METHOD AND APPARATUS FOR TORREFACTION OF BIOMASS MATERIALS FIELD OF THE
INVENTION 5 Embodiments of the invention relate to the field of torrefaction of biomass materials,
and in particular to a rotary furnace and heat transfer media for use in a torrefaction process, and to a
torrefaction method using such a rotary furnace and heat transfer media. 10 BACKGROUND OF THE
INVENTION Biomass-based fuels are considered carbon neutral and are generally regarded as a
renewable energy source. With the abundant availability of biomass waste 15 materials globally,
converting such materials into a fuel in form of raw pellet Eggsis oil (bio ail), cellulosic ethanol,
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biogas or gasification proMEM K é}ﬁgg A19Nese processes are
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intended to increase the energy density o ial so that they can be transported
economically to markets and readily used by conventional combustion based 20power generation
technologies. Torrefaction describes RiEhDeOF N HARIEN VENTAS¥Nnaterials are heated to between
200-32Q C in absence of oxygen, to completely drive out the moisture within the biomass materials, as
well as some low-boiling-point volatiles, so that the biomass material is amenable to further
compression into Higibedisrgytdehsibg A8vsetiets.[Floreefiedhsidmbsohéliatddetive thie tiddedsadvantage
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or subsequent biodegradafion through the attack by microbes and fungi. Thus, torrefied biomass fuel
is stable enough tdMEcEisiPERr et 8181g disrasfesdoantabaskbusiBeedith silosforliBAtrpandd of time.
These are importapt 30ceRgsifgiafigns for a commodity solid fuel.

10
BACKGROUND OF THE INVENTION

Biomass-based fuels are considered carbon neutral and are generally regarded as a
renewable energy source. With the abundant availability of biomass waste
15 materials globally, converting such materials into a fuel in form of raw pellets,
pyrolysis oil (bio oil), cellulosic ethanol, biogas or gasification products has been
the subject of intensive research. These processes are intended to increase the
energy density of the biomass waste material so that they can be transported
economically to markets and readily used by conventional combustion based

20 power generation technologies.

Torrefaction describes a process in which biomass materials are heated to between
200°-320° C in absence of oxygen, to completely drive out the moisture within
the biomass materials, as well as some low-boiling-point volatiles, so that the
biomass material is amenable to further compression into high energy density
25 pellets. Torrefied biomass pellets have the added advantage of being slightly
hydrophobic, so they do not absorb water that can cause swelling and
disintegration or subsequent biodegradation through the attack by microbes and
fungi. Thus, torrefied biomass fuel is stable enough to be shipped across long
distances and to be stored in silos for long period of time. These are important

30 considerations for a commodity solid fuel.



Additionally, use of torrefied biomass pellets allows the possibility of co-firing in coal based utility
power stations with minimum retrofit, while significantly reducing the carbon footprint of the power
station. Since coal fired power stations often have the highest carbon emission profiles of all power
generation 5 technologies, the operators of such stations have been requested by various
governments to take measures to reduce their carbon emissions. For example, the European Union
has proposed up to 25% co-firing of biomass pellets to achieve meaningful carbon emission reduction
targets without compromising the operatigns of the utilities. L0Numerous methods have been
proposed for meetintHHEMEX iR dﬁffgﬁ?élrﬁéom?%PFé]ﬁét%lﬁ%? Hismastnelisrs ESE Mample, use
of fluidised beds, nieaingafieidsiseyeporeactansioandhshafivivinace s-&rave: begilprogaadfay use in
torrefaction. HoweveJ sinc%one of the major ¢o siderationf% is tg.kee th%to refaction reactor

) re q%mét ) CaI?OIl 00t rl#it [0) ei..% Wer sta 10115 mce ﬂ%ll 11 QWET Sstations
oxygen-free, such methodls may face significant challenges, since they all need gas as the
fluidising medium afidiortasdhéeohighetivechdantransfeiomganfifesAwfwalllbgeneraliyenaidre used as
such a medium for i, \grs(actipn Biagess. Snceheaniaine ARRIImAlel &4 vean,and
torrefaction should be carfied out in & substantial y oxygen-free environment. The cost of using
substitutes for air #9Yaemfgitisingakreaieasteasdioredopydutiveaneen trarsiens 2Bomedinplecditd be
prohibitive. Other pigpgsalsinyglveUse.abioiary (rasees RrigTsfasinnQlRipmass.aategals. Of
course, in addition to the "usual” challenge of maintaining low- or no-oxygen conditions during
torrefaction, a relatReyi et P r &THE 1 pefdsliRn sHEERISh e RgHtairR@PTOBRT e Hifficult to
achieve and maintgifa gHehsa £ARSIANE LD operating temperature if hot gas or a fuel-based heating
system is used. Additionally, previously proposed torrefaction methods may face difficulties with
generally poor heat transfer to Igoge%/-gagked biomass_material, wﬁicltp may slow the heaiting process

1 . umero methods Have been proposed. for meeting the {1 requirements tor
and make it less efficient. Due o economic coRsiBerEtions, 1tis genera y Sirabists eep the
process time to legsriefaet8th minbitesassuntherjdtswoktidd bechpsirable 66 Sontreldvedsaniolagize of the
biomass material, 'bn grder to“provicle garticées th tare suitatﬁle for, formation intp pellets during a

[+ IS(, SCIE reac g , dll Sh&? urnaces ave  been I'OgOS I[P C?OI'. use 11

subsequent pellet making process. Current torretaction processes are gpen rally designed only to
"heat" the biomasgamafesizino Haesired tewpensture. s Subsequersidpatiivle sizéorddertidn may be

necessary in order, i provide Raclisles gk are.suliabl el e Rpdyction RGP IS ALUMMARY OF
THE INVENTION

15 since they all need gas as the fluidising medium and/or as the convective heat
transfer medium. Air would generally not be used as such a medium for the
torrefaction process, since it contains approximately 21% oxygen, and torrefaction
should be carried out in a substantially oxygen-free environment. The cost of
using substitutes for air as the fluidising medium and/or convective heat transfer

20 medium could be prohibitive. Other proposals involve use of rotary furnaces for

torrefaction of biomass materials.

Of course, in addition to the “usual” challenge of maintaining low- or no-oxygen
conditions during torrefaction, a relatively constant operating temperature should
be maintained. It can be difficult to achieve and maintain such a constant
25 operating temperature if hot gas or a fuel-based heating system is used.
Additionally, previously proposed torrefaction methods may face difficulties with
generally poor heat transfer to loosely-packed biomass material, which may slow
the heating process and make it less efficient. Due to economic considerations, it

is generally desirable to keep the process time to less than 30 minutes.



In accordance with embodiments of the invention, apparatus and methods are 10 provided to achieve
torrefaction of biomass materials. In some arrangements, substantially uniform heating is applied, and
reasonably precise temperature control of the biomass materials may also be applied. This may be
carried out in a substantially oxygen-free atmosphere. Additionally, embodiments in accordance with
the invention may also provide high heat transfer and energy efficiency, as 15 well as enhanced
mixing of the biomass materials. Additionally, heat transfer may be combined with particle size
reduction, to provide torrified particles that are suitable for pellet production. The torrefaction process
may achieve enerdy HeHsHcA0H Bf KNS (04Ul RATIS1H7E il UGN NI is
achieved in accordanadenith grviaeipaeitkotiiheprasenbiaenticmbydw ovicipglachdatitiansfer
element adapted forBJse in ? rotary fuglace 100) fo torretfz%lctiop a}nd particle size reductiﬁn of
biomass material. TheTeat tnster elenteht 1S Ma euﬁrp? of drettdea 8{:)(}8% Sﬁsé\a/fﬁgggngﬁaec?fﬁc gravity
significantly higherdisagmalspatifiagratidytof the bomass mateiid| to be tdesefidd (geparaliye by 25 a
factor ofat least aproximalel G & saheapacix Pliient ot e neat ransler elaments in the
rotary furnace to heat the biomass material to be torretie , and a hardness stfticient for the heat
transfer element tdlsgare stapindimdghnpdidusipadigeline.particle size of the biomass material to be
torrefied. The heat transfer element has one or more surface features formed in a surface of the
30rounded object. The surface feagasVrero? P Yrad: IINVERaFONaction between the heat transfer
elements and the biomass material to be torrefied. The surface features may also be provided to
increase the surface area of the elements, which will enhance heat transfer. In some embodiments,
the heat transfer elBnTEHE RATo % Hl SPLAHHERSF S FAH B kel RRAG'SY $HE SR SH AN &or elements
of appnoximately 8ptévittaesdhahidat massatibe diovhasssnatasahlo e toirefiedasgsuiticient to
quickly and evenly sl the blomase material, 1n some.smboriments,he suriace features of the heat
transfer element include a- 10 cuf, whic ma)g have an ahgﬁe Etveen Inner e(iges oPthe Cut between
approximately 300cantgdpprbximartelys 450¢cinlsomg drodadippdiets, Theraumde beroek @it mare branch
cuts that branch off gfhig;cit Sl PR UNdRISBRA AL ARMSEMDURELAmEHE INALBR(pped by
cutting, molding, orlby any other ‘means of forming a section of the heat transfer element aving edges
configured to incredsd UIBtragtonobeneEadsthprdede thigishepelmndpmahdntr@brifirsscio de torrefied.

15 well as enhanced mixing of the biomass materials. Additionally, heat transfer
may be combined with particle size reduction, to provide torrified particles that
are suitable for pellet production. The torrefaction process may achieve energy

densification of biomass waste materials of 15 GJ/m® or higher.

20 This is achieved in accordance with embodiments of the present invention by
providing a heat transfer element adapted for use in a rotary furnace (100) for
torrefaction and particle size reduction of biomass material. The heat transfer
element is made up of a rounded object having a specific gravity significantly
higher than a specific gravity of the biomass material to be torrefied (generally by

25 a factor of at least approximately five), a heat capacity sufficient for the heat
transfer elements in the rotary furnace to heat the biomass material to be torrefied,
and a hardness sufficient for the heat transfer element to serve as grinding media
to reduce the particle size of the biomass material to be torrefied. The heat
transfer element has one or more surface features formed in a surface of the

30 rounded object. The surface features are configured to increase traction between

the heat transfer elements and the biomass material to be torrefied. The surface



In accordance with various embodiments of the invention, the heat transfer element may be shaped as
a sphere, a cylinder, or a spheroid, and may include steel, stainless steel, bronze, or a ceramic
material. 20 In some embodiments of the invention, a system for torrefaction and size reduction of
biomass material is provided. The system includes a rotary furnace, including a furnace tube having a
tube entry and a tube exit. The furnace tube is surrounded by one or more heaters. The rotary furnace
is substantially air-tight. 25The system also includes numerous heat transfer elements, as described
above, disposed within the furnace tube. In some embodiments, the heaters include clamshell

electrical resistancEH¥EeP ARy br i et A ARG O At At fetlehed Mot BeeSadditlbe. In other

30embodiments, thdlhediansdhelsdamkiermal fluid heating system, such as a thermal oil system. The
heaters are controlled by a controller that is configured to maintain the rotary furnace at a
predetermined temperature between approximately 200 C and 320 C with a precision of approximately
+/- 2 C during the forsefactobpitovess, Ginlsameesfivaiitmentshave imheatwapaoftyheiftirthace tube

includes low-rise spi|hafliasueonligurad (o fciliale Jpruarcl mavsmen of ine hiqmass, aterial in
the furnace tube when the furnace tube Is rotated. The ro?gryxflurna e may further include a coarse
screen disposed nehthihbienirssexiateTiab todur serrsbiesels idonditiuceauiokdyiendtoyeratietidsichvass
material to pass thygugh the.coarnse screen 10 and exit the rotary furnace, while retaining the heat
transfer elements within the furnace tube. In some embodiments, the invention provides a method for

torrefaction and

In some embodiments, the surface features of the heat transfer element include a
10 cut, which may have an angle between inner edges of the cut between
approximately 30° and approximately 45°. In some embodiments, there may be
one or more branch cuts that branch off of the cut. It will be understood that as
used herein, a “cut” may be formed by cutting, molding, or by any other means of
forming a section of the heat transfer element having edges configured to increase

15 traction between the heat transfer elements and the biomass to be torrefied.

In accordance with various embodiments of the invention, the heat transfer
element may be shaped as a sphere, a cylinder, or a spheroid, and may include
steel, stainless steel, bronze, or a ceramic material.
20
In some embodiments of the invention, a system for torrefaction and size
reduction of biomass material is provided. The system includes a rotary furnace,
including a furnace tube having a tube entry and a tube exit. The furnace tube is
surrounded by one or more heaters. The rotary furnace is substantially air-tight.
25 The system also includes numerous heat transfer elements, as described above,

disposed within the furnace tube.

In some embodiments, the heaters include clamshell electrical resistance heaters
configured to radiate heat towards the center of the furnace tube. In other
30 embodiments, the heaters include a thermal fluid heating system, such as a

thermal oil system. The heaters are controlled by a controller that is configured to



particle size reduction of biomass material- The method includes introducing the 15 biomass material
into a rotary furnace that is charged with numerous heat transfer elements- The heat transfer elements
are made up of rounded objects having a specific gravity substantially higher than a specific gravity of
the biomass material (generally by a factor of at least approximately five), a heat capacity sufficient for
the heat transfer elements to heat the biomass material, and a hardness sufficient 20 for the heat
transfer elements to serve as grinding media to reduce the particle size of the biomass material. The
heat transfer elements further include surface features configured to increase traction between the
heat transfer elem8HQ&HY tHE hilHikss HEIATRI. B5The RRFHEUHIFh e ASAREIEL S0t BENY tHe rotary
furnace at a pre-defppackiatecly poovide aahGRibetwatnatpecbsiintrensipr@lemnents-andbiomass
material. This may pe. us&ld %o he%attthe biomass material evenly (or at least relatively evenly) and to
use the heat transfer efements. oaﬁrlﬁ%pt]f%eﬁls’c)mass material to reduce a particle size of the biomass
material. This can be done while maintaining a predetermined 30temperature and a low- or no-oxygen
conditiop in the rotary, furna .Oglh&e% rrefied bioma1 M terial Witqu% redqli:l}lggsqarticle size iP

. ome ¢ S, an 1mner wa urnace C 111C OW:T1S€ Spira .
discharged from the rotary furnace after a predetermined operating time. Maintaining a predetermined

temperature in thebdftdey fiomfapeahsy faolides Brwaidtaipitgenprddbedhvingd tearperlatutbein a range

between approximafely . eQfi ARe-ARRM MR Gralih %Hé%ﬁlﬁj”fﬁ’lfnﬁéé%ﬁ%%ﬁﬂe'y 2C.

Maintaining a low- or no-oxygen condition in the rotary furnace may include introducing an inert gas
into the rotary furnHt&udeOfh SeRfe eiBeHifienricthecaetifodubfayeFilrtherinctodesrsIBeAting the rotary

furnace and the hegf tiapsierelameniswitiindbsictanifsneceJadha-predeirradngd emperature.
Some embodiments may include pre-drying the biomass material using a waste heat source prior to

introdulng the bioMd<E thite fiafirdUHRa ot FUFHAREN RO Ata BT AT FlsMEN thev iR s biomass
15material is quenghiggké @berapidly cooled) after it is discharged from the rotary furnace, to prevent
further oxidation of the torrefied biomass material. In some embodiments of the method, the surface
features of the heat transfer

In some embodiments, the invention provides a method for torrefaction and

particle size reduction of biomass material- The method includes introducing the
15 biomass material into a rotary furnace that is charged with numerous heat transfer
elements- The heat transfer elements are made up of rounded objects having a
specific gravity substantially higher than a specific gravity of the biomass material
(generally by a factor of at least approximately five), a heat capacity sufficient for
the heat transfer elements to heat the biomass material, and a hardness sufficient
20 for the heat transfer elements to serve as grinding media to reduce the particle size
of the biomass material. The heat transfer elements further include surface
features configured to increase traction between the heat transfer elements and the

biomass material.

25 The method further includes rotating the rotary furnace at a pre-defined rate to
provide contact between the heat transfer elements and biomass material. This
may be used to heat the biomass material evenly (or at least relatively evenly) and
to use the heat transfer elements to grind the biomass material to reduce a particle
size of the biomass material. This can be done while maintaining a predetermined

30 temperature and a low- or no-oxygen condition in the rotary furnace. The



elements include a cut. One or more branch cuts may branch off of the cut. In 20some embodiments
of the method, the heat transfer elements are shaped as a sphere, a cylinder, or a spheroid. BRIEF
DESCRIPTION OF THE DRAWINGS 25In the drawings, like reference characters generally refer to
the same parts throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the invention. In the following
description, various embodiments of the invention are described with reference to the following
drawings, in which: 30 FIG. 1 shows a rotary furnace charged with heat transfer elements and fibrous

biomass materials THHbRIRES A eI d fehiest huticleittsnsFedsaed fiPsBBRhow views
of an example sphenggl heaidsansfer giemenhimdacpatdagaenwith an embodiment of the invention;
FIGs. 3A and 3B show views of an example cylindrical heat transfer element, in accordance with an
embodiment of the invention; and 5FIG. 4 is a block diagram showing a method for torrefaction of
biomass material iMactendagce witdegramébdimgatavdkhennientiotaryD BGQR] P Nntlideaccordance
with an gxample embadiment of th g’nv ntign a torrefaction . o

maintaining a predetermined témperature in a range between approximately 200

C and approximately 320 ° C, with a precision of +/- approximately 2° C.

Maintaining a low- or no-oxygen condition in the rotary furnace may include

introducing an inert gas into the rotary furnace.

10 In some embodiments, the method may further include pre-heating the rotary
furnace and the heat transfer elements within the rotary furnace to the
predetermined temperature. Some embodiments may include pre-drying the
biomass material using a waste heat source prior to introducing the biomass
material into the rotary furnace. In some embodiments, the torrefied biomass

15 material is quenched (i.e., rapidly cooled) after it is discharged from the rotary

furnace, to prevent further oxidation of the torrefied biomass material.

In some embodiments of the method, the surface features of the heat transfer
elements include a cut. One or more branch cuts may branch off of the cut. In
20 some embodiments of the method, the heat transfer elements are shaped as a

sphere, a cylinder, or a spheroid.

BRIEF DESCRIPTION OF THE DRAWINGS

25 In the drawings, like reference characters generally refer to the same parts
throughout the different views. The drawings are not necessarily to scale,
emphasis instead generally being placed upon illustrating the principles of the
invention. In the following description, various embodiments of the invention are
described with reference to the following drawings, in which:

30
FIG. 1 shows a rotary furnace charged with heat transfer elements and fibrous

biomass materials, in accordance with an embodiment of the invention;



system is provided that carries out torrefaction of biomass waste materials with the aim to achieve
energy densification of 15 GJ/m3 or higher in form of biomass pellets. An overview of the system is
shown in FIG. 1, which shows a specially designed rotary furnace 100. The rotary furnace 100
includes a furnace tube 102, 15 which may be constructed from high strength steel plates. The
outside of the furnace tube 102 is fitted with multiple sections of clamshell electrical resistance
heaters, such as heaters 104 and 106. Alternatively, the furnace tube 102 may be jacketed with
thermal fluids or a thermal fluid _heating system, such as a thermal oil system, gr other suitable heating

systems for the hehH§ S thalb AP Y 4188538 R Rt erse! 153 RaRstrIfPeeudh as
standard programraabigdagicyeaniroteb(Rinteh(po tishoweimay be used to control the furnace

temperature durin e, prefer ?H maintain a predetermined temperature between 20Q C and 320
. with a precisiont LR Sy o o8 SOES EE A S ShS Fod RS W Furmace
tube 102 at tube eatopitibbcandlexit ¢thbddimaoedithe iREedOGhaftet a predefined time period (typically

o longer than aPHENUIAIEMAR MRS S5 oS e Blamase BRvNd A PA S sk appigprare for
the production of pellets at tuBe exit 112. y usin clamshell electrical resistance eaters, such as
heaters 104 and 1062¢utditiedhvativall oftradiuenacéthebeveotoall the heat will be radiated into the
30centre of the furnace tube 102, while the wall temperature of the furnace tube 102 will be monitored
and maintained at the operating temperature. Typically, there will be a preheating period, where the
furnace tube 102 is loaded with the heating FESfaREPBERQY the heat transfer elements 120 (described
below). Once the operating temperature is achieved, biomass material will begin to be fed into the
rotary furnace 100IiBacautderitte ehtiramrotanynplenacdddthéincifding ihednheaah, mtransfacwbaments 120)

has a heat capacity, many.times,greater inan that ofherbiemass, ihe biomag wil be quickly and
uniformly heated, without the sk o over-?emperature. ednside waft of the furnace %ube 02 includes

low-rise spiral bafflbs ajﬁsmﬂmhia\fachitage teestbioaaod nidveGiant of thehbiomé&ssmatenmadO7 in the
fumace (ube 10103.4ygan reafon, The paflles 408 foauhe MARF' 6l AHIMRY pecaRgected to
ple, by welding.

o €
the inside wall of the furnace tube 102, for exam
designed rotary furnace 100. The rotary furnace 100 includes a furnace tube 102,

15 which may be constructed from high strength steel plates. The outside of the
furnace tube 102 is fitted with multiple sections of clamshell electrical resistance
heaters, such as heaters 104 and 106. Alternatively, the furnace tube 102 may be
jacketed with thermal fluids or a thermal fluid heating system, such as a thermal
oil system, or other suitable heating systems for the heating of the material inside

20 of the furnace tube 102. A controller, such as standard programmable logic
controller (PLC) (not shown) may be used to control the furnace temperature
during use, preferably to maintain a predetermined temperature between 200° C
and 320° C, with a precision of approximately +/- 2° C. In use, biomass materials
107 are fed into the furnace tube 102 at tube entry 110, and exit the furnace tube

25 102 after a predefined time period (typically no longer than approximately 30
minutes) as torrefied biomass having a particle size appropriate for the production

of pellets at tube exit 112.

By using clamshell electrical resistance heaters, such as heaters 104 and 106,
outside the wall of the furnace tube 102, all the heat will be radiated into the
30 centre of the furnace tube 102, while the wall temperature of the furnace tube 102

will be monitored and maintained at the operating temperature. Typically, there



The furnace tube 102 is charged with a plurality of heat transfer elements 120. As will be described in
greater detail below, these heat transfer elements 120 are generally rounded objects, such as spheres
or cylinders, made of a material having 15 a relatively high predetermined specific gravity (preferably
much higher than the specific gravity of the biomass material), and a predetermined heat capacity and
hardness, such as steel, stainless steel, bronze, or ceramic materials. For example, the heat transfer
elements generally have a specific gravity that is at least approximately five times the specific gravity
of the biomass material 107, and a 20 heat capacity such that a total mass of heat transfer elements
120 of approximat&fy/ 248 RFFRE2HNE RIZOS-of BHEF HSHLBACHIRTiAYE 67 etlsh8din R S¥HAR) furnace is
sufficient to quicklyraaddh everly &3eaidhie: hiomassmetaialts T h20s pésificbgiavieyoof thedeatisansfer

elements may have other values, such.as sfljzgvggvgn eight, nine, 10 1b260r 15 ggréé%ﬂl?r) imes the

o . erating fempergture is € 10mass_rhaterial wi n to the
specific gravity of tH8 Biomass Material. 25DGNNg dperation of the TotaryTurnace € heat transfer

elements 120 act astarhdatsiok, 180d Beeaneatdd lbyttie dogatefsrbode al) 1@tctodiethenonmitnthe
biomass material. The Eurnft%t b 2his rot tgpl ataﬂredeter ined rat ngich %II W 'Qtimate
contact between tﬁreaﬁsegrt franst le{rs (gle er?tssglgg and bio é?‘,%n%alggrisél‘%ri%%rt at area%gfn{g eprocessed,
heating the biomadtomateridis eiverdss wilbbdigoakly promotitegrelyehehiedt trathsfarths theksibmass
material 107, the heal ransterglements 120 also serve as grinding media during the torrefaction

process, "crushing" or "milling" the biomass particles to smaller particle sizes. With the heat transfer
elements 120, the rotary furnace 120 also acts as a kind of ball mill, 5 that reduces the particle size of
the biomass materfdlSt#9¢ R oth R Brars Wi O THBBIIRAQY LR TAltis rlé)l%rﬁy%ﬁ]ﬁace with
the heat transfer efaaiigiats ROwilldeteoninethefing! parisle sizerhf the7hiothasamatetitlel07.

Additionally, as wil @) detailed belo th? at fransfer elements 120 inclyde syrface features to
\bs Yyihe heatiia fde. sy

increass traction betwaBR TAEHELY tralsher elementa®y 2y Jkt elcg fﬁeee]b%nma{%asym%\t%or?é’le 76 , including

cuts to allow easy relbasasakthalbignassmateribediiCe fioregfimglcl be weklitgansfer elements 120
generally have a uniform size, permitting them to be easily separated from the biomass. The total

charge of heat tran§ferGleMERiS:!P026 USRHEAWRR ARSI PRSRA- A G IERUANPAY, oA the biomass

materials to be processed by in the rotary furnace 15100. The following formula may be used to
compute the total (Yﬁgfé’é getaiped in greater detail below, these heat transfer elements 120 are

generally rounded objects, such as spheres or cylinders, made of a material having
15 a relatively high predetermined specific gravity (preferably much higher than the
specific gravity of the biomass material), and a predetermined heat capacity and
hardness, such as steel, stainless steel, bronze, or ceramic materials. For example,
the heat transfer elements generally have a specific gravity that is at least
approximately five times the specific gravity of the biomass material 107, and a
20 heat capacity such that a total mass of heat transfer elements 120 of approximately
8-10 times the mass of the biomass material 107 charged in the rotary furnace is
sufficient to quickly and evenly heat the biomass material. The specific gravity of
the heat transfer elements may have other values, such as six, seven, eight, nine,

10, 12 or 15 (or higher) times the specific gravity of the biomass material.

25 During operation of the rotary furnace 100, the heat transfer elements 120 act as a
heat sink, and are heated by the heaters 104 and 106 together with the biomass
material. The furnace tube 102 is rotated at a predetermined rate, which allows
intimate contact between the heat transfer elements 120 and biomass materials

107 that are being processed, heating the biomass materials evenly.



transfer elements to be used: mht X CPht x AThr =X Cpb x ATb where mht is the mass of the heat
transfer elements; 20mh is the mass of the biomass being processed; Cpht is the heat capacity of the
heat transfer elements; Cpb is the heat capacity of the biomass being processed; ATht is the
temperature drop allowed for the heat transfer media; and Th is the temperature rise in the biomass
needed for torrefaction. 25Generally, the intent is for the temperature drop of the heat transfer
elements, ATht, to be minimized in order to keep the torrefaction reactor (i.e., the rotary furnace 100)
operating under close to isothermal conditions. Thus, the mass of the heat transfer elements and their
heat capacity will JBrRSFAH)HE RFSRIH O RYSARSBRUEANTE 1020 SHResmAsRtidl ot Welsiimass
material that is beingn{iepeasseats Aslinticatedt abevadihg speitiagiavity ofidfadieatpiarsier elements
is generally at least approximately.five times the %pecific ravity of the bi?c% ass material, and the total
s of the neat n B Blehe i b GBS ST RS IHaTRLEE BB st bl being
torrefied. 5In ordemtaacimeiee clesicat Hat thansfarydvanactdrirstidsfactsiosnakmdorfdfad tooitl, in
5 that reduces the particle size of the biomass material 107. The total time over
which the biomass is rotated in the rotary furnace with the heat transfer elements
120 will determine the final particle size of the biomass material 107.
Additionally, as will be detailed below, the heat transfer elements 120 include
surface features to increase traction between the heat transfer elements 120 and
10 the biomass material 107, including cuts to allow easy release of the biomass

material once torrefied. The heat transfer elements 120 generally have a uniform

size, permitting them to be easily separated from the biomass.

The total charge of heat transfer elements to be used can be calculated based on
the throughput of the biomass materials to be processed by in the rotary furnace
15 100. The following formula may be used to compute the total charge of heat

transfer elements to be used:

Mpe X Cope X ATy = my X Cpy, X ATy,
where
my, is the mass of the heat transfer elements;
20 m,, is the mass of the biomass being processed;
Cpn: 1s the heat capacity of the heat transfer elements;
Cpy is the heat capacity of the biomass being processed;
ATy, is the temperature drop allowed for the heat transfer media; and

ATy, is the temperature rise in the biomass needed for torrefaction.

25 Generally, the intent is for the temperature drop of the heat transfer elements,
ATpe, to be minimized in order to keep the torrefaction reactor (i.e., the rotary
furnace 100) operating under close to isothermal conditions. Thus, the mass of
the heat transfer elements and their heat capacity will generally be large in

comparison to the mass and heat capacity of the biomass material that is being



one implementation, the overall heating rate for the biomass material is kept at 50 C/min or less to
prevent the onset of flash pyrolysis. Conventional techniques implement the use of external electrical
heaters to control the heating rate and temperature level. However, as herein disclosed, heat 10
transfer media is added to enhance the transfer to the biomass material through intimate contact via
heat conduction between the heat transfer elements and the biomass material trapped in between,
and/or against the inner reactor wall. The heat transfer media is selected to have a high specific
density and heat capacity so that the total sensible heat or thermal inertia, held by these elements are
15 sufficiently highPSEREOmparsticdiit thaY o bResTH RS VNigl i PsalirarsiESHEn®hBerature
drop in the heat trarstenlgjemeaents upproconiadttinivthahisniassehaigeas iy kéapdhiawrintike reactor in

an isothermal or nearlg éljslotar}l%rrﬂal copdition. tIrﬁtone imple eniation theg%tal a§§_%the charged heat

.. al € tota S heat transfer elements, w € abo, tumes .
transfer media is 5]61 Iimes {or morelfl af)o ?le Iomass ma erlafl he]| up in tlhe I’eaC]tr(r)ll’ at any given

time. The heat tranbtenmedialmaiomesnaheatdédiotherogerdting temperature prior to the biomass
being charged. The heat capacity or specific heat of the heat transfer media is therefore an important

property WhiCh_ Wi||IQ%§%@?‘!8%J1‘11&%%@%@&91&£@£§&§F€J%ﬂﬁ%a@ﬂcem%&?&Bfoﬁﬁﬂ%ﬁ&ﬁ@i&{?ﬁet Ii_mits
are placed on it, 25 as long as the thermal inertia of these elements is sufficiently high that it will not

lead to a local tempRF ARG Hrehh ket eppRarHe S cRs oS Jpaerl HekrBiat tk heat

transfer material selggipdimay heivvhe aneaalfdd Adtopielied/Kg K. When compared with that of
typical biomass materials that have a specific heat in the range of 1.5 to 2.0 ICJ/Kg K, the mass

charge of the heat kansigr madia may be many imes,(perfans as much 38 20-50Himes) {hat of the
biomass materials c?marged) 16 the reactor. THis will enablé the reactor emperafure 0 stray nearly

constant near the senpdimuedwmmge@ﬁ@dmmmglteﬂnpéra‘ﬁ@wﬁm anirdreimndificlosadtibess. SNear the
tube exjf 112, a cogrserseigef ikt allovs miietrd PIRmass, i, passiRouahng ?ﬁ(&%ﬁ to the tube

exit 112, while retaining the heat transfer elements 120 within the furnace tube 102. The furnace tube
102 also includes dgnaie conneiovialdsnepnshisiien heairsw the hsttodurtencbisetticist thert gas,

such as nitrogen, g pRVeNARAMAYLREORALIRARERERIDBazs MReHahiR (Ne4ERaER1. The
heat transfer media is selected to have a high specific density and heat capacity so

that the total sensible heat or thermal inertia, held by these elements are

15 sufficiently high when compared with that of the biomass. This will result in a

small temperature drop in the heat transfer elements upon contacting the biomass

charge as to keep the entire reactor in an isothermal or nearly isothermal

condition.

In one implementation, the total mass of the charged heat transfer media is 50
20 times (or more) that of the biomass material held up in the reactor at any given
time. The heat transfer media may be preheated to the operating temperature prior
to the biomass being charged. The heat capacity or specific heat of the heat
transfer media is therefore an important property which will determine the
operating characteristics of the reactor, however, no pre-set limits are placed on it,
25 as long as the thermal inertia of these elements is sufficiently high that it will not

lead to a local temperature drop more than 5C.

Typical heat capacity or specific heats of the heat transfer material selected may
be in the range of 0.45 to 1.5 KJ/Kg K. When compared with that of typical

biomass materials that have a specific heat in the range of 1.5 to 2.0 KJ/Kg K, the

10



10 Otherwise, the rotary furnace 100 is designed to be air-tight, to prevent the introduction of ambient
air into the system during operation. The scale of the rotary furnace 100 depends on the volume of
biomass material to be processed per hour. Using "distributed" biomass resources, a torrefaction unit
capable of processing 10,000 to 15,000 T/year or 2-5 T/hour is envisioned. This 15 capacity is
intended to minimize the need for transportation of the raw biomass feedstock across long distances to
a centralized processing facility. Based on this design parameter, a rotary furnace 100 with an internal
volume of 10-20 cubic meters may be used. A furnace tube 102 with an internal diameter of about 1.5
to 2 meters, and tHat'1s %%ﬁﬁ%@%@-f@%f&é@%l%tﬁ%ﬁﬁﬁ% SASEAPSB MBS v olume of
20-25 cubic metergoviicimay uhdtlag mobeothan siulfieigvicioribisintendackuseTiBased anlsldesign
capacity of 2-5 T/hour, the heat transfer elements 120 ma ener%!lly be spheres gr cylinders having a
diameter andor IeNtiear SporBHFELLAT, B0 AR rFe ST BUrASS oA Hil Seie A Fave & height
of 25 approximatebpSMind themirmensionhohthenbeatl ransienelements 120. The furnace tube 102 is
made from high strength steel plates with sufficient thickness to withstand the mechanical load of the

total weight of the iybg firelfiplusdhay of &%m@%&@%fﬁﬁéﬂm@@é%%&thﬁ)m@ﬁ?oaamateria' to be
processed. Referring now to Figs 2A-2B, an embodiment of a heat transfer element 120 in accordance

with the invention {9 Q88BrBeacTsHR eketiahfsfaitdlbmamisaptidndph s A oF WS okrMSy spherical)

in shape, and includgsyangeohBeifLetaBO20D. itpreUifacRe fuvdlibe Mrdeistead thatigsdiead herein, a
"cut" may be formed by 5 cutting, molding, or by any other means of forming a section of the heat

transfer element hA97F £ ABYs COMY UL 18 hERe 284 FHEHSR BEAVEHATAE HEH: $RSnshP et ments and

the biomass to be taikgfiad 1&pedv afithenawisy 28ddnanhalsatirav 0as anaerd biahehfetitsesuch as
branch cuts 204a 204b. These cuts.are coq%gureoclito. "ho(Pk" irgto fibroys elements of flhe biomass
@1 r\_a( 1S cS1 liE) c

-1 e. the rotar .urnac ned to be -1 o _prevent t .
material. The cuts b%re"a1so cafnﬁgureg t0 allbw 48} FelEhss S THE BioMakS VHAteral once it

has been torrefiedilnseierotbhodinents, ionetirngstecgdiflogamithercuts 202 may have an angle
between 30 and 45 (these angles generally being approximate, allowing for the usual margin of error

in measurements aid WARWAFLLAGPRCEIILRIJADHESIEAIh SR B RE AthasdnRer edge
206b of the cuts 15 202. Many other surface modifications are also envisioned where the overall

sphericity can be rRaiRteREG T Adtvirlds laatiiesiBPEEfiN W SFIARETD hErEsesti dhbatn" between
the heat transfer elem@nt angrbiesassImaterial.15,000 T/year or 2-5 T/hour is envisioned. This

15 capacity is intended to minimize the need for transportation of the raw biomass
feedstock across long distances to a centralized processing facility. Based on this
design parameter, a rotary furnace 100 with an internal volume of 10-20 cubic
meters may be used. A furnace tube 102 with an internal diameter of about 1.5 to
2 meters, and that is approximately 8-10 meters in length would have a total

20 internal volume of 20-25 cubic meters, which would be more than sufficient for

this intended use.

Based on a design capacity of 2-5 T/hour, the heat transfer elements 120 may
generally be spheres or cylinders having a diameter and/or length of
approximately 50-75 mm. The spiral baffles 108 may generally have a height of
25 approximately 3/4 of the dimension of the heat transfer elements 120. The
furnace tube 102 is made from high strength steel plates with sufficient thickness
to withstand the mechanical load of the total weight of the tube itself plus that of

the heat transfer elements 120 and the biomass material to be processed.
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The surface features on the heat transfer element 200, such as the cuts 202 and the branch cuts 204a
and 204b are configured to increase "traction" between the heat 20 transfer element 200 and biomass
materials, to promote intimate mixing between biomass particles and/or fibres and heat transfer
elements. This will prevent potential layering of the biomass material over the top of the heat transfer
elements due to the lower specific gravity of the biomass material. Additionally, as noted above, the
surface features such as cuts 202 and branch cuts 204a and 25 204b are configured at angles to
allow easy release of the biomass material once torrefied. The heat transfer element 200 should be
made from a high SRV FIeheriiPnating RoLpaeie bl Jratit-demsptdathBely five
times that of the bisraaganvaterial iheingytieaieds aftdcgided. hdakchpaaityhawelasnhaeness, since,
30as described above, the heat transfer qleS nt 200 will also be.used for l‘gerindinoqetchue tEB ass

. S T1Gal (Or roxima erical) 1n, S €, dnd 1ncludes o or 1m [§
material. In some &mbodimentda mg}atl? UBRAS S8 SthinfESs Sedl o bron2e may bé dsed to form

the heat transfer elememti2@@. Qithel ratadatsiosdchaggsoerahhiosimay ‘alsd beyusetbimsbime

embodiments. By se[ ctinglfﬁat transfer elements with rth ﬁﬁ)lecific Eavitxf{ eir action inside a rotary
furnaceg?s 5 similacrutgut1 at of thng’g(r)fn%s{nagn%(gg% %eg all mill. eacsoe%nt}%ous%élﬁ%?g{?aélrslcf r‘tumbling"
motion will cause thlerbiombednsartehssaenbautedishenreasd traited” botwirall@repheticlksagites. As

discussed above, fqr3AesionN GAPAGIAY 6 QveatkgY il 8F diochibaps alRAmAfsvOaieral, the
heat transfer element 200 should have a diameter of 10approximately 50-75mim. Of course, it will be
understood that otREreagnkfapsh cuts, such as branch cuts 204a and 204b. These cuts are

configured to “hook” into fibrous elements of the biomass material. The cuts 202
10 are also configured to allow easy release of the biomass material once it has been
torrefied. In some embodiments, one inner edge 206a of the cuts 202 may have
an angle between 30° and 45° (these angles generally being approximate,
allowing for the usual margin of error in measurements and manufacturing
processes) to a “vertical” axis formed by the other inner edge 206b of the cuts
15 202. Many other surface modifications are also envisioned where the overall
sphericity can be maintained while having features specifically designed to

increase “traction’ between the heat transfer element and biomass material.

The surface features on the heat transfer element 200, such as the cuts 202 and the
branch cuts 204a and 204b are configured to increase “traction” between the heat
20 transfer element 200 and biomass materials, to promote intimate mixing between
biomass particles and/or fibres and heat transfer elements. This will prevent
potential layering of the biomass material over the top of the heat transfer
elements due to the lower specific gravity of the biomass material. Additionally,
as noted above, the surface features such as cuts 202 and branch cuts 204a and
25 204b are configured at angles to allow easy release of the biomass material once

torrefied.

The heat transfer element 200 should be made from a high density material,
generally having a specific gravity of at least approximately five times that of the
biomass material being treated, and good heat capacity as well as hardness, since,

30 as described above, the heat transfer element 200 will also be used for grinding
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may be used, depending on the design capacity of the torrefaction system. The heat transfer element
200 is shown as being approximately spherical. The overall "sphericity” or "roundness" of the heat
transfer element 200 facilitates relatively unhindered movement inside the rotating furnace tube. This
rounded 15 form also provides the heat transfer element 200 with a large surface area, which will
promote heat transfer. It will be understood that although the heat transfer element 200 is shown as
being spherical, various other rounded forms could also be used, including spheroid, cylindrical, or
other rounded forms that are able to rotate and move in a relatively unhindered fashion inside of the
rotating furnace 20fS0EORAF BPatIRR-a A GBS GFRCE My Rl (AT TE P 8SicaBIESSIESB show an
example heat transiebelementy36€ ading focylimdricak formfiikecthenheat tradwter elesriant 200 shown
in FIGs. 2A-2B, the heat transfer elememj 300 includes surface e%tures in tge form of cuts 302 and

branch cuts 304a and 3046, AL Shdve) thecifs 302 MRciade iRRer edyes 30 gﬁlg%gb%e?ﬁese 25
surface features haweséepualposasmilahighthatcdesgrivey, abavaatith nefelencetdooBis 2R -2B.

Referring now to FIG..4, an overall. method of torrefaction jp accordance with embadiments, of the
nvention is descrisa s e e e S B iR e
together with the héamplingfemetemevits ahsedhe lwanessintotitiesristdry fenushed, Tk oidledfurnace and
heat transfer ebm%‘&ﬁ&ﬂ%ﬁﬁﬁiﬁ?@‘&%s@ the operating temperature of the torrefaction system
(generally 200 C to 320 C) to provide for efficient continuous operation of the system. Preheating will
ensure that when the biomass material is introduced, it will quickly 5 attain operating temperature

through the good MiXHARTrthAkte CoAECT SRS Br & hBS R R b YP TR el &1 .Ut step 404,
the particle site of biomassmastalmaterias afandgauedehiont 200 should have a diameter of

10 approximately 50-75mm. Of course, it will be understood that other diameters

may be used, depending on the design capacity of the torrefaction system.

The heat transfer element 200 is shown as being approximately spherical. The
overall “sphericity” or “roundness” of the heat transfer element 200 facilitates
relatively unhindered movement inside the rotating furnace tube. This rounded
15 form also provides the heat transfer element 200 with a large surface area, which
will promote heat transfer. It will be understood that although the heat transfer
element 200 1s shown as being spherical, various other rounded forms could also
be used, including spheroid, cylindrical, or other rounded forms that are able to
rotate and move in a relatively unhindered fashion inside of the rotating furnace

20 tube, and provide a large surface area for heat transfer.

FIGs. 3A and 3B show an example heat transfer element 300 having a cylindrical
form. Like the heat transfer element 200 shown in FIGs. 2A-2B, the heat transfer
element 300 includes surface features in the form of cuts 302 and branch cuts
304a and 304b. As above, the cuts 302 include inner edges 306a and 306b. These
25 surface features have a purpose similar to that described above with reference too

FIGs 2A-2B.

Referring now to FIG. 4, an overall method of torrefaction in accordance with
embodiments of the invention is described. The method 400 starts with a step 402

of pre-heating the rotary furnace, together with the heat transfer elements that are
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approximately 1/4", or approximately 6 mm. This may be done, for example, by feeding the biomass
materials through a known commercial wood chipper with 10vibrating sieves. At 406, an optional step
of pre-drying the biomass material is carried out, if, for example, there are waste heat sources
available. These waste heat sources can be stack gas from boilers/furnaces or spent process steam.
Generally, raw biomass waste may contain up to 60-70% moisture. By using pre-drying, this can be
15 brought down to less than 20% prior to torrefaction, which may have several advantages. First, it
will reduce the energy consumption for the torrefaction process, since a significant amount of energy
may be spent in eVaPiaiHg the i8I St IPIRE DISASE S et dr el o HEMENi s the
evolved gas from the lasriholicie preeassctehpdiilize dinhaneneigydiespety @yatedlysiooe the 20
energy content is signfieantly. elevatedqun the material s pre-dried The euolved.as pray be fed
into existing boilers and/or dle)s,e? é’enerators as auxiliary tue ere 2 red%cmg the overaﬂeprocess
electrical energy cbesumptidheiGmeethe wiemdsshoatessaiagsibesnwhoydpedl andwlp tondlly dried, the
torefaction system,an be.operale sanfiuaREixClomass Mmarcla! Reinged iap bl 25 feeder
or helical screw feeder into the ?otarf?urnace inlet. At st p dg toftetaction and simultaneous size
reduction are carrigt out-heitrgl thratrbrasjeilglsasmicharged with heat transfer elements as described
above. At sub-step 408a, biomass material is fed into the rotary furnace. At sub-step 408Db, the rotary

furnace rotates at a pracgetinad tate phravidingLartasbhntyverastbehast lansfer elamentsand
biomass materials, to heat the biomass material evenly. As shown in sub-step 408c, the rotation and

contact with the heRPHEARRF Y d et GRTIOHAEEHR PR ud8E has P BPthdBioHARRl-DYarticles. As
shown above, the hedidsamsi®iciaentsemdy Bedqukyidedowithcauifaaeii@ativieiscisippbrasiauts,
configured to increase traction between the heat transfer elements and the biomass material, and to

1 viprating sieves. . . . . .
allow easy release 0 BIOMASS Miaterial once the biomass material is torrefied. In accordance with
sub-step 408d, the heating is provided through the walls of the 10 furnace either by electrical
resistance heaters®rfifpctnsoitapnel iéeitinh niteéharisthe Juemass taterial bilceydedratb Buseain a

temperature range.Reee R0 fe 19360hExn d6RLBIING; LD 1C KRS WRlOMarS MG @kbsing fed and

the degree of torrefication desired. Temﬁperature control to a precision of approximately 2 C is
maintained to ensutacth §RTHEFBANISLYRARSH Yateens IS esti IR IS oA 15U (iR e entire

process. waste may contain up to 60-70% moisture. By using pre-drying, this can be
15 brought down to less than 20% prior to torrefaction, which may have several
advantages. First, it will reduce the energy consumption for the torrefaction

process, since a significant amount of energy may be spent in evaporating the

moisture content of the biomass material. Second, it allows the evolved gas from

the torrefaction process to be utilized in an energy recovery system, since the

20 energy content is significantly elevated when the material is pre-dried. The
evolved gas may be fed into existing boilers and/or diesel generators as auxiliary

fuel thereby, reducing the overall process electrical energy consumption.

Once the biomass material has been chipped and optionally dried, the torrefaction
system can be operated continuously with biomass material being fed via a belt
25 feeder or helical screw feeder into the rotary furnace inlet. At step 408,
torrefaction and simultaneous size reduction are carried out using the rotary
furnace charged with heat transfer elements as described above. At sub-step

408a, biomass material is fed into the rotary furnace.
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At sub-step 408e, the interior of the rotary furnace is kept in a low- or no-oxygen condition, for example
through introduction of inert gas, such as nitrogen, in order to prevent run-away oxidation of the
biomass material in the furnace. It should be noted that introduction of inert gas may also occur during
the pre-heating step 20 402. The rotary furnace is designed to be air-tight to prevent the introduction
of ambient air into the system during the operations. Once the desired operating time (generally
approximately 1/2 hour) is achieved, at sub-step 408f, the biomass material can begin to be
discharged continuously at the gutlet of the rotary furnace. At the outlet of the rotary furnace, a course
screen is 25 usedth SEBAIRe NiPerlBE BSTRAJL RSt Ad S0t the el tPSASHIF G I18d to keep
the heat transfer mediacinside dbe fnace . thuifebeleinderstond thaidie notcefastion peacdass sub-steps
408a-4081 may ocolr substantially simultanepusiy; as part of g eontinuous pracees, for gample,
baffles within the ro%ary fUrnace may movethe Biomass material fonvard tfhroug e rotary furnace
continuously, so thi&t abesomeritsinefedehanc sizerkavcad pioedasss mbteekisdbeihg piosassed in the
fumace and is exifg e, furaace, Piaeesser amassmaleiglis Reing IGSlced i ne furnace.
At step 410, a conVentional guenching systeém at the outlet of the furnace” 5 qupenc es (I.e., rapidly
cools) the torrefiedstitasrassntergresventt fartéy, oritfagiondofahacsasfisachiontetgcnte dyenched, at
step 412, the torrefigdand pizeaeduaeriamess materip! sanbaibeneiRd ivfo.a-canyentional
pelletizing machine, to be formed into high energy pellets. Finished biomass pellets are then ready to
be stored in silos JPHEHHNFSRMNIPIAYS TAsARdSesisESdvith embodiments of the invention, the use
of the heat transfer elements in a rotary furnace combines improved heat transfer particle size
reduction. Both ararigsisethatdearmesfbrsaporostactioNdarigesprovidiivmadiygibyhe siagsast externally
heated (r)otary furne%ceIi relatitﬁell)%a%rqcise tim%)ertatur cotntrol can be ac ie\{ledt.and he}?t loss through
the walld of the rotaur§/ flifnace cah be rgﬁ TEYSW ThE fota 1fnog action of the heat iansfet thedia within
the rotary furnace provigdehgood aiixisg of theubiamasswatarial beiggbreated 260@nRIfB20T and even
heating of the biomasg withput the risk of aver-temperature, The, surface.features of the heat transfer
clements enhance e T A i W O e S R A e
biomass charge. FintihEicagnedppii20. rkooperntiscpossiblédfapeccisjimobdhtipeosioriabs fiitérial is
carried out, which may, sigRifigantin merave AVeERI PIRRERS BPETAY: CABSUMRIRNsMUR g invention
has been particularly shown and described with reférence to

15 during the entire process.

At sub-step 408e, the interior of the rotary furnace is kept in a low- or no-oxygen
condition, for example through introduction of inert gas, such as nitrogen, in order
to prevent run-away oxidation of the biomass material in the furnace. It should be
noted that introduction of inert gas may also occur during the pre-heating step
20 402. The rotary furnace is designed to be air-tight to prevent the introduction of

ambient air into the system during the operations.

Once the desired operating time (generally approximately Y2 hour) is achieved, at
sub-step 408f, the biomass material can begin to be discharged continuously at the
outlet of the rotary furnace. At the outlet of the rotary furnace, a course screen is
25 used to separate torrefied biomass materials from the heat transfer media, and to
keep the heat transfer media inside the furnace. It will be understood that the
torrefaction process sub-steps 408a-408f may occur substantially simultaneously,
as part of a continuous process. For example, baffles within the rotary furnace

may move the biomass material forward through the rotary furnace continuously,
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specific embodiments, it should be understood by those skilled in the art that various changes in form
and detail may be made therein without departing from 25 the spirit and scope of the invention as
defined by the appended claims. The scope of the invention is thus indicated by the appended claims
and all changes which come within the meaning and range of equivalency of the claims are therefore
intended to be embraced. CLAIMS What is claimed is: 1. A heat transfer element (200, 300) adapted
for use in a rotary furnace (100) for torrefaction and particle size reduction of biomass material, the
heat transfer element 5comprising: _ a rounded object having a specific glga,vity at least 5 times a
[

specific gravity of tHeBibATaSSn RERLFIF RS thrrardired Riomes saurial sdnt RPessistafity of heat

transfer elements tadéantize binlriassniagetinl farbectoriapesteand ailarsesastifficietetag the heat

transfer element touistreg ea i%{iontc;jgglpggia to reduce the particle size of the biomass 10material to be
torrefied, and  ohe or moré surface t8atures (202, 2044, 204b, 302, 304a, 304b) formed in a surface

of the rounded object, the surface features configured to increase traction between the heat transfer
elements and the BlorEss thatetidiony petirbisgnchmer ieskiaat arahsferdnténth@dormee) of claim

1, whergin the heaf capacity: ¢f HpiasA Jntansierelrmen s sUd grItiRra Rl slify.abheat transfer
elements having a total mass of approximately 8-10 times the mass of the biomass materials being

charged in the rotdhy foFfiss i BatstHAsfomsReRafrisiRE be thrFrétiEeficd anthsipsidrsrbier

element (200, 300bRinsdainhd&i4lalm Be YHREIRIN the suchacedeaitresinfihad eattansterrlement
(200, 300) comprise a cut (202, 302). . .
formed into high energy pellets. Finished biomass pellets are then ready to be

stored in silos or bagged for shipping.

10 In accordance with embodiments of the invention, the use of the heat transfer
elements in a rotary furnace combines improved heat transfer particle size
reduction. Both are desired outcome for a torrefaction process. Additionally, by
using an externally heated rotary furnace, relatively precise temperature control
can be achieved, and heat loss through the walls of the rotary furnace can be kept

15 low. The rotating action of the heat transfer media within the rotary furnace
provides good mixing of the biomass material being treated, and uniform and
even heating of the biomass without the risk of over-temperature. The surface
features of the heat transfer elements enhance this mixing and heat transfer, and
can further reduce the particle size of the biomass charge. Further, energy

20 recovery is possible if pre-drying of the biomass material is carried out, which

may significantly improve overall process energy consumption.

While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that
various changes in form and detail may be made therein without departing from
25 the spirit and scope of the invention as defined by the appended claims. The scope
of the invention is thus indicated by the appended claims and all changes which
come within the meaning and range of equivalency of the claims are therefore

intended to be embraced.
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204. The heat transfer element (200, 300) of claim 3, wherein the cut (202, 302) has an angle between
inner edges (206a, 206b, 306a, 306b) of the cut (202, 302) between approximately 30 and
approximately 45. 5. The heat transfer element (200, 300) of claim 3 or claim 4, wherein one or more
branch cuts (204a, 204b, 304a, 304b) branch off of the cut (202, 302). 256. The heat transfer element
(200, 300) of any of the preceding claims, wherein the heat transfer element (200, 300) is shaped as a
sphere, a cylinder, or a spheroid. 7. The heat transfer element (200, 300) of any of the preceding
claims, wherein the heat transfer element (200, 300) comprises steel, stainless steel, bronze, or a
ceramic mafeha™MS A system for torrefaction and size reduction of biomass material, the system
comprising: 5a rotary furnace (100) comprising a furnace tube (102) having a tube entry (110) and a
tube exit (1M¥hathe flmnedastube (102) being surrounded by one or more heaters (104, 106), the rotary
furnace (100) being substantially air-tight; and  a plurality of heat transfer elements (120) according

to any of claime o G.disRaseramitiindne iy RAGR ke (10R) 19rThesystamuptsiaim 8, wherein the

heaters (104, 106) comprise clamshell electrical resistance heaters configured to radiate heat towards
the center ofiRetiRacR4MIE ElDPYe IsurhiensRimer naieral Wisdrethtrrs e stererios, 106)
comprise a teaspaidlid heating system. 11. The system of any of claims 8 to 10, wherein the heaters
are controlied by aacrglq;[lrgeﬂf (l;bject having a specific gravity at least 5 times a specific gravity of the

biomass material to be torrefied, a heat capacity sufficient for a plurality of heat transfer

elements to heat the biomass material to be torrefied, and a hardness sufficient for the

heat transfer element to serve as grinding media to reduce the particle size of the biomass

10  material to be torrefied, and
one or more surface features (202, 204a, 204b, 302, 304a, 304b) formed in a

surface of the rounded object, the surface features configured to increase traction between

the heat transfer elements and the biomass material to be torrefied.

2. The heat transfer element (200, 300) of claim 1, wherein the heat capacity of the heat
15  transfer element is sufficient for a plurality of heat transfer elements having a total mass
of approximately 8-10 times the mass of the biomass materials being charged in the

rotary furnace to heat the biomass material to be torrefied.

3. The heat transfer element (200, 300) of claim 1 or claim 2, wherein the surface features

of the heat transfer element (200, 300) comprise a cut (202, 302).

20 4. The heat transfer element (200, 300) of claim 3, wherein the cut (202, 302) has an
angle between inner edges (206a, 206b, 306a, 306b) of the cut (202, 302) between

approximately 30° and approximately 45°.

5. The heat transfer element (200, 300) of claim 3 or claim 4, wherein one or more branch

cuts (204a, 204b, 304a, 304b) branch off of the cut (202, 302).

25 6. The heat transfer element (200, 300) of any of the preceding claims, wherein the heat

transfer element (200, 300) is shaped as a sphere, a cylinder, or a spheroid.
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15 that is configured to maintain the rotary furnace at a predetermined temperature between
approximately 200 C and 320 C with a precision of approximately +/- 2 C during the torrefaction
process. 12. The system of any of claim 8 to 11, wherein an inner wall of the furnace tube (102)
comprises low-rise spiral baffles (108), configured to facilitate forward movement of the 20biomass
material in the furnace tube (102) when the furnace tube (102) is rotated. 13. The system of any of
claims 8 to 12, wherein the rotary furnace (100) further comprises a coarse screen (114) disposed
near the tube exit (112), thF coarse screen confi{f;;ured to allow torrefied biomass, material to pass

through the CoatSESEEUR el £457H GO tREAEAP Y HHRE L GO R L PSR G IHEHEAL transfer
elements (12 sfsthir &b 003008 dobpridOXeccl biAnesiRadifardameiaciiosnranid parttle. size
reduction of biomass material, the method comprising:  introducing the biomass material into a

rotary fumage K100k MR (AUARKILIDASRAA00 RIBGH WA A BRI f 1AL tapster clements (120)

the heat transfer elements 5(120) comprising rounded objects having a specific gravity at least 5 times
a specific grefpPrsitBe biomass material, a heat capacity sufficient for the plurality of heat transfer

elements to heat the RIPRSSRARIH ANP-RINRIIRESS S ici eiPRibG NS RlEaRsiey flgments to

serve as grinding media to reduce the particle size of the biomass material, the heat transfer elements
further compR<ihéBEfsicé bRt ibedypase Died 1 9oubsingsurteitsled bIs) YARFGUIEHE increase
traction betwgen 10e) heattansferRles Rt S Rigmassimaiesiatind

a plurality of heat transfer elements (120) according to any of claims 1 to 6

disposed within the furnace tube (102).

10 9. The system of claim 8, wherein the heaters (104, 106) comprise clamshell electrical

resistance heaters configured to radiate heat towards the center of the furnace tube (102).

10. The system of claim 8, wherein the heaters (104, 106) comprise a thermal fluid

heating system.

11. The system of any of claims 8 to 10, wherein the heaters are controlled by a controller
15  thatis configured to maintain the rotary furnace at a predetermined temperature between
approximately 200° C and 320° C with a precision of approximately +/- 2° C during the

torrefaction process.

12. The system of any of claim 8 to 11, wherein an inner wall of the furnace tube (102)
comprises low-rise spiral baffles (108), configured to facilitate forward movement of the

20  biomass material in the furnace tube (102) when the furnace tube (102) is rotated.

13. The system of any of claims 8 to 12, wherein the rotary furnace (100) further
comprises a coarse screen (114) disposed near the tube exit (112), the coarse screen
configured to allow torrefied biomass material to pass through the coarse screen (114)
and exit the rotary furnace (100) while retaining the heat transfer elements (120) within

25  the furnace tube (102).
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rotating the rotary furnace (100) at a pre-defined rate to provide contact between the heat transfer
elements (120) and biomass material, to heat the biomass material and to use the heat transfer
elements (120) to grind the biomass material to reduce a particle size 150f the biomass material,
maintaining a predetermined temperature in the rotary furnace (100); maintaining a low- or no-oxygen
condition in the rotary furnace (100); and discharging torrefied biomass material with a reduced
particle size from the rotary furnace (100) after a predetermined operating time. 2015. The method of
claim 14, wherein the heat capacity of the heat transfer elements (120) is sufficient for the plurality of

heat transfel &IEnTES 1 S0 HERAECR BLPATRES Srapistintaed D emibsinie e hidid M dhe biomass

material beiognghrésiged in the furnace to heat the biomass material. 16. The method of claim 14 or

claim 15, wherein mainiaining,a predetermined 2atemperatire in e fptayy fnace, (100) comprises
maintaining a predle ermined emperature In a range between approximately g an%ieapprommately
320 C, with d @hecisigadivith aplwokinafdialt@nsfe7elTmemse o dfeamptof oisienslithdotd 6, wherein

g i the Lo e R B re-heating
the rotary Sfgnnaceo(100biantithehietntramsecapentiaris(itR0) (ortitha therabtanf heatdas(®0o0) to the
pfedetermi”&@rﬁ@ﬂ?@%r ﬂE‘zlf‘?he biomass material, and a hardness sufficient for the heat transfer
elements to serve as grinding media to reduce the particle size of the biomass material,
the heat transfer elements further comprising surface features (202, 204a, 204b, 302,
10 304a, 304b) configured to increase traction between the heat transfer elements and the
biomass material;
rotating the rotary furnace (100) at a pre-defined rate to provide contact between
the heat transfer elements (120) and biomass material, to heat the biomass material and to
use the heat transfer elements (120) to grind the biomass material to reduce a particle size
15  of the biomass material;
maintaining a predetermined temperature in the rotary furnace (100);
maintaining a low- or no-oxygen condition in the rotary furnace (100); and

discharging torrefied biomass material with a reduced particle size from the rotary

furnace (100) after a predetermined operating time.

20 15. The method of claim 14, wherein the heat capacity of the heat transfer elements (120)
1s sufficient for the plurality of heat transfer elements (120) having a total mass of
approximately 8-10 times the mass of the biomass material being charged in the furnace

to heat the biomass material.

16. The method of claim 14 or claim 15, wherein maintaining a predetermined
25  temperature in the rotary furnace (100) comprises maintaining a predetermined
temperature in a range between approximately 200° C and approximately 320° C, with a

precision of +/- approximately 2° C.
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19. The method of any of claim 14 to 18, further comprising pre-drying the biomass material using a
waste heat source prior to introducing the biomass material into the rotary furnace (100). 10 20. The
method of any of claims 14 to 19 further comprising quenching the torrefied biomass material after it is
discharged from the rotary furnace (100). 21. The method of any of claims 14 to 20, wherein the
surface features of the heat transfer elements (120) comprise a cut (202, 302).  22. The method of
claim 21, wherein one or more branch cuts (204a, 204b, 304a, 304b) 15branch off of the cut (202,

302). 23. The method of any of claims 14 to 21, wherein the heat transfer elements (120) are shaped
as a sph ere,lzi g)}/]ﬁrfagll,l%lr(g gﬁhg{f&l&}ms 14 to 16, wherein maintaining a low- or no-oxygen

condition in the rotary furnace (100) comprises introducing an inert gas into the rotary

furnace.

18. The method of any of claims 14 to 17, further comprising pre-heating the rotary
5  furnace (100) and the heat transfer elements (120) within the rotary furnace (100) to the

predetermined temperature.

19. The method of any of claim 14 to 18, further comprising pre-drying the biomass
material using a waste heat source prior to introducing the biomass material into the

rotary furnace (100).

10 20. The method of any of claims 14 to 19 further comprising quenching the torrefied

biomass material after it is discharged from the rotary furnace (100).

21. The method of any of claims 14 to 20, wherein the surface features of the heat

transfer elements (120) comprise a cut (202, 302).

22. The method of claim 21, wherein one or more branch cuts (204a, 204b, 304a, 304b)
15  branch off of the cut (202, 302).

23. The method of any of claims 14 to 21, wherein the heat transfer elements (120) are

shaped as a sphere, a cylinder, or a spheroid.
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