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(57) Abstract: The present invention provides a system and method for producing hydrocarbons from biomass. The method 1s
particularly usetul for producing substitute natural gas from forestry residues. Certain disclosed embodiments convert a biomass
feedstock mto a product hydrocarbon by fast pyrolysis, and conversion of the resulting pyrolysis gas to the product hydrocarbon
and carbon dioxide in the presence of hydrogen and steam while simultancously generating the required hydrogen by reaction

with steam under prescribed conditions for self-suf

1ciency of hydrogen. Methane i1s a preferred hydrocarbon product. A system

also 1s disclosed for cycling the catalyst between steam reforming, methanation and regeneration zones.
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METHOD AND SYSTEM FOR BIOMASS HYDROGASIFICATION

CROSS REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application No.

01/262,481, filed 18 November, 2009, which is incorporated herein by reference.

FIELD
The method of the invention applies to hydropyrolysis or hydrogasification
of carbonaceous feedstocks, particularly of biomass, and more particularly of

tforestry residues, to generate higher value synthetic fuels, in particular methane.

BACKGROUND

Thermochemical conversion of biomass such as sawmill wood wastes,
forestry residues and agricultural wastes into synthetic fuels is an important
emerging avenue for advancement of renewable energy sources to supplement or
replace fossils fuels. While air blown gasification is used for generation of lower
heating value fuel gas, several variants of oxygen or steam gasification can be used
for production of syngas containing minimal nitrogen. Syngas is a gas mixture
containing mostly hydrogen and carbon monoxide, and is a versatile feedstock for
further chemical processing into a wide range of useful fuels and chemical
compounds. -Syngas can be catalytically converted into methane, Fischer-Tropsch

liquid fuels, methanol, dimethyl ether, or hydrogen. The methanation reaction of
syngas to generate methane and byproduct water vapour is typically conducted over

nickel catalysts at temperatures in the range of about 300° C to about 400° C, and

preferably at elevated pressure.

Methane 1s readily marketed and delivered through existing natural gas
distribution infrastructure as substitute natural gas (SNG) for numerous end uses
including space heating and electrical power generation. Methane has considerably
higher energy density than hydrogen, and can be converted into syngas or hydrogen
by catalytic steam reforming. Modern combined cycle power plants are

conveniently fueled by natural gas. Methane is also a particularly advantageous fuel
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for future high temperature fuel cell power plants using highly endothermic internal
steam reforming of natural gas to recover high grade heat generated by the fuel cell
stack.
The reaction of steam with biomass to generate syngas 1s highly

5  endothermic, hence must be conducted with direct or indirect heating by partial
oxidation with air or oxygen. This reaction is typically conducted at much higher
temperature than the subsequent exothermic methanation reaction. The temperature
mismatch between higher temperature gasification and much lower temperature
methanation reactions is detrimental to method efficiency. .

10 An oxygen blown entrained flow gasifier may typically operate at about
1300 C to 1500° C, at which temperatures methane and higher hydrocarbons are all
nearly entirely converted to syngas. This has the important advantage of almost
completely eliminating tar constituents, but the disadvantage for SNG production
that all of the product methane must be generated by the exothermic methanation of

15 syngas at much lower temperature than the gasification temperature. The heat of
methanation is thus released at much lower temperature than gasifier temperatures,
resulting in some loss of thermal efficiency.

Indirect steam gasifiers (such as the US Battelle/Ferco system, the Austrian
fast internally circulating fluidized bed (FICFB) system, and the Dutch “Milena”

20 system) operate at about 850° C. These systems use twin bed configurations, in
which fluidized granular heat transfer media is circulated between a gasification
zone in which steam reacts with the biomass to produce syngas and char, and a
regeneration zone in which the char is combusted to reheat the media. The product
syngas contains a significant admixture of methane generated within the gasifier.

25  While downstream processing is required to convert or remove tar constituents, an
important advantage for SNG production is that only about 55% to 60% of the final
product methane must be generated by downstream methanation of syngas, since a
usetul fraction of the methane was already produced with the syngas.

Hydrogasitication has previously been investigated for gasification of

30  biomass. The key reaction is hydrogenation of carbon or carbon oxides to form

methane, whose exothermicity is a great advantage compared to other gasification
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approaches. As hydrogen is a premium fuel, its consumption in large amounts has
presented the appearance of a major economic barrier.

The endothermic nature of the syngas formation reaction from the reaction of
biomass pyrolysis gas and steam requires enthalpy heat to be added (typically by
partial combustion with added oxygen). Temperatures well in excess of 650°C are
typically required to reduce tars to reasonable levels.

The gas composition produced in biomass gasification approaches a complex
equilibrium established between CO, CO,, H,, H,O and CH,4 which is a function of
temperature, pressure and overall gas composition. Reforming reactions producing
syngas increasingly dominate the equilibrium at temperatures above 650°C at the
expense of hydrocarbons, CO, and water.

The use of catalysts, such as the use of olivine, dolomite or nickel coated
media in fluidized beds, to enhance the rate of syngas formation is well known.
These catalysts allow a faster reaction towards syngas equilibrium favoured under
the method conditions. Catalysts have also been used in a secondary bed in series
with the gasifier for the reduction of tars contained in the syngas or producer gas.

There 1s a need to provide more efficient internally self-sustaining generation
ot the hydrogen needed for hydrogasification, which otherwise is an extremely
attractive approach for conversion of biomass and other Carbonaceous feedstocks

into methane and other high value synthetic fuels.

SUMMARY

Embodiments of the present method concern converting a biomass feedstock

into a product hydrocarbon by:

a. subjecting the feedstock to fast pyrolysis with rapid pyrolytic heating in
the substantial absence of oxygen in order to generate fractions of
pyrolysis gas and char;

b. catalytically converting at least a portion of the pyrolysis gas to the

product hydrocarbon and carbon dioxide in the presence of hydrogen and

steam;
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c. generating at least a portion of the hydrogen by reaction between steam
and a portion of the pyrolysis gas or the hydrocarbon;
d. separating the carbon dioxide; and

¢. separating recycle hydrogen from the hydrocarbon product.

The fast pyrolysis step may be performed with externally heated heat transfer
media, e.g. circulating through a pressurized augef reactor, and preferably as
hydropyrolysis in a hydrogen atmosphere. The heat transfer media may include
circulating magnetite pellets which are readily separable from char according to
density and magnetic properties. Some impurities such as alkalis, other metals,
sulphur, and chloride will be partially entrained by the char. While very fast
pyrolysis will minimize char production, slower pyrolysis may also be considered
for coproduction of charcoal or biochar with lower yield of methane and any other
desirable hydrocarbon products.

Other disclosed embodiments provide a cyclic catalytic method for
converting a biomass feedstock into a product hydrocarbon, in which a catalyst is
exposed to a range of temperatures between a higher temperature and a lower
temperature, and the catalyst is cyclically subjected to the following sequential
steps:

a. an endothermic steam reforming step starting from a higher temperature

and ending at a lower temperature;

b. an exothermic methanation step starting from about the lower

temperature; and

c. an oxidative regeneration step ending at about the higher temperature.

The higher temperature may be in the range of from about 600° C to about

900° C, while the lower temperature may be in the range of from about 400° C to
about 600° C. '

The catalytic conversion step includes catalytic hydrogasification, such as
steam hydrogasification. Hydroconversion, hydrodeoxygenation, and hydrocracking
reactions will take place. The net reaction will be exothermic. This step may be

conducted 1n any suitable reactor configuration, including without limitation, the
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following reactor configurations, so that the catalyst will cycle between reaction
zones for the steam reforming, methanation and oxidative regeneration steps:
a) moving bed with granular catalyst;
b) fixed bed with granular packing or monolithic catalyst, and rotary or
S directional valve logic for cyclically switching beds between reaction and
regeneration steps;

¢c) bubbling or circulating fluidized bed.

Hydrogasification requires a source of hydrogen, either externally supplied
or internally generated. One aspect of the disclosed embodiments is that steam

10 addition, plus moisture contained in feed biomass, provides sufficient steam for

internal self-sustaining generation of hydrogen required for the hydrogasification
reaction converting biomass feedstock into methane.

Disclosed embodiments of the present method may be realized by any of the
following operating modes:

15 1. Selt-sustaining recycle of H; generated within catalytic stage with sufficient H,
excess to overcome incomplete recovery in downstream gas separation of recycle
H,. Methane yield 1s approximately 50% of carbon after char production,
balance primarily to CO, with preferred use of water gas shift reaction to
consume most CO.

20 2. Supplemental hydrogen may proVided from any combination of (a) an external
source of hydrogen rich gas, or (b) oxygen or steam gasification of char and/or
oftgas from the process, or (¢) steam methane reforming of a portion of the
methane product. Supplemental hydrogen may alternatively be provided as
electrolytic hydrogen preferably generated by a renewable energy source such as

25 wind energy, together with electrolytic oxygen which may be used for

combustion of char generated in the process to produce concentrated CO», or for
oxygen gasification of the char so as produce syngas and further supplemental
hydrogen.

3. One preferred embodiment includes methanation, regeneration and reforming

30 steps. Higher temperature, high steam concentration and low hydrogen
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concentration drive the reforming reaction forward. Lower temperature, low
steam concentration and high hydrogen concentration drive the methanation
reaction forward. Reforming and methanation may take place in each of the
reforming and methanation steps, with the equilibrium balance retlecting not
only bed temperature but also the steam/hydrogen ratio over the catalyst. The
catalyst beds are cooled by reforming, heated by methanation and strongly
heated to the maximum method témperature by regeneration. The reforming
step follows the regeneration step to take advantage of sensible heat in the bed,
then the methanation step follows after the catalyst bed has been cooled by the
reforming step, and then the next regeneration step takes place to finish reheating
the bed up to its cyclic maximum temperature. Such embodiments are an
inventive extension of the known principle of cyclic reforming, in which
sensible heat for repeated reforming steps is provided by alternatingly repeated
regeneration steps, with the present inventive method also including methanation
steps following reformingsteps and preceding regeneration steps.

4. High methane yield in hydrogasification, however up to half of that methane may

be consumed downstream to generate recycle hydrogen and CO,.

With larger steam supply, higher temperature and/or lower operating
pressure, the method may generate excess syngas or hydrogen so that coproduction
of methane and hydrogen/syngas may be contemplated. Coproduction of methane
and higher hydrocarbon fuel commodities is also attractive.

Ceftain disclosed embodiments also include cleaning steps to remove
catalyst poisons (alkalis, other metals, phosphorus, sulfur, chloride, etc.) and tars.
Hot or cold clean-up alternatives may be used. Hot clean-up steps include sorbents
(e.g. ZnO to remove sulphur), and catalytic tar cracking followed by cool-down in
cyclic thermal regenerator loaded with layers of fine filtration metal matrix, porous
ceramic, catalyst and adsorbent. Regeneration can be achieved by burning off tar
and coke deposits, then air flush to cool the filtration matrix and provide hot air for
front end feed dryer. Cold clean-up can be achieved by higher temperature oil

quench and wash, followed by lower temperature water quench and wash.

-6 -
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Disclosed embodiments include gas separation steps for removing CO,, tor
recovering a hydrogen-enriched recycle stream for the hydrogasification step, and
for purifying the product methane. Preferred gas separation alternatives include
carbonation of CaO or pressure swing adsorption (PSA) for CO, removal, and PSA

5  or polymeric membranes for separation of H, from CHy.

The foregoing and other objects, features, and advantages of the invention

will become more apparent from the following detailed desCription, which proceeds

with reference to the accompanying figures.

10 BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic diagram of one embodiment of a system according to
the invention.
FIG. 2 shows an embodiment with steam reforming of a portion of the initial
methane product to generate hydrogen for the hydrogasification reaction.
15 F1G. 3 shows an embodiment in which the hydrogasification reactor includes
zones for methanation, steam reforming and catalyst regeneration.
FIGS. 4 and 5 show a rotary embodiment of the catalytic hydrogasification

reactor.

20 DETAILED DESCRIPTION
FIG. 1 shows a simplified schematic of a system 1 according to the
invention. Systefn 1 includes a feed preparation section 2, a feed pressurization
section 3, a pyrolysis reactor 4, a solids separation section 5, a catalyst poison
removal section 6, a catalytic hydrogaSiﬁcation reactor 7, a carbon dioxide removal
25  section 8 and a methane upgrading section 9.
Feed preparation section 2 includes steps of sizing and drying as necessary.

Feed pressurization section 3 includes a lock hopper system or a pressure feeder
device to introduce the feed biomass into the pyrolysis and gasification method at a
working pressure of preferably about 5 bara to about 100 bara, and more preferably

30  about 10 bara to about 20 bara.
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Pyrolysis reactor 4 prbvides rapid heating of the biomass particles to a
pyrolysis temperature in the range from about 300° C to about 500° C, in order to
decompose the biomass into pyrolysis gas (including light hydrocarbons, some
syngas, and tar vapours) and char. Heating may be achieved by mixing the biomass

5  particles with a granular heat transter media in a mechanical or fluidized bed

contacting system. Various mechanisms are well known for fast pyrolysis reactors
(e.g. auger reactors and circulating fluidized beds), and may be used in a mechanical
contacting system in reactor 4. The granular heat transfer media should have high
heat capacity, thermal conductivity and attrition resistance. Olivine sand 1S

10 recognized as having excellent properties as heat transfer media in biomass
gasification, including moderate catalytic properties for reforming tar constituents.
Magnetite may also be usetul as heat transfer media, with the potential advantage of
downstream magnetic separation between the heat transfer media and char.

The heat exchange media 1s circulated between reactor 4 and a media heater

15 10, with pyrolytic char being discharged from reactor 4 with spent heat exchange
media returning to the media heater 10. Combustion of char in media heater 10 may
conveniently provide heat required for heating the feed biomass to reaction
temperature and for the endothermic pyrolysis and initial gasification reactions. Ash
1s discharged from media heater 10.

20 As also shown in FIG. 2, a portion of the char exiting reactor 4 may be
separated from the heat exchange media by char separator 15 as the feedstock for an

auxiliary oxygen or steam gasification method to generate syngas, and after water
gas shift and CO, removal from the syngas, supplemental hydrogen for the

subsequent hydrogasification reaction.

25 Alternatively a portion of the char exiting reactor 4 may be separated by char
separator 15 and diverted to other external uses, including sale of charcoal as a solid
tuel, or as a “bio-char” soil amendment for agriculture or forestry uses with an
important purpose of carbon sequestration in the soil. Ash may also be a useful
byproduct for soil enhancement and recycle of nutrients for overall sustainability of

30  biomass cultivation, harvesting and utilization.
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Solids are removed from the effluent pyrolysis gas exiting pyrolysis reactor 4
by a solids removal section 5 including one or multiple cyclones, and optionally also
high temperature filters such as metallic or ceramic candle filters. A catalyst poison
removal section 6 (including a desulfurization reactor using zinc oxide for H,S
removal, and optionally including other sorbent beds for removal of chlorides and/or
alkalis) may be included here for protection of downstream catalysts.

The pyrolysis gas is introduced to catalytic hydrogasification reactor 7,
together with hydrogen (or hydrogen-rich gas) and optionally also with
supplemental steam in the feed to reactor 7. Hydrogen reactively deoxygenates the
pyrolysis gas components to generate methane and other light hydrocarbons.
Hydrogen and steam act to crack larger molecules, and to inhibit coking. If the
pressurized hydrogasification reaction is operated with a large excess of hydrogen,
the reactor effluent will contain CH4 and H,O with minimal concentrations of CO
and COa.

I the pressurized hydrogasification reaction is operated with relatively less
hydrogen and relatively more steam, method conditions can be selected according to
the method of the present invention so that the reactor effluent will contain roughly
equal amounts of CH4 and CO, with a much lower and less costly requirement for
H» supply to reactor 7. In this operating mode, the hydrogasification method is self-
sufficient for its own hydrogen needs.

The hydrogen supply for hydrogasification will be obtained in part by
recycle from downstream gas separation units, particularly from the separation of
methane and hydrogen in methane upgrading section 9. Hydrogen may also be
provided by steam reforming a portion (up to approximately half) of the produced
methane, as shown in the embodiment of FIG. 2.

The hydrogen supply to hydrogasification reactor 7 may be introduced
directly to that reactor by conduit 21, or may be introduced upstream to pyrolysis
reactor 4 by conduit 22, or may be introduced in divided streams to both reactors 4
and 7. While it is necessary that the recycle stream be processed to remove at least a
portion of CO; so that the recycle stream is enriched in hydrogen and at least

partially deoxygenated, it is not necessary that the entire recycle be purified
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hydrogen. Hence, a recycle stream may also be provided from the CO; removal step
in carbon dioxide removal section 8, with delivery to hydrogasification reactor 7 or
to reactor 4 as shown by optional conduits 23 and 24 shown as dashed lines 1n FIG.
1.

Supplemental hydrogen may alternatively be supplied to reactor 4 and/or
reactor 7 from an external source 20, for example from hydrogen-rich offgas from
ethylene production, methanol synthesis, or chlor-alkali plants. External source 20
could also be an electrolytic hydrogen generator, powered by a renewable energy
source such as wind turbine or solar photovoltaic power plants.

Steam 1s optionally provided to hydrogasification reactor 7 from a steam
generator 25 with heat exchange from product gas clean-up scrubbers 26 and 27
respectively upstream and downstream of carbon dioxide removal section 8. Steam
generator 25 may also be heated with excess heat from combustion of char in media
heater 10, and with water preheat from heat exchange to capture waste heat from gas
and materials streams exiting the method. Feed water for steam generator 25 may be
recovered from the raw product gas in carbon dioxide removal section 8 or product
gas clean-up scrubber 27. A portion of method water demand will also be provided
by residual humidity of the feed biomass.

In some embodiments, the carbon dioxide removal section 8 1s operated at
near ambient temperature, and uses a physical solvent such as liquid water to
remove CO, from the product gas stream. Product methane upgrading section 9
may use pressure swing adsorption or a multistage membrane gas separation system
to achieve desired final product methane purity, with hydrogen and other gas
components recycled to the hydrogasification method.

In an important aspect of the present invention as mentioned above, self-
sufficiency in hydrogen generation can be achieved by a hydrogasification reactor
which 1s co-fed with steam. It has been discovered in the present invention that self-
sutficient hydrogen generation in steam hydrogasification (without hydrogen supply
from an external source or from steam reforming a portion of the produced methane

as 1llustrated in the embodiment of FIG. 2) can be achieved in a substantially non-

- 10 -
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coking regime subject to the following general correlation between operating

pressure “P” (bara) and temperature “T” (* C) in the hydrogasification reactor:
logio(P)=A(T-T,) (equation # 1)
where the empirical parameter “A” 1s in the approximate range
0.05 <A <0.10,
10 and preferably A = 0.06 approximately; while “T,* is in the approximate range
400° < T, < 600°,

and preferably T, = 540° approximately for the example of an equimolar feed of 1.5

15  molecules H; and 1.5 molecules H,O per atom of carbon in the feed woody biomass
and including water contained in that biomass after the feed preparation step.

Lower T, 1n equation # 1 corresponds to relatively less hydrogen and
relatively more steam in the feed to the hydrogasification reactor, and increases the
recommended P for given T. Higher T, corresponds to relatively more hydrogen

20  and relatively less steam in the feed to the hydrogasification reactor, and reduces the
recommended P for given T, while also making the separation of recycle hydrogen
from the product methane more difficult not only because of lower total pressure but
also because of a lower ratio of methane to hydrogen in the feed to the methane
upgrading section 9.

25 Equation # 1 1s applicable to steam hydrogasification of woody biomass
under the range of operating temperatures from 4000 C to 1000° C, and operating
total pressures from 1 bara to 100 bara. Catalysts may not be required for
hydrogasification temperatures above 800° C, but are required for the lower
temperatures.

30 It was assumed in the derivation of equation # 1 that about 21% of the feed

biomass carbon is rejected as char in the pyrolysis step, that no supplemental source

-]17 -
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of hydrogen 1s provided to the hydrogasification reactor except that generated within
that reactor and recycled from the methane upgrading section doWnstream, and that
the purified product methane will contain not more than about 1% hydrogen.

FIG. 2 shows an embodiment 30 in which the hydrogasification reactor 7 is
operated with excess hydrogen gas (e.g. up to about 3 or more molecules of
hydrogen per atom of carbon in the feed woody biomass or other feedstocks, to
avold coking and to drive the methanation reaction) so that nearly all of the carbon
in the feed pyrolysis gas is converted into methane, and up to approximately half of
that methane is subsequently used to generate the make-up hydrogen by
conventional steam methane reforming.

Methane-rich product gas from hydrogasification reactor 7 is cooled by
quenching 1n product gas clean-up scrubber 26 which may use a paraffinic oil as
solvent to remove tar constituents. At least about half of the cleaned product gas is
admitted to the methane upgrading section 9 which includes a gas separation system
for separating hydrogen and other gas components from the product methane. The
remainder of the cleaned product gas is introduced with steam from steam generator
25 as feed gas to a catalytic steam reformer 32. The water feed to steam generator
25 may be recovered from condensate from product gas clean-up section 27 as
shown in FIG. 1.

Steam reformer 32 typically reacts its feed gas with steam over a nickel
catalyst operating at about 850 C in high alloy tubes within a furnace 33, which is
fueled by combustion of any convenient fuel such as a portion of the pyrolysis gas or
char from pyrolysis reactor 4. After heat recovery from the combustion flue gas
from turnace 33 to the steam reformer and for steam generation, the flue gas is
vented from stack 34. Syngas generated by the steam reformer 32 is passed for
hydrogen enrichment by conversion of CO through a water gas shift reactor 35 with
further heat recovery for steam generation, for preheating reactants entering
reformer 32 or pyrolysis reactor 4, or for drying biomass in the feed preparation
section 2. The hydrogen enriched syngas is then passed through a carbon dioxide
removal section 36, and is then recycled by conduit 21 to hydrogasification reactor 7

and/or pyrolysis reactor 4.

- 12 -
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FIG. 3 shows an embodiment 40 in which the hydrogasification reactor /
includes a methanation zone 41, a steam reforming zone 42 and a catalyst
regeneration zone 43. Pyrolysis gas is introduced as feed to both the methanation
zone 41 and the steam reforming zone 42.

5 The feed to the methanation zone 41 includes pyrolysis gas, plus hydrogen-
rich gas generated by the steam reforming zone after CO, removal (optionally
preceded by water gas shift reaction), and hydrogen-rich gas recycled from the
methane upgrading section 9. The feed to the steain reforming zone 42 includes

pyrolysis gas plus steam from the steam generator 25.

’

10 The feed to the catalyst regeneration zone 43 may be steam plus a small
amount of air or oxygen from an optional auxiliary oxygen concentrator 44, or steam
from steam generator 25 which has been superheated by a superheater 45. After
heat recovery from the high temperature gas exiting catalyst regeneration zone 43,
that gas may be vented if its fuel value has been consumed by oxidation, or

15  alternatively blended with the product gas from steam reforming zone 42 in order to
recover syngas generated by gasification of coke deposits during catalyst
regeneration by superheated steam.

An ejector 46 1s provided to energize and mix flow of the hydrogen-rich gas
generated by the steam reforming zone 42 into the feed to the methanation zone 41.

20 In addition to the CO, removal unit 8 downstream of the methanator zone 41,
another CO; removal unit 48 1s provided downstream of steam reforming zone 42.
The CO, removal units 8 and 48 may desirably include water gas shift reactor
tunctionality. According to whether the CO, removal steps are conducted at
elevated or near-ambient temperature, a heat recovery unit 49 will be installed

25  respectively either downstream of CO, removal unit 8 or upstream of both CO,
removal units 8 and 48 as shown in FIG. 3, with heat from heat recovery unit 49
delivered to steam generator 25. .

A preterred technique for water gas shift reaction directly integrated with
elevated temperature CO; removal is sorption enhanced reaction using alkali-

30 'prornoted hydrotalcite adsorbents which are effective for CO, separation in the
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temperature range of about 400° C to about 500° C. Regeneration may be achieved

by thermal swing or pressure swing.

It 1s contemplated that the catalyst will be cyclically switched between the

- exothermic and desirably lower temperature methanation step in zone 41, the

endothermic and desirably higher temperature reforming step in zone 42, and the
highest temperature heating step in regeneration zone 43. The catalyst would move
in sequence from maximum temperature zone 43 to be cooled in zone 42, and then
mildly reheated in zone 41.

Higher temperature, high steam concentration and low hydrogen
concentration drive the reforming reaction forward. Lower temperature, low steam
concentration and high hydrogen concentration drive the methanation reaction
forward. Reforming and methanation reactions may take place in each of zones 41
and 42, with the equilibrium balance driven not only by bed temperature but also by
the steam/hydrogen ratio so that the methanation reaction predominates in zone 41
to achieve the methanation step of the method while the reforming reaction
predominates in zone 42 to achieve the reforming step of the method. The
respective zones of the hydrogasification reactor 7 are cooled in the reforming step,
heated in the methanation step, and strongly heated to the maximum method
temperature 1n the regeneration step of the method. The reforming step starts
immediately after the regeneration step to take advantage of sensible heat in the
catalyst, then the methanation step is conducted after the reforming step has cooled

the catalyst, and then the next regeneration step is performed to finish reheating the

catalyst.

' This switching logic could be achieved by moving granular catalyst beds in
fixed vessels, by circulating fluidized beds in fixed vessels, or in preferred
embodiments by rotary monolith beds. Sorption enhanced water gas shift reactors
may also be realized in rotary monolith architectures providing the valve switching
function required for implementation of pressure or thermal swing adsorption cycles.

FI1GS. 4 and 5 show a rotary embodiment of the catalytic hydrogasification

reactor 7. Catalyst (and/or a high temperature adsorbent such as potassium or

cestum promoted hydrotalcite) is supported on a high surface area parallel passage
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structure such as a ceramic or metallic honeycomb monolith, laminated support
sheets separated by spacers, or a spiral roll-up laminate structure in each of a
plurality of fixed beds mounted in a rotor 60. Spiral roll structures may formed by
winding flat sheets with spacers or a self-supporting mesh or fabric around a central
mandrel. Other suitable support structures may use expanded metal, wire mesh or
solidified foams with interconnecting cavities to form flow channels.

A plurality of fixed beds 62A — 62F are mounted in rotor 60 rotating about
rotary axis 64 between a first rotary valve face 65 and a second rotary valve face 66.
In this example, three beds 62A, 62B and 62C are in the methanation zone 41, one
bed 62D is in the regeneration zone 43, and two beds 62E and 62F are in the
reforming zone 42. Reference numerals for zones 41 — 43 are shown in brackets
after the reference numerals for beds 62A — 62F. The number of beds in each zone
may be adjusted according to the time required to conduct each step with desirable
gas flow rates and temperature adjustment rates.

First rotary valve face 65 engages sealingly with a first valve stator 67, and
second rotary valve face 66 engages sealingly with a second valve stator 68. Fluid
connection ports 75, 76, 77, 78 and 79 are provided in first valve stator face 67,
while fluid connection ports 85, 86, 87, 88 and 89 are provided in second valve
stator face 68. FIG. 5 shows the ports for the first valve stator 67 face, with
bracketed reference numerals for the corresponding ports of the second valve stator
68 face. '

The pyrolysis gas is admitted with hydrogen-rich syngas from reforming
zone 42 and hydrogen-rich recycle gas from methane upgrading section 9 to port 75
communicating to the hydrogasiﬁcati(;n zone 41 1n rotor 60. Raw product methane
gas 1s delivered from port 85 to heat recovery, clean-up and purification steps.

Regeneration gas 1s introduced to port 77 communicating to the regeneration
zone 43 1n rotor 60, while the CO, containing exhaust is discharged from port 87 to
heat recovery and subsequent venting. The regeneration gas may comprise
preheated regeneration air, enriched oxygen, steam containing some enriched

oxygen, or superheated steam. Cocurrent regeneration as shown in FIG. 3 may be
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replaced with countercurrent regeneration by introducing the preheated regeneration
air to port 87, and discharging the exhaust from port 77.
Pyrolysis gas together with steam is admitted to port 79 communicating to
the reforming zone 42 in rotor 60 while the resulting syngas is delivered from port
5 89 for heat recovery, CO, removal and delivery to port 75.
Intermediate ports 76 and 78 in the first stator, and intermediate ports 86 and
88 in the second stator, are optionally pfovided to enable buffer purge steps with
steam or other inert gas between the regeneration step and respectively
hydrogasification or methanation steps, so as to avoid hazardous direct contact of
10  undiluted air with high concentration fuel gas. The intermediate ports may also be
used for pressure equalization steps between the hydrogasification and reforming
steps performed at elevated pressure, and the regeneration step if regeneration 1s
performed at lower pressure or substantially atmospheric pressure. Pressure
equalization steps would also be useful if beds 62 contain an adsorbent such as
15  hydrotalcite, so that a pressure swing adsorption cycle is performed to remove CO,
at elevated temperature while shifting the water gas shift reaction for high
conversion of CO and steam into H, and CO,.
A membrane gas separation system may be advantageously used for
purification of product methane and separation of hydrogen-rich gas for recycle to
20  hydrogasification. The polymeric membrane will selectively permeate hydro gen,
carbon monoxide, carbon dioxide and water vapour relative to methane. In order to
obtain product methane containing no more than 1% hydrogen, three membrane
stages may be used in series to progressively concentrate methane with high
recovery and purity in the retentate stream. The feed gas is introduced to the inlet of
25  the first stage, from which the hydrogen-enriched recycle gas will be delivered as
low pressure permeate. The permeate of the second stage will be recompressed to
join the feed at the inlet of the first stage, while the permeate of the third stage will

be recompressed to the inlet of the second stage.
Alternatively, a pressure swing adsorption gas separation system may be

30  used for purification of product methane and separation of hydrogen-rich gas for

recycle to hydrogasification.
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INDUSTRIAL APPLICABILITY

Disclosed embodiments of the method and system are useful for high
efficiency conversion of biomass including forestry residues and sawmill waste 1nto
SNG, either as a fuel commodity or for high efficiency generation of electrigal
power. Forestry residues may be generated by logging, thinning, and wildfire
prevention fuel load reduction activities.

The inventive system may be used at industrial scale limited only by
transportation distances for collection of biomass feedstock, or at smaller scale 1n
rural or remote areas for combined generation of heat, high heating value fuel gas
and electricity. At the smallest scale, the system may be used for residential heating,
methane fuel production and electrical power generation through a solid oxide fuel
cell or other energy converter consuming a portion of the product methane.

In view of the many possible embodiments to which the principles of the
disclosed invention may be applied, it should be recognized that the illustrated
embodiments are only preferred examples of the invention and should not be taken
as limiting the scope of the invention. Rather, the scope of the invention 1s defined
by the following claims. We therefore claim as our invention all that comes within

the scope and spirit of these claims.
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We claim:

1. A method for converting a biomass feedstock into a product hydrocarbon,
comprising;
5 a. subjecting feedstock to fast pyrolysis in substantial absence of
oxygen in order to generate fractions of pyrolysis gas and char;

b. converting at least a portion of the pyrolysis gas to product
hydrocarbon and carbon dioxide over a catalyst in the presence of
hydrogen and steam;

10 c. generating at least a portion of the hydrogen by reaction between
steam and a portion of the pyrolysis gas or the hydrocarbon product;

d. separating carbon dioxide; and

e. separating recycle hydrogen from the hydrocarbon product. |

15 2. The method of claim 1, where generating at least a portion of the hydrogen
comprises generating substantially all of the hydrogen needed for step (b) by

reaction between steam and a portion of the pyrolysis gas.

3. The method of claim 2, further comprising generating at least a portion of the
20 hydrogen at a reaction temperature T (°C), and at a reaction total pressure P

(bara) correlated with the reaction temperature T by the relation

log]()P = A (T - TO)

where T, is in the approximate range of 400° C < T, < 600° C, and empirical

25 parameter A 1s in the approximate range of 0.05 < A <0.10.

4. The method of claim 3 where A is about 0.06 and T, is about 540° C.
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5. The method of claim 1, in which the product hydrocarbon is mainly methane
and converting at least a portion of the pyrolysis gas to product hydrocarbon

and carbon dioxide comprises a methanation step performed over a catalyst.

5 6. The method of claim 5, where generating at least a portion of the hydrogen
comprises a steam reformihg step performed over the same catalyst as in the

methanation step.

7. The method of claim 6, further comprising regenerating the catalyst to

10 remove coke.

8. The method of claim 7, where generating the catalyst comprises contacting

the catalyst with steam or superheated steam.

15 9. The method of claim 7, where regenerating the catalyst comprises an
oxidative regeneration step performed by contacting the catalyst with steam

and air or enriched oxygen.

10. The method of claim 7, further comprises providing the catalyst in any of
20 the following reactor configurations so that the catalyst will cycle between

reaction zones for steam reforming, methanation and regeneration steps:
a. moving bed with granular catalyst;
b. fixed bed with granular packing or monolithic catalyst, and rotary or
directional valve logic for cyclically switching beds between reaction

25 and regeneration steps; and

c. bubbling or circulating fluidized bed.

I'1. A cyclic catalytic method for converting a biomass feedstock into a product

hydrocarbon, in which catalyst is exposed to a range of temperatures
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between a higher temperature and a lower temperature, and the catalyst is
cyclically subjected to the following steps:
a. an endothermic steam reforming step starting from about the higher
temperature and ending at about the lower temperature;
S b. an exothermic methanation step starting from about the lower
temperature; and

c. an oxidative regeneration step ending at about the higher temperature.

12. The method of claim 11, in which the higher temperature is from about 600°
10 C to about 900° C.

13. The method of claim 11, in which the lower temperature is from about 400°

C to about 600° C.

15 14. The method of claim 11, with the catalyst contained in any of the following
reactor configurations so that the catalyst cycles between reaction zones for
steam reforming, methanation and oxidative regeneration steps:

a. moving bed with granular catalyst;
b. tfixed bed with granular packing or monolithic catalyst, and rotary or

20 directional valve logic for cyclically switching beds between reaction

and regeneration steps; and

c. bubbling or circulating fluidized bed.

15. The method of claim 11, in which the biomass feedstock is converted into

25 the product hydrocarbon by:
a. subjecting the feedstock to rapid pyrolytic heating in substantial

absence of oxygen in order to generate fractions of pyrolysis gas and

char;
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b. catalytically converting at least a portion of the pyrolysis gas to the

product hydrocarbon and carbon dioxide in the presence of hydrogen
and steam;

c. generating substantially all of the hydrogen for converting at least a
portion of the pyrolysis gas to the product hydrocarbon and carbon
dioxide by reaction between steam and a portion of the pyrolysis gas
or the hydrocarbon;

d. separating the carbon dioxide; and

€. separating recycle hydrogen from the hydrocarbon product.

16. The method of claim 15, where generating substantially all of the hydrogen
for converting at least a portion of the pyrolysis gas to the product
hydrocarbon and carbon dioxide occurs by reaction between steam and a
portion of the pyrolysis gas of the hydrocarbon occurs at a reaction
temperature T ("C), and at a reaction total pressure P (bara) correlated with

the reaction temperature T by a relation

logloP = A (T — To)

where T, is in the approximate range of 400° C < T, < 600°*, and empirical

parameter A 1s in the approximate range of 0.05 < A <0.10.
17. The method of claim 16 where A is about 0.06 and T, is about 540° C.

18. A system for producing hydrocarbons from biomass, comprising:
fast pyrolysis means operating at a process temperature less than
about 650° C for producing pyrolysis gas and char;
independent catalytic conversion means downstream of the fast pyrolysis
means operating at a process temperature less than about 650° C for '

converting the pyrolysis gas to hydrocarbons over a catalyst; and
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19.

20.

21.

22.

23.

24.

23.

26.

a hydrogen source for adding hydrogen to the independent catalytic

conversion means.

The system according to claim 18 where the tast pyrolysis means includes a

hydrogen sweep gas.

The system according to claim 18 where a portion of the hydrogen 1s

produced in a steam reforming zone.

The system according to claim 20 where the hydrocarbons converted over

the catalyst are mainly methane, and the catalyst is in a methanation zone.

The system according to claim 21 where the same catalyst is used in the

steam reforming and methanation zones.

The system according to claim 22 with regeneration means for heating and

regenerating the catalyst in a regeneration zone.

The system according to claim 23, with means for cyclically circulating or
switching the catalyst between the steam reforming, methanation and

regeneration zones.

The system according to claim 24, in which the catalyst is supported in fixed
beds with switching valves to establish the steam reforming, methanation

and regeneration zones to which each bed is cycled.

The system according to claim 24, in which fixed beds containing the

catalyst are mounted in a rotor with rotary valve ports sealingly engaged with
-2 .
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fixed ports to establish the steam reforming, methanation and regeneration

zones to which each bed 1s cycled.

27. The system according to claim 24 where substantially all of the hydrogen 1s

5 produced in the steam reforming zone.
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