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BACKGROUND

Technical Field

This disclosure generally relates to biomass torrefaction systems
10 and methods, including in particular cellulosic biomass torrefaction systems and

methods.

Description of the Related Art

Torrefaction of biomass particles is well known and is a process in
which biomass particles are heated in a low oxygen environment. This causes
15 volatile compounds within the particles to be boiled off and the cellular structure
of the particles to be degraded, resulting in a partial loss of mass and an
increase in friability. It also causes a reaction within the remaining cellular
structure that enhances the moisture resistance of the product. Torrefied
particles have an enhanced energy value when measured in terms of heat
20 energy per unit of weight. The degree of torrefaction of biomass particles
depends on several factors, including the level of heat applied, the length of
time the heat is applied, and surrounding gas conditions (particularly with
respect to oxygen level).
Current systems strive to mechanically control the variables of
25 heat, residence time and oxygen levels to achieve consistent torrefied particles.
Typical mechanisms intended to torrefy biomass particles under low level
oxygen conditions use mechanical means to convey the particles (such as

rotating trays or screws) and apply heat to the conveying surfaces for
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Current systems strive to mechanically control the variables of 25 heat, residence time and oxygen
levels to achieve consistent torrefied particles. Typical mechanisms intended to torrefy biomass
particles und¥P PRI #oxygen conditions use mechanical means to conv@$ THESB&HBREdGuch as
rotating trays or screws) and apply heat to the conveying surfaces for WO 2012/048146PCTill
S2011/1155153 conduction to the Harticles to be torrefied, Such rréz‘chanisms s#ﬁfer from a variety of
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impeding the use of such 5 biomass. Conseguently, Applicant believes improved methods and
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while achieving large ‘capacities, to meet growing demand. 10 BRIEF SUMM
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particularly Weé'b@?&%&@étté’ﬁ@%ﬂg B\‘ﬁ@f@(ﬁ)@f&&E&(B?#Hﬂgghﬁébﬁ)fggegrﬁsﬁgﬁgg'8Péc biomass

particles) of various sizes In an efficient an stent manner methods are readily
desirable. These methods and systems should be based on principles and
concepts that allow tight process control while achieving large capacities, to

meet growing demand.

10 BRIEF SUMMARY
Embodiments described herein provide biomass torrefaction

systems and methods which are particularly well adapted for torrefying biomass
particles (including in particular cellulosic biomass particles) of various sizes in
an efficient and consistent manner. The systems and methods are readily

15 scalable to meet a wide variety of industry needs and provide enhanced
process control with respect to monitoring and adjusting operational parameters
to optimize or tailor characteristics of the resultant torrefied biomass particles.

According to one embodiment, a biomass torrefaction system may

be summarized as including an inlet to receive biomass particles; a reactor

20 drum configured to rotate about its longitudinal axis, the reactor drum having a
plurality of flights positioned therein at a plurality of locations along the length of
the reactor drum; a heat source upstream of the reactor drum to heat gas
contained in the system to a temperature sufficient to torrefy the biomass
particles during operation; a fan device coupled to the system to create, when

25 the system is in operation, a flow of heated gas through the reactor drum
sufficient to intermittently transport the biomass particles along the length of the
reactor drum as the biomass particles are lifted by the flights and showered
through the heated gas stream as the reactor drum rotates; and gas ducts
coupled to at least the reactor drum, heat source and fan device to recirculate

30 a portion of gas exiting the reactor drum back to the heat source to reheat the

gas for reintroduction into the reactor drum.
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15 scalable to meet a wide variety of industry needs and provide enhanced process control with
respect to monitoring and adjusting operational parameters to optimize or tailor characteristics of the
resultant torYef@81BiA#k4Es particles. According to one embodiment, a biomBSE I8 By stem
may be summarized as including an inlet to receive biomass patrticles; a reactor 20 drum configured to

rotate about its longitudinal axis, the reactor drum having a plurality of flights positioned therein at a
plurality of locations along ti?@?ehﬁ?rji%jf B35 rRILRasy gﬂ[ﬁ]‘%'& ﬁ%ﬁﬁss&?rgéou RATHE%A% R%or drum
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operation; a fan device coupled to the system to create, when 25 the system is in o&gration, a flow of
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the length of thgragstopariEeasisBiPMRSERRIGE ER AT ERSLDYTRESHRIHG B ehnRyed through

the heated gas stream as the reactor drum rotates; and gas ductS coupled to at least the reactor drum,
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source to re“‘%@Em&&ﬂ’iﬁ@%GEEJBH&&'%?BB%% EH@éPé?ﬂn‘%‘f&‘@ g\%@f A PAARIAGR T

S2011/115515 eated gas stream directly heats t lomass particles as the gas stream
intermittently tregs@ores imegidanaste paticirxdthv@ideasicheeelocdtions alandfting hindtsidiagl be
configured to te movement of, the bi particles through the reactor drum, thereb
influencing thelgrﬁe%%rl]t%on tlrren%czt) rtgéubﬁi]om?aﬁs]é?sl?@a@?cfggﬁvgsltmrﬁé {rag ?(raaagtc\)l\r"drlm% ki‘%%%?ﬁﬁﬁ%ights may
include flights sipesrdtarcasdinteigioorassbertoles efdberdeaytor ghrtiol endegsityramrdroegular

fights ntShopetEte: XN AR EY SOarT RACALEH e oML ATURL At cBfling to paride
density and/orgkptRikss SdnelangaiiaiiRly senspsPaiticiespaidt lespatidesimlatty simdmarticles
and relatively larger particles with respect to particles having similar densities through the reactor drum
more slowly. densities through the reactor drum more slowly.
The biomass torrefaction system may further include a hopper
located downstream of the reactor drum to collect torrefied biomass particles
15 exiting the reactor drum and to discharge the torrefied biomass particles from
the system. The system may further include ducting to dispel exhaust gas from
the system, with control valves and dampers, the control valves and dampers
positioned to regulate a pressure level within the system to inhibit the infiltration
of oxygen while enabling exhaust gas to exit the system. The ducting may
20 route exhaust gas from the system to a remote device for use of the exhaust
gas in an auxiliary or supplemental process. The remote device may be, for
example, a burner configured to utilize the exhaust gas for supplying heat via a
heat exchanger to the gas which passes through the reactor drum during
operation.
25 The system may further include at least one airlock located
between the inlet and the reactor drum to limit the amount of oxygen entering
the system when receiving the biomass particles. The system may further
include at least one seal mechanism between the reactor drum and adjacent
structures, the seal mechanism including a chamber between the reactor drum
30 and an external environment and the seal mechanism coupled to an inert or
semi-inert gas source for selective purging of the chamber during a startup or

shutdown operation.



The biomass torrefaction system may further include a hopper located downstream of the reactor drum
to collect torrefied biomass particles 15 exiting the reactor drum and to discharge the torrefied biomass
particles froMARE N4, The system may further include ducting to dispeREHESXIGASFHdM the
system, with control valves and dampers, the control valves and dampers positioned to regulate a
pressure level within the sysltem to inhibit the_infiltration of oxygen while enabling exhaustﬁgas to exit

the system. The ducting may R 1EaSRRRLQTJRE FYRETE 99&9%%8 &IRGNGR BBRELSIB Use of the

exhaust gas irty'}\ﬂa%HW&&\%@%&&QB@h@ﬁt@&?néﬂyief?@@\ﬁlﬁﬁyﬁ@mwm,é@roﬁ)(é‘rmpb, a burner
configured to utilize the exhaust gas for supplying heat via a heat exchanger to the gas which passes

through the reGeREHIRAANRR] Spere@DSYETAS. J9ERAMRIS farMesPrIaes o afiock
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receiving the biomass pa s. The system may further include at least one seal mechanism between
the reactop drd@irgfRctameystestuctures, the seal mechanism including a chamber between the

reactor drum 30 and an ext H@lb%m%ﬂ%ﬁ%qi% eﬁ?g?é@]ﬁ? ﬂL?{HéfQHBISQﬁ%%E&Qﬁ{t or

semi-inert gas source for selective purging o chamber during a startup or shutdown operation.
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mmersion- type el NERISE ABSRARS egt SGhANGSL frlaw NyORhBMISEBf gther sopventional
heat sources, Such as, T0F exampfe, R Wasts-wood or othel burner Which IS con |gure¥i 0 Supply heat
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system rramfurther '!ncluﬂe a}%tteam plant coupled to the reactor drum to introduce steam into the
reactor d SRFLELEARE Wrrefaction of the biomass particles. The steam plant may also provide

safety smothering and coolimgsteannBeiesribieg teyerdaney further include a control

system configured to selectively adjust the speed of the fan device to regulate
the speed and volume of gas through the system. The control system may also
be configured to selectively adjust the speed of the rotation of the reactor drum

15 to regulate a time of residence of the biomass particles in the reactor drum. The
control system may also be configured to selectively adjust the temperature of
the flow of gas through the system. The control system may be configured to
selectively adjust parameters of the flow of gas through the system including
volume, speed and/or pressure. The control system may also be configured to

20 independently control a plurality of operational parameters to regulate a
torrefaction process of the biomass particles, the operational parameters
including at least one of a reactor inlet temperature, a reactor outlet
temperature, an average residence time, oxygen content of the heated gas
stream and gas flow characteristics. The control system may be configured to

25 continuously or intermittingly adjust at least some of the operational parameters
during operation to optimize the torrefaction process or tailor characteristics of
the resultant torrefied biomass particles.

According to one embodiment, a method of biomass torrefaction

may be summarized as including rotating a reactor drum, the reactor drum

30 having a plurality of flights positioned therein at each of a plurality of locations
along a longitudinal length of the reactor drum; generating a stream of heated

gas through the reactor drum, sufficient to intermittently transport biomass
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10 operational safety. The biomass torrefaction system may further include a control system
configured to selectively adjust the speed of the fan device to regulate the speed and volume of gas
through the &R/ ¥ Control system may also be configured to selectivdl¢ BHERA ST &ed of the
rotation of the reactor drum 15 to regulate a time of residence of the biomass particles in the reactor
drum. The control_sEtem ma alfo be configured to selectivel ad'usLtthe temperature of the flow of

gas through tHPLIERHAIPAE K IFNA)LE NS RA B0 CH T —AIP:S! @f?\?&?sﬁﬂlj@f%‘yrg}ﬁewrs of the

flow of gas thrplghdes saElesiRe WeiNBiyAiH B Ep SRRESS I AftBEEBF YRR fliRISAUNHEPSRYHEeradnay also
be configured to 20 independently control a plurality of operational parameters to regulate a

torrefaction prévesbitieNRaiRdgas-tieaR) Walsfbmirrrirp drameiaiatassianmhsesinedstipae of a
reactor inlet teMpGHIH B 95@%‘3@@%@%@ FEARRST AR, FACRUBIARSIHRIYRNAE HEBRIGPUARA GRNtent of

the heated gas stream and gas flow characteristics. The control system may be configured to 25
continuou8ly oPnetefmmeireygeadjustsit least some of the operational parameters during operation to

optimize the torrefaction proleﬁémt%'@ fﬁﬁﬁépﬁjﬁﬁ@é%%l@éwazbmﬂﬁ?gt%ﬁgéérﬁ%rtides'

According to one embodiment, a method of‘biomass torretaction may be summariz s Including
rotating a reacvbadriurg|tyeofeztoatiroat Borhengters toltadbtyobiafiagiesipbeitiohtie tregeltaat each of a

plurality of locations alqng a longitudinal lepgth of the reactor drum; generatin ream of heated gas
Fhrough the 1ol L R e BRI e Oty o e TR & B R
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particles as the biomass partjcles are |ifted by the fiqﬁts and showered through the heated gas stream
Wil the Faac BRI AR S LA SURATAHE SSHEIR R LR SRS ek to the
inlet of the reagéRitatiufay istle SMELIONGHEIPR BeHeits, a pressurbegneitathimaydugaetonclude
selectively varying at least some of a %Iéjlrality of operational parameters to tailor characteristics of the
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resultant torre8dbichRES B AtitIeS Il NG TAGHPAARIE s AX¥ARTRPRIFELS drk RFalefeed of
the heated gag s¥rea@hih QUEtbIBRIFE RTAHILEN IR VBIIMSSEGBPMEles and a rate of

introduction of the biomass particles into the reactor drum. The method may

15 further include selectively varying the time of residence of the biomass particles
in the reactor drum. The method may further include adjusting the plurality of
flights within the reactor drum with respect to location and/or density to regulate
the retention time of the biomass particles within the reactor drum. The method
may further include passing biomass particles through the reactor drum at

20 different rates according to particle density and/or size. The method may further
include discharging torrefied biomass particles while substantially preventing
the infiltration of oxygen into the reactor drum. The method may further include
establishing a pressure level within the reactor drum to inhibit the infiltration of
oxygen into the reactor drum. The method may further include routing exhaust

25 (gas to a device remote from the reactor drum for use of the exhaust gas in an
auxiliary or supplemental process, such as, for example, use as a fuel for a
remote burner.

The method may further include sealing the reactor drum from the

external environment and selectively purging one or more chambers adjacent to

30 sealing interfaces of the reactor drum with inert or semi-inert gas. The method
may further include passing biomass particles through the reactor drum at a

rate between about one to fifty tons per hour, the biomass particles having an
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10 rate of the heated gas stream through the reactor drum, a temperature of the heated gas stream
through the reactor, a pressure level within the reactor drum, a speed of the rotation of the reactor
drum, oxygehQeHEM8dtehe heated gas stream, a moisture content of the HEFHSIPEAFERSS and a rate
of introduction of the biomass patrticles into the reactor drum. The method may 15 further include
selectively varying the time of residence_of the biomass particles in the reactor drum. The method may
further include A AE TR A5 ORI S D ILP BN HGT R e SRS O EIRR anclor
density to regyliedheteptgntign time of the biomass particles within the reactor drum. The method
may further include passing_biomass particles through the reactor drum at 20 different rates according

to particle density and/or sizE& REREE M B iRHBEIHER dBYHISCE GG @3 RcRadiBidPiAsa particles
while substantigily-pigyeniaefBgdPHiFRIGNIH EXYAR AR @RP S98ERT BHdMtoTRE-SaRiIGRsh MY further

include establishing a pressure level within the reactor drum to inhibit the infiltration of oxygen into the

reactor drém. theeraasiesd ey fhHHeg RiatRSS DBRICISS UK IR WYREFHYREYSIRICAFSN the
tor drum f ' li - - le,
reactor drum gy M?F‘oBLH?BbﬁWWé‘rgéétB} {ahPu"i‘HM gmgyg@%gmﬁﬁiﬁ?ﬁé sE‘éT]HéFés fgr example

use as a fuel for a remote burner. e met urt e sealing the reactor drum
from the exterhaveravirangrageamoistieetdariieptigfanotvecotynpereenbmbstsimdfardantov@dtsealing
interfaces of the r ﬁ%oar drum with inert or semi-inert gas. The method may further include passing

biomass partié’l\'eesI rougsﬁsthe reactor drum at a rate between about one to fifty tons per hour, the

biomass particles having anTWOn2eh2x 48y G Eitl A 0did/ 23kl SBing gy rEatettygafsat least 20
gigajouleg/ton (GJ/ton) after being torrefied withjn the reactor drum. The method may further
ude cliing TEHT AL BAUILEIR ATORFANE QavaBr §REa SRAT BE 6T BN BSyatem prior
to introductionrgnbtéfrairaatieraineastBoDr-enaspaitieian buths teraperng ddethsystem prior to
introduction in the reactor drum may include drying the biomass particles to have an average moisture

content belowtGRIGS iR ATSRIIBT ISRt diunBiidrast 400° F. The method may

further include discharging torrefied biomass particles after a single pass of the
biomass particles through the reactor drum, particle sizes of the discharged
15 torrefied biomass particles varying by at least ten percent while the energy
density and moisture characteristics of the torrefied biomass particles are
relatively consistent irrespective of particle size. The method may further
include introducing the biomass particles into the drum reactor, the biomass
particles having an average size of about 1/16 cubic inch to about one cubic
20 inch upon entry. The method may further include venting the reactor drum
upon a fault condition. The method may further include introducing steam into
the reactor drum to assist in the torrefaction of the biomass particles.
Introducing steam into the reactor drum may include producing steam with a

boiler which receives heat from a portion of gas exiting the reactor drum.

25 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figure 1 is a schematic diagram of a biomass torrefaction system
according to one embodiment.
Figure 2 is a schematic diagram of an integrated biomass
processing system according to one embodiment.
30 Figure 3 is a isometric view of a biomass torrefaction system

according to another embodiment.



The method may further include establishing the heated gas 10 stream such that an inlet temperature
of the heated gas stream entering the reactor drum is at least 500 F and such that an outlet
temperaturé\s? a2HH81del gas stream exiting the reactor drum is at least 408 EUPRE HBHSE may
further include discharging torrefied biomass particles after a single pass of the biomass particles

through the reactor drum, pe%r,ticle sjzes of the discharged 15 torrefied biomass gflrticles varying by at
least ten percent while the én8H§ deideadSATlFe Y ALIBRRIPTEEHPIEBREAhiomass
particles are reladteplystqrigisters.irrespective of particle size. The method may further include

introducing the biomass patrticles into the drum reactor, the biomass particles having an average size
of about 1/16 cubic inch to dH8HI®RSABIEIS BIA%ALIANGH Wrw Ofrthe g‘@fﬁ@é%ﬂﬁ?’%@m@ﬂnclude
venting the reg%%q{lapp@g,réa&fault condition. The method may further include introducing steam into
the reactor drum to assist In the torrefaction of the biomass particles. Introducing steam into the
reactor drém may include pfo@Uteng Stedepvatarviencei e hiessastoreiacton aystetvatof gas
exiting the reaﬁigﬁrcglg_n. 25 BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
Figure 1 is a schematic diagram of a biomass torrefaction system according to one embodiment.
Figure 2 is a schematic diadrigurefais iateigi@dvntionss mocissirepsioteinaceod mgjacenie

o S B R g sceoring o ctrer,
biomass torrefaction systenfigurig8res 2 cross-sédtionabriew stk e lmattonaruravoioF kipgréidmass
torrefactiay SYEREn Aong e s-s.
Figure 9 is a side elevational view of a seal assembly, according
to one embodiment, that is usable with the biomass torrefaction system of
Figure 3.
Figure 10 is an enlarged detail view of a portion of the seal
15 assembly of Figure 9.
Figure 11 is a cross-sectional view of the seal assembly of Figure

9 taken along line 11-11 of Figure 10.

DETAILED DESCRIPTION
In the following description, certain specific details are set forth in
20 order to provide a thorough understanding of various disclosed embodiments.
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details. In other instances, well-
known structures or steps associated with industrial process equipment and
industrial processes may not be shown or described in detail to avoid
25 unnecessarily obscuring descriptions of the embodiments. For instance, it will
be appreciated by those of ordinary skill in the relevant art that various sensors
(e.g., temperature sensors, oxygen sensors, etc.), control devices and other
industrial process controls may be provided and managed via a programmable
logic controller (PLC) or other suitable control system for monitoring the

30 biomass torrefaction systems described herein and controlling operational



5Figure 6 is a top plan view of the biomass torrefaction system of Figure 3. Figure 7 is a side
elevational view of a reactor drum and adjacent components of the biomass torrefaction system of

Figure 3. WO 2012/f§i4e 8 is a cross-sectional view of the reactor drum ofPEHWRAYESEAREN along
line 8-8. Figure 9 is a side elevational view of a seal assembly, according to one embodiment, that is

usable with the biomass torrefaction system of Figure 3, .. Figure 10 is an enlarged detail view
o o portion orRAELBEIETS L Lo IR P Di§0855es o pRHEnizE O B SRR AR PEr the soa

assembly of Figeree8uRkantaleetENsIdddds ¢fdriaiee 10. DETAILED DESCRIPTION In the following
description, certain specific details are set forth in 20 order to provide a thorough understanding of

various disclosed embodim&Hiie33dnR Gantext reaHE8 S PtReNIgSalitraHANAU Ry nize that
embodiments gy RERIGSURA M4IRRULARG GbWEREIRRE sRsAbis<etats (apihsristances, well-

known structures or steps associated with industrial process equipment and industrial processes may
not be shdwn tefegtriahiasieRaMOrEaRAd 290UINSTRLES Y VesiEuba FarRsEHpIIRLOf eREN,

embodiments.i éjﬁérﬂ\?éag@ﬁsét \mgtblg ggpmgﬂe&g ,%mm mfn(?[réjc%%r_y skill in the relevant art that

various sensors (e.g., temperature sensors, oXygen sensors, etc.), control devices and other industrial
process controls may be prdiédectand thanmgieiitihia ppegiticatiable (ayie eondadisn€¢PU©) or other
suitable contral ?f/
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described in connection with the embodiment is included in at least one

10 embodiment. Thus, the appearances of the phrases “in one embodiment” or “in
an embodiment” in various places throughout this specification are not
necessarily all referring to the same embodiment. Furthermore, the particular
features, structures, or characteristics may be combined in any suitable manner
in one or more embodiments.

15 As used in this specification and the appended claims, the

singular forms “a,” “an,” and “the” include plural referents unless the content
clearly dictates otherwise. It should also be noted that the term “or” is generally
employed in its sense including “and/or” unless the content clearly dictates
otherwise.

20 Figure 1 shows a schematic of a biomass torrefaction system 10
according to one example embodiment. The system 10 includes a reactor
drum 12 which is supported so as to rotate its longitudinal axis 16. The system
10 further includes an inlet 22 for receiving biomass particles that are to be
processed, as represented by the arrow labeled 24. An airlock or dual airlock

25 26 with optional inert or semi-inert gas purging 27 or similar device is coupled
to the inlet 22 to substantially prevent oxygen from entering the system 10
when biomass particles are fed into the system 10. The biomass particles may
be fed to the inlet 22 via a conveyor or other conventional material transport
mechanism. In one embodiment, a plug-feed screw conveyor may be used in

30 lieu of the airlock(s) to create a plug of material that acts as a seal when

passing biomass particles through the inlet 22.



WO 2012/048146PCTill S2011/1155153 parameters of the torrefaction processes to optimize or tailor
characteristics of the resultant torrefied biomass particles. Unless the context requires
otherwise, tREIYRBUEHE specification and claims which follow, the word "dSmdiBe1H¢R§ \Pdriations 5
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20Figure 1 shows a schematic o r lon system 10 according to one example
embodiment. Ehed sysiplind itttuceactoredrcior tRumal cevihicheisngup@omed. sthawtogotate its
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drum 12 may be recirculated to the inlet of the reactor drum 12. In some

10 embodiments, ninety percent or more of the gas by volume exiting the reactor
drum 12 is recirculated to the inlet of the reactor drum 12. In some
embodiments, ninety-five percent or more of the gas by volume exiting the
reactor drum 12 is recirculated to the inlet of the reactor drum 12.

During operation, the gas stream 34 acts as a thermal fluid to

15 carry heat energy to the biomass particles within the reactor drum 12 and to
provide momentum for conveyance of the biomass particles. The gas stream
may also heat the internal structure of the drum 12, especially the lifting flights,
which may also in turn heat the biomass particles. Gas ducts 36 are
appropriately sized and coupled to at least the reactor drum 12, heat source 30

20 and fan device 32 for recirculating the gas stream 34 in the system 10. In some
embodiments, a predominate portion or the entire amount of gas entering the
reactor drum 12 is recirculated back to the inlet of the reactor drum 12 in a
continuous manner while an amount of gas generated by torrefying the biomass
particles is exhausted or otherwise routed external the system 10. In some

25 embodiments, no new gas (other than unintended leakage) is supplied to the
recirculating gas stream 34 during operation.

In the illustrated embodiment, the heat source 30 is in the form of

a gas-to-gas heat exchanger 60. A hot gas stream 35, in the range of about
800° F to about 1400° F, for example, is supplied to the heat exchanger 60 via

30 aninlet conduit 62, as represented by the arrow labeled 64. The hot gas
stream 35 interacts with the recirculating gas stream 34 of the torrefaction

system 10 to transfer heat thereto. In some embodiments, the heat exchanger
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25 26 with optional inert or semi-inert gas purging 27 or similar device is coupled to the inlet 22 to
substantially prevent oxygen from entering the system 10 when biomass patrticles are fed into the
system 10. W34 Pparticles may be fed to the inlet 22 via a conveyorR§BHRRP HdveRtional
material transport mechanism. In one embodiment, a plug-feed screw conveyor may be used in 30 lieu

of the airlock(s) to create a plug of material that acts as a seal when passing biomass particles through
the iniot 22, IO SO BB RSH5 TEL LRSIt S SHECICIRT SR TRATHEE 2 hoa

source 30 dispegsthERRERARPHHNGBCREAT HBOLR HO0SUPRIYIDg-eaS rooals lEpfpe At is

generated within the system 10 (t% a fan device 32, which may be, for example, an induced draft fan
vice.

device or a forekaRReit AR dedideoOre findRIDESBINR HRRIAY RIS 9hee §oPtRHAEA the
reactor drum Js%réﬁﬁw%@?Haﬁ?eth%ﬁaé(@fﬁc?épé@@ﬁ&@g@?iFF/fIW&%)H@SM%m%QQ%Soume 30

to be reheated and supplied to the reactor drum 12 in a recirculating manner. In some embodiments,

eighty perfent@atexehsmaerd g eﬁlmmh@tﬁ@@eﬁt@r emperatuewbtheeethtated to the
inlet of the reai%@%ﬁi&'{ﬁa]szstpég‘% 190‘3\5@9%?,”@?1@@?‘3&9 Rk rﬂ%g{&ﬂjﬂ,ﬁe&ﬁérby volume
rdru to t etoft

exiting the reacto 12’is recirculate e Inlet e reactor drum 12. In some embodiments,
ninety-five percetessemreushtias gas eyaropleaepinghththbicrasss promcl ¢ picrdiocemditgdnto the inlet

of the reactor s, Quring qneration, 035 scar 34 acts Asanermal yigiad earry heat
energy to the biomass partlc es within't réactor drum and'to proviae momentum T1or conveyance
of the biomasgparicks T3t djasreirgathfroay this b bebétich anigen Si0stiadiugeoot dtecdnanitl 2o

especially the lifting flights, which may also in t at the biomass particles. Gas ducts 36 are
mpropriaitly SEDE PR HER B 10 T 9 i 8 BB GBMIce 26 SOPRRFdovice 32
for recirculatingytfieeaascily ¢athe8d BthensystagskibbtFABHRS: MheOdisepRIZ R Rgsisméamtegsortion or
the entire amount of gas entering the reactor drum 12 is recirculated back to the inlet of the reactor

drum 12 in a cORRRIRYRhReFIQIS AR Al e G GararRgser B BRLRFRAER Wilinass particles
is exhausted QjtRETBASE] Qe A BRI PhIGRVESIPIURESAtEh as, for example, a remote

burner, to regulate the inlet temperature of the heat exchanger 60 to a desired
15 level or to fall within a desired temperature range.

Although the illustrated embodiment of the heat source 30 of
Figure 1 is shown as a gas-to-gas heat exchanger 60, it is appreciated that
other various heat sources 30 may be provided. For example, in some
embodiments, an electric immersion-type heat source may be provided within

20 the path of the gas stream 34 of the biomass torrefaction system 10. In other
embodiments, low oxygen burners may be directed directly into the system 10
to heat the gas stream 34 without significantly increasing the oxygen level
within the system 10. Irrespective of the heat source 30, however, it is
beneficial to isolate the gas stream 34 in a recirculating manner to facilitate

25 maintenance of a low level oxygen environment within the reactor drum 12 that
is conducive to torrefying biomass particles.

At the downstream end of the reactor drum 12, there is provided a
separator hopper 38 for collecting torrefied biomass particles (e.g., torrefied
wood chips, torrefied giant cane chips, other torrefied cellulosic biomass) as the

30 particles exit the reactor drum 12. These particles are then fed mechanically
and/or under the force of gravity towards an outlet 40 for collection . One or

more airlock devices 42 are coupled to the outlet 40 for substantially preventing
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25 embodiments, no new gas (other than unintended leakage) is supplied to the recirculating gas
stream 34 during operation. In the illustrated embodiment, the heat source 30 is in the form of
a gas-to-gadVigextig¥dsifiger 60. A hot gas stream 35, in the range of abouPS8BIF2d 141581%31400 F, for
example, is supplied to the heat exchanger 60 via 30 an inlet conduit 62, as represented by the arrow

labeled 64. The hot gas stream 35 interacts with the recjrculating gas stream 34 of the torrefaction
system 10 to (PAYGEH FOR (UG B SiBOL ASHES 5 RLSH GRS e o RS aMD8 1 46PCTi

S2011/115513%RPtisccopstanierbio Saiséhe dMRl 68w o aterredbth ¢ sysefinekiofoprsTisHepgn 84 into
the heat exchanger 60 from about 500 F 100 F to an outlet temperature of about 700 F 150 F. In
doing so the t&@PR i8R oNPeiBirriiad talbiasis RivmansiyvhichatapaseHarRd R necessarily

lowered beforg &xiagHtophe £ XlPHEFtERY A AT RUHBYEARFLH 85 §RS WrBRRTAJHTS04 the other

isolated gas stream 35, however, is still sufficiently hot to be useful in othér processes, such as, for
example, ryirtieneHidevies Phreie’ psiolorexampie theYsIenigsy perféfecnertisysem@oe or
Accordingly, irh%?@ i i I 0 via the
outlet conduit 66 10%@%%@%%%§g%%$g§i@n§ %’g Fégg[r%%%%ﬁ%‘?ﬁe@%ﬁ%%%femed by
the arrow labetethéginig) thenfidi enexd oakhiesiatisirdre thschystprn 4@ svtineainrBBodaging: signmiéidardck to the

inlet of the heat exchanger aand flended wilhotier fleaisd.oas Baving. iher tomperglure. such
as, for examplé, a remote er, 10 regulate the inlét temperature of the hedt exchanger 60 to a
desired 15 levgpacéodietivedhin paiesice jqempeaiyuatgaed aildtieugd, e Magtteedepibddiment of

the heat i&urce 30 oft%gure l.is slpown as a gzs-to- astheat exchan%ﬁ:| 60, it is aéopreciated that other
various hEat sBARESHRY RRLY BRI SAFERP HEF dQnRGRE i HeR A B F SRR B e SpRCe:
immersion-typgshegiresertedaythe areyiderapélain 29 Ue Faguef Helgadaiecamsbtiphéishiomass

torrefaction system 10. In other embodiments, low oxygen burners maé be directed directly into the

system 10 to KB&{HEERAISR YN RHBaY SfHie AtsyFleria s tiltes e aaviseIWigPhe system
10. Irrespectivg R heatisddpsrath BAWRYENdriforrefied biomass particles from the gas

stream 34. In some embodiments, the torrefaction system 10 may include one
15 or more pneumatic discharge devices (not shown) to discharge torrefied
biomass particles from the torrefaction system 10.

As previously described, the gas stream 34 is drawn or forced
through the reactor drum 12 and returned to the heat source 30 (after
separating torrefied particles, chips, fines, dust and/or any debris) under the

20 influence of the fan device 32. While the substantial majority of the gas is
recirculated, some gas may be diverted to exhaust ducting 50. The gas
exhausted through the exhaust ducting 50 can be used elsewhere in the
process or another process, as represented by the arrow labeled 52. For
instance, the exhaust gas may be used as fuel to generate heat to aid the heat

25 source 30 in increasing the temperature of the gas stream 34. The exhaust
ducting 50 can include a variable position damper 54 which may be used to
balance the pressure inside the reactor drum 12 from slightly negative to
slightly positive. Depending on the setting, this can be used to inhibit oxygen
from entering the system 10.

30 Figure 2 shows a schematic of an integrated biomass processing
system 11 according to one example embodiment. The integrated biomass

processing system 11 includes, among other things, the biomass torrefaction

11



beneficial to isolate the gas stream 34 in a recirculating manner to facilitate 25 maintenance of a low

level oxygen environment within the reactor drum 12 that is conducive to torrefying biomass particles.
At the downStEHHPEMHHY the reactor drum 12, there is provided a separatd?HoBpEi 885fdfEollecting

torrefied biomass particles (e.g., torrefied wood chips, torrefied giant cane chips, other torrefied

cellulosic biomass) as the 30 particles exit the reactor drum 12. These particles are then fed
mechanically SHTBFUAMGT R SGPURAN RIS B JOATSH BRI BhP S hore airtock

devices 42 arg)raHaiaddartireeaysiasdd Tnkadsinsiiato nrevestiom casyosys feemnfiltatpente system

10 as the torrefied particles are withdrawn from the system 10. Smaller particles (e.g., torrefied wood

fines, torrefiedcEIRAUIRE ifndae RIEP2SH LA TSN S¥BRIMAQLS wAIOHTEY R 58%RNRIgh the
separator NoppRISEARPHIE 1AL Rifd RoRMEBRTQURE BaRRERAR B4R RvedtiepBdsyice 44,

such as, for example a cyclonic type filtering device. One or more additional airlock devices 46 may be

coupled tda ;@@ﬁ%@@rﬂenw@rmmg&wm@drfyﬁténrétmrmhérsmﬁa 10 without
introducing S'%B&Hﬁ@%ﬂ?&,"ﬁe%iﬁ?(g?@ b’%j‘fé%ﬁiﬁ%i‘?zﬁlféﬁo% Sﬁﬂb% %%\H@ l(l)g}gg(:;‘e,%ég,gamber or

space between a pair of seduentially aligne may be coupledo 10 an irnert or
semi-inert gaspsuticte $iresbrinteanpabgintg! 6t Gheubitaimtie rodspizomet @ epilEsantidang the arrows

labeled 43, 47, (Figure 2). ln some embodiments. the torrefaction system 10 may. include, a cyclonic
tyme fiterm o B s S T S B B e R e B e o e
gas stream 34whigttirbesisnbiodsoeiet e e dimefastitmesyisterastCoandiz e iveg baee d or more

T B s A e er B aa ol orecton
drum 12 and retHieeintetis, feataaiareiddafitples prigtingioyeatedpactele swetigspiresidust
and/or any deg ) areent or more.
According to the illustrated embodiment of Figure 2, the dryer
system 70 includes a rotary drum 71 which is supported so as to rotate about
15 its longitudinal axis 72. The dryer system 70 further includes an inlet 74 for
receiving biomass particles that are to be processed, as represented by the
arrow labeled 75. The biomass particles may be fed to the inlet 74 via a
conveyor or other conventional material transport mechanism.
The dryer system 70 is coupled to a burner 76 which is configured
20 to feed a heated gas stream via ducting 77 through the rotary drum 71 and
intermittingly carry biomass particles through the drum 71 as it rotates. The
heated gas stream simultaneously dries the biomass particles as the gas
stream propels the particles through the rotary drum 71. The burner 76 may be
configured to burn bark, hogged fuel or other fuels to heat the gas stream fed to
25 thedryer system 70. The gas stream entering the dryer system 70 may also be
supplemented or blended with other gas streams of the integrated biomass
processing system 11 as described in further detail elsewhere.
At the downstream end of the rotary drum 71, there is provided a
separator hopper 78 for collecting dried biomass particles (e.g., dried wood
30 chips, dried giant cane chips, other dried cellulosic biomass) as the particles
exit the rotary drum 71. These particles are then fed mechanically and/or under

the force of gravity towards an outlet 79 for collection for subsequent use or

12



20 influence of the fan device 32. While the substantial majority of the gas is recirculated, some gas
may be diverted to exhaust ducting 50. The gas exhausted through the exhaust ducting 50 can be
used elsewNeP2H M8t cess or another process, as represented by the aPleWUNHEES 23 For
instance, the exhaust gas may be used as fuel to generate heat to aid the heat 25 source 30 in
increasing the temperature_ of the gas stream 34. The exhaust dUCtifra]a%O can include a variable

position dampBf'% h RAFIRE RELUAEH AN OThE e LURE WORR HRESAERT AIA 43 Fom
slightly negativip @ SHBEPURRITBEIURRIC BALEB) MM REINGY s §aRreagH abigdphtaiigpxygen from

entering the s¥r\stem 10. 30Figure 2 shows a schematic of an integrated biomass processin%(g?g/stem 11
S,

according to oReRPRIMBlerenbisEmthand TeRRYRE o8 the 9as Shrsr ) [dirtibe daviee
among other tEiREhsag?ffd?i%%ﬁﬁl@E@‘g&%ﬁb‘f{@@ﬁ%@ﬁﬂ@%@&ﬁh%@%&i’c’ﬁé&é?esﬁéﬂem 10

described above and a dryer system 70 which is configuréd to dry biomass particles prior to

introductich intoWaEd® @cFacanaaystetet 8l fossmbsenuenimen e’ RRckagingssItbr@PRtion system 10
inroductich infBea s el B fnsauess t
s configured g Resiih iR 150 BRECISAAMITE MRS SRIGRRIGEE ERIRYURELY percen

5 moisture content, wet-welig e dryer sy some embodiments; the biomass
particles may reliwoad sHipppeaviflytarseparate putwidibéredbethveiomalse yrartitbesubbimiritie and about

one cubic inch and having an intial moisture content abpve fort r moisture content, wet-weight
basis. in somQemBOGTHETS ALTE S oS DAt o laay Yo 3 a8 A S e e (eas
than ten percanbeifienencejtiardisoheiye eevicesneottshihversite disttapgetdtes mmmasy by ten

percent, twent rcent, thirty percent or, mor According to the illustrated embodiment of
Figure Z,ﬁe é;@ﬁi@&%m&%%éﬂﬁ@y&sm drum 71 which is supported so as to rotate about 15 its
longitudinal axis 72. The drygfsysieticéRiriey bichidesded efrdd or eeriting duesasamarticles
that are to be Zfrocessed, as represented by the arrow labeled 75. The biomass particles_may be fed to

the inlet 74 vid{ USRI BIAMETUBVEATEHS! TAdiecXNPATE 96 frenRsigriary drum 71

toward environment emission control equipment 82 to process the exhaust of
the dryer system 70 before release to the environment or to other systems, as

15 represented by the arrow labeled 83. As an example, the emission control
equipment 82 may include a wet electrostatic precipitator (WESP) to facilitate
the removal of sub-micron sized solid particles and liquid droplets from the
exhaust gas stream. The emission control equipment 82 may further include a
regenerative thermal oxidizer (RTO) to destroy air toxics and volatile organic

20 compounds (VOCs) that may be present in the exhaust gas. In some
embodiments, an RTO may be provided which uses natural gas to heat the
exhaust gasses to about 1500° F where VOCs are oxidized. In other
embodiments, torrefier off-gasses may be used for heating of the RTO which
may significantly reduce the operating cost of the RTO since natural gas is

25 otherwise a significant cost in operating such equipment.

At least a portion of the exhaust from the dryer system 70 may be
routed or recycled back towards the inlet 74 of the rotary drum 71 and
combined with the heated gas stream from the burner 76 to dry the biomass
particles which are continuously fed into the rotary drum 71, as represented by

30 the arrows labeled 84. Additional gases from the outlet of the heat exchanger
60 of the torrefaction system 10 may also be combined with the exhaust gases

from the dryer system 70 for cleansing prior to discharge into the environment

13



The dryer system 70 is coupled to a burner 76 which is configured 20 to feed a heated gas stream via
ducting 77 through the rotary drum 71 and intermittingly carry biomass particles through the drum 71
as it rotatesWh¥ ettt gas stream simultaneously dries the biomass partR{SEERhEJES Stream
propels the particles through the rotary drum 71. The burner 76 may be configured to burn bark,

hogged fuel or other fuels to heat the gas stream fed to 25 the dryer system 70. The gas stream
entering the AR &)< TBIHGYIAE KIBHIH AR Y SIah G n (RRERA88 BYdBRs of the
integrated bioxaseglaeRssiNgsystem 11 as described in further detail elsewhere. At the downstream

end of the rotary drum 71, there is provided a separator hopper 78 for collecting dried biomass

particles (e.g., dried wood 306%<9apdngriedhgfveated frbedidentiod cowiR dctBRAmiad) as the
particles exit tRg,FRENY SéWiEI@é-(3.'@;‘??&%%&%%@H%%@ﬂﬁ@@ngY&Wé@wBHSEHBP force of

gravity towards an outlet 79 for collection for subsequent use or WO 2012/048146PCTill
S2011/11%95183084i6Ka§ih§USsRAMEN ANRsIesing, GlRtager destaahod ahds dried giamasse fines,

ther dried ic. i ' t ' d
removed rom T G S e O & ering
device. TheseAanaities ardifedstimeudply sttundasddidaradss foadvisequesnbaseutegdokaging. In

o A T A BB e e sp g Do
dryer system Tébeslad i@Zlude one or more pneumatic discharge devices (not shown) to discharge dried
biomass ’?’ 8 particles from t%sdc:rg%r ggsgt%rgre?c(:)iéted from Figure 2, the dried biomass particles
generated via the dryer system 70 may serve as input material for the
torrefaction system 10. In some embodiments, the dried biomass particles may
have an average moisture content below twenty percent moisture content, wet-
weight basis when entering the torrefaction system 10. In other embodiments,
15 the average moisture content of the dried biomass particles may be between
about five percent moisture content, wet-weight basis and about fifteen percent
moisture content, wet-weight basis. In still other embodiments, the average
moisture content of the dried biomass particles may be greater than twenty
percent moisture content, wet-weight basis.
20 Although the dryer system 70 is illustrated as rotary drum type
dryer system, such as those designed and marketed by Teal Sales
Incorporated, the assignee of the present application, it is appreciated that
other dryer systems may be utilized in connection with embodiments of the
present invention, including, for example, kilns having rotary screw and
25 conveyor bed type conveyance mechanisms. Accordingly, embodiments of the
biomass processing systems described herein are not limited to the specific
dryer systems illustrated, but may incorporate a wide range of conventional
dryer systems.
With continued reference to Figure 2, the heat source 30 is shown
30 as a gas-to-gas heat exchanger 60 which is configured to receive a heated gas
stream from the burner 76, as indicated by the arrow labeled 88. The heated

gas stream entering the heat exchanger 60 may be blended with gases from an
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A fan device 92 may be provided to draw or force the gas stream through the rotary drum 71 and to
route exhaust gas from the rotary drum 71 toward environment emission control equipment 82 to
process the QL0 tee dryer system 70 before release to the environm&GTW P bIREF SY¥stems, as
15 represented by the arrow labeled 83. As an example, the emission control equipment 82 may
include a wet electrostatic R{gg{itgitator WESP) to facilitate the removal of sub-micron %ed solid

particles and IRjHeHY EXRDARASN 8% 2S LRREFREHED SHiLS AT e RGIEH ARLrPs2 may

further includerggigaesneiativg inesmpeesidrecs i REPLRSe glaelsredprishtanty ehtiearganic 20
compounds (VOCs) that may be present in the exhaust gas. In some embodiments, an RTO may be

provided whicBXHENE8AAY JAsSOMR SMbodirpRnis: J2e dalstderppeiats ot thrgasResdre
oxidized. In OtEﬁE&mQQH@P‘?‘éﬁe%lﬁ%?ﬂe‘?‘#%@%@@é@ﬁ H580tfephertingLhRR FUGgviich may

significantly reduce the operating cost of the RTO since natural gas is 25 otherwise a significant cost in
operating Suclfedinpsesne. embodinmanisadha poeideropenatesd afisiergrstaFeRYLEBIRNIEG the may be

routed or recyrledt haek SnWardtRiplss B4R HIAIY 8607 Landiamaiigs- thife heated gas

stream from the burner o dry the biomass particles which are continuously fed into the rotary drum
71, as represeegchiaBoglgaastwarabéloe rrafadiionaygteses!Ogragbesdinteugh the Hesttexchanger

60 of the torrefaction 10,may also be combined with the exhaust s from_the dryer system
70 for cleans i B0 RALLLE HEd e oLE e S S B RSAD rtBA o 0s
and/or for intrattuatidm digeknptvahea ofeatdgastrs 0W, Bs Adteepastddothtbaghinheséautded 85.
According to the illu ed embodiment of Figure 2, the dried biomass patrticles (e.g., dried wood chips
i ines)ma$ BT A SRS REGHEN 107 2R AT CLLeh G URSAH & etaging of the
dried biomass|gastdes as. aGHREYBRtEOTHE Obn=2S [SRTRIes e bl Hre pasvetbie®dgho. A portion

or the entire supply of the dried biomass particles may be routed to the torrefaction system 10 for

subsequent prote TR SHON R SR 14 S NgheRRT oM Bk HEprHY SiPRIRERAEE fom Figure 2,
the dried biomgssteargslestream having a temperature at least 400° F over the entire length

of the reactor drum 12. In some embodiments, the reactor drum inlet
15 temperature is about 700° F £ 150° F and the reactor drum outlet temperature
is about 500° F £ 100° F. The reactor drum inlet and reactor drum outlet
temperatures of the heated gas stream may be monitored with appropriate
temperature sensors and controlled via a generic or cascaded control loop to
maintain the temperature gradient through the reactor drum at a desired level
20 during operation.

Exhaust gases from the torrefaction process, which include
hydrocarbon compounds boiled out of the biomass particles, water vapor and
any ambient air that leaks into the system may be routed, according to some
embodiments, to the burner 76 for combustion, as indicated by the arrow

25 labeled 91. In this manner, energy contained in the exhaust gasses can be
utilized to heat a heat transfer medium for use in the heat exchanger 60 to
maintain the heated gas stream 34 flowing through the reactor drum 12 at a
desired elevated inlet temperature. Again, in some embodiments, the reactor
drum inlet temperature may be about 700° F + 150° F and the reactor drum

30 outlet temperature may be about 500° F £ 100° F. The reactor drum
temperature gradient may be controlled through a cascaded control loop which

sets the reactor drum inlet temperature. The reactor drum inlet temperature

15



generated via the dryer system 70 may serve as input material for the torrefaction system 10. In some
embodiments, the dried biomass particles may have an average moisture content below twenty
percent moiStArEHMHEHIC wet-weight basis when entering the torrefaction sYStEH$20 145 Her
embodiments, 15 the average moisture content of the dried biomass particles may be between about
five percent moisture content, we}-we(i%rg?ggéi and about fifteen percent moisture content, wet-weight

basis. In still &Y 8 G8AHLRE, e’ HXAY O SR AMAUREN SR ISEHESIHAIRIRE may be

greater than tweabeRefrAitdPeBHEnCHE SR 7geightbaRSe 7RO UNALa R hRdBRheystem 70 is
illustrated as rotary drum type dryer system, such as those desi%ned and marketed by Teal Sales

Incorporated, fA8YaB8i§RBEDBT@R treuEm babkibagesdifie bohrtbriidéslHa AL EaSsystems may be
utilized in conReelinn BAfcMRAigHHHE AEHICREPRRIYPEeNtRGaIAHEd S, Wtﬁ@gﬁ%ﬂ@aﬁ] having

rotary screw and 25 conveyor bedtype conveyance mechanisms. Accordingly, embodiments of the

biomass _pﬁoc&mgtmm@mgmmd n@@mg@ﬁmuﬁﬁmﬂﬁm@yﬁégm&_aﬂrmybéms illustrated,
but may mcorrw;%pasggﬁtg\sgg gﬁzpé,cggy%%%rséﬂtega%/gggﬁgtgwgw%%wgql_Jed reference to Figure 2,

the heat source 30 | as a gas-t anger 60 which is configured to receive a
heated gas stream from theHRigues BathaslighiGatkstigtthe bioonaksbieléfastidhesysiated §8s stream

entering the heat exchanger 60, may be blended with gases from .a put of the heat exchanger 60,
it el bl Sl S b S R et

entering the hegt@mbaihdesCribedemtiantodvitarddditioralattaotpeabtie@its dmeigas stream
entering the heat exchanger may be betwee out 600 F and about 1400 F, 5 and in some
embodimLits ST SEHPEIAFE AHE A e SR AL MO RS0 may be
between aboug @A F1andisibRus $0PRdridderneckrulciing aesrRreamtefrtiatpeetastipn system 10
passes through the heat exchanger 60 and is_heated, according to some embodiments, to a reactor

drum inlet tempRAZRIEBLANEI QAL RO 1 ARe TR ERATIRR SiigM thiZ d SrbrerpRy &AM EROiRated gas
stream has a reAgRRH RV A et dRBRRIANY TecRitidersh 40P ol GoBRaRALBRLY daekigmass particles

which are passed through
controlling the rotation of the reactor drum 112 and optionally adjusting the

15 speed thereof. The control system includes a control panel 120 with
appropriate controls (switches, dials, gauges, etc.) for selectively controlling
and monitoring the system 110. Other gauges and controls (e.g., sensors,
valves, etc.) may be remotely located and coupled to specific components of
the system for monitoring and control purposes.

20 The system 110 further includes an inlet 122 in the form of a
chute for receiving biomass particles that are to be processed, as represented
by the arrow labeled 124. An airlock or dual airlock 126 with optional inert or
semi-inert gas purging or similar device is coupled to the inlet 122 to
substantially prevent oxygen from entering the system 110 when biomass

25 particles are input. The biomass particles may be fed to the inlet 122 via a
conveyor or other conventional material transport mechanism. The rate of
introduction of biomass particles may be monitored and controlled to optimize
or tailor characteristics of the resultant torrefied biomass particles. Stairs 128
or other access devices may be provided for a user to access the inlet 122 and

30 other components of the system 110 for monitoring, maintenance and other

purposes.
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the torrefaction reactor drum 12 during operation are directly subjected to a heated gas stream having
a temperature at least 400 F over the entire length of the reactor drum 12. In some embodiments, the
reactor drurWPR1 28484 fperature is about 700 F 150 F and the reactor driRf Ul tEMpERture is
about 500 F 100 F. The reactor drum inlet and reactor drum outlet temperatures of the heated gas
stream may be monitored w_iIIh ag%j?é)riat? tem?pe_rati,lr sensors and controlled via a generic or

cascaded control loop to mai TS ARADGHLRSR rELIAURS rbABISERRAG a desired level

20 during opeigiififeam of th&Xiastor arars fAamdheuppigiagtiasaptecs s diiehiehigshydrocarbon
compounds boiled out of the biomass particles, water vapor and any ambient air that leaks into the

system may b89BataEhITHEISYIE T Q¥ sol@mERKCeo B MIHFEY PEYRQIRIRIIBR!®s indicated
by the arrow 2 {ahelRddLr it iR BEIRS LA ELAiaN eshindlReXaHStaReRRTeAIs Y tilized to

heat a heat transfer medium for use in the heat exchanger 60 to maintain the heated gas stream 34

flowing th rpugrtrendactodrive rmwafl gt Heaverniame iars terapemitnferemgion drisdk2
embodiments, fhg Eﬁ%ﬁﬁ%féj ﬁ‘;%%éﬂ'% il R@Oﬁéﬁﬁﬁ%ﬁ ke ?&daatréﬂ%ea% éﬁggggﬁr?@ﬁ%%r drum 30

outlet temperature may be about 500 F 10 e reactor drum temperature g t may be
controlled throgictercdsaadeteionar ot titgp atinchreetyidre @astdudisiiiBnletaenperptiatelfhe reactor

drum inlet temperature ma ntrolled, for example, py varying the amount at as fed to the
heat exchange% f?fr%m ﬁ%@@%ﬁnﬁc’r ?%Ilﬁéljségpﬁere?n %Ejldr%MerrqtasW t?’gr\?l?}nseorufgem%y&t)%engogﬁ igured to
burn bark, hogtpdde di3® farhiidymitooseat the gas stream 35 fed through the heat exchanger 60.

Again heafjng of this gas str 5 35 may be supplemented with the comhustion of exhaust gases
ftom the Whretaction SystontaeNS SPATSLEATE.FLY Bt CRORBLr! 12 1 5L Siough o
illustrate a biomaspaesterastiopesystaniot He paenitdbitcfiBatbRireAespietRIBRAEMEcsiadar to the

biomass torrefaction systems 10 described earlier, but with additional structural details and a 10

different exanﬁf@ﬁ@h@%&ﬂ%@gﬁe‘ff@('@ﬁg%FFr&lle@riI%Hme@g-re-gé?éred?ﬁmoﬂ% RiEeR Bhported on
a structural iaRARA KRG BIRANUAJEROTE oHed &1 RAAGASRARAS BReaTisy fikm 11215 driven

by a drive motor 118 which may be electrically coupled to a control system for selectively
collection for subsequent use or packaging. An airlock device 142 is coupled to

15 the outlet 140 for substantially preventing oxygen from infiltrating the system
110 as the torrefied particles are withdrawn. Smaller particles and dust which
may pass through the separator hopper 138 are filtered and removed from the
gas stream by a filtering device 144, such as, for example a cyclonic type
filtering device. Another airlock device 146 may be coupled to a secondary

20 outlet 148 for removing the filtered material from the system 110 without
introducing significant amounts of oxygen to enter the system 110. In some
embodiments, the system 110 may include a cyclonic type filtering device in
lieu of a hopper 138 to separate and/or filter torrefied biomass particles from the
gas stream passing through the reactor drum 112. In some embodiments, the

25 system 110 may include one or more pneumatic discharge devices (not shown)
to discharge torrefied biomass particles from the system 110.

As previously described, the gas stream is drawn or forced
through the reactor drum 112 and returned to the heat source 130 (after
separating torrefied particles, dust and any debris) under the influence of the

30 fan device 132. While the substantial majority of the gas is recirculated to the
reactor drum 112, some gas is diverted to an exhaust stack 150. The gas

exhausted through the stack 150 can be recaptured for use elsewhere in the
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controlling the rotation of the reactor drum 112 and optionally adjusting the 15 speed thereof. The
control system includes a control panel 120 with appropriate controls (switches, dials, gauges, etc.) for
selectively A¥RPOAR}&46 monitoring the system 110. Other gauges and cdffiidlsSga1d0¥dAdors,
valves, etc.) may be remotely located and coupled to specific components of the system for monitoring
and control purposes. 20The system 110 further includes an inlet 122 infthe form of a chﬁte for

receiving bionPIOSFRFRIHIPLRIAES5S pPHEBRRdOASXaFREHER BY THE' IR ERNSRIRASP 4. An
airlock or dualidosisdie 8 5016PPHRNA dE N SHARE P BKHTOBASPHFRINYSY WA ey I6e isegupled to

the inlet 122 to substantially prevent oxygen from entering the system 110 when biomass 25 particles

are input. The!BiBRIABEH AEIRESTPULLLIBTEE theneaniar Bramd 2 BRTR pHE B b IRGatdIR Ehtional
material transRREHINERARISE! DRPERGR] BHrak/ckaihg! mass RalidesdAnBR Bigyired and

controlled to optimiZe or tailor characteristics of the resultant torrefied biomass particles. Stairs 128 or
other access deaie@nNiaENDHEproysde foi @ user to access the inlet 122 and 30 other components of

the system 110 for monioripg ngiUERANEEAAg AIBIRURATER WA ARIAAAILLOREH L i

S2011/1155153 The system 110 also includes a heat source 130 disposed upstream of the reactor
drum 112 for sefglgmeHedtiguecgasancb8mAlsashioyeriertitedlirstrateysmhadimeytathen device 132,

which may be, for example, an,induced draff fan device or a forced draft fan device, The fan device
1321 5 arverl DL ol e ran 4 e 2 e e 8 8 S cireuiace i
back to the heaillepsrt@0l 30He tleehdd@damad cupplieditn the relacigbéanng Ir2adks 1éRitbatating

Ml R S A G T A T
may be three, four, five feet or more and may be configured to receive and
process over fifty tons of torrefied biomass particles per hour.

The drive motor 118 is coupled to a drive belt or chain 164 and
controlled via the control system to selectively rotate the drum 112 at various

15 speeds, such as, for example, about 3 rpm or more or less. High precision
seals 166 are disposed between the rotating drum 112 and static components
to prevent the infiltration of oxygen into the system. In this manner, the seals
166 and other features of the system are able to maintain the gas stream at a
consistent low level of oxygen by creating a substantially sealed vessel.

20 Within the reactor drum 112, there are a number of lifting flights
170 spaced circumferentially at each of a plurality of locations along a
longitudinal length thereof. The density of the lifting flights 170 may be
designed to suit various needs of the system 110 and may be dependent on a
number of interrelated factors, such as, for example, the speed of rotation of the

25 reactor drum 112, the rate of material fed into the system 110, and the speed of
the fan device 132 or strength of the heated gas stream passing through the
reactor drum 112. The flights 170 are configured to lift biomass particles as the
reactor drum 112 rotates in the direction indicated by arrow 172 and then direct
and shower the biomass particles into the gas stream to be intermittingly

30 carried along the length of the reactor drum 112 predominately by the kinetic
energy of the gas stream and simultaneously torrefied. This is advantageous in

that the transport mechanism for the biomass particles provides a highly
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10At the downstream end of the reactor drum 112, there is provided a separator hopper 138 for

separating torrefied biomass particles from the gas stream as the particles exit the reactor drum 112.
These partid¥& Aie/MEgHe¢ed mechanically and/or under the force of gravity F&WArSRI 088t 140 for
collection for subsequent use or packaging. An airlock device 142 is coupled to 15 the outlet 140 for

substantially preventing oxygen from infjltrating the system 110 as the torrefied particles are
withdrawn. S |8&eaaﬁ?a@§5h@at@mfﬁ€mq §HLO G HAARE Qgﬁﬁﬂé(toﬁﬁﬁﬁb%ﬂg. 8?§F8‘?iltered

and removed {jgirfee SRHRIFEAE BYdidIbertih ARy |60 ddds &0 asseferiarhlecdiGretpnic type
filtering device. Another airlock device 146 may be coupled to a secondary 20 outlet 148 for removing

the filtered ma8&\EEO¥ SPMIRE LS stkhadd tions{Batthivsahengsismia HeERRMRIYNSRPgen to enter the
system 110. I, SaipREMORINERISBP Y $EMvel) GraxtaclvesPorRioariedMBEBRGERESHRice in lieu

of a hopper 138 to separate and/or filter torrefied biomass particles from the gas stream passing
through the retastefapiion systemssheanariiremsarablesiggstem 110 may include one or more

preumatic discharge devicef (ot shawo i iRet acap ioirafiedinmass Faricles Bawy hmsystem

110. As previously descr e gas stream Is drawn or for through the reactor drum 112
and returned terttidHernasp sries@qogalie disnpargecino tie d¢patiales hoppearidaiy déiers) under

the influence qf th fan device 132. While the sybstantial majority gf the gas is regircul to the
reactor drum fffgsrgrﬁnn gdégsvigg(jle\'/%grt(re%v'}/gdahnetﬁ a%'g Stac ||1'§|dgf;%¥e8 a{ng rg‘%\é/tﬁe%ﬁ%?gj’é the stack
150 can be refaplurte fdranmsiieiseipeee omtinatyusd 20026 4=IPHIbS2( §E51SHaadh psocess or

B A e R A AT S e
from slightly negative dp¢ligityaensitvenidependinetondhemsatinastiigiearcbenysed teriohibit oxygen
labeled 178.
The system 110 thus enables a continuous torrefaction process

that involves the introduction of biomass particles into a rotating reactor drum

15 112 via an airlock or airlocks 126 to maintain a low oxygen level inside the
torrefaction system 110 which is conducive to torrefying biomass particles. The
particles are conveyed through the drum 112 by the kinetic energy of a heated
gas stream that is generated by creating an induced draft of forced draft via a
fan device 132 connected by a duct 136 to the outlet of the drum 112. There is

20 also a heat source 130 upstream of the drum 112, such as, for example, an
electrical immersion-type duct heater (Figure 3) or a gas-to-gas heat exchanger
(Figure 1). The fan device 132 draws or forces gas across or through the heat
source 130 and through the drum 112. Beneficial to the viability of the process
is the recirculation of gas exiting the drum 112 back to the heat source 130 for

25 reheating. Also beneficial to the viability of the process is the ability of the
heated gas stream to directly heat the biomass particles under a low oxygen
environment as the gas stream simultaneously transports the biomass particles
intermittently through the reactor drum 112, as discussed in more detail
elsewhere.

30 There is of course a certain flow of gas that is discharged from the
system 110 (whether to the external environment or another related or

unrelated process component) which is substantially equal to the sum of the

19



5 from entering the system 110. Further details of the reactor drum 112 will now be described with
reference to Figures 7 and 8. As shown in the illustrated embodiment, the reactor drum 112 is
supported iVPR8EMEESorientation on a number of rollers 160. The rollersPEBAIAES & drum 112
along bearing tracks 162 that 10 are secured to a circumference of the drum 112. The diameter of the
drum 112 may be three, four, five feet or m%re and may b confié;ured to receive and process over fifty

tons of torreficPSRFHPRIIP HNGFEPEPHEG |omass-ﬂ%ti&T%qH 7 128 SNGIL RS A'@iR% belt or
chain 164 andesepjspdadn)andepmsakayeienatorslegiteehheotiiséhe firom 112 at various 15

speeds, such as, for example, about 3 rpm or more or less. High precision seals 166 are disposed

between the rotating drum 11edRteERItef dBmBBHENtd Zrcorivl aresimizedditoxoartfahto the
system. In thigsaapRe.doaRalig ARSI el IsAL PO REINR SYRIE s shIcarmainia the gas

stream at a consistent low level of oxygen by creating a substantially sealed vessel. 20Within the

reactor drém TotBtemtecipby expasiohAwRY tiResda tedpeeied gas AifreRMTANSIGach of a
bl Y o g ]
plurality of locatigag Alopga{qpd et E@W%“é%%ra@%e?%‘ﬁa‘ﬁ%é@%%%%tﬁ%may N

designed to suit various needs of ystem 110 and may ependentonan er of interrelated
factors, such dbefdrwahiléheheapagdatratthiortiod dresreacaushsithdioihe oo y@dterial fed

into the system 110. and the d.of the fan devi 32 or strength. of th ted gas.stream passing
through the rer%)c%fg@urﬂg?ﬁ.aﬁ% F% tss?L?H%reegc‘érﬁﬁgﬁar%?ﬁtso?ﬁghleorénrgrsﬁ %i?t% s%vslaﬁe reactor
drum 112 rotatesougthéotivacti gnogcisated thy arcicl&32agdithpassinget thindugirothier ldrg thiahass

particles into the gas str be intermittingly 30 carried along the length of the reactqar drum 112
bredomiHely 05 TRt e BN G S e RN e S P PG A0
advantageousdiagefidSereansielbsecharisNs filide tiamresieasioesuyR ids s anighly WO
2012/048146PCTill S2011/1155153 efficient. medium for transferring heat to the particles directly.

Accordingly, IRV NAAEEVISoIEe pRATHRIE  aNiR B iRNE JaEPRARIGRER WAIRADLRE energy
demands. In agiifipR hRtEouRE PSR PTesied hismans Ragisles dtaRsdaridRAhE relatively

greater when compared to conventional .
product (i.e., large and small particles may be processed together to have

15 similar end characteristics despite differences in mass and volume). For
example, in some embodiments, particle size may vary within a particular run of
torrefied biomass particles by ten, twenty or thirty percent or more while the
energy density and moisture characteristics of the particles are maintained
relatively consistent irrespective of particle size. In some embodiments, the

20 flights 170 may be designed to vary with respect to location and/or flight density
in different embodiments to affect the residence time of the biomass particles
within the reactor drum 112.

When using the system 110 to torrefy biomass particles the heat
source 130 is responsible for adding heat to a recirculating gas system within

25 the system 110. The heated gas stream within this recirculating gas system in
turn directly heats the biomass particles as they are conveyed through the
system 110. In this manner, the heated gas stream directly heats and
transports the biomass particles simultaneously. This is advantageous in that
the transport mechanism for the biomass particles provides a highly efficient

30 medium for transferring heat to the particles directly. Accordingly, large
volumes of biomass particles can be processed by a system with reduced

energy demands. In addition, the throughput or rate of torrefied biomass
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5 torrefaction systems of generally comparable size. The biomass patrticles reside in the drum
112 for a period of time and then are subsequently discharged into the separator hopper 138 or other
separating JéQide1ZAtBtdtited in the direction indicated by the arrow labeledPEZ4URHMAA@RSBandling. A
predominate or substantial portion of the gas stream is 10 routed in the direction indicated by the
arrow labeled 176 @%olS recircHIated, heated and. rejntroduced ipto the reactor drum 112 as indicated by

the arrow labeh@itiP/as (tons/NoHLY 1Ay [ 1BtR|Y SFRAIRS S hHRTRARE IR ERAYE P Mss that
involves the infsaeysEgorCs PieRassPgeiersINidmpRIING seactorrisusadnidgeviasin airlock or

airlocks 126 to maintain a low oxygen level inside the torrefaction system 110 which is conducive to
torrefying bionSasPies tlefo8ySiREsHae ek hiR R PenipRipMEBteLin 2 PRBIEWR Winetic energy of

a heated gas geaMEHRlIF RERFHRSHMNEreating an induced draft of forced draft via a fan device 132
connected by a duct 136 t0 the outlet of the drum 112. There is 20 also a heat source 130 upstream of

the drum B12, such as, for dxXgmeetsaef dnechasi seuness|SO-Gae pIovidRArat(vary seanily
-to-gas h l Thet i hth
gas-to-gas egb%ﬁ(?fﬁ}%ﬁ%ﬁﬁée’égr&. fhes&%g%m&?rﬁﬁ?{@%%% &%ﬁr@‘éf%%ﬁﬁ@g’”g the

heat source 130 an rum 112. Bene to the viability of the process Is the recirculation

of gas exiting theeafrphed 12 thacgas siearabyaur edetBicfelebamih@agn gl edsucheimefistasonthe viability

of the process,iz ing, alliy ot iNeyhealed gas shsam iadieciu heatine biomans partilas yader a low

oxygen envirorment as the gas stream simultaneously transports the' biomass particles intermittently

through the restrtardnimold R, sagaiswigascthatnenehdeigd redfe(Figuee SO Eret 2 jscoliptedde a certain

flow of gas that is %isc.argedfom the system 110 (whether to the external environment or another
7 i) BHDELIAI P

related or Unr&i3t8 aand GHicHSeRUEEn W%rq HREE RN AR

2012/048146R4p bith §26hbddinddiH3 1oasesyerinbdriven aibgfibelhisenassipactiglassliuseto heating
(including water evaporation) and any leakage that may enter the system 110. The interior of

the drum 112 S¥RiaiRs! 9B ABRIIMNRiAFS STEPMNBALEIINTIERAHNRTEBHING e MY SRBwer the
particles as thesdayiithl? th&gEesrnerely IR RN HsoRAIEHRS, Oxtha Begiadaasisiream causing

moisture within the particles to be evaporated. As the particles shower within the drum 112 the moving
gas within the diEghetaed-Boseestacl hakarehedrad asPhryehiiaiRreaess AerlinBdrst rotations

of the dryg L1z L ek AUIR YAIR P88 9l IR RRITAIBRIP DR 288dH oy the

length of 10 the drum 112. The showering and conveying process within the drum 112 also classifies
the particles. [Sybtem dridibrqugticlkispaseding gotiendplithe proeessr than heavier, larger particles.

This allows large particles tq.{amaip g iLylidmé I ddREYEls QP BLIRRIdSGoHURPARf! Creates

a more uniform end
energy balance that balances the energy required with the process rate,

heating source and required residence time. Embodiments of the torrefaction
20 systems and methods described herein are particularly well suited to
manipulate and control these factors and provide systems and methods that are
readily scalable to meet various industry needs.
For instance, residence time of the particles within the drum 112
may be controlled by various design and process factors. For example, the
25 speed and size of the fan device 132 may be selected to adjust the velocity of
the circulating heated gas within the drum 112. In addition, the speed and
volume of the heated gas stream can also be adjusted by a fan inlet damper of
the fan device 132. As another example, the rotation speed of the drum 112
may be set higher of lower to adjust the rate of the lifting and showering effect
30 within the drum 112 thus creating more or less time in which the particles are in
suspension. Further, since the flights 170 may be designed to work over a wide

range of rotational speeds, the drum 112 rotational speed can be selectively
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product (La, large and small particles may be processed together to have 15 similar end
characteristics despite differences in mass and volume). For example, in some embodiments, particle
size may vaWORmPBpHrticular run of torrefied biomass particles by ten, tWEFY RAMMIASSBBrcent or
more while the energy density and moisture characteristics of the particles are maintained relatively
consistent irrespective of particle size. In some embodiments, the 20 flights 170 ma%/a be designed to

vary with resp@RI4SIRSE QY APRAPS I FRIEAS (P HPRIAS R YL ARG RV DAL Pesidence time
of the biomassgRidicirg vddiietie tpastonemnkldensity of Waeagheig7bevityHiemeldte torrefy

biomass particles the heat source 130 is responsible for adding heat to a recirculating gas system

within 25 the si&fqn be usrdiefeangesteediay canditions losidemeryas 513eing @t directly
heats the bio”ﬁ?&ﬁ/iﬂ%gi%%i%ﬁ YRS SANYRYREIBIAIEE P FeRYGiRR 1 He ! N SR IAREIEiHBe heated

gas stream directly heats and transports the biomass particles simultaneously. This is advantageous in

that the transpirensechshang i thecflighisatbidariiches Bieiedds aeghiefrasis G0theedium for
transferring h ' ireatl i ;@J%@ i ' can be
processed by?%@%ﬁgmﬁggigeﬁaeﬁeé%% ge%r%%ﬁ‘r?% itlon%%éirgoﬁ&gi%m%g%?a%@bf torrefied
biomass WO tereljidldanogiths2eskieass 1h3spartiatedritond/tibur) may be relatively greater when

compared to conventional t(?rr]rgfar%teiog %%Eqmgnc#g g$%efﬁllxtgq@8%%bl%i i%SCJPeia %ﬂ ﬁ\ntageously
enables the systems describe Pere o be imp Smentedin a particutarly commercial y%easible
manner. S5SElerdents tf2ha begrticuter ddtsitpapdoartenbeat dyt atoyoetidiycavatilde energy source. In

(0.0, clotoa AL 0 e elEr s 505 B T ARSI i By BePbiDside to the.
gas stream thigugh #1056ai0 86 bealihanpetfiQdsigures drédtd Aaeuptedss Rdidernsabustion
andfor waste ?ﬁé.SXﬁtgandgﬁé%',' Séjrrt?cﬁé {ga%fir%gggﬁg itlio%gdc%)ri Ibne varied to create more of

less resistance to the gas stream within the drum 112, thus affecting residence

time. For example, in some embodiments, a relatively greater volumetric flow

15 rate of biomass particles may be set to crowd the interior of the drum 112 and
slow the progression of the particles through the drum 112. Conversely, a
relatively smaller volumetric flow rate of biomass particles may be set to reduce
crowding in the interior of the drum 112 and speed the progression of biomass
particles through the drum 112.

20 The oxygen level inside the drum 112 may likewise be controlled
by various design and process factors. For example, the mechanical design of
the particle inlet can be selected to include, for example, an airlock, a gas-
purged double airlock, screw mechanisms or the like, with each mechanism
having a different level of ability to prevent the infiltration of oxygen. Preferably,

25 the amount of oxygen that enters the system 110 with the particles is
minimized, but is likely to vary with design according to particle size and/or
desired production rate of the processed biomass. In addition, the incoming
moisture content of the particles can be varied to control oxygen level. During
processing, the resulting evaporated water partially displaces oxygen within the

30 system 110, and thus the level of moisture can be varied to suit production
requirements (e.g., less initial moisture means less energy required to torrefy

the particles, and more initial moisture results in less oxygen in the system).

22



another embodiment, low oxygen burners may be directed directly into the system 110 to heat the gas
stream without significantly increasing the oxygen level within the system 110. In some embodiments,

exhaust gaXR2028iddharged from the stack 150 may be used as part of tREBRECEEEHEEg fuel. 15
Irrespective of the heat source 130, very little additional oxygen is added to the system 110 throughout
the heating porti?n of the process. The torrefaction s%%tﬁims and proceﬂﬂses are based on a

heat and ener bHAINGES that FeFQieem dah gl &ainsd ARATLRS BIARsLa e PHElERY%burce and
required resideprRildvanarRsginteniseobiRp ipstetheinn #Hopsiemssansrppdinsisiescribed herein

are particularly well suited to manipulate and control these factors and provide systems and methods

that are readil{/@ealhGd (8 HSSCOIRARSIMALRG RXBAYSIES AR SKstRIBriciReptiRe particles
within the drumsil 2934 43e SeRGRIIRE BY seHieusHissiamand beGeraRGieEdraisexample, the 25

speed and size of the fan device 132 may be selected to adjust the velocity of the circulating heated
gas withindhe &lg@wheare. im thedmiope 85c0s paeihaiPletes® 88 ahedse it EXRIDRIEcEFERM THRI0 be

adjusted by a I%QQJEH%? ”H%%Rf.oﬁﬁ}{'@ e el‘éﬁeﬁ%ﬁ%néﬁ iy Fi%f’én%%t@ﬁ g %E} $gged of the

drum 112 may be set higher of lower to adjust the rate of the lifting a owering ct 30 within the
drum 112 thusndriestinmgpynoecusetbis batencenthe prégspeagtioid atb érdsuspéhgifonFshigletty since the

flights 170 may be design work gver awide range of rotatignal speeds, the drum 112 rotational
amed can be e S B B o R R T T B v
(such as a varézi depessti do\iehitit eRyigerditmhtba erdidetiheestysten\ist) the density of the flights 170
within the drum 112 can bedused to cha&gea‘ié%gﬁf ow conditions inside the drum 112 giving an individual

design arl fhherent shorter dFISRGY FE8 e MV AHHIS S S9RSIA pe of the flights 170

can be alteredyigramestdhedisnsds e theovatesialgireressast apereirsialpararadieesa@yapunced
showering effect, thereby impacting the residence time in the drum 112. In some embodiments,

| . Im 112
the flights 17038118 dRaNHA!Y B & diemetiealin JBHnE ORFrabABiy IR AINGT SRRAERER S ptimize or

tailor 10 Ch?”&b@ﬁ’ﬂéﬂ@ﬁ&%'&%ﬁ%‘t@@ﬁiﬁﬂ Eﬂeé’skﬁm%BP'@SOEQ%{WFhrPééB@&beﬂ_Z can
also be varied in initial design to create more or less residence time. In addition, particle loading

conditions carfﬂ!% %{r‘ii@é'ﬁf @F%!Hf@'rﬁ@'?é?@ﬂe@@r@?iﬂtﬁﬁ@éﬂ@%@%&ﬁ@ﬁfﬁﬂhﬁﬁf s drum 112, thus
affecting {§sidgPER: e Y rSXATHE oS B RERRCHUBERE PHEIRHY Bho GIGS BT LRl TaU iR flow

versatile biomass torrefaction systems and methods that are adaptable to
changing conditions, such as, for example, the moisture content of the biomass
particles selected to be processed and a desired energy density of resultant
torrefied biomass particles which may vary.

20 The system 110 may also be outfitted with precision seals 166 at
rotating to static connections and other low leakage connections and
components to provide a particularly well sealed vessel to maintain consistent
low levels of oxygen within the system 110.

Figures 9 through 11 illustrate one example embodiment of a

25 precision seal assembly 266 that may be used to substantially eliminate the
infiltration of oxygen of the surrounding environment into the reactor drum 212
at a rotational interface. As shown best in Figure 10, the seal assembly 266
may include rigid flange structures 270 which are coupled to a flange 268 of the
reactor drum 212 to rotate in unison therewith. The flange structures 270 may

30 extend toward stationary flange structures 272 positioned upstream of the drum
212 with respect to the flow direction F. A gap or space between the stationary

flange structures 272 and the rotating flange structures 270 may be spanned by
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15 rate of biomass particles may be set to crowd the interior of the drum 112 and slow the progression
of the particles through the drum 112. Conversely, a relatively smaller volumetric flow rate of biomass
particles may®adet§i4sduce crowding in the interior of the drum 112 and BEd$iAE 8t ssion of
biomass particles through the drum 112. 20The oxygen level inside the drum 112 may likewise be

controlled by varigus design and process factors. For example, the mechanical design of the particle
et can be sOBELAEBIR AL SFURRRn SHE e oI RS, Alkbed GO Bl BALOLGE

mechanisms %ﬁb@ﬂ%@b‘é’@hﬁ%‘cﬂé iFeARAaIR R & artdtesentilmet oatigbhEmERYeM et
Y,

infiltration of oxygen. Prefera 5 the amount of oxygen that enters the system 110 with the particles

is minimized, BISRTkENPTHARTPATEICHBECEBRNARY TOBARMIEXPEhdhasar @pTeaR)on rate
of the processgggrinfgass ANl LeRiAOITRIRGINEdRRISiE §RIMEDY of the particles can be varied to

control oxygen level. During processing, the resulting evaporated water partially displaces oxygen
within the 30 system 110, afdénseaieieaventst Adisnae ivghde Rirewpistlipnscutepspvidguirements

(e.g., less initi istur 11“2&@% I ir i e initial moisture
results in Iess%kj(@éo'le%%ﬁ e ysteﬁrl-n%ﬁrﬁ\ﬁ/@%&rl%z%hg%igé%gf?ﬁyéggl%%%@gic%ﬂ gt{ﬁ] %rt IEe}H:(,éailt is
recognized thaotatng iangetshuiditivas? g8 stottieedysed] 2sataladickieng opssaticnaakataporated
from the particles. reviousl cri this excess may. b hausted frpm the system 110
via a stack 15 aén@f%@%%,%@%é‘%%@gto%@%tégé‘%g%%?rﬁ‘&gé,a@g '?{te%gg%( rrﬁéJ oéfl%%ég 5 %igt\a/\'/c\yﬁére in the
process or antthergerooessr smumie as, the ssanaiienersts 27 duielttofigenesata dteaithTthe staakriib0 can

includ iaple position d 152 whi be used tp balance t inside. fhe d
112 from o I SHEHSER Gy FBRd SUAHG AT BRI LR DDA Y62 s can be
used to inhibitgrsygenviroas everiaging sysiercldfehbinesanaing rodinmesisiamamrfitegearious

operational parameters discussed above as well as other operational parameters may be adjusted

(manually or aRHFHESIRA 2 BRR LRI M GRTRL L ESH AL AL Al AT G B may be
established prisy4Q,08Ryalp B BFRAS YR BHY PPREi WAL £RBY A H e AR itgiréngependently

control various
the seal elements 274 may be spliced together in the manner shown to prevent
15 fraying of the seal elements 274 as the reactor drum 212 and flange structures
270 rotate in the direction R during operation.

Although each of the flange structures 270, 272 are illustrated as
L-shaped structural members, it is appreciated that the size and shape of the
flange structures 270, 272 may vary significantly. Irrespective of size and

20 shape, however, it is beneficial, according to some embodiments, to provide an
isolated internal chamber 276 which may be selectively purged as needed (e.g.,
during system startup, shutdown or fault conditions) with inert or semi-inert gas
to assist in maintaining the internal environment within the reactor drum 212 at
a consistent low level of oxygen. In addition, irrespective of the size, shape and

25 configuration of the elements of the seal assembly 266, a redundant seal
interface is beneficial to help minimize leakage into the internal environment.

It is further appreciated that other seals and sealing devices (e.g.,
airlocks or dual airlocks) may be provided at other potential leak points in the
system, including, for example, at the biomass particle inlets and outlets. In

30 addition, substantially sealed chambers may also be formed in these locations
between the torrefaction system and the external environment. These

chambers may be coupled to inert or semi-inert gas sources for intermittent
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15 operational parameters of the systems described herein provide for particularly versatile biomass
torrefaction systems and methods that are adaptable to changing conditions, such as, for example, the
moisture coMErR0&} Melomass particles selected to be processed and a dBSFaH ¥y 1dénsity of
resultant torrefied biomass particles which may vary. 20The system 110 may also be outfitted with
precision seals 166 at rgt tir:aato static connections and ather low leakage connections and

components t@PBRALLIBEHRBMAG TN LRed 06 SEM NeHifRHn el GFANRE 8f oxygen
within the systeystéistaeu s sAdIowa bt HilKiKir e 0esrRaGmale ngmngé)&ﬁgﬁtﬁﬁ%dsmn seal

assembly 266 that may be used to substantiallg/ eliminate the infiltration of oxygen of the surrounding

environment iMEYHRANHHRIQAUBYANSHIY RALHORI HaeriEe PYSPBNRBLEE S HRRHRRY the seal
assembly 266 digidnphedR pigieh 06 S riEEFER ATy WRIS b AfISCRIfRIBSLIR A Hpaigen26R of the reactor

drum 212 to rotate in unison therewith. The flange structures 270 may 30 extend toward stationary
flange strizturRMy 2mésdineatspkitesystemivai e eapipaedradbedy & iMeedwndrection F. A gap

or space betw ials ' f WCIHFeS 24 thero iﬁ FI _Spietes 270 may be
spanned by Vgg% 2?1%%8&%%0%%%%1 1 153% sgé[?a%Se emeﬁr?és %4%%@8%%2 g# |gnternal chamber
276. This interpatgihgrabab@dcoetayeka fregadankermittingly with inert or semi-inert gas to maintain an

inert or semi-inert gas barrigr between.an environment external to the | ass ly 266 and an
internal environment of the %%%?&Sa%ﬁfr%p%{ﬂz" Se”s‘%%l%%grrpgnkgcﬁagrﬁagﬁar@?g 5 |¥nternal stiffeners
to provide suffioreefadiolitys jsteramteietha sealoperadotaldfatyseBbngnetataet, Withsheteotating flange

structureiﬁzo as the drum 21 ro.li te%/%ugpt%tcsﬁ. ration about the r tati?nal axis 216. Additional
biasing elémeM8%86 FHRRSS k¥ %r LS e URIIS A AREST THO WS STURRE ¥R Fko firm
contact with ther Uéﬂﬁ@%li@ﬁ@'@ﬁaﬁ@ﬂ)@lﬁﬁ@i‘?eﬁﬁ H}dgrﬂﬁ@diéttéti&iwhﬁm@%ﬁﬂiwbdbﬁ)hiéﬁ'lng elements
280 are shown as overlapping spring elements extending from the stationary flange structures 272

positioned upSAEBAIET the AR FUATIPLS, RPRTEIFIGEHOBRPDY S HRINBY MR SV HeMStating flange
structures 270mAy SREEMtgHEeELntBaIE BRISRARS 374eny, Baapliceddograhssis the manner

shown to prevent 15 fraying of the seal elements 274 as the reactor drum 212 and flange structures
270 rotate in tRBATHEILIGH IR @RdeHPaaMiBAMent systamsoagh earroneisiRagkaiad dYres 270, 272

e SRR RSB R Tl gL Y0t s fonoe
c’:haractersi/sticsymgy be mo)rﬁitored, for example, by various sensors (e.g.,
temperature, pressure, oxygen, etc.), and the obtained operational data may be
used to adjust and control the system as needed to enhance safety or to
optimize the torrefaction process. In some embodiments, real time mass

20 spectroscopy may also be used to identify compounds in the gas streams and
to adjust or control the system as needed to enhance safety or to optimize the
torrefaction process.

In some embodiments, steam from a separate boiler of a steam
plant 93 (Figure 2) which is fired by the off gas of the reactor drum 12 (as

25 represented by the arrow labeled 94) or another fuel or heat source may be
injected into the system 10 (as represented by the arrow labeled 95) to further
control oxygen in the process or as a safety smothering and cooling stream and
also may be used as an inert or semi-inert purge gas in the process. In
addition, using steam as part of the process gas which passes through the

30 reactor drum 12 may also improve heat transfer to the biomass particles. In
some embodiments, the boiler may be heated by off gas routed thereto by

ducting 96 coupled to the reactor drum 12. In other embodiments, the boiler
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20 shape, however, it is beneficial, according to some embodiments, to provide an isolated internal
chamber 276 which may be selectively purged as needed (e.g., during system startup, shutdown or
fault conditi8¥@RNRP4BEW or semi-inert gas to assist in maintaining the inteMal&%HIMFEA3 within the
reactor drum 212 at a consistent low level of oxygen. In addition, irrespective of the size, shape and 25

configuration of the elements of the seal assembly 266, a redundant seal interface is beneficial to help
minimize leakJYiRG MR @rj?/\#cﬂ%gﬁtpr anothey; e oL SnIB3ABE that other seals and

sealing devicespadimisingks b uatallegmline, bramvidgdmat piisanesantie lerkraaisis in the

system, including, for example, at the biomass patrticle inlets and outlets. In 30 addition, substantially

sealed chamb@fdthiy fIsHHicenteeantitirs OnsRRiRe g foecoR!ing fRiERasASsy fidMSnd the
external envirgepeil: HiRSSHSKENBSISHTGHIRE (AHRISCEhIBGEOmSETNIHAR IRRSIHERRS for

intermittent purging of the chambers with inert or semi-inert gas, such as, for example, at system

startup, sHutdown or during @@tadlbrititiI®ViPgriieresssemmbeRichaieatvasisgecesinénsure that

no or very littl ygg#’ %Hﬁ‘ﬂ i infl reci ' of the
torrefaction s;\gﬁeém. I g @?)%m\t,g%rsﬁ}géo |merlrE1}'?se,%lt;1é{eH§%?§,n?\) rrf1P1 t{ﬁéeﬁﬁtﬁ%g dl{\ﬁvﬁagﬂiﬂﬁ?éed and
discharge airlsgsigharatdrsrmpngeddnspraseasthaniailos slesdiived hasqinrgimipedtiandadsbefween the
airlocks. the\éﬁ‘“r%%r%§‘%‘5§P¥f98%{63r‘?%g”s‘fﬁymas'sa°ngerﬁ% %%r%%‘fr]dﬁgtgé{‘@pt‘%&ﬁé‘c?é'r‘?{r‘ns qt?ems to
enhance operational safety. For instance, the Systems 10 may be equipped with'vents that will rupture
or open shoule aamiglyr explrsiassoieddfktgukisoin accarietyofffooahcoragitidndata potaridaltheause

equipment damage. As anpther example, spark detection and extingujshment systems may also be
tegratodting BAGU AL G U GRECEH R ACh B SR RICDh B S S G I ment
systems and camsHaTEA 8 ForeiRE M| & D tirsabivfdbioheydraselied meliwarsinfigpen. In addition,
system operational characteristics may be monitored, for example, by various sensors (e.g.,

temperature, (e38grEed 19 Jer e DjoRRP RS e RN %@flﬁlﬁﬁ wardAaPp LRI ALt and
control the sy SSonRERIIGRERBED RATRIYOp APHRSEIER Hir fuit{aRBdR SliNGRBTorlFeREAE

embodiments, real time mass
biomass particles having an energy density of at least 20 GJ/ton.

15 The torrefaction systems and methods described herein are
particularly well suited to provide a continuous torrefaction process that has
many benefits over conventional torrefaction systems, and in particular, batch
systems and methods which require batch processing of biomass particles in a
furnace, kiln or other similar device. The continuous nature of the torrefaction

20 systems and methods described herein enable, among other things, relatively
higher production rates. In addition, the efficiency with which biomass particles
may be processed with the systems and methods enable high material
throughput at relatively lower energy demands.

Although embodiments of the torrefaction systems and methods

25 described herein are illustrated in the figures as including reactor drums which
rotate about a horizontally aligned axis of rotation, it is appreciated that in some
embodiments, the axis of rotation may be inclined. In such embodiments,
gravity may play a significant role in transporting the biomass particles through
the reactor drum. In addition, although embodiments of the torrefaction

30 systems and methods are described herein as involving a heated gas stream
passing through the reactor drum to carry or transport the biomass particles

while simultaneously transferring heat to the biomass particles to torrefy them, it
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20 spectroscopy may also be used to identify compounds in the gas streams and to adjust or control
the system as needed to enhance safety or to optimize the torrefaction process. In some
embodimen¥O2eRMEH a separate boiler of a steam plant 93 (Figure 2) RARHNIZMAIFTYXhe off gas
of the reactor drum 12 (as 25 represented by the arrow labeled 94) or another fuel or heat source may

be injected intp the system 10 (as represented by the arrow labeled 95) to further control oxygen in the
process or as & %@%ﬂﬁ%%@éﬁénam%&m %qy%gt%ﬁr&eal}ggm PECLP 88 Bfert or semi-inert

purge gas in theRsperes By@t@ﬂ%“tel’rﬂé@rﬁﬁ@’ﬂ@?eﬁ@ﬂ N8/ PERFERSIERSCHS Il RAeSs through
the 30 reactor drum 12 may also improve heat transfer to the biomass particles. In some
embodiments ,%@%F&tﬁﬁgﬁm $teRircdasy e gy rdatdlP B e Bled REm §ioRREB W IBINtE e reactor
drum 12. In OtP@é&HFQQGW?@%rFEﬁ/QHQ%WQ‘Q RLA6PCTIll S2011/1155153 may be heated by
the burner 76 or another heat source. In some embodiments, upon a fault condition, steam may be
introduceddinto the reactor dl@Fe@¥an Sugficasiausuemd merdmoassrihgdadeRaey B poses. In this

manner, opernalalel SeBd AR B KSIREAQ PAKhE SRR B LRIONng he

processes by which heat, residence time and oxygen aving the flexibility
through initial oesigricatieteenbodisrents proigiisofdhaldbe e deatbiedrigenripiabodmgansraf the
biomass torrefaction.systems gnd meth n be set.u mmodate a varjety. of biomass feed
stocks in a varllr(]ecttb% %@{Y lggn%ﬂ{(r)nnss éhn%ngﬁsl & ae%c@@%ﬁ@eaﬁ ncsgﬁ re()q\?lgegr(ﬁt(? Q(;e) achieve
consistent torrefiotioitor e kpekifipemmbou hodntedisc yeekmntipée s leeifiratitac tiovd $histems and
methods may be confj r%g to torreg/ biomass particles in the form of wpod.chips at a minimum rate of
e ton Jlon BT HIBHLAR b ARG B HHE el 2R K A AT RLOTBE aving an
energy densityrf fflleasipeobdiavaléiibadarratrcioorsyripnsas @meid@ds described herein are
particularly well suited to provide a continuous torrefaction process that has many benefits over
conventional torrefaction systems, and in particular, batch systems and methods which require batch

processing of biomass particles in a furnace, kiln or other similar device. The continuous nature of the
torrefaction
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20 systems and methods described herein enable, among other things, relatively higher production
rates. In addition, the efficiency with which biomass particles may be processed with the systems and
methods enable high material throughput at relatively lower energy demands. Although embodiments
of the torrefaction systems and methods 25 described herein are illustrated in the figures as including
reactor drums which rotate about a horizontally @jigygrkaxis of rotation, it is appreciated that in some
embodiments, the axis of rotation may be inclined. In such embodiments, gravity may play a significant
role in transporting the biomass particles through the reactor drum. In addition, although embodiments
of the torrefaction 30 systems and methods are described herein as involving a heated gas stream
passing throughlth® pécoessiiarretecinnysystemspormpisib@mass particles while simultaneously
transferring heat to the biomass patrticles to torrefy them, it is appreciated that in some embodiments

the biomass padi¢lesenryreedien simriadPyatiereate mechanisms (e.g., gravity, screw devices,
conveyor devices, etc.) and subjected to a counter-flowing heated gas stream within the reactor drum

to torrefy the biomassBaritlRs coMRyGREF o RE AR MBS E BRAUDBISAERGRRE ARRYERURE

combined to provide further embodiments. These and other changes can be made to the

embodinteEm Jgh it hBighdsdeesiliengdshgsatnald givealy of IneabpowiAtans, the terms
used Sh%'r‘i’g‘ﬂﬁhﬂ‘PaFfé?ﬁfHﬁﬂ fﬁéi?éiéé?&‘aﬂimﬁ to the specific embodiments disclosed in the

specification and the 10 Claims, but should be construed to include all possible embodiments along

with the full scogehof ?%uwalents to which i]Hch Clal@fl re entitled, CLAIM%aI.’Heé qucm}ass torrefaction

system, comprisng*&n SRS R o eat gas con e

system to a temperature sufficient to torrefy the biomass particles during operation;

a fan device coupled to the system to create, when the system is in operation,
a heated gas stream through the reactor drum sufficient to intermittently transport the
biomass particles along the longitudinal length of the reactor drum as the biomass

particles are lifted by the flights and showered through the heated gas stream as the

reactor drum rotates; and

gas ducts coupled to at least the reactor drum, heat source and fan device to
recirculate at least a portion of gas exiting the reactor drum back to the heat source

to reheat the gas for reintroduction into the reactor drum.

2. The biomass torrefaction system of claim 1 wherein the heated gas stream
directly heats the biomass particles as the gas stream intermittently transports the
biomass particles through the reactor drum.

3. The biomass torrefaction system of claim 1 wherein the plurality of flights
are configured to regulate movement of the biomass particles through the reactor
drum, thereby influencing a retention time of the biomass particles within the reactor

drum.
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a reactor drum configured to rotate about an axis of rotation, the reactor drum having a plurality of
flights positioned therein at a plurality of locations along a longitudinal length of the reactor drum;

a heat source upstream of the reactor drum to heat gas contained in the system to a temperature
sufficient to torrefy the biomass particles during operation; a fan device coupled to the system to

create, when thg sygRieBIdmiAsensrréRIRtiBNSpseeha s elERAMS thFewsin ihe fsaeantdeam gdicient to
intermittently transport the biomass particles along the longitudinal length of the reactor drum as the

biomass [P&HER {IUSiRRASARECHDHR I ChERRBURIFBEG P RS EREP G LS U R HY3he reactor
drum rotyjerréd\dar int8AraiaifocalR eshist BileasoaadraERING i BAgItEEIHaEangtier device to

recirculate at least a portion of gas exiting the reactor drum back to the heat source to reheat the gas
for reintrédBCRBAIN S M& reactor drum. 2. The biomass torrefaction system of claim 1 wherein the
heated gas stream directly heats the biomass particles as the gas stream intermittently transports the
biomass patrticles through the reactor drum. 3. The biomass torrefaction system of claim 1 wherein

the plurallty of flghtR SIS SABLG LR ALIRARG I EIAERRNNP] UREIOMARE BRITAIRPJNfRUAR the reactor

drum, thereby mfluencmg a retention time of the biomass particles within the rea r
The bionialyepesdie Noinshstdieaiedigms Stieaende eirspityring/iomessnadiciRs fagaesdipgced around

an inner gYreUHaEeAER Al Iag 1RBGIRG JEMRVRIFGUIRP YRR s RS Y L tilany dves
locations along Qe ?ongita}drlagal Iengt% o&f%ﬁe reactor grlﬁm. 5. IThe Emass tolrréga(zion system of
claim 1 v@rstilesHasueghlitpf siasies Miemdpeesgesioitithe heated gas stream to classify the biomass
particles according to particle density by moving relatively denser particles with respect to similarly

sized particles through the reactor drum more slowly. 6. The biomass torrefaction system of claim
1, further comprjsing: . . a hopper located downstream of the regctor drum.to collect torrefied
biomass particldt SARIANETEARIET A AEE L8 thdYOTERSATBRIFIE partcles from the
system. 7. The biomass torrefaction system of claim 1, further comprising: ducting to dispel exhaust

gas from the sy&&@PR8nhipsAIRN Bewdisiream i isoreagiar i o 208ach ter e iep &emassioned to
regulate BAMRISYTEIRME! INENBES SYRIFAIING ik Eha igE it RshefieyysRmALS [hefiueiem while

enabling exhaust gas to exit the system.
from the system.
7. The biomass torrefaction system of claim 1, further comprising:
ducting to dispel exhaust gas from the system;

control valves; and

dampers, the control valves and dampers positioned to regulate a pressure
level within the system to inhibit the infiltration of oxygen into the system while
enabling exhaust gas to exit the system.

8. The biomass torrefaction system of claim 1, further comprising:

ducting to route exhaust gas from the system to a remote device for use of the

exhaust gas in an auxiliary or supplemental process.
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8. The biomass torrefaction system of claim 1, further comprising: ducting to route exhaust gas
from the system to a remote device for use of the exhaust gas in an auxiliary or supplemental process.
9. The biomass torrefaction system of claim 8 wherein the remote device is a burner configured to
utilize the exhaust gas to generate a heated medium for supplying heat via a heat exchanger to the
gas which passes through the reactor drum during operation. 10. The biomass torrefaction system
of claim 1, further comprising: at least one airlock coupled between the inlet and the reactor drum
to limit the amogntldfeolsikgrasantemotathiosstsmnmvbeolaedacdngetizinbibonasaglertideiscandc at
least one_seal mechanism,between the reactor drum and adjacent structures, the seal mechanism
incucing % CRE BB BT WL e AN A SARF A AR T beal mechansm
coupled tsuppliyieg oeseviv-iaér glasxebarugeioositle gase whikkhneasbtetbhaugbahdudgagtoperation.

11. The t{iomaas torrefacti%[) iﬁtem of claim 1 wherein the heat source is an electrical immersion-type
duct hea rl“BE) H%&?Bﬁg &4 of the reactor drum. 12. The biomass torrefaction system of claim

1 wherein the heat source is a heat exchanger positioned upstream of the reactor drum, the heat
exchanger configured to transfer heat from a heated gas isolated from the reactor drum to the gas

which passes thigughdhadrpEenehiemeibingsrmiEtiaim L3uftheliempssiiggrefaction system of

claim 1 wherein the heat source is a low oxygen burner positioned to directly heat the gas which

passes through G LRRARL ML ORRIENGREn 1nd DS YRR P REIOR TR RS i 1

further comprising: steam plan e reactor drum oduce steam Into the reactor
drum andesgisttioftheygerefigon @ tilecssyrisrasshEnticlesiving. tfbdloorass pasti@ts;tamdsystem of
claim 1, further comprising:

at least one seal mechanism between the reactor drum and adjacent
structures, the seal mechanism including a chamber between the reactor drum and
an external environment and the seal mechanism coupled to an inert or semi-inert

gas source for selective purging of the chamber during operation.

11. The biomass torrefaction system of claim 1 wherein the heat source is an

electrical immersion-type duct heater positioned upstream of the reactor drum.

12. The biomass torrefaction system of claim 1 wherein the heat source is a
heat exchanger positioned upstream of the reactor drum, the heat exchanger
configured to transfer heat from a heated gas isolated from the reactor drum to the
gas which passes through the reactor drum during operation.

13. The biomass torrefaction system of claim 1 wherein the heat source is a
low oxygen burner positioned to directly heat the gas which passes through the

reactor drum during operation.

14. The biomass torrefaction system of claim 1, further comprising:

a steam plant coupled to the reactor drum to introduce steam into the reactor
drum and assist in the torrefaction of the biomass patrticles.
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a control system configured to selectively adjust the speed of the fan device to regulate a speed of the
flow of gas through the system. 16. The biomass torrefaction system of claim 1, further comprising:

a control system configured to selectively adjust the speed of the rotation of the reactor drum to
regulate a time of residence of the biomass particles in the reactor drum. 17. The biomass torrefaction
system of claim 1, further comprising: a control system configured to selectively adjust the
temperature of the flow of gas through the system. 18. The biomass torrefaction system of claim 1,
further comprising: a control system configured to selectively adjust parameters of the flow of gas
through the system including volume, speed and/or pressure. 19. The biomass torrefaction system of
claim 1, further ¢6mphgibgmassdesatastioysaysteanatal@iontd ifdépendempyistarol a plurality of
operational parameters to regulate a torrefaction process of the biomass patrticles, the operational
parameters inclacionteblegstemeohfigieaeiad iQ&é@ﬁW?f@@jﬂSt theegstcooltigidearpesaivecioan
average residence time ontent of the as stream and gas flow characteristics.

20. The Bfe#H @ﬁ@%&gﬁi&%@( &Qﬁﬁ% et?éé] ¥R Bntrol system includes sensors for
monitoring at least some of the operational parameters and the control system is configured to
continuously or intermittingly adjust at least some of the operational parameters during operation to

optimize the torrgagiRNEATESS ﬂr@%t%?@&@ﬂ%@%@c ithe rmﬁ@p&%&ﬁ@qdmomass particles.

21. The biomass torrefaction system of claim I wherein the reactor drum is at least five feet in
diameter and the s siem is cg)nﬂ%ur d to tgg |oma rtch at a m|n| m raée of one ton of

torrefied blomas%%ar [R5t RO HHE & PATTEIRS RRS ﬁ n'ene 9tooen8|ty of at
least 20 G#toeactor @R tee rb@mtﬁgsamMan‘tmmﬂtemomﬁhmmmdestwwmpmsthg at least
one vent conflguded to subject the system to an external environment upon deflagration within the
reactor dran

17. The biomass torrefaction system of claim 1, further comprising:

a control system configured to selectively adjust the temperature of the flow of
gas through the system.

18. The biomass torrefaction system of claim 1, further comprising:

a control system configured to selectively adjust parameters of the flow of gas
through the system including volume, speed and/or pressure.

19. The biomass torrefaction system of claim 1, further comprising:

a control system configured to independently control a plurality of operational
parameters to regulate a torrefaction process of the biomass particles, the
operational parameters including at least one of a reactor inlet temperature, a reactor
outlet temperature, an average residence time, oxygen content of the heated gas
stream and gas flow characteristics.
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20. The biomass torrefaction system of claim 18 wherein the control system
includes sensors for monitoring at least some of the operational parameters and the
control system is configured to continuously or intermittingly adjust at least some of
the operational parameters during operation to optimize the torrefaction process or

tailor characteristics of the resultant torrefied biomass particles.

21. The biomass torrefaction system of claim 1 wherein the reactor drum is at
least five feet in diameter and the system is configured to torrefy biomass particles at
a minimum rate of one ton of torrefied biomass particles per hour, the torrefied

biomass particles having an energy density of at least 20 GJ/ton.

22. The biomass torrefaction system of claim 1, further comprising:

at least one vent configured to subject the system to an external environment

upon deflagration within the reactor drum.
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