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Method for thermochemically reacting a particulate material
and apparatus for conducting said method

BACKGROUND OF THE INVENTION

The present invention relates to thermochemical reaction technology. It refers
to a method for thermochemically reacting a particulate material according to
the preamble of claim 1. It further refers to apparatus for conducting such

method.

PRIOR ART

Potentially the most efficient process to convert solar energy into hydrogen is
via solar-thermal water splitting, rather than via solar electricity (PV/electrolysis)
or via photons (photolysis) (Perkins, C. and A.W. Weimer, Solar-Thermal Produc-
tion of Renewable Hydrogen. Aiche Journal, 2009. 55(2): p. 286-293; Turner, J., et
al.. Renewable hydrogen production.International Journal of Energy Research,
2008. 32(5): p. 379-407). This process avoids the inefficiencies of some of the
other processes by thermally decomposing H;O directly into H, and
O2.Thermodynamically, the spontaneous decomposition of water at 1 atm oc-
curs at temperatures greater than 4300 K (Perkins, C. and AW. Weimer, Solar-
Thermal Production of Renewable Hydrogen.Aiche Journal, 2009. 55(2): p. 286-
293), but it is possible to decompose a significant amount of water at tempera-
tures as low as 2500 K (Etievant, C., SOLAR HIGH-TEMPERATURE DIRECT WATER

SPLITTING - A REVIEW OF EXPERIMENTS IN FRANCE. Solar Energy Materials,

CONFIRMATION COPY
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1991. 24(1-4): p. 413-440). Conceptually, this process is very simple, but realisti-
cally there are many difficulties which prohibit its practicality in the near future.
Firstly, reactor construction materials are a concern because there are very few
materials capable of withstanding the high temperatures required. Furthermore,
a potentially explosive mixture of H, and O, is generated if allowed to cool, and
therefore must be separated either at high temperatures, or by rapid quenching,
which is a highly energy intensive process (Baykara, S.Z., Experimental solar wa-
ter thermolysis. International Journal of Hydrogen Energy, 2004. 29(14): p. 1459-

1469).

Solar thermochemical gas splitting cycles have proven to be an attractive alter-

native to direct water splitting. The net result of these cycles is the same as di-

rect water splitting (heat + H,O > H, +%02), but the reaction is split into two or

more reactions using chemical reactant intermediates. Generally, these cycles
are characterized by a high temperature step in which the chemical reactant is
thermally reduced via solar energy, and one or more lower temperature water
splitting steps which may or may not require a thermal input. Currently there are
more than 350 known thermochemical cycles, many of which have theoretical
efficiencies of greater than 40% (McQuillan, BW., et al. Meal sulfate water split-
ting thermochemical hydrogen production cycles. in The Second International

Workshop on Hydrogen. 2007. Ghardaia).
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In addition to H;O splitting for H, production, CO, can be used as a feedstock

for the production of CO (heat + CO, - CO + %02), which can then be converted

to H; via the water gas shift reaction (Miller, J.E, et al., Metal oxide composites
and structures for ultra-high temperature solar thermochemical cycles. Journal
of Materials Science, 2008. 43(14): p. 4714-4728). A potentially more attractive
process is the co-production of H; and CO to generate a syngas mixture. CO>

can be co-fed with H,O to produce a syngas mixture which can be further proc-

Hzo_)i+%02) (Chueh, W.C,

essed into various carbon based fuels (heat +
co, Co

et al., High-Flux Solar-Driven Thermochemical Dissociation of CO2 and H20 Us-
ing Nonstoichiometric Ceria. Science, 2010. 330(6012): p. 1797-1801; Stamatiou,
A. P.G. Loutzenhiser, and A. Steinfeld, Solar Syngas Production via H20/CO2-
Splitting Thermochemical Cycles with Zn/ZnO and FeO/Fe304 Redox Reactions.
Chemistry of Materials, 2010. 22(3): p. 851-859). In fact, direct conversion to
methane is possible in the presence of a metallic catalyst, such as Ni (Chueh,
W.C. and S.M. Haile, Ceria as a Thermochemical Reaction Medium for Selectively
Generating Syngas or Methane from H20 and CO2. Chemsuschem, 2009. 2(8): p.

735-739).

In general, the most conceptually simple cycles all occur in two distinct steps
and do not require any hazardous chemical intermediates. These all involve the
high temperature endothermic decomposition of a metal oxide (T generally >

1400 °C), and a lower temperature gas-splitting step to regenerate the metal
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oxide and produce Hand/or CO. Both ferrite and ceria based materials are par-

ticularly promising because cycle repeatability has been demonstrated with rela-

-tive ease as compared to other thermochemical cycles, primarily because they

do not undergo any phase changes (i.e. solid to liquid). Ferrites are realized by
substituting transition metal oxides (M = Ni, Co, Mn) for Fe in Fe304 (MyFe3.4Oa).
As a result the decomposition temperature is lowered by destabilizing the spinel
phase, but the reduced phase is still capable of being re-oxidized to reform the
ferrite (Allendorf, M.D., Two-Step Water Splitting Using Mixed-Metal Ferrites:
Thermodynamic Analysis and Characterization of Synthesized Materials. Energy

& Fuels, 2008. 22(6): p. 4115-4124).

Particularly promising ferrites that have been investigated include CosFe3<Os
(Miller, J.E., et al., Metal oxide composites and structures for ultra-high tempera-
ture solar therhochemical cycles. Journal of Materials Science, 2008. 43(14): p.
4714-4728; Allendorf, M.D., Two-Step Water Splitting Using Mixed-Metal Fer-
rites: Thermodynamic Analysis and Characterization of Synthesized Materials.
Energy & Fuels, 2008. 22(6): p. 4115-4124; Kodama, T., et al., Thermochemical
hydrogen production by a redox system of ZrO2-supported Co(ll)-ferrite. Solar
Energy, 2005. 78(5). p. 623-631), NisFes;.xO4 (Miller, J.E., et al., Metal oxide com-
posites and structures for ultra-high temperature solar thermochemical cycles.
Journal of Materials Science, 2008. 43(14): p. 4714-4728; Allendorf, M.D., Two-
Step Water Splitting Using Mixed-Metal Ferrites: Thermodynamic Analysis and.

Characterization of Synthesized Materials. Energy & Fuels, 2008. 22(6): p. 4115-
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4124; Kodama, T., N. Gokon, and R. Yamamoto, Thermochemical two-step water
splitting by ZrO2-supported NixFe3-xO4 for solar hydrogen production. Solar
Energy, 2008. 82(1): p. 73-79), and Fe304 (Stamatiou, A., P.G. Loutzenhiser, and A.
Steinfeld, Solar Syngas Production via H20/CO2-Splitting Thermochemical Cy-
cles with Zn/ZnO and FeO/Fe304 Redox Reactions. Chemistry of Materials, 2010.
22(3): p. 851-859; Allendorf, M.D., Two-Step Water Splitting Using Mixed-Metal
Ferrites: Thermodynamic Analysis and Characterization of Synthesized Materials.
Energy & Fuels, 2008. 22(6): p. 4115-4124; Kodama, T., Y. Nakamuro, and T. Mi-
zuno, A two-step thermbchemical water splitting by iron-oxide on stabilized
zirconia. Journal of Solar Energy Engineering-Transactions of the Asme, 2006.

128(1): p. 3-7).

Many times, the ferrites are supported on, or mixed with a sintering inhibitor
such as ZrO,, YSZ, or alumina. Kodama et. al. has observed the diffusion of Fe?*
into YSZ to create a Fe-doped YSZ materials which is still active in the redox cy-
cle and sinters less than bulk ferrite powders (Kodama, T., Y. Nakamuro, and T.
Mizuno, A two-step thermochemical water splitting by iron-oxide on stabilized
zirconia. Journal of Solar Energy Engineering-Transactions of the Asme, 2006.
128(1): p. 3-7). Additionally, the presence of Al,O3 has been shown to lead to
the formation of an iron aluminate which aids in lowering the oxides decompo-
sition temperature (Scheffe, JR., JH. Li, and AW. Weimer, A spinel fer-
rite/hercynite water-splitting redox cycle. International Journal of Hydrogen

Energy, 2010. 35(8): p. 3333-3340).
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Several different groups have also investigated ceria-based materials as an al-
ternative to ferrites because of their superior thermal stability and reaction rates.
These include pure ceria (CeO;) (Chueh, W.C,, et al, High-Flux Solar-Driven
Thermochemical Dissociation of CO2 and H20 Using Nonstoichiometric Ceria.
Science, 2010. 330(6012): p. 1797-1801; Abanades, S. and G. Flamant, Thermo-
chemical hydrogen production from a two-step solar-driven water-splitting cy-
cle based on cerium oxides. Solar Energy, 2006. 80(12): p. 1611-1623) and
doped ceria such as Zr,Ce; <O, (Abanades, S., et al., Investigation of reactive ce-
rium-based oxides for H-2 production by thermochemical two-step water-
splitting. Journal of Materials Science. 45(15): p. 4163-4173), Smi5CegsO>
(Chueh, W.C. and S.M. Haile, Ceria as a Thermochemical Reaction Medium for
Selectively Generating Syngas or Methane from H20 and CO2. Chemsuschem,
2009. 2(8): p. 735-739), and Ce0,-MOy (where M is Mn,Fe,Ni,Cu) (Kaneko, H., et
al., Reactive ceramics of CeO2-MOx (M = Mn, Fe, Ni, Cu) for H-2 generation by
two-step water splitting using concentrated solar thermal energy. Energy, 2007.
32(5): p. 656-663). Doped ceria has the advantage of decomposing at lower

temperatures than pure ceria.

Continuous, semi-continuous, and batch reactors have been proposed for both
ferrite and ceria based redox cycles. Kaneko et. al. have described a rotary reac-
tor in which a ferrite is mounted onto a rotating disk exposed to solar irradiation,
thereby producing continuous amounts fuel and O2 in separate chambers (Ka-

neko, H., et al., Rotary-type solar reactor for solar hydrogen production with
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two-step water splitting process. Energy & Fuels, 2007. 21(4): p. 2287-2293). A
similar design has been proposed by Diver et. al. at Sanida National Laborato-
ries (Diver, RB., et al, Solar thermochemical water-splitting ferrite-cycle heat
engines. Proceedings of the ASME International Solar Energy Conference, 2007:
p. 301-309). Oppositely rotating disks of a redox-active metal oxide are exposed
to solar radiation and H;O and or CO; on opposing ends resulting in simultane-
ous production of CO and/or H; and O,. Roeb et al has designed a semi-
continuous ferrite reactor with two parallel reaction chambers (Roeb, M., et al.,
Operational strategy of a two-step thermochemical process for solar hydrogen
production. International Journal of Hydrogen Energy, 2009: p. 4537-45). Within
each chamber is a ferrite-coated monolith, and while one is directly exposed to
solar radiation, therpposing chamber is undergoing oxidation with H;O to pro-
duce H,. The solar radiation is alternatively cycled between each monolith, de-
pending on the redox reaction occurring. Finally, Steinfeld et. al. has designed a
batch reactor in which a porous CeO; substrate is cycled between redox reac-
tions by alternating its exposure to solar radiation and CO; and/or H,O (Chueh,
W.C,, et al, High-Flux Solar-Driven Thermochemical Dissociation of CO2 and

H20 Using Nonstoichiometric Ceria. Science, 2010. 330(6012): p. 1797-1801).

Document US 2006/0188433 Al discloses a method and apparatus for thermal
reduction of metal oxide particles in a high temperature aerosol flow reactor
heated using concentrated sunlight. In an aerosol flow reactor or an aerosol

transport reactor, solid or liquid particles are transported into and/or through
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the reactor via entrainment in a gas stream. The metal oxide particles flow in
dilute phase in an entrainment gas and are heated through indirect solar ther-
mal heating to a temperature at which they undergo a reduction reaction. The
radiation heat transfer to the metal oxide particles is claimed to occur at ex-
tremely high rates. The "indirect" heating means that the heating is by radiation

from a heated wall that is itself heated indirectly or directly by solar radiation.

This aerosol flow reactor concept has the disadvantages, that a complicated gas
management is required, that the introduction of heat is reduced to a radiation

process, and that the residence time is quite small.

SUMMARY OF THE INVENTION

It is an object of the invention, to provide a method for thermochemically react-
ing a particulate material, which avoids the disadvantages of the known meth-
ods, can be practised in a continuous process with improved efficiency and con-
trollability, and can be advantageously used to generate gaseous fuels concen-

trated solar radiation.

It is another object of the invention to provide an apparatus for conducting the

method according to the invention.

These and other objects are obtained by a method according to claim 1 and an

apparatus according to claim 14.
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The method according to the invention for thermochemically reacting a particu-
late material comprises the steps of providing first particles of said material, in-
troducing said first particles into a first reactor, applying external energy to said
first particles in said first reactor such that said first particles undergo a thermo-
chemical reaction, and removing said thermochemically treated first particles
from said first reactor. The method is characterised in that said first reactor has
at least one extended reaction zone comprising means for constraining particle
movement there through, the external energy is applied to said at least one re-
action zone, and the first particles are moved through said at least one reaction
zone for undergoing said thermochemical reaction such that they have a prede-

termined mean residence time within said at least one reaction zone.

According to one embodiment of the invention said at least one reaction zone
comprises as a particle movement constraining means a packed bed of second
particles, which are larger then said first particles, and said first particles are re-
moved through said packed bed of second particles by means of at least one

driving force.

According to another embodiment of the invention said packed bed of second
particles extends in vertical direction, and the gravitational force is used as said

at least one driving force.

According to another embodiment of the invention said second particles are of

spherical shape.
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According to just another embodiment of the invention the size of said first par-

ticles ranges from 5 nm to 1 mm.

According to another embodiment of the invention mechanical and/or acousti-
cal vibrations are introduced into said at least one reaction zone to enhance

movement of said first particles through said at least one reaction zone.

According to another embodiment of the invention said mechanical and/or
acoustical vibrations are used to control the mean residence time of said first

particles in said at least one extended reaction zone.

According to a further embodiment of the invention said first reactor comprises
a plurality of successive reaction zones, and said first particles are moved
through said successive reaction zones for undergoing said thermochemical

reaction.

According to another embodiment of the invention the material of said first par-
ticles comprises a metal oxide, and said thermo--chemical reaction is the ther-

mal reduction of said metal oxide.

According to another embodiment of the invention the material of said first par-
ticles comprises a metal oxide, and said thermo--chemical reaction is the car-

bothermal reduction of said metal oxide.
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Especially, a metal oxide of the formula Ce;.«MO2 is used, where M is a metal

consisting of Ce, Gd, Sm, Fe, Zr, Y, or a combination thereof.

Alternatively, a metal oxide of the formula M,Fe;.,O4 is used, where M is a metal

consisting of Fe, Co, Ni, Mn, Zn, or a combination thereof.

Alternatively, a metal oxide of the formula M,Oy is used, where M is a metal

consisting of Zn, Fe, Sn, Ti, Ce, or a combination thereof.

According to another embodiment of the invention the material of said first par-
ticles comprises a carbonaceous material, and said thermo—chemical reaction is

the thermal pyrolysis of said carbanaceous material.

According to another embodiment of the invention the material of said first par-
ticles comprises a carbonaceous material, and said thermo—chemical reaction is

the thermal gasification of said carbanaceous material. .

According to another embodiment of the invention the material of said first par-
ticles comprises a metallic carbonate, and said thermo—chemical reaction is the

thermal decomposition of said metallic carbonate.

Especially, the metallic carbonate is calcium carbonate.
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According to another embodiment of the invention the material of said first par-
ticles comprises a metal containing mineral, and said thermo—chemical reaction

is the conversion of said metal containing mineral to the metal oxide.

Especially, the metal containing mineral is bauxite.

Especially, the metal containing mineral is willemite.

According to another embodiment of the invention heat is used as said external

energy.

According to another embodiment of the invention radiation is used as said ex-

ternal energy.

Especially, said radiation is concentrated solar radiation.

According to just another embodiment of the invention said thermochemically
treated first particles are chemically transformed in a second process, thereby
reversing said thermochemical reaction, and said chemically transformed first
particles are fed back into the first reactor, thereby establishing a closed cycle

for said first particles.

According to a preferred embodiment of the invention said thermochemical

treatment is a reduction, and said chemical transformation is an oxidation.
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Especially, said oxidation is done by bringing said first particles in contact with

an oxidising agent in a second reactor.

Preferably, said second reactor is a fluidised bed reactor.

According to another embodiment of the invention said oxidising agent com-

prises H,O and/or CO5.

According to another embodiment of the invention external energy is applied to

said second reactor for supporting said chemical transformation.

Advantageously, heat and/or radiation, especially solar radiation, is used as said

external energy.

The apparatus according to the invention for conducting the method according
to the invention comprises first reactor with at least one extended reaction zone.
It is characterised in that said first reactor has an inlet at a first side for introduc-
ing said first particles into said at least one reaction zone and an outlet at an
opposite second side for removing said first particles from said at least one re-
action zone, said at least one reaction zone comprises a packed bed of second
particles, and said first reactor is arranged to receive an external energy with its

at least one reaction zone.
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According to an embodiment of the invention said at least one reaction zone of
said first reactor is arranged in a solar cavity to receive concentrated solar radia-

tion.

According to another embodiment of the invention said at least one reaction
zone is oriented such that said inlet is located above said outlet with respect to

the direction of gravitational force.

According to another embodiment of the invention said first reactor comprises
a plurality of reaction zones, which are arranged one after the other between

said inlet and said outlet.

According to another embodiment of the invention said second particles are

larger than the first particles, and are of a spherical shape.

According to another embodiment of the invention said at least one reaction
zone is arranged in a first tube extending between said inlet and said outlet, and
a retention means is provided in said first tube, which is permeable for said first

particles and holds said packed bed of second particles in place.

According to just another embodiment of the invention a vibration means is
provided for generating mechanical and/or acoustical vibrations within the at

least one reaction zone.
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According to another embodiment of the invention said first reactor is con-
nected with a second reactor to establish a closed cycle for said first particles.

Preferably, said second reactor is a fluidised bed reactor.

According to another embodiment of the invention first and second conveying
means are provided for conveying said first particles between said reactors. Es-
pecially, valves are provided between said second reactor and said inlet, and

between said outlet and said second reactor.

According to another embodiment of the invention said second reactor is ar-

ranged to receive external energy.

According to another embodiment of the invention said second reactor com-
prises a second tube for the transport and thermal transformation of the first
particles, which second tube is equipped with a gas inlet at one end and a gas
outlet at the other end. Preferably, said first and second reactors are arranged in
parallel. Advantageously, said first and second reactors are concentrically ar-
ranged, whereby said second reactor is enclosed by said first reactor. Especially,
said first and second reactors are arranged such that the external energy enters
the surrounding first reactor and part of said external energy crosses said first

reactor and enters the central second reactor.

BRIEF DESCRIPTION OF THE DRAWINGS



WO 2012/152413

PCT/EP2012/001912
16

The present invention is now to be explained more closely by means of different

embodiments and with reference to the attached drawings.

Fig. 1

5
Fig. 2

-10
Fig. 3

15
Fig. 4

20

shows a schematic drawing of an arrangement collecting and con-
centrating solar radiation into a solar cavity, which contains an appa-

ratus according to the invention;

shows at the left (Fig. 2a) a schematic drawing of reacting particles
falling through a single packed bed of larger particles in a first reac-
tor undergoing a thermochemical transformation (e.g. thermal reduc-
tion of metal oxides, thermal gasification of carbonaceous feedstock,
etc.), whereby heat is supplied in the form of concentrated solar en-
ergy and gaseous and solid products are evolved, while at the right
(Fig. 2b) the larger particles are arranged in multiple smaller packed

beds;

shows a schematic of a vibrating first packed bed reactor in series
with a pneumatically conveying second fluidized bed reactor,
whereby circulating particles are reduced while transported through
the packed bed of the first reactor, and oxidized in the conveying flu-

idized bed of the second reactor;

shows a schematic of a modified apparatus of Fig. 3 with multiple

vibrating packed beds of the first reactor in series with pneumatically



WO 2012/152413 PCT/EP2012/001912

10

15

20

17

conveying fluidized bed of the second reactor, whereby circulating
particles are reduced while transported through the packed beds,

and oxidized in the conveying fluidized bed;

Fig. 5 shows a schematic of a concentric arrangement of the reactors with
pneumatically conveying fluidized bed reactor arranged within the

annulus of the vibrating packed bed reactor; and

Fig. 6 shows a packed bed reactor similar to Fig. 2a in an exemplary vibrat-

ing arrangement.

DETAILED DESCRIPTION OF DIFFERENT EMBODIMENTS OF THE INVENTION

This invention provides a method of transporting first particles in a packed bed
of second larger particles in a vibratory first reactor in which the transported
first particles are undergoing a chemical transformation or acting as a heat
transfer agent. The residence time of the transported first particles is influenced
and controlled by the vibration frequency, bed height, and size of the second
larger particles. In different embodiments, this invention has the ability to effi-
ciently convert concentrated solar energy into solar based fuels and other solar

derived products in a continuous or semi-continuous process.

In an embodiment, this invention is capable of producing hydrogen or syngas
via solar-thermochemical cycles in a continuous process. Metal oxide intermedi-

ates are thermally reduced while transported in the packed bed of second parti-
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cles, and subsequently fed into a second, pneumatically conveying fluidized bed
reactor and oxidized with H,O and/or CO; to produce H; or syngas. The first
particles are thereby continuously cycled between each reactor, resulting in con-

tinuous fuel production.

In an embodiment, the external energy supplied to the vibratory first reactor is
in the form of concentrated solar energy. As shown in Fig. 1, solar radiation 21
emitted by the sun 10 is for example collected by means of heliostats 11, which
concentrate the collected radiation into a solar cavity 31. In the interior of the
solar cavity 31 a respective reactor 13 according to the invention is arranged.
The transported first particles act as an intermediate in a solar-thermochemical
redox cycle and are thermally reduced and collected at the outlef, to be used

later in the second half of the redox cycle.

As seen in the embodiment of Fig. 2a, metal oxide particles (MO,) 19 are trans-
ported through a reactor 13a containing in a tube 14 a reaction zone 16 with a
vibrating packed bed of particles 17, which are held in place by retention means
15 being permeable for the metal oxide particles 19. By feeding external energy
21 into the reaction zone 16, the metal oxide particles 19 are thermally reduced
(MOx.s), thereby evolving O;, which exits the reactor 13a through a gas exit 20.
To vibrate the packed bed, a vibration means 18 can be attached to the reactor
13a. The vibration is preferably perpendicular to the transport direction of the

metal oxide particles 19.
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In another embodiment, the reaction zone and packed bed of the reactor 13b is
divided into several smaller reaction zones 16’ and respective packed beds, as
seen in Fig. 1b, reducing the load on the particles below the packed bed surface

and allowing them to move more freely.

The external energy 21 supplied to the vibratory reactor 13a or 13b is preferably
in the form of concentrated solar energy (see Fig. 1). A continuously operating
thermochemical cycle is achieved by incorporating a second pneumatically con-
veying fluidized bed reactor 22 with a tube 23 in series with the first vibratory
reactor 13a,b, as seen in Fig. 3-5. The particles are continuously circulated
through reactors 13a,b and 22 as thermal reduction occurs in the vibratory reac-
tor 13a,b and oxidation occurs in the fluidized bed reactor 22. Thus, the reaction
tubes 14, 23 are not unnecessarily alternating heated and cooled, and continu-
ous fuel production (H2 and/or CO) is achieved. Gate valves or rotary valves 28,

29 are used to prevent gas crossover from one reactor to another.

In an embodiment both reactors 13a,b and 22 may be placed in the same solar
cavity 31. The oxidation reactor 22 is heated indirectly by the higher tempera-
ture vibratory reactor 13a,b, with external energy 21’ and thus efficient héat re-
cuperation is achieved. Again, the packed bed may be either a single one (reac-
tor 13ain Fig. 3) or divided into several smaller packed beds (reactor 13b in Fig.

4).
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The fluidized bed reactor 22 may be concentrically arranged within the trans-
porting packed bed reactor 13c, as shown in Fig. 5. In this arrangement, the flu-
idized bed reactor 22 is placed within the annulus of the packed bed reactor 13c
and heated indirectly by the hotter packed bed. In addition to efficient heat re-
cuperation, this configuration provides an efficient and compact means of ar-
ranging the tubes 23 and 14’ within a solar cavity 31. The temperature of the
fluidized bed of reactor 22 is controlled by the operating temperature of the
packed bed of reactor 13c and thickness of the annulus. Again, the packed bed

may be divided into several smaller beds (not shown).

Depending on the size of the reaction tubes 14, 23, there may be multiple sin-
gular vibrating packed bed reactors 13a,b (Fig. 2) or circulating reactors (Fig. 3-5)
within a solar cavity 31. The solar cavity 31 may be either insulating or reflecting,
and the solar radiation enters though an aperture with a simple opening (see
Fig. 1) or through an opening covered with a window. The temperature of the
reaction tubes 14, 23 is regulated by their arrangement within the cavity 31,
their size, proximity to each other, the endothermicity and exothermicity of the
reactions, gas flow rates, particle flow rates, and the amount of incident radia-
tion. In an embodiment, the temperature of the transporting packed bed reactor
13a,b is between 1200 °C and 1700 °C, and the temperature of the fluidized bed

reactor 22 is between 700 °C and 1200 °C.
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The energy supplied to the reactors 13a,b and 22 may, on the other hand, be
provided by heating elements, combustion of fuels, or other non-solar energy
sources. These may be used in conjunction with concentrated solar energy to
help maintain consistent temperatures within the reactors 13a,b and 22. This is
useful when the degree of incident radiation is decreased or varying due, e.g., to
cloud cover. Depending on the application, the non-solar energy source may be

the only form of energy supplied.

Thus, the present invention provides a method of transporting first particles 19
through a packed bed of larger second particles 17, and is capable of being
used in conjunction with concentrated solar receivers for the efficient conver-
sion of sunlight into other usable forms of energy. This is particularly suited for
solar thermochemical redox cycles, where metal oxide particles are reduced in
one reaction using concentrated sunlight, and subsequently oxidized by H>O
and/or CO,in a separate lower temperature reaction to produce H; and/or CO.
By transporting metal oxide particles 19 in a vibrating packed bed, their resi-
dence time within the reaction zone 16 is easily controlled, ensuring that com-
pletion of the reaction is achieved in a manner sufficient to the process. In addi-
tion, heat transfer to the reacting particles is aided by their intimate contact with
the second particles 17 in the packed bed, which are maintained at a constant

temperature, specific to the requirements of the process.
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Finally, the reacting particles 19 are not in contact with stagnant media for long
periods of time, in contrast to batch reactors, eliminating the effects of possible
undesired solid state reactions. By incorporating the reducing reactor 13a,b with
another, oxidising reactor 22 in series, both redox reactions are capable of oc-
curring simultaneously in a closed cycle to produce continuous products with-
out heating and cooling each reactor repetitively. The particles 19 are simply
circulated through both reactors 13a,b and 22, and operating conditions within

both reactors are constant.

In addition to the decomposition and oxidation of metal oxide particles for solar
fuels, this configuration is optimal for any process, in which the residence time
of falling particles needs to be controlled. This would include processes such as
the pyrolysis and gasification of carbonaceous materials, decomposition of me-
tallic carbonates and other metallic salts, combustion reactions, and other solid-
gas reactions such as chemical and atomic layer deposition processes. In these
cases, the heat source or external energy 21, 21' may or may not be concen-

trated sunlight, depending on the application.

The four embodiments shown in Fig. 2-5 are all related to each other via one
commonality, namely the transportation of falling first particles 19 through a

packed bed of larger second particles 17. The four major embodiments include:

Embodiment 1 (Fig. 2a): A singular vibrating packed bed reactor 13a through

which smaller particles 19 are transported.
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Embodiment 2 (Fig. 2b): The equivalent of embodiment 1, but rather than a sin-
gle reaction zone and vibrating bed 16, it is divided into multiple smaller reac-

tion zones and beds 16'.

Embodiment 3 (Fig. 3): This embodiment includes the addition of a pneumati-
cally conveying fluidized bed reactor 22 in series with the vibrating packed bed
reactor 13a according to embodiment 1. This allows the particles to be proc-

essed in a “circulating” fashion (closed cycle) for continuous operation.

Embodiment 4 (Fig. 4): The equivalent of embodiment 3, but rather than a single
reaction zone and vibrating bed 16, it is divided into multiple smaller reaction

zones and beds 16’

Embodiments 1 and 2, as shown in Figures 2a and 2b, are reactors 13a,b com-
posed of a singular tube 14 in which, in a reaction zone 16, 16, a packed bed of
particles 17 is supported within the tube 14 by retention means 15. The packed
bed of particles 17 may be composed of inert ceramics such as Al;O3, ZrO, mul-
lite or SiC. The reaction tube 14 may be composed of an inert high temperature
ceramic, and the retention means 15 may be a membrane supporting the
packed bed in form of a reticulated porous ceramic (RPC), or another porous
ceramic which has pore size smaller than the size of the particles in the packed
bed, but larger than those being transported through the bed. Vibration is ap-
plied by a vibration means 18 in the form of mechanical vibration (i.e. vibrating

motor; see Fig. 6) or sonication in order to agitate the particles 19 in the packed
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backed. The rate of the falling particles 19 is dependent partly on the degree of

agitation, but also on the height of the bed, and size of the inert particles 17.

Fig. 6 shows an example for a vibrating packed bed reactor 13d, which com-
prises, similar to Fig. 2, a reaction zone 16 with a packed bed within a tube 14.
The tube 14 is mounted on a support 32, which is provided with motors 33a,b at
the ends. The motors 33a,b each rotate an unbalanced mass 34a,b, thereby
generating vibrations of the support 32 and tube 14. The support 32 with the
tube 14 is elastically fixed to a base 35 by means of spring elements 36a,b. The
frequency of the vibration can be easily controlled by controlling the rotation

velocity of the motors 33a,b.

Within embodiments 1 and 2, the product gases (e.g. Oz) may flow concurrently

or counter to the direction of the particles 19. This is accomplished by either

e introducing an inert carrier gas flowing in the desired direction

e maintaining a vacuum on the side to which gas flow is directed

In these embodiments particles 19 are collected at the bottom of the reactor
13a,b and, in the case of a thermochemical redox cycle, are re-oxidized in a
separate reactor (not shown in Fig. 2). Specifically the reduction of metal oxides
is attractive, as their reaction rates are dependent on the type of metal oxide

used, its size or surface area, and heat transfer properties. This configuration
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provides the control of residence time needed to accommodate a wide range of
reaction rates. Additionally, because small particles 19 are used they are rapidly
heated compared to bulk structures. Many times these structures have a high
specific surface area, but the heat transfer properties are poor because radiation
5 cannot penetrate their bulk structure. In terms of efficiency, it is ideal to heat

these materials as rapidly as possible.

Specific metal oxides which may be thermally decomposed for use in a solar

redox cycle are:

e Ferrites of the form M,Fes;.,O4, where M is a transition metal such as Co, Ni,

10 Zn, Mn, or Fe

¢ Ceria-based oxides such as pure CeO; ceria doped with metals such as Sm,

Gd, Fe, Co, Ni

e Iron aluminates such as FeAl,0O4, or other spinel aluminates

Other concentrated solar processes for which this reactor 13a,b may be suitable

15  include

e the thermal pyrolysis of carbonaceous materials

o the thermal gasification of carbonaceous materials
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e the thermal decomposition of metallic carbonates and metallic salts

Non-solar processes (i.e. external energy sources such as combustion of fossil
fuels, nuclear energy, heating elements, or simply the exothermicity of the reac-

tion ) for which this reactor may be suited, are

e the pyrolysis of carbonaceous materials

e the gasification of carbonaceous materials

¢ the decomposition of metallic carbonates and metallic salts

e combustion of small particles

¢ surface modification of particles via solid gas reactions such as atomic

layer deposition and chemical vapor deposition

Embodiments 3 and 4, which are shown in Fig. 3, 4 and 5, are composed of Em-
bodiments 1 and or 2, with the addition of a second pneumatic conveying fluid-
ized bed reactor 22. The purpose of this second reactor 22 is to circulate the
particles 19 that are reduced in embodiments 1 or 2. The particles 19 are ther-
mally reduced in the packed bed portion or reactor zone 16, 16’ of the first reac-
tor 13a,b and subsequently oxidized in the fluidized bed reactor. As shown in
Fig. 3, 4 and 5 these reactors 13a-c and 22 may be arranged in a parallel con-

figuration (Fig. 3 and 4) or concentrically (Fig. 5). The packed bed portion of the
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first reactor is composed of embodiment 1, with the addition of rotary or gate
valves 28, 29 at its inlet and outlet, which prevent gas contamination between
the reactors 13a-c and 22. A purge gas or vacuum may be inserted between
these valves to purge out any unwanted gases (i.e. O in the case of metal oxide

decomposition).

After falling through the packed bed reaction zone 16, 16, particles 19 are then
transported from the outlet 16b of reactor 13a,b via a vibrating tube, screw
feeder, or other known conveyer 26 to the pneumatic conveying fluidized bed
reactor 22. The fluidizing gas, which enters the reactor 22 through a gas inlet 24,
may be H,0, CO,, or O; depending on the application. In the case of producing
Hz, H,O will be used as the fluidizing gas. Likewise, CO, can be used as an oxi-
dant to produce CO, and H,O and CO; can be used simultaneously to generate
a syngas mixture (H2/CO) and delivering it at a gas outlet 25 of the reactor 22.
O2 may be used as an oxidant when attempting to harness the large exotherms

associated with several of these oxidation reactions.

Following oxidation, the particles 19 are circulated back to the inlet 16a of the
transporting packed bed reactor 13a,b, and the product gases are collected at
the gas outlet 25. Before entering the inlet 16a of the packed bed reactor 13a,b,
the particles are again conveyed by means of a conveyor 27 through rotary or
gate valves 27 to purge any unwanted gases and prevent contamination be-

tween the reactors. When this circulating process is used as a fuel generating
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apparatus 30, 30’ or 30" in conjunction with concentrated solar energy as exter-
nal energy 21, 21’, it is capable of producing a continuous amount of fuel (either

H, and/or CO) for as long as the external energy 21, 21’ is provided.

Specific metal oxides, which may be cycled as particles 19, using solar energy as

the energy source, in the fashion shown in embodiments 3 and 4 are:

e Ferrites of the form M,Fe;.,O4, where M is a transition metal such as Co, Ni,

Zn, Mn, or Fe

e Ceria-based oxides such as pure CeO; ceria doped with metals such as Sm,

Gd, Fe, Co, Ni

¢ Iron aluminates such as FeAl,O4, or other spinel aluminates

Non-solar processes (i.e. external energy sources such as combustion of fossil
fuels, nuclear energy, heating elements, or simply the exothermicity of the reac-
tion ) for which embodiments 3 or 4 may be suitable include the surface modifi-

cation of the circulating particles 19 via atomic layer deposition.

List of reference numerals
10 sun
11 heliostat

12 solar radiation



WO 2012/152413

10

15

20

13,13a-d
14,1423
15

16,16
16a

16b
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18
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22

24

25

26,27
28,29
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31

32

33ab
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35

36a,b

37

29
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Claims

Method for thermochemically reacting a particulate material, comprising
the steps of providing first particles (19) of said material, introducing said
first particles (19) into a first reactor (13; 13a-d), applying external energy
(21) to said first particles (19) in said first reactor (13; 13a-d) such that said
first particles (19) undergo a thermochemical reaction, and removing said
thermochemically treated first particles (19) from said first reactor (13; 13a-
d), characterised in that said first reactor (13; 13a-d) has at least one ex-
tended reaction zone (16, 16°), the external energy (21) is applied to said at
least one reaction zone (16, 16') comprising means (17) for constraining
particle movement there through, and the first particles (19) are moved
through said at least one reaction zone (16, 16°) for undergoing said ther-
mochemical reaction such that they have a predetermined mean residence

time within said at least one reaction zone (16, 16°).

Method according to claim 1, characterised in that said at least one reac-
tion zone (16, 16') comprises as a particle movement constraining means a
packed bed of second particles (17), which are larger then said first parti-
cles (19), said first particles are removed through said packed bed of sec-
ond particles (17) by means of at least one driving force, said packed bed

of second particles (17) extends in vertical direction, the gravitational force
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is used as said at least one driving force, and said second particles (17) are

of spherical shape.

Method according to claim 1 or 2, characterised in that the size of said first

particles (19) ranges from 5 nm to 1 mm.

Method according to one of the claims 1 to 3, characterised in that me-
chanical and/or acoustical vibrations are introduced into said at least one
reaction zone (16, 16') to enhance movement of said first particles (19)
through said at least one reaction zone (16, 16'), and that said mechanical
and/or acoustical vibrations are used to control the mean residence time

of said first particles in said at least one extended reaction zone (16, 16°).

Method according to one of the claims 1 to 4, characterised in that said
first reactor (13b) comprises a plurality of successive reaction zones (16'),
and said first particles (19) are moved through said successive reaction

zones (16') for undergoing said thermochemical reaction.

Method according to one of the claims 1 to 5, characterised in that the
material of said first particles (19) comprises a metal oxide, and said

thermo--chemical reaction is the thermal reduction of said metal oxide.

Method according to one of the claims 1 to 5, characterised in that the

material of said first particles (19) comprises a metal oxide, and said
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thermo--chemical reaction is the carbothermal reduction of said metal ox-

ide.

Method according to claim 6 or 7, characterised in that a metal oxide of
the formula Ce1xM,O; is used, where M is a metal consisting of Ce, Gd, Sm,

Fe, Zr, Y, or a combination thereof.

Method according to claim 6 or 7, characterised in that a metal oxide of
the formula MyFes.«O4 is used, where M is a metal consisting of Fe, Co, Ni,

Mn, Zn, or a combination thereof.

Method according to claim 6 or 7, characterised in that a metal oxide of
the formula M,Oy is used, where M is a metal consisting of Zn, Fe, Sn, Ti,

Ce, or a combination thereof.

Method according to one of the claims 1 to 10, characterised in that heat

is used as said external energy (19).

Method according to one of the claims 1 to 10, characterised in that radia-
tion is used as said external energy (19) ,and said radiation is concentrated

solar radiation (12).

Method according to one of the claims 1 to 12, characterised in that said
thermochemically treated first particles (19) are chemically transformed in

a second process, thereby reversing said thermochemical reaction, said
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chemically transformed first particles (19) are fed back into the first reactor
(13; 13a-d), thereby establishing a closed cycle for said first particles (19),
said thermochemical treatment is a reduction, and said chemical transfor-
mation is an oxidation, said oxidation is done by bringing said first parti-
cles (19) in contact with an oxidising agent in a second reactor (22), said
second reactor (22) is a fluidised bed reactor, said oxidising agent com-
prises H,O and/or COz., external energy (21') is applied to said second re-
actor (22) for supporting said chemical transformation, and heat and/or
radiation, especially solar radiation (12), is used as said external energy

(21").

Apparatus (13a-d; 22; 30, 30’, 30") for conducting the method according to
one of the claims 1 to 13, comprising a first reactor (13; 13a-d) with at least
one extended reaction zone (16, 16’), characterised in that said first reactor
(13; 13a-d) has an inlet (16a) at a first side for introducing said first parti-
cles (19) into said at least one reaction zone (16, 16') and an outlet (16b) at
an opposite second side for removing said first particles (19) from said at
least one reaction zone (16, 16'), said at least one reaction zone (16, 16")
comprises a packed bed of second particles (17), said first reactor (13; 13a-
d) is arranged to receive an external energy (21) with its at least one reac-
tion zone (16, 16'), said at least one reaction zone (16, 16') of said first re-
actor (13; 13a-d) is arranged in a solar cavity (31) to receive concentrated

solar radiation, and said at least one reaction zone (16, 16') is oriented
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such that said inlet (16a) is located above said outlet (16b) with respect to

the direction of gravitational force.

Apparatus according to claim 14, characterised in that said first reactor
comprises a plurality of reaction zones (16'), which are arranged one after

the other between said inlet (16a) and said outlet (16b).

Apparatus according to claim 14 or 15, characterised in that said second
particles (17) are larger than the first particles (19), and are of a spherical

shape.

Apparatus according to one of the claims 14 to 16, characterised in that
said at least one reaction zone (16, 16') is arranged in a first tube (14, 14’)
extending between said inlet (16a) and said outlet (16b), a retention means
(15) is provided in said first tube (14, 14"), which is permeable for said first
particles (19) and holds said packed bed of second particles (17) in place, a
vibration means (18; 33a,b, 34a,b) is provided for generating mechanical
and/or acoustical vibrations within the at least one reaction zone (16, 16'),
said first reactor (13, 13a-d) is connected with a second reactor (22) to es-
tablish a closed cycle for said first particles (19), said second reactor (22) is
a fluidised bed reactor, first and second conveying means (26, 27) are pro-
vided for conveying said first particles (19) between said reactors (13, 13a-

d; 22), and valves (28, 29) are provided between said second reactor (22)
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and said inlet (16a), and between said outlet (16b) and said second reactor

(22).

Apparatus according to one of the claim 17, characterised in that said sec-
ond reactor (22) is arranged to receive external energy (21'), and said sec-
ond reactor (22) comprises a second tube (23) for the transport and ther-
mal transformation of the first particles (19), which second tube (23) is
equipped with a gas inlet (24) at one end and a gas outlet (25) at the other

end.

Apparatus according to claim 18, characterised in that said first and second
reactors (13, 13a-d; 22) are arranged in parallel, said first and second reac-
tors (13c; 22) are concentrically arranged, whereby said second reactor (22)
is enclosed by said first reactor (13c), and said first and second reactors
(13¢; 22) are arranged such that the external energy (21) enters the sur-
rounding first reactor (13c) and part (21') of said external energy (21)

crosses said first reactor (13c) and enters the central second reactor (22).
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