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COUNTERCURRENT OXYGEN ENHANCED TORREFACTION

Technical field

The present invention relates to the field of torrefaction of biomass. In
particular it relates to a torrefaction process which increases the energy yield
in the torrefaction process, increases the energy density of the torrefied
material and reduces the energy needed for grinding the torrefied material
into a fine powder.

Background
To be able to compete with and replace fossil fuel energy carriers such as

coal, oil and natural gas, lignocellulosic biomass would benefit from some
form of pre-treatment method to overcome inherent drawbacks. The pre-
treatment method torrefaction has been shown to improve biomass fuel
qualities such as heating value, energy density, water content, milling
characteristics, feeding and hydrophobic properties [1-4]. These
improvements establish torrefaction as a key process in facilitating an
expanding market for biomass raw materials. Torrefaction is a thermal pre-
treatment method that normally takes place in a substantially inert (oxygen
free) atmosphere at a temperature of about 220-600°C. During the process
course a combustible gas comprising different organic compounds is released
from the biomass feedstock in addition to the torrefied biomass.

The process of producing a torrefied material from lignocellulosic biomass
can be said to include four stages:

1) a drying step, wherein free water retained in the biomass is removed,;
2) a heating step in which physically bound water is released and the
temperature of the material is elevated to the desired torrefaction
temperature;

3) a torrefaction stage, in which the material is actually torrefied and which
starts when the material temperature reaches about 220°C -230°C. During

this stage, the biomass partly decomposes and releases different types of
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volatiles, such as hydroxy acetone, methanol, propanal, short carboxylic acids
and other hydro carbons. In particular, the torrefaction stage is characterized
by decomposition of hemicellulose at temperatures from 220°C -230°C, and
at higher torrefaction temperatures cellulose and lignin also starts to
decompose and release volatiles; cellulose decomposes at a temperature of
305-375°C and lignin gradually decomposes over a temperature range of
250-500°C;

4) a cooling step to terminate the process and facilitate handling. The
torrefaction process is terminated as soon as the material is cooled below
220°C -230°C

Summary of the present disclosure

Compared to fossil fuels such as coal, oil and natural gas, fuels based on
renewable biomass have been described to suffer from lower heating value,
lower energy density and therefore higher transportation costs. Torrefaction of
biomass in combination with densification, such as pelletisation or briquetting
has been described as a promising step to increase the energy density and to
reduce the costs of transport and storage of the biomass since torrefied
pellets and briquettes may be more dense, have lower moisture content,
higher heating value and higher stability during storage compared to the
biomass they are made of. Since a large proportion of the existing power
plants for production of thermal energy and electricity are designed for fossil
fuels, such as fossil coal, it would be advantages if torrefied biomass could be
used as a fuel in these preexisting plants. One such type of power plants is
pulverized coal power plants which are designed to burn pulverized coal. It
would be advantageous if the torrefied biomass could be processed to a fine
powder using the same equipment without adaptations in such existing
pulverized coal-fired plants. Another advantage with powder from torrefied
material is that it may be used in existing coal powder gasification processes
for production of synthesis gas. However milling of the torrefied biomass is an
energy demanding process and thus it is important to keep the energy
needed for milling of the torrefied material in to a powder as low as possible.

The present inventors have thus realized that there is a need for a torrefaction
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process which decreases the energy needed for grinding of a torrefied

biomass in to a fine powder.

In many cases pressurized boiler systems (or gasification systems) are
preferred since the size of these boilers (or gasification systems) can be kept
smaller than non pressurized systems. Feeding in such systems is usually
more efficient and cheaper if a pumpable slurry is used instead of a powder
that needs expensive compression work to feed the fuel into the high
pressure. Therefore many of these systems are designed for using pumbable
fules such as liquids and slurries. To be able to use torrefied biomass as a
fuel in such boilers and gasification systems the torrefied biomass can be
grinded to a powder and mixed with a liquid to produce a pumpable slurry or

an extrudable paste.

If the heating value of the torrefied material is high, it would be possible to at
least partly use water to dilute the pulverized torrefied material. This would be
advantages since no (or less) transport and handling of other liquid fuels
would be necessary. However, if the heating value of the torrefied material is
low, addition of water can be unfeasible since the low energy value of the
produced slurry can prevent efficient burning of the slurry in the boiler.
Therefore, it is highly desirable to have a high heating value of the torrefied
biomass. Besides from facilitating the use of a water based slurry as fuel in a
pressurized system, a material with high heating value followed by
densification with increased energy density also decreases transportation and
storage costs. The present inventors have therefore realized that there is a
need for an improved torrefaction processes which increases the heating

value of torrefied biomass.

Torrefaction of raw biomass includes steps of drying the biomass to reduce
the moisture content, heating the biomass to the torrefaction temperature and
torrefying the biomass at the desired torrefaction temperature. All these steps
demand energy in the form of heating. The present inventors have realized
that the size of the torrefaction reactor can be kept smaller and thus cheaper
if the heating and torrefaction process is fast. To keep the costs down it is
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also important to utilize the energy as efficient as possible. Therefore, the
present inventors have realized that there is a demand for an improved and
more energy efficient torrefaction process which also decreases the heating
and torrefaction time.

The present invention surprisingly solves the problems stated above by
providing a torrefaction process which compared to known torrefaction
processes.
1) Increases the heating value at a fixed energy yield
2) Increases the energy yield in the torrefaction process at a fixed heating
value
3) Decreases the energy needed for grinding of a torrefied biomass in to
a fine powder at a fixed energy yield
4) Increases the energy yield, mass yield and heating value and
decreases the energy needed for grinding to a fine powder at a fixed
torrefaction degree.
5) Is more energy efficient and decreases the heating and torrefaction
time

A first aspect of the invention relates to a method of torrefaction of an
optionally predried biomass in a torrefaction reactor such that torrefied
biomass and torrefaction gases are obtained, and wherein an oxygen-
containing gas is supplied to the torrefaction reactor at a first position in the
reactor such that oxygen reacts with components of the torrefaction gases
under the formation of heat and wherein torrefaction gases are withdrawn
from the torrefaction reactor at a second position of the torrefaction reactor
and wherein the first position is located downstream of the second position in
relation to a biomass transport direction in the torrefaction reactor such that
the torrefaction gases moves through the torrefaction reactor countercurrent
with the biomass transport and wherein the optionally predried biomass has a
temperature of between between 30 °C and 225 °C, preferably between 50 °
C and 200 ° C, preferably between 60 ° C and 180 ° C when entering the

torrefaction rector.
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A second aspect of the invention relates to a method for producing a
pulverized torrefied biomass comprising the following steps:

a) torrefaction of an optionally predried biomass in a torrefaction reactor such
that torrefied biomass and torrefaction gases are obtained, and wherein an
oxygen-containing gas is supplied to the torrefaction reactor at a first position
in the reactor such that oxygen reacts with components of the torrefaction
gases under the formation of heat and wherein torrefaction gases are
withdrawn from the torrefaction reactor at a second position of the torrefaction
reactor and wherein the first position is located downstream of the second
position in relation to a biomass transport direction in the torrefaction reactor
such that the torrefaction gases moves through the torrefaction reactor

countercurrent with the biomass transport

b) milling the obtained torrefied biomass such that a pulverized torrefied
biomass is obtained, wherein the pulverized torrefied biomass preferably
comprises particles having an average diameter of less than 1000 microns,
preferably less than 500 microns, preferably less than 200 microns, preferably

less than 100 microns.

A third aspect of the invention relates to use of a pulverized torrefied biomass
or a slurry or an extrudable paste produced according to the methods of the
invention for production of heat and/or electricity in a combustion process or
for production of syntetic gas in a gasification process.

A forth aspect of the invention relates to a system for torrefaction of a
biomass, comprising a torrefaction reactor for torrefying the biomass having a
biomass inlet and a biomass outlet wherein biomass can be transported in a
biomass transport direction from the biomass inlet to the biomass outlet
during a torrefaction process, wherein the torrefaction reactor further
comprises at least one gas inlet for injection of an oxygen containing gas to
the reactor and wherein the gas inlet is connected to oxygen supply means
for a controlled supply of an oxygen-containing gas to the torrefaction reactor

and wherein the torrefaction reactor further comprises an outlet for
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torrefaction gases and wherein the outlet for torrefaction gases is located

upstream of the gas inlet in relation to a biomass transport direction within the
reactor and wherein the system further is comprising a source of the oxygen-

containing gas, which source is connected to the oxygen supply means.

Brief description of the figures

Figure 1 shows a torrefaction arrangement suitable for producing torrefied
material according to the method of the present invention.

Figure 2a shows the torrefaction of a wood mixture at 338°C biomass surface
temperature with countercurrent gas flow during injection of airand 7.5
minutes residence time. Curve (1) shows the biomass surface exit
temperature, curve (2) shows the corresponding lambda value, curve (3-7)
shows the gas temperatures in the centre of the torrefaction drum, where (3)
is closest to the inlet and (7) is closest to the exit.

Figure 2b shows the combustibility of the torrefaction generated gas during
torrefaction of the wood mixture at 338°C biomass surface temperature with
countercurrent gas flow during injection of air and 7.5 minutes residence time.
Curve (1) shows the biomass surface exit temperature, curve (2) shows the
corresponding lambda value, curve (3) shows the surface temperature in the
beginning of the gas burner, curve (4) shows effect in kW of the electrical
heater around the gas burner, curve (5) shows the oxygen content in the flue
gases after the gas burner, curve (6) shows the combustion air flow in normal
liters per minute into the gas burner.

Definitions:

Torrefaction:

A thermal pre-treatment method that takes place in a virtually inert (oxygen
free) atmosphere at a temperature above 220 °C but below 600 °C and which
produces a torrefied biomass and combustible gases (referred to as
torrefaction gases in the present disclosure). During a torrefaction stage,
parts of the biomass, in particular hemicellulose, decompose and give off
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different types of organic volatiles. In a torrefaction process starting from raw
biomass, the actual torrefaction stage is preceded by a drying stage wherein
free water retained in the biomass is removed and by a heating stage wherein
the biomass is heated to the desired torrefaction temperature.

Oxygen enhanced torrefaction (OET):

Torrefaction with injection of a controlled amount of oxygen inside the
torrefaction reactor in order to supply heat to the torrefaction reaction in terms
of partial combustion of the torrefaction constituents.

Heating value/Higher heating value (HHV):

The energy released during complete combustion in the presence of oxygen
of a mass portion of dry biomass, when cooling and condensing the
combustion products back to 25°C.

Energy density:

The energy released during complete combustion in the presence of oxygen
of a volume portion of dry biomass with or without cooling and condensing the
combustion products back to 25°C.

Mass density:
The mass of dry biomass per unit of volume

Mass yield:
The ratio of mass retained in the torrefied, m_tor, product compared to the
initial biomass, m_feed, on dry and ash free basis:

& %
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Energy yield:
The ratio of energy retained in the torrefied product compared to the initial

biomass per unit of mass of inlet feed on dry and ash free basis:
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Torrefaction degree:

The degree of torrefaction based on the Chemical Bonding Energy (CBE) per
unit of biomass is calculated taking the ratio of the CBE of the torrefied and
initial biomass respectively:
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Torrefaction degree =1 — il sfor|

The CBE is calculated as the difference between the theoretical heating value
per kilogram of dry and ash free biomass and the real/actual heating value
per kilogram of dry and ash free biomass. The theoretical heating value is
calculated putting all energy containing elemental compounds at their ground
state, i.e. carbon as C(s), hydrogen as Hx(g) and sulphur as S(s). The
theoretical heating value is then calculated using Hess law:

AH =3 VAt =) v A
and recalculating the formation enthalpy on MJ/kg_daf. The formation
enthalpies for the elemental compounds stated above can be found in any
thermochemical handbook.

Torrefaction time:
The time the material is subjected to torrefaction; i.e. the time the temperature
of the material is kept above 220°C.

Torrefaction residence time:

The time the biomass is inside the torrefaction reactor.

Transport screw:

Any type of helicoidal material transport devices including discontinuous
helicoidal transport devices. The helicoidal transport device can be fixed to a
central shaft or to the inner casing of a compartment, such as a drum,
surrounding the transport screw.

Lambda value:

The lambda value is the ratio between the present mass of oxygen and the
needed mass of oxygen for complete combustion of a portion of biomass or
carbonaceous material. A lambda value equal to 1 represents stoichiometric
combustion, i.e. complete combustion. A lambda value above 1 represents
"over stoichiometric" combustion with excess of oxygen. A lambda value
below 1 represents "under stoichiometric” combustion with a deficit of oxygen.
The mass of oxygen needed for stoichiometric combustion is calculated using
the fuel composition of the biomass or carbonaceous material.
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Detailed description

During a torrefaction process torrefaction gases are released from the
biomass which leads to a decrease in mass and energy yield of the torrefied
product. The present inventors have realized that both the energy yield and
the heating value, of the torrefied material can be increased if the gases
released during the torrefaction process can be returned to the torrefied
biomass. The present inventors have further realized that this can be
achieved by condensation of the produced torrefaction gases onto the
torrefied material during the torrefaction process. The inventors have further
realized that the torrefaction gases released at high temperatures also have
the highest molecular weight, highest condensation temperatures and also
the highest energy content compared to the gases released at lower
torrefaction temperatures. Therefore the present inventors have realized that
it is particularly beneficial to condense the gas components produced at the
highest temperatures onto the biomass to be, being or has been torrefied in

order to increase the energy yield.

According to the present invention this can be achieved by a torrefaction
process where the temperature of the biomass at a first position in a
torrefaction reactor is significantly higher than the temperature of the biomass
in a second part of the torrefaction reactor and wherein the second position is
located further upstream and wherein torrefaction gases released from the
biomass during the torrefaction reaction are withdrawn from the torrefaction
reactor at the second position of the torrefaction reactor. Thereby torrefaction
gases released will condense on the cold material in the upstream part of the
torrefaction reactor as it moves through the reactor countercurrent with the
biomass transport. The present inventors have surprisingly discovered that
the condensed gases present on the colder biomass are not totally volatilized
when the biomass is heated to the highest temperature further downstream in
the reactor. In fact, the present inventors have shown that the condensed
gases are to a substantial degree retained on the torrefied biomass material
despite the temperature increase, which leads to an increase of both the
energy yield and heating value, see example 2 and table1.
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The present inventors have further realized that one particularly preferred way
of achieving a significantly higher temperature of the biomass in a
downstream part of a torrefaction reactor than of the biomass in the upstream
part of the torrefaction reactor is by introducing small amounts of oxygen
containing gas (e.g. air, oxygen or oxygen enriched air) at the downstream
part of the torrefaction reactor and withdrawing torrefaction gas in the
upstream part of the torrefaction reactor. The injected air or oxygen or oxygen
enriched air reacts with gases released from the biomass during the heating
and/or torrefaction stage. When the gases partly oxidize, heat is released to
the surrounding gas and the material to be torrefied, thereby increasing the
temperature. The temperature will be highest in the part of the reactor where
the air or oxygen or oxygen enriched air reacts, and the temperature will
gradually decrease as the hot gases are drawn countercurrent with the
biomass transport towards the part of the torrefaction reactor where the
torrefaction gases are withdrawn. Thereby the hot torrefaction gases will
condense on the colder biomass located further upstream in the reactor. The
present inventors have surprisingly discovered that this leads to both an
increased energy yield and an increased heating value of the torrefied
material, see table 1 and example 2. This is surprising since increased energy
yield is known to lead to increased mass yield which generally lead to a

decrease in heating value.

Besides of achieving a significantly higher temperature of the biomass in a
downstream part of the torrefaction reactor than in the upstream part of the
torrefaction reactor, injection of oxygen into a torrefaction arrangement also
have the potential to reduce the heating and torrefaction time due to higher
heat transfer coefficients, and thus a comparably smaller and cheaper
torrefaction arrangement can be used in the torrefaction process compared to
if the supply of heat was exclusively relying on indirect heating using heat

exchangers.
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In order to get high levels of condensation of torrefaction gases on the
material in the upstream part of the torrefaction reactor it is beneficial if the
biomass introduced through an inlet of the torrefaction reactor has a
temperature significantly below the temperature of the biomass in the
downstream part of the reactor. Therefore it is beneficial if the temperature of
the biomass introduced at the inlet of the torrefaction rector has a
temperature below 230 ° C, preferably below 200 ° C, preferably below 180 °
C.

However if the temperature is to low, such as below 50 °C the present
inventors have discovered that the countercurrent withdrawal of torrefaction
released gases may result in uneven water condensation on the optionally
pre-dried material which in turn prolongs the heating time for the wettest
biomass particles which will produce biomass with uneven torrefaction
degree. The present inventors have realized that this problem is particularly
apparent at temperatures below 30 °C but is to some extent apparent even at
temperature about 50 °C. Therefore the temperature of the biomass
introduced at the upstream part of the reactor should preferably be between
30 °C and 225 °C, preferably between 40 °C and 225 °C, such as between
50 ° C and 225 ° C, more preferably between 50 ° C and 200 ° C, most
preferably between 60 ° C and 180 ° C.

Thus, a first aspect of the invention relates to a method of torrefaction of an
optionally predried biomass in a torrefaction reactor such that torrefied
biomass and torrefaction gases are obtained, and wherein an oxygen-
containing gas is supplied to the torrefaction reactor at a first position in the
reactor such that oxygen reacts with components of the torrefaction gases
under the formation of heat and wherein torrefaction gases are withdrawn
from the torrefaction reactor at a second position of the torrefaction reactor
and wherein the first position is located downstream of the second position in
relation to a biomass transport direction in the torrefaction reactor such that
the torrefaction gases moves through the torrefaction reactor countercurrent
with the biomass transport and wherein the optionally predried biomass has a

temperature of between 30 °C and 225 °C, preferably between 50 ° C and
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200 ° C, preferably between 60 ° C and 180 ° C when entering the
torrefaction rector

The torrefaction gases are preferably withdrawn from the torrefaction reactor
via an outlet for torrefaction gases which preferably is located close to the

inlet of the torrefaction reactor.

Oxygen containing gas can preferably be injected in more than one position in
the reactor, such as in more than 3 or more than 5 positions. Multiple oxygen
injection positions are particularly beneficial in large reactors since the
demand of oxygen for heating such a reactor is higher due to increased
biomass fill ratio and the flow of oxygen needed from one single point can
potentially be as high that it is hard to control the temperature in the
torrefaction reactor with a single injection point. The position(s) for addition of
oxygen containing gas can preferably be adjusted such that the oxygen
containing gas can be supplied at (a) position(s) where a temperature
increase is needed the most. For example if the temperature of the gases or
the temperature of the biomass in the torrefaction reactor is below a desired
value at a specific position, oxygen containing gas can be inject at this
specific position to increase the temperature at said position.

The present inventors have surprisingly discovered that the energy needed
for milling a torrefied material, produced according to a method of the present
invention, into a fine powder is about 2.5 times less (corresponding to a
milling energy decrease of about 60%) than the energy needed for milling a
torrefied material produced by conventional torrefaction methods at the same
energy yields, see example 2. A fine powder of torrefied material can for
example be used as a fuel in pulverized coal heat and power plants or in
gasification processes for production of e.g. product gas or synthesis gas.
Milling of torrefied biomass is an energy demanding process and thus it is
important to keep the energy needed for milling of the torrefied material to a
powder as low as possible. Hence, the method according to the present

invention is particularly suitable for production of a fine powder from the
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torrefied material. Therefore, in one embodiment the method is further
comprising a step of milling the obtained torrefied biomass such that a
pulverized torrefied biomass is obtained. In order to be suitable as a fuel in
pulverized coal power plants or in gasification processes the average
diameter of the particles in the pulverized torrefied biomass should be less
than 500 microns, preferably less than 200 microns, preferably less than 100
microns. Thus, in one embodiment the pulverized torrefied biomass
comprises particles having an average diameter of less than 500 microns,

preferably less than 200 microns, preferably less than 100 microns.

A second aspect of the invention relates to a method for producing a
pulverized torrefied biomass comprising the following steps:

a) torrefaction of an optionally predried biomass in a torrefaction reactor such
that torrefied biomass and torrefaction gases are obtained, and wherein an
oxygen-containing gas is supplied to the torrefaction reactor at a first position
in the reactor such that oxygen reacts with components of the torrefaction
gases under the formation of heat and wherein torrefaction gases are
withdrawn from the torrefaction reactor at a second position of the torrefaction
reactor and wherein the first position is located downstream of the second
position in relation to a biomass transport direction in the torrefaction reactor
such that the torrefaction gases moves through the torrefaction reactor
countercurrent with the biomass transport

b) milling the obtained torrefied biomass such that a pulverized torrefied
biomass is obtained, wherein the pulverized torrefied biomass preferably
comprises particles having an average diameter of less than 500 microns,

preferably less than 200 microns, preferably less than 100 microns.

Sometimes pressurized boiler systems or gasification systems are preferred
since the size of such systems can be kept smaller than non-pressurized
systems. Feeding in these kinds of systems is usually more efficient and
cheaper if slurry is used instead of a powder and thus many of theses

systems are designed for using pumbable or extrudable fules such as liquids,
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slurries and pastes. To be able to use torrefied biomass as a fuel in such
boilers and gasification systems the torrefied biomass can be grinded to a
powder and mixed with a liquid to produce a pumpable slurry or extrudable
paste. If the heating value of the torrefied material is high it would be possible
to at least partly use water to dilute the pulverized torrefied material. This
would be advantages since no (or less) transport and handling of other liquid
fuels would be necessary. However, if the heating value of the torrefied
material is low, addition of water can be unfeasible since the low heating
value of the produced slurry can prevent efficient burning or gasification of the
slurry in the boiler. Therefore, when making slurries suitable for gasification or
combustion in pressurized systems, it is highly desirable to have a high
heating value of the torrefied biomass. Due to the efficient condensation of
torrefaction gas on the torrefied material produced according to the present
invention, the energy yield and also the heating value is higher compared to
torrefied material, torrefied to the same torrefaction degree, using
conventional torrefaction methods. Since the methods according to the
present invention leads to condensation of torrefaction gases on to the
torrefied material the method also have the potential to increase the
hydrophobicity of the torrefied material which also is a desirable feature of the
torrefied material, in particularly when it is used for making pumpable slurries
suitable for gasification or combustion in pressurized systems. Generally the
higher hydrophobicity allows for a lower suspended solids concentration of
the slurry. Thus the method according to the present invention is particularly
suitable for production of a pumpable slurry or extrudable paste of torrefied
material.

In order to be pumpbable the suspended solid concentration of hydrophobic
materials should preferably not be higher than 80% (w/w). Torrefied materials
are known to not be totally hydrophobic, i.e. the material will gain some
moisture when it is subjected to water, therefore a larger fraction of water will
be needed to make it extrudable or pumpable. Due to the lower heating value
of the slurry compared to the raw material the suspended solid concentration

of a slurry produced from torrefied biomass torrefied with conventional
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methods should preferably not be lower than 70% (w/w). However the higher
heating value (and potentially the higher hydrophobicity) of the torrefied
material produced according to the methods of the present invention allow for
higher water content in the slurry and for a lower suspended solid
concentration compared to torrefied materials produced using conventional

methods, such as a suspended solids concentration below 70 %.

Accordingly, in one embodiment the method further comprise a step of adding
a liquid to the pulverized torrefied biomass to obtain a slurry having a
concentration of 40 % (w/w) to 80 % (w/w) of solid torrefied biomass. In one
embodiment the liquid comprises water, pyrolysis oil, condensed torrefaction
gases, glycerol and/or a hydrocarbon liquid. In one embodiment the liquid
mainly consists of water, pyrolysis oil, condensed torrefaction gases, glycerol
and/or a hydrocarbon liquid, such as at least 50 %, such as at least 70%,
such as least 90 %. In one embodiment the liquid mainly consists of water
and the obtained slurry has a concentration of 70 % (w/w) to 80 % (w/w) of
solid torrefied biomass. In one embodiment the liquid comprises at least 50 %

water, such as at least 75% water, such as at least 90 % water.

In one embodiment the slurry or paste from powderized torrefied material may
be subjected to heating and pressurizing prior to combustion or gasification in
order to decrease the viscosity of the slurry/paste and thereby allow a higher
content of solids.

As mentioned above, condensation of torrefaction gases on the biomass in
the torrefaction reactor is dependent upon that the temperature of the material
is colder in an upstream part of the reactor compared to in a downstream part
of the reactor such that the torrefaction gases condense on to the colder
material as they are drawn in the opposite direction to the material transport.
Therefore it is beneficial if the biomass introduced through an inlet of the
torrefaction reactor has a temperature significantly below the temperature of
the biomass in the downstream part of the reactor. Thus, in a preferred

embodiment the optionally predried biomass introduced at the inlet of the
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torrefaction rector has a temperature below 180 ° C. In another embodiment
the optionally predried biomass introduced at the inlet of the torrefaction
rector has a temperature of between 60 ° C and 180 ° C. In one embodiment
the temperature of the biomass at the first position in the torrefaction reactor
is at least 50 ° C, preferably at least 100 ° C, preferably at least 150 ° C
higher than the temperature of the biomass in the second position located
upstream of the first position in the torrefaction reactor. In one embodiment
the temperature of the biomass at the first position in above 300 ° C. In one
embodiment the temperature of the biomass at the first position is between
280 ° C and 400 ° C, such as between 300 ° C and 400 ° C . In one
embodiment the temperature of the biomass at the second position is
between 30 °C and 230 °C preferably between 50 ° C and 200 ° C, more
preferably between 60 ° C and 180 °. In one embodiment part of the
torrefaction gases condense on the biomass in the torrefaction reactor as the
torrefaction gases moves through the torrefaction reactor countercurrent with
the biomass transport. In one embodiment the condensation of torrefaction
gases on the biomass in the torrefaction reactor increases the energy vyield
with at least 1 % such as at least 5 % compared to if no torrefaction gas is
condensed on the material. In one embodiment the energy yield of the
torrefied material is at least 70%, preferably at least 75%, preferably at least

80 % preferably at least 85 % such as at least 90 %.

The inventive concept of the present invention partly includes that torrefaction
gases should condense on the material present in the torrefaction reactor.
The remaining torrefaction gases which have not been condensed out can be
at or very close to its condensation point when they reach the second position
in the reactor where it is withdrawn from the reactor. To avoid further
condensation of these gases on cold surfaces in or connected to the outlet for
torrefaction gases causing clogging and/or plugging, some oxygen containing
gas can also be injected at this position to increase the temperature of the
torrefaction gas. Increasing the temperature of the gases at this position will
avoid condensation of these gases on cold surfaces in or connected to the

outlet for torrefaction gases. The gas ducts for gases exiting/leaving
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torrefaction reactors are conventionally externally heated to avoid
condensation of the torrefaction gases. Adding controlled amounts of oxygen
containing gases will increase the temperature of the torrefaction gases and
will reduce or even eliminate the need for external heating of the gas
ducts/channels. The gases withdrawn from the torrefaction reactor can
preferably be combusted e.g. for the production of heat. Even though some of
the energy in the withdrawn gases have been extracted through condensation
and partial combustion of energy rich gases on the biomass in the torrefaction
reactor, the present inventors have demonstrated that the gases still are
suitable for combustion, se example 3 and figure 2b.

The inventors have also shown that the temperature in the torrefaction zone
can be controlled by controlling the amount of injected oxygen. The fact that
the temperature in the torrefaction reactor can be kept stable and controlled in
the presence of oxygen and without oxidation of the biomass is surprising.
Further, in the torrefaction processes described in the prior art, efforts have
rather been made to ensure that the torrefaction process is performed in an
oxygen depleted manner. Therefore the present invention, where a controlled
amount of oxygen is injected to the torrefaction arrangement, provides an
energy efficient torrefaction process which also has the potential to decrease
heating time and thus facilitate the use of a smaller and more cost effective
torrefaction arrangement. Therefore, in one embodiment the temperature in
the torrefaction reactor is controlled at least partly by controlling the amount of
oxygen added to the torrefaction reactor at the first position in the torrefaction
reactor.

The inventors have further realized that exothermal, temperature-increasing
reactions takes place during the torrefaction process and that the amount of
generated energy differs considerably between different types of
lignocellulosic materials. For example, the inventors have discovered that the
torrefaction of reed canary grass or eucalyptus generates considerably more
energy by exothermal reactions than the torrefaction of spruce. The
exothermal reactions in the torrefaction process thus makes it hard to control
the torrefaction temperature and to obtain a torrefied product of a desired and
reproducible quality. The present inventors have solved this problem by
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cooling the torrefaction reaction so as to at least partly counteract a
temperature increase derived from the exotermic torrefaction reactions.

Therefore in one embodiment, the method further comprises cooling the
torrefaction reaction so as to at least partly counteract a temperature increase
derived from exotermic torrefaction reactions. In one embodiment the cooling
of the torrefaction reaction involves a step of injecting cooling media into the
torrefaction reactor such that the cooling media is in direct contact with at
least part of the said torrefaction reaction. In one embodiment the cooling
media is selected from solids, liquids and/or gases or a mixture thereof. A
liquid cooling media might be beneficial since the cooling effect can be large.
For example, if a liquid cooling media is used, said liquid will evaporate within
the torrefaction reactor. This evaporation increases the cooling effect and can
therefore facilitate a swift regulation of the temperature of the torrefaction
reaction and reduce the amount and consumption of cooling media. One
suitable liquid is water since water is inexpensive safe and abundant.
However one would expect that a drawback with using water is that the
torrefaction gases, present within the torrefaction reactor, will be diluted by
the steam formed from the evaporated water. The torrefaction gases are often
used for combustion and if the torrefaction gases are diluted above a certain
level the gases will be less suitable for combustion. However, the present
inventors have surprisingly discovered that in order to regulate a torrefaction
reaction and to keep the temperature stable, surprisingly small amounts of
liquid water needs to be injected in the torrefaction reactor. The present
inventors have demonstrated that the use of water as cooling media only
have minor effect on the combustibility of the torrefaction gas. The present
inventors have thus realized that liquid water is a suitable cooling media for
direct cooling of a torrefaction reaction to counteract a temperature increase
derived from exothermic torrefaction reactions. Therefore, in a preferred
embodiment the cooling media is a liquid. In another preferred embodiment
the liquid comprises water, for example the liquid can comprise at least 50 %
(w/w) water, such as at least 75 % (w/w) water, such as at least 95 % (w/w)
water such as at least 99 % (w/w) water. Other liquids can also be used as a
cooling media, alone or in combination with water. One such liquid is
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condensed torrefaction gas. Gas given off during a torrefaction process
comprises organic compounds. This torrefaction gas can be collected from a
torrefaction arrangement and be condensed in to an oily, tar-rich liquid, for
example by lowering the temperature of the torrefaction gas. Other examples
of suitable liquid cooling medias are pyrolysis oil, thermal oils, different petro-
chemical liquids, and other liquids comprising organic compounds.

The present inventors have also realized that the cooling effect of a liquid can
be increased if the liquid is in the form of small particles, such as aerosol or
small droplets, such as a spray. By injecting a cooling media in the form of
small droplets or aerosol into the torrefaction reactor the media will be more
evenly distributed and the cooling will therefore be more efficient and thus
less liquid is needed. Thereby the torrefaction gases will be less diluted than if
for example a liquid stream or larger liquid droplets with less distribution
where used. Therefore, in one preferred embodiment the cooling media is
injected in to the torrefaction reactor as an aerosol. In one embodiment
cooling media is injected in to the torrefaction reactor as small droplets having
an average diameter below 1000 um, such as 500 um such as below 300 um
such as below 150 um. In another embodiment cooling of the torrefaction

reaction is performed indirectly using heat exchangers.

The present invention facilitates a swift torrefaction process since the injected
oxygen is increasing the temperature but the process can still be controlled.
Therefore the torrefaction retention times can be kept short. Thus in one
embodiment the torrefaction time is less than 12 minutes, such as less than

10 minutes, such as less than 8 minutes.

In one embodiment the oxygen-containing gas is pure oxygen or an oxygen-
containing gas mixture such as air or oxygen enriched air. In a most preferred
embodiment, the oxygen-containing gas is air. In one embodiment the
amount of injected oxygen is controlled such that at least 95 % of the
introduced oxygen is consumed by reactions with the formed gases. In one
embodiment a controlled amount of the oxygen containing gas is added such
as that the lambda value is in the range of 0.001 — 0.1 and preferably in the
range of 0.002 — 0.05.
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In one embodiment the biomass is lignocellulosic biomass. In one
embodiment the lignocellulosic biomass is a plant material such as an
agriculture residue or a forestry residue such as a wood material, such as soft
wood or hard wood. In one embodiment the wood material is wood chips and
in one embodiment the wood chips is in between 1 and 10 cm across in size.
In one embodiment the biomass is a selected from spruce, eucalyptus, reed
canary grass, straw, birch, pine and/or alder.

The torrefaction arrangement used in the present invention should be suitable
for injection of a controllable amount of oxygen containing gas at a first
position and for withdrawing torrefaction gases at a second position located
upstream of the first position such that torrefaction gases released during the
torrefaction reaction is drawn countercurrent in relation to the biomass
transport in the reactor. Examples of torrefaction reactors suitable for the
present invention therefore include torrefaction reactors comprising at least
one rotatable drum and wherein the biomass transport is regulated by the
rotational speed of the at least one rotatable drum. It also includes
torrefaction reactors comprising at least one transport screw and wherein the
biomass transport is regulated by the rotational speed of the at least one
transport screw. Torrefaction reactors where the torrefaction gases can not be
drawn countercurrent with a biomass transport are not suitable for the present
invention. Examples of such non-suitable reactors includes for example
fluidized bed reactors. Thus in one embodiment the torrefaction reactor
comprises at least one rotatable drum and the biomass transport is regulated
by the rotational speed of the at least one rotatable drum. However, the
present inventors have realized that the most energy efficient reactor for
torrefaction of a biomass according to the present invention comprises a non
rotating drum and at least one transport screw in the form of a helicoidal
material transport device fixed to a central shaft wherein the biomass
transport is regulated by the rotational speed of the at least one transport
screw. Therefore, in a preferred embodiment the torrefaction reactor
comprises at least one transport screw and the biomass transport is regulated
by the rotational speed of the at least one transport screw. In one
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embodiment the at least one transport screw comprises a continuous or
discontinuous helicoidal material transport device fixed to a central shaft. In
another preferred embodiment the at least one transport screw comprises a
continuous or discontinuous helicoidal material transport device fixed to an
inner casing of a compartment surrounding the transport screw.

The present inventors have realized that low biomass moisture content is
highly beneficial for the partial oxidation reaction, through direct injection of
oxygen, inside the torrefaction reactor. A high moisture content of the
predried biomass will demand a high heat release rate through partial
combustion of the torrefaction gases for drying of the biomass. The present
inventors have realized that such an increase in moisture content leads to a
dilution of the torrefaction gas which make the partial oxidation reaction less
effective, in particular at lower temperatures. This will in turn demand a higher
gas release rate which might need to be achieved by an increase in residence
time and/or torrefaction temperature. The present inventors have realized that
increased residence time and/or torrefaction temperature is not optimal since
it results in decreased mass- and energy yield of the torrefied product.
Furthermore, increased residence time and/or torrefaction temperature also
leads to an increase in the decomposition of the biomass components, i.e.
lignin, cellulose and hemicellulose. Primarily lignin has proven to be an
important binder in the densification process to pellets or briquettes and with
little or none natural binder. Thereby, if the residence time and/or torrefaction
temperature is high some type of binder might have to be added in the
densification process wich in turn leads to increased operating costs.
Accordingly, the present inventors have realized that the disadvantages
related to long residence times and/or high torrefaction temperatures can be
avoided if a predrying step is preceding the torrefaction step. Therefore, in
one embodiment the method further comprises a step of predrying the
biomass to a moisture content below 15 % (w/w), preferably below 10 %
(w/w) most preferably below 5 % (w/w), such as below 4 % (w/w) prior to
torrefaction.
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The predrying can either be performed in a separate dryer or in a predrier
integrated with the torrefaction reactor such that predried material is directly
fed from an outlet of the predrier to the inlet of the torrefaction reactor. In one
embodiment the temperature of the biomass is in between 30 ° C and 225 °
C, such as between 50 ° C and 200 ° C when the biomass exits the predrier
and when it enters the torrefaction reactor. In a most preferred embodiment
the temperature of the biomass is in between 60 ° C and 180 ° C when the
biomass exits the predrier and when it enters the torrefaction reactor. Thereby
the temperature is high enough to avoid substantial condensation of water
present in the torrefaction gases, i.e. re-moisturizing of the raw biomass, but
low enough to get a high level of condensation of torrefaction gas on the
colder material in the upstream part of torrefaction reactor, as the hot
torrefaction gases are drawn countercurrent with the biomass transport
direction.

After torrefaction the torrefied material is preferably cooled to terminate the
torrefaction process and to facilitate handling. This can for example be
achieved by introduction of the torrefied material in a screw cooler and/or by
application of water to the torrefied material. However, during the cooling
process of torrefied material, the material continues to release gases until the
temperature of the material is decreased below about 200°C. The material
preferably needs to be further cooled to below 130°C to ensure safe self
ignition temperatures. The release of gases from the torrefied material during
the cooling process leads to a decrease in energy yield of the torrefied
product. Therefore, the present inventors have realized that in order to even
further increase the energy vyield, it is desirable to also condense the gases

given of at the cooling process on to the torrefied material.

The present inventors have solved this problem by a method of cooling the
torrefied material by applying water to the torrefied material to reduce the
temperature of the torrefied material followed by a step wherein the torrefied

material is further cooled in a cooling device, (e.g. a screw cooler) together
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with at least part of the torrefaction gases generated from the material during

and/or prior to the application of water to the material. Since the torrefied
material introduced in to the cooling device already have been pre-cooled by
the application of water to the material, the torrefaction gases directed in to

the cooling device will at least partly condense on the torrefied biomass.

Thus in one embodiment the method further comprises the step of

1) applying water to the torrefied material to reduce the temperature of the
torrefied material, provided that the temperature is not reduced below 120 °C,
preferably not below 150 °C most preferably not below 190 °C

i) further cooling the torrefied material and at least part of the torrefaction
gases generated from the material during step i) and/or prior to step i) and/or
after step i) in a common cooling device such that components of the

torrefaction gases condenses in the common cooling device.

As discussed above a torrefied biomass produced according to the present
invention is particularly suitable for grinding in to a fine powder partly because
the present method surprisingly reduce the energy needed in the grinding
process with about 2.5 times (corresponding to a milling energy decrease of
about 60%) compared to torrefied materials produced in a conventional
torrefaction reactor. Furthermore the powder produced by the method
according to the present invention is particularly suitable for making into a
slurry or extrudable paste which for example can be used in pressurized
systems for production of heat, electricity, product gas and/or synthesis gas.
One of the advantages with the powder produced according to the present
invention is that the heating value and the hydrophobicity, is higher than in
torrefied material produced using conventional methods.

Thereby it is possible to make a slurry having a lower suspended solids
concentration which still have a high enough energy value which is important
both in the combustion and gasification processes. A low suspended solids
concentration is important for the pumpability of the slurry.
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Thus a third aspect of the invention relates to use of a pulverized torrefied

biomass or a slurry produced according to any of the embodiments of the first
and/or second aspects of the invention for production of heat and/or electricity
in a combustion process or for production of product gas or synthesis gas in a

gasification process.

A forth aspect of the invention relates to a system for the torrefaction of a
biomass, comprising a torrefaction reactor for torrefying the biomass having a
biomass inlet and a biomass outlet wherein biomass can be transported from
the biomass inlet to the biomass outlet in a biomass transport direction during
a torrefaction process, wherein the torrefaction reactor further comprises at
least one gas inlet for injection of an oxygen containing gas to the reactor and
wherein the gas inlet is connected to oxygen supply means for a controlled
supply of an oxygen-containing gas to the torrefaction reactor and wherein
the torrefaction reactor further comprises an outlet for torrefaction gases and
wherein the outlet for torrefaction gases is located upstream of the gas inlet in
relation to a biomass transport direction within the reactor and wherein the
system further is comprising a source of the oxygen-containing gas, which

source is connected to the oxygen supply means.

In one embodiment the torrefaction reactor comprises at least one transport
screw and the biomass transport is regulated by the rotational speed of the at
least one transport screw. In one embodiment the torrefaction reactor
comprises at least one rotatable drum and the biomass transport can be
regulated by the rotational speed of the at least one rotatable drum. In one
embodiment the at least one transport screw comprises a continuous or
discontinuous helicoidal material transport device fixed to a central shaft. In
one embodiment the oxygen supply means comprises a valve for controlling
the amount of supplied oxygen. In one embodiment a fan or a compressor or
a pump is connected to the oxygen supply means so that oxygen can be
introduced into the torrefaction reactor. In one embodiment the source of the
oxygen-containing gas is a pressure vessel such as a gas cylinder or a gas

tube. In one embodiment the source of the oxygen-containing gas is free air.
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In one embodiment the outlet for torrefaction gases is connected to an under

pressure creating device such that torrefaction gases can be withdrawn
through the torrefaction gas outlet by means of a created under pressure and
such that torrefaction gases can be drawn countercurrent with the biomass
transport. In one embodiment the under pressure creating device is a fan or

an ejector or an ejector burner.

The present inventors have demonstrated that the method according to the
present invention does not to a large extent affect the combustibility of the
withdrawn torrefaction gases, see example 3 and figure 2b. Therefore the
withdrawn torrefaction gases can be combusted in a combustion chamber for
production of energy as heat. Thus, in one embodiment the outlet for
torrefaction gases is connected to a combustion chamber for combustion of
withdrawn torrefaction gases. In one embodiment the under pressure creating
device is connected in between the combustion chamber and the outlet for

torrefaction gases.

The embodiments of the first, second, third, and forth aspects applies to each

other mutatis mutandis.

Detailed description of exemplary embodiments

Example 1
Figure 1 shows a system for the torrefaction of a biomass (1) comprising a

torrefaction reactor (2) having a biomass inlet (3) and a biomass outlet (4).
The biomass is predried to a moisture content of about 5 % (w/w) prior to
feeding the biomass in to the torrefaction reactor (2) via rotary vane feeders
(5). The moisture content in the biomass is controlled by a moisture probe (6).
When the biomasss enters the torrefaction reactor (2) via the biomass inlet
(3) the temperature of the biomass is about 100 °C. The biomass is
transported through the torrefaction reactor (2) by means of a transport screw
(7) which comprises helicoidal material transport device fixed to a central
shaft (7). The speed of the biomass transport is regulated by the rotational
speed of the transport screw (7) which is driven by a transport screw engine



WO 2012/158118 PCT/SE2012/050534

10

15

20

25

30

35

26

(8). An oxygen containing gas is injected to the torrefaction reaction via a gas
inlet for injection of an oxygen containing gas (9, 10, 11, 12). The oxygen
containing gas inlets (13, 14, 15, 16) are connected to valves (17) which
controls the supply of oxygen-containing gas to the torrefaction reactor (2). A
source of the oxygen-containing gas (9, 10, 11, 12) is connected to the
oxygen supply means. The injected oxygen containing gas reacts with gases
released from the biomass during the heating or torrefaction stage. When the
gases oxidize, heat is released to the surrounding gas and the material to be
torrefied, thereby increasing the temperature. Gases given of from the
biomass during the torrefaction process are withdrawn at an outlet for
torrefaction gases (18). Thereby the torrefaction gases will be transported
countercurrent in relation to the transport direction of the biomass. The upper
arrow (19) in the figure indicates the transport direction of the torrefaction
gases while the lower arrow (20) indicates the transport direction of the
biomass. The temperature in the torrefaction reactor will be highest in the
downstream part of the reactor where the oxygen is injected and the
temperature will gradually decrease as the hot gases are drawn
countercurrent with the biomass transport towards the upstream part of the
reactor (2). Thereby the torrefaction gases are condensing on the colder
material in the upstream part of the torrefaction reactor (2). Some oxygen
may be injected through an inlet (16) close to or within the torrefaction gas
exit (18) to increase the gas temperature above the dew point to avoid
condensation close to or within the gas exit (18), thus partly, or completely
eliminating the need for external heating of the gas duct/channel connected to
the gas exit (18). The biomass exits the torrefacttion reactor (2) via the
biomass outlet (4) and is thereafter quench cooled in a water application
device (21). The torrefied material that has passed the water application
device (21) is fed to afirst screw cooler (22) for further cooling the torrefied
material together with torrefaction gases such that components of the
torrefaction gases condenses in the screw cooler (22), e.g. on the torrefied
material. Part of remaining torrefaction gases can be sucked through and
withdrawn from the screw cooler (22) by means of a fan (23) and transferred
back to the biomass outlet (4). The torrefied material can be further cooled in
a second screw cooler (24) and cold torrefied material having a temperature
below 100 °C exits the system for the torrefaction of a biomass (1) via a
second screw cooler biomass outlet (25). IR-thermometers (26, 27, 28) for
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measuring the surface temperature of the torrefied material are located
upstream of the screw coolers (22,24).

Example 2

Torrefaction of biomass was performed in a continuous torrefaction pilot plant
having a torrefaction reactor comprising a 1.7m long rotating drum with an
internal screw fixed to the drum. A heated transport screw before the
torrefaction reactor acted as a preheater and heated the bone-dry biomass to
about 150°C.

In the torrefaction reference experiments, external electrical heaters heated
the reactor. The heaters were controlled so that an isothermal drum surface
temperature was reached and so that the biomass was heated to the final
torrefaction temperature read at the exit of the torrefaction reactor through an
IR-thermometer. The torrefaction gases were flowing concurrently with the

biomass and withdrawn from the torrefaction reactor at the end of the reactor.

In the “counter current oxygen enhanced torrefaction experiments” (CC-OET)
all external electrical drum heaters were turned off except for the electrically
heated preheater. Oxygen containing gas was injected adjacent to the
biomass exit in the end of the drum and the torrefaction gases were
withdrawn from the end of the pre-heating transport screw, immediately
before the torrefaction reactor. Thereby gas was flowing countercurrent to the
biomass flow and part of the torrefaction released gases condensed on the
material in the torrefaction reactor. Active regulation of the introduced oxygen
containing gas controlled the temperature in the torrefaction reactor and the

resulting biomass exit temperature (measured by an IR-thermometer).
In all experiments an indirectly water-cooled transport screw was cooling the
biomass after the torrefaction reactor. The exiting torrefaction gases were

combusted in an externally electrically heated gas burner.

Results



WO 2012/158118 PCT/SE2012/050534

10

15

20

25

28
As shown in table 1 the energy needed for milling a fine powder from the

torrefied material, produced using the counter current oxygen enhanced
torrefaction method described above is about 2.6 times less (-62%) than the
energy needed for milling a torrefied material which have been torrefied using

the reference method described above and having the same energy yield.

Table 1. CC-OET change compared to reference (conventional method).
Reference experiments are selected on three different basis; A, B and C.
CC-OET experiments are the same for A, B and C. The reference

experiments are not the same for A, B and C.

TF- Milling
EY MY HHV degree energy
A: OET and ref has similar EY 0% -5% 5% 43% -62%
B: OET and ref has similar HHV 8% 8% 0% -17% 2%
C: OET and ref has similar TF-
degree 5% 3% 2% 0% -19%

As shown in table 1, the energy yield for a biomass, produced using the

counter-current oxygen enhanced torrefaction method described above, is
about 5 % higher than the energy yield of the reference biomass being
torrefied to the same torrefaction degree by the reference method described
above.

As shown in table 1, the energy yield in the torrefaction process for a biomass
torrefied by the method according to the present invention is about 8 % higher
than the biomass torrefied using the reference method at the same heating
value.

As shown in table 1 the heating value in the torrefaction process for a
biomass torrefied by the method according to the present invention is about 5
% higher than the biomass torrefied using the reference method at the same
energy yield.

As shown in table 1 the heating value in the torrefaction process for a
biomass torrefied by the method according to the present invention is about 2
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% higher than the biomass torrefied using the reference method at the same
torrefaction degree.

Example 3

Figure 2a shows that the temperature of the biomass can be kept stable using
the method according to the present invention. In this experiment a wood
mixture was torrefied at a biomass surface temperature of about 338°C with
countercurrent gas flow during injection of air and 7.5 minutes residence time.
At time 12:00 the process was determined to be at steady-state. The x-axis
shows the time in hours:minutes, the left y-axis shows the temperature and
the right y-axis shows the lambda value. Curve (1) shows the biomass
surface exit temperature, curve (2) shows the corresponding lambda value,
curve (3-7) shows the gas temperatures in the centre of the torrefaction drum,
where (3) is closest to the biomass inlet and (7) is closest to the biomass exit.

Figure 2b shows the combustibility of the torrefaction generated gas during
torrefaction of the wood mixture at 338°C biomass surface temperature with
countercurrent gas flow during injection of air and 7.5 minutes residence time.
At time 12:00 the process was determined to be at steady-state. The x-axis
shows the time in hours:minutes. The left y-axis shows the temperature and
flow in normal litre per minute. The right y-axis shows the lambda value*10/3,
effect in KW and oxygen partial pressure in %. Curve (1) shows the biomass
surface exit temperature, curve (2) shows the corresponding lambda value,
curve (3) shows the surface temperature in the beginning of the gas burner,
curve (4) shows effect in KW of the electrical heater around the gas burner,
curve (5) shows the oxygen content in the flue gases after the gas burner,
curve (6) shows the combustion air flow in normal liters per minute into the
gas burner. This demonstrates that the gas withdrawn from the reactor in the
method described above is suitable for combustion.
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CLAIMS

Claim 1

A method of torrefaction of an optionally predried biomass in a torrefaction
reactor such that torrefied biomass and torrefaction gases are obtained, and
wherein an oxygen-containing gas is supplied to the torrefaction reactor at a
first position in the reactor such that oxygen reacts with components of the
torrefaction gases under the formation of heat and wherein torrefaction gases
are withdrawn from the torrefaction reactor at a second position of the
torrefaction reactor and wherein the first position is located downstream of the
second position in relation to a biomass transport direction in the torrefaction
reactor such that the torrefaction gases moves through the torrefaction
reactor countercurrent to the biomass transport and wherein the optionally
predried biomass has a temperature of between 30 °C and 230 °C ,
preferably between 50 ° C and 200 ° C, preferably between 60 ° C and 180 °
C when entering the torrefaction rector.

Claim 2
A method according to claim 1 further comprising a step of milling the
obtained torrefied biomass such that a pulverized torrefied biomass is

obtained

Claim 3

A method for producing a pulverized torrefied biomass comprising the
following steps:

a) torrefaction of an optionally predried biomass in a torrefaction reactor such
that torrefied biomass and torrefaction gases are obtained, and wherein an
oxygen-containing gas is supplied to the torrefaction reactor at a first position
in the reactor such that oxygen reacts with components of the torrefaction
gases under the formation of heat and wherein torrefaction gases are

withdrawn from the torrefaction reactor at a second position of the torrefaction
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reactor and wherein the first position is located downstream of the second
position in relation to a biomass transport direction in the torrefaction reactor
such that the torrefaction gases moves through the torrefaction reactor

countercurrent to the biomass transport

b) milling the obtained torrefied biomass such that a pulverized torrefied
biomass is obtained

Claim 4

Method according to any of the claims 2 or 3 wherein the pulverized torrefied
biomass comprises particles having an average diameter of less than 1000
microns, preferably less than 500 microns, preferably less than 200 microns,

preferably less than 100 microns.

Claim 5

Method according to any of the previous claims further comprising a step of
adding a liquid to the pulverized torrefied biomass to obtain a slurry or an
extrudable paste having a concentration of 40 % (w/w) to 80 % (w/w) of solid
torrefied biomass.

Claim 6
Method according to claim 5 wherein the liquid mainly consists of water and
wherein the obtained slurry or extrudable paste has a concentration of 70 %

(w/w) to 80 % (w/w) of solid torrefied biomass

Claim 7

Method according to any of the previous claims wherein the optionally
predried biomass introduced at the inlet of the torrefaction rector has a
temperature below 225 ° C preferably below 180 ° C

Claim 8
Method according to any of the previous claims wherein the optionally

predried biomass introduced at the inlet of the torrefaction rector has a
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temperature of between 30 °C and 230 °C , preferably between 50 ° C and
200 ° C, preferably between 60 ° C and 180 °

Claim 9

Method according to any of the previous claims wherein the temperature of
the biomass at the first position in the torrefaction reactor is at least 50 ° C,
preferably at least 100 ° C, preferably at least 150 ° C higher than the
temperature of the biomass in the second position located upstream of the

first position in the torrefaction reactor.

Claim 10

Method according to any of the previous claims wherein part of the
torrefaction gases condense on the biomass in the torrefaction reactor as the
torrefaction gases moves through the torrefaction reactor countercurrent with

the biomass transport

Claim 11

Method according to any of the previous claims wherein the biomass is
lignocellulosic biomass, such as an agriculture residue or a forestry residue
such as a wood material, such as wood chips

Claim 12
Use of a pulverized torrefied biomass or a slurry or an extrudable paste

produced according to the method of any of the preceding claims for
production of heat and/or electricity in a combustion process or for production

of product gas or synthesis gas in a gasification process.

Claim 13
A system for torrefaction of a biomass, comprising a torrefaction reactor for

torrefying the biomass having a biomass inlet and a biomass outlet wherein

biomass can be transported from the biomass inlet to the biomass outlet in a
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biomass transport direction during a torrefaction process, wherein the

torrefaction reactor further comprises at least one gas inlet for injection of an
oxygen containing gas to the reactor and wherein the gas inlet is connected
to oxygen supply means for a controlled supply of an oxygen-containing gas
to the torrefaction reactor and wherein the torrefaction reactor further
comprises an outlet for torrefaction gases and wherein the outlet for
torrefaction gases is located upstream of the gas inlet in relation to a biomass
transport direction within the reactor and wherein the system further is
comprising a source of the oxygen-containing gas, which source is connected

to the oxygen supply means

Claim 14

System or method according to any of the previous claims wherein the
torrefaction reactor comprises at least one transport screw and the biomass
transport is regulated by the rotational speed of the at least one transport

screw

Claim 15
System or method according to claim 14 wherein the at least one transport
screw comprises a continuous or discontinuous helicoidal material transport

device fixed to a central shaft
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