WD 2012/ 048146PCT/ US2011/ 055153 BI OVASS TORREFACTI ON SYSTEM AND METHOD
CROSS- REFERENCE TO RELATED APPLI CATI ON This application clains
t he benefw0 20f2/t4Ba6f i | i ng date of U. S. Provisional Appl PCRIUSRI1ME5153

61/ 391, 442, filed Cctober 8, 2010 and U.S. Patent 5 Application No.

13/ 218, 230, filed August 25, 2011, the entire contents of which are

i ncor por at ed herei n BYOMASS FORRERACEION BY PDERSANBAGEERQMDID Techni cal
Field Thi s disclosure generally relates to biomass
torrefaction systens 10 and net hods, including in particular cellulosic

b omass | RS RpRENSHEETANEIR ERpe Ratr or O Lhe Fel ated v

s well own and is a process in which

bi onass particles ar gHieapgitatibn2Idigg tBsrepefieoMhedinAg Mate dhuss.causes 15
vol atil e conmpounds within the particles to be boiled off and the cellul ar

struct ure dirovigionghApplicationt o &l /a8t dddetiedr@eiaber 32010 angbrbi Batenbss of
mass and. an, i ncreasg in oy d i It al sgs a.reactjon wthin the
e ni o QRANGRG Ber GRl1Be it etandnda: hathER i€ Palals AhvBidy ' fhe
product . " Tgié fidopordéd heleh? b RéferébeRRBNFRILARAL Oy val ue when measured in
terms of heat 20 energy per unhit of weight. The degree of torrefaction of

bi omass particles depends on several factors, including the | evel of heat
applied, t eﬁé}gg%oh time the heat is applied, and surroundi ng gas
condi ti ons i iy y with respect to oxygen |level).

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.
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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

downstream of the reactor drumto collect torrefied bionass particles 15
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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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10 rate of the heated gas streamthrough the reactor drum a tenperature of
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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
drumis awolewsusB0 F and such that an outl et tenperat RCE/Uskotlossiieat ed
gas streamexiting the reactor drumis at |east 400 F. The net hod may
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Figure 4 is a rear i $igoerd s biee eddvdtiomabvienesisa sedlrafsenttlypracepatiegn of
Figure 3. ~Figure 5 is a side el evational view of the biomass
torrefacti ¢ 0§9§r’@b@®mqngdnatelsysable 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



SFigure 6 is a top plan view of the biomass torrefaction system of Figure
3. Figure 7 is a side elevational view of a reactor drum and
adj acent woreprgsitds of t he bi omass torrefacti on syst em @CTRISQUNA5353

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 tparamnetersd thenintefadtiont prosessssbioeoptintibe oh ¢ailoir ehassctéristicefofict i on
system of Figure 3. . . Figure 10 is an enlarged detail view of
a portion &€ ferltaahiormefiediemry Paftidegure 9. Figure 11 is a

cross-sectional view S ] f Fi.qu along line
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under st andi ng of various discl osed enbodi nents. wever, one skilled in the
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control | i n@nograbadiimerd! 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,Thewlstanvid fsetheeinclutis a Beaissouroe Bodlisighseldut  not
limted to." Reference throughout this specification to "one enbodi nent" or
"an enbodi mPstreareRiiseraagtondphp tlidar arrpikiagdiest te argastsifeare B84 that is

at 1 oast ode o ERGHT A S bn e el b ok SRR I Y kR e
enbodi ment 'andhdlced arafefEREVBRNGF a Fatce@idrtifarPdanes. ThedagBevicetd? is
specification are not necessarily all referring to the sanme enbodi nent.

Fur t her rfor €lrivendo pérew erforse gaaithupegh tha ragctarr@em 62 astireglete the g2 may be

conbined in_an ui t abl e nn I N e or re epbodi ts. 15As used in
Chis speci (PEaTPENaaA Rarton phised)asi o The ReBlhRghraD Paeeheatsd s o »
and "the" ijngldifpiied ¥ He Feicksradtum Wﬁrﬁﬁeéi%lé}m@frﬁﬁhnéﬂ.eﬁf’ﬁrédfné“ ctates
otherwise. It should also be noted that the term™or" 1s generally enpl oyed
in its sensmbodiinedixngighandeosent onhews df ke gesbgnolurhe axltngdhe reaesr

ot herwi se. 20Fi gure shows a, schematic of a biomass torrefacti on system 10
accordi ng YNk Eley I@C‘g’%@éﬁcﬁgﬁhe 'ﬁ*ﬁéi?‘?{r@ﬁp q?'fll@ e&' P'Peact or drum

12 whi [ nﬁ‘dtfb‘? I [ [ ' d : system
10 furﬁhrber%l nc u@g@%ﬁ%ﬁ??ﬁ‘%ﬁ%ﬁoﬁgﬁﬁ‘% ﬂggﬁw’%@éﬁgﬁr‘?éf‘géegﬁgﬁ are to
be processeumak? isapciesdateeidolifetifiet affthewehetbedeim 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 1Oowotzery/dddrass particles are fed into the syst emCIQS20ihe5315HMASS
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 used0iis coffijured tofraiskehaiinlebiekisorature of da refadtion gids sedéani3dl t hat
acts as a seal when passing biomass particles through the inlet 22. WO
2012/ 04814 6Methesgel examnpss 60 from about 506HE 1109 °dmia an Putiehiempeiaiuiges a

Lo a gas oo aRRfLTOFHER 14015 AU he ik R PbRta Gl Fhuhe ey SBRAGEL, Mo
32, whi ch rmeahe3ss irPthee@dtixehander 60! iscastedsafily |bRarateédre exitiag fites ced

draft fan device. The fan device 32 is 5 driven to draw or force gas
t hr ough & hdeaeasehangsr o vi2 aarautiet condiuit €6+ Hbedampeaatuee stitheteinei al porti on

f th ) he h . 30,. h d |.ied h
Ceact or o (FRASOISF LT RuDBTEHY ALy TN DORG! GRS PConl gty
percent or HppE&ssak é@ S8 SFoP¥xAbTRNANY rtHé‘Sio?ﬁl‘%srﬁ%%ﬁéI@é pHioHEB datry Ry be

recirculated to the inlet of the reactor drum . I'n some 10 enbodi nents,
ni nety per debiornasmioerefdctionesygtem HY. viddaonaingly, in someeenbedicteots, dnem 12 i s

ety rubetea et ToRLE R Yo e cuRe SRS i um
12 is rgeir ' ; c . ' tion,
t heI gasﬁjs:!t rngé}mséz&g%g st&raégdrget ﬁ%srt(%@l ﬂ?ﬁﬂ?@%’[ %Oé%&égﬂj%/\%ﬁ%%g 'ta e?%%@ ![ he
bi omass pardlyithé esrow dbieted 6&. treserherenibedimEntsynide dischamedigasstnearn 86 f or

conveyance of the biomass particles. The gas stream may al so heat the
i nternal stPabereutst kack tatherniet ofdee sephexshanger BOrandlendedMits whi ch

Cived and coibrtEgbep ARyt ATk b &lARTe, i SR R IE AHIGE 0™

si zed and coupl e react or eat’”"’so

fan devi ce pggnémto FrRpildte Uh@inlagtehipforaase of trRAReA%xchah§ér 60 & 8@etfed! N sone
enbodi nents, a predom nate portion or the entire anount of gas entering the

react orl&dr lgwel 2r i fallewithio @ destgdugolperaiurdeangs.et of the reactor drum 12 in
2, Cont nuous, et bR TR e BRI B 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

i 11 ustratwo 2ermyadisent, the heat source 30 is in the foPETrafS2@19s353 o- 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 condwixiygé froasinfigptiegeht aysteyn t Deasahe dvrretdepadicles. aréheitidrawpas
stream 35 interacts with the recircul ating gas stream 34 of the

t orref act i 3PNy e syptem 1 Bmalsr partiglas: (e dhelsiadied woedbfiRes ipbefiekaieat t he

Che. i et EonB s Cohen POt ot PGS A ik SRS thi et ot ©°
exchanger &@phr6r Beser 388arbe HABrdd 4 AEMOWd ﬁbrritﬁérqﬁsaétwaen o4 mbeut 700

F 150 F. In doing so the tenperature of the other isolated gas stream 35
i n t he Heaffiltesiog deyiee 410 sush agctes sxampje Bmyeslosit typediteriagideviog. tBre Br heat

5ol ar aq gatorkdifbris ok BNiCes 46 B e Y HIREHE h RO Rte Vg B ARdeF il i
ot her pr Oc?éﬁ%*%ingisﬂg\éhilt@?ed Fridfiert HRh Bhe SYStERA G RRNBICHRSSUAAE IsigHif@aner | or

to entry in the mass torrefaction system 10. Accordingly, in sone
enbodi ment amaurds ghexpgerenio 8 sissemarlyelh sarnoenentbdimantse aatiantzar B0 vi a

the outlet conduit 66 10 nmay be routed to a dryer stem 7Q (Figure 2) or
ot her - devi S63Ca 9ehupRT 8 AT SuERLA 7N ALD G 5 46 Haydreoaesitdrent s,
t he di ar, : ; | heat
exchanzgjr] qgﬁg%glsgmg@éﬁvﬁ? % ggch%?fOEgg@ﬂ"g?@@@@Pf]g%aé'ﬁ”g%%f&tged%%g tature,
such as, fa&s repregeinéed by treaatrowbusbeted 48047 ¢Biglued 2).tihgomd etnbbdimpentsf 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 sysigm theay ingyde & @@lee bthenttaringrdaviee Rdigu @four ce

30 of Figur ' - - Lt .lS

0 oL el BB A e B oS BB ot e

exanpl e, i Btreare3£Mvdomendibodimepts Ghé tdrréfabRes bpsteiy PB nitgaihcitgeicre My be
provided within 20 the path of the gas stream 34 of the bionass

t or r ef &t | @ RGretpNBUNTALIC dischaige devinssi (rehskown)dw disghpsae burrefiads may be
directed directly into the stem 10.t o heat e gas stream 34 wi t hout
ol gni 11 cantig P PRRRSY R RA G ATERACTRD VS e Phe Systom 10.
Irrespective of the heabretRISEAISribBEVRESas 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
react or awOrVA48H¥at i s conduci ve to torrefying bi omassPpafGS2ElIASIISAL 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 gysteim ¢amieschbes abovdandtaodnyef sestemerd wihichi i doinfiganssl) toadryt he 30
particles exit the reactor drum 12. These Bart icles are then fed
nmechani cal I0joraass partigiagdrriarie interduction infodie tgretertiensystem i@l &1 saverf or

For subst aftTay ChRLAs pRAE Ay AR ER G S e 1R PRI MeHIo G B, 16 o e

torrefied pasrhbsd partieled MaVimg banbisiure Bohttht S¥GIRID bbelGRaWWLAty pEehC! es
(e.g., torrefied wood fines, torrefied giant cane fines, other torrefied

cel | ul 0§ ¢ rwisivie spnigit.omMetragighhbasis inydhgaryeresystgaré dn seopper 38 can be
filtered and reppve fﬁo t he ast.sltream 54. b 0‘3@5 f'blt.eri r}g device 44,
such as,  GRAISNE e biorarssPqyges e Bf mpilipe bavBae tavaraps

addi ti onal p%'rﬂidl?%l&ed&étw&% ABuiY 608 O hethd SodutTeCEiE hcPudet 48 for

renoving the filtered material fromthe system 10 w t hout 1 ntroducing
si gni fi canthaainguan mtiaf moistgrencanient aloyesipsty grerdént moistkoecoatdnddvetent s, a

chanmber or space between a pair of sequentjally aligned airlocks 42, 46 may
be. coupl ed WHONIPASS-i esame ERaAIMERE: the Riomass RaiFlgs raay BeYE e pur ging of
the ch er, ; ahel 3 (Figure
2). | na@;ngug%%az]@?%%?@ﬁst?ﬁgé|?§?f%§$grg@?/génm§?@%éﬁq&@f8} nay)’?%chﬁdcgﬁér cyclonic
type filtermgdieents thesizead tivé partiotgzpeny 38ry by seppeateat,anwehty pdrckher
torrefied biomss particles fromthe gas stream 34. In sone enbodi nents,

t he torref ARIfYREregyt&EMAS. may i ncl ude one 15 or nore pneunatic di scharge

Lot retacti on syst e fo0rdd® e MBCEECLERORE)® gERIGh € 25he §8) c°

torrefaction system 10. ou gas stream
34 is drawgystenh P0Gesludds auatary Beuh FaokRich s YopPdtanso betid raaet bBodthe heat

source 30 (after separati n% torrefied particles, chips, fines, dust and/or
any debkd s)tsupn@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 exhawsDediztsmagh t he exhaust ducting 50 can be use@CelGseah®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 Bralargasiicigs bhd dustieyaidiied wdod fieeg aisiedtgiastroade. The
exhaust ducting 50 can include a variable position danper 54 which nay be
used to balfiareeothredped sellylesiciiemase huhicbaeaypasgy thipugh theoserArRight | v

o Pt bi + hoPbEERS pfe AREIHLARL P TRBEL PR d5s SyBRm b % 9lelhl e nms o
of an integighed, HirexashldaasREHIO Y peYleriiy Hevaes oTEsgpdrbclesarreXadp! e
enbodi ment. The I ntegrated biomass processing system 11 incl udes, anong

ot her tH ndewardsea beerntssy potleled hiarisvhsemeuiseoargiamrgngUIAGDM® 55153
system 10 descri.bed, above and dryer syst 70 ich.is nfigyred to dry
b1 ormes paTEUBelS e nar sy st LBred File s eV oo ar B feieYetiem to- 1 n
some enbodiiRa of alRPpBi P8RS Sebardie bR MePUREE BlokRadsSp&aRltsgrirR thd O
recei ve biomass particles having a noisture content reduced to bel ow twenty

percent 5 maissitgaen.cimseme emendinentsthddgjies sygtenhé@O0angeinciydet@eme 0. | n
sonme enbodi nents, the bionass particles, may be od chi ps. havi ng an average
or L ol o ST SR ST e Rl 0! MEIWAHG G OB RBCE AR and
havi ng | AL | re. bove forty percent noisture content,
wet - wei g tp%gt'écﬁ’és ﬁphﬂg%ncg”eg%g%%%nggts, t he bi omass particles may have a 10

substantial | y consi stfefin gévice 9P essy béprovieed fredeandr fiiréé ereegasetreamd i n
ot her enmbodi nents, the size of the particles may vary by ten percent,
twenty per deioughtthe retarydiuredil aid tpgiodte exhaust gas from e eatanyriduib /1 he

arum 71w RO OR R $ragER convblEafbiEin SY b Hdbq R ifBRs Tt it

72. The dr Yies depestsyBle® 7DWdiGrer relgisleudalie @Rvirdhabndr fodthéeSRitemgadi onass
particles that are to be processed, as represented by the arrow | abel ed 75.

The bi drasgep@sentaidey heyarmewialbled 8Bhe\s am examplesithe amissiorgontrolr ot her
conventional, materid L ANSRYL S WECHRR 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/@8r46y bi onass particles through the drumPZI/U£20111055163 at es.
The heated gas stream sinmultaneously dries the bionmass particles as the gas
stream propel s the particles through the rotary drum 71. The burner 76 may

be confi guraed/drfobintrodaetidn bhckpeol tHeidtyepsysticher0f arteprésertedtbytthe gas
streamfed to 25 the d&%er system 70. The gas streamentering the dryer
system 70 @EPWd lgbelgd &uppl enent ed or bl ended with other gas streans of the

' seuhor 6. At the. dororad e S BottdReh bRl Flolig AlBNdE, O\ oo a
separat or Isagss partics @ .| e6éd Wdodrdhask Sh@MBRes) may betbafed © ghothér i ed
wood 30 chips, dried giant cane chips, other dried cellulosic bionmass) as

the partd cllesstionifor suesaqsieat prcme@mnmstOTa@% er paekagingef thecdrigtbbiomass
mechani cal | y and/ or der the force of qgrav an o t for
ol T ect | on PREIES 85 aclaftalbe comiiqes 6T spbimsealsitay I fafdasdiny 8.

packagi ng. A3kioforRAE thetcSuriloflitt die Biomdbi! RetiviREthdy BEsourduirgd i ant
cane fines, other dried cellulosic biomass) which may pass through the
separ at or mlmeptmrrefaetlcm gydtemt Hi tot sabdeqesnirdcéssing, tasendiwatest by tra ;myow

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

or packgging. In somg %g?g@l&ﬁcl?tﬁaa%ﬂﬁ?% ?Sgﬁ@l;?@g BOMALCh SRIe]

cyclonic type filterin I eu 0 separate and/ or

filter driegnbrateassa th@rdnyet eystémorg trizy sse abrigpuhmateriabioe tegrbodi ment s,
the dryer system 70 may include one or nore pneunatic di scharae devi ces
(not shom)toﬁréfa&ﬂ@'&ﬁﬁt@@ 40 @HSWGrﬁBEOQU‘e@é? tthe deigd igrRasheadiclas Mayst 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 2er@8i46n control equi pnent 82 to process theCElsausisah3t 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 prent  datpaofithe hedieexcharigeebOcas asdrasentegtgcthpidrasvy |aOélIR0,to
facilitate the renoval of sub-mcron sized solid particles and |iquid
dropl et s fregylgiecthexRauistempesalsre ehiie herted gesstigant enterpo tegiephent 82 may

and vol at | FSFde 2B S SnetRp B 4 e hapelitis SRRV oy ot

gas. |In sommt 'effﬂiﬁt%xcﬁé'ng:@'@né’gbe%mééﬁla@@dt BOOCTh angemhordtiyoet Fgas to
heat the exhaust gasses to about 1500 F where VOCs are oxidized. |In other

enbodi mént @indtiososte embotimeyissive lﬁ@ytemper%@refcﬁrthﬁgas isirgaot emueéngzmev\m ch
may signiflcatl redu theoeratln j th = ural gas is
25 ot her wi S6oh XA EDITAY 6854t caRaparT HSF Rt TR

At | east a p@rdithddad SPesmivrins térmabﬁ&@sﬁtwwpsgé@@tﬂ%@th%%éaqut ed or
recycl ed back towards the inlet 74 of the rotary drum 71 and conbined with
t he heated egabals;gerefmramd anihedted paccoedinggotsontl gmtbbdlrberaisatmsa peadidrcl es whi ch
are conti nuousl d |nt t he rotar rum 71, as represented by 30 the

o fove | abdrda Biet fetpapeuedr aéi%%%f)ﬂ gD Brob S hCEchanger
60 of t4 ?ﬁ{e’ I ARty aust
gases f?gmtoﬁﬁrhefryerﬁésb)}g%@tag%é%or c garggftﬁgdprl orula"tégtégﬂ]é%ﬁyr}ggiéﬁto t he

envi r onmenteast@0RO F2/ Oditisetiueolly UB2Aidmass pagicesiwhichfare passeddiroughn back
into the dryer system 70, as represented by the arrows | abel ed 85.
Accor di ng tlee toeefactiQns fgastar Arerb b HERG O@eraiw@mr@ directlysubiectad 9 dmass

partiol es (8ol ofl L HAOH, SILRSBAL LIS Sk atraORe: Fou R 4 R anatdhe” o

| ocation for su dt)gequen e or packagi

bi omass paidfitted Rsacksr evruﬁt azdm Q@me@ﬁmmﬁts aﬁerr@asxft@ﬁ@mnedﬂ@w the arrow
| abel ed 86. A portion or the entire supply of the dried bionass particles

may be 1r’i)utt@mpt3fﬁtulfeelstahqué796f Fotrﬂ%Q'slf@ﬂﬂIbefr@aCtQUd@eEQOQHGt tempasakirélg, as
![ Eg' g?} gg 5 aha@tsg%qu+ 1?)@e|FEdTr§e7realc 6A‘rsdr%"r"nn|ntf’eei anedelor rgmfcg e Figure 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

15



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 ceRCTASREILOSHSEONt 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 weanbaleoutrolied;donexaraple, bpivatying theatenht ofledated iggstfetd asttse and
about fifteen percent noisture content, wet-weight basis. In still other

embodi ment $1eat prchangea§9 frRindhe bermesnitenn soMe pEIGdIneENtS; BieRYNBAIBi | es

204 t nougn 108 EDBROUEES HREL BEK. roBLBI L S RS LAt Bhnear ver
system sugfream 8HasetHIesHIY frRdheatethakgees0 bAghfphe AMEST thRCgIPHFedrRd, the
assignee of the present application, it is appreciated that other dryer

syst ens amay3ouBautel suppternentedrwitic theotorabstioendfcrihauiat gasss froe theesent

i tion, i i f | ki, | i d 25
conveyor bedetoR Sierefh feirekase Lnd By ARE PR BbEIed oai ment s of the
bi omass processing Sﬁé@r@é %?&E%WSQIJ&%% 8 drRadlortdftidisyistere ospeci fi ¢

dryer systens ill ust ed, but y incorporate a w de range of conventi onal
dryer syst ecsordiig o snothenaeramplef @nbadingrd sifndante tBe bidreasetirresaciiace 30 i s

shown 30 as a gas-fo0-gas heat exchanger which is configured to receive a
oot ad gas Sybtebin § CeSoite Saiabious BNt iRhal STHES GBTSIIOR | abel od 66
The he doﬂ‘f’@r :ﬁ?rﬂb i e : nded wth
gases ﬁ(f(;m an egt‘%put %mﬁg%%ﬁ%@cﬁﬁ%%ﬁ%@@?’?gé@%ﬁ%zﬁ?égéﬁby th\(,avI

arrows | abelrem PR whizhrieguppbdreed be d stpudtutat fmpeteal 14 o cftatehebditat ed gas
stream entering the heat exchanger_60. In some enbodi ments, the inlet
t enper at ur &0§EORRb ayigLf sptadiam1d®: ekhenpacks diaan 16k isHiugarbagrive eitheen

Fomper at or & SRR Ay b8 Blecicatytfioldd BEBRHRI LR G sd @Rl “he bet ween
&fin

about 800 konrdllingané rdidfen bf thEdcstidrakl #12 BEd @pSoRAIr ing fhe
torrefaction system loa_ﬁasses t hrough the heat exchanger 60 and is heated,

accor ditly tspesdrirerenbodhesantol systemriecludes adonirol parel 1t20nwéhn at ure of at

least 500 %’pp’leggr%rte %%ﬁ?rbl%%sw%ﬁgg%iélg,egél?gae%E %Ec.) for selectively controlling

and monitoring the system 110. Other gauges and controls (e.g., sensors,
valves, etc.) may be remotely located and coupled to specific components of
the system for monitoring and control purposes.

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

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

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

purposes.
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10 drum 12 the heated gas stream has a reactor drumoutl et tenperature of
at |l east 400 F. Consequently, the biomass particles which are passed

t hrough tWwe 20vwefsacti on reactor drum 12 during operati ®0TAS@01diosH63 | y
subjected to a heated gas stream having a tenperature at |east 400 F over
the entire length of the reactor drum 12. In sone enbodi nents, the reactor

druminlet 15 tenper athgrsystemaldQudlsd HtlldeslaBebt sourct N80rdigwdsed dr um out | et
tenperature is about 500 F 100 F. The reactor druminlet and reactor drum
outl et tenp@sheareef the reaelondatrad 1gder sypRiMROMeAt kea ansi stwasr thatish

control oS ELa e S L BLA 68 PV LG N T BROR 1 SHariBor G uim

at a desirem ihguedd afhfdiahi deyicPer afdredd draft fan device. FxBIas HegRBeEB2fiIEO0M t he
torrefaction process, which include hydrocarbon conpounds boil ed out of the

bi omass pardrivenéy,a devemoieptd4 tndraxngr tonge gas through ae reanitrsdium d12 he
system may be r.outed, ,accqrding tp sone odi nent s o the hurner, 76 for
combust | on MBLIRHIATE 1Bk f Bealsata Sab dieransaied fnd AinPRERS ener gy
contai ned irgaétBedRIAAYSLin BAeeREUISANg RiariHer | GERMII®s hgétaréab?ﬁﬁcpﬁa&é}?s“ er

medi um for use In the heat exchanger 60 to maintain the heated gas”stream
34 fl owi ng sizedoarghcolEed daeat @astihemesztotdramdeld, hedt sdbercet & amd &n

tenperature, Agaj in some enbodi nents, the reactor druminlet tenperature
may be aboﬂev'fgoiﬁfoﬁ SPPUEPF® he reactor drum 30 outlet tenperature may be

b F 100 F. | - || ed
about 5 Wt‘?rrm% lﬁ@ﬁ@ggeaﬁ%ﬂ]& Sm%rr%hl:‘tro? A 1k dFBYs pgcpﬁé]’éﬁ rotie

t hrough a cascaded con Sets the reactor drumin

t enper at ur & sePaeatoehopper B8 fori s8patratirgnoerefitd dormays peartictest frorhlted gator
exanpl e, by varyi ngnthe amount of heated gas fed to the heat exchanger 60
from t he btieam #eihe padisies exigbairaaeies drymd 18ur hasersrielgs pee dvt fefured to

burn bark, I h fed through
t he heat eﬁ%%%@gﬁgng%n%raﬁ&ﬁé%% :'%eg’? g% téggr%aéggmlgp%&%éy be
suppl ement ed|@ttidh foheubsssdiEtiues orfoaek 'Hg.t Agpaiedck Hetick het2tigicogprettbon

a

system 10, as represented by the arrow labeled 91. Figures 3
t hr ougH! 38 ithe astietat4D forisuba@esialypopreyeatng onygss frem iniitbradiog dnelisygiend anot her

cxarmle eioH AR Bt ahah Rl SR, SREI SRR ey Ao oo
Lo o G20 oSSRl pfr g LheS e st i
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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hori zontal axis of rotation 116. The reactor drum 112 is driven by a drive
notor 118 which may be electrically coupled to a control systemfor

sel ecti vewg 2048kl i ng the rotation of the reactor druRCTAB2@EN@5p%i onal |y
adjusting the 15 speed thereof. The control systemincludes a control panel
120 with appropriate controls (swtches, dials, gauges, etc.) for

sel ecti vel yroesdsr@l drictigerqmdcess)i dughiasy fdrhexasysié emel 49 fudDid gengeatg eeatind
controls (e.g., sensors, valves, etc.) my be renotely | ocated and coupl ed

to specifi dhectipendnl sapfinelude ayarianle pesitemdasend Sahiel Maope geeposes.

20The syst f | ncl n_i t 2, ] e f ute for
recei vi ng g%#é%s?et){ééL&Féﬁsé@gfr%i&ggfeere[agtogedréﬁoﬁaggé&, Sl@ﬁp}é%%g\é% ed by the
arrow | abe|sﬁ§ht1)2|§osiﬁfe.abéb@§&$i_n?rorﬂt‘h@' setfiid, Ak chAtbeMi$dd fPinhiiedxyigear t or
sem -inert gas purging or simlar device 1s coupled to the inlet 122 to
subst antd alffoyn pntargttheeygem fi1Bm ent eri ng t he system 110 when bi omass 25
particles are input. -The biopmass _particles nma fed tq the inlet 122 via
a conveyor or other féﬁ‘i%@ﬁpﬁgﬁlﬁlc’f & K9 rqrpgﬁggﬁwﬂ?ﬂgwfpdeﬁ%%ﬁﬂbﬁﬁém te of
| ntroducti ogrepénd RTRGENERY bhE!eeSATNORR MY NIBERstcANtInbGAich | RE {0
optimze or tailor characteristics of the resultant torrefied biomass
particl es. r&aeor drur2 8 1@ris stppeorted tes siodrentakgrientgtite opraoniumiedr 6br a user to

ceceos e b RS DOREhGRTRRLGRS? Fhelds SIS 8 v
2012 0481 46PCTLHSROLY/ AR S eI SHSHE 1 2. 5Pk REICHEIR? o uhediucs ysce 130

di spos upstream of the reactor drum for supplying heat to a gas
st r eam t haimaysbg¢meeatoed, five fdee os yrire mantiIap peaohfigudemioaecdisd,anghi ch may

D fon Seproasseapr Sy fons of lonefied blomass partidies per four. < o ¢ fan device.
The drive motor 118 is coupled to a drive belt or chain 164 and
controlled via the control system to selectively rotate the drum 112 at various

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

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

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

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

that the transport mechanism for the biomass particles provides a highly
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5 driven by a drive notor 134 to draw or force gas through the reactor drum
112 and circulate it back to the heat source 130 to be reheated and

suppl i ed WO 20ten48-act or drum 112 in a recircul ati ng manBET/USGA3/081163 s 136
are appropriately sized and coupled to at |east the reactor drum 112, heat
source 130 and fan device 132 for this purpose. 10At the downstream end of

t he react oreffiiiemd rhé@diunt foeteansterfngviedetd esepticlat direbthppAccdrdihdiprarge
separating torrefied biomass particles fromthe gas streamas the particles
exit the re&R4toes af biemess pariielge cpaME RPESSIADY AyStasy WidrdHeedl | y and/ or

der the f i : | f | ection_f
subsequent et Perana W gboURh SheBdiinel! ools sl fAls bl ¥ 15 ¢ he
out | et 140 pgticles! kehgmbla) rhily BEGERINVERNGreAtes drhdn eompared! tbroahivagtidg system
110 as the torrefied particles are withdrawn. Smaller particles and dust

whi ch ey persefactieon agstentscofganeraltyocornppiedie $i26. are filtered and renoved
oo Srs ot o bbb S B 5 e Sl o e et co
to a secongapind aPeikliBEedifhill AiscHRGYd o kR sébarbeir bRt aBBJr dikgm t he
system 110 w t hout 1 ntroduci ng signiTicant anounts of oxygen to enter the
syst em 110.separatingedexdeodidrenited in e diyadttiom indiGatemlyby tiel ardewdalsled dddc t ype
filtering device ip lieu of a hopper 138 tq separate and/or filter .
torrefied BoEDBer BaRding. ob Prechminate GhSURStARUANAIRIAN REINEEAR YFEARGS r eact or
drum 1 I | 1S | or nore
ialbiery VT g R T S R e sl R T

particl es fheated hed sgintredudeinto the reactor druds1 1 ey iruicdtgd dgsheidmedy t he gas
streamis drawn or forced through the reactor drum 112 and returned to the
heat sourcéabeled (4Bt er separating torrefied particles, dust and any debris)

under the influence ﬂ'fhet%.te?}‘ﬂ 1f1<’6nthgg;éiggphe@gCoﬁﬁp{&]roﬁgﬁtgﬁ]e%%gaﬁ Phdeds

majority of the gas is"recitcul ate e Téa onegas is
diverted tenhatneshes e pitraakictidrdof Dibmaspeidlas #it6 @ rokut athe dtmck 150

can be recaptured for use elsewhere in the WD 2012/048146PCT/ US2011/ 055153

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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process or another process, such as, for exanple, use as fuel to generate
heat. The stack 150 can include a variable position danper 152 which nay be
used to babDastd48tie pressure inside the reactor drum 11PCTusae1glosgyhs |y
negative to slightly positive. Depending on the setting, this can be used
to inhibit oxygen 5 fromentering the system 110. Further details of the

react or dr gaséddemd drivesvoibef thesisivimeed partidies diiette heeatit® (iktlgdingswdteand 8.
As shown in the illustrated enbodi nent, the reactor drum 112 is supported
in a hori z&YarPraieneANAENYAeRAE thahfay eTter el Bssemddl. The rol lers 160

Circunference of the HEIMETES 01 HReoh TR PGt ReedR AT AR R P 7 e

four, five digtghceton®olEligng 1maythBelifec aRf isaohes tHeopatierRis\s thBMUrDFPEESS over
fifty tons of torrefied biomass particles per hour. The drive

not or 118 iretatesufieseby exrosing the paticlesrio dhahaatesigamsireamtoagsingd vi a t he

uch as, T PSRBT e A eb i BB e e TiarRen SGver wiRECT S 100
are di sposege BRINEAD thBEnEAAGgR8 WitHiv el drin? 192 TaRbes tHGHRE BEohvEPedr event

the infiltration of oxygen inhto the system In this manner, the seals 166
and ot her fleatardedt génarakly ket @mumbendi rotatonsedfihaidnumtid 2gt@sprevideam at  a

L s RN A TR NN e
ppaced o bl e Shovah StcFlus Horab mmpem g

desi gned t elaasiflesvthe ipauticleeddghtef, dsnhalles yairticied passitrdoogy tHeeddepdndent on a
nunber of interrelated factors, such as, for exanple, the speed of rotation
of the 25 resiet Brandreaviar largeheartigles. dhisralioums large Rarticlesdora@agystem 110,

passi ng « et Ve ALk BN P arriserkk i ofle et g1RBIE i 246 70

passi ng throtgh € redc e are configuréd'to

l'ift bi omaggodadtyl.é) %ﬁfgél%ntdhﬁnélE@ﬁi@tesdﬁéﬁbé#ﬁoééﬁs@ﬁ%gét’he? behgieé ection
indicated by arrow 172 and then direct and shower the bionass I:partl cles

into tHé gasmiarenthcharableristicedaspita differeraesdamasscand wolgmehe Foengt h of t he
O e S SRRl S S b eshea™ o
e s RSB o8 W et Doty oMo vt
particl es dineegy densitcarud chomsjune chaxagteristics 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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vol unes of biomass particles can be processed by a systemw th reduced
energy demands. In addition, the throughput or rate of torrefied bi omass
parti cl eswOnordi4bar) nmay be relatively greater when coORPIRIESAILLO55153
conventional 5 torrefaction systens of generally conparabl e size.

The biomass particles reside in the drum 112 for a period of tinme and then

are subsequpentidiys (tbashaugeatday beoelaticelyepasiar awvhdmoguraparkddo @onoehitsnal
separating device and routed in the direction indicated by the arrow
| abel ed 1740wefaction syetemssidanagellycyneachinsize. dhisagwariageeuslportion of

176 and r e POArERYSRE Bes el FERE L BRIEERAR FHableIh O 172 e
i ndi cat ed RyniercalfyFeasiBlRemadndr 8. _ The system 110 thus enabl es
a continuous torrefaction process that involves the introduction of bionass

particl és into a rot &lémgniseeichemedt aaurce 1BM2can aravideaheatdykany reddilyocks
126 to maintai

| Ia | ow oxvagen |l evel insjde the t rrefacfion S te[m 110 whi ch
s conduci AYAIEPIE SRIGYSHCH: drseme apppdimats iRk epanple. Arectieat BV ey ed
through t headsdnRedd thy gb_@%tr@bﬁﬁw an@NEEtaY eRiméntlBa) elcBfRabimRarsidghat is

generated by creating an I nduced draft of forced draft via a fan device 132
connect ed hypaxddcidieal&613@). tihethertérebodimanite ahmayli2e pihwaded tosthelgad so a

heat source 130 uypstream of the dryum 112, su s, for e | e,
ol ectr cal SRR ETOE o feSdacea el e cranggiiad 655uese] aad 2) Bogasdrea

v ough L n Ol e 0t T8 e Rielr e d B T PR aRE P o O

t hrough the source 1 oug eneficial"to the
vi abi | ity ehother gmisedisent, dowviexygenibucndratrnay befdigetededirddtiydntonteedr um 112
back to the heat source 130 for 25 reheating. Al so beneficial to the
viability &ystene’1pPdeaeat the garesteeamivithost signdficgatly inergasing theaxyaen
directly h . bj rt - o] i nt as the
gas st ream?g\lperlm é’ﬂ{e*‘%[@fs?e@f‘é%ghﬁ%ﬁgﬁ{%l brh%?é‘fg %%r i éf@%\é tﬁ%tpg‘ram' ttently

t hrough t hejigehaeded fremutmelstdek RS0 PhRCHE 8E6U a8 PIPt 6f tHeprbdestl IFampgrigel.
30There is of course a certain flow of gas that is discharged fromthe

syst em 1610 Ireseadive of the heaksausee dBOeveryrlititeraaditionalaxygrers pdded &ithsr
unrel ated proces onent ich is substantially equal to the sum of the
Vo 2012 04BYAGEET BTRRERRuL e ob R e TERSSTT of the biomss
particles due to heatﬁHéQo(ﬂefé%!tiBﬁ's@z@téfﬁér ﬁhd%Y@é&Fs@b'a?@baé@@'oﬁrB’héﬁaéﬁﬁge t hat

may enter the system 110. e interior of the drum 112 contains
speci al i zeeénerdy balgnce tivhtfraldrtiesttha cmecgpntaquiirefl wighhtne rodesshete) i ft and

e o e Shietin A LT i RS B T c s o
e oS 2 SpSs e L SRl o 10 952
a nunber ofmaripalateasd ebntrblethdsefactd? drad providedsysteros gindf method thaogeess of
the parti Clrgasdiltyosc%?;br}e F’?g ?r']seae%(\a/a}’igﬂso lﬁn%msgtrgenele%rslgt hof
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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10 the drum 112. The showering and conveying process within the drum 112

al so classifies the particles. Lighter, smaller particles pass through the
drum 112 wa0eyo48t3an heavi er, larger particles. This al lPomRaSk@ngesiparticl es
to remain in the drum 112 for a relatively |onger residence tinme and
creates a nore uniformend product (i.e., large and small particles may be

processed tagestée by tapphepriatd sontrolsl (8uctead acrmaiabtd spésd ddse drspi)te
differences I n mass and volune). For exanple, in sonme _enbodi nents, particle
size may veﬁdyJSRnﬂﬁ%r%'%?Qf&rtﬂm@ulAéﬁio,rth‘hd@ﬂsﬂbﬁf@\eif&htﬁiﬂﬁdﬁh'ﬁé@ deyres by
ten, twenty ,or

chai act ori 2Py P B EEo b LIRT sl b O Fiarby BT T By = " ©

i rrespecti iedigiduapdddigh anshiEérent Sheresroredmgsh reBidiehce tifre. 26tilf furtiek sthdé70 may
be designed to var%avmth respect to location and/or flight density in

differem @&insoanenage obthefflights tlecarcbée aliars toi meebthetnaedsialitees particl es
within the reactor drum 112, IV\hen using th ssten%ﬁll to
torrefy bi SHASUaLAPFPRYEEATY SranlaA DB Qe e?%@r‘?%wr’%?ﬂoﬁ%& "9 ddi ng
heat 10 a ffigrieb thpbbiith BRSo3KBIRBIMNE I hedhuhneraystem L10. - The heafed gas
streamwi thin this recitculating gas systemin turn directly heats the

bi omass particl es as IbsesneagrmbodimentedheHlighigl 70heay pstsecudekdto the t hi s
manner, the hea{ ed gas streamdirectly heats and tra.ns.gort%.t he bi onmass

particles SetEnBAIBAFICURRCGENSYY gAY AFCAGEBIRNTi 1R QA2 Re 1qilCAnspor t

nmechani f i ' Lo | el medi um
for t ra@snf é:?r%llrénégﬂgrﬁ%g:tg r}tﬁzﬁ? ﬁ%g’%ﬂgﬂ ﬁ)zqéglseaﬁlggé? gymt%h(;éc%rglﬁén!ﬁﬂw Pgt}%e vol unes
of bi onass dpamnt11d esn alzo Brevarisatiesiaitidl dysign &y steate widrb oréskcadidamneegy
demands. In addition, the throughput or rate of torrefied biomss WO

2012/ 048144PEr/ DBeitiomsRride feading cerditioasn SAR HErvarigghioseats mere el y

greater wh C | - re ' - |1y
conpar abl e?%sz%gg%ri?% fgﬁp%%{é\aégée?%é&gﬁ@ 'tgilrg{;\eeirﬁﬁwe%s]’y@pgtﬁsﬁggte'ﬁFél%ge (%er ein
to be inpl et BOr &xarfpleairt $6rk JnhbodiMRe, o ldtivelyegrebldre/oimnaeic. flowel ement s
of the heat source 130 can provide heat by any readily avail abl e energy

sour ce. 19 n reiene ipmeds paricles may bexserid erowd the interiertofiag doemadd@ andl to t he
gas 5L 220y A P B SR s oy B TR LR RIS 2L,
through a gagmtivQyIasallepIbILAXSRBMBR/ rabd of FloBtHsSaktieBs nddy 5848t Rfrekifica
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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10 conbustion and/or waste heat system (e.g., burner 76 of Figures 1 and
2). In another enbodi nent, | ow oxygen burners nay be directed directly into
t he syst eND202/M8146eat t he gas stream w t hout signifi calmCiTyusRea/08#1s3 ng t he
oxygen level within the system 110. In sone enbodi nents, exhaust gas that
is discharged fromthe stack 150 may be used as part of the process heating

fuel. 15 | Stilfpetoén, tds oécdgmizdieintat fmre ¢eahdd addition dfigaklte taeldysteonas oxygen
is added to the system 110 t hroughout the heating portion of the process.
The tor r ef ¥Otatitss ayd MAigUEmaree\rResales Eore thepaticles. ARSRVIAURY ener gy

cour oo and PRI PoeRaeR Saiak BERABARR Hah 3o BRACTIE Pl pBER0 ™

syst ens and sgeidtPydessart gdoent Bmbogirhertsi B& réédptunel for géted to
mani pul ate and control these factors and provide systens and net hods that

are read | elsayeiblie theoprasess waahother iphecass; gueleadsfor Bsamipies tusess, fuel

resi dence tine of the ticle ithin the drum.112 may. be, contr ed by
Vart ous. dedt GRnSiae BRabeThe Bl 10 Slinclifen Ve R SooK o HAERPe P2 e o
the fan devjhen Ergf% FRYsEE (S BAIBRES thd PraadlsSinsideetneedrafi 1¥2 gbnd S%Yntly

circul ating hea gas wthin the drum112. In addition, the speed” and
vol ume of tegatieateedigdly misiteem Reperading obdéhadptingent theg danfpen 15| dtis danper

of the fan device 132.. .anot her. exanple, the rotatign speed of the drum
112y be CEBDMGRHLD BRDIGHIOSH SR PR TOHBE B EB One | ting and
showerifig ef fect 30 LB LBl WAahPUF i SR RoERo Ry | ess time in

whi ch the particles are I n suspension. her, since I'tghts 170 may

be desi gnegarameterk discessed vbdee bangdl af othet speridhabpaetsstetd@agivgm 112
rotational speed can be selectively WD 2012/ 048146PCT/ US2011/ 055153
adj ust ed bydisedpnpavelconaytematicalioiuaggorasptibl B atheeamhoceentst or) to

ad] ust 1 he Jeasl (1eReRatd Eer A0 nd BEHRIN il BB AN ALl b 1 t he

drum 112 ca e used 't 0o change ow conditions 112

gi ving an ithgpdHituir cdasopscrimé nheradity s pidepen@éntlypd@trol vasibdence ti ne.
Still further, the 5 size and shape of the flights 170 can be altered to
meet tH® nepesatighal parareeters af theraystarse deaeribasr keneén aravigeasfospartisdarly
pronounced sho

oronounced SRS b BEhmd BRSArhBEA o ot AP IR Lo,
Egi Itgre dr uhdhgingeohdRns! SYtRhs dBP ek pfl) thé Mt RTBA tehPo Rk BIbARESS"
particles selected to be processed and a desired energy density of resultant
torrefied biomass particles which may vary.

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

Figures 9 through 11 illustrate one example embodiment of a

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

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

flange structures 272 and the rotating flange structures 270 may be spanned by
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10 characteristics of the resultant torrefied bionmass particles. The |length
of the drum 112 can also be varied in initial design to create nore or |ess
resi dencewboiae/o48r6addi ti on, particle |oading conditi on®Ctamns2dea/oyass ed to
create nore of less resistance to the gas streamw thin the drum 112, thus
affecting residence tinme. For exanple, in some enbodinents, a relatively

great er volseatélements V4 16 dedihe aofinterearahanmimerta7él. Emhisitelveal srdmber cr owd
the interior of the drum 112 and sl ow the progression of the particles
t hr ough t h&78rmagy Pepurgeshideditinglywit|ingrt 06 poMEinRar gas iMaiieinian Neslw r at e

drum 112 a5 SEpdeET A 5B b G R Ge R sk e sBhER B i
112. 20The 286ysrNah fetnal BAViGhrhBet sitHarddctonBsurhi2iewi se be control I ed by
vari ous design and process factors. For exanple, the nmechanical design of

the partdcle inlet cdhereaelasserid 27d maylingede internak stiffeners dmpeviderck, a
gas- purged daubl e airl)ock, screw nmechani sns, o he |ike, with each
mechant om U0 A GHibHB, BADHIE fa SER UaTPns 274 Mhsealbficaliachiff Per at i on
of oxygen. r&fa;%ﬁgfﬂ%i%bé1str_%€tl}r8§zﬁbté‘érthefa‘ruwyﬁefbtét@étdlﬁiﬂb%p%réﬁtﬁw gyysitem 110
with the particles i's mnimzed, but is likely to vary"™wth design

accor di ng tloe patationdleaxis 2€6.aAdddiondekiasing gemeénts 280 meyt alsobetdrevidedcessed

bi omass. In addition, the incom ng noistu content of the particles can be
varied to CONIHPNER) GGG e SRRIPMGTIT SLo 500 HG CORAG Gt DG Pdpor at od

wat er pgy t iﬂ%hb%ﬁ sWuEeré%??OP’f@(ﬂ?ill%ﬁrQﬂeﬁ érﬂs%o%e?%,sthsrﬂiésh? e?é?ﬁer‘it?é?%ot he

| evel of noisture can be varied to suit production requirenments .g., less

initial noias¢ gshownes svdreppirgnspring elementedxtendingy frehythé lseatioraty idege and
nore initial noisture results in | ess oxygen in the system). WO

2012/ 048146baFiUe? 812 rosiipagd spstream et therreagtor deum dddRia eepleiemenhere i s
a net addi ty f S v, i nd i I

evapor at edtjf@orbn\& trlleg%p%'ﬁ)f)ﬁ@s@}/ﬁﬁprﬂra@ eosﬁ}slrcgu%g?(:?? I b%%r?h@&ﬁs'r?g@ggygas may

be exhaust efe kegnelbRenty T4 Mallife ¥piiced Bhater b them@nABy shéws & grév@nto sone
enbodi nents, be recaptured for use 5 el sewhere in the process or another

pr ocess!d siiayingsof therseakaleprants d€é asstheueactop dgem &l2tanchiéange Sthectgtesck 150
can i ncl Ud%@ v?rti abh}e ﬁqQSitI [ o'? damper 15%2;) whi ch may be used to bal ance the
pressure i Mérd@qRd’ dF U2 SHIE8ORRTY hegative to slightly positive.
Dependi ng on the set tAIt’P@uQB calef dﬁrﬁ@ﬁéngﬂégtruétﬂ'rés SP0. 272 HeSfudttatb@Rishi t
oxygen fromentering the System 110. 10T n some enbodi ments, many of the
vari ous opérshapmthdtructural 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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paraneters di scussed above as well as other operational paraneters may be
adj usted (manually or automatically) during operation. In other

enbodi nerwe,20pE8HEbi onal paraneters may be establi shed pCirars2010/06§9183 ati on.
Irrespective of the particular control schene, the ability to i ndependently
control various 15 operational paraneters of the systens described herein
provi de fompupgingiot therchamipersswith ireerbboserssinkesr g, aoth @8, ky eixemplarat net hods
that are adaptable to changi ng conditions, such as, for exanple, the

noi st ure c&¥BEM sErtuphehuidemaser GHing ek sosditiepseurginpdhese cleambarsand a

vary. cotnindyedEibbiodly SN B3t oo Br VLA ST BoRChE S BinNE s T

rotating t@nstrehmentPiinefés eis @'&dc@lbhﬁ? dad Wt tied e astsmeEstémnanand
conponents to provide a particularly well seal ed vessel to nmaintain

consi st ént sbow embeineits othegrystamn hanbe ieguippedenitidoal iffegdrand 9 t hrough 11
illustrat e(sdpncg1 exarrF|I e egTb(%di nent of .a 25 .grect'hsi on seal .assEan y 266 that
may be usedIQIHEMNAGHS YAt Are e Anggadn SREST W ReEOr SAMEINELYgRn of the
sur roundi ngy @ik PBBRIY béthie@nthe dikgsor drum 212 at a rotational

interface. As shown best 1n Figure 10, the seal assenbly 266 may incl ude

rigid flange struct unNesioRzGaidty cevanes roayiplseda mcargdrategein6®eof t he

t d 212 't tate i i th ith T fl t t 270
oy 30 ext SHEPGIRH BVSERIS BrATANCE ARGE A o¢ s For BSRSLR: TS et r oam
of the fif U, 242 Woh bcBPRELeh thaew i BPtLA GREERRABLICA: HARoRExABIGH

between th ionary flange structure rotating ange

st ruct ur es o? deflagative coeanotsuffigient¥agdtdd® 48 pdRGalyJE0EL QTP ATEnt Seal
elenents 274 to define an internal chanber 276. This internal chanmber 276

may be pur §8@agsefsRneihegiexamnie: snaek getctigr @ndiexdinguighsand sieletsai n an

inert or senl-jner L - i t..e o the seal
assenbl y Zw%ﬁlggagne ﬁﬂ%sgerrg%gl |h§d;m%ﬁ§}r’]@n§n&p8ﬁfs?/%eg§$§§§ﬁOars, ﬁrrur%%%qé S5The seal
el enents 2%&pamadeteBtdn dad igxtiegmishmeht EygtBrisSsariddcdrhpuhées shddketdcey rigidity
to maintain the seal elenents 274 in sealing contact with the rotating

f | ange 6t r dareioss Ine7 headquareredum Igardy oreges  luaddidonmystan opetiomeal t he
rot ati onal %xi S 2133. Addi bi onal.t bi asi ng_el e T)ts 280 may al so be provided
to urge oné araiEdicgrhe bedudiitated, ohPXamBIE By ST oUs RebSRS B T th t he
rotating 1Qefhbanare bresduré Soxyden; eld), b the bEEinad BFe@mBAZI dRAtmay BE

bi asi ng el ements 280 are showni as overl apping spring el enents extendi ng
fromthe stuseddoadjust badgensol et systam 2N gasksidt toamddnoe sefetgior ¢d t he

reactor drum.212 to a seal elenent 274 overlying one of the rotating flange
e uetur o OPTBICe e et BEreS- 11D SATHS ealpatToRRIse el 1TTIASS. b spl & oog

toget hejy | %PbEﬁoWyer%? %%34‘9% Bs&d ?dﬁfé‘hti?;ﬁcérﬁﬁ%%}%r ﬂfthégﬁlsﬁs?t anfd SAENLS 274

as the reactor drum’2 a ange structures ot at e direction R
duri ng opetatadjust or control the system as needed to enhance safety or to optimize the

torrefaction process.
In some embodiments, steam from a separate boiler of a steam

plant 93 (Figure 2) which is fired by the off gas of the reactor drum 12 (as

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

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

ducting 96 coupled to the reactor drum 12. In other embodiments, the boiler

25



Al t hough each of the flange structures 270, 272 are illustrated as L-shaped
structural nenbers, it is appreciated that the size and shape of the flange
st ruct ur 8802012042148 may vary significantly. IrrespectiveCofUsgsiizmsans 20
shape, however, it is beneficial, according to sone enbodi nents, to provide
an isolated internal chanber 276 which may be selectively purged as needed

(e.g., durimagy b§sleatecdbntisipurnehdtamamotierfradt soomedilhisonsg with inert or
sem -inert gas to assist in maintaining the internal environnent within the
react or dr @mMEOPIMEntss UPEAHA Lk RoNKRIAN, Slgam BTaydxs théieducead dHaithe seactor

seal - nssentiy 25 Wi ER0UARRER SHoERPhbI BdBhaRmboes JFHER, ' T
mnim ze | epdnaR, bpératibhgl daTé§dTahe edtvéfaens®system 10 may be enhadricdds furt her
appreci ated that other seals and sealing devices (e.g., airlocks or dual

airl ock®d nmay be prodwasdlldry knaveng ploe eredesses bxkvipoh hest, iresiderce imeem

I ncl udi ng, faor exanple, at the hjoms rticle inlet nd outl.ets. In 30
addi t1on ABSHENGRTs Beepatialedas o Rayhie Batydy fEbudh nface

| ocations bekpeshd M AGhERIAGHEEsS YariatIb S BEs it @I mSSiimEARBIN -
These chanbers may be coupled to 1nert or sem-inert gas sources for

i nt erm tt enhe bpmaganyrrefadtion sylstarbeaadwnethodaean bersefaip toi aceommedatesuch

Pur gi ng_t ST ELADERT aRR eat FeR B S FRRL Goal Senaiters B DERE e | o
of he (r MerBaiy Sha SURLI et ORTRS: EipnhPlrer R BELRe IbqRe oo
equi pped wientibatiimients) fereskammole dihectoerefrctionrdystsnss bhdimethedsimiayniged i n

series with inert or sem -inert gas_ purging enabl ed between the airl ocks.
Vari ous safcenijgredtedarrapybiamags partiches Npibedeen of maedt¢hirs at 2 S1BEIIBN

i pped wth Gune CARIOGEAR pEREsariths ekt LROE Rinahe e kel o ©

equi pped w hat™ w ruptur expl os1on or

defl agrat i @oraass pariclestidvieg anten ténsley dfathea o @lkon.cause equi pment
damage. As another exanple, spark detection and extingui shnent systens may

al so beld nt egr at ed i rthe torefactionslystans and yeetbads deaetbeagsheredt axanyl e,

spar k- det ect o0, 2 8 LLAGY s BRSe $ WOhARo S eBRnebae it heg o

many benefits over conventional torrefaction systems, and in particular, batch
systems and methods which require batch processing of biomass particles in a
furnace, kiln or other similar device. The continuous nature of the torrefaction

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

Although embodiments of the torrefaction systems and methods

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

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

while simultaneously transferring heat to the biomass particles to torrefy them, it
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15 GeCon, Inc. headquartered in Tigard, Oregon. In addition, system
operational characteristics nay be nonitored, for exanple, by various
sensors (WOQ@o12/i481per at ure, pressure, oxygen, etc.), and#Crhs2abisiined
operational data may be used to adjust and control the system as needed to
enhance safety or to optimze the torrefaction process. In sone

enmbodi nent §s app@cidtedenatis So22 epbotinusto e biaynadsssarticles seal be i dentify
conpounds in the gas streans and to adjust or control the system as needed
t o enhance SaEROICE bYradespte mmeehaniems ée HefdHaYiio SCHvH deyises, conveyor In

>y eht o i SertEs ey RSP Ga36 Bt e R B e 058 SRE B ip G cent e
by the arrouadtabahsf t&orréry tiiapldnedss pticles. heat source may be injected

into the system 10 (as represented by the arrow | abeled 95) to further
control Soxygen in thdereoves shevangusmerdbdineriasicseribed)above canpbeng st ream

addi i on, a2y <d B pRd P, o hieed Born SN thabet Brlitoh the |
30 reactor dagEnolieEMbEdiffnits df R abbPIaERTIIel AdsBAptRM RARaL 1 cl es.

In sonme enbodi nents, the boiler y be heated by off gas routed thereto by
ducti ng 96 ittheloidwing ¢lbens,ghe tenmsiused $Rould mobd bkaonstrbed itortmitdhet he boi | er
WO 2012/ 048146PCT/ US2011/ 055153 may, b eated by the burner 76 or another
neat sour cETITE RS SERBBARAERUNS SIS ORI INEARRCITCGHON S0UdRS 1y be

I nt roduged dOEQ. bEsHARAS blcolstlbd %o it &i ﬁb?srhf)leoéfﬁﬂédiHe?ﬁ% E%rngsﬂﬂim hering
and cool1 ng purposes. In thi's nmanner, operational safety o e

torrefacti dme fylsscopeldt svpyvdientendb arieidsudCriaimas bre bytitketbwi ng t he processes
by which heat, residence tine and oxygen levels are controlled and by
having the flexibility through initial design and the nunerous process

vari abl es descri bed herein, enbodinents of the bionass torrefaction systens
and nmet hods can be set up to accommopdate a variety of biomass feed stocks
in a variety of local conditions and provide the 10 flexibility and control
needed to achi eve consistent torrefaction results. In sone enbodi nents, for
exanpl e, the torrefaction systens and net hods may be configured to torrefy
bi omass particles in the formof wood chips at a mninmnumrate 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 descri bed herein are
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particularly well suited to provide a continuous torrefaction process that
has many benefits over conventional torrefaction systens, and in

parti cul awp 2betwaBi4syst ens and net hods whi ch require bat eaTASexe®SI188) oOf

bi omass particles in a furnace, kiln or other simlar device. The
continuous nature of the torrefaction 20 systens and net hods descri bed
herei n enabl e, anong other things, reCbBAIMS8!Yy higher production rates. In
addition, the efficiency with which biomass particles my be processed with
the systens and net hods enabl e high material throughput at relatively |ower

ener gy demands. Althqt_Jgh im@?ﬁgégﬁﬂbﬁgﬁcg@ﬂ%ﬁ%ﬁﬁ(&oﬁé"&ﬁ@ systens and

nmet hods 25 descri bed herein 's as including

reactor druns which r0tiplet tohsudiverbibaidsaqiratiey; al i gned axis of rotation,
it is appreciated that in sone enbodi nents, the axis of rotation may be

inclined. In such enffogaetandsymeganiiguyechigropateyabous agraxis efietatian, ¢he n
transporting the biomass particles_through .1he actor _drum ln addition,
2l though. enBaUPRERIS NarnaeP LA PL G Pakidied EREeRa rllinindofy e
descri bed fisgtions o™ R iftirtal RERIIES IRSreRiURUAASSI Ng Lhrough the

reactor drumto carry or transpo e biomass particles while
si mul t aneousl y tr ansfeeneatrspuneaupsteedrhef theresssondum © sattgastaontaifgdt hem

it is appreciated that jn sone enbodinents the biomass particles may be
Lt anspor § o BiE SYSRTIa:z SRR S PUTIGSTE 10 Torrelyithg DI ae e udeiaschon ey or
devi ces, eto‘bﬁ}atﬁihd subjected to a counter-flowi ng heated gas streamw thin
the reactor drumto torrefy the biomass particles. 5Mreover, the various

enbodi ment s descri bed fabaevicscouped nthienedtérn toroovatdewhen the systehogi nent s.
These and ot her changes can be nmade to the enbodinments in [i g{ht of the
above- det aill eREHIOEy A eaéed 9as sieadrtaroughtheHeaetor dawin iy ffidieitde, the terns

used shoul - 11t | qu t Lfi
e sonou R RBUE TRRSEHT I Bt nd S AP HEohOR IPASEAYS ot e
construed tr@adtbebrAR adlthe BRSTAASE SakicRedira®ifted b/ tﬂ@gligﬂlsté indRolwdred scope  of
equi valents to which such clains are entitled. CLAI
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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1. A biomass torrefaction system conprising: an inlet to receive bionmass
particles; a reactor drumconfigured to rotate about an axis
of rotatiwn20tE@8react or drum having a plurality of fli g@oraspagiosiiohed
therein at a plurality of |locations along a |ongitudinal |ength of the

reactor drum a heat source upstream of the reactor drumto
heat gas contained ib.the Thesiomaise tarréfactier aystem eméim:ﬂewtﬁerbm therrefy the
bi omass particles during operation; fan device coupled to

the syst emPlwalityaffightsiiaranesateyuitte the keatad Q@érséﬁeiaﬂhto dlapeift & gas stream

t hrough th he bi onmass
particles §5rﬁ§§ ﬁért%e#"%fc%{j hgltgr&éﬁtw%tlg Mﬁn ir{q\;reﬁ%ti\‘{%i\f)géﬁ? e bi omass
particles gaetidiés Wi rby, dpédl@ofs|m|ﬂiﬂyss@édipéhiéwmﬁoddﬁEh@%abt*@? dheatragregas
stream as the reactor drumrotates; and gas ducts coupled to
at |east tisowlgactor drum heat source and fan device to recircul ate at

| east a portion of gas exiting the reactor drumback to the heat source to
reheat the gas for reintroduction into the reactor drum 2.
The biomass torrefactd.on Syetwomaksdomefaciombystermot ¢leinhdafuethegas st ream
directly heats the bionmass particles as the gas streamintermttently
transport s COAPSINGvass particles through the reactor drum 3.
The bi omass torrefac of flights
are configured to retgéulgt%p%@r%@géngfdtownghghpn #}ﬁén;rgéldbpa Lﬁjgltﬂ(égb %r ough t he
react or dr donrefideebiebyagsnddrtieles ieriing thetremtoodrum @adab diduhabg@tess particles
within the reactor drum . The biomass torrefaction system of
cl ai m 3 whéersefied hienassrrartielgs dom FhQﬁM%emncl 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 20%2/ 048 keahierad526rHd728083 8¥stem of claim 1, furher The bi omass
torrefaction systemof claim1 wherein the plurality of flights

i nt er oper atc@NWIrising:he heated gas streamto classify the bionmass particles
according to partlcled nsity. b ving relati enser particles with
respect to simlarly ﬁ'&%tcﬂ)éﬁpﬂ%l{sﬁgaﬁé@rﬁ]ﬁ? ¥¥§g%’fnor drum nore slowy.
6. The bi onass torrefc%ﬁgrb Prals¥stpg of claim 1, further conprising:

a hopper |ocated downstream of the reactor drumto collect torrefied

bi omass particles ex|da|rmr@prshtdaerm¢rbbwalde8|andrwhrmmerdimsh'@ngd to meguleter &f i ed

bi omass particles fr e sy
P pressure leve W|ti1t|1n the system to inhibit the infiltration of oxygen into the

system while enabling exhaust gas to exit the system.

8. The biomass torrefaction system of claim 1, further
comprising:
ducting to route exhaust gas from the system to a remote device

for use of the exhaust gas in an auxiliary or supplemental process.

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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7. The biomass torrefaction systemof claiml1, further conprising: ducting
to di spel exhaust gas fromthe system control valves; and

danpers, wheorddsrel val ves and danpers positioned to reguiist@iasjpsessure
|l evel within the systemto inhibit the infiltration of oxygen into the
system whi | e enabl i ng exhaust gas to exit the system 8. The
bi omass torrefaction systemof claiml, further conprising:

ducting to route exhaust gas fromthe systemto a renote device for use of
t he exhaust gas in arfOauxi h%'&’”@ﬁ%@ﬁ%ﬁééﬁ%ﬁﬁtemgﬁ@%n1 further 9.
The bi orrasio ﬁ{qactl on system of claim8 wherein the rempte device is a
burner con bﬁ‘{ré o utilize the exhaust gas to generate a heated nedi um

for supplying heat vig|gadieak e@kﬁdk%tﬂ?led PefWrro@me it 6Ad BeS f&sctéhr ough t he
reactor drum during operation. 2/ 048146PCT/ US2011/ 055153

10. The bi emumdotliont dleaampant cfyexygan ehtering thelsystem twhan resepingihey:
at |l east one airl oc# 5 Sd between the inlet and the reactor drumto
limt the Mﬂ '8%3?9 R%nt eri ng the system when receiving the biomass

particles; and at least ondlseafARichaRR S Balw B e8P BRI he react o
drum and adj acent structures, the seal nechanismincluding a chanber

bet ween t headyanmt etruchuces, dinel seal rertleamisin |edudrn@rmehamaadbeﬂweememle mechani sm

coupled to an inert or senm-inert gas sou ce for selective f t he
chanber dufe 05§@+ra@in6nan Sxtemmial endion gl S g s SAIESCHANSBY SO Sy st em

of claim 1 ahabgidd sbhf- W&ﬁ;(ﬁ%HFé’e fop S?lrécﬁ\éggbfdlﬁgabf tHE &S durify duct

heat er positioned upstrea e reac
operation.

11.  The biomass torrefaction system of claim 1 wherein the
heat source is an electrical immersion-type duct heater positioned upstream of

the reactor drum.

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

operation.

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

passes through the reactor drum during operation.

14.  The biomass torrefaction system of claim 1, further
comprising:
a steam plant coupled to the reactor drum to introduce steam into

the reactor drum and assist in the torrefaction of the biomass particles.
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12. The biomass torrefaction systemof claim1 wherein the heat source is a
heat exchanger positioned upstreamof the reactor drum the heat exchanger
conf i gur edor012f48K3sf er heat from a heated gas isol at ed PCHSROIG/08HEEL Or
drumto the gas which passes through the reactor drum during operation.

13. The biomass torrefaction systemof claim1 wherein the heat source is a

| ow oxygen burner poslisti oneed biomdiss eotréfactieatysteen gibdainiicfurip@sses t hr ough
the reactor drum during operation. 14. The bi onass
torrefacti 8RMPFSIGN of claim 1, further conprising: a steam

nd assist in the to A eyelbomid pha e LERTIT ALt e phedBrbRT o um
2012/ 0481465?@6&488%%%5@5 speed of the flow ot§as THBugh e@sgstear.r ef acti on

systemof claim1, further conprising: a control system
configured to selectively adjust the speed of the fan device to regulate a
speed of the flow of ,gas rough the system . 6., The bi onass
torrefaction system& cl ;{F}%qq',gmraﬁ??%%%f%gﬁ%ﬁﬁtﬁﬂwf claim 1,&thher a control
syst em confdogiHrRehd:0 sel ectively adjust the speed of the rotation of the
reactor drumto regulate a tinme of residence of the biomass particles in
the reactor drum a control systefrvcorfiguréed toraslectively efipst tespsext eithef ¢l ai m
1, further c

pri si ng: trol [ dt
sel cot | vel JORUPOSE e acRAMEL (5 BOLIE RIS G ST OGHE HPBRPERS syst em
18The bi on%%ﬁi&é)g rehackheRr syghem of claim1, further conprising:

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
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a control systemconfigured to selectively adjust paraneters of the flow of
gas through the systemincl udi ng vol unme, speed and/or pressure.

19. The bworap#4swsr ef action system of claim 1, further PCOMASRIILIONTLS3

a control system configured to independently control a plurality of
operational paraneters to regulate a torrefaction process of the bionmass
particles, itteemithregipdjusabt pastsehercs theoperdtiopabparaedtersoeingf a react or
inlet tenperature, a reactor outlet tenperature, an average residence tine,
oxygen contoPgfatign toreptineize doe eefaetiarphosaas @atailor sha@eieriticeof §18 cs.

20. The bi i VSt € f claim 18 wherein the control system
i ncl udes sgﬁ%@%@?‘é{gﬁ?@ﬁ#'?gﬁsﬁ&%ﬁ&% ‘ast sone of the operational paraneters
and the control systemis configured to continuously or intermttingly
adj ust at | east sonme of the operational paranmeters during operation to
optim ze the torrefadlon nedvegwsstorrafiacton sysicacokeain il ssherein the
resultant torrefied biomass particles. 21.. The.bi omass

orref acti Shrags o & SRR WL iediameter snsiltieosytfnis ORI RERET 1 ve
feet in di agmLviangss Bartiied 808 hinfAHh gl Gbridohdii¥rd Bsssspar ti ¢l es
at a mnimumrate of one ton of torrefied biomass particles per hour, the
torrefied Ipacimdes ppahours khes tdnefiedddiamass padiclekenaving aoferergy dassity20f &/ t on.
22. The bionmass tqrrefaction systemof claim1, further conprising:

at | east oﬁ%aﬁﬁz)@t&éfé?ﬁ-i gured to subject the systemto an external

envi ronment upon deflagration within the reactor drum 23. A
nmet hod of bi omass torrefaction conpri sing: rotating a reactor
drum about an axis o0f22: ot dthedsiomiase toreafction dystenhatdlaign a, furtheal i ty of
flights positioned therein at each of a plurality of |ocations along a

| ongi t udi n&PMRBRYIH of the reactor drum generating a heated
gas streamthrough t r LGl - i 1 t r.ansport
bi omass particles al %ﬁééﬁghfg’gﬁg? P%f?#far%&l ﬁ%%ghﬁtcgweﬁ}giérﬂe@é%ﬁré%?rbr?fand

si mul t aneowvifohPleheliyort BEf&gramBa vithar tHeCleestdrsdrlive bi omass particles are
lifted by the flights and showered through the heated gas stream as the

reactor drumrotates; and recirculating a substantial portion
of gas exiting the reactor, dr mci/)aﬁk. to %rg in%g}. of the reactor drumvia
one or nore gas duct or Atg\ekiéq P 5‘08133 QIEIRLHPN CPEY RNShi n the reactor
drum rotating a reactor drum 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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24. The nethod of biomass torrefaction of claim 23, further conprising:

sel ectively varying at |east sone of a plurality of operational paraneters
to tail orwohlaresssi stics of the resultant torrefied bi ecaas2pansiics es, the
operational paraneters including at | east one of a speed of the heated gas
stream through the reactor drum a volunetric flow rate of the heated gas

st ream t hr ¢higbptiionabpsarametetsnincludirgnpieeastuore of a speednoathecharted glaseam
through the reactor, a pressure level within the reactor drum a speed of

the rotati §Heam Hheughiia Gackar @iumenpumetic vy raje of e Realeddasas stream

a noi sture e e hi pargt.jcl r f I ction of
the. bi ommesSAFT T Epdh s AeRE Y Ak AgblelfuRE B theidte oabSrelf L Toq of
bi onass t orfiRlgkithe Re&dtoft laapr@sddne IEVEIWIETiIn SR REdcbM@rum, a speed of the
selectively varying a tinme of residence of the biomass particles in the
react or dr uetation of the reactor grem, Txggem choend df tiieoheaied wgasrsifeant.ioon of cl aim
23, further_conmprising. . justing the pluralit f flights
Wihin t he ESETe o hinebipmassaerfits ShUATAE B AudkEriS efhenange. the
retention tigiRa&d phARIY ARG rRatldr er@®. W thin the reactor drum

27. The nethod of biomass torrefaction of claim 23, further conprising:
passi ng bi omass particles through the reactor drumat different rates
according to particle density or sjze. . 28. Th t hod of

bi omass torrefacti on%éf- cl é]enmgghpdlfijblg@@sg(gwﬁgfpgﬁl%p?clalm %3??”{?‘”

di schar gi ng hfsid:€d bionmass particles while substantially preventing the
infiltration oggenintothereactor drum WO

2012/ 048146PCT/ US201 bezhiLdly varying a time of réfidendecohteelinomats bactivhssin

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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establishing a pressure level within the reactor drumto inhibit the
infiltration of oxygen into the reactor drum 30. The net hod
of bi omaswoterym@smet i on of claim 23, further conprisi ngPCT/US2011/055153

routi ng exhaust gas to a device renote fromthe reactor drumfor use of the
exhaust gas in an auxiliary or supplenental process. 31. The
nmet hod of biomass torrefaction of claim 30 wherein routing exhaust gas to
the device renote fromthe reactor drumfor use of the exhaust gas in the
auxiliary or suppl em@® al Theovetwd gidigmass teieiraiorehelake 2gadiritera bur ner
configured égq Lg,tsiﬂdéze t he exhaust gas to generate a heated nedi um for

suppl yi ng FERPTRY gas streamto establish the heated gas stream

32. The nethod of bi eEBHSishRgr£prRSLANIVE! witainthdJeadttf HRH t6 MRSt §leng:
sealing the reactor drumfrom an external environment; and selectively

pur gi ng onénfdiratias ef @h@ehdnto thejresetor dswal i ng i nterfaces of the reactor
drumwith inert or sem-inert gas. 33. The nethod of biomass
torrefaction of claim 23, further conprising: transferring
heat froma heated gap i SqfrlREtHJLOHR BiBRasE AT SacbiBY bIgird 28afurfigream to
establish the heated gas stream whi ch passes through the reactor drum

duri ng opercammising:\WO 2012/ 048146PCT/ US2011/ 055153 34. The

met hod of bionmass torrefaction of claim23, further c rising:

bassing bi omass par t MR PHIDIR Ao e rASKIeETRRIE TR (B FRARRARIASS of one
ton per ho | i C. ; | ity of at |east 20
G/t o af ¢ SPeSHtie BBSAIRART drfp it BpBRproLER:! 1Y 35. The
nmet hod of bionass torrefaction of claim23, further conprising:

drying the bionmass particles in a rotary type dryer systemprior to

introduction in the ract dhedngtiod of biomass torrefaction oyclalm 30 wherein
routing exhaust gas to the device remote from the reactor drum for use of the
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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36. The nethod of biomass torrefaction of claim35 wherein drying the

bi omass particles in the rotary type dryer systemprior to introduction in
t he reactwo 2drumsidncl udes drying the bi omass particl es POTRBE1A8518Yer age
noi sture content bel ow twenty percent noisture content, wet-weight basis.
37. The nethod of biomass torrefaction of claim23, further conprising:
establishing the heated gas stream such that an inlet tenperature of the

heated gas streamentering the reactor drumis at |east 500 F.
38. The nmethod of bi Sfass therhethask efdromase teireirotion pfielaie 23¢ Biersi ng:

est abl i shi r&gﬁd&grﬁiat ed gas stream such that an outlet tenperature of the
heat ed gas xiting the reactor drumis at |east 400 F.

39. The nethod of bi gRsHgtcmabaphitledthrélgh the2@actatdrigy atePmmMihRinMg:
di scharging torrefied bionmass particles after a single pass of the bionmass

particl es tatecefgine tos pasaouss tharniomaps partioles Ravieg aofenetigy degsihaeirid
torrefied bio S rtigles .varyin .at least te ercent while the
ener gy den §4 n%‘l? i Qﬁﬁrr l%e'Eﬂégﬁﬁﬁeéf%'gﬁ‘nctbeé?a?tﬁéHf refied bionass

particles are relatively constant irrespective of particle size. 40.The
met hod of bionmass torrefaction of claim23, further conprising:

i ntroduci ng the bi om&®s pdhe metwd oitlmomiass dorvefaceat bdelaing 28, hirthenss
particl es havi n%. an average size of about 1/16 cubic inch to about one
cubi c i nch QpBRSEry. conprising: conprising: 41. The nethod of bionass

torrefaction of clai ggdg the'bidiehss/SattitiRE if BSotfPEH dffel Ty steANpAol RU! ¢

condi ti on.
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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42. The net hod of bionmass torrefaction of claim23, further

I ntroducing steaminto the reactor drumto assist in the torrefaction of

t he bi omase 2peytdBtbes. 43. The nmet hod of bi omass torref &CTiUsR010/H05TERI M 42,
wherein introducing steaminto the reactor drumincludes producing steam
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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