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SYSTEM AND METHOD FOR FORMING A SOLID FUEL ELEMENT

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Patent Application No.
62/341,798, filed on May 26, 2016, the entirety of which is hereby incorporated herein by

reference.

FIELD OF THE INVENTION

[0002] The present invention is a system and a method for forming a woody biomass

component and a binder component into a solid fuel element having a predetermined density.

BACKGROUND OF THE INVENTION

[0003] Pellet fuels, e.g., wood pellets, are burned in various pellet heating appliances,
and may be burned in power plants, for generating electricity. The wood pellet typically is
formed by compressing wood material (i.e., long fiber cellulose) that has been processed for

that purpose.

[0004] As is well known in the art, wood pellets have certain disadvantages. For
instance, when burned, the wood pelleté release fine particulate matter, resulting in air pollution.
Also, when manufacturing and handling the wood pellets, moisture content must be carefully

controlled.

SUMMARY OF THE INVENTION

[0005] For the foregoing reasons, there is a need for a solid fuel element that
overcomes or mitigates one or more of the deficiencies of the prior art, and a system and
method of forming the solid fuel element. Such deficiencies are not necessarily included in

those described above.
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[00086] In its broad aspect, the invention provides a system for forming a woody biomass
component and a binder component into a solid fuel element having a predetermined density.
The system includes a first compression assembly for compressing an uncompressed mixture
of the woody biomass component and the binder component to provide a preliminary element
having a preliminary density. The system also includes a second compression assembly for
compressing the preliminary element to form the solid fuel element having the predetermined
density, the predetermined density being greater than the preliminary density.

[0007] In another of its aspects, the invention provides a system for forming a woody
biomass component and a binder component into a solid fuel element having a predetermined
density. The system includes a mixer assembly for mixing the woody biomass component and
the binder component in predetermined proportions to provide an uncompressed mixture, and a
first compression assembly for compressing the uncompressed mixture to provide a first
compressed mixture formed vinto a preliminary element having a preliminary density. The
system alsb includes a fine meter assembly, for delivering one or more predetermined amounts
of the uncompressed mixture to the first compression assembly. In addition, the system also
includes a second compression assembly for compressing the preliminary element to form the
solid fuel element having the predetermined density, the predetermined density being greater
than the preliminary density.

[0008] In another of its aspects, the invention provides a method of forming a solid fuel
element having a predetermined density and including a woody biomass component and a
binder component. The method includes compressing an uncompressed mixture of the woody
biomass component and the binder component to form a preliminary element having a
preliminary density. The preliminary element is further compressed to form the solid fuel
element, having the predetermined density. The predetermined density is greater than the

preliminary density.

[0009] In another of its aspects, the invention provides a method of forming the solid fuel
element. The method includes, with the first compression assembly, compressing the
uncompressed mixture to form the preliminary element, having the preliminary density. The
method also includes further compressing the preliminary element, in the second compression
assembly, to form the solid fuel element 26. The solid fuel element has the predetermined
density, which is greater than the preliminary density. The solid fuel element is subsequently
removed from the second compression assembly.

-2-



WO 2017/201628 PCT/CA2017/050641

[0010] In another of its aspects, the invention provides a method of forming a solid fuel
element having a predetermined density including a woody biomass component and a binder
component. The method includes providing the woody biomass component, the woody
biomass component comprising‘ woody biomass particles having a predetermined woody
biomass particle size distribution, and providing the binder component, the binder component
comprising binder particles having a predetermined binder particle size distribution. The woody
biomass component and the binder component are mixed together in predetermined proportions
relative to each other to provide an uncompressed mixture. Via a fine metering assembly, one
or more predetermined amounts of the uncompressed mixture is delivered to a first
compression assembly. With the first compression assembly, the predetermined amount of the
uncompressed mixture is compressed to provide a preliminary element including a first
compressed mixture having a preliminary density. The preliminary element is positioned in a
secondary compression assembly. The preliminary element is compressed in the second
compression assembly to form the solid fuel element having the predetermined density, the
predetermined density being greater than the preliminary density. The solid fuel element is

removed from the second compression assembly.

[0011] In yet another of its aspects, the invention provides a solid fuel element made of
the woody biomass component and the binder component and having the predetermined
density, the solid fuel element including a core portion and a plurality of lobes extending radially

from the core portion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention will be better understood with reference to the attached drawings,
in which:

[0013] Fig. 1A is a schematic diagram of an embodiment of a system of the invention;
[0014] Fig. 1B is a flow chart schematically illustrating an embodiment of a method of

the invention;

[0015] Fig. 1C is a schematic diagram showing the woody biomass component and the

binder component in the solid fuel element of the invention, drawn at a larger scale;

-3-
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[0016] Fig. 2 is a schematic diagram of a portion of the system of Fig. 1A including
embodiments of a mixer assembly and a fine meter assembly of the invention, drawn at a

smaller scale;

[0017] Fig. 3A is a side view of embodiments of first and second compressing
assemblies of the invention in which a second cylinder of the second compressing assembly
including a second chamber therein is positioned in a first position thereof below a first cylinder

including a first chamber of the first compression assembly, drawn at a larger scale;

[0018] - Fig. 3B is a side view of the first and second compression assemblies of Fig. 3A
‘in which the second cylinder of the second compression assembly is in a second position
thereof;

[0019] Fig. 3C is a side view of the first and second compression assemblies of Figs. 3A

and 3B in which the second chamber is in the second position thereof and a second filling plate
thereof is removed, to permit the solid fuel element to exit from the second chamber; .

[0020] Fig. 4A is a side view of the first compression assembly and the fine metering
assembly of the system of Fig. 1A, drawn at a smaller scale;

[0021] Fig. 4B is an exploded view of the first compression assembly of Fig. 4A;

[0022] Fig. 5 is a side view of the fine meter assembly of Fig. 4A, with a housing thereof
partially cut away;

[0023] Fig. 6A is an isometric view of an embodiment of a first die of the first
compression assembly, drawn at a larger scale;

[0024] Fig. 6B is an end view of the first die of Fig. 6A;

[0025] Fig. 6C is an isometric view of an embodiment of a first piston of the first
compression assembly;

[0026] Fig. 7 is a schematic diagram of an alternative embodiment of the system of the
invention;
[0027] Fig. 8A is an isometric view of an embodiment of the second compression

assembly of the invention, drawn at a smaller scale:
-4 -
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[0028] Fig. 8B is an isometric view of the second compression assembly of Fig. 8A, with

certain elements omitted;

[0029] Fig. 8C is a side view of the second compression assembly of Fig. 8A, with
certain additional elements omitted;

[0030] Fig. 8D is an exploded view of the second compression assembly of Fig. 8A;

[0031] Fig. 9A is an isometric view of an embodiment of a solid fuel element of the
invention, drawn at a smaller scale;

[0032] Fig. @B is an end view of the solid fuel element of Fig. 9A; and
[0033] Fig. 9C is a side view of the solid fuel element of Figs. 9A and 9B, drawn at a
larger scale.

DETAILED DESCRIPTION

[0034] In the attached drawings, like reference numerals designate corresponding
elements throughout. Reference is first made to Figs. 1A-6D and 9A-9C to describe an
embodiment of a system in accordance with the invention indicated generally by the numeral
20. The system 20 is for forming a woody biomass component 22 and a binder component 24
into a solid fuel element 26 (Figs. 9A-9C) having a predetermined density. In one embodiment,
the system 20 preferably includes a mixer assembly 28 (Figs. 1A, 1B, and 2) for mixing the
woody biomass component 22 and the binder component 24 in predetermined proportions to
provide an uncompressed mixture "M" (Fig. 2), and a first compression assembly 30 including a
first cylinder 32 having a first chamber 34 therein and a first piston 36 movable in the first
-cylinder 32 (Fig. 2), for compressing the -uncompressed mixture "M" in the first chamber 34 to
provide a first compressed mixture "M," formed into a preliminary element 38 (Fig. 3A). As will
be described, the preliminary element 38 occupies a first volume, and the preliminary element

has a preliminary density.

[0035] It is also preferred that the system 20 includes a fine meter assembly 40 for
delivering one or more predetermined amounts of the uncompressed mixture "M" to the first

chamber 34, and a second compression assembly 42 including a second cylinder 44 having a
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second chamber 46 thérein and a second piston 48 movable in the second cylinder 44 (Fig. 3B),
for compressing the preliminary element 38 in the second chamber 46 to provide a final
compressed mixture "Ms" (Fig. 3C) formed into the solid fuel element 26 occupying a second
volume that is less than the first volume. The solid fuel element 26 has the predetermined

density, which is greater than the preliminary density.

[0036] The first and second pistons 36, 48 may be driven to compress the materials as
described above by any suitable means. For example, in one embodiment, the first
compression assembly 30 and the second compression assembly 42 preferably include suifable
hydraulic cylinders 39, 43 for driving the respective pistons 36, 48.

[0037] For the purposes hereof, "woody biomass component" refers to a wide variety of
materials, which may include, for example, any one or more of the following: waxy cardboard
materials, cardboard, wax, garden and yard waste, paper and paper products, sawdust, wood
chips and splinters, natural and/or processed wood materials, organic fibres, cloth, string, hemp,
jute, discarded cardboard coffee cups, and other combustible materials. For example, the
woody biomass may be disposable coffee cups, after use boxes (waxed or otherwise), after use
scrap wood materials from industry (e.g., from the construction industry), urban wood (e.g.,

bushes, tree branches), scrap or waste material from the forestry industry.

[0038] The woody biomass component preferably is provided in the form of woody
biomass particles, having a predetermined woody biomass particle size distribution, as will be

described.

[0039] The binder component. may be any suitable material that, when heated to a
certain temperature, becomes relatively malleable. The binder component preferably is non-
hazardous polyethylene. For the purposes hereof, "non-hazardous polyethylene" refers to any
suitable polyethylene that does not emit hazardous materials upon combustion thereof beyond
acceptable limits, as determined by the regulatory bodies having jurisdiction. It is contemplated
that the woody biomass component is sourced at a landfill site. However, it will be appreciated
by those skilled in the art that the woody biomass component may be provided at other facilities.
Preferably, the polyethylene used is linear low-density polyethylene (LLDPE). As is known in
the art, LLDPE typically includes nitrogen and oxygen. Accordingly, the LLDPE preferably is
included because, upon combustion thereof, the LLDPE releases oxygen, thereby promoting
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combustion. However, those skilled in the art would be aware of various types of non-
hazardous polyethylene (hereinafter sometimes referred to as "PE") that would be suitable.

[0040] As noted above, the binder component may be any suitable material, e.g., any

suitable plastic, or other material such as paraffin.

[0041] The binder component, which acts as a binder material in the solid fuel element,
preferably is a material that may be waste or is otherwise relatively inexpensive. The binder
component may be material otherwise destined for landfill. The binder component preferably is
- also provided in the form of binder component particles, having a predetermined binder particle
size distribution, as will also be described.

[0042] In one embodiment, the system 20 preferably also includes a number of heat- .
generating elements 50 for heating the uncompressed mixture "M" and the first compressed

mixture "M." to at least one preselected temperature that is less than a melting temperature of

the binder component. For example, one of the heat-generating elements 50 that preferably are

included in the mixer assembly 28 is illustrated in Fig. 2. The heat-generating element 50 that is

included in the fine meter assembly 40 is illustrated in Figs. 4A, 4B, and 5. One of the heat-

generating elements 50 that are included in the first compression assembly is illustrated in Fig.

4B. It will be understood that the heat-generating elements may be any such elements that are

suitable. Those skilled in the art would be aware of suitable heat-generating elements.

[0043] In one embodiment, the uncompressed mixture "M" preferably is pre-heated to a
temperature that is only slightly less than the melting temperature "Tr" of the binder component
24. Where the binder component is a plastic that has a glass fransition temperature "Tg" well
above room temperature, the uncompressed mixture "M" preferably is heated to a temperature
that is at least the glass transition temperature "T4", but below the melting temperature "Tp".
Those skilled in the art would appreciate that, in one embodiment, the uncompressed mixture
"M" preferably is pre-heated while the binder component and the woody biomass component

are mixed together in the mixer assembly 28.

[0044] As will also be described, the first chamber 34 preferably is partially defined by a
first die 52 (Figs. 6A, 6B). It will be understood that the uncompressed mixture "M" preferably is
maintained at substantially the same temperature (i.e., a temperature slightly below the melting
temperature "Tm" of the binder component, but above the glass transition temperature "Tg"

thereof) while the uncompressed mixture "M" is in the mixer cavity 58, while it is moved through
-7 -
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the fine meter assembly 40, and while it is first positioned in the first chamber 34. Preferably,
the first die 52 is heated, to maintain the temperature of the die 52 at a temperature that is
slightly below the melting temperature "Ty" of the binder component. The heat may be
transferred to the die 52 by conduction, from any suitable heat-generating element 50. The
binder component in the uncompressed mixture "M" that is positioned in the first chamber 34 is
therefore somewhat softened and pliable, i.e., when it is first positioned inside the first chamber
34. As the uncompressed mixture "M" is compressed in the first chamber 34, its temperature is
also increased slightly due to the compression, so that the binder component melts during
compression, at least in part. Under pressure, the at least partially melted binder component at
least partially fills the interstices between the particles of the woody biomass component, to
form the first compressed mixture "M." in the preliminary element 38.

[0045] in addition, it is preferred that the compression of the preliminary element 38 in
the second chamber 46 to form the solid fuel element 26 is a substantially adiabatic process in
which the final compressed mixture "Ms" is heated to a predetermined temperature that is at
least equal to the melting temperature of the binder component. Such compression further
squeezes the melted binder component 24 so that it flows into the interstices between the
particles of the woody biomass component 24, and substantially fills the interstices between the
particles of the woody biomass component.

[0046] Fig. 1C is a schematic representation of the final compressed mixture "Ms" in the
solid fuel element 26, drawn at a large scale. As can be seen in Fig. 1C, particles "W" of the
woody biomass component 22 define interstices "Y" therebetween, which are substantially filled
with the melted binder component 24. It will be understood that the shapes and sizes of the
particles of the woody biomass component 22 may vary substantially, and that the manner in
which such particles are illustrated in Fig. 1C is only a schematic representation.

[0047] From the foregoing, it can be seen that, in the second chamber, the preliminary
element 38 is formed into the solid fuel element 26 by compressing the preliminary element 38.
As will be described, such compression results in a significant increase in density. In one
embodiment, the solid fuel element 26 preferably has a density that is approximately double that
of the preliminary element 38.

[0048] Those skilled in the art would appreciate that the mixer assembly 28 may be
provided in any suitable form. As can be seen in Fig. 2, in one embodiment, the mixer

-8-
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assembly 28 preferably includes a mixer housing 54 extending between input and output ends
55, 66 thereof. Preferably, the mixer housing 54 defines a mixer cavity 58 therein, and also
includes an input opening 60 at the input end 55 and an output opening 62 at the output end 56
that are in communication with the mixer cavity 58. It is also preferred that the mixer assembly
28 includes a mixer auger 64 at least partially located in the mixer cavity 58 and rotatable about
a longitudinal axis "X¢" thereof, for mixing the woody biomass component 22 and the binder
component 24 together in the mixer cavity 58 and moving the woody biomass component 22
and the binder component 24 from the input end 55 to the output end 56 as they are mixed
together, to form the uncompressed mixture "M" at the output end 586.

[0049] As noted above, in one embodiment, the mixer assembly 28 preferably also
includes one or more heat-generating elements 50 for heating the woody biomass component
and the binder component as they are mixed together, and also for heating the uncompressed
mixture "M". The heat-generating element may be any suitable heat-generating device. The
temperature to which these are heated preferably is a temperature slightly below the melting

temperature "Ty" of the binder component 24.

[0050] As indicated above, the uncompressed mixture "M" preferably is delivered to the
fine meter assembly 40. Those skilled in the art would appreciate that the fine meter assembly
40 may be provided in any suitable form. In one embodiment, the fine meter assembly 40
preferably includes a hopper 68, in which the uncompressed mixture "M" is receivable (Fig. 2).
The fine meter assembly 40 preferably also includés an augerb subassembly 70, for drawing the
uncompressed mixture "M" from the hopper 68 and delivering the predetermined amount(s)
thereof to the first chamber 34 (Fig. 2).

[0051] Those skilled in the art would appreciate that the predetermined amount(s) of the
uncompressed mixture "M" that is delivered to the first chamber 34 preferably is determined
based on the a preselected size of the solid fuel element 26. As will be described, the solid fuel
element 26 may be provided in a variety of sizes. It is preferred that the fine meter assembly 40
also includes a fine meter assembly controller 72 (Fig. 4A) which controls the auger
subassembly 70 based on the second volume (or mass) of the solid fuel element 26 that is to be

formed.

[0052] Those skilled in the art would alsc appreciate that the uncompressed mixture "M"

may be provided to the hopper 68 of the fine meter assembly 40 from the mixer assembly 28 via
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any suitable delivery means. In one embodiment, the system 20 preferably also includes an
intermediate feed control assembly 74 (Figs. 1A, 1B, and 2). Preferably, the intermediate feed
control assembly 74 includes a sensor 76 in the hopper 68, for sensing that the hopper 68 is
vacated. Those skilled in the art would be aware of suitable sensors. It is also preferred that
the intermediate feed control assembly 74 includes an intermediate feed control chamber 78
(Fig. 2) positioned below the output opening 62, to permit the uncompressed mixture "M" to fall

into the intermediate feed control chamber 78 under the influence of gravity.

[0053] Preferably, the intermediate feed control assembly 74 also includes an upper
gate 80 movable between a closed position (Fig. 2), in which the upper gate 80 prevents the
uncompressed material "M" from falling from the ouiput opening 62 into the intermediate feed
control chamber 78, and an open position, in which the mixer cavity 58 is in fluid communication
with the intermediate feed control chamber 78. It is also preferred that the intermediate feed
control assembly 74 includes a lower gate 82 movable between a closed position (Fig. 2), in
which the lower gate 82 partially defines the intermediate feed control chamber 78, and an open
position, in which the uncompressed mixture "M" located in the intermediate feed control
chamber 78 is permitted to exit therefrom to the hopper 68 under the influence of gravity.

[0054] It will be understood that the gates 80, 82 are shown in their respective open
positions in dashed outlines. It will also be understood that the gates 80, 82 are moved
between their respective open and closed positions by suitable mechanisms (e.g., hydraulic

cylinders) that are omitted from Fig. 2 for clarity of illustration.

[0055] The intermediate feed control assembly 20 preferably also includes a controller
84 (Fig. 2) for controlling movement of the upper and lower gates 80, 82. Preferably, the
controller 84 is configured for moving the upper gate 80 to the open position thereof and for
moving the lower gate 82 to the closed position thereof upon receiving a signhal from the sensor
76 indicating that the hopper 68 is empty. The controller 84 preferably is further configured to
close the upper gate 80 and to open the lower gate 82 when a predetermined intermediate
amount of the uncompressed mixture "M" is in the intermediate feed control chamber 78, the
predetermined intermediate amount preferably being receivable in the hopper 68. Those skilled
in the art would appreciate that such control of the movement of the gates 80, 82 is effected by
the controller 84 via control of the means for moving the gates 80, 82, e.g., respective hydrauiic
cylinders, which are omitted from Fig. 2 for clarity of illustration.

-10 -
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[0056] For clarity of illustration, the upper gate in its open position is illustrated in Fig. 2
in dashed lines. In its open position, the upper gate is identified by reference character 80', for
clarity of illustration. The movement of the upper gate between its open and closed positions is
indicated by the double-headed arrow "UG" in Fig. 2.

[0057] For clarity of illustration, the lower gate in its open position is illustrated in Fig. 2
in dashed lines. In its open position, the lower gate is identified by reference character 82', for
clarity of illustration. The movement of the lower gate between its open and closed positions is
indicated by the double-headed arrow "LG" in Fig. 2.

[0058] In one embodiment, the mixer auger 64 preferably continues to rotate about its
longitudinal axis "X:" when the upper gate 80 is open. The mixer auger 64 pushes the
uncompressed mixture "M" to the output opening 62, as indicated by arrow "C" in Fig. 2. If the
upper gate 80 is in its open position, the uncompressed mixture "M" at the output end 56,
pushed to the output opening 62 by the auger 64, falls through'the output opening 62 into the
intermediate feed control chamber 78, as indicated by‘ arrows "D" and "E" in Fig. 2. Accordingly,
the upper gate 80 preferably is closed after the mixer auger 64 has rotated a sufficient number
of times to provide enough uncompressed mixture "M" to substantially fill the intermediate feed

control chamber 78.

[0059] Those skilled in the art would appreciate that the flow of material into the
intermediate feed control chamber 78 may be controlled based on various other parameters.
For example, the amount of the uncompressed mixture "M" in the intermediate feed control
chamber 78 may be weighed as it is positioned therein, and the upper gate may be configured
to close once a certain weight of the uncompressed mixture "M" is in the intermediate feed

control chamber 78.

[0060] It will be understood that the controller 84 is configured to receive a signal from
the sensor 76, indicating that the hopper 68 is empty, or at least substantially empty. In one
embodiment, upon receiving such signal, the controller 84 causes the lower gate 82 to mave to
its closed position, and causes the upper gate 80 to move to its open position.. When the
intermediate feed control chamber 78 is filled (or substantially filled) with the uncompressed
mixture "M", the upper gate 80 is moved to its closed position, due to appropriate signals from

the controller 84.
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[0061] In accordance with signals from the controller 84, the lower gate 82 is opened to
permit the amount of the uncompressed mixture "M" that is in the intermediate feed control
chamber 78 to fall into the hopper 68, i.e., under the influence of gravity, as indicated by arrow
“F"in Fig. 2. The auger subassembly 70 includes a fine meter auger 85 that is rotatable about
its longitudinal axis "X2" (Fig. 5). The uncompressed mixture "M" is then drawn from the hopper
68 when the auger 85 is rotated, and the rotating auger 85 carries the uncompressed mixture
"M" to the first chamber 34, as indicated by arrow "G" in Fig. 2.

[0062] Those skilled in the art would appreciate that the fine meter auger 85 may be
rotated by any suitable drive means "DM" (Fig. 4A). For example, the drive means "DM" may
include a suitable electric motor. It will be understood that the drive means "DM" is controlled
by the controller 72.

[0063] As will be described, it is preferred that the woody biomass component 22 and
the binder component 24 have a predetermined woody biomass particle distribution and a
predetermined binder particle distribution respectively. Those skilled in the art would appreciate
that the woody biomass component 22 and the binder component 24 may be provided having
the predetermined respective particle size distributions. Alternatively, as can be seen in Fig. 1B,
the system 20 preferably includes a woody biomass processor 86, for forming the woody
biomass component 22 into a number of woody biomass particles "W" (Fig. 1C) of woody
biomass having the predetermined woody biomass particle size distribution, and a binder
processor 88, for forming the binder component into particles (not shown) of the binder
component having the predetermined binder particle size distribution.

[0064] As described above, and as schematically illustrated in Fig. 1B, the woody
biomass component 22 having the predetermined woody biomass particle size distribution and
the binder component 24 having the predetermined binder particle size distribution preferably
are delivered into the mixer cavity 58 in the predetermined proportions. Those skilled in the art
would appreciate that the measurement and control of the woody biomass component and the
binder component as they are fed into the mixture cavity 58 in the predetermined proportions
may be accomplished using any suitable means. The measuring means used to accomplish
this are represented in Fig. 1B by a measuring device identified therein by reference numeral
89.

-12-



WO 2017/201628 PCT/CA2017/050641

[0065] In an alternative embodiment, the system preferably includes the first
compression assembly, for compressing the uncompressed mixture into the preliminary
element, having the preliminary density. The system also includes the second compression
assembly, for compressing the preliminary element to form the solid fuel element 26 therefrom.
As noted above, the solid fuel element has the predetermined density, which is greater than the
preliminary density.

INDUSTRIAL APPLICABILITY

[0066] One embodiment of a method of the invention includes providing the woody
biomass component, the woody biomass component 22 including the woody biomass particles
"W" having the predetermined woody biomass particle size distribution, and also providing the
binder component 24, the binder component including the binder particles having the
predetermined binder particle size distribution. The woody biomass component 22 and the
binder component 24 preferably are mixed together in predetermined proportions relative to
each other to provide the uncompressed mixture "M". The first compression assembly 30 is
provided, which assembly includes the first cylinder 32 having the first chamber 34 therein and
the first piston 36 movable in the first cylinder 34. Via the fine metering assembly 40, one or
more predetermined amounts of the uncompressed mixture "M" is delivered to the first chamber
34. With the first compression assembly 30, the predetermined amount(s) of the uncompressed
mixture "M" is compressed, to provide the preliminary element 38. As described above, the
preliminary element 38 includes a first compressed mixture "M," having the preliminary density.
The second compression assembly 42 is also provided. The second compression assembly 42
preferably includes the second cylinder 44, which includes the second chamber 46 therein and
the second piston 48 movable in the second cylinder 44. The preliminary element 38 is
positioned in the second chamber 48, and the prelimihary element 38 is compressed in the
second chamber 46 to form the solid fuel element 26. As'noted above, the solid fuel element 26
has the predetermined density, which is greafer than the preliminary density. Finally, the solid
fuel element 26 is removed from the second chamber 46, as will be described.

[0067] It is preferred that the increase in density, from the preliminary density to the
predetermined density, is substantial. For example, it has been determined that, in one
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embodiment, the preliminary density may be between approximately 0.4 g/cc and approximately
0.5 glec, and the predetermined density preferably is approximately 1.0 g/cc.

[0068] It is preferred that the predetermined proportidns of the woody biomass
component 22 and the binder component 24 are as follows:

at least about 70% and at most about 80% by weight of the woody biomass component
22; and

at least about 20% and at most about 30% by weight of the binder component 24.

[0069] It has been found that, when the binder component is at about 20% to about 25%
by weight of the solid fuel element 26 (i.e., and the woody biomass component is about 75% to
about 80% by weight), the best results are achieved. The fuel element of the invention is

virtually odorless and smokeless, and is non-toxic.

[0070] The predetermined proportions are preferred because, with these proportions,
the energy content (releasable upon combustion of the solid fuel element 26) is between
approximately 24,400 kilojoule per kilogram (approximately 10,500 BTU per pound) and
approximately 26,750 kilojoule per kilogram (approximately 11,500 BTU per pound). It is
believed that the energy content of the solid fuel element 26 should be as set out above in order
for the solid fuel element to be competitive with other fuels.

[0071] In one embodiment, the uncompressed mixture "M" preferably has a
predetermined moisture content. For example, it is preferred that the moisture content is
approximately 10% by weight of the uncompressed mixture "M". However, it appears that

moisture content, although important, may vary to over 10% by weight.

[0072] As noted above, it is preferred that the thermal stability of the uncompressed
mixture "M" and the first compressed mixture "M," and the final compressed mixture "Ms" be
maintained throughout. The temperature of the uncompressed mixture "M" preferably is
maintained at a temperature that is slightly below the melting temperature "Tn" of the binder
component 24, i.e., where the binder component is a plastic that is hard or brittie at room
temperature, the temperature of the uncompressed mixture "M" should be maintained at a
temperature at or above the glass transition temperature "Tg", but below the melting

temperature "Tn".
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[0073] For instance, in one embodiment, when the woody biomass component 22 and
the binder component 24 are mixed together to form the uncompressed mixture "M", they and
the uncompressed mixture "M" preferably are heated to a preselected temperature that is below
a melting temperature "T" of the binder component 24. As noted above, such temperature
preferably is at or above the glass transition temperature "T," for the binder component. As will
be described, the heat may be provided by any suitable heat-generating means.

[0074] Similarly, when the uncompressed mixture "M" is delivered to the first chamber
34 by the fine meter assembly 40, the uncompressed mixture "M" preferably is heated to the
preselected temperature, i.e., a temperature that is below the melting temperature "T" of the
binder component 24. Such temperature preferably is at or above the glass transition
temperature "Tg" for the binder component. The heat may be provided by any suitable heat-

generating means.

[0075] It is also preferred that, when the uncompressed mixture "M" is delivered to the
first chamber 34 in the first compression assembly 30, the uncompressed mixture "M" is
maintained at the preselected temperature, i.e., at a temperature that is below the melting
temperature "Tn" of the binder component 24. Such temperature preferably is at or above the
glass transition temperature "T4" for the binder component. As described above, the heat may

be provided by any suitable heat-generating means.

[0076] Because the preselected temperature preferably is at or above the glass
transition temperaturé "Tg" and below the melting temperature "Tn", the binder component 24 is
relatively pliable during the processes described above. In particular, when the uncompressed
mixture "M" is compressed in the first chamber 46, the binder component 24 is only partly
pushed into the interstices "Y" at that point. As noted above, it is believed that during
compression in the first chamber, additional heat energy due to such compression heats the
binder further, causing it to be more pliable at that point. However, it is believed that the first
compression is not sufficient to press the binder fully into all the interstices between the woody

biomass particles.

[0077] It is also believed that the compression of the preliminary element 38 in the
second chamber 48 is a substantially adiabatic process in which, during the compression of the
preliminary element 38, the preliminary element 38 is heated to the predetermined temperature,
which is at least equal to the melting temperature "Tn" of the binder component. The increase
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in the temperature of the material that is compressed in the second compression assembly is
believed to be due to such compression. Because the predetermined temperature ié equal to or
greater than the melting temperature "Tn" of the binder component, the binder component 24 is
flowable, and can be caused (by the compression of the first compressed mixture "M," in the
second compression assembly 42) to flow into the interstices "Y", and to substantially fill the
interstices "Y", to form the second compressed mixture "Ms" (Fig. 1C). It is believed that, in
order for the solid fuel element 26 to have the predetermined density, the interstices "Y" are
substantially filled with the binder component 24.

[0078] In one embodiment, the uncompressed mixture "M" that is positioned in the first
chamber 34 is subjected to a first compression force of approximately 3.15 tonne per square
meter (2 long tons per square inch) for a first compression period. Those skilled in the art would
appreciate that the first compression period is that time of compression of the uncompressed
mixture "M" by the first compression force that is needed to achieve the preliminary density of
the preliminary element 38, and may be determined accordingly.

[0079] As will be described, the solid fuel element 26 may have any suitable mass, and
occupy any suitable volume, as required. The first compression period may vary based on the
size of the solid fuel element 26 to be produced. In one embodiment, it is preferred that the
predetermined amount(s) of the uncompressed material "M" is delivered to the first chamber 34
in three separately delivered portions, and each said portion is compressed in the first chamber
consecutively, to form the preliminary element 36. It has been found that this is an efficient way
to provide the preliminary element 36 when the solid fuel element 26 has a weight of
approximately 150-160 grams. Those skilled in the art would appreciate that a given mass of
the uncompressed mixture "M" may occupy a relatively large volume before it is compressed to
form the first compressed mixture "My". Accordingly, introducing only a relatively small amount
of the uncompressed mixture "M" takes up a relatively smaller volume in the first chamber, prior
to the first compression. To provide a sufficient mass of the uncompressed mixture "M" for a
solid fuel element having a particular mass, therefore, it may be preferably, as a practical
matter, to deliver the uncompressed mixture "M" to the first chamber in instalments, with each

such instalment being compressed before a subsequent instalment is delivered.

[0080] From the foregoing, it can be seen that control of the amount of the

uncompressed mixture "M" may be controlled via the fine meter assembly 40. For example, in

one embodiment, the weight of the solid fuel element 26 that is to be formed preferably is
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provided to the controller 72, which then causes the auger 85 to rotate the number of rotations
necessary for delivery of the appropriate amount of the uncompressed mixture "M" to the first

chamber 34.

[0081] As noted above, depending on the desired mass of the solid fuel element to be
formed, the uncompressed mixture for the solid fuel element may be delivered in instalments to
the first compression assembly, each instalment being compressed before the next instalment is
delivered to the first chamber. It is preferred that the delivery of the uncompressed mixture "M"

in instalments is controlled by the controller 72.

[0082] It is also preferred that, in the second chamber 46, the preliminary element 38 is
subjected to a second compression force of approximately 4.275 tonne per square meter (3
long tons per square inch) for a second compression period in order to provide the solid fuel
element 26.

[0083] As can be seen in Fig. 6A and 6B, the first chamber 34 is at least partially
defined by the first die 52. The first compression assembly 30 preferably also includes a first
end plate 90 that, when in a closed position thereof (Figs. 1A, 3A), also partially defines the first
chamber 34. It will be understood that the first die 52 is shaped to form the pre-heated mixture
"M" into the preliminary element 38. Those skilled in the art would appreciate that the
dimensions and shape of the first die 52 preferably are ultimately based on the preferred
dimensions and shape of the solid fuel element 26. Those skilled in the art would also
appreciate that the first piston 36 (Figs. 2, 6C, 6D) is shaped and sized to fit within the first die
52, to form the preliminary element 38. It will be understood that the first die 52 fits in the first
cylinder 32, and the uncompressed mixture "M" is delivered into the first chamber 34 at the
bottom of the first cylinder 32, when the first piston 36 is in a raised position (Fig. 2). At this
point, the first end plate 90 is in its closed position, and the first end plate 90 supports the
predetermined amount of the uncompressed mixture "M" thereon. It will also be understood
that, after the predetermined amount of the uncompressed mixture is in the first chamber 34, the
first piston 36 is driven by a hydraulic ram or other suitable driving means to exert the necessary
pressure to form the uncompressed mixture "M" in the first chamber 34 into the preliminary
element 38. The direction in which the first piston 52 is driven into the uncompressed mixture

"M" is indicated by arrow "H" in Fig. 3A.
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[0084] It will also be understood that the pre-heated mixture "M" is not shown in an

uncompressed state in the first chamber 34 to simplify the illustrations.

[0085] In one embodiment, once the uncompressed mixture "M" has been formed into
the preliminary element 38, the first end plate 90 is moved to its open position (Fig. 3A), and the
preliminary element 38 exits the first die 52 downwardly, under the influence of gravity. The
movement of the first end plate 90 to its open position is indicated by arrow "I" in Fig. 3A. The
first end plate is shown in its open position in dashed outline in Fig. 3A. For clarity of illustration,
the first end plate in its open position is identified by reference character 90' in Fig. 3A.

[0086] As can be seen in Fig. 3A, when the first end plate 90 is moved to its open
position, the preliminary element 38 falls into the second chamber 46, in the second cylinder 44,
under the influence of gravity. The movement of the preliminary element 38 into the second
cylinder 44 is indicated by arrow "J" in Fig. 3A.

[0087] In one embodiment, once the preliminary element 38 is positioned therein, the
second cylinder 44 preferably is moved laterally, so that it is aligned with the second piston 48.
The movement of the second cylinder 44 to its position in which it is aligned with the second
piston 48 is indicated by arrow "K" in Fig. 3A. As illustrated in Figs. 3A and 3B, such movement
is lateral, however, it will be understood that such movement may be any suitably directed
movement to transport the second cylinder 44 to a location where it is vertically aligned with the

second piston 48.

[0088] As can be seen in Fig. 3B, when the second cylinder 44 is alighed with the
second piston 48, the second piston 48 is rammed downwardly onto the preliminary element 38,
to form the preliminary element 38 into the solid fuel element 26. Preferably, the second piston
48 is driven by a suitable hydraulic cylinder, or by any other suitable means. The direction of
movement of the second piston 48 to compress the preliminary element 38, i.e., to form the

solid fuel element 28, is indicated by arrow "N" in Fig. 3B.

[0089] It will be understood that the second chamber 46 is partially defined by a suitably
formed cavity (not shown) in a second die (hot shown) that is positioned in the second cylinder
44. It will also be understood that the second piston is shaped to fit within the second die, to
form the solid fuel element 26 when the preliminary element 38 is subjected to compression in
the second chamber 46. Those skilled in the art would appreciate that the second piston 48 is

substantially the same as the first piston 36. It would also be appreciated that the second die is
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substantially the same as the first die, except that the cavity defined in the second die is
substantially shorter than the corresponding cavity in the first die. As will be described, in the
second chamber 46, the compression is effected by reducing a length of the preliminary

element to form the solid fuel element.

[0090] As can be seen in Figs. 3A and 3B, the second chamber 46 is partially defined by
a second end plate 92. The second end plate 92 is movable between a closed position
(illustrated in Figs. 3A and 3B) and an open position (illustrated in Fig. 3C).

[0091] As noted above, the preliminary element 38 is subjected to the second
compression force in the second compression assembly 42 for the second compression period,
to form the preliminary element 38 into the solid fuel element 26. Those skilled in the art would
appreciate that the second compression period is that time of compression of the preliminary
element by the second compression force that is needed to achieve the predetermined density
of the solid fuel element 26, and may be determined accordingly. At the end of the second
compression period, the second piston 48 is retracted (as indicated by arrow "P" in Fig. 3C),
and the second end plate 92 moves to its open position, as indicated by arrow "Q" in Fig. 3C.
Under the influence of gravity, the solid fuel element 26 then falls out of the second cylinder 44,

as indicated by arrow "R" in Fig. 3C.

[0092] The preliminary element 38 has a length "Li" when it is formed in the first
compression assembly 30. However, the solid fuel element 26 that is formed from the
preliminary element 38 has a length "L," that is less than the length "L\". For example, the
length "L{" of the preliminary element 38 may be approximately 15.24 cm (approximately 6
inches), and the length "L2" of the solid fuel element 26 resulting from the compression thereof

may be approximately 7.62 cm (approximately 3 inches).

[0093] As noted above, the binder component 22 may be any suitable material. For
example, non-hazardous polyethylene (PE) is a suitable binder material. The PE has been
found to be advantageous in different ways. First, the use of the PE enhances the lubricity of
the mixture as it is processed. Second, due to the presence of the PE in the mixture, the
mixture is substantially non-hygroscopic. Also, the mechanical strength of the mixture is
significantly enhanced due to the use of PE, as the PE also serves as a binder, binding the

‘woody biomass pieces in the solid fuel element 26.
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[0094] The solid fuel element 26 is non-hygroscopic. The non-hygroscopic nature of the
solid fuel element 26 is advantageous when compared, for example, to the prior art wood fuel
pellets. The conventional wood pellets are generally hygroscopic unless they have been
subjected to torrefaction. In contrast to this, however, the solid fuel element 26 is non-
hygroscopic, in the absence of torrefaction. This represents a significant cost advantage of the

fuel element of the invention over conventional alternhate fuels fuel pellets.

[0095] As noted above, the woody biomass component and the binder component
preferably are waste by-products, and the woody biomass component and the binder
component may be provided having suitable particle size distributions. Those skilled in the art
will also be aware of suitable equipment which may be used to shred the woody biomass and
the binder material, if necessary. The shredding preferably is done so as to achieve appropriate
the predetermined woody biomass particle size distribution and the predetermined binder
particle size distribution for the woody biomass component 22 and the binder component 24
respectively. For instance, it has been found that when the woody biomass component is
shredded into piecés or particles that are less than about 0.635 cm (about 0.25 inches) in
diameter, the mixture that includes such woody biomass pieces or particles performs

adequately.

[0096] In practice, the binder component 24 may be provided in the form of pellets,
strips and/or shreds, and the thickness or diameter of such pellets, strips and shreds may be up
to about 0.3048 mm (about 12 mil (0.012 inches)).

[0097] It will be understood that other particle size distributions of the woody biomass

component and/or the binder component may be suitable.

[0098] As described above, the shredded woody biomass and the shredded binder
material preferably are mixed together in the predetermined proportions in the mixer assembly
28, to form the uncompressed mixture "M". Preferably, after mixing, the woody biomass
component 22 and the binder component 24 are substantially consistently distributed
throughout the uncompressed mixture "M". Those skilled in the art will be aware of suitable

mixers.

[0099] Controlling moisture content in the mixture has been found to be not as important
as it is, for instance, in manufacturing wood pellets. This has the important benefit that there is

no requirement to closely monitor and control moisture content in the process of manufacturing
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the fuel element of the invention. Also, because the solid fuel element 26 is non-hygroscopic

and relatively robust, the solid fuel element 26 does not require special handling.

[00100] In tests, the solid fuel element 26 has been found to have a density between
approximately 1.035 g/cc and approximately 1.065 g/cc. Those skilled in the art would
appreciate that the solid fuel element may have any suitable size. It is believed that a slightly
larger solid fuel element may be more economic for industrial and commercial applications. For
example, in one embodiment, the solid fuel element 26 may be about 7.62 cm (about 3 inches)
in length. This embodiment of the fuel element preferably weighs between approximately 150 g
and approximately 160 g, e.g., approximately 156 g. The solid fuel element 26 is a relatively
long-burning fuel, able to support combustion thereof over a relatively long period of time.

[00101] In an alternative embodiment of the method of the invention, the method
includes, with the first compression assembly, compressing the uncompressed mixture to form
the preliminary element, having the preliminary density. The method also includes further
compressing the preliminary element, in the second compression assembly, to form the solid
fuel element 26. The solid fuel element has the predetermined density, which is greater than
the preliminary density. The solid fuel element is subsequently removed from the second
compression assembly.

[00102] In use, the solid fuel element 26 has been found to have a number of advantages
over the prior art. Due to the optimized densification, gaps in the surface of the element 26 are
minimized. As noted above, the solid fuel element 26 is non-hygroscopic. Also, it has been
found that the ash resulting from combustion of the solid fuel element 26 is benign. That is, the
ash resulting from the combustion of the fuel element is relatively benign as compared to, for
example, conventional bottom ash. The ash from combustion of the fuel element is relatively
benign where, for example, the fuel element consists of cellulose (i.e., from the woody biomass

component) and non-hazardous polyethylene.

[00103] The solid fuel element 26 may have any suitable configuration. As can be seen
in Figs. 9A-9C, in the predetermined configuration of the solid fuel element 26, it is preferred
that the solid fuel element 26 includes a core portion 94 and a number of lobes 96 extending
radially from the core portion 94. In one embodiment, and as can be seen in Fig. 9B, it is

preferred that the core portion 94 is substantially cylindrical. In Fig. 9B, a dashed outline "Z"
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represents the outer edge of the core portion 94. Due to its configuration, the solid fuel element

26 has a consistent heat signature during combustion.

[00104] Because the lobes 96 extend radially from the core portion 94, a relatively large
surface area of the solid fuel element 26 is exposed prior to combustion, for initiating
combustion. In addition, due to the geometry of the embodiment of the solid fuel element 26 as
illustrated in Figs. 9A-9C, air circulation in and around the lobes 96 and the core portion 94 is
promoted, resulting in a more efficient burn, as compared to alternate fuel materials generally.
Also, the solid fuel element 26 is designed so that self-ablation of the solid fuel element 26 (i.e.,
due to ash falling off the non-combusted portion during combustion) will generally result in the
exposure of more surface area of the remaining (noncombusted) portion of the solid fuel
element 26. As a result, the solid fuel element 26 has a relatively consistent heat signature
during combustion. As compared to most alternate fuels fuel pellets, the configuration of the
solid fuel element 26 results in a more consistent, efficient and sustainable burn without the
need for high flue velocity venting.

[00105] In one embodiment, for example, the core portion 94 is substantially cylindrical
and the solid fuel element 26 preferably includes six of the lobes 96 spaced radially
equidistantly (or substantially equidistantly) around the core portion 94, i.e., each lobe 96 is
radially distanced 60° from those adjacent to it. Preferably, and as can be seen in Figs. 9A-9C,
each lobe 96 includes a rounded outer end 97 and substantially planar sides 98A, 98B that
define an angle 6 of approximately 22°, dpening toward the outer end 97. It will be understood

that the solid fuel element 26 may include any suitable number of the lobes 96.

[00106] It is believed that replacing a conventional fuel (e.g., coal) with the solid fuel
element 26 results in a substantial reduction in toxic gases produced. In addition, the solid fuel
element 26, when burned with coal, appears to burn a substantial portion of the toxic gases
produced by combustion of the coal. The solid fuel element 26 burns significéntly hotter than
the coal. It is believed that, as a result, burning the solid fuel element 26 with coal may result in

a reduction in the requirement of the scrubbers for the toxic gases.

[00107] In summary, the solid fuel element 26 provides a number of benefits, some of

which are as follows.

-22-



WO 2017/201628 PCT/CA2017/050641

e The solid fuel element 26 is virtually smokeless, virtually odorless, and non-toxic, and

there are no residuals after combustion.
e The solid fuel element 26 is capable of sustaining its combustion.
e The solid fuel element 26 provides substantially constant heat during its combustion.

e The solid fuel element 26 may have an energy content of greater than about 25,500
kilojoule per kilogram (about 11,000 BTU per pound), which is a specific energy greater
than those of bituminous coal and wood pellets,

¢ No external airstream is required to sustain combustion of the solid fuel element 26.
e Torrefaction is not required for desirable hygroscopic characteristics.

¢ The solid fuel element 26 is not susceptible to storage and transport damage in hot and
humid environments.

e The solid fuel element 26 is water-resistant.

[00108] The use of the method described above to create the solid fuel element 26
ultimately can result in significant labor and operating cost savings, environmental benefits,
reduced transport costs and reduced pollution, as well as diverting significant portions of waste
stream away from landfill sites. Because the fuel element is non-hygroscopic, the material may

be stored outside, so that no special storage devices or buildings are required.

[00109] Those skilled in the art Would appreciate that the system of the invention may be
provided in different configurations, for improved productivity. In one embodiment, a system
120 of the invention, as schematically illustrated in Fig. 7, preferably includes two first
compression assemblies 130A, 130B and two fine metering assemblieé 140A, 140B, which
provide the uncompressed mixture "M" to the compression assemblies 130A, 130B respectively.
The system includes the mixer assembly 128, and may include one or more intermediate feed
control assemblies 174, for controlling the flow of the uncompressed mixture "M" to the fine
meter assemblies 140A, 140B.

[00110] It is preferred that the system 120 includes a shuttle assembly 121 (Fig. 7). As
will be described, the shuttle assembly 121 is configured for movement of second cylinders
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144A, 144B between first and second positions thereof. When the second cylinder 144A is in its
first position, it is aligned with the first compression assembly 130A, i.e., ready to receive the
preliminary element 38 (not shown in Fig. 7) therein. When the second cylinder 144A is in its
second position, the second cylinder 144A is aligned with the second piston 148. In its second
position, the second cylinder 144A includes the preliminary element 38 therein, for compression

therein to form the solid fuel element 26 (not shown in Fig. 7).

[00111] For clarity of illustration, the second cylinder 144A is shown in its first position in
Fig. 7, and the second cylinder 144B is shown in its second position. It will be understood that,
once the solid fuel element formed in the second cylinder 144B has exited therefrom, the
second cylinder 144B moves to its first position, i.e., aligned with the first compression assembly
130B.

[00112] It will also be understood that, once the preliminary element has dropped into the
second cylinder 144A, the second cylinder 144A will move to its second position, in which it is
aligned with the second piston 148. Preferably, the lateral movements of the second cylinders
144A, 144B are timed so that they take place substantially contemporaneously.

[00113] Those skilled in the art would appreciate that, in order to achieve the foregoing
coordinated movements of the second cylinders 144A, 144B between their respective first and
second positions, the first compression assemblies 130A, 130B preferably are operated
asynchronously, in order to provide a relatively high rate of production. For example, when the
preliminary element 38 exits from the first compression assembly 130A, the other first
compression assembly 130B has completed its cycle, énd is receiving new uncompressed
mixture "M" in its first chamber, or such uncompressed mixture is being compressed in the first

A compression assembly 130B.

[00114] As can be seen in Fig. 8A, in one embodiment, the shuttle assembly 121 is
formed to cooperate with the second compression assembly 142, The second piston 148 of the
second compression assembly 142 is mounted to a hydraulic ram 143. Preferably, the shuttle
assembly 121 includes an upper plate 123 to which the hydraulic ram 143 preferably is secured.
As can be seen, for example, in Figs. 8B and 8D, the top plate preferably includes openings
125A, 125B, 125C therein. The shuttle assembly 121 preferably includes a shuttle housing 127
in which a movable shuttle base 129 (Fig. 8D) is movable. As can be seen in Fig. 8D, the
second cylinders 144A, 144B preferably are secured to the shuttle base 129. It is also preferred

=24 -



WO 2017/201628 PCT/CA2017/050641

that the second cylinders 144A, 144B are positioned beside each other on the shuttle base 129.
In Fig. 8D, it can be seen that the second cylinders 144A, 144B are secured in position relative

to each other on the base 129, and-do not move relative to each other.

[00115] In Fig. 8C, the shuttle assembly 121 is illustrated, with certain parts omitted for
clarity of illustration. As illustrated in Fig. 8C, the shuttle base 129 is positioned so that the
second cylinder 144A is vertically aligned with the opening 125A, and the second cylinder 144B
is vertically aligned with the second opening 125B. It can be seen that the second cylinder
144A is positioned in its first position in Fig. 8C, and the second cylinder 144B is positioned in
its second position, in Fig. 8C. The positioning of the second cylinders 144A,‘144B therefore
corresponds to that schematically illustrated in Fig. 7. It will be understood that, when the
second cylinders 144A, 144B are positioned as illustrated in Fig. 8C, the second cylinder 144A
is positioned to receive the preliminary element from the first compression assembly 130A (not
shown in Fig. 8C). As described above, the preliminary element falls into the second cylinder
144A from the first compression assembly 130B under the influence of gravity.

[00116] Similarly, it will be understood that, in Fig. 8C, the second cylinder 144B includes
the preliminary element therein, for compression by the second piston 148, when the second
piston 148 is pressed downwardly by the ram 143 upon the preliminary element, to form the
solid fuel element in the second cylinder 144B. As described above, the solid fuel element thus
formed exits the second cylinder 144B under the influence of gravity once an end gate 192 (Fig.
8C) is removed.

[00117] The shuttle assembly 121 preferably includes a hydraulic cylinder 133 for moving
the second cylinder 144A, and the second cylinder 144B, between their respective first and
second positions. As described abbve, the second cylinders 144A, 144B are fixed in position
relative to each other on the base 129. The base 129 to which they are secured is moved

laterally by the hydraulic cylinder 133.

[00118] Accordingly, once the second cylinder 144A is ready to move to its second
position and the second cylinder 144B is ready to move to its first position, the hydraulic
cylinder 133 moves the base 129 accordingly. It will be understood that, when the second
cylinder 144A is in its second position, the second cylinder 144A is vertically aligned with the
opening 125B, and also with the second piston 148. Similarly, it will be understood that when
the second cylinder 144B is in its first position, the second cylinder 144B is vertically aligned
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with the opening 125C. When the second cylinder 144B is in its first position, it is also vertically
aligned with the first compression assembly 130B (not shown in Figs. 8A-8C).

[00119] It will be appreciated by those skilled in the art that the invention can take many
forms, and that such forms are within the scope of the invention as claimed. The scope of the
claims should not be limited by the preferred embodiments set forth in the examples, but should

be given the broadest interpretation consistent with the description as a whole.
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We claim:

1. A system for forming a woody biomass compohent and a binder component into a solid

fuel element having a predetermined density, the system comprising:

a mixer assembly for mixing the woody biomass component and the binder
component in predetermined proportions to provide an uncompressed mixture;

a first compression assembly comprising a first cylinder comprising a first
chamber therein and a first piston movable in the first cylinder, for compressing
the uncompressed mixture in the first chamber to provide a first compressed
mixture formed into a preliminary element occupying a first volume, the

preliminary element having a preliminary density;

a fine meter assembly for delivering at least one predetermined amount of the
uncompressed mixture to the ﬁrst chamber; and

a second compression assembly comprising a second cylinder comprising a
second chamber therein and a second piston movable in the second cylinder, for
compressing the preliminary element in the second chamber to provide a final
compressed mixture formed into the solid fuel element occupying a second
volume that is less than the first volume, the solid fuel element having the
predetermined density, the predetermined density being greater than the

preliminary density.

2. The system according to claim 1 comprising a plurality of heat-generating elements for
heating the uncompressed mixture and the first compressed mixture to at least one
preselected temperature that is less than a melting temperature of the binder

component.

3. The system according to claim 1 in which the compression of the preliminary element to
form the solid fuel element is a substantially adiabatic process in which the final
compressed mixture is heated to a predetermined temperature that is at least equal to
the melting temperature of the binder component.
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4, The system according to claim 1 in which the mixer assembly comprises:

a mixer housing extending between input and output ends thereof, the mixer
housing defining a mixer cavity therein, and additionally comprising an input
opening at the input end and an output opening at the output end in

communication with the mixer cavity; and

a mixer auger at least partially located in the mixer cavity and rotatable about a
longitudinal axis thereof, for mixing the woody biomass component and the
binder component together in the mixer cavity and moving the woody biomass
component and the binder component from the input end to the output end as

they are mixed together, to form the uncompressed mixture at the output end.
5. The system according to claim 4 in which the fine meter assembly comprises:
a hopper, in which the uncompressed mixture is receivable; and

an auger subassembly, for drawing the uncompressed mixture from the hopper
and delivering said at least one predetermined amount thereof to the first

chamber.

6. The system according to claim 5 in which the fine meter assembly comprises a fine
meter assembly controller which controls the auger subassembly based on the second

volume of the solid fuel element.
7. The system according to claim 6 additionally comprising:
an intermediate feed control assembly comprising:
a sensor in the hopper, for sénsing that the hopper is vacated;

an intermediate feed control chamber positioned below the output
opening, to permit the uncompressed mixture to fall into the intermediate
feed control chamber under the influence of gravity;

an upper gate movable between a closed position, in which the upper
gate prevents the uncompressed material from falling from the output

‘opening into the intermediate feed control chamber, and an open position,
-28.-



WO 2017/201628

PCT/CA2017/050641

in which the mixer cavity is in fluid communication with the intermediate

- feed control chamber;

a lower gate movable between a closed position, in which the lower gate
partially defines the intermediate feed control chamber, and an open
position, in which the uncompressed mixture located in the intermediate
feed control chamber is permitted to exit therefrom to the hopper under
the influence of gravity; and

a controller for controlling movement of the upper and lower gates, the
controller being configured for moving the upper gate to the open position
thereof and for moving the lower gate to the closed position thereof upon
receiving a signal from the sensor indicating that the hopper is empty, and
the controller being further configured to close the upper gate and to open
the lower gate when a predetermined intermediate amount of the
uncompressed mixture is in the intermediate feed control chamber, the

predetermined intermediate amount being receivable in the hopper.

8. The system according to claim 4 additionally comprising:

a woody biomass processor, for forming the woody biomass component into a

plurality of woody biomass particles of woody biomass having a predetermined

woody biomass particle size distribution; and

a binder processor, for forming the binder componeht into particles of binder

having a predetermined binder particle size distribution.

9. A method of forming a solid fuel element having a predetermined density comprising a

woody biomass component and a binder component, the method comgprising:

(a) providing the woody biomass component, the woody biomass component

comprising woody biomass particles having a predetermined woody biomass

particle size distribution;

(b) providing the binder component, the binder component comprising binder

particles having a predetermined binder particle size distribution;
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10.

11.

(c)

(d)

(f)

(h)
(i)

0

mixing the woody biomass component and the binder component together in
predetermined proportions relative to each other to provide an uncompressed

mixture;

providing a first compression assembly comprising a first cylinder comprising a

first chamber therein and a first piston movable in the first cylinder;

via a fine metering assembly, delivering at least one predetermined amount of
the uncompressed mixture to the first chamber;

with the first compression assembly, compressing said at least one
predetermined amount of the uncompressed mixture to provide a preliminary

element comprising a first compressed mixture having a preliminary density;

providing a second compression assembly comprising a second cylinder
comprising a second chamber therein and a second piston movable in the
second cylinder;

positioning the preliminary element in the second chamber;

compressing the preliminary element in the second chamber to form the solid
fuel element having the predetermined density, the predetermined density being

greater than the preliminary density; and

removing the solid fuel element from the second chamber.

The method according to claim 9 in which the predetermined proportions in step (c)

comprise:

at least about 70% and at most about 80% by weight of the woody biomass

component; and

at least about 20% and at most about 30% by weight of the binder component.

The method of claim 9 in which, in step (c), the uncompressed mixture has a

predetermined moisture content.
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12.

13.

14.

15.

16.

17.

18.

10.

20.

The method of claim 9 in which, in step (c), the uncompressed mixture is heated to a
preselected temperature below a melting temperature of the binder component.

The method of claim 9 in which, in step (), the uncompressed mixture is heated to a
preselected temperature below a melting temperature of the binder component.

The method of claim 9 in which, in step (f), the first compression assembly maintains a
temperature of the uncompressed mixture in the first chamber at a preselected
temperature that is below a melting temperature of the binder component.

The method according to claim 9 in which step (i) is a substantially adiabatic process in
which, during the compression of the preliminary element in the second chamber, the
preliminary element is heated to a predetermined temperature that is at least equal to a
melting temperature of the binder component.

The method according to claim 9 in which said at least one predetermined amount of the
uncompressed material is delivered to the first chamber in three separately delivered
portions, and each said portion is compressed in the first chamber consecutively to form

the preliminary element.

The method of claim 9 in which, in step (f), the uncompressed mixture is subjected to a
first compression force of approximately 3.15 tonne per square meter (approximately 2

long tons per square inch) in the first chamber for a first compression period.

The method of claim 9 in which, in step (i), the preliminary element is subjected to a
second compression force of approximately 4.275 tonne per square meter
(approximately 3 long tons per square inch) in the second chamber for a second
compression petriod.

A solid fuel element formed according to the method of claim 9 comprising:
a core portion; and
a plurality of lobes extending radially from the core portion.

The solid fuel element of claim 19 formed to have a consistent heat signature during
combustion.
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21.

22.

23.

The solid fuel element of claim 19 in which the lobes are spaced radially equidistantly
from each other around the core portion.

A system for forming a woody biomass component and a binder component into a solid
fuel element having a predetermined density, the system comprising:

a first compression assembly for compressing an uncompressed mixture of the
woody biomass component and the binder component to provide a preliminary
element having a preliminary density; and

a second compression assembly for compressing the preliminary element to form
the preliminary element into the solid fuel element having the predetermined
density, the predetermined density being greater than the preliminary density.

A method of forming a solid fuel element having a predetermined density comprising a

woody biomass component and a binder component, the method comprising:

(@) with a first compression assembly, compressing an uncompressed mixture of the
woody biomass component and the binder component to provide a preliminary
element having a preliminary density;

(b) with a second compression assembly, compressing the preliminary element to
form the preliminary element into the solid fuel element having the predetermined
density, the predetermined density being greater than the preliminary density;
and

(c) removing the solid fuel element from the second compression assembly.
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