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DESCRIPTION

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] This invention relates to a process for thermochemically transforming biomass or other oxygenated feedstocks into high quality
liquid hydrocarbon fuels.

Description of Related Art

[0002] Oxygenated feedstocks, such as solid biomass (wood, agricultural waste, waste paper, etc.) can be converted into liquid
products via rapid heating in the absence of oxygen (pyrolysis). A solid char product (consisting mostly of carbon, but also containing
any non-volatile, inert compounds found in the feedstock) and non-condensable vapors (such as CO, and CH,) are produced, along

with condensable species such as: water, hydrocarbons, and molecules that contain carbon atoms, hydrogen atoms, and oxygen
atoms. The proportions of the resulting products obtained depends on the rate of heating of the feedstock particles, as described by
Mohan, et al. (Mohan, Pittman, and Steele, "Pyrolysis of Wood/Biomass for Bio-oil: A Critical Review,” in Energy & fuels, Volume 20, pp.
848-889, 2006). Atype of biomass pyrolysis, referred to as "fast pyrolysis,” minimizes the amount of char produced, and maximizes the
amount of condensable liquid obtained, by heating the biomass as rapidly as possible. Some char is always produced, particularly since
biomass always contains some non-volatile, non-reactive compounds (generally referred to as ash). Conventional pyrolysis of biomass,
typically fast pyrolysis, does not utilize or require gaseous hydrogen or catalysts and produces a dense, acidic, reactive liquid product
that contains water, oils, and char formed during the process. Because fast pyrolysis is most typically carried out in an inert
atmosphere, much of the oxygen present in biomass is carried over into the liquid products obtained, which increases their chemical
reactivity. The liquids from fast pyrolysis also contain high levels of acids (such as acetic acid), as well as olefins and polyaromatic
hydrocarbons. The chemically unstable liquids produced by conventional pyrolysis tend to thicken over time and can also react to a
point where hydrophilic and hydrophobic phases form. Dilution of pyrolysis liquids with methanol or other alcohols has been shown to
reduce the subsequent activity and viscosity of the oils, but this approach is not considered to be practically or economically viable,
because large amounts of unrecoverable alcohol would be required to stabilize large amounts of pyrolysis liquids for transport and
subsequent use.

[0003] In conventional pyrolysis of biomass, carried out in an inert environment, the water-miscible liquid product is highly oxygenated
and reactive, for example, with total acid numbers (TAN) in the range of 100-200, has low chemical stability for polymerization, is
iIncompatible with petroleum hydrocarbons due to inherent water miscibility and very high oxygen content (on the order of about 40% by
weight), and has a low heating value. As a result, transport and utilization of this product are problematic and it is difficult to upgrade
this product to a liguid fuel due to retrograde reactions that typically occur in conventional pyrolysis and in conventional fast pyrolysis.
Upgrading technologies, as applied to conventional pyrolysis liquids, tend to yield only small quantities of deoxygenated high-quality
liquid hydrocarbons that are suitable for use as transportation fuels.

[0004] In addition, the separation of char generated during conventional pyrolysis from the liquid pyrolysis product presents a technical
challenge due to the large amounts of oxygen, olefins, acids, and free radicals in hot pyrolysis vapors which remain highly reactive and
form a pitch-like material when they come in intimate contact with char particles on the surface of a barrier filter, inertial separation
device, or electrostatic precipitator. In particular, barrier filters used to separate the char from the hot pyrolysis vapors (prior to cooling
and condensation of the liquid pyrolysis products) can quickly experience irreversible clogging (blinding) due to the reactions of char
and reactive vapors that occur on and within the layer of char on the surface of the filter.

[0005] In order to upgrade conventional pyrolysis liquids, attempts have been made to react the conventional pyrolysis liquids with
hydrogen, In the presence of solid catalysts, in order to remove oxygen from the liquids and produce a stable, useful hydrocarbon
product. This process is referred to as hydroconversion. However, the upgrading of conventional pyrolysis liquids via hydroconversion
IS commercially non-viable. Hydroconversion of conventional pyrolysis liquids consumes significant Ho at extreme process conditions,

such as very high hydrogen pressures of 1338 bar (2000 psig) or more. High specific pressures of hydrogen are required in order for the
desired reactions to proceed, but these pressures create conditions wherein most of the oxygen removed from the liquid i1s removed via
the formation of water (H»>O). This approach consumes large amounts of hydrogen, thus making the process economically unattractive.

In addition, hydroconversion reactors often plug due to accumulations of coke precursors present in the pyrolysis oils or from coke
products resulting from catalysis. The coke is a solid product, consisting mostly of carbon, and the maintenance needed to remove it
from hydroconversion reactors reduces further the economic viability of hydroconversion of conventional pyrolysis liquids.

[0006] The present state of the art also describes a different means by which oxygenated feedstocks such as biomass can be
converted to create useful liguid hydrocarbons, referred to as hydropyrolysis. Hydropyrolysis can be carried out with or without the aid
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of a catalyst However, lower hydrocarbon yields and lower deoxygenation tend to be a characteristic of noncatalytic hydropyrolytic
processes. Therefore, as described herein, "hydropyrolysis” will be considered to refer to a catalytic pyrolysis process carried out in the
presence of molecular hydrogen (H»). Typically, the objective of conventional hydropyrolysis processes has been to remove

heteroatoms (atoms other than carbon and hydrogen) from biomass, and maximize liquid hydrocarbon yield. In prior work by Meier, et
al. (Meier, Jakobi and Faix, "Catalytic Hydroliguefaction of Spruce Wood," in the Journal of Wood Chemistry and Technology, Vol. 8, No.
4, pp. 523-542, 1988), the solid biomass feedstock was processed in a reactor containing liquid, in which solid biomass feedstock was
suspended. The reaction was carried out at high internal pressures of over 138 bar (2000 psig) with recycled slurry oil and the lowest
oxygen content reported for hydrocarbons produced was 7.6% by mass. This value was obtained when a precious metal palladium (Pd)
catalyst was used. In another study by Meier and Faix (Meier and Faix, "Solvent-Free Hydroliguefaction of of Pine Wood and
Miscanthus Stems,” in Proceedings of the International Conference on Biomass for Energy and Industry, Lisbon, Portugal, October 9-
13, 1989), In which a slurry oil was not used, the lowest oxygen content reported in the hydrocarbon product was 9.7% oxygen by
mass, and the reaction was still carried out at high internal hydrogen pressures of over 138 bar (2000 psig) within a heated reactor with
a NiMo catalyst.

[0007] In studies of single-stage hydropyrolysis of cellulose and other biomass-derived feedstocks, Rocha, et al. (Rocha, Luengo, and
Snape, "The Scope for Generating Bio-0ils with Relatively Low Oxygen Contents via Hydropyrolysis,” in Organic Geochemistry, Vol. 30,
pp. 1527-1534, 1999) demonstrated that, with a FeS catalyst, as the partial pressure of hydrogen Iin the hydropyrolysis reactor was
decreased, the oxygen content of hydrocarbon product tended to increase. Experiments carried out at lower hydrogen pressures
typically produced hydrocarbon products with oxygen contents above 15%. In one case described by Rocha, et al.,, cellulose was
subjected to hydropyrolysis at a hydrogen pressure of 99 bar (1440 psig), and the lowest oxygen content of resulting hydrocarbon
product was 11.5% by mass. Unfortunately, this approach compromises economy, as it requires an external source of H> and must be

carried out at high reactor pressures. In addition to requiring a continuous external input of hydrogen, such conventional hydropyrolysis
processes produce excessive H>O which generally represents a waste stream. In this type of reactor, the hydropyrolysis of biomass

has not been found to be economically attractive because the oxygen content of the hydrocarbon product was still fairly high after
processing and the reaction conditions required by the process were too severe to be practical.

[0008] Finally, hydropyrolysis may be carried out in a fluidized bed (typically, a shallow fluidized bed with length:diameter ratio < 1.5).
However, the present invention pertains to means by which effective hydropyrolysis can be carried out in a single step in a deep
fluidized bed of particles of an active catalyst, at H, partial pressures from 13.8 to 41.4 bar (200 to 600 psig), in such a manner that the

oxygen content of the liquid hydrocarbon product is reduced to below 4% by mass. Also, In the present invention, the hydropyrolysis
reaction is exothermic and provides the heat of reaction so that there is no need to provide external heating or circulate hot
regenerated catalyst or sand through the fluid bed reactor as is typically required for traditional pyrolysis. Fluidized beds generally
Include solid particles, such as particles of sand or catalyst, that are agitated and fluidized by a stream of gas, which travels upward
through the bed and exits from the bed at or near the top of the reactor. The behavior of fluidized beds is known to at least partially
depend on the depth (or height, or length) of the bed. The bed depth is generally characterized by the L/D ratio, meaning the ratio of
the depth, height, or length of the bed, divided by the bed diameter. The behavior of the bed will depend heavily on the particle size
distribution of the material from which the bed is formed. Generally, fluidized beds are designed with an L/D of 1-2, since beds in this
range exhibit uniform fluidization, once a flow rate of fluidizing gas, sufficient to bring the bed particles into rapid motion, has been
supplied. In this case, "uniform fluidization”™ means that, once fully-fluidized, the particles in the bed are in universal, random motion.
Mixing and internal heat transfer within a fully-fluidized bed are both very rapid, and a relatively-shallow bed can often be operated in a
nearly-isothermal manner, meaning that the temperature at any point within the bed is almost completely uniform.

[0009] Fluidized beds may be adversely affected by a phenomenon referred to as "slugging.” Slugging develops in beds that have L/D
ratios greater than 1.5-2.0 and fluidized beds composed of particles larger than a few hundred microns are especially prone to
slugging. Slugging is a phenomenon in which a gas-filled bubble forms in the bed, and the diameter of the bubble rapidly expands to
reach the full diameter of the bed. Then the entire bed above the bubble begins to move upward as a coherent body (a "slug™), with
very little relative motion between particles in the "slug.” The slug can rise for many bed diameters before the cohesion of the slug
begins to break down, and the particles in the slug then drop rapidly back down toward the lower levels of the reactor. Usually, the
bubble forms at an elevation of 1.5-2.0 reactor diameters above the bottom of the bed. While the slug is rising, a region of well-fluidized
bed material can be observed in the lowest parts of the bed, with an open space, containing only the fluidizing gas, appearing between
the top of the well-fluidized region and the bottom of the coherent slug. As the slug disintegrates, the bed material from the slug drops
down onto the bed material in the lowest parts of the bed, suppressing fluidization until the bubble re-forms and the next slug is lifted.
Slugging is usually cyclic or periodic, and, once it begins, it can continue with regularity until it is interrupted by a change in operating
conditions. Slugging can also be affected by the properties of the bed material. Two beds, of equal depths and bulk densities, may
behave very differently if the particle size distribution is different, or the sphericity of the particles in either bed is changed.

[0010] Slugging is undesirable for several reasons. Most importantly, when slugging occurs, longitudinal mixing in the bed is retarded,
and particles from the highest points in the bed move very slowly down toward the bottom of the bed (and vice versa). The uniformity of
axial temperature is thereby compromised, and considerable gradients in temperature can be observed along the height of the bed.
Slugging also creates cyclical stresses on the walls and floor of the bed, particularly if the bed is disposed within a reactor, and the
effect of cyclic loading and unloading on the reactor support structure, and the concomitant effect on process chemistry, can destroy
any semblance of process uniformity. The vibration, or cyclical loading, of the reactor walls and support structure, can lead to
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mechanical failures, and the variation in the process chemistry will also make it impossible to operate with a useful level of process
control. Slugging may also significantly increase the attrition of particles that comprise the fluidized bed, because the large-amplitude,
cyclical motion of the bed tends to involve the bed particles in more energetic collisions with other particles and with the walls of the
vessel within which the bed is contained.

[0011] As mentioned above, the problem of slugging can generally be avoided simply by using a shallower bed or, in some cases, using
particles of smaller diameters. However, there are applications where a shallow bed is simply not practical. If the bed has catalytic
properties that are essential to the process chemistry, then the weight of catalyst in the fluidized bed may need to be above some
threshold, relative to the mass flow rate of vapors passing through the bed, in order for the desired reactions to occur. In the case of
the present invention, the desired deoxygenation reactions that are required to carry out effective hydropyrolysis cannot be carried out
In a shallow fluidized bed of catalyst. If the bed is too shallow, the vapors will exit the bed before the desired effect is achieved. The
mass flow rate of fluidizing gas required to fluidize a bed also depends on the diameter of the bed. In some situations, particularly in
pressurized reactors, the diameter of the bed must be held below a certain value, so that a gas velocity sufficient to fluidize the bed can
be achieved with the available mass flow rate of fluidizing gas. The process of the present invention, as described below, preferably
Includes the use of a deep fluidized bed, composed of relatively large catalyst particles. Because this bed is inherently prone to slugging
we have incorporated in this invention a means of curtailing slugging. Slugging is avoided or controlled via the use of an insert or other
anti-slugging modification of the hydropyrolysis reactor, which is disposed within the fluidized bed. The design and application of the
Insert within the reactor or other modifications of the hydropyrolysis reactor to inhibit slugging are important aspects of the invention.
The use of the insert or other anti-slugging modification of the hydropyrolysis reactor makes it possible for the fluidized bed to maintain
proper fluidization and be of the required depth to carry out the desired hydropyrolysis reactions. The insert further makes it possible
for the bed to be composed of relatively-large catalyst particles, which are large enough to be retained in the bed while smaller particles
of solid residue (char) are elutriated and carried out of the bed within the gaseous product stream.

[0012] The behavior of a fluidized bed will vary depending on the flow rate of fluidizing gas passing through the bed. The process of the
present invention, as described below, specifically involves a bubbling fluidized bed. In a bubbling fluidized bed, a flow rate of fluidizing
gas 1s supplied that is sufficient to vigorously agitate and mix the bed, and is large enough that open voids, containing almost
exclusively fluidizing gas, are formed. However, the flow rate is not large enough to entrain the solid catalyst particles from which the
bed 1s composed In the gaseous exhaust stream and permanently separate them from the bed. Further, the documents
US2010256428, US2581134, US2006147355, US4456504, GB2017745, US2893849, US3267586, US2893851 and US2635949
describe further prior art related to the present invention.

SUMMARY OF THE INVENTION

[0013] This invention relates to a process for thermochemically transforming biomass or other oxygenated feedstocks into high quality
liguid hydrocarbon fuels. In particular, a catalytic hydropyrolysis reactor, containing a deep bed (length:diameter ratio > 2) of fluidized
catalyst particles is utilized. The reactor accepts particles of biomass or other oxygenated feedstocks that are significantly smaller than
the particles of catalyst in the fluidized bed. The reactor features an insert or other structure disposed within the reactor vessel that
iInhibits slugging of the bed and thereby minimizes attrition of the catalyst. Within the bed, the biomass feedstock is converted into a
vapor-phase product, containing hydrocarbon molecules and other process vapors, and an entrained solid char product, which Is
separated from the vapor stream after the vapor stream has been exhausted from the top of the reactor. When the product vapor
stream is cooled to ambient temperatures, a significant proportion of the hydrocarbons in the product vapor stream can be recovered
as a liguid stream of hydrophobic hydrocarbons, containing preferably less than 4% by mass of oxygen, with properties consistent with
those of gasoline, kerosene, and diesel fuel. Separate streams of gasoline, kerosene, and diesel fuel may also be obtained, either via
selective condensation of each type of fuel, or via later distillation of the combined hydrocarbon liquid.

[0014] It is one object of this invention to provide a process and by which biomass, or other oxygenated organic feedstocks, including
solid biomass, such as lignocellulosic biomass as wood, agricultural byproducts, crop residues, and wastes, industrial wastes derived
from such materials (e.g. paper and waste sludges), animal wastes (manures, offals, and sewage sludges), algal and similar uni- and
multi-cellular aguatic biomass, wastes from the processing of fish, and mixtures of the above, etc., can be substantially converted to
obtain a product stream consisting of hydrocarbons that are liquid under ambient conditions, contain preferably less than approximately
4% oxygen by mass, and have properties, such as boiling points, heating values, and aromaticities, that are consistent with those of
gasoline, kerosene and diesel fuel.

[0015] It 1s another object of this invention to provide a process and by which solid residues, remaining after the conversion of the
feedstock in the process of the present invention, are removed from the reactor of the present invention as entrained particles, carried
out of the reactor by the stream of product vapor leaving the reactor.

[0016] It is another object of this invention to provide a process and in which the exothermic deoxygenation reactions, occurring in the
fluidized-bed hydropyrolysis reactor of the present invention, generate an amount of thermal energy sufficient to heat the incoming
stream of feedstock to the temperature of the fluidized bed, as well as to overcome heat required to drive endothermic processes and
reactions occurring in the bed during conversion of the feedstock.
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[0017] It is another object of this invention to provide a process and by which the conversion of any of the aforementioned feedstocks
can be carried out in a deep, bubbling fluidized bed, consisting of relatively-large catalyst particles, while employing the means of this
iInvention to avoid slugging within the bubbling fluidized bed and minimize attrition of catalyst particles within the bubbling fluidized bed.

[0018] It is another object of this invention to provide a process and in which the catalytic particles are protected from self-attrition.

[0019] The subject invention includes a process for producing liquid products from biomass (or other oxygenated solid, slurry, or liquid
feedstock) in which the feedstock is rapidly heated in a reactor vessel containing molecular hydrogen and a deoxygenating catalyst,
producing a deoxygenated pyrolysis liquid product having preferably less than approximately 4% oxygen by mass, an aqueous liquid
product containing water and water-soluble species, a solid char product, a product stream comprising non-condensable vapors, and
process heat.

[0020] The subject invention includes a method of hydropyrolysis comprising the following steps:

1. a. Introducing an oxygenated organic feedstock comprising solid particles of biomass into the fluidized bed reactor, wherein said
feedstock is rapidly heated from ambient temperature to the temperature of the fluidized bed, undergoes rapid thermal
decomposition into product vapors and a soft solid material composed of char, and is thereby devolatilized. Further, this char is
rapidly attrited by particles of catalyst in the fluidized-bed reactor, which are significantly larger than the char particles, until the
char is sufficiently reduced in size so that its terminal velocity is lower than the upward velocity of the fluidizing gas and product
vapors.

2. b. Introducing a stream of fluidizing gas comprising mostly molecular hydrogen into the fluidized bed reactor, creating conditions
under which rapid mixing and heat transfer occur throughout the fluidized bed, while the attrited particles of char act as a micro-
scale lubricant. They reduce attrition of catalyst particles in the fluidized bed and are fluidizing the bed to a point where its state is
consistent with that of a bubbling fluidized bed.

3. ¢. Maintaining a deep bed of solid particles of catalyst, the depth of which iIs greater than 2 reactor diameters, in a state of
vigorous motion, to promote reactions resulting in deoxygenation and chemical stabilization of vapors produced when the
feedstock is devolatilized. Solid particles of biomass comprise the feedstock. The particle size of the catalyst particles in the
fluidized bed is significantly larger than the solid particle size of the biomass feed in the largest dimension.

4. d. Removing solid residues, remaining after devolatilization and hydropyrolysis of the feedstock, from the fluidized bed reactor via
entrainment in the stream of fluidizing gas and product vapors exiting the fluidized bed reactor.

5. e. Removing attrited char, which is elutriated and carried out from the fluidized bed reactor via entrainment in the stream of
fluidizing gas and product vapors exiting the fluidized bed reactor while the relatively large and heavy catalyst particles remain
behind in the bed.

6. f. Separating the solid residues, entrained in the stream of fluidizing gas and product vapors exiting the fluidized bed reactor,
from the stream of fluidizing gas and product vapors exiting the fluidized bed reactor.

/. 9. Recovering a product stream of hydrocarbon vapors comprising hydrocarbon species with atmospheric-pressure boiling
points, consistent with those of at least one of gasoline, kerosene and diesel fuel, from the hydropyrolysis process as condensed
liquid.

3. h. Releasing enough exothermic heat from the deoxygenation reactions occurring during hydropyrolysis of the feedstock to
supply process heat required by endothermic processes occurring during hydropyrolysis of the feedstock, including chemical
reactions, heating of feedstock, and evaporation of liquids. Slugging In the fluidized bed is controlled via the use of equipment
Incorporating lateral obstructions, obstacles or constrictions, an axis or centerline of the equipment intersecting a centerline of the
fluidized bed reactor. The obstructions, obstacles, or constrictions are installed at vertical locations along the fluidized bed reactor
that are separated from one another by one to two reactor diameters.

[0021] The low oxygen content (generally less than 4% by mass) of the liquid hydrocarbon stream produced by the process of the
present invention at low hydrogen partial pressure is desired. The high yield of deoxygenated liquid hydrocarbons from biomass
feedstock is also desired. The ease with which solid residues (char and ash) can be removed from process vapors via filtration, is also
desired. These characteristics derive from the high level of deoxygenation that i1s effected Iin the hydrocarbons that ext the
hydropyrolysis reactor. WWhen the highly deoxygenated gaseous hydrocarbons and char encounter a barrier filter, the gaseous vapors
preferably contain no high boiling point components that could be adsorbed or reside on char particles and so the highly deoxygenated
gaseous hydrocarbons are effectively separated from the char, which can then be easily removed from the filter by minimal levels of
pbackpulsing. In conventional pyrolysis, particles of char adsorb and retain reactive pyrolysis oils. When these particles encounter a
barrier filter they aggregate and create a dense, almost impermeable layer of char that resists cleaning by backpulsing.

[0022] Unlike the present invention, other processes described in the related art (conventional pyrolysis, hydropyrolysis, hydrotreating
of conventional pyrolysis oils) all suffer from deficiencies which make it impossible to obtain the yields and products characteristic of the
hydropyrolysis process of the present invention. A detailed comparison of experimental results obtained during development of the
hydropyrolysis process of the present invention to the performance of other conventional biomass pyrolysis, biomass hydropyrolysis
and hydrotreating processes is presented in examples that follow, below.
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[0023] The hydropyrolysis reactor vessel of the process of the present invention preferably comprises an elongated deep bed fluidized
bed reactor with a bed that preferably includes relatively-large catalyst particles. In the case where a solid feedstock is conveyed into
the hydropyrolysis reactor of the process of the present invention, the feedstock is fed into said reactor in the form of particles that are
substantially smaller in size than the catalyst particles in the bed, in order to maximize thermal decomposition of the biomass, minimize
catalyst particle attrition, and permit effective separation of char from the fluidized bed and from the process vapor stream exiting the
fluidized bed. In addition, one or more inserts or other anti-slugging modifications of the reactor may be disposed within the reactor to
iInhibit slugging of the fluidized bed during the hydropyrolysis process. A particular design approach, pertaining to inserts or other anti-
slugging modifications of the hydropyrolysis reactor, i1s incorporated into the present invention, which makes it possible to prevent
slugging of the bed disposed within the fluidized-bed reactor, even under circumstances where slugging would generally be expected to
oCCur.

[0024] In the description of the present invention, the term "hydropyrolysis” is used to describe a process by which a biomass feedstock
(to include all of the varieties of biomass enumerated in the Summary of the Invention, above) is rapidly heated and thermally
decomposed, Iin the presence of solid catalyst particles and an atmosphere consisting largely of hydrogen gas. Further, the term
"hydropyrolysis” will be used to refer to all reactions carried out on the products of thermal decomposition of the feedstock within the
hydropyrolysis reactor. In the present invention, hydropyrolysis involves five classes of reactions. They are:

1. 1) Devolatilization, wherein the feedstock is thermally decomposed to produce a solid char product (which contains a non-volatile,
Inert ash fraction), and products of decomposition that enter the vapor phase in the hydropyrolysis reactor.
. 2) Hydrodeoxygenation, wherein oxygen is removed from a molecule, and combined with hydrogen (H2) to make water (H»0).

. 3) Decarbonylation, wherein a carbon monoxide (CO) molecule is removed from the structure of a molecule.
. 4) Water-gas shift, wherein CO is reacted with H>O to make CO, and Ho.

. 9) Polymerization, wherein small olefins combine to make large molecules.
. B) Olefin saturation, wherein hydrogen is added to an olefin to make a paraffin.

G o0 AW N

[0025] In the description of the present invention, the term "deoxygenation” refers to chemical processes by which chemically-bonded
oxygen is removed from molecules (principally hydrocarbon molecules) and transferred to other chemical species such as water (H>0O),

carbon monoxide (CO), or carbon dioxide (CO»,). As described above, the term "hydrodeoxygenation” refers to a subset of these

processes where water is formed.

[0026] In the description of the present invention, the term "hydrotreating” refers to a range of chemical reactions in which hydrocarbon
species (which may contain double and triple carbon-carbon bonds, benzene rings, five-carbon rings, chemically-bonded heteroatoms,
and a wide variety of other functional groups) are reacted with molecular hydrogen (H»), generally in the presence of a catalyst.

Hydrotreating generally involves breaking a bond in the hydrocarbon molecule, and adding hydrogen to the structure of the
hydrocarbon molecule, so that heteroatoms (such as oxygen and nitrogen) are removed, double and triple carbon-carbon bonds are
saturated and substituted with carbon-hydrogen bonds, and ring structures are opened, resulting in linear hydrocarbon molecules.
Hydrotreating can also involve "hydrocracking” (or "cracking”) which involves the breaking of long hydrocarbon chains into shorter
hydrocarbon chains, producing smaller molecules with lower boiling points.

[0027] In the description of the present invention, the term "hydroconversion” is defined as a reaction carried out in the presence of
hydrogen, and generally a catalyst, which removes heteroatoms such as sulfur, nitrogen and oxygen or carries out cracking while
adding hydrogen to the structure of the reactant molecule.

[0028] The catalytic hydropyrolysis process of the present invention provides a means to remove oxygen from biomass and other
feedstocks containing significant quantities of carbon and chemically-bonded oxygen to produce light hydrocarbon products with a large
portion of the oxygen removed directly from the feedstock-derived liquids. This is referred to as "deoxygenation." In the reactor
described in the present invention, deoxygenation of molecules derived from the biomass feedstock inherently releases a large heat of
reaction which provides the energy necessary to heat up cold biomass as it enters the bubbling fluid bed. However, one problem with
conventional catalytic hydropyrolysis i1s the separation of the char and ash from the catalyst. Another potential problem with
conventional catalytic hydropyrolysis, as carried out in a fluidized bed, is that rapid catalyst particle attrition could lead to high catalyst
replacement costs and thus be uneconomical. The reactor described in this invention, which involves a bubbling fluidized bed
hydropyrolysis system with catalyst particles that are much greater in size than the decomposed (reacted) feedstock residue, provides
a novel way of mitigating catalyst attrition while at the same time ensuring that char and ash are separated from the catalyst by being
attritted (reduced in size) and elutriated from the bubbling bed reactor. Elutriation occurs when a particle has been reduced in size to a
point where it Is entrained in the stream of gas exiting the top of the fluidized bed, and is removed permanently from the bed. Within the
fluidized bed catalytic hydropyrolysis reactor described in the present invention, the char product of catalytic hydropyrolysis of the
feedstock, being largely composed of carbon, acts as a lubricant within the bubbling bed and serves to protect the large catalyst
particles from self-attrition. However, the action of the bed on the soft char and ash is such that the char and ash are effectively attritted
by the catalyst and reduced to a size where the char and ash are readily elutriated from the bubbling bed. The problem of char and ash
removal from the fluidized bed of catalyst is thereby addressed.
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[0029] Note that in the present invention, it may be advantageous to process efficiency and quality for more than one type of catalyst to
be disposed within the bed. In the simplest case, two physically and chemically different catalysts could be disposed within the bed.
Because the two types of catalyst could be engineered to possess different densities or sizes, the catalysts could intermix within the
fluidized bubbling bed, or one catalyst could tend to rise to the top of the bed (e.g. by being lighter or being sized to possess a lower
aerodynamic diameter) so that the chemistry of this process can be effected in a stepwise manner. Clearly, in a vertically extended
bubbling fluidized bed, a number of catalysts could be disposed so that some could intermix while others would maintain different
vertical positions in the bed.

[0030] In the present invention, biomass or other solid feedstock particles are fed into the fluidized-bed catalytic hydropyrolysis reactor
preferably near the bottom of the bed, and are rapidly heated and decomposed to produce solid ash, char residue, and vapor-phase
products. The ash, char and vapors then travel up through the bed, where the process vapors (and solid particles small enough to be
aerodynamically entrained) are carried permanently away from the upper surface of the fluidized bed where they exit the reactor.

[0031] While the process described above could be carried out in a shallow fluidized bed (meaning that the bed has an L/D ratio of 2), it
IS preferably carried out in a deep fluidized bed (with an L/D of approximately 10 or greater). A deep fluidized bed, particularly one
comprised of relatively-large catalyst particles, will develop slugging, and cannot be operated without a slug-breaking insert. The insert
should consist of obstacles, obstructions, or constrictions, positioned at regular intervals within the bed, and oriented or contoured In
such a way that a coherent slug of bed material cannot form along the full length of the bed. The use of the insert makes operation of
the reactor with a deep bed possible, and provides three advantages, relative to operation of the reactor with a shallow bed:

1. 1. The deep bed brings process vapors into contact with catalyst particles for a longer period of time, since the path taken by
product vapor through the deep bed is much longer than it would be if it were traversing a shallow bed.

2. 2. The mass flow rate of fluidizing gas (which, in the case of this invention, comprises of principally hydrogen) needed to fluidize
the bed depends on the bed diameter. If a deep bed is used, a large quantity of catalyst can be fluidized by a relatively small
mass flow rate of fluidizing gas. For example if the diameter of a catalyst bed is reduced, so that the L/D of the bed is increased
from 1.5 to 10, while maintaining a constant volume of catalyst in the bed, the mass flow rate of fluidizing gas needed to obtain
the same degree of fluidization in the bed is reduced by a factor of 3.5. This effect is essential in order to improve the economic
viability of the process.

3. 3. The obstructions, obstacles, or constrictions associated with the slug-breaking insert can be instrumented, and equipped with
Internal features that allow them to remove or add heat to the bed. The obstructions, obstacles, or constrictions interact directly
with the bed, at radial locations that may include the center of the reactor. This approach allows more efficient heat transfer to
occur at specific locations in the bed than would be the case if heat transfer were occurring only across the outer wall of the
reactor, and enhances process control, since the local temperature at each point in the bed can be better managed.

[0032] The vapor stream leaving the top of the fluidized bed includes the fluidizing gas, any product vapors that have been generated
by thermal decomposition and hydropyrolysis of the feedstock, and any solid particles (ash, char or attritted catalyst fines) that are
small enough to be aerodynamically entrained in said vapor stream. The process described by this invention specifies that product
vapor species leaving the fluidized bed must be sufficiently chemically stable so that they will be substantially unable to react with other
product vapor species, or with solids entrained in the vapor stream, or with solid surfaces with which the vapor stream comes into
contact, such as a barrier filter. In practice, this means that the most unstable species produced by the initial thermal decomposition of
the feedstock, such as aldehydes and acids, should be substantially deoxygenated via reaction with hydrogen in the catalytic fluidized
bed. The combined stream of vapors and entrained solids can be passed through an inertial separation device such as a cyclone or
virtual impactor, an electrostatic precipitator (ESP), and/or filter elements, or some combination of the above, and will not form a dense
cake on the cyclone, ESP plate, or filter surfaces, or create fouling as the solid particles are filtered out of the vapor stream.

[0033] Any appropriate inertial separation device, porous filter, electrostatic precipitator, or other means of removing solids from the
vapor stream may be employed once the vapor stream (with entrained solids) has exited the reactor containing the fluidized bed. If a
cyclone or virtual impactor i1s used first to remove the larger solids entrained in the vapor stream, and a porous filter is then used to
remove the remaining fines entrained in the vapor stream, the majority of the char and ash leaving the reactor can preferentially be
collected from the cyclone, while the majority of the attritted catalyst can be recovered from the filter. This is because the catalyst is
much harder than the char, and will break down primarily into very fine particles, which will pass through the cyclone to the filter. The
char, on the other hand, is softer and less durable, and will be broken down into a range of particle sizes by the grinding action of the
fluidized bed. The larger particles of char will be trapped primarily by the cyclone, and will not reach the filter. Finally, if the catalyst is
disposed to remain as a metallic material that can be magnetized, particles comprised of attrited catalysts may be efficiently collected In
a filter or inertial separation device that can be periodically energized with a magnetic field to entrap the magnetic particles.
Deenergizing the magnetic field would allow these particles to be removed and recovered en masse.

[0034] Once the entrained solid particles have been removed from the stream of process vapors, the vapors can either be cooled to
ambient temperature immediately, at which point all species with boiling points below ambient temperature will condense to form liquids,

or the stream of process vapors can be directed to a subsequent reactor or reactors for further treatment.

[0035] One approach is to send the filtered process vapors from the hydropyrolysis reactor to a second-stage reactor, where the
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process vapors can be further hydrogenated using a hydroconversion catalyst. This approach can be used to produce a product
stream containing substantially fully deoxygenated hydrocarbon species, water vapor, a gaseous mixture comprising CO, CO», and light

hydrocarbon gases (C41-C4) and further process heat. If this approach is used, the overall process may be referred to as integrated

hydropyrolysis and hydroconversion.

[0036] It must also be noted that, while biomass is an ideal feedstock for use in the hydropyrolysis process described above, the
feedstock sent into the fluidized-bed hydropyrolysis reactor need not be biomass, and need not be composed only of solids. Any
feedstock which can be subjected to hydropyrolysis, under the conditions described above, and which yields products similar to those
described above, could be fed into the reactor. Thus, feedstock streams containing polymers or plastics, or feedstock streams
comprising slurries of solid particles suspended in a carrier liquid, or feedstocks streams comprising a carrier gas, in which solids or
liquids are entrained, or feedstock streams comprising, completely or in part, of liquids that can be deoxygenated and reacted with
hydrogen to produce deoxygenated hydrocarbons, can be subjected to hydropyrolysis via the method described in the present
invention. If liquids are present in the feedstock stream these liquids must be able to evaporate and enter the vapor phase very shortly
after they are introduced into the fluidized bed. The set of reactions occurring in the process of the present invention are primarily
vapor-phase reactions, and liquids initially present in the feedstock stream, or formed via chemical decomposition of the feedstock
stream, must enter the vapor phase in order to be effectively processed by the fluidized-bed reactor of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0037] These and other objects and features of this invention will be better understood from the following detailed description taken in
conjunction with the drawings wherein:

Figure 1 i1s a schematic flow diagram of a hydropyrolysis process for producing liquid fuels from biomass or other feedstocks In
accordance with one embodiment of this invention;

Figure 2Ais a schematic view of a vessel containing an insert, with slug-breaking obstructions attached to an axial support in the center
of the vessel, according to one embodiment of this invention;

Figure 2B is a top down view of the insert shown Iin Figure 2A,;

Figure 3A is a schematic view of a vessel containing an insert, with slug-breaking constrictions attached to a support at the
circumference of the vessel, according to one embodiment of this invention,;

Figure 3B is a top down view of the insert shown in Figure 3A; and

Figure 4 is a graph of liquid product oxygen content as a function of hydrogen partial pressure.

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS

[0038] A schematic diagram of the process described in the present invention is shown Iin Figure 1. A fluidizing gas stream 150,
consisting primarily of hydrogen, but possibly also containing other gases, is fed into the bottom of a fluidized-bed reactor vessel, 100.
The fluidizing gas stream passes through a bed of catalyst particles, contained within the fluidized-bed reactor vessel, and fluidizes the
bed to a point where its state is consistent with that of a bubbling fluidized bed. An insert 130, or other modification to the interior of the
vessel, Is present, and interacts with the bed 140 in such a way that slugging is prevented. The depth of the bed is therefore not limited
by the diameter of the vessel, and a deep bed, whose axial dimension may be many times greater than the diameter of the vessel, can
therefore be employed.

[0039] The mass flow rate of fluidizing gas, passing through the bed, is determined by the size and fluidization characteristics of the
catalyst particles. In the present invention, the catalyst particles are approximately spherical, and are approximately 3200 microns or
more in diameter, but could be smaller or larger. The density of each particle can vary from 0.5 to 2 kilograms per liter. Based on
laboratory studies, a superficial velocity of fluidizing gas of approximately 1 to 1.5 meters/second is needed to achieve effective
fluidization of a bed of this type. The superficial velocity is defined as the average velocity that the fluidizing gas would achieve if it were
passing through the empty reactor vessel, in the absence of a fluidized bed. The diameter of the vessel is governed primarily by the
amount of fluidizing gas available, and the depth of the bed is governed by the amount of catalyst needed to achieve the requisite
deoxygenation of the feedstock. There is no definite upper limit to the depth of the bed, since the use of an anti-slugging insert, or anti-
slugging modifications within the reactor, as specified in the present invention, ensures that slugging is avoided, no matter how deep
the bed in the reactor becomes. The bed should be as deep as necessary to achieve the desired degree of reaction of the process
vapors released by the feedstock. The mass flow rate of fluidizing gas should not exceed the minimum required to achieve fluidization.
If a higher flow rate of fluidizing gas is employed, the material and equipment costs associated with the fluidizing gas stream will
iIncrease, and catalyst particles, which have been attritted to some extent, but are still useful, will be elutriated from the bed. This result
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IS not desirable, so the mass flow rate of fluidizing gas i1s not increased above the minimum needed to fluidize the bed.

[0040] The distribution of temperature within the fluidized bed as described in the present invention is nearly uniform, due to the rapid
exchange of heat between particles in motion throughout in the bed. The temperature of the bed must be at least 343 degrees Celsius
(650 degrees Fahrenheit) and need not be higher than 593 degrees Celsius (1100 degrees Fahrenheit). The exact operating
temperature of the bed depends upon the composition of the feedstock that is to undergo hydropyrolysis, the characteristics of the
catalyst, and the desired composition of products that is to be obtained.

[0041] The pressure within the fluidized-bed reactor vessel must be such that the partial pressure of hydrogen is about 13.8 to 41.4 bar
(200 psig to 600 psig). The exact operating pressure of the fluidized-bed reactor depends upon the composition of the feedstock that is
to undergo hydropyrolysis, the choice of catalyst, and the desired composition of products that are to be obtained.

[0042] The feedstock that is to undergo hydropyrolysis is fed into the bottom of the fluidized bed, near the point where the fluidizing gas
enters the reactor. The feedstock is introduced in such a way that it is heated very rapidly from ambient temperature to the temperature
of the fluidized bed, by interacting with the fluidized bed. The feedstock is introduced into the fluidized bed in such a manner that any
solid residues (remaining after the feedstock has been heated to the temperature of the bed) form distinct solid particles, which are
significantly smaller in size than the particles of catalyst of which the bed is primarily composed. These particles will then be transported
to the top of the bed, and, if they are sufficiently small, they will be entrained in the gas and vapor stream and carried out of the bed. If
they are not sufficiently small to be entrained, the particles will continue to move around in the fluidized bed, and will undergo attrition,
until they are small enough to be entrained and carried out of the bed. In the case of biomass feedstocks, the feedstock is prepared
and introduced as distinct, approximately-spherical, particles, up to, but not exceeding, the diameter of the catalyst particles in the bed.
In the present invention, the rapid heating of the feedstock causes the feedstock to decompose, driving off vapor-phase products of
thermal decomposition and leaving behind a solid product (referred to as char) which comprises primarily carbon, but also includes any
non-volatile, inorganic material (ash) initially present in the feedstock. Individual particles of solid residues remaining after
decomposition generally contain both carbonaceous char and ash within a single coherent structure.

[0043] Since these particles of solid residue consist largely of carbon, and are physically softer than the catalysts that comprise the
bed, they are more readily subject to abrasion, attrition, or grinding. They lubricate the catalyst particles as they move within the
fluidized bed, and are broken into smaller particles much more rapidly than the particles of catalyst. This lubricating effect provides a
significant benefit, since catalyst fines that are ground down to sizes small enough to be entrained in the stream of gas leaving the top
of the bed will be carried out of the bed, and no longer be available to promote chemical reactions. The lubricating effect of char moving
around in the fluidized bed serves to reduce the rate of catalyst attrition, and thereby reduce the need (and cost) for replacement
catalyst needed to maintain the desired degree of chemical reactivity within the bed.

[0044] In the embodiment of the present invention, wherein solid particles of biomass comprise the feedstock, the feedstock undergoes
very rapid thermal decomposition into product vapors and a relatively soft solid material composed of char and ash (char being the
dominant portion). This residue is frequently referred to as char. This char is rapidly ground up (attritted) by particles of catalyst in the
fluidized-bed reactor, which are significantly larger than the char particles, until the char is sufficiently reduced in size (and aerodynamic
diameter) so that its terminal velocity is lower than the upward velocity of the fluidizing gas and product vapors. At this point, the attritted
char is elutriated and is carried out of the bed while the relatively large and heavy catalyst particles remain behind in the bed. This
effect can be promoted and accelerated if the solid particles in the biomass feed are significantly smaller, in their largest dimension,
than the catalyst particles in the fluidized bed. Further, the attritted particles of char in this embodiment of the present invention act as a
micro-scale lubricant, and reduce attrition of catalyst particles in the fluidized bed. Thus, catalyst attrition is lower when biomass is
hydropyrolyzed in the reactor than it would be if only the fluidized catalyst particles were present.

[0045] The rate at which feedstock is fed into the reactor depends upon the amount of catalyst and partial pressure of hydrogen within
the reactor. The relationship between the rate at which feedstock is sent into the bed, and the amount of catalyst present in the bed,
can be quantified in terms of a volume hourly space velocity (VHSV). The VHSV can be calculated by dividing the volumetric flow per
hour of feedstock sent into the reactor by the bulk volume of the catalyst present in the bed, in the absence of any fluidizing gas flow. In

the present invention, the hydropyrolysis reactor can be operated over a catalyst VHSV range of 1 hr'! to 45 hr'!. The exact catalyst
VHSV that is appropriate for a given combination of feedstock and catalyst depends on the nature of the feedstock and catalyst, and on
the desired composition of the products that are to be obtained. The atmosphere In the reactor should consist largely of hydrogen
(though other inert gases, like CO,, may also be present), and the feedstock flow rate cannot be so great that the vapor-phase

products of feedstock decomposition dilute the hydrogen atmosphere to a point where the required partial pressure of hydrogen
needed to carry out the desired set of reactions is no longer available.

[0046] The most important reactions that are carried out in the hydropyrolysis reactor as described in the present invention involve
deoxygenation of oxygenated hydrocarbon molecules. These oxygenated hydrocarbon molecules contain oxygen that is initially present
In the feedstock, and the oxygen is often present in the form of functional groups that make the oxygenated hydrocarbons very
chemically reactive. The hydropyrolysis reactor of the present invention removes these oxygen atoms from the hydrocarbon molecules
with which they are associated. Within the reactor, the oxygen can be converted either into water vapor (H>O) or the carbon-containing

vapor-phase species carbon monoxide (CO) and carbon dioxide (CO»). If some of the oxygen from the feedstock is initially removed via
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a reaction that forms CO (decarboxylation), and some is initially removed in reactions that form H>O (hydrodeoxygenation), the CO and
H->O molecules can react to form CO» and H». This latter reaction is referred to as a water-gas shift reaction, and, since it liberates an
Ho> molecule, it can be useful in reducing the amount of hydrogen that is sent into the reactor in the stream of fluidizing gas. The relative
amounts of CO, CO», and H»O that are present in vapors exiting from the top of the fluidized bed in the reactor depends on the

feedstock, operating conditions, and catalyst characteristics. The set of reactions that occur during deoxygenation of the feedstock
release significant net amounts of heat, since the heats of formation of CO, CO,, and H>O are high enough to overcome the amount of

heat required to effect heating and endothermic thermal decomposition of the feedstock, and the chemical decomposition of
oxygenated molecules in the process vapors. The surplus of heat generated via deoxygenation of the feedstock is at least sufficient to
heat the incoming feedstock up to the temperature of the fluidized bed, and supply the heat consumed by any endothermic processes,
Including evaporation of liquid species, occurring during hydropyrolysis of the feedstock.

[0047] The product gases and vapors exiting the top of the fluidized bed must have certain characteristics, in order for the process
described in the present invention to be carried out successfully. First, they must consist largely of hydrogen. Second, small particles of
solids (char and ash, as well as attritted catalyst) must be entrained within them. At steady-state, the mass flow rate of entrained solids
leaving the top of the fluidized bed must equal the rate at which solid residue i1s generated by hydropyrolysis of the feedstock in the
fluidized bed, plus the rate at which catalyst is being attritted to form fines small enough to be elutriated. Third, the vapors must contain
the hydrocarbon species produced when the feedstock is hydropyrolyzed. Fourth, the molecules composing the hydrocarbon vapors
must be sufficiently deoxygenated and chemically stabilized so that they do not react rapidly with other hydrocarbon molecules, or with
solid surfaces with which they may come into contact. Fifth, the total oxygen content, by mass, of condensable hydrocarbons in the
product vapor stream must be 4% or less. The term condensable, in this case, indicates that the species in question have boiling points
of 21 degrees Celsius (70 degrees Fahrenheit) or lower, at atmospheric pressure, or are highly soluble, and not subject to rapid
vaporization, when dissolved in a liquid with a boiling point below 21 degrees Celsius (70 Fahrenheit).

[0048] The stream of product gases and vapors exiting the top of the fluidized bed therefore contains hydrogen, water vapor, CO, CO»,

and entrained solid particles. It also contains hydrocarbon products of hydropyrolysis of the feedstock, including methane, ethane,
propane, butane, and a variety of other hydrocarbon molecules with atmospheric-pressure boiling points conforming to those of
gasoline, kerosene, and diesel fuel. Some hydrocarbons, with oxygen in their molecular structure, and/or other heteroatoms such as
nitrogen, sulfur and phosphorus, may also be present in the vapor stream leaving the fluidized bed. Other vapors, such as H»S and

ammonia may also be present, depending on the composition of the feedstock. However, the product vapors are sufficiently chemically
stable that they can be effectively separated from the entrained solid particles by filtration, inertial, or electrostatic means, without
plugging or otherwise impairing the separation devices through which they pass.

[0049] In the present invention, the product vapor stream emanating from the top of the fluidized-bed reactor vessel 100, is kept hot
enough to prevent condensation of any liquid product, and then conveyed to one or more particle separation devices 110, 120. In one
preferred embodiment, inertial separation and filtration are employed in series and occur first in a primary separation system 110 (e.g.
a cyclone or virtual impactor), which removes larger particles consisting primarily of char and ash. The gases and vapors are then
conveyed to a hot filtration system 120 (for example, a porous barrier filter that may or may not be enhanced with a magnetic
separation step) which removes all remaining entrained solid particles, and may produce a solid stream consisting primarily of catalyst
fines from the fluidized bed. However, any other effective means by which the char can be removed from the stream of hot process
gases and vapor may be applied.

[0050] The product vapor stream can then be cooled in order to condense the water and condensable liquid hydrocarbon product, or
the product vapor stream can be directed to another reactor for further processing. If the products of hydropyrolysis are cooled to
condense liquid products, and transferred to an environment where the pressure is at or near ambient pressure, and the temperature Is
at or near 21 degrees Celsius (70 degrees Fahrenheit) two liquid phases are recovered. One phase floats on top of the other, and this
upper phase comprises hydrophobic hydrocarbons, and contains less than approximately 4% by weight of oxygen. The lower phase
comprises primarily water, as well as any water-soluble species produced by the process. The hydrocarbon phase comprises primarily
hydrocarbons with properties consistent with those of gasoline, kerosene, and diesel fuel.

[0051] In accordance with one embodiment of this invention, the feedstock subjected to hydropyrolysis comprises primarily of a type of
biomass, such as certain species of algae, containing a significant fraction of lipids. When subjected to hydropyrolysis, this type of
feedstock will yield significant quantities of deoxygenated diesel oil, which could otherwise be made from lipids extracted from the algae.
In addition, hydropyrolysis of algae containing a significant fraction of lipids will also yield additional gasoline and diesel hydrocarbons
which are produced as a result of hydropyrolysis of non-lipid fractions of the algae (cell walls, etc.). This is particularly attractive
because lipid extraction from algae, via, for example, hexane-based solvent-stripping, is expensive. It should also be noted that
conventional fast pyrolysis of algae biomass would be very unattractive because the uncontrolled thermal reactions that occur during
fast pyrolysis would degrade the lipids in the algae feedstock. Thus, the process of the present invention is ideal for algae conversion
because it can be carried out on algae feedstocks, which are usually only partially dewatered, and still produce high quality diesel and
gasoline hydrocarbons as a resulting product.

[0052] The process of this invention provides several distinct advantages over conventional fast-pyrolysis-based processes in that it
produces a liquid hydrocarbon product that contains low or negligible amounts of solid char, very little oxygen, is chemically stable, and
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IS hydrophobic. Hot filtration of solid char from the product vapor stream is generally not possible with fast-pyrolysis vapors, particularly
when biomass is used as the feedstock. However, hot filtration of solid char is readily applied to biomass hydropyrolysis product vapor
streams Iin accordance with the process of the present invention. In addition, fast pyrolysis of biomass feedstocks does not yield a
stream of hydrophobic, deoxygenated liguid product, meaning that recovery of a useable liquid hydrocarbon fuel, from liquids produced
via fast pyrolysis of biomass presents a significant technical challenge. However, recovery of a useable stream of liquid hydrocarbon
fuel from hydropyrolysis of biomass, via the process of the present invention, is straightforward, as described above.

[0053] Because the liquid hydrocarbon fuels produced in the process of the present invention possess an inherently low oxygen
content, the water-based (aqueous) liquid product stream produced by this process remains relatively free of dissolved hydrocarbons
and will likely contain less than 5% by mass dissolved total organic carbon (TOC). Due to this relatively low TOC concentration, the
stream of aqueous liquid product can be handled and disposed of with relative ease. The stream of aqueous liquid product will also
contain a concentration of dissolved ammonia that will depend on the amount of nitrogen initially present in the feedstock.

[0054] The hydropyrolysis process of the present invention produces primary streams of char, water, steam, hydrogen, hydrocarbon
gases such as methane, ethane and propane, and liquid hydrocarbon fuels. These can be integrated with other processes that produce
biomass or fuels from related renewable feeds. In addition, secondary streams of nutrients can be obtained from the hydropyrolysis
process of the present invention, which may be useful in promoting biomass growth. Ammonia is one such nutrient, which can be
recovered from the process of the present invention, and can be used as a fertilizer, in order to promote biomass growth. Char
obtained from the process can also be used as a soil amendment to improve the cultivation of crops such as corn and sugar cane.
Biomass feedstocks amenable to production in a process integrated with the process of the present invention include, but are not
limited to, algae, jatropha, corn stover, wood, bagasse, switchgrass, miscanthus, and nuts (or nut husks and shells). Processes
producing high-value nutraceutical products, obtained from plants or other crops, can also be integrated with the process of the present
iInvention.

[0055] Furthermore, the embodiment of the hydropyrolysis process of the present invention that converts corn stover to liquid
transportation fuel can be integrated into facilities which produce ethanol from corn. The water and steam produced by hydropyrolysis
of corn stover could find use In the production of corn ethanol, which typically requires both energy and water as inputs. Wastes from
the corn ethanol production can likewise be utilized as feeds for the hydropyrolysis process.

[0056] The biomass hydropyrolysis process also can be integrated into a petroleum refinery. The char from the hydropyrolysis process
can be burned to produce energy in refinery furnaces thereby reducing refinery greenhouse gas emissions, since CO, emissions from

renewable sources do not count as greenhouse gas emissions. The hydrocarbon liquids from the hydropyrolysis process can go
directly to the refinery hydrotreating units for further upgrading and are fully compatible. The C1-C3 hydrocarbon gases from the
hydropyrolysis unit can go to the hydrogen plant to make the hydrogen required for the hydropyrolysis.

PREFERRED CATALYST CHARACTERISTICS

[0057] In order for hydropyrolysis to be carried out effectively in the fluidized-bed reactor, as described in the process of the present
iInvention, the catalyst preferably includes several characteristics:

1. 1. The particles of catalyst must be approximately-spherical, with particle diameters significantly greater than the diameter of
solid feedstock residues formed during hydropyrolysis. Catalyst particle densities of approximately 0.5 to 2 kilograms per liter are
necessary, so that the catalyst will be effectively retained in the bed while char and other small particles (which have much lower
particle densities and aerodynamic diameters than the catalyst) are elutriated from the bed.

2. 2. The particles of catalyst must provide sufficient catalytic activity to allow the hydropyrolysis process of the present invention,
described above, to proceed under the conditions specified above.

3. 3. The particles of catalyst must effectively catalyze the deoxygenation reactions of the process of the present invention, without
catalyzing reactions that would form excessive amounts of solid carbonaceous residue (coke) on the catalytically-active surfaces
of the catalyst.

4. 4. The particles of catalyst must be resistant to attrition, so that the amount of catalyst attritted per day, week, month, or year of
operation is low enough to be easily replaced, without compromising the economic viability of the process. Generally, the use of
spherical catalyst particles (as opposed to other shapes) will produce the lowest rate of attrition.

[0058] As described above, the hydropyrolysis catalyst of the present invention is disposed within a fluidized-bed reactor, and the bed
of catalyst has an L/D ratio significantly greater than 2. Slugging of the bed, during operation, is avoided via the use of an anti-slugging
iInsert or other anti-slugging modification of the reactor (described in greater detail below). The size of the catalyst particle is determined
by the smallest size to which solid particles in the feedstock stream can be reduced, without compromising the practicality or
commercial viability of the process. Generally, if particles of a solid feedstock, such as biomass, are reduced below approximately 2800
microns in a commercial operation, the cost of grinding and preparation of the feedstock can significantly rise. In order for the solid
residue produced from solid particles of feedstock that are approximately 2800 microns in diameter, to rise easily through the bed, and
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eventually be elutriated from the bed, without a concomitant loss of catalyst, a particle size of 3200 microns or more iIs generally
specified for the catalysts in accordance with the process of the present invention. In cases where smaller feedstock particles can be
applied in practice, the catalyst particle size may then be reduced, providing that the catalyst particles remain large enough to be
effectively retained in the fluidized bed while the solid residues of hydropyrolysis are elutriated.

[0059] The process requires an active catalyst that effectively deoxygenates and chemically stabilizes the hydropyrolysis vapors, but
that is not so catalytically active that it rapidly cokes. The catalyst in the fluidized bed of the present invention can be any highly active
deoxygenation catalyst which reduces the collective oxygen content of produced hydrocarbon vapors with more than four carbons In
their molecular structure (C4+ hydrocarbons) to less than 4% oxygen. Preferably, the catalyst in the fluidized bed must meet the

requirements outlined above, and carry out the requisite reactions at a VHSV of greater than 1 hr'l. A variety of catalysts may be
employed in the fluidized hydropyrolysis bed of the present invention;, however, catalysts generally in accordance with preferred
embodiments of this invention are as follows:

In one preferred embodiment, the catalyst comprises spherical particles of porous alumina or some other appropriate support, which
have been impregnated with catalytic material consisting of Nickel and Molybdenum (NiMo) or Cobalt and Molybdenum (CoMo), and
have then been sulfided. Catalysts comprising sulfided NiMo or CoMo on a porous alumina support material have been shown to be
good catalysts for hydropyrolysis and exhibit good deoxygenation activity in experimental testing. As described above, spherical catalyst
particles are required in fluidized beds to minimize attrition. If catalysts are not spherical they will quickly attrit, and excess catalyst
losses will occur that can threaten the economic viability of the process.

[0060] In another embodiment of the process of the present invention, the catalyst comprises spherical particles of porous alumina or
some other appropriate support impregnated with nickel, or cobalt, or iron, or other metals which can be used for hydrotreating. Any
metal or combination of metals, impregnated into an appropriate support, which is appropriate for use in hydrotreating, can also be
used as a hydropyrolysis catalyst in the process of the present invention, as long as the resulting material displays sufficient catalytic
activity to reduce the collective oxygen content of the C4+ hydrocarbon vapors present in the hydropyrolysis product stream to less than

4% by mass, while releasing enough exothermic heat of reaction to maintain a stable fluidized bed temperature in the hydropyrolysis
reactor.

[0061] In one preferred embodiment of the present invention, the feedstock comprises solid biomass particles comprising a bulk
density of approximately 0.2 to 0.4 kilograms per liter, and the catalyst particles comprise a bulk density of approximately 0.7 to 1.2
kKilograms per liter. The difference in the bulk density of the feedstock and catalyst in this embodiment ensures that the solid residue
(char) of biomass hydropyrolysis is rapidly conveyed through the fluidized bed and elutriated.

PREFERRED INSERT CHARACTERISTICS

[0062] As discussed above, the fluidized bed of catalyst particles of the present invention is deep enough that it is prone to slugging. In
order to ensure that slugging does not occur, an anti-slugging insert or other anti-slugging modification of the reactor vessel Is
employed. There are several strategies that can be employed to mitigate slugging in fluidized beds, that do not involve the insertion of
obstructions, obstacles, or constrictions into the bed. However, these cannot be usefully applied in the case of the present invention.
Two of these other anti-slugging strategies are:

1. 1. Inclined Bed. Inclining the reactor has been shown to eliminate slugging, and to increase axial mixing in a fluidized bed under
certain conditions. However, the radial distribution and velocity of the gas flow increases in non-uniformity as the angle of
Inclination is increased. This creates a condition wherein the majority of fluidizing gas and process vapors can bypass the catalyst
In the bed, and the desired hydropyrolysis reactions cannot be carried out.

2. 2. Spouted Bed/Conical Bed. It is also possible to build a conical reactor vessel, one which is wider at the top than at the bottom.
This arrangement is often referred to as a spouted bed. The slope of the reactor wall, in this case, can interrupt the formation
and propagation of a slug to some extent. However, it is much more difficult to manufacture a conical reactor vessel than it is to
manufacture a reactor vessel with straight, vertical sides. Moreover, the velocity of fluidizing gas in the reactor is much higher
near the bottom of a conical reactor, where the cross-sectional area of the cone is smallest, than near the top. This effect
generally creates a space near the base of the cone where there is no bed material at all, because the velocity of the fluidizing
gas is so0 high that the bed material is lifted out of this space. The high fluidizing gas velocity in this region can also create
excessive catalyst attrition.

Inserts and Vessel Modifications Featuring Lateral Obstacles or Obstructions

[0063] Because inclined and conical beds do not provide a practical means by which slugging can be controlled in the hydropyrolysis
process of the present invention, a different approach is employed. According to a preferred embodiment of the present invention, one
or more inserts 130, such as that shown schematically in Fig. 1, are included and/or installed in the fluidized-bed reactor 100,
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preventing the formation of slugs, and enabling rapid, uniform axial and radial mixing in deep beds. In the present invention, this
approach is applied in a hydropyrolysis reactor, where unusually deep fluidized beds 140, composed of large particles, are employed.

[0064] Figure 2 shows a reactor having a vessel wall 230 defining a fluidized bed 240 into which feedstock particles 260 are fed along
with a fluidizing gas stream 250. Process vapors 220 are schematically shown leaving the fluidized bed 240. In one embodiment of the
present invention, slugging is minimized or prevented via the installation of lateral obstructions 200 installed on a central support rod, as
shown in Figure 2A. The obstructions 200 extend at least part of the way from the centerline of the reactor to the reactor wall 230, on at
least one side of the center line. In a preferred embodiment, the obstructions extend all the way across the reactor, and, at their longest
point, have a length that is equal to the reactor diameter, D. The width of the obstruction, W, is such that the obstruction covers
approximately 40% of the cross-sectional area of the reactor. The obstructions 200 are installed at regular axial intervals, H, equivalent
In length to approximately one to two diameters of the bed. The orientations (shown In Figure 2B as 1, 2, 3) of the obstructions 200 are
adjusted so that the axis of each obstruction is separated by 60 degrees of rotation from the axis of the obstructions above and below
it, as shown In the top-down view In Figure 2B. This arrangement ensures that a coherent slug of bed particles, occupying the full
diameter of the reactor, cannot form, and cannot propagate along the axis of the reactor. In order to prevent slugging throughout the
entire bed, the obstructions should be installed in such a way that they extend along the full height of the fluidized bed, L, once the bed
Is fully fluidized. The top of the fluidized bed should extend less than one reactor diameter, D, past the top of the uppermost
obstruction.

[0065] In other embodiments of the present invention, a wide range of obstruction geometries can be applied to disrupt the formation of
slugs in the bed, including rectangular tabs, obstructions with triangular cross sections, obstructions with diamond-shaped cross-
sections, obstructions with oval cross-sections, gratings, etc. Open areas in the obstructions, or open areas of the reactor cross section,
are preferably not aligned with each other, and should overlap as little as possible, when seen from above.

[0066] Dead spots in the fluidized bed 240 may form on the upper surface of obstructions 200, if the obstructions are not designed
correctly. In a dead spot, solid particles come to rest on the upper surface of the obstruction, and do not move around in the fluidized
bed. In order to prevent this effect, the upper surface of the obstructions should be sloped, peaked, or rounded, so that bed material
cannot rest on the top surface of the obstruction.

[0067] Another approach to suppress the formation of dead spots is to employ a porous insert or insert that employs a porous upper
portion so that hydrogen, for example, can be made to flow through the central support 210 and be conveyed to the porous or partially
porous slug-breaking cylindrical obstructions deployed along the length of the central support 210.

[0068] In some cases, it may be advantageous to allow limited slugging, or cyclical expansions of the fluidized bed 240 that do not fully
meet the definition of slugging, in the uppermost part of the bed. This may be necessary in order to more effectively grind up large
particles of solid hydropyrolysis residue into smaller sizes that can be elutriated from the bed 240. If this effect is desired, a portion at
the top of the expanded bed 240 can remain unobstructed, in which case, this section of the bed will tend to slug (if it extends for a
sufficient distance) or may begin to oscillate up and down in a periodic manner, without displaying the coherent bed motion that is
characteristic of slugging.

[0069] The type of obstruction 200 shown in Figure 2 can be used to prevent slugging in beds with very large length to depth (L/D)
ratios, because a slug tends to require an unobstructed path of axial travel equal to approximately 1 to 2 bed diameters to form, and
the installation of these obstructions interrupts the slug just as it would begin to become coherent. Since the obstructions are placed at
iIntervals of approximately one to two diameters, D, there is no section of the fluidized bed 240 within which a coherent slug can form.

[0070] The action of the bed 240 will tend to abrade the material of the obstructions 200, and may limit the useful lifetime of the
obstructions 200. In one embodiment, which can be employed in situations where this is a concern, the insert may be constructed in
such a way that it is easily removed and replaced.

[0071] In another embodiment, the obstructions and central support of the insert can be made to be highly abrasion-resistant, by, for
example, making them from a ceramic or glass-ceramic material or from a ceramic-coated material. A combination of materials could
also be used, where, for example, those components likely to see the most wear are made of an extremely hard material, and other
components, such as the central support rod 210, are made of metal.

[0072] In another embodiment, the surfaces of the insert and the vessel walls 230 can be formulated so that they are also catalytically
active, and contribute to the catalytic activity needed to complete the process chemistry in the reactor.

[0073] In another embodiment, the lateral obstructions 200 are equipped with means by which they can be heated or cooled, and/or
are equipped with instrumentation allowing the local temperature of the fluidized bed 240 to be measured and/or regulated.

[0074] In another embodiment, the lateral obstructions 200 are not attached to a central support, but are attached to, or installed
directly upon, the reactor vessel wall 230. If this embodiment is applied, the obstructions cannot be easily removed from the reactor,
and replaced, as part of a single coherent insert. However, this embodiment allows access to the interior of each obstruction, through
the location at the vessel wall where the obstruction is attached. Means of heat transfer, instrumentation, and/or steam generation can
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then be applied within each obstruction 200, through the locations where the obstructions 200 are attached to the vessel wall 230.

Inserts and Vessel Modifications Featuring Constrictions

[0075] Constrictions 300 of the bed diameter, such as those shown schematically in Figure 3, can have the same slug-breaking effect
created by lateral obstacles or obstructions 200. According to this embodiment of the present invention, one or more inserts 130, such
as that shown schematically in Figure 1, are included and/or installed in the fluidized-bed reactor 100, preventing the formation of slugs,
and enabling rapid, uniform axial and radial mixing in deep beds. As described above, this approach is applied in a hydropyrolysis
reactor, where unusually deep fluidized beds 140, composed of large particles, are employed.

[0076] Figure 3 shows a reactor having a vessel wall 330 defining a fluidized bed 340 into which feedstock particles 360 are fed along
with a fluidizing gas stream 350. Process vapors 320 are schematically shown leaving the fluidized bed 340. In one embodiment of the
present invention, slugging is minimized or prevented via the installation of constrictions of the reactor cross-section, 300 installed on a
circumferential support, as shown in Figure 3. The cross-sectional area, A, of the constriction 300 is such that the constriction covers
approximately 40% of the cross-sectional area of the reactor. The constrictions 300 are installed at regular axial intervals, H, equivalent
In length to approximately one to two diameters of the bed. The orientation of the constrictions 300 is adjusted so that the centerline of
the open area of each constriction is separated by 120 degrees of rotation from the centerline of the open area of the constrictions
above and below it, as shown Iin the top-down view In Figure 3B. This arrangement ensures that a coherent slug of bed particles,
occupying the full diameter of the reactor, cannot form, and cannot propagate along the axis of the reactor. In order to prevent slugging
throughout the entire bed, the constrictions should be installed in such a way that they extend along the full height of the fluidized bed,
L, once the bed is fully fluidized. The top of the fluidized bed should extend less than one reactor diameter, D, past the top of the
uppermaost constriction.

[0077] In other embodiments of the present invention, a wide range of constriction geometries can be applied to disrupt the formation
of slugs in the bed, including constrictions with multiple openings, rounded contours, irregular contours, etc. Open areas in the
constrictions, or open areas of the reactor cross section not blocked by the constrictions, are preferably not aligned with each other,
and should overlap as little as possible, when seen from above.

[0078] As Is the case when obstructions or obstacles are installed in the bed, dead spots in the fluidized bed 340 may form on the
upper surface of constrictions 300, if the constrictions are not designed correctly. In order to prevent this effect, the upper surface of the
constriction should be sloped, peaked, or rounded, so that bed material cannot rest on the top surface of the obstruction.

[0079] Another approach to suppress the formation of dead spots is to employ a porous constriction or constriction that employs a
porous upper portion so that hydrogen, for example, can be made to flow through tubes deployed along the circumferential support 310
and be conveyed to the porous or partially porous slug-breaking cylindrical obstructions deployed along the length of the central
support 310.

[0080] In some cases, it may be advantageous to allow limited slugging, or cyclical expansions of the fluidized bed 340 that do not fully
meet the definition of slugging, in the uppermost part of the bed. This may be necessary in order to more effectively grind up large
particles of solid hydropyrolysis residue into smaller sizes that can be elutriated from the bed 340. If this effect is desired, a portion at
the top of the expanded bed 340 can remain unobstructed, in which case, this section of the bed will tend to slug (if it extends for a
sufficient distance) or may begin to oscillate up and down in a periodic manner, without displaying the coherent bed motion that is
characteristic of slugging.

[0081] The type of constriction 300 shown in Figure 3 can be used to prevent slugging in beds with very large length to depth (L/D)
ratios, because a slug tends to require an unobstructed path of axial travel equal to approximately 1 to 2 bed diameters to form, and
the installation of these constrictions interrupts the slug just as it would begin to become coherent. Since the constrictions are placed at
Intervals of approximately one to two diameters, D, there is no section of the fluidized bed 340 within which a coherent slug can form.

[0082] The action of the bed 340 will tend to abrade the material of the constrictions 300, and may limit the useful lifetime of the
constrictions 300. In one embodiment, which can be employed in situations where this i1s a concern, the insert may be constructed In
such a way that it is easily removed and replaced.

[0083] In another embodiment, the constrictions and circumferential support of the insert can be made to be highly abrasion-resistant,
by, for example, making them from a ceramic or glass-ceramic material, or from a ceramic-coated material. A combination of materials
could also be used, where, for example, those components likely to see the most wear are made of an extremely hard material, and
other components are made of metal.

[0084] In another embodiment, the surfaces of the insert and the vessel walls 330 can be formulated so that they are also catalytically
active, and contribute to the catalytic activity needed to complete the process chemistry in the reactor.

[0085] In another embodiment, the constrictions are equipped with means by which they can be heated or cooled, and/or are equipped
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with instrumentation allowing the local temperature of the fluidized bed 340 to be measured and/or regulated.

[0086] In another embodiment, the constrictions 300 are not attached to a removable support, but are attached to, or installed directly
upon, the reactor vessel wall 330. If this embodiment is applied, the constrictions cannot be easily removed from the reactor, and
replaced, as part of a single coherent insert. However, this embodiment allows access to the interior of each constriction, through the
location at the vessel wall where the constriction is attached. Means of heat transfer, instrumentation, and/or steam generation can
then be applied within each constriction 300, through the locations where the constrictions 300 are attached to the vessel wall 330.

General Information on Anti-Slugging Obstructions and Constrictions

[0087] Each type of slug-breaking obstacle can be installed either on a central support, extending along the axis of the reactor, or on a
circumferential support, extending around the exterior of the reactor. There is no requirement that a particular type of slug-breaking
feature be installed on a particular type of support in order for it to be effective.

[0088] The vertical cross-section of a slug-breaking feature may be contoured to remove or accentuate sharp angles. More rounded
contours will be more wear-resistant, while more sharp-edged contours may break slugs more effectively.

[0089] In fluidized-bed reactors that are lined with a molded or cast refractory material, the refractory can be molded or cast in such a
way that the slug-breaking features are integral to the reactor lining.

[0090] Combinations of obstructions and constrictions of different shapes, or alternating obstructions (attached to a central support)
and constrictions (projecting into the bed from the circumference of the reactor) may provide optimal bed motion.

[0091] Obstructions and constrictions need not be installed horizontally across the reactor and can be installed at some angle other
than 90 degrees relative to the central axis of the bed.

[0092] Obstructions can be circular or rounded Iin cross section, when seen from the top of the reactor.

[0093] If desired, obstructions can project from a central support on only one side of the centerline of the reactor, extending outward
toward the wall of the reactor. As long as obstructions of this type are properly arranged, the formation of slugs may be effectively
disrupted.

[0094] In general, the obstructions or constrictions at each location in the reactor should create a pressure drop equal to about 10-20%
of the total pressure drop that the entire fluidized bed would create if there were no obstructions or constrictions present.

[0095] Finally, obstructions or constrictions deployed within the fluidized bed can incorporate heat exchangers so that they can perform
the dual function of mitigating slug formation and managing bed temperature increases associated with the exothermic nature of the
present invention. These heat exchangers can be used to create process steam (e.g. converting liquid water to steam) or to use liquids
to refine temperature distributions within the bed that may be caused by deploying catalysts of differing activity that will stratify and
segregate into distinct layers within the bed by choice of density, aerodynamic diameter, or both.

EXAMPLES

Fluidized Bed Mixing Studies without Insert

[0096] Experiments were carried out in order to study slugging in bubbling fluidized beds, consisting of relatively large, spherical solid
particles similar to the catalyst used in the hydropyrolysis process of the present invention. The bed material consisted of porous
alumina spheres, with a mean diameter of 1800 microns. The diameters of the particles of bed material were all within plus or minus
200 microns of the mean diameter. The bulk density of the bed material was 0.75 kilograms per liter.

[0097] Fluidized beds expand as fluidizing gas is passed through them, so they are most readily compared on an unexpanded basis. In
this case, the unexpanded depth of the bed is the depth of the bed when no fluidizing gas is passing through it.

[0098] Beds with an unexpanded L/D near 6 were studied in two clear plastic tubes. One tube had an inner diameter of 3.33
centimeters, and the other had an inner diameter of 7.62 centimeters. The smaller tube had a grid at its base for distribution of
fluidizing gas. The tube with the larger diameter had an inverted conical base, with a 90 degree included angle in the cone, and a
central gas jet at the apex of the cone. Beds of the alumina spheres described above, were found to require a characteristic minimum
fluidization velocity (Uf) of approximately 0.61 meters/second to 0.76 meters per second. The minimum fluidization velocity, Uf, is the
velocity at which the pressure drop across the bed ceases to rise with increasing superficial gas velocity through the bed, but at which
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no motion is observed in the bed. Once the flow of gas through the bed in each clear plastic tube was raised above Uf, the bed
expanded until its volume reached approximately 1.5 times the unexpanded volume, and then bulk motion began. Slugging in both
tubes was observed when the unexpanded L/D was 6 and bulk motion occurred in the bed.

[0099] Slugging in both tubes could only be avoided if the unexpanded L/D ratio of the bed was less than 1.5. The phenomena
affecting bulk motion in the bed did not appear to be influenced either by the diameter of the tube in which each test was carried out, or
by the very different flow distribution methods associated with each tube (the sparging grid in the case of the tube with the smaller
diameter, and the spouted base In the case of the tube with the larger diameter). The tendency of the bed to slug was therefore found
to occur whenever the bed of porous alumina spheres had an unexpanded L/D greater than 1.5, and the phenomena responsible for
the onset and propagation of slugging were not found to be sensitive to the diameter of the test apparatus, or the means used to
iIntroduce the fluidizing gas into the bottom of the bed.

Fluidized Bed Mixing Studies with Insert

[0100] Further studies were carried out in the larger plastic tube, in order to examine the effect on slugging of introducing lateral
obstructions, attached to an insert. The insert consisted of a metal rod, located at the centerline of the tube, with various obstructions
and obstacles installed on it in order to break up the coherent slug of alumina spheres.

[0101] Near the bottom of the tube, three steel washers were installed at intervals of 7.62 centimeters. The lowest of these washers
was Installed at an elevation of 7.62 centimeters (or one tube diameter, D) above the bottom of the tube. The diameter of each washer
was about 2.54 centimeters, meaning that the washer obstructed about 10% of the cross-sectional area of the tube. The circular
obstructions (washers) increased the gas velocity as the gas passed around the obstruction, visibly interrupting the formation and
propagation of slugs in the bed. However, it was observed during initial trials that the bed above the last washer displayed a
pronounced tendency to slug, and the addition of further washers above this level had little to no effect on the slugging. Circular
obstacles around the centerline were therefore found to provide little benefit at unexpanded bed depths greater than L/D = 2 (with the
expanded bed, after fluidization occupying a depth with an L/D ratio of approximately 3).

[0102] During this work it was noted that the integrity of the slug was important in the development of slugging. Within the slug, either
the entire bed has to move as a single body, or the slug begins to collapse immediately. In order to make the slug collapse, and
eliminate the problem of slugging, rectangular tabs were cut and drilled so they could be installed on the same metal rod. The outer
edge of each tab was rounded so as to conform to the interior wall of the tube. Three tabs were prepared with a width of 2.54
centimeters and a length of 3.18 centimeters. Each tab obstructed approximately 20% of the cross-sectional area of the tube, and
reached from the central rod to the reactor wall, meaning that the fluidizing gas had to accelerate as it passed each tab, and the bed
particles in the slug had to rearrange themselves in order to pass around this obstacle. The tabs were installed at axial intervals of 7.62
centimeters, with the lowest tab located 7.62 centimeters above the base of the tube. When a slug of bed material began to form and
encountered the obstruction created by the tabs, the obstruction created enough motion within the slug that the slug's cohesion was
disrupted. Open gas passages formed around the tab, and particles dropped out of the slug and down toward lower levels of the bed.

[0103] Two arrangements of tabs were examined: In one, the tabs were placed on alternating sides of the reactor with the orientation
of each tab separated from that of the next in line by 180 degrees; in the other, they were arranged so that each tab was oriented 120
degrees from the tab above and below.

[0104] A systematic effort was then made to study slugging in the clear plastic tube with the internal diameter of 7.62 centimeters, using
beds of alumina spheres with an unexpanded L/D of 3, and a superficial fluidizing gas velocity of 0.91 meters per second. A population
of spheres Iin the general bed, with diameters slightly less than 1700 microns, was identified, separated by sieving, and dyed red. The
rest of the bed was white. The red spheres could be mixed into the bed, and readily recovered. The motion and distribution of red
spheres in the bed provided a means by which mixing and particle distribution in the bed could be observed directly, and quantified.

[0105] A protocol to examine the rate of mixing was developed, which involved depositing a layer of red spheres on top of the white
spheres in the bed, and then starting a stopwatch at the same time that the fluidizing gas flow was sent through the bed. When red
balls first became visible at the very bottom of the bed, the stopwatch was stopped, and this was then referred to as the characteristic
mixing time observed for the bed, under a given set of experimental conditions.

[0106] The characteristic mixing time of the bed, in the absence of any slug-breaking insert, was found to be:
15 seconds. Slugging was observed to occur.

[0107] The insert configurations described above (tabs separated by 180 degrees and tabs separated by 120 degrees) were then
tested.

[0108] The characteristic mixing time obtained with tabs arranged at 130 degrees was found to be:
5.3 seconds. Slugging was not observed to occur.
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[0109] The characteristic mixing time obtained with tabs arranged at 120 degrees was found to be:
5.0 seconds. Slugging was not observed to occur.

[0110] Slugging was not observed when either insert was employed within the 7.62 centimeter clear plastic tube. The mixing times
obtained with the inserts were both shorter than the shortest mixing time observed when the reactor had no insert. The 120 degree tab-
separation angle arrangement is particularly effective, since the flowing gas can never find a single clear, unobstructed route to the top
of the bed, and has to change its path each time it encounters a tab. While some cyclical bubble formation was still observed, the
bubbles could not occupy the entire tube diameter, and could not travel up the entire length of the bed. Mechanisms that would have
caused the bed to slug were thereby defeated.

[0111] Finally, a deeper bed, with an unexpanded L/D of 5.5, was tested. When expanded, this bed had an L/D of approximately 7.5.

[0112] With the 120-degree-tab-separation-angle insert in the bed, the deeper L/D = 5.5 bed was found to mix rapidly and uniformly:.
However, a portion of the expanded bed extended above the uppermost tab, and slugging occurred in this uppermost portion of the
bed. This result indicates that tabs need to be positioned at axial intervals of approximately 1 to 2 bed diameters, throughout the entire
expanded depth of the bubbling fluidized bed, in order to prevent slugging from occurring. If this methodology is followed, it appears
that in the absence of other limitations there is no upper limit to the depth of the bed; one could accommodate as many tabs as
necessary in order to create a bed with any desired depth, and no slugging would occur at any point in the bed.

[0113] The examples described above were conducted with obstructions (washers, tabs) located at axial intervals of one tube diameter.
Obstructions installed at intervals that are larger or smaller than this will also break slugs. An optimal arrangement and spacing of
obstructions exists for any given bed. Axial spacings greater than 2 diameters, however, are not likely to yield optimal longitudinal
mixing, as a coherent slug may be able to form between obstructions if the obstructions are too far apart. Likewise, spacings that are
too tight (obstructions too close together) will slow the return of bed material to the bottom of the reactor, increase the mixing time, and
Introduce non-uniformities into the axial temperature profile of the bed.

[0114] The upper, rectangular obstructions (tabs) that were tested in the apparatus above obstructed about 20% of the open area of
the bed. These obstructions need not be rectangular; a wide variety of other shapes could be considered (triangular, oval, diamond,
ete).

[0115] Significantly, based on the tests described above that were carried out with a bed of unexpanded L/D =5.5, it appears that a bed
of essentially unlimited depth could be fluidized, without slugging, while maintaining rapid longitudinal mixing, if properly oriented
obstructions or constrictions are placed at appropriate intervals along the axis of the bed. If the entire bed were enclosed in an
Isothermal environment (such as a long, multi-zone furnace, in which each zone is maintained at the same temperature) the entire bed
would stay at essentially the same temperature. Alternatively, in a very long, deep bed (very large L/D ratio) axial variations in bed
temperature could be induced by changing the local temperature around the reactor, since the rate of heat exchange along the axis of
the bed is finite.

Experimental Process Demonstration

[0116] The table below compares experimental results obtained during demonstrations of the process of the present invention with
processes representing the state of the art of pyrolysis and hydropyrolysis. As is clear from the table, the process of the present
invention differs significantly from the state of the art, and employs a much lower partial pressure of hydrogen to remove much more
oxygen from the finished liquid hydrocarbon product. Results from two experimental demonstrations of the process of the present
iInvention are presented. These are referred to as Case 1 and Case 2. The same feedstock (wood) was used in both cases. The
experiments in both cases were carried out at the same hydrogen partial pressure of 325 psig (23 bar absolute). Catalyst particles
consisting of a nickel-impregnated porous alumina material were used in Case 1 (Catalyst A). Catalyst particles consisting of a porous
alumina support, impregnated with a sulfided cobalt-molybdenum material were used in Case 2 (Catalyst B). The fluidized bed in Case
1 was kept at a slightly different temperature than in Case 2.

[0117] Further information is presented in Figure 4 which presents a graph that relates oxygen content in liquid hydrocarbon products
to the partial pressure of hydrogen used during processing. As is clear from the plot, processes described by the present state of the
art are able to produce hydrocarbon products with low oxygen content only if very high partial pressures of hydrogen are utilized during
processing. The hydrogen partial pressure of 325 psig (23 bar absolute) applied during processing of biomass in Cases 1, and 2 would
be expected to yield a liquid product containing approximately 22% oxygen, by mass. Instead, the process of the present invention, as
demonstrated in Cases 1, and 2, produced significant yields of liquid hydrocarbon products with oxygen contents lower than 4% by
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Patentkrav

1. Fremgangsmade til hydropyrolyse omfattende:

10

15
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30

a. indfgring af et oxygeneret organisk tilfgrselsmateriale omfattende faste
partikler af biomasse i fluidiseret leje-reaktoren, hvor naevnte
tilfgrselsmateriale hurtigt opvarmes fra omgivelsestemperatur til
temperaturen af det fluidiserede leje, gennemgar hurtig termisk
nedbrydning til produktdampe og et blgdt faststofmateriale bestaende af
kul, og derved afgasses;

og hvorved dette kul hurtigt nedslides af katalysatorpartikler i fluidiseret
leje-reaktoren, hvilke er betydeligt stgrre end kulpartiklerne, indtil kullet er
tilstraekkeligt reduceret i stgrrelse saledes at dets terminale hastighed er
lavere end den opadgaende hastighed af den fluidiserede gas og

produktdampene;

b. indfgring af en strgm af fluidiserende gas omfattende hovedsageligt
molekylaert hydrogen i fluidiseret leje-reaktoren, for at skabe betingelser
under hvilke hurtig blanding og varmeoverfgrsel sker igennem det
fluidiserede leje, mens de nedslidte partikler af kul virker som et
mikroskala-smgremiddel, og reducerer nedslidning af katalysatorpartikler |
det fluidiserede leje, og fluidiserer lejet til et punkt, hvor dets tilstand er

konsistent med det af et boblende fluidiseret leje;

c. opretholdelse af et dybt leje af faste katalysatorpartikler, dybden af
hvilken er stgrre end 2 reaktordiametre, i en tilstand af kraftig bevaegelse,
for at fremme reakioner som resulterer i deoxygenering og kemisk
stabilisering af dampe, produceret nar tilfgrselsmaterialet afgasses,

hvor faste partikler af biomasse omfatter tilforselsmaterialet, og hvor
partikelstgrrelsen af katalysatorpartiklerne i det fluidiserede leje er
betydeligt stgrre end stgrrelsen af fast partikel af biomassetilfgrsien i den

stgrste dimension;

d. fjernelse af faste rester, som er tilbage efter afgasning og hydropyrolyse
af tilfgrselsmaterialet, fra fluidiseret leje-reaktoren via medrivning |
strommen af fluidiserende gas og produktdampe der forlader fluidiseret

leje-reaktoren;
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e. fjernelse af nedslidt kul, som er afsleemmet og fgrt ud af fluidiseret leje-
reaktoren via medrivning i strommen af fluidiserende gas og produktdampe
der forlader fluidiseret leje-reaktoren mens de relativt store og tunge

katalysatorpartikler forbliver tilbage i lejet;

f. udskillelse af de faste rester, medrevet i strammen af fluidiserende gas
og produktdampe der forlader fluidiseret leje-reaktoren, fra strammen af

fluidiserende gas og produktdampe der forlader fluidiseret leje-reaktoren;

g. udvinding af en produktstrom af karbonhydriddampe omfattende
karbonhydridarter med kogepunkter ved atmosfaerisk tryk, som stemmer
overens med de af mindst en af benzin, petroleum og dieselbraendstof, fra

hydropyrolyseprocessen som kondenseret vaeske;

h. frigivelse af tilstraekkelig eksoterm varme fra
deoxygeneringsreaktionerne, som forekommer under hydropyrolyse af
tilfgrselsmaterialet til at forsyne procesvarme kraevet af endoterme
processer, som forekommer under hydropyrolyse af tilfgrselsmaterialet,
hvilket inkluderer kemiske reaktioner, opvarmning af tilfgrselsmateriale, og

fordampning af vaesker,

kendetegnet ved, at slugging i det fluidiserede leje styres via anvendelsen af
udstyr der inkorporerer laterale blokeringer, forhindringer eller indsnaevringer, en
akse eller midterlinje af udstyret krydser en midterlinje af fluidiseret leje-
reaktoren,

hvor blokeringerne, forhindringerne eller indsnaevringerne, er installerede |
vertikale positioner langs fluidiseret leje-reaktoren der er adskilt fra hinanden med

en til to reaktordiametre.

2. Fremgangsmaden ifglge krav 1, hvor den udvundne strgm af kondenseret
vaaske indeholder mindre end 4 masseprocent af oxygen.

3. Fremgangsmaden ifglge krav 1, hvor de faste katalysatorpartikler er

nedslidningsresistente.

4. Fremgangsmaden ifglge krav 1, hvor forholdet mellem en volumetrisk

tilfgrselshastighed af faste tilfgrselsmaterialepartikler og en volumen af fluidiseret
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leje-reaktoren er saledes at volumen time-rumhastigheden (VHSV) af reaktoren er

mellem 1 og 40.

5. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet ikke indeholder vand.

6. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet kun er delvist

afvandet, og indeholder noget vand.

7. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter faste

partikler af en oxygeneret polymer, sasom polyethylenterephthalat.

8. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter et helt eller
delvist afvandet biomassetilfgrselsmateriale, som har et hgit lipidindhold, sasom

alger med hgjt lipidindhold.

9. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter organisk
materiale af akvatisk oprindelse, sasom fisk, dele af fisk og affald fra

fiskebearbejdning.

10. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter materialer
fremstillede eller pa anden made opnaet fra biomasse, sasom papirprodukter og

rester udskilt som affaldsstramme fra papirmaller.

11. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter organisk

materiale af animalsk oprindelse, sasom indvolde, fedt, fedtstoffer, og vaev.

12. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter organisk

affaldsmateriale af animalsk oprindelse, sasom ggdning eller kloakslam.

13. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet indfgres i reaktoren
som en strgm omfattende faste partikler medrevet i en hurtigt bevaegende

transportgasstrgm, og hvor transporten af tilfgrselsmateriale ind i det fluidiserede
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leje opnas primaert via virkningen af transportgassen pa faste partikler af

tilfgrselsmateriale.

14. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter en

5 opslaamning af faste partikler, suspenderet i en baerervaeske der fordamper, nar

denne indfgres i reaktoren.

15. Fremgangsmaden ifglge krav 1, hvor tilfgrselsmaterialet omfatter en
oxygeneret organisk vaeske, som underkastes hydropyrolyse i

10 hydropyrolyseprocessen.

16. Fremgangsmaden ifglge krav 1, hvor blokeringerne, forhindringerne eller
indsnaavringerne, er udstyret med mindst en af temperaturdetektionsorgan og
organ med hvilket varme kan fjernes fra eller tilsaettes til det fluidiserede leje, pa

15 sadan en made at temperaturen af det fluidiserede leje omkring blokeringerne,

forhindringerne eller indsnaevringerne kan overvages og/eller reguleres.

17. Fremgangsmaden ifglge krav 1, hvor orienteringerne af blokeringerne,
forhindringerne eller indsnaevringerne, varieres, nar set fra en top af reaktoren,

20 saledes at en enkelt, aben passage, der Igber laengden af reaktoren for en afstand

pa mere end to reaktordiametre, ikke er til stede.

18. Fremgangsmaden ifglge krav 1, hvor udstyret er mindst delvist konstrueret af
et hardt keramisk eller glaskeramisk materiale.
25

19. Fremgangsmaden ifglge krav 1, hvor udstyret er mindst delvist belagt med en
af en meget slidfast belaegning og et hardt keramisk eller glaskeramisk materiale.

20. Fremgangsmaden ifglge krav 1, hvor overfladerne af udstyret er katalytisk

30 aktive, og fremmer hydropyrolysereaktioner.
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21. Fremgangsmaden ifglge krav 1, hvor udstyret omfatter en indsats med en
centralt placeret stgtte, der Igber langs den centrale akse af fluidiseret leje-
reaktoren, hvortil blokeringerne, forhindringerne eller indsnaevringerne, er

fastgjort.

22. Fremgangsmaden ifglge krav 1, hvor udstyret omfatter en indsats med en
periferisk stgtte, anbragt omkring omkredsen af fluidiseret leje-reaktoren, hvortil

blokeringerne, forhindringerne eller indsnavringerne, er fastgjort.

23. Fremgangsmaden ifglge krav 1, hvor udstyret omfatter en indsats med en
periferisk stgtte, anbragt omkring omkredsen af fluidiseret leje-reaktoren, med
gasveje tilgeengelige til at forbinde med placeringer hvortil porgse blokeringer,

forhindringer eller indsnaevringer er fastgjort.

24. Fremgangsmaden ifglge krav 1, hvor udstyret omfatter blokeringer,
forhindringer eller indsnaevringer der er direkte fastgjort til, stgttet af, og |

forbindelse med vaeggen af fluidiseret leje-reaktoren.

25. Fremgangsmaden ifglge krav 1, hvor modifikationer der styrer slugging i
fluidiseret leje-reaktoren inkorporerer indvendige varmevekslende strgmningsveje
forbundet til ekstern rgrfgring der er isoleret fra det indvendige miljg i reaktoren

igennem hvilke vaesker og gasser kan fgres for at ekstrahere varme fra reaktoren.
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Liquid Product Oxygen Content vs Hydrogen Pressure

Partial Pressure of Hydrogen Applied during Conversion
of Oxygenated Organic Feedstock

& Mohan, et al. (1)

¢ Meier et al. (2)

¢ Meier and Faix (3)
¢ Rocha, et al. (4)

o Case 1

® Cose 2

3 40— e
S; 35? - - — e
§~ P N , |
= 2B+ S —
- <
% 20 T
S Ih+eee— ' e
% 10 o | <&
kR
. 0
2 obo— [
= 0 50 100 150 200 250

DK/EP 3190165 T3



	Page 1 - ABSTRACT/BIBLIOGRAPHY
	Page 2 - ABSTRACT/BIBLIOGRAPHY
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - CLAIMS
	Page 22 - CLAIMS
	Page 23 - CLAIMS
	Page 24 - CLAIMS
	Page 25 - CLAIMS
	Page 26 - DRAWINGS
	Page 27 - DRAWINGS
	Page 28 - DRAWINGS

