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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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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.

2



15 scalable to neet a wide variety of industry needs and provi de enhanced
process control with respect to nonitoring and adjusting operational

par amet erwoOnR0120381461 ze or tailor characteristics of thePc@&dskatanssisdrrefied
bi omass particles. According to one enbodi nent, a bionmass torrefaction
system may be summarized as including an inlet to receive bionmass

particles; a reactor T2@ lthated gasfstrganedirécty ladas ehabiontadst sartiopgidsite nal
axis, the reactor drumhaving a plurality of flights {)osi tioned therein at
a pl ur al i t Pasfstiegeatntemaittanhnansrorteiigt Hodrss Rartides thveugh the reackat

2 terper ot g s e (ERARFES Ry (oA RuPERoa BRDIGETBLARENLA PG cherati on
a fan devi grormasppeflicted thisugiyieadntor ereat terdbemfdenting thy séAtidS | N
operation, a flow of heated gas through the reactor drumsufficient to

i nt er m t& edimeot inerpueass padideowilbis tpareactioedrum orddetlitiégng dightshmel t he
reactor druma hhﬁ bi onn?g(sja arai cles are Ii]jted b%’fthhe flLi ?gts and

shower ed tﬁ'?%ﬂ BRE BrAGS @HE A IBARY GECYRiEreRCR Pihe dPare f4Pés: and gas
duct's couplrd,bPoRirel RtfilinihPalt 8AANIR Tt FiadinBE WeatBHE ChorRNheliBRgRNh&E O
recirculate 30 a portion of gas exiting the reactor drumback to the heat
source to reigihtof therepasorfdrunt.eling tibidgdtiglta intetaperate wigatteoheatedmas WO

2012/ 048146PCT/ US2011/.055153 . The heat ed. gas streamdirectly
heats the B{6RHEY é?%'%éﬁ@i"%aﬁ%éaﬁ%ssﬁ%@ﬂgﬂ?é}aﬁ“i@q@Qﬁf‘?‘;t/y #P4REport s t he

h S _ >RGP S e SE '
cont  guia 1 PEgur AP8 "RRVAAE SeREF Phrselosunl Mgl PRk BRD The

react or dr yaytidiéearbdyelativdlyeangengattictes witle ndspeat fo pamielesfhavirey bindlzess
particles within the reactor drum The lifting flights may include flights
spaced ar o@edshigsitiieeighdhe ceaster diee maretsi@vlyeact or drumin regul ar or

irregular intervals el rlﬁﬁqm%%ﬁlég'f??%tcﬁ%g%t:egﬁﬁaiy%ﬁh&] iﬂ%d%}%ﬁ’@@{ t udi nal

| ength of the reactor i nt'eropera he

heat ed gas |sddte@abWdstbassofitiierBgctbi 6RRA $o paNddt tbresficbiohthsaphdracipgrticl e
density and/or 10 size, by noving relatively denser particles wth respect

t o si m1%ar lexitkigAbe rpaetor drus aaddodiseherge fhe logiejied Qiemess pegiols fiomespect
to particlgs, NaLAO P05 QenT9aS HiRS: hBLALHUARS b SRPLPEXTIM R ok OW Y-
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 bi omass torrefaction systemmay further include a hopper |ocated
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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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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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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 nethod may further include establishing the heated gas 10 stream such
that an inlet tenperature of the heated gas streamentering the reactor
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Figure 4 is a rear i $ugoerd s vbiee eddvdtiomabiienasisa sedlraafsenttlpracepatiegn of
Figure 3. ~Figure 5 is a side elevational view of the biomass
torrefacti ¢ 0§9§r’@b@djmqngdnatelsysable 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



S5Figure 6 is a top plan view of the biomass torrefact ion systemof Figure
3. Figure 7 is a side elevational view of a reactor drum and
adj acent woreporgstds of t he bi omass torrefacti on system @CTRISQUn®5353

Figure 8 is a cross-sectional view of the reactor drumof Figure 7 10 taken
along line 8-8. Figure 9 is a side elevational view of a seal assenbly,

accordi ng taraneteesbd thenintefadtivat prosesssbiooptintibe oh ¢ailoir ehassctéristicefodict i on
system of Figure 3. . . Figure 10 is an enlarged detail view of
a portion &€ ferliaahforefiedyempry Paftidegure 9. Figure 11 is a
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control | i ngnograbadiimerd! 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.
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t he specification and clainms which follow, the word "conprise" and
variations 5 thereof, such as, "conprises" and "conprising"” are to be

construed in an open,Thewlsteahvid fsetheeinclutils a Beaissouroe Bodlisighselut  not
limted to." Reference thr oughout this specification to "one enbodi nent" or
"an enbodi mPstreafeaiiseraagtondphp tlidar arrpiiagiest te araastsifeare B4 that is

at 1 oast ode o ERGRTRR SR bn e el sk ok SRR I i kR e
enbodi ment 'an0hdiced arafeEBiividRNGr a Fatcu@idratfarPdanes. Theaagbevicetdd is
specification are not necessarily all referring to the sanme enbodi nent.

Fur t her ror €lrivendo pdiew @iuoege gasithupegh) tha ragstarrassm b2 aoti@irauleée thet 92 may be

conbined in_an ui t abl e nn in e or re epbodi ts. 15As used in
Chis speci PEATPENaaRA Rarbon phiies oo The AeBLPRg P aD PR eatsd + o »
and "the" ijel dep|iel w He FRictSraitum Wes FediRQIARRE RBAhNE! BRrdoméli ctat es
otherwise. It should also be noted that the term™or" 1s generally enpl oyed
in its sensmbotimedingighingeorent onhexs of ke gesbgnolwuheaxltypgdhe reaeer

ot herwi se. 20Fi gure shows a schematic of a biomass torrefacti on system 10
accordi ng tUEnk- Biey r@cgﬁglgg?cﬁgntlh_e Ilﬁﬂﬁéo£9‘@[r@ﬁp q?"r'l'@l e&' ¥P'Peact or drum

12 whi i nr%tfb‘? r i [ i | . system
10 furﬁhrber%l nc U@SFS‘%‘;H%%%@FF‘%E&%?’@S%?@% ﬂgggpﬁg@éggﬂ”?’ﬁgée%ﬁg are to
be processedumal? isapriesdateeidoliye tifiet afthewehetbebdein 24. |Arsoate | ock or dual

airlock 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

9



25 26 with optional inert or sem-inert gas purging 27 or simlar device is
coupled to the inlet 22 to substantially prevent oxygen fromentering the
syst em 1Oowathery/iddarass particles are fed into the systemCIQS20ihes315HMASS
particles may be fed to the inlet 22 via a conveyor or other conventional
material transport mechanism In one enbodi nent, a plug-feed screw conveyor

may be used(iip caffijured tofraishehaiinlebiekisdrature of d¢a8 Brefpdtion gids sedani3dl t hat
acts as a seal when passing biomass particles through the inlet 22. WO
2012/ 04814 6Methesgel examnpss 60 from about 506he 119 °dma an Pytehiempeiaiuiges a
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draft fan device. The fan device 32 is 5 driven to draw or force gas
t hr ough & hédeaeaseangsr o i2 aarautiet condiuit €6t Heedaspeaatuee stithsteinei al porti on

f th ) he h .30, h d l.jed h
Ceact or ar (FRASOIS L AT PRu BTEHY AL T N OORG! G AP ECon s gty
percent or JpE&ssal §itd S8SoP¥xMAbTBNANY EH@SioFﬂI%s&?ﬁﬁél@é pHioHE dhtry Ry be

recirculated to the inlet of the reactor drum . I'n some 10 enbodi nents,
ni nety per deebiornasmioereddctionesygésm Y. viddaomaingl, n sgmeeenbedicteots, dnem 12 i s

ety v G ohein 5P beeue TERURG SR e g SRR TR
12 i . . . . . tion,
the gas' ot % 85 761eR 16 BCory B} Blstein 7O BGRMAP e Uoripe 3 IeliRba! | b0
bi omass pardlyithé esrow dbieted 6&. tresermherenlbedimEntsynide dischamedigaseinearh 86 f or

conveyance of the biomass particles. The gas stream may al so heat the
i nternal sthacbareutst hask tathedniet ofdepdephexshanger Flfancyended Mty whi ch

o ved and SO TEdbas ARGl Brbblefgre, S IR A enBI € SBBISE s
fan devi ce p3gndto FRpildte Uh@inlagtehiifergase of trrAReA4xchah§ér 60 & 8@eted! N sone

enbodi ments, a predom nate portion or the entire anmount of gas entering the
react orldr lewel 2r e falleithio @ eesgddgoioeraturéeangd.et of the reactor drum 12 in

2, cont nuous, et bR TR Lo BRI R Bl SRR I, 1
In sonme 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

10



25 enbodi nents, no new gas (other than unintended | eakage) is supplied to
the recircul ati ng gas stream 34 during operation. In the

i1l ustratwo 2emigsissent, the heat source 30 is in the foPeTafS2@198395% 0- gas
heat exchanger 60. A hot gas stream 35, in the range of about 800 F to
about 1400 F, for exanple, is supplied to the heat exchanger 60 via 30 an

i nl et condwxiygé? froasinfitatiegeht a¢sieyn ti Deasathe avrréfdxe pedictes. aréheithurbwgas
stream 35 interacts with the recircul ating gas stream 34 of the

torref act i 31PNy {ra syptem 1 Bmalsr partigiast (e dhelsiadied woedbfiRe e ipbafiekaieat t he

the. i et EonB s (o hen PO o Rt P S A ek SRS b et ~°
exchanger &@phr6r BheEr 3808arbe HABrdd 4y AEMEWd ﬁbrritﬁ@lq%'saétt&eﬁn ol mbeut 700

F 150 F. In doing so the tenperature of the other isolated gas stream 35
i n the HKeaffiltesxieaeyiee 460 sush agctes sxampje hayelosit tyeediteriagideviog. tBre Br heat

h 60 via ar l dui t, 66 Th f_th
solat ed At Rl o Fashabiicts 4 Grn S ORI EheroRe B B 2R et w1
ot her pr 0C?é§1%§in§i5ﬂ5\6hilt§?ed Fridfier® HEPh the SYtEMAN G RRNBLORRSSUPRG SigHisankr 1 o

to entry in the mass torrefaction system 10. Accordingly, in sone
enbodi ment amaurds ghexpglarenno 8% sissemarlyelh arnoenetnttodieantse aatiantemar B0 vi a

the outlet conduit 66 10 nmay be routed to a dryer stem 7Q (Figure 2) or
ot her - devi S63Ca 9o BRI BUPRLA FINC AP 5 46 HaySrecauiesitdrent s,
t he di ar, - ; i heat
exchangsg'ftyr1 qgﬁg%glsgmgﬁéﬁmﬁ? % ggtﬁh%ﬁoﬁgg':eggvgggﬁ%@@Pf]g%aé'ﬁ”g%%f&t%%& ature,
such as, f a5 repeegeinéd by tematrowb lalmeted 48047 €Biglued 2).tlhaohtd etnbbdimertaf ur e of

t he heat exchanger 60 to a desired 15 level or to fall within a desired
t enper at ur éN¢ igfERfaction sysign theay ineyde & @¢le btheniiaringrdaviee RdigY @four ce

30 of Figur i - - if.1s

0oL el BB A e B oo B ot e

exanpl e, i Btreare3£Mvdomendibodimepltsahé itdrréfabRss bpdtely PE niigaihciteeicie may be
provided within 20 the path of the gas stream 34 of the bionass

t orr ef &t | @ RGretRNABUNTRLIC Gischaige devinssi (rehskown)dw disshpsae burefiacs may be
directed directly into the stem 10.t o heat e gas stream 34 wi t hout
i gni 11 cantig P PR R GATERACTRDSYSH i The syst om 20.
Irrespective of the heabresRISELISribBEVRESas sthedrf 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 recircul ating manner to
facilitate 25 nmai ntenance of a |l ow | evel oxygen environnment within the
reactor dwornR248hiat i s conducive to torrefying bi onmassPpamseli®ssisAt t he
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 gysfeim ¢ameschbes abovdandtaodyef sestemerd whicti ie doinfigass))toayt he 30
particles exit the reactor drum 12. These Earti cles are then fed
mechani cal 10joraass partigiagapriarie inteduction iipdoe t9reigrber sysemlQ| &1 savef or

For subst aftT ey BRI PRAE Ay AR ERG e RS BRI MeNIo LGB, 16 s e

torrefied pasrhhsd partieled MAimg banbisiure Bohttt S¥GIRD tbhelGaWVEAty pREEhC! es
(e.g., torrefied wood fines, torrefied giant cane fines, other torrefied

cel | ul o ¢ rwisivie spnigit.ometragigphbasis inydhgaryeresyseégaré: dn seopper 38 can be
filtered and repove fﬁo t he ast.sltream 54.b 0‘3@5 f'blt.eri r}g device 44,
such as,  GTRAIGIE e DiorarasPayges rin Bf mipidlipe bavBae trVarps

addi tional @i#d@ckedstives «HBufiM OUEE HRNSShd SodutREOOMAE cPUWdet 48 for

removing the filtered material fromthe system 10 w t hout 1 ntroducing
si gni fi canthaamguarn stiaf moigtgrencanient atboyesipsty grardént moistkoeeoatdnddivetent s, a

chanmber or space between a pair of sequentjally aligned airlocks 42, 46 may
be. coupl ed WHONIPANS-i Resame TRRaAIMERE: Hhe RioMass R iFIgs raay BeYS e pur ging of
the ch er, ; ahel 3 (Figure
2). | na@;ngug%%azl@?%ﬁ?@és%ﬁggI?%?%tgsg%%?{génmé?/@%%&@%r may)’i ncqélﬁd%ﬁér cyclonic
type filtermgdieents thasizee tiod partotgzpeny 38ry by seppeateat,anehty pdrckher
torrefied biomss particles fromthe gas stream 34. In sone enbodi nents,

t he torref ARIfYRSrey¥tAEMAS- may i ncl ude one 15 or nore pneunatic di scharge

devi ces (not shown) tfgcgioﬁﬁé‘%ﬂ?ei‘ilﬁét@“egfegw\}n?é&@@?8@@@1}%23&1{@1@3}the

torrefaction system 10. ou gas stream
34 is drawgystenh P0Gesludds augtary Beuh FaokBich s YopPdtanso betid raeet bBolthe heat

source 30 (after separati n% torrefied particles, chips, fines, dust and/or
any debk s)tsupa@ituding 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. Wile the substantial majority of the
gas is recircul ated, sone gas may be diverted to exhaust ducting 50. The
gas exhawsDedizisaagh t he exhaust ducting 50 can be used@CelGsewh®sasin t he
process or another process, as represented by the arrow | abel ed 52. For

i nstance, the exhaust gas may be used as fuel to generate heat to aid the

heat 25 soyacka@fgi Brhalareasiicigs bhd dustipeyaidied wdod fieegasiedtgi@atroadé. The
exhaust ducting 50 can include a variable position danper 54 which nay be
used to balfiareeothredpee sellylesiciiemase hehicbaeaypasgy thiPugh theoserATRiM: | y

o Pt bi + MoPbEERS pfe ARGkt TREEL PR A5t S8R b % ekl e nm o
of an integighed, RHirExasHI®aASREHIOY oYty Hevaes oTkEsgpdrbclesareXadpl e
enbodi ment. The iIntegrated biomass processing system 11 incl udes, anong

ot her t 1 ndgewardsea beeondssy oot eled hiarisoivsem Ul Ee0AgIaBRINIUSPGDIM®55153
system 10 descri.bed, above and dryer syst 70 ich.s nfigyred to dry
b1 ormes parrTAUBeIS g nar ay st Bred Fie e oo arBe feLYettm to- 1n
some enbodiiRa of alRPpBi P8RS SebardE bR MePYiEE BlokRadsSp& AR grirR thd O
recei ve biomass particles having a noisture content reduced to bel ow twenty

percent 5 meissitgaen.ctmsene emendinentththddgies shgtenhé@O0angemctydst@m 0. | n
sonme enbodi nents, the bionass particles, may be od chi ps. havi ng an average
or L ol o i SN TS I Rl G0) MEWAHE G OB RBeE e and
havi ng AL I re. bove forty percent noisture content,
wet - wei ght aécﬁés. ﬁph?@%ncgléé%gg%ﬁrggts, t he bi omass particles may have a 10

substantial | y consi stfefin gévice 0P essy bbanoviesd pedeentr fiirté ereegeeireamd i n
ot her enbodi nents, the size of the particles may vary by ten percent,
twenty per deioughtthe retgrpdiedtl a8 ipgioste exhaust gas from Mg etaiyiduib /1 he

arum 71w RAORCOR R SrugBE copvblEafbiEin S b Idbq R BRs Tl i §

72. The dryies depestsgBlen® 7DWdibrerrelgileudate @Rvirdhabndr fodthéeSRit¥nBgadi onass
particles that are to be processed, as represented by the arrow | abel ed 75.

The bi drasgep@sentsiody heyarsewfizlbled SBhé\s an examplesithe anissiorgontror ot her
conventional, materid 1L ANSRYL Y WECHRM SMhtic 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 streamvia ducting 77 through the rotary drum 71 and

i nterm t tWogb12/@8xsy bi omass particles through the drumpPZI/U®g011105%16% at es.
The heated gas stream sinmultaneously dries the bionmass particles as the gas
stream propels the particles through the rotary drum 71. The burner 76 may

be confi guraed/drfobintrodastidn bholgped tHeidtyepsysicher0f arteprésertedtbytthe gas
streamfed to 25 the d&%er system 70. The gas streamentering the dryer
system 70 &PV lgbelsd &uppl enent ed or bl ended with other gas streans of the

ol seuhor 6. At the dorCoraad it e P Bt EhBRl Flolig AbBNE, i dea a
separat or iagss partics @ .| e6éd Mdodrdrask Sh@mBRes) hay betbated © &hothér i ed
wood 30 chips, dried giant cane chips, other dried cellulosic bionmass) as

the partd cllegationifor stsaqueat prczne@mnmstowges er paekagingef thecdrigtbhbionass
mechani cal | y and/ or der the force of qgrav an o t for
ol lect | on PGSBS aclaRalble comimiaeds oTspimsealitay [ fafdasdiy 68

packagi ng. 3GkioforRAE thétcSuriiloflitt e Biomdbi! petivRethdy Besourduirgd i ant
cane fines, other dried cellulosic biomass) which may pass through the
separ at or hla@tmrrefaetlcm gydtemt Hi &t sabdeqesnivedcéssing, tasendimatest betra :h:yow

filtering eV| cg ? such as, for exanple a cyclonic type filtering device.
These partl ?ed&/e fed 5 towards a secondary outlet 81 for subsequent use

or packgging. In somg %g{eggflfé;cu?tba‘?ro%ﬁ?% ﬁgﬁé‘ng BRmMALCH SRIe]

cyclonic type filterin I'eu 0 separate and/ or

filter driegnbrateassa th@rdnyet eypstémorg trizy gase atrigauhmateriabioe tegrbodi ment s,
the dryer system 70 may include one or nore pneumatic discharge devices
(not shom)tortr@fa&t@ra;mtg@n e @HS‘W‘@@B%OQU‘%‘&? tthe deigd figyRrsheadicias Mgy st em

70. 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 fromthe rotary drum 71 toward

envi r onmewo 2ery@8i4on control equi pnent 82 to process theCeilsausisahst he
dryer system 70 before release to the environnent or to other systens, as
15 represented by the arrow | abel ed 83. As an exanple, the em ssion control

equi pment  3tpe\ofitne hediesachsrigeebocas airatérttepgcthpidratvey [aOBEIF0,to
facilitate the renoval of sub-mcron sized solid particles and |iquid
dropl et s fregnlgifethexRauisleMpesalsre ehiie heried gies Stigant eAterpo tegiephent 82 may

and vol at 1 Fethadsr PR STRPERls: 1 Rl il BB cxhaues
gas. In S0@t@iﬂy)ﬁﬁieﬂ’ﬂiﬁt%’xcﬁ@né@'@nﬁ’gbe%mééﬁia@@dt BOOTh anglesmoratiypet Fgas to
heat the exhaust gasses to about 1500 F where VOCs are oxidized. |In other

enbodi nent @ndtinispste embefifmepissite iney tareperséerefaithé gasistigaot entesn&T@® whi ch

52 ot LESL A B0 o8 B RS SnE0r Pl Oy abRpe g = ome
At | east arp@rdiifhdbad Seesmhaust tcfrFé?Efbt*idWs;ﬁgwﬁlrﬂ%ééﬁ?Qtﬂ%wthlgqqéaqut ed or

recycl ed back towards the inlet 74 of the rotary drum 71 an onbined with

t he heat ed eyabasgeredhand enhedied paccredingdotsontr gmibodinbémispsa peadidrc] es whi ch
are continuously fed into the rotar m 71, as represented by 30 the

o rows. | abdrdd Bt FRRPERERAT 4 S HOPo R VTGRSR WOt TR BHCRR changer
60 of e \PhinelRGH 08Y SRS BEArTTY: 8 880RF SRR MEE ethbdralite disaust
gases fromt he ryer systém or ¢y &ans ng prior to di scﬁ'arge into the

envi r onmenteast@0R0 F2/ OditdetiuecTy US2Aidhass pagicesdwhichfare passedduougbn back
into the dryer system 70, as represented by the arrows | abel ed 85.

Accor di ng tloe tafeefacliansisagiafirdrbbd0HERY operatioguare directinsubiactas 19 dmass
particles ) I .chj j : rb5
Pocat i on 1 SEedkedt ke iRl e BRSPS A R R

bi omass paidfited Rsacksr @ust A o ecambadiniants, ake Feadteseningshidty the arrow
| abel ed 86. A portion or the entire supply of the dried biomass particles

may be Touttempetaturseistahoue? 88t Fan18ysk @nditde reacteuds ey oehet termussaikireig, as
|l cat ed by o bAG SE ARE R R e dRa AR ARPISEIR A GG 0ure 2
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
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generated via the dryer system 70 nay serve as input material for the
torrefaction system 10. In sone enbodi nents, the dried biomass particles
may have W0 2012448€ noi st ure content bel ow twenty per ceRCTABREILOSHSEONt ent
wet - wei ght basi s when entering the torrefaction system 10. In other

enbodi nents, 15 the average noisture content of the dried bionmass particles

may be bet weanbaloutrofied,dopexaraple, bpivatying teoatenht ofledateeiggtfetd astise and
about fifteen percent noisture content, wet-weight basis. In still other

embodi ment 1t REchangea§ frRindhebemsnitenn soiMe REACInENtS; BifaRYNBAI B cl es

20A ¢ hough RReon EDAPOLER sRB SER. BB i TS LI e ThPbRe Gr yer

system sugfream BHesetHIesylredhamnte thakgees0 baghephe AtEsf thRcgiPHFadad, the
assignee of the present application, it is appreciated that other dryer

syst ens SrayBSbvaybiel supeternentedrwitic theoeorabt sticondicekhaeat gasds frore theesent

i tion, i ' f | ki, | i d 25
conveyor bl e EoR Sierefh Eeiekase Lnd BYARE SRR BbEIetd oat ment s of the
bi omass processing Sﬁélﬁ% %Wr%rpsﬂldé%?éﬁb@drﬁaé‘so_foriéfﬁ&ﬂcﬁﬂsﬁs@eﬁmhﬂospeC' fic

dryer systens ill ust ed, but y incorporate a w de range of conventi onal
dryer syst eesordiig o snothenarampkef @nbadiendrd sifndante tBe bidreasettrresacirace 30 i s

shown 30 as a gas-fo-gas heat exchanger which is configured to receive a
oot ad gas Sybtebin f CeSoine aiabibous aniad iRl STHEES QGBTEPIR | abel od 66
The he doﬂ‘f’ér :ﬁ?rﬂb i e : nded wth
gases ﬁ@m an e@t‘%put '%pr'eﬁﬁSgﬁéﬁﬁécﬁgﬁgﬁ@@g%gé@%ﬁ%2§?§é’eby th\elzvI

arrows | abelree PQ whizghrieguppbdreed be d stpudtutae fmpeteal 14 & aftateh@bditat ed gas
stream entering the heat exchanger_60. In some enbodi ments, the inlet
t enper at ur &0§EORIGE aygLf spladiam1d®t ekhanpacky diean 1Bk isHiMgErbhagrive itheen

about 600 E . 4 . i 0 i ] et
t enper ature1@;Wrt]'ﬁﬂ%g%ysgggﬁr)eeégrﬁ?agwngpk% @hée%%@g@%g%%&]%esré%ﬁ“}ﬁg}y be between
about 800 konrdllingané rdidfen bf thEedcstidrak] 812 BEd pSioRAlr sting the
torrefaction system loa_ﬁasses t hrough the heat exchanger 60 and is heated,

accor ditly tspesdrirerenbodhesantol systemriecludes adonirol pare! t28nwén at ure of at
| east 500 E. After passi

ot SO0 el PP SR R S 8 M S RbRRbed 0
Consequent lang rhRitdHrRRessyRerh 1alesoiMer gBuges aRaTehftolshedy! 98ensors,

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 tenperature at |east 400 F over the entire

| engt h ofwOhelw@sabor drum 12. I n sone enbodi nents, thePC&aAS@n/ o818 i nl et
15 tenperature is about 700 F 150 F and the reactor drum outl et
tenperature is about 500 F 100 F. The reactor druminlet and reactor drum

outl et tenperatures dhetdstdradti@oalgainciidesahsaysdacetB0tdisesseaa t h
appropriate tenperature sensors and controlled via a generic or cascaded
control | ospstrearediingiraa¢trediunpgdedouperr)yiagingst to Aoasgrraane thaddgt or drum

t a desi | 20 dur | 0N (. - : f th
for ret act | SunsrABuEMERIIR, RPERR'R) deyiog 192 woish ol AR N0 #8 0e: ot ne
bi onass pardn ifligsed WedfefanRe 64 fro¥d At & débice t Tk theaksicentap ishe
system may be routed, according to sone enbodi nents, to the burner 76 for

conbust idon drixggnibyc davendyr tdktadiconor®reapas stroggh therreduter driméi2 ener gy

tained in th hayst be uytjl.ized t a heat f
medi um T or ASTCHARG AN REAEER 168 11 theemeneA e R alraahe: ream
34 1l ow ng ga¢8raRIh NG 2rigaGRicBHNY farfer 2 GHRSIURS 186 Y& bpPrddatdly

tenperature. Again, in sonme enbodi nents, the reactor druminlet tenhperature
may be abowsizetOdhd-couBed Fo ahikashther reactardrdmuti 3 eausdbetcet @fpancatar e may be
about 500 F 100@ Tﬁ?e, reactor drum tenperature gradient may be controll ed
through a O8¥C&dEd OEMIPAUTRRS whi ch sets the reactor druminl et

tenperafqre. The r ea%ﬁ%e ﬁb%ir@%ﬁ%ﬁd"‘%@%‘d?@r ARYMDPE! L HEE Y ’bF‘cﬁ/idécPr
t (0] Cc

exanpl e, by varying e anount heated gas fed to the’heat e anger 60

from the burseyardor hoppeonds eorteeganativgstortefied hisrmeass péartickys hemdabalagur ed to

burn bark, hogged fuel or other fuel to heat the gas stream 35 fed through

the heat ex&Ranyes tsopanigesexdheirageter ditin s 1daslaseaqaitigessretienied

suppl enent 1Lk i : ef action
ettt SRR Ao KroB XA 8RG R 40 BLUEEtdr

system 10, as$ represen he™ ar row Figures 3

through 8 idolig&ioraior sabsequers sisk O RlcREGIhGN ATV aitieBk délicaciapridicadpled tanot her
exanpl e enbodi ment simlar to the biomass torrefaction systens 10 descri bed

ear | i erld bife abtlél tfliiorisohalanseiupravealing oxggérs rafdingltredingithe syeiem exanpl e
heat our g b3 B feh SIS MSHNE RSP I D AR, o
T T
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 systemincludes a control panel 120 with
appropri ave 20onusabs (switches, dials, gauges, etc.) forC3alSeetioyaby
controlling and nonitoring the system 110. O her gauges and controls (e.g.,
sensors, valves, etc.) may be renotely | ocated and coupled to specific
conponent s ppbcddscorsyisitiesn procesruichrasnorancingeat uss apug s gene2dd heagyst em
110 further_includes an inlet 122 in the formof a chute for receiving

bi omass parltiectask { B canrrcluge Be/a5iebEeRYHON 43MPehi eemtiel MBY beesed r ow

| abel ed 12 L.r r dual  aj ] i inert.

sem - i nert?%gé&ﬁ@?ébggﬁ%%ug?ﬁ%'%&@e&%@ojr@uﬁotﬁ ﬁgﬁl%@’mx r{éﬁﬁg\/@bz to
subst ant i algliyhtpf pysitie OR¥BEAdIHE DN BRtRAIMS thiBeapysd esed Dinmistoigerass 25
particles are input. The bionmass particles may be fed to the inlet 122 via
a conveyor figm eniasingdbaeyaterddal. mat eri al transport mechanism The rate of

i ntroduction of bio s, particles my b ni t d.and controlled t.
optimize or tailor ohAFEl OFIASIL TG eqqY FRaU 4N Pap s SeFhegnkth
particles. \Scabhice H2BigQFesOr BRA SACASSRoWRYA ARSIINBYARE PhBdiARAH: fE a user to
access the inlet 122 gnd 30 ot her conponents of the system 110 for

noni t ori ng,reactontdemarid@ iasdpported inpaihposestal oNEtation on a number of

3 nosed ugaE RO T PR OB R ol L B e o G~ 1
t i t i ' . )
be. Tor g o B S TR a. Yo TR PR By eI B2 T

The fan devhaebd Jzreesfdurdiiverert by nrdraindenapbercohlduted drraveioe dnar ce gas
t hrough the reactor drum 112 and circulate it back to the heat source 130
to be rehe®@eLSErRYeS(ifyIlPROT Wrichiedixmass PartiehsIer idkra recircul ating

e Granheh AR eIR B ByRA 2SI PR R dpct e
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
separ ator hopper 138 for separating torrefied bionass particles fromthe
gas streawpasiddgidparticles exit the reactor drum 112. PhEAS2pansiles es are
then fed nechanically and/or under the force of gravity towards an outl et
140 for collection for subsequent use or packaging. An airlock device 142

i's coupl ed dfficidd rhbgiuaufdretantfirihg heatitesthargadratiey direethe nAtogrdmghg eargler om
infiltrating the sgs_tem 110 as the torrefied particles are w thdrawn.
Smal | er panM@IWNes ORRIGNAFStPATNHEI8H CRRAPERIOSES RyA SyRtens vpiarrgdeeethopper 138

Such as. - f eneRiLARFEREC /L ROMHENTY 3Rt AR Y of Lot RCIAREREL ST ook
devi ce 146 pxpclds (t6AsIBbEA rhay BeTERENER e d@r QtHdredorddsreliab doaleniiditlt he

filtered material fromthe system 110 w thout introducing significant
anmount s of toxgigethon sysiamsr oftganesgliiyt eempa@ble sizeone enbodi ments, the system

110 may include a cycloni.c type filtering device in,Jieu of a hopper 138 to
separate andior {11t dreRPPEr A O G LeaueT T 1ot ee Lo Feam
passi ng t hrpaReh Bige 56864 Qe R chbiged this M@ sEpAatrRIboer 188®rdh&yst em
110 may i nclude one or nore pheunatiC di scharge devices (not shown) to

di schar ge tsepeeftingddviicamass rqudaed i thesdifeciontindicatest yrinkel@row labeled 174 As
previously described, the gas streamis drawn or forced through the reactor
B om 115 2 REDGT AT AT eI St Po s BB i OO S G S RaP f%1 | od
articlgs, ; I i ; devi ce
D30 el e SR G BRECRTPRUkIetHF e o IobUEa o edind RRIEIES fhe

react or dr inealdlans esiptrgdscadsintd ey teadtdraliram eXhasisidisdtadbyltho.arbive gas
exhausted through_the stack 150 can be recaptured for use el sewhere in the
WO 2012/ 04dabredt/Bs2011/ 055153 process or anot her process, such as, for

exanpl e, use as fuel TR JRREHALS tﬂ@g?ﬁfﬁg@%ﬁéﬁ@@@qﬁg téﬁgfaicﬂ%'ﬁggceas vari abl e

position danper 152 which nay be ( _ essure 1 nsi 3e_ t he
reactor drymatliddolle9MeintrBltitiornetgibmesstparsd &g ittd ¥ pasing reactdeepemdi ng on

the setting, this can be used to inhibit oxygen

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
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5 fromentering the system 110. Further details of the reactor drum 112
w Il now be described with reference to Figures 7 and 8. As shown in the

i Il ustratwo 2emygsisent, the reactor drum 112 i s support @dTius2@ 1106515 ont al
orientation on a nunber of rollers 160. The rollers 160 contact the drum
112 al ong bearing tracks 162 that 10 are secured to a circunference of the

drum 112. Taeedibairef énverf off bethadr biombt2d paryclbe dubteeeafing (incllidirg Wwaer or
nore and nmay be configured to receive and process over fifty tons of
torrefied iverardiopaphf @nydepeagdenivai may enter the systqmRe 1§k i ve notor 118 is

coupled to a drive belt . [ . Ve o) |, system
to selectively rotat jhteh'g{eéﬂa%lf ?ﬁg@{ﬁai?fcg’ﬂ@@%@%%é'&%& 'Qﬁ%‘i ézlic{%ﬂlbr

exanpl e, akpthnSe-tontroIrligME € 701 thbelss andisBBwRF 6fd padilcsed helffimaf €2 di sposed
between the rotating drum 112 and static conponents to prevent the

infiltrdtioptagds hreyenexpasing e pydicemtolthe hebtedgamstireamivauswgl s 166 and
ot her features, of the ﬁyste ble to tream

i i he,.
conel st ot TESre i PeSsAES fo BéSapBraled cbuBeinirides shoug Mifheoser

20W thi n t lyee HRAAMAR tﬁé%\ﬂiééga%%ﬂﬁn HEdRMYADRIAUSES drh itdBeldongBisd 170
spaced circunferentially at ch of a plurality of locations along a

| ongi t udi navrwazdgtitrgeresakbofakes menwlahbsi ofyrotdticniseoflthé tirumy 112 tghgrevile0 may be
designed to suit ,vari Qus needs ?f th pendent on a

nunber of - FOUBP PR Pradiesp of tia, b TeES I RARGAGS 1Y HoHe Ecln BN Pt at i on
of the 25 wsackan omid okl 847 ShyaTAEEI ekt b System 110,

and the speed of the fan device S e heated ga eam

passi ng t hrotasgifieisithe peatidies. Ldghter, sh2allefFipartidiégpass hifbugh ehecominh guped to
lift biomass particles as the reactor_drum 112 rotates in the direction
i ndi cat ed B§star e heayiglntrg@epardricsc f higrllowsdaeae paEcCissdadedapainttnel es

o Lhe 9% ALLRARL SO BNt BhaLt ek S eanticedalangol e iappLi of the

reactor drum preaom na Inetrc energy o a ream and

si mul taneo;)dﬁbd’udtqr.é._,efeirgdaniﬂfﬁrﬁali §ar@idfé%ﬁh@9@@tlﬁo&@s§ehlétb%ﬂﬁ@rw pagpor t
mechani sm for the biomass particles provides a highly

2012/ 0481 46PUtangsradres®IsBee ¢ espilecifferanpes rin nusstanthedleme)ngoheat to t he

par 1 o2 LERALYn PP B Rl RS P L 7 °°

throughput &irefidd Biof{adsPdreties byRbRNBENPSF iHi®) BErdehO B AitpE hilERbe be
relatively greater when conpared to conventiona
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 systens of generally conparable size. The

bi omass particles reside in the drum 112 for a period of tinme and then are
subsequenwbDyodiegtiar ged i nto the separator hopper 138 oPCoiUSeI11885148% at i ng
device and routed in the direction indicated by the arrow | abel ed 174 for
further handling. A predom nate or substantial portion of the gas streamis
10 routed ipartidies (tonsebuomay decalatidelyygréber avnedvedrapaieeido tobvanitbnal
recircul ated, heated and reintroduced into the reactor drum 112 as

i ndi cated K9Tefastian sysiemssel ganeraily comparable size. Tifés 8¢¥adagaawsly hus enabl es

a continuo [.r ' j V.o t i nt [ of bi omass
particles :éﬁtagpeg tﬁ%’%&%{eﬁgs Bé%cgrfo(s;efd @%}gtﬂ ﬂf& elkéa\g/ma?rﬁg%d Q‘\%ﬁ%ﬁ&h!)a? R/ai rl ocks
126 to nai rbaiMeridl§icaxip@eMahpyel inside the torrefaction system 110 which
is conducive to torrefying biomass particles. The particles are conveyed

t hr ough & he drum 112 Bi§mehts &fi thetheat eneicgy! ¥ can prwidadheridysamneeaadiiat i s
generated b gr@ati n% an induged draft oé. fortcefd dr aftlviﬁa a”ﬁar{ devi ce 132
connect ed BY2RaRIGENCIBESQYCERdT 51T MBI I e QR FTAPPIer LRS! hRAIEaY) so a

) liet t st FiC e.g.eleetFieaPi ersibn-
heat sour cgclgih|ieBshHied le e/ By HReldetric eieRSe.d. 06IcB¥RBPMeRb

el ectrical inmmersion-ty duct heater (Figure 3) or a gas-to-gas heat
exchanger (Wedue HBaterTha0)f dn odlesn erebd@thathtsvimead mdyolbe @so\g@ad Bcthesgasor

t hrough the heat source 130 and throu t he 112. Beneficial to the
Lot Pty SRR Ules Geedorns et elrhee D U Land SheouRedsdm 112

back toq h%}ppdt?rﬁfstiﬁﬂlérnﬁforwgst%Wea?%ﬁt?ﬁ(%ﬁ#?tg%r@q:@t@ﬁﬂgﬂrie%i Phnd %E EF

viability o e process IS the a as strea

directly heabthdrenbediment,janvtoxyyes bunces raay bw diveygendiesotiyriotontest as t he
gas stream si nul taneously transports the biomass particles intermttently
t hrough t heypeae( op tanaat thexgassireans wikwed signifigendy naraasing tReargen

30Ther e 1S 18lo SRUIP RS RERaA D, -8 AR Rais] sihaghacasg r om the

system 110 e extern envi ronment —or ated or

unrel at ed Qﬂslﬁﬁged?ﬁaﬁpﬂh@rﬁtécws@md)ﬁbéubéd abtyaal (behé?W@éesIsmédli@gSum. of the
WO 2012/ 048146PCT/ US2011/ 055153 gases being driven off of the bionass

particlées duespestivefitig)heahesurde gowaeryrlities agaitianalgmygands adged &athege t hat
may enter the erior of the drum 112 contai ns

T o §resren TnEMebignous the heating oot PEERBERES 106 That 111t ond
shower the particles@g tb%féiﬁiBmSJy'é?en% BRY ‘i‘)‘i’@c%stsagra‘?@}ﬁagé@%iﬁﬁeé%d

particles to the heated gas stream causing noisture within the particles to
be evapor atesergy\salahee prattbiatdresessheemergy tadguirethvetidingnprotess rdenovi ng gas

within the drum 112 causes themto. be conveyed forward. It generally takes
a nunber  oNCPHIGEPHIE 10 [aRITGAEPIIERCE S vk MPROSREUSIO IR IFRIeEhBLr ess. of

the parg clsssidhl 8R4 dlASS2EEs Rt MrelTisrd SHGENAY AN digadpum 112, The

showering and conveyi ng process wthi so classifies the
particl es. nagptiete asdebhtol thass fadtes gaspravidesygtetnbeandrmethibtd thasarer t han
heavier, larger particles. This allows |arge particles to remain in the
drum 112 f 6e2QiVregadalle dp el vgepus EiUgENdEedSne and creates a more uniform

end 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 (Le., large and small particles nmay be processed together to have
15 simlar end characteristics despite differences in nmass and volune). For
exanpl e, wo28E@sarbodi nents, particle size may vary w Phirusaoipasiisgul ar
run of torrefied bionmass particles by ten, twenty or thirty percent or nore
while the energy density and noisture characteristics of the particles are
mai nt ai ned adfisaéd velappeaprits tentrolisr(sespastal weisdle ppedd dliee sioter) tdn sone
enbodi ments, the 20 flights 170 may be designed to varié with respect to
t

| ocati on afgiut the repidengenimey Alsp,dne depgitt ObimedteMent’d wighiathediuhe

when usi ng 1Redyes Bed EETERE R EPahhels bl ei@EhL RalPLRG: ce 130

i s responsiitdigidhiar desigh ag iMegent shértdrassilbigBratlidigneasinf SE8NMurhehi the25 t he
system 110. The heated gas streamw thin this recirculating gas systemin

turn di reectsiae archsRapaer hedtighls ar carchbe altarsd theyeal theqwmedsyadne hr ough t he
system 110. In .this manner, ,the heated streamdirectly heat nd

U1 anspor i s THETB! HREESHLPY CIRELe Sl dnBsaergToUReg Soveiigi Tsous i n
that the trtﬁék%BgFiﬁ]pHEWfHesﬂ@sfo%rncbhﬁné’lrpﬂmscﬁuﬁﬁ‘[’12.(3' es provides a highly
efficient 30 nediumfor transferring heat to the particles directly.
Accordi ngly, |arge vdhsoere ehbbdiomass, therflighis d§0caay be secomskodtieby a

systemw th reduced ener demands. | n addition, the throughput or rate of
Lorrefied BIURRLE MAPSHELIGAEDS0AH BSS00ETESS LSPRIIER Of &8I0 { ons/ hour )

may be fel %‘nb}’aedtérisflfcé%}f%e Y@%{l‘taﬁPfH??éf% Bi&n‘égé‘gﬁmdlé’é?afhé f&r{ﬁ‘?ﬁ @FEHeO”
systens of generally conparable size. Thi s advantageously emnables the
systens desieumbel® bar eiso Beovdreed imphitiakadsidn ito cregdaniore Wragdsyres@vmeeci al |y
feasi bl e manner. 5El enents of the heat source 130 can provi de heat by any
readi |y avaim&blneadgdideryypasiicle deading copdiornbaaiogermried tbareairdnpraof di rect
heat may b ppli o, t S i I - -

el ectri cal ??%T@rs LS?%F]éet Eg)ptggo%%tﬁ %ﬁg{ﬁn%%%%rﬁh?gﬁ %etﬁugr?b%ggﬁ%r%ﬁ%s'& {Eat may

be provi dedinie Fbleemi)@t, regdme Rinshimnen $r fletatias) dreateraliasgierfioiy)
(Figures 1 and 2) coupled to a 10 conbustion and/ or waste heat system

(e.g., Burrete dfdiomaps gartedesimaydeget togrowd 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).
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anot her enbodi nent, | ow oxygen burners may be directed directly into the
system 110 to heat the gas streamw thout significantly increasing the
oxygen | ewel20/a4ki4a t he system 110. I n sone enbodi ment s pCeERIsaugsgyas t hat
is discharged fromthe stack 150 may be used as part of the process heating
fuel. 15 Irrespective of the heat source 130, very little additional oxygen

i's added t @tilllfertsyrs itdsrdddyriizedothab thire idie neeatiditiondigaisdo tiod systenpavcess.
The torrefaction systenms and processes are based on a heat and energy
bal ance t haplaiigsaar@naisierens gyarasaigdieamihe paftitesor He @5aViPWRE, heati ng

ayst o andentlhihdn G FE SRe HhfEpr ARy EP Mt s pyiahPT TCHR e >°
nani pul at e 1&0cPMal Ohcddrerg thaehes smpodirRemyi B réxitensl fapdsaet hods t hat

are readily scal able to neet various industry needs. For instance,
resi dende telsevidgretinénearacess s anpther pre¢rssdsueh as2fomeyamele oiseras fuetl by

Uhe fan dodp CEnEe ReatoTie PR To 4 RaThBLE VRt BRSTIC G o e 52~
ci rcul ati nguheahed Eagsdd tdbAahBe tik gfas%é?e insieagdidripni 12 ﬁ@nﬁ&%‘?g%/and

vol une of the heated gas stream can al so be adjusted by a fan i danper
of the fan ndggaiice tdSyhtixpasitoehdpeperaiing en thdsettiogaifitoa depeed 162, the dr um
112 may be set higher of . lower tq adjust the rate of the lifting and

shover | ny. G USRS [ DRI PRGEt TR EIETTIEeCHEET Ad0nor e or Iase time in

which tfye particles greqohf éMgB&i'F‘ﬁérRQ,- mEHVo‘f‘ﬁ{e vé“rjicfl}%eop%éggtsiérﬁélghts 170 may

be designed to work over a w de range o otational s the drum 112

rotational papeedteranidaassed abdbvey ab wal26th2f 048iatioRETp 4152t 4/0Da Y B2
adj usted by appropriate controls (such as a variable speed drive notor) to
adj ust t he adiusiterd @analheor aytematicaly ) sbrisiotgpesptiamelry pthghesbPAM@NtShi n t he

drum 112 C%@gpﬁiolh%?ﬂa%a(?'n&Jé?&Hleéy}t;néneeétIan\éfgen%g&i%rjrtB@e:ré}%nqelrtIre'egglegtri\}é%fl12

gi ving an individual destgn an éren onger ence tine.

Still furthes pattheldr conhzel scibradape ity keirdebehtientl/€orttad) vesioas t ered to

nmeet the needs of the material processed and create a nore or |ess

pr onourided opecataMahgaeielers ot thersysienarpaseribay herein peivitientos partiaslarty t he
drum 112. I | n sope enmbod| nents, t flights 170 e secured
Lo the. ar u¥eEsEsis Riomassy o Bl e Ty ot 4" pdn Ueihare P8P BRe i 2o or
tailor 10 changrbaideliions, lic be HPEUbinN homdlRIOMBAPSEHRAbELes. The
I ength of the drum 112 can also be varied in initial design to create nore
or | ess regadaeeselented tbrocapicessed apaiet dedired| evendgyn geonsindot iesnbantan be

varied to create nore of |ess resistance to the gas streamw thin the drum
112, thus cpqr@iqq ﬁl‘é%@@i%ﬁ@@swm MeYrVa&¥anpl e, in sone enbodi ments, a

relativgly greater vorhIel&hkm §4@Way 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 sl ow the progression of the particles through the drum 112.

Conver selwp 20a1v@Babi vel y smal | er volunetric flow rate ofPChiusa®s®spasticl es
may be set to reduce crowding in the interior of the drum 112 and speed the
progressi on of biomass particles through the drum 112. 20The oxygen | evel

i nsi de t he sdalpteiriichtsr@y4 ltd kievihe anbietecoditohahibet 276 . VEHis intsrnd¢ shgmband
process factors. For exanple, the nmechanical design of the particle inlet

can be sel &fdnay einEgedatermpiltingbamshdieraar aemi-Het 9as BuRaginiged weihl e

G 11.or ot IEMSOER BBy feiFenh AF e bR B AR R s aie oy

Pref er abl y.268%ridén aitetal epliréntigerofttiatregtbetfurh Pa2system 110 with the
particles is mnimzed, but is likely to vary with design according to

particl & size and/ or Thessaae¢lgmmentsct/donay Maudd intereapsid etb promess. I n
ddition, the.i 1 i st ur. tent,_ of th ticl b ied t

Cont rol - oxyyIFeI RO RS JiRSe e fenls TeLl A Serf e or

partially dhgphggangesraen it brbmsitie FOmsyst RittbsQurRBbddrsor} BSolievel of

noi sture can be“varied to suit production requirenents(e.g., less initial
nmoi st ur e neladsothesalexé 396 .r Agditioed| biasingrelefmgntsh28@arayi ate be addadr e

initial i, st Its in | i he syst : / .
2012/ 04314 6pETILR20 D1 M5 LA NGERR CIFHRNISEAT4 o TETT<GRAgh W NERIatEer o | s
2 net. il 8 QfnuBRRel 709, B IESK A8 OhBA kR ARG LIS, I 8RS 280

evapor at ed mthe particles. As previous SCr I'S excess gas may

be exhaust ede Ehowntdzeosyrppingldfring elemesitaiektehBhgainomtay statorargflaggd o sone
enbodi ments, be recaptured for use 5 el sewhere in the process or another
process, s@tWCHEES 282 PORHippEE Unsiearsofifelreaeloparen &'e theageal mrmeplhck 150

can. | e udora R BEL) B RGeS SondRE  Fp g, e

pressure insi y negative to sl positive.

Dependi ng aife 688! SleitiehRg2P4 nidiebel apeid tdg8thel i thec@@anher His®Min t® praVeinbi t
oxygen fromentering the system 110. 10l n some enbodi nents, many of the

var i ous!opéiayinooelhe seehatentsrds dirs assbedeatiovdrum el andiangeherudp@sat i onal
par et et = SR ML P Bt Lo 1 ), durl o operation. I
operation. |rrespectip@offhidi@nRitkthé AHhGE sEQRUFEY 236 B RBare iNgstAftbl iaky to
i ndependently control various
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 paranmeters of the systens described herein provide for
particularly versatile biomss torrefaction systens and net hods that are
adapt abl evboeoiasgong condi ti ons, such as, for exanpl e, PCHASAOIIHEISE
content of the biomass particles selected to be processed and a desired
energy density of resultant torrefied biomss particles which may vary.
20The syst gurdih§ oftye ehsobbes wiiih fridrt edsevmnt-mepr g5, Suoh asefrexdbpl@tatr ot at i ng
to static connections and other | ow | eakage connecti ons and conmponents to
provi de a Faptene slaaiupy stisidowsern @dingelasl|conditienr niPairging dhese Eeambesv | evel s

exanp o embih AV Ep S4B WAL B oE R LE B e kIR e s eq 1o
subst ant i aldnyirghighbrtigrdtée thenf idcircakting gob o xyd BtraThctidiesydigmoundi ng

environnment into the reactor drum 212 at a rotational interface. As shown
best i n i gome ampodineerisaihegystamingaybe eqaippiedovitiidualiigfegdfarthge
structuresﬁﬁ?cg1 whi ch a&ng C(%lé%ed to g.fl an%e 388 of the reacE or drum 212 to
rotate in 519§ ALILHF {1F FRETENIRY L SPHERWIPARC™ 26 SREY B 838 end t owar d
stationary du|rgfmg%n§b[‘ééc5é{(,\%§n%ﬁg aMsgkki oned upstream of the drum 212 with
respect to the flow direction F. A gap or space between the stationary

fl ange structures 27%agiodstdadety aeataesgnéy alsgebestncoqiarates! inOtheay be spanned
by WD 201 /0%1_T8146PCT/ US2011/ 055153 seatl el er‘ants 274 to define an internal
chanber 276°MgiRCHON Sy EiPi O SF OPPERYRLP BRIENr GRUMSHINEEniG PYRYEYSwi t h
inert ofy sem.; jRert, iat.al I ; rier

bet \/\/eeg]oan(?]g:cll P?%ﬁwﬁe\kx&e% tf}%ﬂ{v@gugf;@ tozrigg)gﬁn,% yug)g%Halrr]] aré??gnl{)gr nal
envi r onnmentor eieflhyeativaaticar ofisufficidh2maghteds éapointantsustrdquipsnenncl ude

internal stiffeners to provide sufficient rigidity to maintain the seal
f
el ement s 278M30Ss eA$ PAGNEH SXABTPIGv 3R AetacipaENAEtingHigaMant sy¥stemss 270 as
the drum 2 t.es. J .oper at.i t i.Qn i 16.
Addi ti onal ?%gllgﬁgbeeelpgér%r?]{égj 'Q@’o{h%uﬁy’ﬁgf%@ﬂes y%{é%@é{,%tgghtag ﬁérrgegéo elg’or

the seal elspaBOdstedifdn bAY @xtingisE@RhasysteiisharideorhpbaémtsndRetdcpipge
structures 270. In the illustrated enbodi nent, the biasing elenments 280 are

shown a$ ovaeCappint hepdnugrterednenigardx Oseghmglrf addiiiomesystein iopeeational ange
structures %763ec$ositti onedbupstr.g)am off t he riaa%t or _drum 212 t() a seal

el enent 274" AFPYIHTG AL LEIMONEPO S PATTPIGRY L PHICEUFES $4: As shown
In Figure %mpb%u@ﬁe%&@%%y@eﬁ?étdﬁ)‘?ﬁné@héBbtacfﬁébl7298|%tti6ﬁél ddtalrhgy pRNNEr

shown to prevent 15 ayi ng of "the seal elenents 2 as the reactor drum
212 and f| asgd teadiust andcOROI thet sitster rast reedgidr toctrinan ek sadety g toper at i on.

Al t hough each of the flange structures 270, 272 are illuystrated as L-shaped
S ot ot Sl e orrel S RprBEsa ol FATA TN BB h A SREOBIASP L he ©1 ance

Struct Wes spBirosdopy Tty YRbS L8B4 té kRt corhpSEHRERIthY §aRTsttaffs 2R

to adjust or control the system as needed to enhance safety or to optimize the

nor e of

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 sone enbodi nents, to
provide an isolated internal chanber 276 which may be sel ectively purged as
needed (ewQ.201248i40g system startup, shutdown or fault eEOomAiSLI10MOSIISH th
inert or sem-inert gas to assist in maintaining the internal environnment
within the reactor drum 212 at a consistent |ow | evel of oxygen. In

addi tion, imaebpéebtacbpthd bgrner 76, orshapreerdrecht 2buenflngionad i on of the
el enents of the seal assenbly 266, a redundant seal interface is beneficial
to hel p mi ®NROEMEBEK AgeNiantesltiaraditione pigam Bty hainvresced into the reactor |t j s

dual i ol T igRaCh GBS e PR R AR Rt e

system i ngharhididopératiof%ladBIb’. ofahe tdrectbtRormspstear 10 6l bebetsnadl outl ets.
In 30 addition, substantially sealed chanbers nmay al so be forned in these

| ocatiols between t hévesalt,gfyagidvang $ys peanesaes bhigvisih beatlregidenestiment .
Th hamb led tq i : f
ntor m t t e GUBEN e s ahnEonkdlnserd Ry bRV RcPe MKbuBRBdh fflals such
as, for examRld af] Y SirRBIctisdrbEPss SARKIIONBe 8¢t haldir, @ BodiPRAtd hons.

Pur gi ng these "chanbers may advant ageously ensure that no or very little
oxygen frorhe b@ornsasy oued cigpneysiaron aedtméethbds tratbessdthgp toeaicoouhadateg gas

O e e e SR AR BB i oo PP
o SIS 0 ATy B G LR pPad beban e phagck

syst ens t o eenth@ticenty doradxaonele, thaftetrngfadtion dystdrasand nidthody stanse 10 nay be
equi pped with vents that will rupture or open should a m nor expl osion or
def | agr at | 6ANBGgH teftogafyrhiemass PREfeY lﬁH@etf@rrﬁ@F é\fﬂqdaﬁh_ws ehasENEHMprent
damage. As BROINGL BXAMRbEeEPBlHAR! GEHLED RDARKWiNGHE POSTRA: RyRiele My
al so be integrated into the torrefaction systens, such as; tor example,

spar k det e¢fioragsapartields the BARMer§y 60T Gl |§PONEDLESH. mar ket ed by 15
G eCon, Inc. headquartered in Tigard, Oregon. In addition, system

oper ati®nal char act erlinsttoosfaniipnisysiamng aod easthods desenisicenensyn @er i ous
sensor i GRS gL DR o AT PG dpn oA
enhance safgiyy BEndfls OREH BbARBRal BFfefidoh! SBIPHERREIN JdHiSRER batch
enbodi nents, real tine mass
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 al so be used to identify conpounds in the gas streans
and to adjust or control the system as needed to enhance safety or to

opti m ze wheotusabact i on process. | n sonePeRBIBAIIBAIIS] St eam
froma separate boiler of a steamplant 93 (Figure 2) which is fired by the
of f gas of the reactor drum 12 (as 25 represented by the arrow | abel ed 94)
or anot her i§ uppreciatbe #iatdogooe empodiendms ¢od bidmaysopdrticlesysdyebe 10 (as
represented by the arrow | abel ed 95) to further control oxygen in the
process or UR§SROBEE SY\AlleARAtRSPEFHIRMMIES §081iTNgVibt SEERY SRUICEP sePeYObe used

ot eam as. pditics? e SRLRuTEEE 8 Fod bR Bb8 ERTer s HE 4t Pluodt3 "8 um
12 may al s@ehdrBF @MEn hE&rrdfy ANS bRIMASE pdreclesonass particles. In some

enbodi ments, the boiler may be heated by off gas routed thereto by ducting
96 coupl®ed to the reddereover line Yarioumemibheimeibcgisaened above choibeer WO
2012/ 048146PCT/.US2011/ 055153, ma e heated t he .burner 76 or anot her heat
source. i n ORI BLHER QA BRCRATEEN S ZBKe Ao e eahORa o Dee

i nt roduced i giOtd M@ &riBSdiRTerlS Mg df the Hbb & UBREIcBRREHbIGS frogertaal her i ng
and cooling purposes. In this manner, operational safety of the

torrefacti amthey/milemrigOclasys,ibe éeranosel] sitandmal be dopskneditagmithibe pr ocesses
by which heat, resjdence_ti and oxygen | eyels are controll ed and by

i no ¢ ho IS B0 PO TGIHEN A SHasTY R B rerd RIS PORLNS! oceoxs

vari abl (A LA, i J ; LopSyst ens
and ot pdS Ly B LIS LB coREhask T ch. 0¥ ol e B e BT e
in a vari ettye &fll $copal ofeandidiémsso amdcrps sk dairhderd nfitleeki bi l ity and contr ol
needed to achi eve consistent torrefaction results. In sone enbodi nments, for
exanple, the torrefaction systens and nethods may be configured to torrefy
bi omass particles in the formof wood chips at a mnimumrate of one ton of
torrefied biomass particles per hour with the resultant torrefied bionass
particles having an energy density of at |least 20 GJ/ton. 15The
torrefaction systens and net hods described herein are particularly well
suited to provide a continuous torrefaction process that has nmany benefits
over conventional torrefaction systens, and in particular, batch systens
and net hods which require batch processing of bionmass particles in a
furnace, kiln or other simlar device. The continuous nature of the
torrefaction
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20 systens and net hods descri bed herein enabl e, anong other things,
relatively higher production rates. In addition, the efficiency with which
bi omass paotilesi4amy be processed with the systens andPge@tuseds/ oesiabl e hi gh
materi al throughput at relatively | ower energy demands. Although

enbodi nents of the torrefaction systens and nmet hods 25 described herein are
illustrated in the figures as includi@gAmnggactor drunms which rotate about a
horizontally aligned axis of rotation, it is appreciated that in sone
enbodi nents, the axis of rotation nmay be inclined. In such enbodi nents,

gravity may play a si,gnifigcal l.e i . rii ne bi omass particles
t hrough the reactor c}r'um AIﬁ'%?anaéas%tt:sgﬁ%ctg?ﬁ%ggghrﬁ’e%oéﬁgm@qts of the
torrefaction 30 syst empinRitb FEIMRISiIoRTRsdRFaEEHed herein as involving a
heat ed gas stream passing through the reactor drumto carry or transport

t he bi omass parti cl e iglctas Gumgandigetaasioyrotataratiosit ehrayishelaotaton, e bi onass
particles to torrefy them i LS reciated that in so enbodj nents the
b ormes  pareRePEar R penEa s hheaby cERBBH bRt Eined BereBidl BHETRLO,

gravity, SeeNoA8\IGRSa IGRINENRI IEIR)h 6fthe Rlsktor diIfh:Subj ected to a
counter-flowm ng heated gas streamwthin the reactor drumto torrefy the

bi omass particl es. 5bneaiseucd hestveam o therdaath mrntrstodesat igasexbnédioge can
be conbined to provide further enbodiments. These and ot her changes can be
mmde to  nd BSOS 1ETRGTGRS SHTIORITAD SRrEet dhe, PISE YRR 198 AN
general , i’i‘)lptepﬁidcno' lowing clains, the ternms used should not be construed to
limt the clains to the specific enbodi nents disclosed in the specification
and the 10 clai s, butfasiusvick deuptensd theeshstemitocrente, when plos sydtem is

re ent t1 duoporlANNE healed G8s Streaminr U GRYSECOBFenaHTaMdgst om
.. ) ’ m
conpri si ng: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.

4. The biomass torrefaction system of claim 3 wherein the
plurality of flights include flights spaced around an inner circumference of the
reactor drum in regular or irregular intervals and in at least three locations along

the longitudinal length of the reactor drum.
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an inlet to receive bionmass particl es; a reactor drum
configured to rotate about an axis of rotation, the reactor drum having a
pl ural i t ywof20fda4gtass positi oned therein at a plurality @®CTIuse@tioss1s3 al ong a
| ongi tudi nal length of the reactor drum a heat source
upstream of the reactor drumto heat gas contained in the systemto a
tenperature sufficiem toTherisiefnast herréiactios sygstent oictleisn duwheargirogher at i on;

a fan device coupled to the systemto create, when the systemis in

oper at i on, PURBXtEJligps ierapshatenviBulie heried gastsiieadt thelaasify Eieent to

intermttent [t o] . i [ he.. j i nal

Lengt h of - tPesBRBRRR anno e b REBBRSRELEN Ty Bl B e
flights angzshwenat reSpadtad str’l‘?i%rh'eﬁtétﬁipgﬁ@le%tthﬁﬁlqrﬁmetr’ééctfo?@@lﬁmrmdfeum
rotates; and gas ducts coupled to at least the reactor drum
heat sourceélewly. fan device to recirculate at |east 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 bionass
torrefaction system & cl dihe diowlass éomefabBomepstech gadawt rfleturindirr ect |y heat s
the biomass particles as the gas streamintermttently transports the

bi omass parPMAEE G hr ough the reactor drum 3. The bi onass
torrefaction system qf %@ j j I 1 are
configured to regul a%eh vé%ﬁté\gﬁbtﬁ}ﬁgt%?@@s@égﬁ tl}s(r:meusr%tt?]rggﬂgt t he

react or dr donrefidiebiebyagsnddrtieesierfing thetreadtoodrun rdabd didubabjetrass particl es
Wi thin the reactor drum . 4. The biomass torrefaction system of
cl ai m 3 whéersetied hienmssrrartielgs don theghitséeMncl ude flights spaced around an

i nner circunference of the reactor drumin regular or irregular intervals
and in at least three |ocations along the |Iongitudinal |ength of the
reactor drum WO 2032/ 048 HA6RETSS26+47:0851 83stem of claim 1. furfher The bi omass
torrefaction systemof claim1 wherein the plurality of flights

i nt er oper atC@Niresing:he heated gas streamto classify the biomass particles
according to particle density. b ving relativyel enser particles with
respect to simlarly Fﬁ%%éﬁ?ﬁk%@%&ﬂ%a&mﬁ? ¥¥§g%’fnor drum nore slowy.
6. The bi onass torrefc%ﬁ{rbpvrbﬁ%@ta@m of claim1, further conprising:

a hopper |ocated downstream of the reactor drumto collect torrefied

bi omass parti cl es exidainmers hibercamdtrpovaldes emdridntmerdiposhonged to hegtleter &f | ed
bi omass particl es fr?m he system i omass torrefaction

7. The b
syst em of (gr%errg,le\feu ithg} tr‘@oﬁyﬁmrgitg&?hibit the infiltration or}%xygen 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.

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.
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ducting to dispel exhaust gas fromthe system control valves; and

danpers, the control valves and danpers positioned to regulate a pressure

| evel w tWoDrrotdgsglystemto inhibit the infiltration of ®XygsaiMssE he
system whi | e enabl i ng exhaust gas to exit the system 8. The
bi omass torrefaction systemof claim11, further conprising:

ducting to route exhaust gas fromthe systemto a renpote device for use of
t he exhaust gas in an auxiliary or supplenental process. 9.
The bi omass torrefactliOon dyetkifimgss épasiactomprstermot glaim drtrdedevice is a
bur ner confci gﬂlg}_o utilize the exhaust gas to generate a heated nedi um
for supplyi ﬁ’ﬁ*ﬁﬁ 'via a heat exchanger to the gas which passes through the

reactor drum during epeiatioaB.airlddR DB8AENChe G20 AAd @55 Adettor

10. The biomass torrefaction systemof claim1, further conprising:

at | east omkumitelliovkthecarppeat terygen enteyingihet systrm twhen weetvitg theum t o
limt the %m)unt of rtjof@/gendent ering the system when receiving the bionmass
particles; $q{gass particles, and 5t | east one seal mechani sm between the reactor

drum and adj acent st rfdditehe deBenERAbNBRTBEMNER thBGEHEP A Ghanber

bet ween the reactor drum and an external environnent and the seal nechani sm
coupl ed t o agjpden¢struciurax e sagrmegkanismuncledingra sedmoer betwrangineg of t he

chanber during operatian. . 11, The biomass torrefaction system
of claim1 r%&%ﬁwm REdLEXteRA €8VirenaRNERRY %%*’i‘qar\“?ﬁ%”égr%n(-’?%%d Huct

heat er posidy qaatWastSILAL hlifed RRSLALIK the, chamberurin®

bi omass torreﬁactl on sys 0 alm %éwher epg}gtlrﬁ%oﬁeat source 1s~a heat
exchanger pperdtiooned upstream of the reactor drum the heat exchanger

configured to transfer heat froma heated gas isolated fromthe reactor
drumto the gas which passes through the reactor drum during operation.

13. The bi omass torrefacti | .ai 1R urce is a
| ow oxygen bur ner po?ﬂt‘i or-ll(eP% @é%&?%@{@@ﬁ%ﬁ%%tﬁ@?@ﬁ@le\rﬁh?g%rpegrgéﬂstﬁg t hr ough
t he react omedt Upuderis e dMErigaliiMmnersion-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 particles.
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14. The biomass torrefaction systemof claim1, further conprising:

a steam plant coupled to the reactor drumto introduce steaminto the
react or awormmdsassi st in the torrefaction of the bi ome€3/ysartriosiies. WO
2012/ 048146PCT/ US2011/ 055153 15. The bi omass torrefaction
systemof claim1, further conprising: a control system
configured to sel ectitgel y Tadj bisinasbeospraetionbystben dacladev| fiethep regul ate a
speed of the flow of gas through the system 16. The bi onass
torrefacti RMPFSIN of claim 1, further conprising: a control

Phactor drumto regursaiy eYeie P tElel N e SBERVRIE g B B PRe, I
t he react oraflgeiice to regulate a spddd of i ﬂwe&n?ésftmugﬁaﬁé spstefy/ st em of claim
1, further conpri sing: a control systemconfigured to

sel ectively adjust the tenperature of the flow of gas through the system
18The bionass torrefgction,systemof claim1, further co i sing:

a control system con?'i%gurgr@e{t?iowlséé?rir%%lc 0%5}/%@{“ Bﬁ‘f'ﬁ&%g@ﬁgﬁ@r the fl ow of
gas throughohhgi temincluding volume, speed and/or pressure.

19. The bionass torrefaction systemof claimi, further conprising:
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
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.

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

31



a control system configured to independently control a plurality of
operational paraneters to regulate a torrefaction process of the biomass
particl eswothe/@pesat i onal parameters including at | easPCoAs2@fl/085158act or
inlet tenperature, a reactor outlet tenperature, an average residence tine,
oxygen content of the heated gas stream and gas fl ow characteristics.

20. The bi dmessittiryly etiact ablkasy stremndifthe bperatibBawbaaeiatetshgurignt r ol system
i ncl udes sensors for nonitoring at | east some of the operational paraneters
and the co®Pestigyiorerinize domiareripeiiPn Brosers PhirIes Ichascteristigs &f g ti ngl y

adj ust at | fyf. rafional parameters during operation to
optim ze tﬁga{c‘é%’ﬁgﬁ%ffﬁdoﬁ'gﬁﬁgg’ézﬁ%&t ailor characteristics of the
resultant torrefied biomss particles. 21. The bi onass
torrefaction systemof claim1 wherein the reactor drumis at |east five

feet in dianeter and2lhe dystlaimassdomeiagliordystent of ¢lainy 1vikeragsthearti cl es
at a mninumrate of .one ton.of _torrefied bionass rti.cl es.per hour, the

Correfi od Brovabr fais Paras Rk ok il cbiar gy PR oBrs 50 TAeR 80 Gl t on.
22. The bi oHRefy HiGHa8s BEHIKS S5 hEANAIM ¢hR) dRohe T 36 fBIohTSR0:

at | east one veént configured to subject the systemto an external

envi r onnentpauides def hagyy, d1e wnrafediomebe padatesonadngi@En energy density of 3. A
nmet hod of bio S ‘t]/g(;refaction conpri si ng: rotating a reactor
drum about €85t @J&Nrot ati on, the reactor drum having a plurality of
flights positioned therein at each of a plurality of |ocations along a

| ongi tudinal length of the reactor drum generating a heated
gas stream through ti2.redticdsiodragmtsuéfactioresystem ohdleinmi | fuethery transport
bi omass particles along the longitudinal |length of the reactor drum and

si mul t aneo®¥®MPrtSiFefy t he bi onass particles as the biomass particles are

lifted by the flight %t%t%ng%h?goﬁ%ﬁggg?%Q@legfﬁntﬁggs@@rﬁ té%hecﬁt%{(ér‘?]%lthe

reactor drumrotates; a substantial "portion

of gas exi tdnfohiment 8p6ih aeflagratbRagiin thervacirairu@f. the reactor drumvia
one or nore gas ducts for torrefying biomass particles within the reactor

drum 24. The nethod of bionass torrefaction of claim23,
further conpri sing:

plurality of operati &al ﬁéquefs’ﬁé'g%eis\éﬁ%%?yaghéb g’@?ﬁﬁskﬁaig 319n?hgf i
resultant torrefied bhRWR§S RACIrdr&% about an axis of rotation, the reactor drum
having a plurality of flights positioned therein at each of a plurality of locations
along a longitudinal length of the reactor drum;
generating a heated gas stream through the reactor drum
sufficient to intermittently transport biomass particles along the longitudinal
length of the reactor drum and simultaneously torrefy the biomass particles as
the biomass particles are lifted by the flights and showered through the heated
gas stream as the reactor drum rotates; and
recirculating a substantial portion of gas exiting the reactor drum
back to an inlet of the reactor drum via one or more gas ducts for torrefying

biomass particles within the reactor drum.

24.  The method of biomass torrefaction of claim 23, further
comprising:
selectively varying at least some of a plurality of operational

parameters to tailor characteristics of the resultant torrefied biomass particles,
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t he operational paraneters including at |east one of a speed of the heated
gas streamthrough the reactor drum a volunetric flow rate of the heated
gas streawpthraughict he reactor drum a tenperature of tR€TRSaIe®5yas stream
through the reactor, a pressure level within the reactor drum a speed of
the rotation of the reactor drum oxygen content of the heated gas stream
a noi st ur e tk@operdtiootl pinanistorsiasiugirg aldbest aiedoiaa spéed of tHetgatdd glason of

t he bi omass particles into the reactor drum 25. The net hod of
bi omass t oStTeRALHrewdibiheciegickar UM grichiepelisH v sta@f the heated gas

Lectivel . : L d . : in th
- eact or " dr ieant Pbudh Heeagor Rl Bl me b R b ETE 6T BabHERlh of ol ai m
23, furtherheR@RItheiré&ktor, a pressure leveladitMatthé Beddier dHubt,al speedddf thei ght s
within the reactor drumw th respect to location or density to change the

retention to@gonfof theeradcteredrenpaxygen esnteint bf et ieated gasmtreginura

27. The nethad, of bif) sittor.r ef acti on Iof clbaim?23.. further Cﬁ rising:
passing bi SRASLTHEPPIENT 85N PIBTIRATS LG 82800 A ‘AT ErogHEYr RS at es
accor di ng tfhR3ES pSHRIAEAR e rRhac®ir #Rum. - 28. The nethod of

bi omass torrefaction of claim23, further conprising:

di scharging torrefied bionass particles while substantially preventing the

infiltration of oxyg in the reactaor drum WO, :

2012/ 048146PCT/ US201£Pe551151§ method Oftb'omasﬁéf?”qfﬁe“%%ﬁla'r6123bf%FP§§s
torrefacti%nﬁj-m im23, further conprising: establishing a
pressure |evel  wthin the reactor drumto inhibit the infiltration of

oxygen into the reactsefedtivelyvarying a time of resi@encehef thietbiocias phitmiessia

torrefaction of claim23, further conprising:
the reactor drum.

26. The method of biomass torrefaction of claim 23, further
comprising:

adjusting the plurality of flights within the reactor drum with
respect to location or density to change the retention time of the biomass

particles within the reactor drum.

27. The method of biomass torrefaction of claim 23, further
comprising:
passing biomass particles through the reactor drum at different

rates according to particle density or size.

28. The method of biomass torrefaction of claim 23, further
comprising:
discharging torrefied biomass particles while substantially

preventing the infiltration of oxygen into the reactor drum.
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routi ng exhaust gas to a device renote fromthe reactor drumfor use of the
exhaust gas in an auxiliary or supplenental process. 31. The
met hod ofwbi2oreassi4borref acti on of claim 30 wherei n rout iPAF/USRMANSIISHaAS t O
the device renote fromthe reactor drumfor use of the exhaust gas in the
auxi liary or supplenental process includes routing exhaust gas to a burner
configured to utilize the exhaust gas to generate a heated nedi um for
supplying heat to a gas streamto establish the heated gas stream

32. The nmethod of bi @%ass Ttherhethask efdromase terehroton plielaine 23¢ Bilersi ng:
seal i ng thgohﬁﬁ%%ﬁt drum from an external environnent; and sel ectively
pur gi ng on chanbers adj acent sealing interfaces of the reactor
drumwi th inert or semtatliBRIing dpfessure level within thd3eadtbediteh ke thHidit hieomass
torrefaction of claim23, further conprising: transferring
heat from dnfiilsatieiobaxydesdnta e remotor dhgmr eact or drumto a gas streamto
establish the heated gas stream which passes through the reactor drum
during operation. WD 2012/048146PCT/ US2011/ 055153 34. The

met hod of bi omass t orypef aqticOReflodd@Hidnads tiéfkbsn 6PBRI DBNgirther

passi ng bi omass particles through the reactor drumat a mninumrate of one
ton per howomprisenddi omass particles having an energy density of at |east 20
GJ/ton after being torrefied within the reactor drum 35. The
met hod of bi omass torrP‘étfréﬂz?g?ﬁFSé\gaélt%?rﬁeé’:B?e FEIPRIGETOTE S reagiaigdrum for

drying the d%%ﬁﬁ% eQﬁéGét“da%ﬁgiraﬁ nzq%ﬁl?atr?b}‘ sb%Bl%nﬁ%%Qb@ééésem prior to

i ntroduction in the reactor nmet hod of bi omass
torrefaction of claim35 wherein drying the biomass particles in the rotary
type dryer systemprior to introduction in the reactor drum. ncludes drying
the bi omass particl et o HageMghog\@kigdagsiatefpetienat eatm s8I whierekent y

per cent miréﬁt#ﬁatf?%éus‘?ﬁtas e gg\i/iggtrett?ﬁ?é fom the.reactor drum34r ugd 6t et hod of
bi onass torre ronof claim 23, "Turthefr conpri sing.

exhaust gas in the auxiliary or supplemental process includes routing exhaust

gas to a burner configured to utilize the exhaust gas to generate a heated

medium for supplying heat to a gas stream to establish the heated gas stream.

32. The method of biomass torrefaction of claim 23, further
comprising:

sealing the reactor drum from an external environment; and

selectively purging one or more chambers adjacent sealing

interfaces of the reactor drum with inert or semi-inert gas.

33. The method of biomass torrefaction of claim 23, further
comprising:

transferring heat from a heated gas isolated from the reactor drum
to a gas stream to establish the heated gas stream which passes through the

reactor drum during operation.
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establishing the heated gas stream such that an inlet tenperature of the
heat ed gas streamentering the reactor drumis at |east 500 F.

38. The mEORotk/@B14bi onass torrefaction of claim 23, furtPrh@EUsconpsiiss ng:
establishing the heated gas stream such that an outlet tenperature of the
heated gas streamexiting the reactor drumis at |east 400 F.

39. The nethod of biomass torrefaction of claim 23, further conprising:

di scharging torrefied bionmass particles after a single pass of the biomass
particles through t hé% eadthermathes offemiaes éorsgfastionnpf elRin dBs Brieged
torrefied t&lo ﬁﬂgoarticl es varying by at |least ten percent while the

ener gy densi W ‘noi sture characteristics of the torrefied bi omass

particles are rel ati yek¥ingdisinans piaFtTcﬂ?é?é)W@)lquthé‘ reR@tdridrLie & ZinidfunThe
nmet hod of biomass torrefaction of claim23, Turther conprising:

i nt roduci ngatenef ariecieaseerpwLr i tbed¥onaAss paficlel having aotenergy densifyodfals
particles havi n.average size of abqut 1/16 cubi,c inch to about one
Pabi o i noh v S8 R S ted PR a ST ik  met hod of bt omass

torrefaction of claim23, further venting the reactor drumupon a fault

condition. 42. The nethod of bionmass torrefaction of claim?23, further
35. The method of biomass torrefaction of claim 23, further

comprising:
drying the biomass particles in a rotary type dryer system prior to

introduction in the reactor drum.

36. The method of biomass torrefaction of claim 35 wherein
drying the biomass particles in the rotary type dryer system prior to introduction
in the reactor drum includes drying the biomass particles to have an average

moisture content below twenty percent moisture content, wet-weight basis.

37. The method of biomass torrefaction of claim 23, further
comprising:
establishing the heated gas stream such that an inlet temperature

of the heated gas stream entering the reactor drum is at least 500° F.

38. The method of biomass torrefaction of claim 23, further
comprising:

establishing the heated gas stream such that an outlet
temperature of the heated gas stream exiting the reactor drum is at least 400°
F.

39. The method of biomass torrefaction of claim 23, further
comprising:
discharging torrefied biomass particles after a single pass of the

biomass particles through the reactor drum, particle sizes of the discharged
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introducing steaminto the reactor drumto assist in the torrefaction of
the biomass particles. 43. The nethod of bionass torrefaction of claim42,
wher ei n iworotuesrg steaminto the reactor drum i ncl ude®Cprusdugiont st eam
with a boiler which receives heat froma portion of gas exiting the reactor
drum

torrefied biomass particles varying by at least ten percent while the energy

density and moisture characteristics of the torrefied biomass particles are

relatively constant irrespective of particle size.

40. The method of biomass torrefaction of claim 23, further
comprising:

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 inch upon entry.

41. The method of biomass torrefaction of claim 23, further
comprising:

venting the reactor drum upon a fault condition.

42. The method of biomass torrefaction of claim 23, further
comprising:
introducing steam into the reactor drum to assist in the

torrefaction of the biomass particles.
43. The method of biomass torrefaction of claim 42, wherein

introducing steam into the reactor drum includes producing steam with a boiler

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