (H,O) may be obtained from the energy recovery system. In some instances, the first
product stream may additionally comprise unconverted gases.

[00102] In some instances, exemplary methods may comprise flushing operations between the
reduction and oxidation operations to isolate the separate products and prevent contamination of
reaction products. During flushing operations, an inert gas such as N, Ar, He, etc. may be
purged into the reactor to remove the gaseous components from the previous operations.
[00103] After being contacted with the reducing gas stream, the redox particles may be
contacted with an oxidizing gas stream. Exemplary oxidizing gas streams may comprise steam
(H20), whereupon hydrogen gas (Ha) is generated. Then a second product stream comprising
hydrogen gas (H2) may be obtained from the energy recovery system.

[00104] In some instances, an oxidizing gas stream provided to the energy recovery system
comprises carbon dioxide (COz) alone or further comprising steam (H,0). In those
implementations, the second product stream may comprise carbon monoxide (CO). In some
instances, exemplary oxidizing gas streams may comprise steam (H,0), carbon dioxide (CO»),
and one or more NOx gases, such as nitric oxide (NO) and nitrogen dioxide (NO>).

[00105] In some instances, the reducing gas stream and the oxidizing gas stream are provided
co-currently. In some instances, the reducing gas stream and the oxidizing gas stream are
provided counter-currently.

[00106] In some instances, exemplary methods may comprise monitoring a concentration of
carbon dioxide (CO») from an output of the reactor system when reducing gas is being provided
to an inlet of the reactor. When the concentration of carbon dioxide (CO) falls below a

predetermined threshold, the input stream may be changed from providing the reducing gas to
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providing an oxidizing gas. Similarly, exemplary methods may comprise monitoring a
concentration of hydrogen (Hz) from an output of the reactor system when oxidizing gas is being
provided to an inlet of the reactor. When the concentration of hydrogen (H») falls below a
predetermined threshold, the input stream may be changed from providing the oxidizing gas to
providing the reducing gas.

[00107] In some instances, exemplary methods may further comprise providing the second
product stream to a separation unit, wherein the second product stream further comprises
unconverted steam (H20). Then the separation unit may generate a first separation unit output
stream comprising steam (H>O) and a second separation unit output stream comprising hydrogen
gas (Hz). In some instances, the first separation unit output stream may be provided to an input of
the energy recovery system.

[00108] In some instances, exemplary methods may further comprise contacting the redox
particles with air. In some instances, a stoichiometric amount of air is provided to the energy
recovery system, and an output stream comprising substantially pure nitrogen (N») may be
obtained. As used herein, substantially pure nitrogen may be a stream comprising at least 85%
nitrogen (N»); at least 87% nitrogen (N>); at least 90% nitrogen (N»); or at least 95% nitrogen
(N2).

[00109] In some instances, exemplary methods may further comprise contacting the first
product stream with carbon dioxide (CO.) capture materials, thereby generating a lean carbon
dioxide (CO») stream. The lean carbon dioxide (CO,) stream may be recycled and provided to an
input of the energy recovery system. In some instances, the reducing gas stream contacts carbon
dioxide (CO2) capture materials in addition to the redox particles.

[00110] In some instances, contacting the reducing gas stream with redox particles occurs in a
first reactor and contacting steam (H,O) with the redox particles occurs in a second reactor. In
those instances, exemplary methods may further comprise conveying redox particles from the
first reactor to the second reactor using a mechanical conveying system.

[00111] In some instances, a plurality of reactors are operated in parallel and provided with
reducing gas streams and/or oxidizing gas streams on a time delay. Exemplary methods may
include providing an oxidizing gas to a first reactor at a first time, providing an oxidizing gas to a
second reactor at a second time, where the second reactor is operating in parallel with the first

reactor, and providing an oxidizing gas to a third reactor at a third time, where the third reactor is
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operating in parallel with the first reactor and the second reactor, and where the second time is
after the first time and where the third time is after the second time.

[00112] In some instances, exemplary methods may include monitoring an output stream of the
first reactor and, when a hydrogen (H») concentration drops below a predetermined threshold,
providing the oxidizing gas to the second reactor. In some instances, exemplary methods may
include monitoring an output stream of the second reactor and, when a hydrogen (H»)
concentration drops below a predetermined threshold, providing the oxidizing gas to the third
reactor. In various implementations, the predetermined threshold may be 0.1% to 50.0% of the
steady state concentration depending on the sensitivity of the downstream system.

[00113] In some instances, there may be a surge in the product yield or product concentration
during the reduction/oxidation operation of the recovery system, depending on the method of
operation and the inlet gases. This surge in the product gas may be handled in various ways to
provide steady product flow to the downstream operation, or recovered to be used in other
process units, or recycled back into the reactor, or sent for energy recovery and storage, or any
combination of the above. In some instances, a maximum surge in product yield or product
concentration may vary between 5% to 35 times of a constant desired product yield or product
concentration, depending on the system and process parameters.

[00114] FIG. 18 schematically illustrates an example of operating an energy recovery system.
FIG. 18 shows a single reactor’s sequential operation, but exemplary operations may be performed
in multiple reactors in a given system in parallel. In a first operation, reducing gas is provided to a
reactor or group of reactors. The reducing gas is oxidized to form CO, and H>O, while the redox
particles in this sub-group of reactors is reduced by the reducing gas. In some instances, heat
required for maintaining the reduction reaction in this sub-group of reactors may be provided by
the heat released by the reaction between air and the redox particles in subsequent operations. In
some instances, heat required by the reduction reaction may be provided from a heat source
external to the reactors, such as the high temperature flue gas from a furnace or solar power.
[00115] In a second operation, steam is provided to the reactor or group of reactors. Hydrogen
(H») is generated via the reaction with the reduced redox particles. In a third operation, air is
provided to the reactor or group of reactors to regenerate the reduced redox particles. Reactors in

other sub-groups may undergo similar reactions but at different times.

23



WO 2023/096643 PCT/US2021/060744

V. Exemplary Implementations

[00116] Disclosed herein are systems and methods for energy recovery processes and other
processes that enable solids transportation and circulation with mechanical conveying methods.
The operation is achieved by installing mechanical conveying devices to receive redox particles
from upstream reactor, transport to the top of the downstream reactor and discharge the redox
particles into the downstream reactor. Systems using this strategy can enable the recovery system
to operate without the pneumatical conveying devices which have high cost and generate high
attrition rates on redox particles.

[00117] The said process can be used as a waste energy recovery system in other processes.
Waste stream from an upstream process that comprises reducing gases, such as CO, H,, CHs, and
other Cy+ hydrocarbons, can be send to the recovery system as a fuel to the reducer reactor to
reduce the redox material. The reduced redox material from the reducer can be used for H;
generation in the oxidizer reactor. The generated Ha can be used in the upstream process to reduce
the consumption of other fuels and energy. The upstream process can be a chemical synthesis
process, petrochemical process, metallurgy process, power generation process, or other processes
that generates waste reducing gases. In certain configurations, the redox composite metal oxides
can be used to process dilute flue gas or tail gas streams produce concentrated hydrogen and/or
carbon monoxide for reuse in the process as a recovery system.

[00118] Fischer Tropsch gas to liquid processes are an example point source that consume large
amounts of fuel for conversion into syngas and release tail gas, which primarily constitutes CO
(10-20%), CO» (10-15%), CHy4 (20-30%), Hs (15-30%), N> (10-20%), and higher hydrocarbons
like C2Hy4 (3-5%). Waste gas streams containing reducing gases from other sources include tail
gases commonly found in the petrochemical industry, whose average composition is typically
CHs (1-5%), C2 gases (0-5%), C3 gases (0-5%), C4 gases (0-5%), CO (5-15%), CO; (1-10%),
Hj (10-40%), and N3 (10-50%). Other emissions sources may include metallurgical operations
that use coal/natural gas as a fuel for reducing the metal oxide ore and process it, such as
production of iron from hematite, production of tin from cassiterite, reduction of ilmenite ore,
etc. The gas streams include a mixture of reducing gases such as Hy, CO, CO,, CH4 and other C+
gases with varying quantities depending on the application. Other sources of tail gas may include
the Steam Methane Reforming (SMR) process which typically contains approximately CO; (45-
50%), CO (10-15%), CHa4 (5-10%), Hz (20-25%).
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[00119] Exemplary methods and schemes disclosed herein may be utilized for flue gases exiting
chemical, petrochemical, refining, mining, metallurgical, mineral, ceramic, energy, bio-allied,
agricultural or related environments for different applications, such as power generation to high-
value commodity production and chemical synthesis. Incorporating exemplary methods and
systems into any upstream process may offer operational flexibility and turndown capacity while
increasing the overall plant efficiency. Specifically, for an Hy generation system, exemplary
systems may be particularly suited for integration between the H, generation, purification,
compression, and storage units to reduce the cost for H, based energy storage system. Because
exemplary systems utilize redox capable metal oxides as an energy storage material, exemplary
systems can store chemical energy as well as release it rapidly (e.g., in the form of H; upon steam
oxidation of the reduced metal oxide material), and may enable rapid ramp-up and ramp-down of
the downstream processes, thus enhancing the operational flexibility.

[00120] In one embodiment, as shown in FIG. 19, an exemplary system is used to recover
energy from the tail gases in a Fischer Tropsch gas to liquid plant. The FT-reactor in the gas to
liquid plant produces liquid fuels from syngas and generates a stream of tail gas, which
comprises CO, Ha, CHy, and reducing gases. The energy in the tail gas can be recovered by
sending tail gas to the reducer, where the waste gas is converted to CO; and H,0O, with some
unconverted gas while reducing the redox particles. The unconverted gases can be further
utilized for recovering additional energy such as preheating the feedstocks. The reduced redox
particles may be used to generate Hy via its reaction with steam in the oxidizer. The H, generated
from the process can be sent to the FT reactor for liquid fuels production, or used in other part of
the plant, which may reduce the consumption of fuel in the plant. The solids can be in a
continuous flow where the solids are moving from reducer to oxidizer in a circulatory fashion, or
in non-flow system as a fixed bed, where the reducer and oxidizer are operated in swing fashion.
[00121] In another embodiment, an exemplary system can be used to process tail gas from
various chemical process, as shown in Figure 19. During reduction operations, exemplary metal
oxide redox particles such as iron oxide can be reduced by the reducing tail gases in various
processes and recover chemical energy in the gases via the following reaction:

CH,/CO/Hy + FeOy — COy + H,0 + Fe0, (0<y <x < 133)
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[00122] When H is generated by the processes, chemical energy stored in the redox particles
can be released by passing process steam through the redox particles to generate Ha:

H,0 + FeOy, » H, + FeO, (0<y<x<133)
[00123] The high purity H, can be used for chemical synthesis or power production via fuel cells
or gas turbines. Even though the chemical energy is recovered from low pressure tail gases, the
high purity Hy can be released at high pressure close to the process steam supply pressure.
Compared to conventional H; based energy storage systems, the exemplary system shown in FIG.
20 integrates the H» generation, purification, compression, and storage units, which can reduce the
cost for H, based energy storage system. Incorporating the system design may offer operational
flexibility and turndown capacity. An example configuration may involve integrating a recovery
system with a chemical plant designed to co-produce ammonia and electricity. Coal is gasified in
an O,-blown gasifier to produce syngas, which is converted to H, and CO; in the water-gas shift
reactor. CO; 1s later removed by acid gas removal (AGR) process. The H,-rich product gas is used
for power generation in a combined cycle or ammonia production after purification in a pressure
swing adsorption (PSA) unit.
[00124] During low electricity and H, demand, the exemplary system may consume a portion of
the tail gas from the pressure swing adsorption (PSA) unit and additional syngas from the coal
gasifier (as needed) to reduce the redox material to a lower oxidation state. The mode can be
operated at low pressures to accommodate the PSA tail gas pressure. In the Hy release mode, high
pressure process steam is used to oxide the reduced redox material to produce high pressure, high
purity Ha, which can be utilized in ammonia synthesis or in the gas turbine for power production.
The exemplary system may be capable of releasing H» or storing chemical energy rapidly as steam
or tail gas is introduced to the bed of redox material, which enables the rapid ramp-up and ramp-
down of power and ammonia production in the coal-based poly-generation system, and thus
enhancing the operational flexibility. Conventional H, storage and recovery technologies include
physical-based (compressed or liquid Hz) and material-based (adsorbent, hybride, or chemical
hydrogen) technologies.
[00125] The recovery system may store Ha via the chemical potential of the reduced redox
particles, which has much lower cost than adsorbents or chemicals used in material-based
technologies. The recovery system has the ability to convert and store other reducing gases in the

plant, avoiding the cost for additional reforming and purification processes for H, production. With
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iron oxide as the exemplary redox meratial, preliminary process analysis shows that the energy
recovery system has higher H, storage density than other proceses, as shown in Table 1.

Table 1. Energy storage density of H» storage technologies

i Energy . . ) Chemical
Technology Recovery Compression | Metal Hydride Adsorbent Hydrogen
H> storage
density (KWh/L) 1.4 0.8 0.4 0.7 1.3
VL Experimental Data

[00126] Experiments have been performed using Al-Zr supported Fe;O3-TiO; based redox
particles. In these experiments, Fe;O; serves as the active metal oxide component, performing
redox reactions, whereas TiO; and the Al-based materials act as support materials to provide
physical strength and to modulate the redox process.

[00127] To illustrate the capability of an exemplary system to handle dilute reducing gas streams,
a reduction experiment was performed isothermally at 1000°C at 1 atm in a fixed bed reactor with
0.25 inch diameter and 6 inch bed height. FIG. 21 shows experimental results for a fixed bed
receiving dilute methane gas in an exemplary system at 1000 °C, 1 atm. The redox particles in the
size range of 1000 pm - 1500 pm mesh were used for performing redox cycles.

[00128] Reduction was carried out by providing a reducing gas mixture to the reactor at 200
ml/min. The reducing gas mixture comprised 10% by volume CHj, with the remaining balanced
with nitrogen. In the initial stage, the solids conversion was low, resulting in nearly full combustion
of CHy to generate CO, with negligible CO (partial combustion product) at the outlet. The
unconverted methane coming out of the reactor increased with time as the oxygen carriers in fixed
bed oxygen were reduced by methane. The outlet gas concentration was measured online using
SIEMENS IR based gas analyzers after cooling the outlet gases to room temperature and knocking
out the moisture.

[00129] During the reduction operation, methane first came into contact with reduced particles
at the inlet of the reactor with highest degree of reduction and generates a mixture of full and
partial combustion products (CO,, H,O, CO and H,), along with some unconverted methane.
However, as this mixture travels along the length of the reactor, CO and H; are consumed because

of a higher oxidation potential of the lesser reduced oxygen carrier particles. Methane reacts with
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the oxygen carrier particles as well, however, because of methane’s slower reduction rates as
compared to CO and H», unconverted CHs at the reducer outlet increases with time.

[00130] Upon completion of reduction operations, oxidation of the reduced oxygen carrier
composites was performed using steam fed into the reactor at 200 ml/min. The steam produced is
superheated steam at 140 °C and 1 atmospheric pressure. Two sets of experiments were performed:
in co-current mode and in countercurrent mode. Experimental results of hydrogen generation for
co-current and counter-current oxidizing gas configurations are shown in FIG. 22A and FIG. 22B,
respectively. In co-current operation, both the reducing gas mixture as well as steam (oxidizing
gas) were fed to the reactor in the same direction, whereas in the countercurrent operation, the
reducing gas mixture and steam (oxidizing gas) were fed into the reactor in opposite directions.
The outlet gas concentration was measured online using SIEMENS IR based gas analyzers after
cooling to room temperature and knocking out any moisture present.

[00131] AsshowninFIG. 22A, it takes about 20 minutes in this bench experiment to reach steady
state, upon which the H, concentration remains almost constant for a period of time. However, if
the steam oxidation is continued further, there would be a drop in H, concentration as the particles
deplete their reduction potential. In other implementations, the time to reach steady state could
differ depending on the size and dimensions of the reactor. In a co-current mode, steam first comes
into contact with highest degree reduced particles and generates hydrogen. However, as this
hydrogen and unconverted steam encounter the less reduced particles present along the length of
the reactor, a portion of the hydrogen gets consumed due to a higher oxidation potential of the
partially reduced oxygen carrier particles. The particles present at the reactor inlet become a bit
less reduced whereas the particles present closer to the reactor outlet become a bit more reduced,
thereby modulating the oxidation state of the entire bed and hence enabling a steady state Hy
profile. The hydrogen produced in this manner can be directly sent to downstream process for use.
[00132] FIG. 22B shows the H concentration profile of a system operated in a countercurrent
mode. As the steam entering the reactor first encounters the least reduced oxygen carrier particles,
the steam/redox particle interaction generates small quantities of hydrogen because the solid
conversion of the particles is low. The unconverted steam then comes into contact with the highly
reduced oxygen carrier particles and thus generates a greater amount of hydrogen rapidly (~5 min
for this scale of experiment, which could differ for different reactor sizes) upon which the H,

concentration drops as the bed material gets used up and its H» generation potential continuously
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keeps dropping. As a result, a steady state operation is not obtained in this mode of operation, as
seen from FIG. 22B.

[00133] Another example of the CO generation from COs oxidation, FIG. 23 illustrates the
product CO concentration profile of an system operated in a countercurrent mode. Similar to steam
oxidation, as the CO; entering the reactor first encounters the least reduced oxygen carrier
particles, a small quantity of CO gas is generated. Unconverted CO; further reacts with the highly
reduced oxygen carrier particles and thus generates CO rapidly (~7.5 min). This results in a drop
in the CO concentration as the bed material gets used up and its CO generation potential
continuously keeps dropping. Like countercurrent steam oxidation, a steady state operation is not
obtained as seen from FIG. 23. Exemplary systems can be configured for generating desired
qualities of syngas by using a mixture of steam and CO; for fixed bed oxidation. For example, if
syngas of H,:CO ratio of 2:1 is desired, oxidation experiments can be conducted by varying the
H>0:CO; ratio in the inlet oxidizing gas and analyzing the H,:CO ratio of the outlet product.
[00134] The flow pattern presented in these sample experiments involves flushing the reaction
between the oxidation and the reduction operations. However, if no flushing operation is
involved between the reduction and oxidation operations, the flow pattern for both co-current
and countercurrent operations differ in the initial few minutes of the operating time frame, with
precise profiles varying with the concentration of Hz contained in the inlet reducing gas and the
desorption pattern of the reducing gas species adsorbed on the oxygen carriers.

[00135] These experiments are a proof of concept for the operating strategy while the process
parameters of an exemplary system can be adjusted to change the solid conversions during
reduction as well as oxidation. Thus, the solid conversion can vary from 0% to 100% or across
any values in between during both reduction and oxidation operations of the redox cycle, such
that a fixed difference over the extents of the solid conversions is maintained between the
reduction and oxidation operations across extended redox cycles. Also, the length of the fixed
bed operation, i.e., time for which reduction or regeneration of the oxygen carrier may be carried
out, can be determined based on the reaction kinetics, wherein fast and slow reaction kinetics
will yield short and longer operation time, respectively. Without being bound by a particular
theory, it is believed that the concentration profile would be generic regardless of the oxygen

carrier material used in the redox process.
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[00136] The reduction and oxidation reactions can be exothermic or endothermic depending on
the types of reactions and oxygen carriers used. If the reaction is carried out in exothermic
conditions, the temperature of the system would increase, whereas the temperature of the system
would decrease if the reaction were carried out in endothermic conditions. Temperature control
can be achieved through heat exchanging mechanisms applied either internally or externally using
flue gases generated from conventional combustion at high-temperature furnaces operated using
natural gas, coal, etc., or using solar concentrators, pre-heating of inlet gas streams, burning a
fraction of inlet gas stream, or using heat exchangers with heat integration across any the system
and any other unit operation in its vicinity for waste heat recovery. The heat requirement may be
properly balanced for the perpetual operation of the system.

[00137] The current chemical looping metal oxide oxygen carrier systems can be extended in
applications or operation to other chemical looping systems using other metal derivatives such as

metal sulfide, metal hydride, metal carbide or metal nitride, for reactions.

Embodiments

[00138] Embodiments of the present disclosure are disclosed in the following clauses:

Embodiment 1. A method for operating an energy recovery system, the method
comprising:

providing a reducing gas stream to an inlet of the energy recovery system, the reducing
gas stream comprising at least one reducing gas species comprising at least one of carbon
monoxide (CO), methane(CHy), hydrocarbons (Cz+), hydrogen gas (Hz), and carbon dioxide
(CO),

contacting redox particles with the reducing gas stream, whereupon the at least one
reducing gas species undergoes a chemical reaction with the redox particles to generate carbon
dioxide (CQO») and/or steam (H,0);

obtaining a first product stream from the energy recovery system, the first product stream
comprising carbon dioxide (CO,) and steam (H,0),

providing an oxidizing gas stream comprising steam (H,O) to the energy recovery system

such that hydrogen gas (H) is generated; and
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obtaining a second product stream from the energy recovery system, the second product

stream comprising hydrogen gas (H»).

Embodiment 2. The method according to Embodiment 1, wherein the oxidizing gas stream
further comprises carbon dioxide (CO,); and

wherein the second product stream further comprises carbon monoxide (CO).

Embodiment 3. The method according to Embodiment 1 or Embodiment 2, wherein the

reducing gas stream and the oxidizing gas stream are provided co-currently.

Embodiment 4. The method according to any one of Embodiments 1-3, wherein the

reducing gas stream and the oxidizing gas stream are provided counter-currently.

Embodiment 5. The method according to any one of Embodiments 1-4, further
comprising:

providing the second product stream to a separation unit, wherein the second product
stream further comprises unconverted steam (H20),

obtaining a first separation unit output stream comprising steam (H20); and

obtaining a second separation unit output stream comprising hydrogen gas (H>).

Embodiment 6. The method according to Embodiment 5, further comprising providing the

first separation unit output stream to an input of the energy recovery system.

Embodiment 7. The method according to any one of Embodiments 1-6, further comprising

contacting the redox particles with air.
Embodiment 8. The method according to Embodiment 7, wherein a stoichiometric amount

of air is provided to the energy recovery system, and further comprising;

obtaining a nitrogen (N3) stream comprising at least 85% nitrogen (N»).
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Embodiment 9. The method according to any one of Embodiments 1-8, further
comprising:

contacting the first product stream with carbon dioxide (CO») capture materials, thereby
generating a lean carbon dioxide (CO,) stream; and

providing the lean carbon dioxide (CO») stream to an input of the energy recovery

system.

Embodiment 10. The method according to any one of Embodiments 1-9, wherein the
reducing gas stream contacts carbon dioxide (CO) capture materials in addition to the redox

particles.

Embodiment 11. The method according to any one of Embodiments 1-10, wherein
contacting the reducing gas stream with redox particles occurs in a first reactor; and

wherein contacting steam (H>O) with the redox particles occurs in a second reactor.

Embodiment 12. The method according to any one of Embodiments 1-11, further
comprising conveying redox particles from the first reactor to the second reactor using a

mechanical conveying system.

Embodiment 13. The method according to any one of Embodiments 1-12, wherein
contacting the reducing gas stream with redox particles occurs in a first reactor; and

wherein contacting steam (H20) with the redox particles occurs in the first reactor.

Embodiment 14. The method according to any one of Embodiments 1-13, further

comprising contacting the reducing gas stream with inert material particles.
Embodiment 15. The method according to any one of Embodiments 1-14, wherein the

reducing gas stream is provided cross-currently relative to a length of a reactor in the energy

recovery system.
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Embodiment 16. The method according to any one of Embodiments 1-15, wherein the

reducing gas stream is provided at a plurality of inputs spaced along the length of the reactor.

Embodiment 17. The method according to any one of Embodiments 1-16, wherein
providing the oxidizing gas stream is conducted at a first time and to a first reactor, and further
comprising:

providing the oxidizing gas stream to a second reactor at a second time, the second time

being after the first time and the second reactor operating in parallel with the first reactor.

Embodiment 18. The method according to any one of Embodiments 1-17, further
comprising providing the oxidizing gas stream to a third reactor at third time, the third time

being after the second time and the third reactor operating in parallel with the second reactor.

Embodiment 19. The method according to any one of Embodiments 1-18, further
comprising flushing the energy recovery system with an inert gas after obtaining the first product

stream and before providing an oxidizing gas stream.

Embodiment 20. The method according to any one of Embodiments 1-19, further
comprising providing heat transfer liquid to an internal heat transfer unit positioned within the

energy recovery system.
Embodiment 21. The method according to any one of Embodiments 1-20, further
comprising providing heat transfer media to an external heat transfer unit positioned outside, but

in contact with, the energy recovery system.

Embodiment 22. The method according to any one of Embodiments 1-21, further

comprising recycling the first product stream back to the energy recovery system.

Embodiment 23. The method according to any one of Embodiments 1-22, further

comprising injecting a supplemental reactant stream.
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Embodiment 24. The method according to Embodiment 23, wherein the supplemental

reactant stream comprises air or oxygen.

Embodiment 25. The method according to Embodiment 23, wherein the supplemental

reactant stream COI‘an‘iSGS nitrogen, argon, or steam.

Embodiment 26. The method according to any one of Embodiments 1-25, wherein the
oxidizing gas stream is provided to a first reactor, and further comprising:

providing the oxidizing gas stream to at least one additional reactor operating in parallel
with the first reactor, wherein providing the oxidizing gas stream to the at least one additional

reactor 1s performed in co-current, counter-current, or cross-current orientation.

Embodiment 27. The method according to any one of Embodiments 1-26, further
comprising receiving a surge from the second product stream; and
providing the surge to at least one of: storage, downstream process equipment, or back

into the reducing gas stream,

Embodiment 28. The method according to any one of Embodiments 1-27, further
comprising providing at least one of the first product stream or the second product stream to an
energy recovery unit, the energy recovery unit performing at least one of: combusting,

generating steam, preheating the reducing gas stream, or generating electricity.

Embodiment 29. The method according to any one of Embodiments 1-28, the first product

stream further comprising unconverted gases.

Embodiment 30. The method according to any one of Embodiments 1-29, further

comprising contacting the redox particles with oxidizing gas comprising NOx gases.

Embodiment 31. A reactor system comprising:

a first reactor comprising redox particles;
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a second reactor in fluid communication with the reducer reactor and configured to
receive the redox particles from the reducer reactor;
a combustor reactor in fluid communication with the oxidizer reactor and configured to
receive the redox particles from the oxidizer reactor,
wherein the combustor reactor comprises a particle flow control module; and
a conveying system in communication with the particle flow control module and the
reducer reactor, the conveying system configured to mechanically convey the redox particles

from the particle flow control module to the reducer reactor.

Embodiment 32. The reactor system according to Embodiment 31, wherein the conveying

system comprises a Conveyor.

Embodiment 33. The reactor system according to Embodiment 31 or Embodiment 32,
wherein the particle flow control module comprises an L-valve, a J-valve, a loop seal, a seal port,

or a combination thereof.
Embodiment 34. The reactor system according to any one of Embodiments 31-33, wherein

the particle flow control module further comprises an aeration gas input and a mechanical valve

adjacent an output of the particle flow control module.
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CLAIMS

1. A method for operating an energy recovery system, the method comprising:

providing a reducing gas stream to an inlet of the energy recovery system, the reducing
gas stream comprising at least one reducing gas species comprising at least one of carbon
monoxide (CO), methane(CHy), hydrocarbons (Cz-), hydrogen gas (Hz), and carbon dioxide
(CO);

contacting redox particles with the reducing gas stream, whereupon the at least one
reducing gas species undergoes a chemical reaction with the redox particles to generate carbon
dioxide (CO,) and/or steam (H,0);

obtaining a first product stream from the energy recovery system, the first product stream
comprising carbon dioxide (CO,) and steam (H>O);

providing an oxidizing gas stream comprising steam (H>O) to the energy recovery system
such that hydrogen gas (H») is generated; and

obtaining a second product stream from the energy recovery system, the second product

stream comprising hydrogen gas (Hz).

2. The method according to claim 1, wherein the oxidizing gas stream further comprises
carbon dioxide (CO); and

wherein the second product stream further comprises carbon monoxide (CO).

3. The method according to claim 2, wherein the reducing gas stream and the oxidizing gas

stream are provided co-currently.

4. The method according to claim 2, wherein the reducing gas stream and the oxidizing gas

stream are provided counter-currently.

5. The method according to claim 1, further comprising:
providing the second product stream to a separation unit, wherein the second product
stream further comprises unconverted steam (H>O);

obtaining a first separation unit output stream comprising steam (H>0); and
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obtaining a second separation unit output stream comprising hydrogen gas (Ha).

0. The method according to claim 5, further comprising providing the first separation unit

output stream to an input of the energy recovery system.

7. The method according to claim 1, further comprising contacting the redox particles with
air.
8. The method according to claim 7, wherein a stoichiometric amount of air is provided to

the energy recovery system, and further comprising:

obtaining a nitrogen (N3) stream comprising at least 85% nitrogen (N»).

9. The method according to claim 1, further comprising:

contacting the first product stream with carbon dioxide (CO») capture materials, thereby
generating a lean carbon dioxide (CO;) stream; and

providing the lean carbon dioxide (CO») stream to an input of the energy recovery

system.

10.  The method according to claim 1, wherein the reducing gas stream contacts carbon

dioxide (CO2) capture materials in addition to the redox particles.

11.  The method according to claim 1, wherein contacting the reducing gas stream with redox
particles occurs in a first reactor; and

wherein contacting steam (H,O) with the redox particles occurs in a second reactor.

12.  The method according to claim 11, further comprising conveying redox particles from the

first reactor to the second reactor using a mechanical conveying system.

13.  The method according to claim 1, wherein contacting the reducing gas stream with redox
particles occurs in a first reactor; and

wherein contacting steam (H»O) with the redox particles occurs in the first reactor.
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14.  The method according to claim 1, further comprising contacting the reducing gas stream

with inert material particles.

15.  The method according to claim 1, wherein the reducing gas stream 1s provided cross-

currently relative to a length of a reactor in the energy recovery system.

16.  The method according to claim 15, wherein the reducing gas stream is provided at a

plurality of inputs spaced along the length of the reactor.

17.  The method according to claim 1, wherein providing the oxidizing gas stream is
conducted at a first time and to a first reactor, and further comprising:
providing the oxidizing gas stream to a second reactor at a second time, the second time

being after the first time and the second reactor operating in parallel with the first reactor.

18, The method according to claim 17, further comprising providing the oxidizing gas stream
to a third reactor at third time, the third time being after the second time and the third reactor

operating in parallel with the second reactor.

19.  The method according to claim 1, further comprising flushing the energy recovery system
with an inert gas after obtaining the first product stream and before providing an oxidizing gas

stream.

20.  The method according to claim 1, further comprising providing heat transfer liquid to an

internal heat transfer unit positioned within the energy recovery system.

21.  The method according to claim 1, further comprising providing heat transfer media to an

external heat transfer unit positioned outside, but in contact with, the energy recovery system.

22.  The method according to claim 1, further comprising recycling the first product stream

back to the energy recovery system.
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23.  The method according to claim 1, further comprising injecting a supplemental reactant

stream.

24, The method according to claim 23, wherein the supplemental reactant stream comprises

air or oxygen.

25.  The method according to claim 23, wherein the supplemental reactant stream comprises

nitrogen, argon, or steam.

26.  The method according to claim 1, wherein the oxidizing gas stream 1s provided to a first
reactor, and further comprising:

providing the oxidizing gas stream to at least one additional reactor operating in parallel
with the first reactor, wherein providing the oxidizing gas stream to the at least one additional

reactor 1s performed in co-current, counter-current, or cross-current orientation.

27.  The method according to claim 1, further comprising receiving a surge from the second
product stream; and
providing the surge to at least one of: storage, downstream process equipment, or back

into the reducing gas stream.

28.  The method according to claim 1, further comprising providing at least one of the first
product stream or the second product stream to an energy recovery unit, the energy recovery unit
performing at least one of: combusting, generating steam, preheating the reducing gas stream, or

generating electricity.

29.  The method according to claim 1, the first product stream further comprising unconverted

gases.

30.  The method according to claim 1, further comprising contacting the redox particles with

oxidizing gas comprising NOx gases.
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31. A reactor system comprising:

a first reactor comprising redox particles;

a second reactor in fluid communication with the reducer reactor and configured to
receive the redox particles from the reducer reactor;

a combustor reactor in fluid communication with the oxidizer reactor and configured to
receive the redox particles from the oxidizer reactor,

wherein the combustor reactor comprises a particle flow control module; and

a conveying system in communication with the particle flow control module and the

reducer reactor, the conveying system configured to mechanically convey the redox particles

from the particle flow control module to the reducer reactor.

32.  The reactor system according to claim 31, wherein the conveying system comprises a

conveyor.

33.  The reactor system according to claim 32, wherein the particle flow control module

comprises an L-valve, a J-valve, a loop seal, a seal port, or a combination thereof.
34.  The reactor system according to claim 33, wherein the particle flow control module

further comprises an aeration gas input and a mechanical valve adjacent an output of the particle

flow control module.
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special reason (as specified)

“O"  document referring to an oral disclosure, use, exhibition or other means
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intermational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. I:l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a).

Box No. II1  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this intermational application, as fotlows:
(See Supplemental Page)

I. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. [:l As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. No required additional search fees were timely paid by the applicant. Consequently, this intemnational search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-30

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2019)



PCT/US2021/060744 18.03.2022

INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/60744

Lack of Unity Box IlI:

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: Claims 1-30, directed to a method for operating an energy recovery system.
Group II: Claims 31-34, directed to a reactor system comprising: a first reactor comprising redox particles.

The group of inventions listed above do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

Group | requires the special technical feature a method for operating an energy recovery system, the method comprising: providing a
reducing gas stream to an inlet of the energy recovery system, the reducing gas stream comprising at least one reducing gas species
comprising at least one of carbon monoxide (CO), methane(CH4), hydrocarbons (C2+), hydrogen gas (H2), and carbon dioxide (CO2);
providing an oxidizing gas stream comprising steam (H20) to the energy recovery system such that hydrogen gas (H2) is generated;
and obtaining a second product stream from the energy recovery system, the second product stream comprising hydrogen gas (H2), not
required by group Il.

Group li requires the special technical feature of reactor system comprising: a second reactor in fluid communication with the reducer
reactor and configured to receive the redox particles from the reducer reactor; a combustor reactor in fluid communication with the
oxidizer reactor and configured to receive the redox particles from the oxidizer reactor, wherein the combustor reactor comprises a
particle flow control module; and a conveying system in communication with the particle flow control module and the reducer reactor, the
conveying system configured to mechanically convey the redox particles from the particle flow control module to the reducer reactor, not
required by group |.

Common technical features:

Groups |-Il share the technical feature of a system or method for conducting a reaction, comprising redox particles, which may be used
at least in part for starting a combustion reaction; a reducer component; and an oxidizer component.

These shared technical features, however, do not provide a contribution over the prior art, as being anticipated by US 2007/0049489 A1
to Becue et al. (hereinafter Becue). Becue teaches a system or method for conducting a reaction, comprising redox particles, which
may be used at least in part for starting a combustion reaction; a reducer component; and an oxidizer component (Abstract, The present
invention relates to a new type of redox mass that can be used in any chemical looping combustion process, said mass comprising a
binder containing at least cerine-zirconia; and para [0025]-{0026], The invention relates to a redox active mass, notably intended for
chemical looping combustion processes... The redox mass can come in form of a powder, balls, extrudates, or of a washcoat deposited
on a monolith type substrate; and para [0033), The present invention relates to the use of a new type of active mass in CLC type

proc These proc generally involve two distinct reactors for carrying out, on the one hand, in a reactor referred to as
reduction reactor, reduction of the active mass by means of a hydrocarbon, or more generally of a reducing gas, allowing to correlatively
generate an energy-carrying hot effluent and, on the other hand, in a reactor referred to as oxidation reactor, restoration of the active
mass to the oxidized state thereof through the combustion of hydrocarbons, by segregating the CO2 formed that is generally mixed with
steam; and para [0045], The size of the redox mass particles used for the comparative test ranges between 40 and 100 microns with an
average size of 70 microns; Note that the redox mass is interpreted as the redox particles, the reduction reactor or the reducing gas may
be interpreted as the reducer component, and the oxidation reactor or the steam therein may be interpreted as the oxidizer component).

As the technical features were known in the art at the time of the invention, this cannot be considered a special technical feature that
would otherwise unify the groups.

Groups I-1l therefore lack unity under PCT Rule 13 because they do not share a same or corresponding special technical feature.
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