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METHOD OF AND SYSTEM FOR GRINDING PYROLYSIS OF
PARTICULATE CARBONACEOUS FEEDSTOCK

Field of the Invention

The present invention relates to a method of and system for grinding pyrolysis
of particulate carbonaceous feedstock such as, but not limited to, biomass or
coal, particularly although not exclusively, for the production of one or more or a
combination of: organic vapour, organic liquid (frequently in the form of cil) and
char.

Background of the Invention

Pyrolysis refers to the thermal decomposition of substances (feedstock) by
heating in an oxygen deficient environment. Pyrolysis processes are generally
divided into slow and fast pyrolysis according to the rate at which the feedstock
is heated up. The traditional method of charcoal production is considered to be
a slow pyrolysis process; it gives a liquid yield of typically around 30% (on dry
mass basis). The fast pyrolysis of feedstock, on the other hand, gives a much
higher liquid yield, widely reported to be above 60% (on dry mass basis).
Therefore, the fast pyrolysis is advantageous over the slow pyrolysis when the
targeted product from a carbonaceous feedstock is organic liquid

Some of the fast pyrolysis technologies have reached demonstration scale
(e.g., fluidized bed, vacuum). However, these technologies may have
substantive technical and economical constraints at the commercial scale. For
example, fluidized bed pyrolysers require the use of very fine particles, typically
below 2 mm in diameter, but the preparation of such fine feedstock particles
usually incurs high costs. Another serious deficiency of fluidized beds is that a
very large volume of inert gas is required in order to fluidize the inert solids and
to carry the resulted char out of the reactor. Many problems are associated
with the use of a large volume of inert gas. For example, the partial pressure of
the organic vapour may become extremely low due to dilution by the inert gas,
which makes it difficult to quench and collect the organic components. In
addition, a high velocity gas flow leads to the formation of aerosols which are
extremely difficult to collect. Furthermore, non-condensable pyrolysis gas
generated in this process is also diluted by the large volume of inert gas, which



WO 2011/160163 PCT/AU2011/000741

10

15

20

25

30

35

-2.

makes the direct utilization of this gas more problematic (e.g. in a combustion
facility for generating heat). The continuous heating up (before entering the
fluidized bed) and subsequent cooling down (to condense the organic vapour
as bio-oil) of the inert gas greatly reduces the overall process efficiency.

Summary of the Invention

One aspect of the invention provides a method of processing particulate
carbonaceous feedstock comprising:

simultaneously subjecting feedstock to a particle size reduction process
and pyrolysis.

The size reduction process may comprise either or both grinding and crushing
the feedstock.

The size reduction process may comprise repeatedly contacting the feedstock
with the one or more hard objects.

The contacting the feedstock with one or more hard objects may comprise
impacting the feedstock with the one or more objects.

The one or more objects may be provided as grinding media composed of a
plurality of separate and freely movable objects and repeatedly impacting the
feedstock and composed of imparting momentum to the grinding media and
causing the grinding media to impact the feedstock.

The method may comprise providing a vessel in which the size reduction
process and the pyrolysis occur, and feeding the feedstock to the vessel, the

vessel having a volume V and an inner diameter D.

The method may comprise providing the grinding media in the vessel and
rotating the vessel.

The method may comprise providing the grinding media in an amount to occupy
10% to 50% of the volume V of the vessel.

The method may comprise rotating the vessel at a speed of 55% to 90% of a
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critical speed CS wherein:
CS = 42.3/D%° rpm.

The method may comprise providing the objects as objects made of silica,
pebble, or steel.

The method may comprise providing a steel, silica, or refractory lining on the
inside of the vessel.

The method may comprise providing a continuous feed of grinding media
through the vessel.

The pyrolysis may comprise transferring heat from the objects to the feedstock
by conduction and convection.

The method may comprise heating the objects prior to the objects coming into
contact with the feedstock.

The method may comprise using waste heat from a process of heating the
objects to dry the feedstock prior to coming into contact with the objects.

The method may comprise heating the objects while the objects are in contact
with the feedstock.

In one embodiment the pyrolysis comprises heating the vessel.

The method may comprise generating heat for the pyrolysis by burning non-
condensable gases produced by pyrolysis of the feedstock.

The method may comprise conducting pyrolysis at a temperature to maximise
the yield of oil. In one example this comprises conducting pyrolysis at a
temperature between 350°C and 650°C.

The method may comprise conducting pyrolysis at a temperature sufficient to
cause torrefaction of the feedstock. In one example this comprises conducting
pyrolysis at a temperature below 320° C.
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In one embodiment the method comprises providing limited oxygen into the
vessel to enable partial combustion of volatiles and/or char produced by
pyrolysis of the feedstock to generate at least a portion of the heat for the
pyrolysis of the feedstock.

In one embodiment the method comprises condensing organic vapour
generated by the pyrolysis to form oil.

In one embodiment the method comprises condensing organic vapour
generated by the pyrolysis on char generated by the pyrolysis to produce an
oil/char mixture.

In an alternate embodiment the method comprises condensing organic vapour
generated by the pyrolysis to produce oil and mixing char generated by the
pyrolysis to produce an oil/char slurry.

In one embodiment the method comprises feeding products generated by the
pyrolysis of the feedstock as a fuel to a combustion or gasification system. This
embodiment may also comprise using combustion or gasification system as a
source of heat for the pyrolysis.

In one embodiment the method comprises feeding products generated by the
pyrolysis of the feedstock to a boiler or gasifier as a co-firing fuel.

A second aspect of the invention provides a plant for simultaneous grinding and
pyrolysis of particulate carbonaecous feedstock comprising:

a machine capable of reducing particle size of the feedstock; and, a heat
source capable of heating the feedstock while the machine operates to reduce
the particle size of the feedstock to effect the pyrolysis of the feedstock.

The machine may comprise a grinding machine or a milling machine.

The machine may comprise grinding media in the form of a plurality of separate
and freely movable objects and a vessel in which the grinding media and the
feedstock come into contact with each other to effect particle size reduction of
the feedstock.
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The machine may operate by rotating the vessel to impart momentum to the
grinding media and causing the grinding media to repeatedly impact the
feedstock.

5 The plant may comprise a mechanism which circulates the grinding media
through the vessel.

The grinding media, when in the vessel, may occupy 10% to 50% of the volume
V of the vessel.

10
The vessel may be rotated at a speed of 55% to 90% of a critical speed CS
wherein:
CS = 42.3/D%° rpm, where D is the internal diameter of the vessel in
metres.
15
The heat source may be arranged to heat the grinding media prior to the
grinding media contacting the feedstock.
Alternately or additionally the heat source may operate to heat the vessel.
20

The heat source may comprise a burner and a gas feed system to feed the
non-condensed gas and vapour from the pyrolysis of the feedstock to the
burner.

25 The plant may comprise a condenser through which pyrolysis gases and
vapours may be drawn from the pyrolyser to condense and capture organic
components of the pyrolysis vapours.

In one embodiment the heat source may be arranged to provide a pyrolysis
30 temperature to maximise the yield of oil. In one example this comprises the
heat source providing a pyrolysis temperature between 350°C and 650°C

In an alternate embodiment the heat source may be arranged to provide a
pyrolysis temperature sufficient to cause torrefaction of the biomass. As an

35 example the heat source may be arranged to provide a pyrolysis temperature of
below 320° C.
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In one embodiment the plant may be arranged to condense organic vapour
generated by the pyrolysis on char generated by the pyrolysis to produce an
oil/char mixture or slurry.

In one embodiment the plant is part of a combustion or gasification system
having a combustor or gasifier, the plant being arranged to feed products
generated by the pyrolysis of the feedstock as a fuel to the combustor or
gasifier. This embodiment may also comprise providing heat generated by the
combustor or gasifier as a or the source of heat for the pyrolysis.

In one embodiment the plant may be arranged to feed products generated by
the pyrolysis of the feedstock to a boiler or gasifier as a co-firing fuel.

Brief Description of the Drawings

Embodiments of the present invention will now be described by way of example
only with reference to the accompanying drawings in which:

Figure 1 is a schematic representation of the effect on a carbonaecous
feedstock particle of an embodiment of the present method and system of
processing particulate carbonaceous feedstock;

Figure 2 is a schematic representation of one embodiment of a system and
method for processing particulate carbonaceous feedstock in accordance with
the present invention;

Figure 3 is a schematic representation of a second embodiment of a method
and system of processing particulate carbonaceous feedstock in accordance
with the present invention; and

Figure 4 is a schematic representation of a third embodiment of a method and
system of processing particulate carbonaceous feedstock in accordance with
the present invention.

Detailed Description of Preferred Embodiments

In its broadest form, embodiments of the present method and system of
grinding and pyrolysis of particulate carbonaceous feedstock comprise
subjecting particulate carbonaceous feedstock to simultaneous particle size
reduction and pyrolysis. The present embodiments are described in the context
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of particulate biomass feedstock, however embodiments may be applied to or
operable in relation to other forms or types of carbonaceous feedstock.
Pyrolysis has the effect of forming a layer of char on a biomass particle and
producing organic vapours. A particle size reduction process breaks the char
layer from a biomass particle thereby reducing the size of that particle and
exposing a relatively fresh outer layer of the particle. Pyrolysis of the reduced
size biomass particle again results in the formation of a char layer on the newly
exposed outer surface and further production of organic vapour. This char
layer is broken off by the particle size reduction process. Thus the pyrolysis
assists the particle size reduction process by formation of a char layer which is
relatively brittle, i.e. more grindable than the original biomass, and thus more
easily removed in the particle size reduction process. Due to the particle size
reduction process, sequential relatively “fresh” layers of a biomass particle are
exposed directly to the pyrolysis process thereby enabling pyrolysis to occur to
the very core of a biomass particle and sequential layers at a rapid rate. Itis
believed that this also results in generation of maximum volumes of organic
vapours, thereby increasing the overall bio-oil yield. Depending on the structural
features of biomass, the fragmentation of pyrolysing biomass particles may take
place in a more random fashion than described above.

Figure 1 is a conceptual illustration of the above described embodiment of the
method and system for simultaneous grinding and pyrolysis of particulate
biomass feedstock. A hypothetical biomass feedstock particle 10a of spherical
shape and radius R, is shown prior to processing. While in practice particle
size reduction and pyrolysis occur simultaneously, for ease of description in this
Figure, the effect of these two processes are shown separately. When particle
10a is initially subject to pyrolysis P1, a char layer 12b is formed about the
particle to form processed particle 10b. The particle 10b is subjected to particle
size reduction process C1. This has the result of breaking off the char layer
12b and forming processed particle 10c. The char layer 12b is broken into finer
char particles 14. As a result of particle size reduction process C1, particle 10c
now has a relatively fresh or uncharred outer surface 16¢. Pyrolysis continues
at step P2 resulting in the surface 16¢ undergoing pyrolysis and forming a char
layer 12d. The char layer 12d commences from the outer surface 16¢ and
extends radially inwardly forming processed particle 10d. Particle size
reduction process C2 results in the char layer 12d being broken off forming
further fine char particles 14 and creating a further processed biomass particle
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10e having an outer surface 16e which is newly exposed to the pyrolysis
process. Pyrolysis process P3 creates yet a further char layer 12f and
processed particle 10f. Particle size reduction process C3 results in the char
layer 12f being broken off and forming further fine char particles 14. A kernel of
processed particle 10f is now of a size where the size reduction process C3
breaks the remaining particle 10f into multiple smaller particles 10g each of
which may now be completely pyrolysed. The pyrolysed particles 10g are
again subject to the particle size reduction process and broken up into
additional fine char particles 14. Concurrent with the above process is the
production of pyrolysis gas including organic vapour. Note that the particle may
fragment at any stage of the impacting and grinding process.

As described in greater detail below, embodiments of the method and system
utilise a machine or apparatus in which both the particle size reduction process
and pyrolysis occur simultaneously. This machine or apparatus uses one or
more hard objects to contact and more particularly repeatedly impact the
particulate biomass while the biomass is subject to pyrolysis. The hard objects
may be either fixed within the machine or apparatus such as in a hammer mill,
or may be separate and freely moveable such as in a ball mill. In either
instance, pyrolysis is achieved by transferring heat to the biomass while it is
being contacted by the hard objects. Heat transfer may be by pre-heating the
objects themselves which contact the biomass, or heating the machine or
apparatus externally in which the particle size reduction occurs, or a
combination of both. When the particle size reduction is effected by use of
separate and freely moving objects such as balls in a ball mill, heat transfer
may be effected by heating the objects prior to them coming into contact with
the biomass, and circulating the objects through the machine or apparatus in
which the particle size reduction and pyrolysis occur. It is further envisaged
that heat required for the pyrolysis process is generated at least in part by the
burning of non-condensable gases produced by the pyrolysis process. Further
embodiments envisage drying of the biomass prior to simultaneous particle size
reduction and pyrolysis process. The drying may be effected by using waste
heat from the heating of the objects.

Figure 2 illustrates one embodiment of a plant 20 and associated method for
simultaneous grinding and pyrolysis of particulate biomass. Plant 20 comprises
a grinding pyrolyser 22, being a machine or apparatus in which both particle
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size reduction and pyrolysis occur simultaneously. In this particular
embodiment, the grinding pyrolyser 22 comprises a ball mill 24 having a
rotatable vessel or drum 26. Ball mill 24 also comprises a plurality of hard
objects in the form of balls 28 which together constitute the grinding media. As
explained in greater detail later, the grinding media 28 may circulate through
the ball mill 24.

Plant 20 also comprises a bin (hopper) 30 for holding wet particulate biomass
feedstock. The term “wet” in the present context is intended to mean that the
feedstock contains a relatively high moisture content rather than that the
feedstock is covered in or otherwise bears surface water. The biomass
particulate feedstock may for example be in the form of wood chips. Chute 32
leads from the bin 30 to a biomass dryer 34. The biomass feed stock may have
a high moisture content, e.g., up to around 60%. The purpose of dryer 34 is to
reduce moisture content of the feedstock as low as possible, e.g., to below
about 10%. The temperature of a heating medium used in dryer 34 is
controlled so that the biomass feedstock does not undergo any significant
thermochemical reactions (i.e. pyrolysis) in the dryer 34.

Dried feedstock is conveyed from dryer 34 via line 36 to a dried biomass
feedstock hopper 38. Dried feedstock is fed from hopper 38 into a chute 40
which leads to an inlet trunnion 42 of grinding pyrolyser 22.

Heated balls 28 from a hopper 43 can enter the chute 40 via conduit 45. Thus
particulate biomass is able to mix with heated balls 28 in the chute 40, with the
mixture fed to the inlet trunnion 42.

A discharge trunnion 44 of grinding pyrolyser 22 leads to particle collector 46,
which could take the form of a cyclone. A mixture of char and balls 28 is
discharged from the trunnion 44 into particle collector 46 and subsequently into
a char/ball separator 50. Separator 50 is provided with a screen 52 having a
mesh size arranged so that the balls 28 run down mesh 52 to a discharge chute
54 and directed to a conveyor system 56 which conveys the balls 28 to a heater
58. On the other hand, char passes through the mesh 52 and is collected in a
char holder 60 located at the bottom of the separator 50.

Pyrolysis gas and vapours produced in the grinding pyrolyser 22 are collected
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via conduit 48, e.g. by applying a relative negative pressure (i.e. vacuum). In
order to prevent condensation of the pyrolysis vapours, the conduit 48 is heated
for example by use of heating tapes to a temperature of at least 300 °C and
preferably above 400°C. The pyrolysis gases and vapours drawn via conduit
5 48 are processed through a condensation train 62 which operates to condense

and capture organic components. As a considerable amount of fine char (e.g.
smaller than 30 microns in size) is also drawn via conduit 48, the vapour should
pass through a filtering device 49 prior to entering the condensation system.
Any number of known condensation techniques such as, but not limited to:

10  cooling for example using water or dry ice; or, electrostatic precipitation, may be
applied to capture the organic components of the pyrolysis vapours.

Non-condensable gases and/or vapours of the pyrolysis products such as
carbon dioxide, carbon monoxide, hydrogen and various light hydrocarbons are
15 directed, e.g. by fan 64, through conduit 66 to a gas burner 68. The gases
and/or vapour which are combustible are burnt in the gas burner 68 generating
heated gas which is fed via conduit 70 to the heater 58. Alternately or
additionally some of the char may be burnt to provide additional heat for the
process if required. Hot gas flows from conduit 70 vertically upwardly through
20 heater 58 across packed balls 28 lying on an inclined grid 72. When itis
desired to maximize oil yield the heater 58 heats or reheats the balls 28 to a
pyrolysis temperature of typically between 350°C and 650°C above. The waste
hot gas subsequently flows via conduit 74 to the dryer 34. Thus waste heat
from heater 58 is utilised in dryer 34 to reduce moisture content of the biomass
25 feedstock. In an alternate embodiment the heater 58 may be arranged so that
rather than using inclined grid 72, the balls 28 may be discharged vertically
from the bottom of heater 58. Further the hot gas used for heating the balls 28
may be introduced so as to flow in directions other than or at least in addition to
vertically. Conveying system 56 is insulated to reduce heat loss of the balls 28
30 as they are circulated from the separator 50 back to the heater 58.

A typical operating sequence of plant 20 together with typical operating
parameters will now be described. Biomass feedstock is initially held (which
may be continuous in commercial applications) in bin 30 and subsequently

35 transferred via chute 32 to dryer 34. In dryer 34 the biomass is dried, e.g., to a
moisture content of around or below 10%, by hot gases passing through
conduit 74, constituting waste heat from heater 58. Dried biomass is
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transferred to hopper 38 and subsequently fed through chute 40 to inlet
trunnion 42 of grinding pyrolyser 22. The feedstock may have poor flow
characteristics and/or could bridge and thus block the outlet of hopper 38. In
order to prevent this from happening an agitation mechanism in the form of a
stirrer 39 may be installed in the hopper 38. The stirrer 39 is in the form of a
central shaft with radial extending spikes and moves with a combined rotational
motion about its axis and linear reciprocating along its axis. This motion of
stirrer 39 has been found to be helpful in the feeding of crude biomass
feedstock. Heated balls 28 discharged from hopper 43, mix with the biomass
feedstock in the chute 40 prior to entering the grinding pyrolyser 22. Balls 28
may typically have a diameter ranging from about 10mm to 120mm and may be
made from various materials including steel and silica. Balls 28 are provided
with the biomass feedstock in a desired mass ratio (for example between six
and ten) depending on pyrolysis temperature, which is typically about 350°C to
650°C, as well as temperature of the balls 28 after reheating. The inside
surface of inlet trunnion 42 is lined with spirals similar to an auger which assists
in bringing the biomass feedstock and balls 28 to the vessel 26. A motor (not
shown) operates to rotate vessel 26 of grinding pyrolyser about a central
longitudinal axis 80. As the vessel 26 rotates, it picks up the balls 28 as well as
biomass to produce a tumbling effect. The lifting of the balls 28 imparts
momentum to the balls 28 which on falling repeatedly impact the biomass.
Heat is also transferred to the biomass via contact with the previously heated
balls 28. By ensuring a substantially oxygen free atmosphere within grinding
pyrolyser 22, the heat transferred to the biomass causes pyrolysis of the
biomass.

As explained above in relation to Figure 1, the combined actions of the
repeated impacts on the biomass particles by the balls 28, as well as the heat
transfer cause simultaneous particle size reduction and pyrolysis of the
biomass particles so that the biomass particles are progressively reduced in
size to produce char and pyrolysis gases and vapours.

Vessel 26 is rotated at a speed below a critical speed (CS) at which biomass
feedstock and the grinding media 28 in effect “stick” to an inside surface of the
vessel 26 due to centrifugal force. CS = (42.3 + D°°) rpm where D is the
internal diameter of the vessel 26 in metres. It is believed that a useful speed
range for the vessel 26 is between 0.55CS and 0.9CS. In this range, itis
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believed, in some circumstances, that a speed of 0.75CS produces particularly
good results. These speeds are believed to be useful in lifting the balls 28 to a
height to generate maximum momentum prior to falling back onto the feed
stock. The biomass feedstock is thus mixed with and ground/crushed by the
balls 28 as a result of rotation of vessel 26.

Balls 28 may be made of steel, flint, pebble, silica, or other material. The balls
28 may occupy between 10% and 50% of the volume of the vessel 26. In one
example, it is believed that a ball 28 occupancy of no more than 35% of the
volume of the vessel 26 provides good results. This volume is the volume of
the balls 28 in the vessel 26 at any one time. Thus in the plant 20 where the
balls 28 are circulated, the circulation rate is arranged to provide a ball
occupancy in terms of percentage of volume of vessel 26 in accordance with
the above stated ranges.

The size of the balls 28 need not be uniform for all of the balls. For example,
balls 28 may arrange in size from 10mm to 120mm in diameter. Further, itis
possible to partition the grinding pyrolyser 22 into two or more compartments
with larger balls 28 occupying compartments closer to the inlet trunnion 42
where particle size of the biomass feedstock is largest, with balls 28 of smaller
diameter located in a compartment closer to the outlet trunnion 44 where
particle size of the biomass is smaller. Thus the larger balls 28 impact on the
larger particles of biomass feedstock, and as the particle size of the feedstock
becomes smaller toward the discharge trunnion 44, more efficient size
reduction is achieved by using balls 28 of smaller diameter. In the event that
partitions and balls of different size are used, the partitions are formed of grids
to allow particles of progressively smaller size to move from compartment to
compartment toward the discharge trunnion 44.

In the event that the pyrolyser 22 comprises a single compartment, which may
be beneficial in the case of a plant 20 shown in Figure 2 with a continuous
circulation of balls 28, a discharge end of the pyrolyser 22 may be tapered, with
a smallest diameter portion of the taper connecting to the discharge trunnion
44. To assist the discharge of balls 28 and char, spiral liners may be fixed to an
internal surface of the discharge trunnion 44. However other mechanisms and
systems to facilitate discharge of balls 28 and char may be provided such as
increasing the diameter of the outlet trunnion 44, and tilting the rotating vessel
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26 to the horizontal, for example by one or two degrees.

To protect the inside surface of the pyrolyser 22/vessel 26, the internal surface
may be covered by a liner composed of individual plates. The liners may be
made from various materials and indeed may be matched to the material from
which the balls 28 are made.

Mixed grinding balls 28 and char discharged through the discharge trunnion 44
are separated on the basis of different size and density (i.e. by virtue of different
physical characteristics). In this example, the mixture is deposited onto an
inclined grid 52 which allows char to pass therethrough to the holder 60 while
the balls 28 are directed to the conveyor system 56. To assist the separation of
the balls 28 from the char, the grid 52 may be vibrated or shaken.

Figure 3 illustrates a second embodiment of a plant 20a for simultaneous
grinding and pyrolysis of particulate biomass. In the description of this
embodiment, the same reference numbers are used to describe or denote the
same features as described above in relation to the plant 20 shown in Figure 2.
In a broad sense, the main difference between the plant 20 of Figure 2 and
plant 20a of Figure 3 is that in plant 20a the grinding media (i.e. grinding balls
28) are not circulated, rather are maintained within the pyrolyser 22. This
avoids the need for the conveying system 56, heater 58 and storage bin 43.
Also, as the balls 28 are retained within the pyrolyser 22, the separator 50
external to the pyrolyser is not required. In this embodiment vessel 26 is
housed in an insulated outer jacket 92 creating an annular gap or space
between the vessel 26 and the jacket 92. Heated gas is directed via line 90 into
the gap 94. Pyrolysis is affected by transfer of heat from the hot gas in gap 94
through walls of the vessel 26. To maximise the yield of oil, the temperature
inside the pyrolyser 22 should be about 350°C to 650°C. As the heat for
pyrolysis is transferred across the walls of pyrolyser 22/vessel 26, the walls are
heated to a temperature higher than required for pyrolysis to account for heat
transmission and loss through the walls of the vessel 26. For example the walls
should be constructed to withstand temperatures in the order of about 500°C to
850°C or more. Another difference with plant 20a in comparison with plant 20 is
that waste gas exiting the gap 94 surrounding the grinding pyrolyser 22 is
channelled by conduit 82 to the dryer 34.
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It is possible to vary the operating condition or post-processing method in order
to satisfy particular product requirements. For example, operating the pyrolyser
22 at a lower temperature (e.g., from about 200 to 320° C) enables the
production of torrefied biomass. The pyrolysis process in this temperature
range is known as torrefaction, and the resulted biomass may be densified into
briquettes or pellets using conventional densification equipment. In this
process, the condensation steps shown in Figures 2 and 3 may be omitted, and
the pyrolysis vapours and burnable gases may be used as a heating source for
the pyrolyser.

Lowering the filtration rate of the filtering device 49 in Figures 2 and 3 or
omitting the filtering device altogether results in the organic vapour condensing
on char fines producing a bio-oil/char mixture in the form of a bio-slurry or bio-
paste. This bio-oil/char mixture may be used as combustion or gasification
fuels.

Further, the pyrolyser itself may form part of a combustion or gasification
system 100, as shown in Figure 4. In this embodiment the volatiles and fine
char produced by pyrolyser 22 is directly fed to a combustor or gasifier 102 of
system 100. Part of the heat generated by the combustor or gasifier and/or the
waste heat from the combustor or gasifier may be used to heat the pyrolyser.
Alternatively, the pyrolysis heat may be provided by burning a small portion of
the volatiles and/or fine char in the pyrolyser by introducing a small amount of
oxygen or air into pyrolyser 22.

A deviation from the embodiment in Figure 4 is that the pyrolysis products
containing volatiles, char and burnable gases are fed into a boiler or gasifier as
a co-firing fuel. This is advantageous over using fresh biomass as a co-firing
fuel due to the omission of any biomass milling processes which are energy-
intensive. In this case, the pyrolysis heat may again be provided by burning a
small portion of the volatiles and/or char in pyrolyser 22. This can be achieved
by introducing a small amount of oxygen or air into pyrolyser 22 and monitoring
the temperature inside the pyrolyser. Alternatively, some hot flue gas from the
boiler or gasifier may be used as a heating source for the pyrolyser.

It is believed that embodiments of the present invention provide various benefits
and/or advantages over current pyrolysis techniques. These include the ability
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to use crude feedstock particles having a wide particle size distribution (for
example between 5mm and 8cm in thickness or diameter), irregular shape (e.g.
non-spherical, highly branched) and containing non-biomass particles such as
stones and sand. The present invention enables use of substantially raw
feedstock without the need for substantive and costly preliminary processing.
An added advantage is that the char produced in the pyrolyser of this invention
is in the form of fine particles (predominantly under 50 microns in diameter),
rendering the char readily usable (e.g. as a fuel or soil improver). Also as no
carrier gas is required, thermal quenching of pyrolysis vapours is simplified,
generation of aerosols is reduced. There may also be a more efficient use of
non condensable pyrolysis gas.

Now that embodiments of the present invention have been described in detail it
will be apparent to those skilled in the relevant arts that numerous modifications
and variations may be made without departing from the basic inventive
concepts. For example, Figures 2 to 4 illustrate plants for the simultaneous
grinding and pyrolysis of biomass feedstock which incorporate a ball mill.
However other types of machines capable of reducing the particle size of
biomass may be used such as a hammer mill or a reciprocating jaw crusher.
Also, heat for pyrolysis may be provided by a combination of heating the
grinding media (i.e. the balls 28) as shown in Figure 2, and directly heating the
inner wall /vessel 26 of the pyrolyser as shown in Figure 3. Further, natural gas
or other fuels may be used to augment the fuel supply for the burner 68 if
required. All such modifications and variations together with others that would
be obvious to persons of ordinary skill in the art are deemed to be within the
scope of the present invention the nature of which is to be determined from the
above description and the appended claims.
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Claims:

1. A method of processing particulate carbonaceous feedstock comprising:
simultaneously subjecting feedstock to a particle size reduction process
and pyrolysis.

2. The method according to claim 1 wherein the size reduction process
comprises either or both grinding and crushing the feedstock.

3. The method according to claim 1 or 2 wherein the size reduction process
comprises repeatedly contacting the feedstock with the one or more hard
objects.

4. The method according to claim 3 wherein contacting the feedstock with
one or more hard objects comprises impacting with the feedstock with the one
or more objects.

5. The method according to claim 4 wherein the one or more objects are
provided as grinding media composes of a plurality of separate and freely
movable objects and repeatedly impacting the feedstock and comprises
imparting momentum to the grinding media and causing the grinding media to
impact the feedstock.

6. The method according to any one of claims 3 to 5 comprising providing a
vessel in which the size reduction process and the pyrolysis occur
simultaneously, and feeding the feedstock to the vessel, the vessel having a
volume V and an inner diameter D.

7. The method according to claim 6 comprising providing the grinding
media in the vessel and rotating the vessel.

8. The method according to claim 6 or 7 comprising providing the grinding
media in an amount to occupy 10% to 50% of the volume V of the vessel.

9. The method according to claim 6 or 7 comprising rotating the vessel at a
speed of 55% to 90% of a critical speed CS wherein:
CS = 42.3/D%rpm.
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10.  The method according to any one of claims 3 to 9 comprising providing
the objects as objects made of one of the following: silica, pebble, or steel.

11.  The method according to any one of claims 6 to 10 comprising providing
a steel, silica or refractory lining on the inside of the vessel.

12.  The method according to any one of claims 7 to 11 comprising providing
a continuous feed of grinding media through the vessel.

13.  The method according to any one of claims 3 to 10 wherein the pyrolysis
comprises transferring heat from the objects to the feedstock by conduction and
convection.

14.  The method according to claim 13 comprising heating the objects prior to
the objects coming into contact with the feedstock.

15.  The method according to claim 14 comprising using waste heat from a
process of heating the objects to dry the feedstock prior to coming into contact
with the objects.

16.  The method according to claim 13 comprising heating the objects while
the objects are in contact with the feedstock.

17.  The method according to any one of claims 6 to 16 wherein the pyrolysis
comprises heating the vessel.

18.  The method according to any one of claims 1 to 16 comprising
generating heat for the pyrolysis by burning non-condensable gases and/or
char produced by the pyrolysis of the feedstock.

19.  The method according to any one of claims 1 to 18 comprising
conducting pyrolysis at a temperature sufficient to cause torrefaction of the
feedstock.

20.  The method according to any one of claims 6 to 19 comprising providing
limited oxygen into the vessel to enable partial combustion of the volatiles
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and/or char to generate heat for the pyrolysis of the feedstock.

21.  The method according to any one of claims 1 to 20 comprising
condensing organic vapour generated by the pyrolysis to form oil.

22.  The method according to any one of claims 1 to 20 comprising
condensing organic vapour generated by the pyrolysis on char generated by
the pyrolysis to produce an oil/char mixture.

23.  The method according to any one of claims 1 to 20 comprising feeding
products generated by the pyrolysis of the feedstock as a fuel to a combustion
or gasification system.

24.  The method according to claim 23 comprising using the combustion or
gasification system as a source of heat for the pyrolysis.

25.  The method according to any one of claims 1 to 20 comprising feeding
products generated by the pyrolysis of the feedstock to a boiler or gasifier as a
co-firing fuel.

26. The method according to any one of claims 1 to 18 comprising
conducting pyrolysis at a temperature of between 350°C and 650°C

27. A plant for simultaneous grinding and pyrolysis of particulate
carbonaceous feedstock comprising:

a machine capable of reducing particle size of the feedstock; and, a heat
source capable of heating the feedstock while the machine operates to reduce
the particle size of the feedstock to effect pyrolysis of the feedstock.

28.  The plant according to claim 27 wherein the machine is a grinding
machine or a milling machine.

29.  The plant according to claim 27 or 28 wherein the machine comprises
grinding media consisting of a plurality of separate and freely movable objects
and a vessel in which the grinding media and the feedstock come into contact
with each other to effect particle size reduction of the feedstock.
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30.  The plant according to claim 29 wherein the machine operates by
rotating the vessel to impart momentum to the grinding media and causing the
grinding media to repeatedly impact the feedstock.

31.  The plant according to claim 29 or 30 comprising providing a circulating
feed of grinding media through the vessel.

32.  The plant according to claim to any one of claims 28 to 31 wherein the
grinding media when in the vessel occupy 10% to 50% of the volume V of the
vessel.

33. The plant according to claim to any one of claims 30 to 32 wherein the
vessel is rotated a speed of 55% to 90% of a critical speed CS wherein:
CS= 42.3/D°'5rpm, where D is the internal diameter of the vessel in metres.

34.  The plant according to claim to any one of claims 29 to 33 wherein the
heat source heats the grinding media prior to the grinding media contacting the
feedstock.

35.  The plant according to claim to any one of claims 29 to 34 wherein the
heat source heats the vessel.

36.  The plant according to any one of claims 29 to 34 wherein the heat
source comprises a burner and a gas feed system to feed non-condensable
gas from the pyrolysis of the feedstock to the burner.

37.  The plant according to any one of claims 29 to 36 comprising a
condenser through which gases and vapours from the pyrolysis of the
feedstock are drawn to condense and capture organic components of the
pyrolysis vapours.

38.  The plant according to any one of claims 29 to 37 wherein the heat
source is arranged to provide a pyrolysis temperature sufficient to cause
torrefaction of the biomass.

39. The plant according to any one of claims 29 to 36 wherein the plant is
arranged to condense organic vapour generated by the pyrolysis on char
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generated by the pyrolysis to produce an oil/char mixture.

40. The plant according to any one of claims 29 to 36 wherein the plant is
part of a combustion or gasification system having a combustor or gasifier, the
plant being arranged to feed products generated by the pyrolysis of the
feedstock as a fuel to the combustor or gasifier.

41.  The plant according to claim 40 wherein heat generated by the
combustor or gasifier as a or the source of heat for the pyrolysis.

42. The plant according to any one of claims 29 to 36 wherein the plant is be
arranged to feed products generated by the pyrolysis of the feedstock to a
boiler or gasifier as a co-firing fuel.

43. The plant according to any one of claims 29 to 42 comprising a hopper
for supplying the feedstock to the machine, the hopper being provided with an
agitation mechanism capable of a combined rotational motion about an axis
and linear reciprocation motion along the axis to facilitate a flow of the
feedstock from the hopper to the machine.

44.  The plant according to any one of claims 29 to 37 wherein the heat
source is arranged to provide a pyrolysis temperature of between 350°C and
650°C.



