
US 20100242351A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2010/0242351 A1 

Causer (43) Pub. Date: Sep. 30, 2010 

(54) SYSTEM AND METHOD FOR PREPARATION Publication Classi?cation 
OF SOLID BIOMASS BY TORREFACTION 

(51) Int. Cl. 
C10L 5/00 (2006.01) 

(75) Inventor: Thomas P. Causer, Smethport, PA F23G 5/04 (200601) 
(US) F23] 15/00 (2006.01) 

(52) U.S. Cl. .......................... .. 44/505; 110/224; 110/203 

Correspondence Address: (57) ABSTRACT 
DUANE MORRIS LLP - Philadelphia 

IP DEPARTMENT Methods and systems for preparing a torre?ed biomass fuel 
30 SOUTH 17TH STREET are disclosed. Moisture is initially extracted from relatively 
PHILADELPHIA, PA 19103-4196 (US) Wet biomass fuel to produce a relatively dry biomass fuel. 

Remaining moisture is then extracted from the relatively dry 
- . biomass fuel in a ?nal drying stage, using steam at a tempera 

(73) Asslgnee' gilégslijNERGY’ LLC’ ture of about 9000 F. The resulting dried biomass fuel is 
’ conveyed doWnWard using gravity and undergoes torrefac 

tion, Which produces torre?ed biomass fuel and torrefaction 
(21) APP1~ N05 12/ 7311253 gases. A gaseous mixture of steam and torrefaction gases is 

vented to a heat exchanger, Where the gaseous mixture is 
(22) Filed: Mar. 25, 2010 heated by a ?ue gas, and the heated gaseous mixture is used to 

support the extraction of the remaining moisture in the ?nal 
- - drying stage and to support the torrefaction of the dried bio 

Related U's' Apphcatlon Data mass fuel. Embodiments disclosed herein ef?ciently use 

(60) Provisional application No. 61/164,103, ?led on Mar. available energy resources to the bene?t of manufacturers, 
27, 2009. consumers, and the environment. 

100 

7 
EXHAUST 

INPUT STACK 
f BIN 3 5 
1 \ \ 
f AIRLOCK CYCLONE 
2 \ DRYER SEPARATOR 

4 SUPER HEATED 
STEAM & 
TORREFACTION 
GAS RECYCLE 

16 _ 

f 17 " TORREFACTION 
HEAT // REACTOR 28 

EXCHANGER Y 17 :U:/ j 
K 22 AIRLOCK 

COOLER —'\—> 
f 30 L f 24 24a f 22a 12 K TORREFIED 

' BIOMASS TO 
SUPPLEMENTAL BURNER / 29 DENSIFACTION 

FUEL 

RAW BIOMASS COMBUST'ON \ ?D 
_ FUEL UNIT 23 FAN 15 

K 31 \ 23b 



Patent Application Publication Sep. 30, 2010 Sheet 1 0f 5 US 2010/0242351 A1 



Patent Application Publication Sep. 30, 2010 Sheet 2 0f 5 US 2010/0242351 A1 

0mm 

2N 

moNN 



Patent Application Publication Sep. 30, 2010 Sheet 3 0f 5 US 2010/0242351 A1 

% MP 3. 

9 S 

imam-ME 2K 



Patent Application Publication Sep. 30, 2010 Sheet 4 0f 5 US 2010/0242351 A1 

400 

\ @ rm 
EXTRACT MOISTURE FROM 

RELATIVELY WET BIOMASS FUEL 

I f 420 
EXTRACT ALL REMAINING MOISTURE 
FROM THE RELATIVELY DRY BIOMASS 
FUEL USING STEAM AT ABOUT 900'F 

I f 430 
CONVEY DRIED BIOMASS FUEL 
DOWNWARD USING GRAVITY 

I f 440 
TORREFY DRIED BIOMASS FUEL TO 
PRODUCE TORREFIED BIOMASS FUEL 

AND TORREFACTION GASES 

I f- 450 
VENT GASEOUS MISTURE OF 

STEAM AND TORREFACTION GASES 
TO HEAT EXCHANGER 

I f 460 
HEAT GASEOUS MIXTURE WITH 

FLUE GAS 

I f 470 
USE HEATED GASEOUS MIXTURE FOR 

DRYING AND TORREFACTION 

FIG. 4 





US 2010/0242351A1 

SYSTEM AND METHOD FOR PREPARATION 
OF SOLID BIOMASS BY TORREFACTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. 
§119(e) from copending Provisional Application Ser. No. 
61/164,103, ?led Mar. 27, 2009. 

BACKGROUND 

[0002] Renewable energy resources have been gaining 
prominence due to rising concerns for the environmental 
impact of more traditional energy sources. Renewable energy 
is derived from natural resources that may be replenished, 
unlike fossil fuels. One type of renewable resource is biomass 
(also referred to as biofuel), which is derived from recently 
living organisms, as opposed to fossil fuels derived from 
ancient biological sources. Biomass encompasses various 
plant and animal matter, including forest (woody) residues; 
agricultural products, such as, corn stover, straw, and grasses; 
wastes, e.g., biodegradable wastes or garbage; alcohol fuels; 
land?ll gases; and other organic materials. Because biomass 
contains carbon, biomass may be combusted to provide 
energy. Unlike the combustion of fossil fuels, which releases 
carbon dioxide into the atmosphere that has been stored in the 
Earth for millions of years, the combustion of biomass 
releases carbon dioxide that was only recently extracted from 
the atmosphere, because biomass is derived from recently 
living organisms. Thus, biomass is essentially carbon dioxide 
neutral and gentler to the environment than fossil fuels. 
[0003] Many types of biomass are relatively wet in their 
raw state for a variety of reasons. For example, various types 
of biomass derived from plant matter, such as, grasses, natu 
rally absorb water. Additionally, biomass may be wet due to 
washing prior to combustion to reduce salt content, e.g., to 
reduce the corrosive effects of the biomass on a combustion 
chamber or to improve the quality of byproducts of combus 
tion such as ash. Various applications employing biomass as 
a fuel require the biomass to be processed from a relatively 
wet state to a dry state, so that the biomass can be used directly 
in existing combustion apparatuses. A type of thermochemi 
cal treatment, known as torrefaction, can be used to convert 
relatively wet biomass to dry biomass. Torrefaction involves 
subjecting a material to a high temperature, e.g., in the range 
from 250-300° C. (482-572° F.) in a low-oxygen or oxygen 
free gaseous environment near atmospheric pressure. The 
absence or near-ab sence of oxygen prevents the material from 
burning, while moisture and volatile gases in the biomass are 
sublimated by the heat. Torrefaction, which can be considered 
a mild form of pyrolysis (chemical decomposition by heat 
ing), results in chemical changes to the material that render 
the material easier to grind. The solid, torre?ed material has a 
higher relative energy content than the original biomass. 
Additionally, because the torre?ed material is hydrophobic, it 
is relatively resistant to rotting. 
[0004] Improved techniques for torrefaction, including 
techniques making more e?icient use of available energy 
resources, are desired. 

SUMMARY 

[0005] A method for preparing a torre?ed biomass fuel 
begins by extracting moisture from a relatively wet biomass 
fuel in a biomass dryer to produce a relatively dry biomass 
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fuel. All remaining moisture, or nearly all remaining mois 
ture, is then extracted from the relatively biomass fuel in a 
?nal drying stage. Steam at a temperature of about 482° C. 
(900° F.) is used for this purpose. The resulting dried biomass 
fuel is conveyed downward using gravity for subsequent pro 
cessing. The dried biomass fuel is torre?ed (i.e., subjected to 
torrefaction), which produces torre?ed biomass fuel and tor 
refaction gases. A gaseous mixture of steam and torrefaction 
gases is routed via ductwork to a heat exchanger. The gaseous 
mixture is heated via heat exchange with a ?ue gas, and the 
heated gaseous mixture is used to support the extraction of the 
remaining moisture in the ?nal drying stage and to support the 
torrefaction of the dried biomass fuel. 
[0006] Another embodiment of the present invention is a 
torrefaction system including a dryer, a torrefaction reactor, a 
combustion unit, and a heat exchanger. The dryer is con?g 
ured to dry a relatively wet biomass fuel and provide a rela 
tively dry biomass fuel as its output. The torrefaction reactor 
has an upper chamber and a lower chamber. The upper cham 
ber is con?gured to remove all, or nearly all, moisture from 
the relatively dry biomass fuel in an environment containing 
steam at a temperature of about 482° C. (900° F). The lower 
chamber is con?gured to torrefy dried biomass produced by 
the upper chamber at a temperature between about 250° 
C.-300° C. (482° F.-572° E). The combustion unit is con?g 
ured to combust a portion of a gaseous mixture of steam and 
torrefaction gases vented by the torrefaction reactor to pro 
duce a ?ue gas. The heat exchanger is con?gured to exchange 
heat from the ?ue gas to the gaseous mixture in order to 
provide a heated gaseous mixture for provision to the torre 
faction reactor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] This description of preferred embodiments is 
intended to be read in connection with the accompanying 
drawings, which are to be considered part of the entire written 
description of this invention. The drawing ?gures are not 
necessarily to scale and certain features of the invention may 
be shown exaggerated in scale or in somewhat schematic 
form in the interest of clarity and conciseness. In the descrip 
tion, relative terms such as “horizontal,” “vertical,” “up,” 
“down,” “top” and “bottom” as well as derivatives thereof 
(e. g., “horizontally,” “downwardly,” “upwardly,” etc.) should 
be construed to refer to the orientation as then described or as 
shown in the drawing ?gure under discussion. These relative 
terms are for convenience of description and normally are not 
intended to require a particular orientation. Terms including 
“inwardly” versus “outwardly,” “longitudinal” versus “lat 
eral” and the like are to be interpreted relative to one another 
or relative to an axis of elongation, or an axis or center of 

rotation, as appropriate. Terms concerning attachments, cou 
pling and the like, such as “connected” and “interconnected,” 
refer to a relationship wherein structures are secured or 
attached to one another either directly or indirectly through 
intervening structures, as well as both movable or rigid 
attachments or relationships, unless expressly described oth 
erwise. The term “operatively connected” is such an attach 
ment, coupling or connection that allows the pertinent struc 
tures to operate as intended by virtue of that relationship. 
When only a single machine is illustrated, the term “machine” 
shall also be taken to include any collection of machines that 
individually or jointly execute a set (or multiple sets) of 
instructions to perform any one or more of the methodologies 
discussed herein. In the claims, means-plus-function clauses, 
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if used, are intended to cover the structures described, sug 
gested, or rendered obvious by the Written description or 
drawings for performing the recited function, including not 
only structural equivalents but also equivalent structures. 
[0008] FIG. 1 is schematic representation of one preferred 
embodiment of a torrefaction system formed in accordance 
With the present invention; 
[0009] FIG. 2 is a graphical representation of the utiliZation 
of resources required to maintain drying and torrefaction in 
accordance With an embodiment of the present invention; 
[0010] FIG. 3 is a perspective vieW of a torrefaction reactor 
in accordance With an embodiment of the present invention. 
[0011] FIG. 4 is a ?oW diagram for a preferred method 
embodiment in accordance With the present invention; and 
[0012] FIG. 5 is an illustration of another embodiment of a 
torrefaction system. 

DETAILED DESCRIPTION 

[0013] All references cited herein are hereby incorporated 
by reference in their entirety. 
[0014] Referring to FIG. 1, a preferred embodiment of a 
torrefaction system 100 is fed pre-siZed biomass 31 via an 
input bin 1 (also knoWn as a feed hopper) coupled to an 
airlock 2 that feeds a dryer 3. Although not shoWn one of 
ordinary skill in the art Would understand that pre-siZing of 
biomass 31 may be achieved by knoWn techniques. Biomass 
31 is also provided to combustion chamber 23 of torrefaction 
system 100 to support functionality described hereinbeloW in 
further detail. Biomass 31 is provided to input bin 1 after 
initial startup of torrefaction system 100. Dryer 3 may be a 
rotary drum dryer, e.g., a triple-pass rotary drum dryer, or 
another conventional industrial dryer as is knoWn in the art. 
Biomass 31 enters dryer 3 concurrently With combustion ?ue 
gas that provides the thermal energy to enable drying. The 
combustion ?ue gas is su?iciently hot to remove moisture 
from biomass 31 and to heat the biomass, e.g., often between 
1,6000 P. and 1,7000 P. Dryer 3 reduces the moisture content 
of the biomass to a relatively loW level, e.g., at or beloW 10% 
by Weight. Moisture from the biomass that is vaporiZed in 
dryer 3 is transported, along With the combustion ?ue gas and 
the partially dried biomass 31, to a cyclone separator 5, Which 
separates the moisture and combustion ?ue gases from bio 
mass 31. Cyclone separation is a technique that is knoWn in 
the art for separating mixtures of solids and ?uids using 
vortex separation. An example of a cyclone separator is dis 
closed at US. Pat. No. 7,159,723, “Cyclone Separator,” by T. 
Hilpert et al., although various types of cyclone separators 
may be employed. The cyclone separator 5 sends the partially 
dried biomass 31 to a metering bin 9 via a conveyor 8 and 
sends the combustion ?ue gas and the extracted moisture to an 
induction draft (ID) fan 6 (also knoWn as an induced, or 
induction, air fan). ID fans 6, Which are used in many indus 
trial applications, establish su?icient negative pressure to 
create a suction effect. ID fan 6 sucks the combustion ?ue gas 
and moisture for expulsion, via an exhaust stack 7. Other 
types of fans or similar conventional equipment may be used 
for this purpose as Well. 
[0015] Partially dried biomass 31 from the metering bin is 
fed to a feeder 10, often a multi-screW feeder. ScreW feeders 
are used in various industries to meter material to other pro 
cessing units, and an example of a screW feeder is disclosed at 
US. Pat. No. 5,183,148, “ScreW Feeder,” by F. Kondo. Feeder 
10 is coupled to an airlock 11 disposed at the top of a torre 
faction reactor 12. Thus, partially dried biomass 31 is trans 
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ported from metering bin 9 through feeder 10 and airlock 11 
and deposited in torrefaction reactor 12. 
[0016] Torrefaction reactor 12 may be a vertical, multi 
hearth dehumidi?er-type, enclosed and sealed vessel that 
alloWs for the processing of biomass in an oxygen-free (or 
substantially oxygen-free) environment. Adequate results 
have been achieved With a torrefaction reactor 12 such as the 
turbodryer that is commercially available from Wyssmont, 
Inc., of 1470 Bergen Blvd., Fort Lee, N]. 07024. For 
example, torrefaction reactor 12 may be a vertical multi-tray 
drying and roasting (torrefying) apparatus. Biomass 31 exits 
airlock 11 and falls upon an uppermost tray. All the trays in 
torrefaction reactor 12 are attached to a rotating central shaft 
poWered and controlled by a motor and gearbox as is knoWn 
in the art. As the uppermost tray rotates, one or more station 
ary arms level the biomass. After a period of time, as the tray 
continues to rotate, one or more scraper arms slide the biom 
ass off the tray through one or more slots, alloWing the bio 
mass to fall onto the tray directly beloW. In like fashion, the 
biomass transitions from one tray level to another until it has 
been transported doWn to the loWermost tray. Thus, the bio 
mass is conveyed doWnWard through the torrefaction reactor 
12 by gravity. It Will be understood that other mechanisms for 
mechanical conveyance of a material, as knoWn to one of 
ordinary skill in the art, are also suitable. For example, screW 
type apparatuses may be employed. 
[0017] Torrefaction reactor 12 ?rst subjects the partially 
dried biomass 31 to ?nal drying in an upper chamber 1211 
using superheated steam. The steam is supplied by the mois 
ture from the biomass itself. Throughout drying (and torre 
faction, as described beloW), the biomass advantageously 
never comes into contact With any contaminants of combus 
tion or other detrimental gases, liquids, or solids. The super 
heated steam picks up moisture from the biomass, exits tor 
refaction reactor 12 at port 13, and ?oWs into ductWork 14 via 
suction from ID fan 15. 

[0018] Torrefaction reactor 12 also vents torrefaction gases 
released as a result of torrefaction occurring in loWer chamber 
12b. A segregation barrier 19 separates upper chamber 1211 
from loWer chamber 12b, but does not form a perfect seal. 
Therefore, after ?nal drying, the fully dried biomass 31 is 
conveyed from upper chamber 12a to loWer chamber 12b. 
Segregation barrier 19 enables different temperature pro?les 
to be maintained in chambers 12a and 12b, since less energy 
is required to sustain torrefaction in the loWer chamber 12b, 
than ?nal drying in the upper chamber 12a. Thus the segre 
gation barrier in torrefaction system 100 maintains separate 
temperature pro?les unlike prior art systems, and therefore 
alloWs more e?icient use of resources than Was previously 
available. 

[0019] In loWer chamber 12b, the temperature is main 
tained betWeen 250° C.-300o C. (4820 E-572o E). Torrefac 
tion reactor 12 has internal fans (not shoWn) that continuously 
circulate superheated steam and torrefaction gases inside 
both upper chamber 12a and loWer chamber 12b. Although 
upper chamber 12a and loWer chamber 12b are both main 
tained at roughly atmospheric pressure, loWer chamber 12b is 
maintained at a pressure slightly loWer than that of upper 
chamber 1211, so that any gaseous vapors Which cross segre 
gation barrier 19 ?oW from upper chamber 12a to loWer 
chamber 12b, i.e., simultaneously With biomass 31. In this 
Way, no torrefaction gases are present in the superheated 
steam exiting upper chamber 1211, via exit port 13, thereby 
promoting energy e?iciency. Additionally, because relatively 
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cool gaseous vapors from lower chamber 12b do not ?oW into 
upper chamber 1211, Which is maintained at a higher tempera 
ture, additional energy expenditure is not required to maintain 
the temperature of upper chamber 12a. 
[0020] Driedbiomass 31, Which is at a temperature of about 
274° C. (525° F.) upon entry into loWer chamber 12b, is 
heated further to a torrefaction temperature of betWeen 277° 
C.-288° C. (530° F.-550° F.) and held at that torrefaction 
temperature for the duration of the torrefaction reaction 
Which then occurs. The torrefaction reaction that occurs as a 

result of exposure of the biomass to a high-temperature, near 
atmospheric pressure, in a relatively anaerobic environment, 
chemically changes the structure of the biomass, causing it to 
lose mechanical strength and elasticity and to become hydro 
phobic. The torrefaction reaction also releases torrefaction 
gases, Which exit torrefaction reactor 12 via ductWork 27. 

[0021] ID fan 15 circulates the mixture of steam and torre 
faction gases (“torrefaction gas mixture”) via ductWork 21 to 
the input of a gas-to-gas heat exchanger 16. The gas-to-gas 
heat exchanger 16 heats the moisture laden superheated 
steam to approximately 482° C. (900° F.). The heat exchanger 
16 also provides combustion ?ue gases to dryer 3 via duct 
Work 4. Upon exiting the gas-to-gas heat exchanger 16 into 
ductWork 17, the superheated steam is fed back to torrefaction 
reactor 12 via entry ports 18-1, 18-2, . . . , 18-n (generally 

entry ports 18) and is controlled by dampers so as to supply 
upper chamber 1211 at about 482° C. (900° F.) While main 
taining loWer chamber 12b betWeen 250° C.-300° C. (482° 
C.-572° F.). In this Way, ?oW rates are controlled, the energy 
required for vaporiZation of the biomass moisture is supplied, 
and equilibrium is established and maintained. The overall 
amount of energy required for ?nal drying is a function of the 
volume and temperature of the superheated steam, the vol 
ume of biomass entering torrefaction reactor 12, and the 
moisture content of the biomass. Thus, the superheated steam 
is recycled via recirculation and re-heating. 
[0022] Combustion unit 23 provides the thermal energy 
required to support both drying (at dryer 3 and at torrefaction 
reactor 12) and torrefaction. Combustion unit 23 may be a 
Challenger® thermal combustion system commercially 
available from Advanced Recycling Equipment, Inc. of 850 
Washington Road, St. Marys, Pa. 15857. Combustion unit 23 
is a biomass combustor containing an upper chamber 23a and 
a loWer chamber 23b. The use of tWo different chambers 
alloWs different materials to be combusted in different ther 
mal environments. Combustion unit 23 may have an inlet for 
air (not shoWn) to support combustion as is knoWn in the art. 
Several materials are combusted to provide a hot ?ue gas that 
exits combustion unit 23 and feeds into gas-to-gas heat 
exchanger 16. In loWer chamber 23b, raW biomass 31 is 
burned to supply a portion of the energy required to support 
drying and torrefaction. During startup, the burning of biom 
ass 31 in loWer chamber 23b also provides heat for initial 
operation. 
[0023] Still referring to FIG. 1, a portion of the torrefaction 
gas mixture is routed aWay from ductWork 21, via ductWork 
22, to be fed into combustion unit 23 at entry point 24. The 
torrefaction gas mixture is injected and burned as a gaseous 
fuel at a gas burner 24a disposed at entry point 24 disposed at 
upper chamber 23a. At startup, a supplemental fuel 30 may be 
injected into upper chamber 23a via gas burner 24a to supple 
ment thermal energy production. The torrefaction gas mix 
ture is kept in upper chamber 2311, Which is held at about 871° 
C. (1 600° F.), for suf?cient time to alloW for the thermal 
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oxidation of all volatile organic compounds, particulates, and 
other hydrocarbons produced by the rapid burning of raW 
biomass that occurs in loWer chamber 23b. Upper chamber 
23a is dimensioned to achieve such oxidation. In this Way, the 
hot ?ue gas exiting upper chamber 23a is relatively clean, 
comprising principally hot Water vapor and carbon dioxide. 
During steady state operation, i.e., after initial startup, and 
after operation has stabiliZed, the burning of the torrefaction 
gas mixture supplies the vast majority of the energy required 
for drying and torrefaction. Because the majority of the mois 
ture contained in the raW biomass has been previously 
removed in dryer 3, the quality of the torrefaction gas mixture 
is much higher than it Would otherWise be. In other Words, the 
combination of initial drying at dryer 3 and recycling of the 
torrefaction gases produced during torrefaction results in a 
higher quality hot ?ue gas for sustenance of drying and tor 
refaction than is found in conventional systems. 

[0024] Upon torrefaction, the biomass exits loWer chamber 
12b of torrefaction reactor 12 at the bottom through an airlock 
system 28. The torre?ed biomass at this point is very hot and 
is processed through an in-line cooler 29 prior to densi?cation 
according to knoWn techniques (not shoWn). A conventional 
heat exchanger, as knoWn to one of ordinary skill in the art, 
may be used as heat exchanger 16. 

[0025] FIG. 2 depicts the utiliZation of resources required 
to maintain drying and torrefaction in accordance With an 
embodiment of the present invention, by relating the relative 
amounts of biomass 210, supplemental fuel 220, and torre 
faction gas mixture 230 that are combusted in combustion 
unit 23. At startup, combustion unit 23 is brought up to full 
operating temperature, i.e., about 871° C. (1 600° F.) in upper 
chamber 23a, using a maximum amount of biomass 22011 in 
loWer chamber 23a. The thermal energy from the biomass 
burning in loWer chamber 23b may be insu?icient to provide 
the total amount of energy required for startup. Therefore, 
supplemental fuel 220 may be injected into upper chamber 
23b, via gas burner 24a, at point 24 or another burner and fed 
at a rate 220 to provide suf?cient thermal energy to achieve 
successful startup. The supplemental fuel may be natural gas 
or another fuel. After torrefaction reactor 12 is heated to the 
appropriate torrefaction temperature, biomass 31 is fed to 
input bin 1. As biomass 31 is dried and the torrefaction reac 
tion begins in torrefaction reactor 12, Where torrefaction 
gases are generated. These gases are circulated and mixed 
With superheated steam and provided to upper chamber 23a 
of combustion unit 23. As the amount of torrefaction gas 
mixture 230 provided for combustion increases, the amount 
of supplemental fuel 220 decreases proportionally. 
[0026] The amount of supplemental fuel 220 required is 
minimiZed after a period of time, indicated by the intersection 
of dashed line 240 and point 220b in FIG. 2. The amount of 
torrefaction gas mixture available continues to increase, and 
as this occurs, the amount of biomass 210 being used as fuel 
in loWer chamber 23b decreases. At a point in time, indicated 
by dashed line 250 in FIG. 2, the amount of torrefaction gas 
provided for combustion levels off, the amount of biomass 
210 being used as fuel is minimized, and the total energy 
supplied by combustion unit 23 is at equilibrium With the 
thermal energy demanded by the drying and torrefaction 
operations. In other Words, at steady state, the sum of the 
quantities depicted in FIG. 2 corresponds to the amount of 
thermal energy needed to sustain drying and torrefaction. 
Thus, a signi?cant advantage of the design of the presently 
disclosed torrefaction system 100 is the capability to mini 
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miZe the external fuel, supplemental natural gas and biomass, 
needed for operation. A further advantage is that the combus 
tion in very hot upper chamber 23a fully destroys all organic 
compounds that are generated during torrefaction and that are 
present in the torrefaction gas mixture. Yet another advantage 
is that torrefaction system 100 is autothermic, meaning that 
suf?cient volumes of torrefaction gas are produced, having 
suf?cient energy content, to support drying and torrefaction 
Without the need for any appreciable amount of external fuel 
other than at startup. The combination of torrefaction reactor 
12 With combustion unit 23 provides special functionality due 
to the ef?cient re-use of torrefaction gases. 

[0027] FIG. 3 is a perspective vieW of a torrefaction reactor 
in accordance With an embodiment, e.g., as in FIG. 1. The 
functionality of a torrefaction reactor regarding ?nal drying, 
torrefaction, and input and output of gases and biomass Was 
discussed above. FIG. 3 shoWs an example implementation 
for conveying biomass doWnWard through upper chamber 
12a and then loWer chamber 12b. In FIG. 3, like numbers are 
attached to components previously presented in the context of 
FIG. 1, and such components do not require further descrip 
tion. Torrefaction reactor 12 as shoWn in FIG. 3 comprises a 
central rotating shaft 310 to Which are attached multiple hori 
Zontally oriented trays 320-1, 320-2, . . . , 320-n (collectively 

trays 320) in a stacked con?guration. Partially dried biomass 
305 enters upper chamber 12a of torrefaction reactor 12 via 
an airlock 11, as described above. The biomass 305 falls on an 
uppermost tray 320-1. As the uppermost tray 320-1 rotates, a 
stationary arm 330 levels the biomass. Although one station 
ary arm is depicted in FIG. 3, multiple stationary arms may be 
used for leveling. As the uppermost tray 320-1 continues to 
rotate, a scraper arm 340 contacts the biomass 305 and causes 
it to slide through a slot 350 to fall to the tray 320-2 directly 
beloW. Multiple scraper arms and/or slots may be employed 
for this purpose. The doWnWard conveyance of the biomass 
continues via successive trays 320 until the biomass has been 
transported doWn to the loWermost tray 320-n, at Which point 
the biomass has been torre?ed. An airlock system 28 as is 
knoWn in the art provides for exit of the torre?ed biomass 
from the torrefaction reactor 12. 

[0028] FIG. 4 is a How diagram for a preferred method 
embodiment that is a method of preparing a torre?ed biomass 
fuel. After process 400 begins, moisture is extracted (410) 
from relatively Wet biomass fuel. In other Words, the rela 
tively Wet biomass fuel is dried to a relative extent, e.g., 
leaving about 10% residual moisture in an embodiment. 
Steam at a temperature of about 482° C. (900° F.) is then used 
to extract all remaining moisture (420) from the relatively dry 
biomass fuel. In other Words, steam is used for a ?nal drying 
stage. The resulting dried biomass fuel is conveyed doWn 
Ward using gravity (430) and torre?ed (440) to produce tor 
re?edbiomass fuel and torrefaction gases. A mixture of steam 
and torrefaction gases is vented (450) to a heat exchanger. The 
gaseous mixture is heated (460) With ?ue gas, and the result 
ing heated gaseous mixture is used (470) to support drying 
and torrefaction. 

[0029] Referring to FIG. 5, another embodiment of the 
invention provides a torrefaction system 500 that does not use 
a separate dryer upstream of a torrefaction reactor, and tWo 
heat exchangers are used instead of one, to separately heat the 
upper and loWer chambers of the torrefaction reactor. Torre 
faction system 500 is otherWise similar to torrefaction system 
100. More particularly, torrefaction system 500 introduces 
pre-siZed biomass into a metering bin 527 atop an airlock 505 
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that feeds into the top of a torrefaction reactor 501. Torrefac 
tion reactor 501 may be a multi-tray vertical turbodryer, e. g., 
as commercially available from Wyssmont, Inc. of Fort Lee, 
N.J. Torrefaction reactor 501 has an upper chamber 50111 that 
may be referred to as a drying section and a loWer chamber 
501!) that may be referred to as a torrefying section. The 
biomass enters upper chamber 50111 of torrefaction reactor 
501 on an uppermost tray operating in a superheated steam 
environment in the absence or near-absence of oxygen. The 
superheated steam heats the biomass and vaporiZes the mois 
ture therein. Torrefaction reactor 501 has internal fans (not 
shoWn) that continuously circulate the superheated steam 
inside the drying section. The supply of super heated steam is 
continuously replenished. 
[0030] The superheated steam exits torrefaction reactor 
501 at exit point 525. Upon exit from torrefaction reactor 501, 
the steam, noW heavily laden With moisture, ?oWs into duct 
Work 535 and is draWn by suction produced by an induced 
draft (ID) fan 502. Induced draft fan 502 propels the steam 
and moisture through additional ductWork containing a 
damper control valve 528 that causes some of the moisture 
laden steam to exit into the atmosphere, via an exhaust stack 
503, While alloWing a portion of the remaining moisture laden 
steam to pass into additional ductWork 522 that transports the 
steam into the input of a gas-to-gas heat exchanger 510. 
Gas-to-gas heat exchanger 510 heats the moisture laden super 
heated steam to approximately 432° C. (810° F.). Upon exit 
ing from gas-to-gas heat exchanger 510, via ductWork 529, 
the superheated steam is transferred back into dryer section 
50111 at multiple entry points collectively shoWn as 506 in 
FIG. 5. Heated gas ?oWs through each of multiple entry 
points 506 and is controlled by a multiple damper system. In 
this way How rates are controlled and the energy required for 
vaporization of the biomass moisture is supplied and equilib 
rium is established and maintained. The overall amount of 
energy required for rapid drying is a function of the volume 
and temperature of the super heated steam recycle gas stream, 
the volume of biomass entering the drying section, and its 
moisture content. 

[0031] The entire drying process can generally be 
described as the heating of the biomass using superheated 
steam With the steam supplied by the moisture from the bio 
mass itself in an oxygen free environment. Advantageously, 
the biomass never comes into contact With any contaminants 
of combustion or other detrimental gases, liquids, or solids. 
As the biomass is being dried, it is transferred doWnWard from 
one tray to the next through the drying section of torrefaction 
reactor 501. Positioned at the bottom of the drying section is 
a segregation barrier 520 . As in the preferred embodiment, the 
segregation barrier 520 is not a perfect seal and therefore 
alloWs the transfer of the noW dried biomass into torrefaction 
section 50119 of torrefaction reactor 501. Even though both 
sections of torrefaction reactor 501 operate at approximately 
atmospheric pressure, torrefaction section 50119 is maintained 
at a pressure just slightly beloW that of drying section 50111 so 
that any gaseous vapors Which traverse the segregationbarrier 
go from upper drying section 50111 into torrefaction section 
50119. In this Way, no torrefaction gases are present in the 
superheated steam exiting drying section 50111 via exit port 
525 nor escape into the atmosphere via steam discharge stack 
503. 

[0032] The dried biomass enters the top of the torrefaction 
section 50119 at approximately 260° C. (500° F.). The torre 
faction section 501b raises the temperature of the dried bio 
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mass to the torrefaction temperature of betWeen 277° C.-288° 
C. (530° F.-550° F.) and holds it at that temperature for the 
duration of the then occurring torrefaction reactions. The 
torrefaction reactions result in the release of torrefaction 
gases Which mix With the super heated steam and exit the 
torrefaction section 50119 of torrefaction reactor 501 at exit 
port 524. The superheated steam and torrefaction gas mixture 
move into ductWork 534, Which is in?uenced by the suction of 
ID fan 504. ID fan 504 discharges into ductWork 523, through 
Which the superheated steam and torrefaction gas mixture is 
transferred to the inlet of a gas-to-gas heat exchanger 509. 
Prior to entering the gas-to-gas heat exchanger 509, a portion 
of the superheated steam and torrefaction gas mixture is 
diverted from ductWork 523 and directed to biomass combus 
tion unit 515 at exit point 531. The gas mixture is rich in 
torrefaction gas and is used to supply gaseous fuel to the 
combustion unit, reducing the need for a signi?cant portion of 
the energy to be supplied by the biomass fuel or by any other 
supplemental fuel. The torrefaction gas mixture enters the 
upper chamber of the biomass combustion unit 51511 With the 
use of an appropriate gas burner unit (not shoWn) at entry 
point 517. 
[0033] The remainder of the superheated steam and torre 
faction gas mixture is recycled back to the torrefaction section 
50119 of the torrefaction reactor 501 via heat exchanger 509, 
Where the mixture is re-heated to betWeen 288° C.-343° C. 
(550° F.-650° F.). Upon exiting gas-to-gas heat exchanger 
509 via ductWork 530, the reheated super heated steam and 
torrefaction gas mixture is routed back to and enters torrefac 
tion section 5011) via multiple entry points collectively shoWn 
as 507, each entry point being controlled by a separate 
damper system, thus supplying the energy required to main 
tain the torrefaction reaction. In this Way, the ?oW of the gas 
mixture is controlled, and the torrefaction energy requirement 
is balanced With the energy demand, thus establishing and 
maintaining equilibrium. 
[0034] A combustion unit 515 is the source of the thermal 
energy required to support both drying and torrefaction. The 
combustion unit 515 may be a Challenger® thermal combus 
tion system commercially available from Advanced Recy 
cling Equipment, Inc. of 850 Washington Road, St. Marys, 
Pa. 15857, With functionality similar to combustion unit 23. 
RaW biomass is burned in a loWer chamber 515!) to supply 
some of the energy to support drying and torrefaction. One 
purpose of an upper chamber 51511, which is held at about 
927° C. (1700° F.), is to provide su?icient residence time to 
alloW for complete thermal oxidation of all organic particu 
lates and hydrocarbons Which result from the rapidburning of 
raW biomass as is occurring in loWer chamber 51519. In this 
Way, the ?ue gas exiting upper chamber 51511 is extremely 
clean, containing mainly very hot Water vapor and carbon 
dioxide. A second use of upper chamber 51511 is that a gas 
burner (not shoWn) may be placed near the head located at 
entry point 517, Where the torrefaction gas is injected and 
burned. The burning of torrefaction gas upon steady state 
operation supplies the vast majority of the total energy 
required to sustain the drying and torrefaction operations. 
Since the majority of the moisture contained in the raW bio 
mass feedstock has been previously removed in the drying 
section 50111 of torrefaction reactor 501, the quality of the 
torrefaction gas is much higher than it Would otherWise be. 

[0035] Upon startup, combustion unit 515 is brought up to 
full operation using a maximum amount of biomass in loWer 
chamber 51519. The thermal heat energy from the biomass 
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burning in the loWer chamber is insu?icient to provide the 
total amount of energy required for startup. Therefore, natural 
gas or some other supplemental fuel is injected into upper 
chamber 515a via the torrefaction gas burner or another 
burner and fed at a rate to provide su?icient thermal energy to 
achieve successful startup of the system. After torrefaction 
reactor 501 is heated to the appropriate drying and torrefac 
tion temperatures, the biomass is provided as input via upper 
airlock 505. As the biomass is dried and torrefaction reactions 
begin in the torrefaction section, torrefaction gas is generated. 
The torrefaction gas is circulated as described earlier, and 
begins to be fed into upper chamber 51511 of combustion unit 
515 at entry point 517. As the amount of torrefaction gas 
increases, the amount of supplemental fuel (natural gas or 
equivalent) is decreased proportionally. At some point, 
supplemental fuel 518 is shutoff. The availability of torrefac 
tion gas continues to increase and as this occurs, the amount 
of biomass 516 being used as fuel in the loWer chamber is 
decreased. At a certain, predetermined point, the amount of 
torrefaction gas levels off, the biomass being used as fuel is 
trimmed to a minimum, and the total energy being supplied 
by the combustion unit is in equilibrium With the thermal 
energy demand of the drying and torrefaction operations. 
Again, a signi?cant advantage of this system design is its 
ability to minimize the external fuel (supplemental natural 
gas and biomass) needed for operation. A ?nal advantage of 
the very hot upper chamber 51511 is that it substantially 
destroys all the organic compounds Which are generated dur 
ing torrefaction and are present in the torrefaction gas. 

[0036] The hot ?ue gas exiting from upper chamber 5150 is 
routed through ductWork into heat exchangers 509 and 510 in 
parallel. In addition, a ?ue gas bypass subsystem including 
ductWork and damper system 533 is included. Flue gas ?oWs 
through each gas-to-gas heat exchanger and is controlled 
using dampers strategically located in the ductWork system. 
The ?ue gas, upon exiting from the gas-to-gas heat exchang 
ers, is recombined and enters a combustion air pre-heater 511 
that receives combustion air 521. Pre-heating combustion air 
521 signi?cantly increases the overall ef?ciency of the com 
bustion system. Upon exiting the combustion air pre-heater, 
the ?ue gas is processed through ID fan 512 and exhausted to 
pollution control equipment 513, as knoWn conventionally in 
the art, and released into the atmosphere by Way of exhaust 
stack 514. 

[0037] The torre?ed biomass exits the torrefaction section 
50119 of torrefaction reactor 501 at the bottom, through air 
lock system 519. The torre?ed biomass at this point is very 
hot and is processed through an in-line cooler 526 prior to 
densi?cation (not shoWn). 
[0038] The embodiments and examples set forth herein are 
presented to best explain the present disclosure and its prac 
tical application and to thereby enable those skilled in the art 
to make and utiliZe the present disclosure. HoWever, those 
skilled in the art Will recogniZe that the foregoing description 
and examples have been presented for the purpose of illustra 
tion and example only. Thus, While preferred embodiments of 
the present disclosure have been described, it is to be under 
stood that the embodiments described are illustrative only and 
that the scope of the invention is to be de?ned solely by the 
appended claims When accorded a full range of equivalence, 
many variations and modi?cations naturally occurring to 
those of skill in the art from a perusal hereof. 
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What is claimed is: 
1. A method for preparing a torre?ed biomass fuel, the 

method comprising: 
extracting moisture from a relatively Wet biomass fuel in a 

dryer to produce a relatively dry biomass fuel; 
extracting all remaining moisture from the relatively dry 

biomass fuel using steam at a temperature of about 482° 
C. (900° F.) to produce a dried biomass fuel; 

conveying the dried biomass fuel doWnWard using gravity 
for subsequent processing; 

torrefying the dried biomass fuel to produce the torre?ed 
biomass fuel and torrefaction gases; 

venting a gaseous mixture of the steam and the torrefaction 
gases to a heat exchanger; 

heating the gaseous mixture via heat exchange With a ?ue 
gas; and 

using the heated gaseous mixture to support the extraction 
of the remaining moisture from the relatively dry biom 
ass and the torrefaction of the dried biomass fuel. 

2. The method of claim 1, additionally including combus 
ting a portion of the gaseous mixture to produce the ?ue gas. 

3. The method of claim 2, additionally including providing 
the ?ue gas, cooled by transfer of heat to the gaseous mixture, 
to the dryer for moisture extraction. 

4. The method of claim 2, further including combusting a 
portion of the relatively Wet biomass fuel in a loWer chamber 
of a combustion unit to support combustion of the gaseous 
mixture in an upper chamber of the combustion unit. 

5. The method of claim 4, further including maintaining the 
combusted biomass in an upper chamber of the combustion 
unit for suf?cient time to eliminate all organic compounds, 
particulates, and other hydrocarbons resulting from the com 
bustion of the biomass. 

6. The method of claim 4, further including combusting a 
gaseous supplemental fuel in the upper chamber to provide 
additional thermal energy for combustion of the gaseous mix 
ture. 

7. The method of claim 1, further including controlling 
?oW of the heated gaseous mixture into an upper chamber of 
a torrefaction reactor and into a second chamber of a torre 
faction reactor to maintain the upper chamber at about 482° 
C. (900° F.) and the loWer chamber betWeen about 250° 
C.-300° C. (482° F.-572° F.). 

8. The method of claim 4, further including maintaining the 
loWer chamber of the torrefaction reactor at a loWer pressure 
than the upper chamber. 

9. The method of claim 1, Wherein extracting moisture 
from the relatively Wet biomass fuel includes extracting about 
80% of the moisture. 
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10. A torrefaction system comprising: 
a dryer con?gured to dry a relatively Wet biomass fuel and 

provide a relatively dry biomass fuel; 
a torrefaction reactor comprising: 

an upper chamber con?gured to remove all moisture 
from the relatively dry biomass fuel in an environment 
containing steam at a temperature of about 482° C. 
(900° F.), and 

a loWer chamber con?gured to torrefy dried biomass 
produced by the upper chamber at a temperature 
betWeen about 250° C.-300° C. (482° F.-572° F.); 

a combustion unit con?gured to combust a portion of a 
gaseous mixture of steam and torrefaction gases vented 
by the torrefaction reactor to produce a ?ue gas; and 

a heat exchanger con?gured to exchange heat from the ?ue 
gas to the gaseous mixture to provide a heated gaseous 
mixture for provision to the torrefaction reactor. 

11. The torrefaction system of claim 10, Wherein the tor 
refaction reactor further includes a segregation barrier con 
?gured to maintain different thermal pro?les in the upper 
chamber and the loWer chamber. 

12. The torrefaction system of claim 11, Wherein the seg 
regation barrier is further con?gured to enable co-current 
?oW of gases from the upper chamber of the torrefaction 
reactor to the loWer chamber. 

13. The torrefaction system of claim 13, Wherein the tor 
refaction reactor further comprises entry ports coupled to a 
damper system, the damper system con?gured to supply and 
maintain a gas mixture temperature into the upper chamber to 
remain at about 482° C. (900° F.) and the temperature in the 
loWer chamber to betWeen about 250° C.-300° C. (482° 
F.-572° F.). 

14. The torrefaction system of claim 10, Wherein the com 
bustion unit comprises: 

an upper chamber con?gured to combust the gaseous mix 
ture and a supplemental fuel to produce the ?ue gas; and 

a loWer chamber con?gured to combust a portion of the 
relatively Wet biomass fuel to support production of the 
?ue gas in the upper chamber. 

15. The torrefaction system of claim 14, Wherein the tem 
perature in the upper chamber is about 871° C. (1600° F.). 

16. The torrefaction system of claim 10, Wherein the dryer 
is a triple pass rotary drum dryer. 

17. The torrefaction system of claim 16, Wherein the dryer 
is con?gured to remove about 80% of the moisture from the 
relatively Wet biomass fuel. 

* * * * * 


