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Steam-explosion equipment and method for treatment of organic material

prior to further processing to value added products

FIELD OF INVENTION

The invention relates to equipment and methods for semi-continuous steam-explosion
and hydrolysis of organic material as advantageous pre-treatment prior to further

processing for the production of value-added products from such material.

TECHNICAL BACKGROUND

Steam explosion of biomass is a pre-treatment process that opens up the fibers, and
makes the biomass polymers more accessible for subsequent processes, i.e.
fermentation, hydrolysis or densification processes. Biomass materials such as wood
are composite materials with high mechanical strength. The major components are
cellulose, embedded in a matrix of lignin and hemicelluloses. Together they form
tightly packed cellular structures (fibers) that form fiber bundles, and are the base for
biomass tissues such as wood. Their natural function is to bear high mechanical loads,
and to resist chemical and enzymatic degradation through microorganisms. Steam
explosion has been shown to be a valuable and important technology to open up the
biomass fibers, to improve the recovery of sugars and other useful compounds from
biomass. It has also been proposed as pre-treatment process for the production of solid
biofuel pellets to increase the calorific value, and to improve the pelletizing properties

of the biomass.

Steam explosion was introduced and patented as a biomass pre-treatment process in
1926 by Mason et al. (1926). The patent describes a steam explosion process for the
pre-treatment of wood. In this process, wood chips are fed from a bin through a screw
loading valve in a masonite gun. The chips are then steam heated at a temperature of
about 285°C and a pressure of 3.5 MPa for about 2 min. The pressure is increased
rapidly to about 7 MPa (70 bar) for about 5 s, and the chips are then discharged

through restricted orifices (slotted port) and explode at atmospheric pressure into a

pulp.
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In general, steam explosion is a process in which biomass is treated with hot steam
(180 to 240°C) under pressure (1 to 3.5 MPa) followed by an explosive
decompression of the biomass that results in a rupture of the biomass fibers rigid
structure. The sudden pressure release defibrillates the cellulose bundles, and this
result in better accessibility of the cellulose for enzymatic hydrolysis and
fermentation. Depending on residence time and temperature, steam explosion can
result in anything from small cracks in the wood structure, to total defibrillation of the

wood fibers.

Both batch operated and continuous mode steam explosion reactors are known in the
art, but specifically continuous steam explosion instrumentation is technically very
challenging. Improved continuous-flow steam explosion reactors with improved
efficiency and economy, such as by maintaining a high-pressure in continuous
operation, increasing energy efficiency and reducing instrumental strain would be

much appreciated.

SUMMARY OF THE INVENTION

The steam explosion reactor of the present invention effectuates abrupt disintegration
of the unyielding structure of compact fibre materials making them accessible to
efficient hydrolysis and subsequent decomposition such as through fermentation. The
steam explosion unit further serves to effectuate hydrolysis and/or saponification of
introduced organic waste material, such as celluloses, lignin, proteins and fats/oils, as
well as extraction of soluble hydrocarbons, amino acids or peptides and fatty acids
and salts thereof from the waste stream. The steam explosion pre-treatment process
serves multiple purposes 7) rupture of the structure of compact fiber material, ii) at
least partial decomposition of low bio-availability material such as e.g., lignin and
cellulosic material, 7ii) pre-hydrolysis of organic material, 7v) aqueous extraction of

nutrition from solid substrate and v) sterilization of all material.

The sterilization in the process is very advantageous as it widely enhances the utility
for downstream products. Currently it is a challenge to effectively use certain waste
streams from e.g. slaughterhouse facilities or fish or food processing plants, where

waste can be contaminated with undesired bacteria, as well as household waste that
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often contains a significant amount of used diapers with urine and feces. The steam
explosion treatment, in addition to the fragmenting and hydrolysis of material,
provides desired sterilization. In many countries and regions use of slaughterhouse
waste, food waste or other potentially bacterial waste such as for composting requires
sterilization by autoclaving or the like. The present system provides such necessary
sterilization of compost material, which accordingly is more acceptable and a higher

value product.

In its most basic implementation the current invention relates to a steam explosion
reactor that comprises a loading section, a high-pressure retention section, a pressure
relief section and a discharge section, wherein said high-pressure retention section
comprises at least one adjustable-speed conveyor for transporting said stream of
material through said section. When run under alkaline conditions, the steam
explosion reactor can further optionally comprise at least one integrated carbon
dioxide scrubbing wunit that can advantageously be configured to operate

simultaneously with the steam explosion reactor.

The steam explosion reactor of the present invention comprises steam provision
means for providing steam at least into the high-pressure retention section, and in
some embodiments steam is also provided to the loading section and/or the pressure
relief section. In advantageous embodiments the steam explosion reactor further
comprises gas provision means that are connected to a source of pressurized gas for
providing pressurized gas into selected compartments of the reactor. The pressurized
gas can comprise pressurized air, but in some embodiment alternative gases can be
used, or pressurized air supplemented with other gaseous compound such as in
particular carbon dioxide, as will be further described herein. The pressurized gas can
be used to supplement at least part of steam for generating high pressure. In some
embodiments pressurized gas is provided to the high-pressure retention section. In
other embodiments pressurized gas is additionally or alternatively provided to one or

more of the loading section and the pressure relief section.

Accordingly, an aspect of this invention relates to equipment and methods for

pretreatment of organic material by means of steam explosion and hydrolysis, as
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advantageous treatment prior to further processing for the production of value-added

products from such materials.

The continuous or semi-continuous steam explosion process and apparatus is intended
for the treatment of organic material for promotion of its subsequent conversion to
value-added products. The organic material treated in the steam explosion process can
be of different origin and composition. The system and process of the present
invention is generally directed to organic waste, or waste comprising mostly organic
matter, which may or may not be pre-sorted, such as but not limited to organic waste
from general household waste. Accordingly, the waste material received for treatment
can comprise but is not limited to one or more, or any combination, of the following:
Household waste, slaughterhouse waste, food industry waste, fish industry waste,
waste from the vegetable oil and the fish oil industry, sewage sludge, sewage grease
and oils, agricultural waste such as wheat-straw or other straw, rice husk, soybean

curd residue, and grass and animal manure, as well as garden waste and waste wood.

Value-added products derived from the product stream produced in the steam
explosion of the invention include methane produced through anaerobic digestion,
ethanol produced through fermentation, soil-improving compost and biodiesel. These
products or a combination of two or more of these products may be realized from
different fractions of the steam-exploded material, subject to the separation process

applied and the nature of the feed.

The steam explosion instrument may also be used for pre-treatment of raw material
for paper production, for example, for pulping of wood and alternative raw material

for paper production or other use.

When operating the steam explosion under alkaline conditions, the aqueous alkaline
extract and the solid substrate are subsequently preferably lowered in pH in an

integrated carbon dioxide scrubber as described herein below.

Prior to introduction to the high-pressure retention section, incoming material is

preferably fed through a pre-treatment section that can comprise a wetting and mixing
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section, where water can be added to the stream, to obtain desired solid to liquid ratio
and the material is mixed, and the pH can be affected, in particular for subsequent
alkaline steam explosion, in which case alkaline solution is mixed into the stream in
the wetting and mixing section. The wetting and mixing section preferably comprises
a top-fed conveying mixer and wetting armature, such as one or more wetting nozzles.
The exit port of the wetting and mixing section is connected via the loading section to
the high-pressure retention section, such as with a valve assembly as described herein.
In useful embodiments the loading section comprises a rotary dosing valve and more
preferably a serial combination of a rotary dosing valve and a high-pressure rotary
discharge valve. In this embodiment the rotary dosing valve ensures that a suitably
sized dose of substrate is loaded into a compartment of a high-pressure rotary
discharge valve before it is transferred to the high-pressure retention section. In
another embodiment, a separate loading compartment is provided between the wetting
and mixing section and high-pressure retention section. This compartment being
confined by high-pressure entrance and exit valves as further described in detail
herein below with reference to specific embodiments but applicable generally to the
invention. The connection from the wetting and mixing section to the high-pressure
retention section of the steam explosion reactor ensures that material can be
continuously or semi-continuously transported from the ambient pressure wetting and
mixing section to the high-pressure retention section, while the high-pressure is being

continuously maintained in the latter.

In the high-pressure retention section, the loaded substrate is conveyed with suitable
means from the loading point to the exit point such as but not limited to by means of
an adjustable speed conveyor or mixing conveyor, preferably a screw conveyor or a
mixing screw conveyor. The high-pressure retention section is equipped with at least
one and preferably two or more steam injection ports and rotary valves or separate
transfer compartments at the loading and releasing ends respectively, meaning that
there can be at least one rotary valve but preferably two rotary valves at one end and
at least one transfer compartment at the other end, or at least one but preferably two
rotary valves at each end or at least one transfer compartment at each end. These are
preferably each equipped with steam injection ports and pressure relief ports as

appropriate and are advantageously synchronized such that pressure drop in the high-
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pressure retention section is minimal during operation, and retention time in the high-
pressure retention section is adjustable over a wide range, by adjustment of the
conveying speed which is synchronized with the loading and relief mechanism of the
loading and releasing valves/compartments. The synchronization is advantageously

controlled via a control unit such as a PLC system.

The steam explosion unit further comprises in some embodiments a grinding and/or
homogenization unit that is arranged upstream of the wetting and mixing section
feeding the continuous-flow steam explosion reactor. The grinding/homogenization
unit can be of any suitable mechanical type, known to the skilled person, for grinding,
and/or shredding or the like mechanical treatment of incoming material prior to

further processing according to the invention.

It is particularly advantageous to operate the steam explosion treatment in continuous
or semi-continuous fashion, this involves subjecting introduced material, preferably in
alkaline or acidic solution, for the promotion of hydrolysis in the process, to high
pressure and temperature, and discharging the material via sudden pressure-drop such
as through a high-pressure rotary relief valve, or separate compartment. Suitable
arrangements are described herein below, such that the high-pressure retention section
is maintained at a high operating pressure and temperature, while substrate material is
continuously or semi-continuously being introduced and discharged without
significant pressure or temperature relief of the high-pressure retention section. This
increases efficiency and reduces energy demands as compared to batch-operated

steam explosion.

Further reduction in energy demand is achieved in some embodiments by assisting the
steam explosion process by partly substituting the high-pressure steam generally
required for this process with pressurized gas, such as typically pressurized air, as
mentioned above. In such a configuration the desired temperature is generally
achieved through steam injection, but the desired pressure can be achieved through
the injection of pressurized gas such as air. This may be applied to all high-

temperature/high-pressure sections of the steam explosion equipment or may be
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confined to the pressure relief section of the steam explosion equipment as described

herein below.

For the promotion of hydrolysis and structural disintegration of the subject material in
the steam explosion process the pressurized air may in some embodiments contain a
partial pressure of CO, preferably a high partial pressure of CO, relative to the
attainable partial pressure of CO; at the temperature and pressure range in the
respective section/chamber into which the air mixture is provided. This embodiment
serves to promote CO; penetration into the subject material and promoting internal
disintegration through acid promoted hydrolysis and further supporting the

mechanical disintegration of said material in the pressure relief step of the process.

As mentioned above, the steam explosion reactor of the invention comprises a
pressure-relief section. The term pressure-relief section refers generally to the section
of the reactor assembly where high pressure of the processed material is released,
resulting in an explosive disruptive reaction. As further explained below, in some
embodiments the pressure-relief section comprises a dual valve assembly used for
discharging material from the high-pressure retention section, such as with a rotary
dosing valve and a rotary discharge valve, where the latter releases the substrate to a
region of lower pressure (discharge section), such that the steam explosion takes place
from the releasing compartment of the valve and the adjoining space beneath that
receives the stream of material. In other embodiments the pressure relief section
constitutes a separate chamber separated from the high-pressure retention section and
the lower pressure receiving section/discharge section by high-pressure valves, the
valves in such a configuration can be independently select from but are not limited to

floating ball valves, rotary ball valves, knife gate valves, and slide gate valves.

In other embodiments the pressure relief section comprises a chamber confined by at
least one loading valve, a pressure relief valve and at least one exit valve. In these
embodiments the chamber is loaded from the side through the loading valve, pressure
is relieved from above the loading port through a pressure relief valve and the
chamber is discharge from its bottom through the exit valve. The chamber is suitably

sized to receive an amount of substrate within a pre-determined range, and to
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accommodate the pressure-relief steam explosion action. In useful embodiments the
pressure-relief valve is connected to an upper portion of said chamber and a relief
conduit extending from said pressure-relief valve for receiving escaping steam and/or
gas. In these embodiments, In these embodiments, described herein below, the
explosive pressure release is upwards, and gas and steam are released through a
condenser for heat recovery. The substrate material, on the other hand, does not
expand beyond the confinement of the pressure-relief chamber, above which the
pressure relief valve is placed. This embodiment is advantageous, as solid material
does not transfer through the relief valve in the explosion step, thus considerably
reducing the potential for sealing problems due to abrasion or through solid particles
damaging the sealings. This embodiment is also advantageous as instrumental erosion
caused by the high velocity solid material in the pressure relief section is minimized.
In this embodiment the subject material is discharged from the bottom of the pressure
relief chamber through the exit valve for further processing in a separate step after the
steam explosion has taken place and the pressure is substantially lowered. In some of
these embodiments a splash-guard such as but not limited to a mesh, a flange,
perforated plate or cone, is arranged below the pressure relief valve to prevent or
minimize substrate material coming into contact with the pressure relief valve. In
some embodiments, pressurized gas injection means are installed in an upper portion
of the chamber for injecting gas (such as air) after pressure release, to accelerate

discharge of the steam-exploded material through the exit valve.

Accordingly, an aspect of the invention provides a continuous-flow or semi-
continuous flow steam explosion reactor for pretreatment of organic material for
further processing to value-added products, comprising a loading section, a high-
pressure retention section, a pressure relief section and a discharge section, wherein
the said loading section serves to periodically load the high-pressure retention section
while the high-pressure is being continuously maintained in the latter and the pressure
relief section serves to periodically receive material from the high-pressure retention
section and effectuate steam explosion of said material through pressure relief while
continuously maintaining the pressure of the high-pressure retention section and the

receiving section serves to receives material from the pressure relief section.
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Another aspect of the invention relates to said loading section and/or said pressure
relief section comprising a rotary dosing valve and more preferably a serial

combination of a rotary dosing valve and a rotary discharge valve.

Another aspect of the invention relates to said loading section and/or said pressure
relief section each (or either one) comprising a separate chamber, confined by two
high-pressure valves, preferably floating ball vales or other suitable valves or

combination of valves.

Another aspect of this invention relates to said pressure relief section being comprised
of a separate chamber confined by three high-pressure valves, wherein said pressure
relief section is fed from the side from the high-pressure retention section through a
high-pressure valve, separating the high-pressure retention section from the pressure
relief section. In these embodiments, pressure relief is upwards through a pressure
relief valve placed above the feed port leading to a relief conduit extending from said
pressure-relief valve for receiving escaping steam and gas, preferably connected with
a condenser for heat recovery. The substrate is released to the discharge section after

the pressure relief through an exit valve at the bottom of the chamber.

This embodiment is advantageous, as solid material does not transfer through the
relief valve in the explosion step, thus considerably reducing the potential for sealing
problems due to abrasion or solid particles. Further protection of the relief valve from
material splattering in the pressure relief process may be achieved through a
protective mesh or meshes or protective collar/collars placed below the relief valve.
This embodiment is also advantageous as instrumental erosion caused by high

velocity solid material in the pressure relief section is avoided.

wherein the high-pressure retention section and loading sections can suitably be as
described above, and the pressure relief section is as described above, comprising a
chamber having a pressure-relief valve connected to an upper portion of said chamber
and a relief conduit extending from said pressure-relief valve for receiving escaping

steam, the chamber configured to operate at high pressure and to allow a sudden relief
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of pressure through the pressure relief valve, and having an exit port with a discharge

valve for discharge of substrate after pressure release.

Another aspect of this invention relates to the use of pressurized gas, preferably air, to
reach the desired steam explosion pressure prior to release into the pressure-relief
section. In this embodiment the desired temperature is reached through high-pressure
steam injection, but for more economic operation the final release and/or processing

pressure is reached by additional injection of pressurized gas, preferably air.

Another aspect of this invention relates to the use of pressurized gas, preferably air,
mixed with CO; and preferably to a high partial pressure with CO,. In this
embodiment the CO; dissolves in the steam explosion media in the high-pressure zone
and penetrates the subject material, further promoting its structural disintegration in
the pressure release step of the steam- explosion process. Furthermore, the acidic
nature of dissolved CO, promotes hydrolysis during the steam explosion process.
Especially, where CO; penetrates material such as wood, acid-promoted hydrolysis of
the cellulosic fraction of the internal of this material lessens its structural integrity.
This makes such material more vulnerable in the steam explosion process, promoting

its disintegration, and thus making it more accessible for further processing.

Another aspect of this invention relates to a combination of the steam explosion and
hydrolysis equipment with a scrubber in which the steam exploding material is
brought into contact with a CO»-rich gas stream in a counter-flow configuration in the
discharge section of the steam explosion equipment. In this embodiment the steam
explosion and hydrolysis are conducted in an alkaline media, which serves in the
discharge section as adsorbent for CO; and other acidic components contained in a
counter-flow gas stream. These components may include H,S, SOx and NOx, but are

not limited to these.

The embodiments comprising carbon dioxide scrubbing are especially advantageous,
where the pretreated organic material is subsequently to be submitted to anaerobic
digestion for the production of methane. Here the scrubber serves for removal of the

CO; component and other acidic components from the CO; rich methane gas
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produced in this process. The integrated scrubber may also serve for binding of CO;

where the pretreated organic material is fermented for the production of ethanol or in

other processes where removal of CO» and other acidic gases is required or

advantageous.

The present invention further provides a process for pre-treating solid organic

material with the above described process steps and equipment. Accordingly, in one

aspect, the invention provides a process for treatment of solid organic material that

involves steam explosive disruption and making said material more accessible for

further downstream processing, the process comprising the steps of:

a)
b)

©)

d)

g)

h)

receiving a material stream comprising solid organic material,

introducing the stream into a wetting and mixing section and wetting and
mixing the solid organic material,

transferring the stream from said wetting and mixing section through a loading
valve of a loading section into a loading compartment,

increasing the pressure in said loading compartment by introducing therein
steam or pressurised gas such as pressurised air,

releasing material from said loading compartment to a high-pressure retention
section,

feeding the material continuously through the high-pressure retention section
while subjecting to a high temperature in the range of 170 to 250°C and a high
pressure in the range of 10 to 40 bar,

transferring a material dose that has been fed through said high-pressure
retention section through a valve to a discharge compartment, releasing
pressure from said discharge compartment to attain a steam explosion effect
on said material dose,

discharging said material dose into a lower pressure discharge section.

Various embodiments of the inventive process are described in further detail in the

below detailed description.
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BRIEF DESCRIPTION OF FIGURES

Figure la shows a schematic flow diagram of the steam explosion apparatus.
Specifically, this embodiment comprises a wetting and conditioning section (1000), a
loading section (1100), a high-pressure retention section (1200), a pressure relief
section (1300). A discharge section (1400) is also shown, which under alkaline
conditions can be configured as a scrubber for the removal CO, or other acidic

components from a gas stream.

Figure 1b shows a corresponding diagram of the embodiment where explosive
pressure-relief is attained through a pressure relief valve, releasing pressure above the

substrate surface and releasing escaping steam and gas through a conduit.

Figure 2. shows an explosive perspective illustration of one embodiment of the steam
explosion reactor, specifically the wetting and mixing section, the loading section, the
high-pressure retention section and the pressure relief section. In this embodiment the
loading section and the pressure relief section are realized each, by two rotary valves
in tandem and the high-pressure retention section comprises a screw conveyor. The

discharge section is not shown in this figure.

Figure 3. Schematic representation of the dosing and loading process in the loading
section, using the combination of two rotary valves in tandem. Individual
compartments and their positions are assigned to the respective steps in the
dosing/loading process and the individual steps are numbered subsequently in the

order of their execution.

Figure 4. Schematic representation of the pressure relief and discharge process from
the pressure relief section, using the combination of two rotation valves in tandem.
Individual compartments and their positions are assigned to the respective steps in the
process and the individual steps are numbered subsequently in the order of their

execution.

Figure 5. Perspective view of an example of the loading and the pressure relief
section, where these sections are configured with a chamber 1330 confined by high-
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pressure loading (1320) and discharge (1327) valves. Also shown are injection ports
for steam and pressurized air. In this example the loading and the pressure relief
section are preferably configured in the same principal manner and are thus, in this
embodiment the example shown in figure 5 applies equally to both these sections.
However, the loading section chamber is between the wetting and condition section
and the high-pressure retention section, while the pressure relief chamber is between
the high-pressure retention section and the discharge section. In this example, the
valves confining the chambers are shown as high-pressure ball valves, preferably

these are floating-ball valves.

Figure 6. Perspective illustration of the pressure relief section of the steam explosion
unit in an embodiment where the pressure-relief section is fed through a side inlet
(1341, 1342), from the high-pressure retention section. Pressure relief is realized
upwards, through a pressure relief valve (1343) placed above the substrate material
and the condensed steam, and above the inlet at the side of the chamber. In this
embodiment the steam explosion material does not protrude or splatter beyond the
pressure relief valve (1343), which may additionally be protected by a splash guard
such as a downward pointing rim placed in a collar on the inner side of the
compartment, between the feed port and the pressure release valve or through a mesh
or meshes (not shown). Discharge of substrate from the pressure-relief section is

realized through a discharge valve (1344) at the bottom of the chamber.

Figure 7. Schematic illustration of a version of the discharge section where this
section is configured to act as a carbon dioxide scrubbing unit at the same time. This
enables, where advantageous, economic scrubbing of CO; or other acidic components

from gases when the steam explosion process is run under alkaline conditions.

Figure 8. Perspective exploded view of a version of the discharge section, where this

section is configured to act as a carbon dioxide scrubbing unit at the same time.
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DETAILED DESCRIPTION

In the following, exemplary embodiments of the invention will be described, referring
to the figures. These examples are provided to provide further understanding of the

invention, without limiting its scope.

In the following description, a series of steps are described. The skilled person will
appreciate that unless required by the context, the order of steps is not critical for the
resulting configuration and its effect. Further, it will be apparent to the skilled person
that irrespective of the order of steps, the presence or absence of time delay between

steps, can be present between some or all of the described steps.

In an embodiment of the invention, the continuous-flow or semi-continuous-flow
steam explosion system comprises an upstream grinding and homogenizing section,
an upstream wetting and mixing section (1000) also referred to as conditioning-
section (or specifically as steam-explosion-conditioning section), a loading section
(1100), a high-pressure retention section (1200) (also referred to as high-pressure-
heating-retention section or high-pressure high-temperature retention section) and a
pressure-relief section (1300). A discharge section (1400) for receiving the material
from the pressure-relief section may optionally form part of the apparatus or can be
seen as representing any suitable receiving unit for further processing of the processed

substrate stream.

Where steam explosion is conducted under alkaline conditions the discharge section

can be suitably configured as a CO; scrubbing section (1400).

The discharge section of the steam explosion and CO; scrubbing unit, when run under
alkaline condition, can serve at the same time as absorber for CO; or for other acidic
components such as but not limited to H>S, SOx and NOx from a gas stream. In this
context scrubbing/scrubber refers to the removal of acidic gas components from a
subject gas through acid-base reactions of said gas with the expanding alkaline

substrate subjected to the steam explosion. Equations 1a, b and ¢ show the respective
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reactions for the example of CO; scrubbing using sodium hydroxide as the alkaline

medium.
COz (g) + H2O 2 H2COs (aq) la
H,CO:s (aq) + NaOH (aq) @ NaHCOs (aq) 1b
NaHCOs (aq) + NaOH (aq) 2 Na,COs (aq) Ic

An example where this is advantageous is the removal of CO; and other acidic gases
from CO; rich methane gas from anaerobic digestion, from for example the pre-
treated material from said steam explosion. Other examples are the binding of the CO;
from fermentation of the pre-treated material from the steam explosion and the
binding of CO; and other acidic components of the flue gas from a steam boiler

providing steam for the apparatus/process of the invention.

In general, in the steam explosion process described herein, the organic material
stream has preferably been shredded within an upstream grinding and homogenisation
section. The material is then fed into the far end of a wetting and mixing section
(1000) and conveyed under mixing towards its exit point. During this step the solid
substrate is wetted to achieve the desired water content optimal for the steam

explosion process and at the same time pH adjustment is achieved.

The wetting and mixing section (1000) preferably constitutes a actively fed (1001)
conveying mixer equipped with provided with a liquid mixing and inlet system (1002,
preferably connected to an armature in the mixing conveyor section though a top-

down spraying configuration (1003).

For alkaline steam explosion integrated with CO, scrubbing, as described in more
detail here below, the aqueous solution is alkaline, preferably through solution of

sodium or potassium hydroxide added to the wetting water in a liquid/liquid mixer.

The steam explosion unit may, however, also be driven with pH neutral or acidic feed,
with non-pH adjusted feed or with feed mixed with any other additives suitable for

promoting the intended processes.
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In one embodiment, the exit port of the wetting and mixing section is connected
vertically to the high-pressure section via a loading section comprising a rotation-
dosing valve (1106) and a high-pressure, rotating valve (1101), which may
advantageously be in a positive displacement configuration. At the exit point of the
wetting and mixing unit (1004), the substrate enters the rotating dosing valve (1106),
which doses the substrate into an ambient pressure compartment of the high-pressure
rotary valve (1101). The rotating dosing valve (1106) serves to avoid overload of the
high-pressure rotary valve, which could cause unwanted strain on the high-pressure
sealing. After loading at ambient pressure, the high-pressure rotation valve rotates to a
sealed position where the substrate holding valve chamber is brought up to the desired
pressure (preferably in the range 10-30 bar, typically about 1 bar above that of the
high-pressure retention section) and temperature, through steam injection (typically
180-250°C) (1102). The high-pressure rotating valve then rotates further to a vertical
placement above the entrance port of the high-pressure retention section. This process
is shown schematically in Fig. 3, where individual compartments (their positions) are
assigned to individual steps and the individual steps are indicated with roman

numbers i-vi in the order of their execution, as follows:

1. Substrate exits the wetting and conditioning section and fills compartment of
rotary dosing valve (1106);,

ii.  Rotary dosing valve rotates to deliver the substrate to a compartment of the
high-pressure rotary valve (1101);

iii.  High-pressure rotary valve rotates to seal off the dosing valve;

iv.  The substrate in the high-pressure rotary valve is brought to the desired high-
pressure and high temperature conditions of the high-pressure retention
section by means of steam injection and eventually additional gas (air)
injection (1102);

v.  High pressure valve rotates to deliver substrate to the high-pressure retention
section;

vi. High-pressure valve rotates to pressure relief position where pressure is

relieved (1103) to equal the atmospheric pressure of the delivering
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conditioning and vetting section, through pressure relief (High pressure valve

rotates to).

Assisted by the differential pressure and gravitation the now pressurized chamber of
the high-pressure rotation valve is discharged into the high-pressure retention section
(1200) of the steam explosion unit before rotating further into a second sealed

position where pressure is released (through pressure release 1103).

Pressure strain on the rotation-valves may be reduced by using rotation-valves with
more compartments and gradually increasing the pressure in individual compartments,

lowering the differential pressure between individual compartments.

In a positive displacement configuration applied in some embodiments, pressurization
and depressurization is assisted by the respective chamber volume variation through

the rotary cycle.

High-pressure steam for the process, is typically provided by a boiler. Where the pre-
treated material is to be further processed for fuel production, part of the produced
fuel may be used to drive the boiler. This may for example be pure methane or any
methane/CO; mixture, from an anaerobic digestion unit, biodiesel or any mixture of
fats and oils where these are separated from the steam-exploded material and suitably

processed.

In the high-pressure retention section (1200), the loaded substrate is conveyed from
the loading point to the exit point by means of an adjustable speed conveyor (1204) or
mixing conveyor, allowing the retention time to be continuously adjustable over a

wide time range.
The high-pressure retention section is equipped with steam injection ports (1205) to

achieve the appropriate pressure and temperature and for its maintenance by make-up

injections. Two such injection points are shown as examples in Fig, 2.
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In one embodiment, the exit port of the high-pressure retention section is connected
vertically to a rotating dosing valve (1306) and a high-pressure rotary relief valve
(1307). At the exit point, the substrate is conveyed by the rotating dosing valve (1306)
to a compartment of the high-pressure rotary relief valve (1307), which at that time-

point faces the exit port of the high-pressure retention section).

The high-pressure rotary valve (1307) then rotates to open the pressurized
compartment to ambient pressure, enabling the steam explosion, before rotating to a
re-pressurization position, this position being equipped with a steam injection port.
From this position the compartment rotates back to the fill position. This process is
shown schematically in Fig. 4, where individual compartments (their positions) are
assigned to individual steps and the individual steps are numbered subsequently with

roman numbers i-v in the order of their execution, as follows:

i.  Substrate exits high-pressure retention section and fills compartment of
rotary dosing valve (1306);

ii.  Rotary dosing valve rotates to seal off the exit of the high-pressure retention
section and to deliver the substrate to a compartment of the high-pressure
rotary valve (1307);

iii.  High-pressure rotary valve rotates to deliver substrate;

iv.  Substrate is discharged under pressure relief, where the sudden drop in
pressure causes steam explosion;

v.  Valve rotates to pressure adjustment position and pressure is increased via

steam and/or gas (air) injection (1308).

In this configuration, heat efficiency is maximized by dynamic synchronization of the
steam injection into the respective compartments of the high-pressure rotary loading
valve, the high-pressure retention section and the re-pressurization section of the
discharge valve. All injections are controlled individually in response to variations in
pressure and temperature caused at the relief and entrance side and through heat loss.
Pressure and temperature are preferably monitored continuously along the high-
pressure retention section supplying individual data along the section. This data

(DSO01) is feed to the P/T processing unit (1209) supplying control signal (DS02) to
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the steam injection ports of the high-pressure retention section (1205).and to steam
injection ports of the loading (1102) and pressure relief section (1308). These are
synchronized to this signal along the high-pressure retention section to maintain close
to constant conditions. Additional signal is supplied to adjust the speed of the rotating
conveyor (1204). Three P/T monitoring points are shown as examples in Fig. 2

(1208).

In other embodiments one or both of the loading section and the pressure relief
section of the steam explosion unit can constitute a separate chamber (1330),
separated from the conditioning section and the high-pressure retention section and
the high-pressure retention section and the discharge section, respectively, by valves
such as but not limited to high-pressure ball valves, knife gate valves or slide gate
valves, preferably a floating-ball valve, or other suitable high-pressure valves. An
example is shown in figure 5, which is applicable to both a loading chamber and
pressure-relief chamber. In both cases (loading chamber and pressure-relief chamber)
the chamber is provided with a high-pressure loading valve (1320) and a high-
pressure discharge valve (1327) both equipped with appropriate actuators (1320a and
1327a, respectively). The chamber is equipped with injection ports for steam (1325)
and/or gas (such as air) (1326) and with pressure (1323), temperature (1324) and level
(1322) sensors.

In the above described embodiments having a loading chamber as described, the
loading chamber is loaded from the top, receiving material from the conditioning
section under ambient pressure conditions. During dosing, the loading chamber is
separated from the high-pressure retention section by a high-pressure discharge valve
(1327) in closed position. The dosing valve (1320) is then moved into closed position,
in response to readings from the level sensor (1322), before the loading chamber is
pressurized and brought to the desired temperature through steam and optional gas
injection (1325 and 1326, respectively). Generally, the loading chamber is in this step
brought to a pressure slightly above that of the high-pressure retention section,
typically 1 bar higher. Assisted by the differential pressure and gravitation the now
pressurized loading chamber is discharged into the high-pressure retention section

(1200) of the steam explosion unit by opening the discharge valve of said chamber
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(1327). The loading valve is then brought into closed position and the loading
chamber is depressurized with a pressure relief mechanism before the next dose is
loaded. In this configuration the steam explosion step is achieved similarly by loading
the pressure-relief chamber with its loading valve (1320) in open position and
relief/discharge valve (1327) in closed position. The loading valve (1320) is then
brought into closed position, in response to readings from the level sensor (1322), and
the steam explosion is effectuated through opening its relief/discharge valve (1327) to
the discharge section (1400). The relief/discharge valve is then closed and the
pressure-relief chamber is brought to the same pressure or pressure slightly below that
of the high-pressure retention section before its loading valve is opened again for

reloading.

In the above embodiments heat efficiency is maximized by dynamic synchronization
of the steam injection into the loading chamber (1330), the high-pressure retention
section (1200) and the pressure-relief compartment (1330). This is done in response to
variations in pressure and temperature caused at the relief and entrance side and
through heat loss. Pressure and temperature are preferably monitored continuously
along the high-pressure retention section (1200) and from the respective chambers
(1330). This data is fed to a P/T processing unit (1209) supplying control signal to the
respective steam injection ports. These are synchronized based on the signals along
the high-pressure retention section to maintain substantially constant conditions.
Additional signal is supplied to adjust the loading and discharge frequency from the
respective chambers and the speed of the conveyor (1204) transferring material

through the high-pressure retention section.

Loading and pressure relief may also be realized with any combination of rotary
valves or separate chambers as described above, at the loading and discharge sides of
the high-pressure retention section, respectively. Where advantageous the loading
section and the high-pressure retention section may also be run at reduced pressure
compared to the pressure relief section and the pressure of the pressure relief section

may be boosted up by steam injection and/or gas (air) injection prior to discharge.
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Independent of the preferred loading and discharge mechanisms chosen, in one
embodiment the steam explosion may be assisted by suitable injection of pressurized
air. In this embodiment the desired temperature is achieved through steam injection as
described above, but the final pressure is realized through additional injection of
pressurized air. In this configuration, pressurized air injection ports are preferably
provided along with the steam injection ports provided for the loading section, the
high-pressure retention section and the pressure relief section of the steam explosion
unit. These are shown in the exemplary embodiments of the loading and pressure-
relief sections in Figs. 3, 4 and 5, but may also apply where these sections are realized

by any other suitable means.

In one embodiment shown in a perspective illustration in figure 6, the pressure-relief
section comprises a separate chamber (1340) confined by three high-pressure valves:
a loading valve (1341) connecting a feeding port (1342) at the side of the pressure
relief chamber to the exit of the high-pressure retention section (1200), a pressure-
relief valve (1343) placed above the feeding port and a discharge valve (1344) at the
bottom of the pressure relief chamber. All three high pressure valves are equipped
with appropriate actuators (1341a, 1343a and 1344a, respectively). The conveying of
the substrate from the high-pressure retention section to the pressure-relief chamber in
this embodiment, may be realized through the main conveyer in the high-pressure
retention section and/or through an intermediate pump placed between the high-
pressure retention section and the pressure-relief section. Pressure adjustment may be
realized through steam (1345) and/or pressurized air (1346) injection into the pressure
relief chamber after loading and closing of the respective loading valve (1341). Steam
explosion is effectuated, in this embodiment, through pressure relief through the
pressure-relief valve (1343) placed above the feeding port (1342). The pressure relief
valve may be protected by a splash guard, such as a conical downwards-tilted collar
and/or a protective mesh placed between the loading port and the relief valve (not
shown) reducing splashing of solid and liquid material in the steam explosion process
reaching critical components of the pressure relief valve. Gas and steam release
through the pressure relief expands through an upper portion of said chamber and a
relief conduit extending from said pressure-relief valve for receiving and transmitting

escaping steam and/or gas, the conduit comprising a heat exchanging condenser
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(1347), discharge ports (1348) and optional silencer (1349). The condenser serves for
removal of the steam and heat recovery from condensation of the steam and from the
hot gas. After the pressure relief the steam exploded material is discharged though a
discharge valve (1344) at the bottom of the pressure-relief chamber for further
processing to value-added products. To accelerate discharge of the steam-exploded
material the discharge may be assisted with pressurized air injected above the
substrate material (1350) with the pressure-relief valve placed in closed position.
After discharge the discharge valve is closed and the pressure relief chamber is re-

pressurized prior to re-loading.

Advantageously, the loading of the high-pressure retention section and the pressure-
relief compartment, the pressure relief and the material discharge from said
compartment is synchronized such that pressure drop in the high-pressure retention
section is minimal during operation. Retention time in the high-pressure retention
section is adjustable over a wide range, by adjustment of the conveying speed, which
again is synchronized with the loading and relief mechanism. The synchronization is
advantageously controlled via a control unit such as a PLC system receiving readings
from temperature (1324) and pressure (1323) and level (1322) sensors installed in the
pressure release chamber and controlling the convening speed and timing sequence of
loading, pressure relief and discharging as well as steam and gas injections, as

described in illustrative non-limiting examples for other embodiments herein above.

Where advantageous, pressure boosting through pressurized air injection may also be
confined to the pressure relief section boosting up the pressure of this section prior to
its discharge while the loading and high-pressure retention sections are run at

comparatively lower pressure.

In another embodiment, where pressure boosting is achieved through pressurized air
injection said pressurized air may preferably be air mixed to a high partial pressure
with CO;. In this embodiment the injection of the CO, enriched pressurized air is
injected below the surface of the substrate and condensed steam in the respective

sections, preferably from their bottom (1325). The CO, dissolves in the steam

22


kairvenee.cumar
Text Box


10

15

20

25

30

explosion media in the high-pressure zone(s) as the corresponding carbonic acid (Eq

la), providing acidic conditions as shown in equations 2a and 2b:

H,CO:s (aq) + H2O 2 HCOs™ (aq) + H3O™ (aq) 2a
HCOs™ (aq) + H,0 2 COs* (aq) + H30™ (aq) 2b

The CO; penetrates the subject material, further promoting its structural disintegration
in the pressure release step of the steam- explosion process in accordance to the
reversed reaction as shown in Eq. la. The acidic nature of dissolved CO,, shown in
Eq. 2a and 2b, further promotes hydrolysis during the steam explosion process.
Especially, where CO; penetrates material such as wood, such acid promoted
hydrolysis of the cellulosic fraction of the internal of this material lessens its
structural integrity. This makes such material more vulnerable in the steam explosion
process, further promoting its disintegration, and making it better accessibility for
further processing. The partial pressure of CO; can suitable be chosen depending on
the pressure and temperature ranges applied, such that the partial pressure provides an
effective concentration of CO; while being safely below the vapor-

sublimation/deposition phase boundary.

In some embodiments, where discharge is under high-pressure and constitutes the
steam explosion step in the process, it is found advantageous that the discharge port of
the pressure-relief section is partially obstructed with suitable constructions to utilize
the mechanical force in the steam explosion for further mechanical surface
roughening/shredding of the extruding material. This is exampled in Fig 2 by a
shredder teeth arrangement (1210) intended for additional surface roughening of

wood chips.

The steam explosion equipment will generally be operated at a pressure in the range
from about 10 bar (1.000 kPa) or from about 12 or from about 14 or from about 15 or
from about 16, or from about 18 or from about 20 bar, to about 40 bar, or to about 38
bar, or to about 36 bar, or to about 34 bar, or to about 32 bar, such as to about 30 bar,

such as to about 28, or to about 27 or to about 26 or to about 25 or to about 24 bar.
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The temperature in the steam explosion process is typically in the range of about 170-
250°C such as the range 180-250°C, the selected temperature will typically depend on
the desired pressure, meaning that the temperature and pressure are maintained in a
relationship so that the pressure is around or just above the vapour pressure of water.
For example, at a temperature of 180°C, the vapour saturation pressure of water is just
over 10 bar, at 200°C the saturation vapour pressure is about 15,5 bar, at 220°C is

about 23,2 bar, and at 250°C the vapour saturation pressure is about 40 bar.

In some embodiments the steam explosion reactor is operated at a temperature in the
mentioned range and at a pressure corresponding to or close to the vapour saturation
pressure of water at the respective temperature. Accordingly, in some embodiments,
the steam explosion reactor is operated at a temperature in the range of about 180-
200°C and a pressure in the range of about 10-16 bar, in some embodiments the steam
explosion reactor is operated at a temperature in the range of about 200-220°C and a
pressure in the range of about 15-23 bar, or in the range of about 220-240°C and at

pressure in the range of about 23-33 bar.

Where the steam explosion is conducted under alkaline conditions and applies a
pressure relief section releasing pressure with the substrate to the discharge section,
said discharge section can at the same time constitute a CO; scrubbing unit. In this
configuration the upper part of the CO> scrubber (1400) is in a cyclone type
configuration, designed to promote perpendicular dispersion towards the centre of the
scrubber for optimal contact of the alkaline material with a counter-flow of CO; rich

or other acidic gas containing exhaust.

As understood from herein, in preferred embodiments the carbon dioxide scrubbing
unit constitutes an integral part of the continuous-flow steam explosion reactor when
the steam explosion is operated under alkaline conditions. An upper part of the carbon
dioxide scrubbing unit is preferably adapted to provide delivery of a stream of
material from the high-pressure retention section of the steam explosion unit, such
that flow of material provided through the pressure relief is directed to a cyclone-like
pattern within the carbon dioxide scrubbing section, but at the same time splashing

and dispersion towards the centre of the scrubbing section is promoted. Hence, the
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dispersion of the alkaline, aqueous material stream (the absorber) in the region where

it meets the carbon dioxide rich gas stream serves to enhance scrubbing efficiency.

The terms “carbon dioxide scrubber” and “carbon dioxide scrubbing” as used herein
refer to that carbon dioxide is directed/injected into the scrubber to be adsorbed, thus
the scrubber serves as regular carbon dioxide scrubber which has the general function

of removing or reducing CO; content from a CO; rich stream.

Where the discharge section functions as a CO; scrubbing unit, the loaded
compartment of the high-pressure rotary exit valve or the pressure-relief chamber is
preferably discharged under an appropriate angle through an inlet tube (1401) at the
upper part of the combined discharge and CO; scrubbing section (1400), directing the
high-speed steam/substrate downwards on to a cyclone type spiral configuration
(1402) with clearance from the inner walls of the primary scrubber compartment. The
horizontal/angled part of the discharge tube (1401) is separated from the gas void

section below the gas exhaust port with a demistifier mesh (1407).

The term cyclone pattern as used herein refers to general circular or spiral pattern.
The entrance angle of the waste stream and spiral-shaped guides inside the scrubber
enhance the cyclone-like flow. The entrance angle is in some embodiments in the
range of about 5° to 30° from horizontal, that is, downwardly tilted from horizontal,
such as at angle in the range from about 5° or from about 10°, to about 30° or to about

25° or to about 20°.

The spiral-shaped guides inside the scrubber, however, are designed to partly disrupt
the cyclone-like flow, causing effective splashing and dispersion of the incoming
stream towards the centre region of the scrubbing section and maximize contact with
the carbon dioxide rich gas stream. In some embodiments the scrubbing unit
comprises at least one spiral-shaped insert and preferably at least two. In one
embodiments the unit comprises two internal spirals vertically offset with respect to
each other, with the upper spiral having clearance from the inner wall of the scrubber
while the lower spiral has no clearance. Such exemplary configuration is shown in

Figs 7 and 8 Through the high velocity of the discharging material the heavier
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fraction and condensed steam is forced towards the inner wall of the scrubber/cyclone
confinement with a downward velocity component provided by the initial angle of
entrance. This fraction is caught by a corrugated spiral-plate (1404) below and
parallel to the cyclone spiral with wall clearance (1402). The corrugation (1405), the
downward slope of the spiral plate (1404) and the downwards velocity of the
substrate/condensate (1403) partly directs it along the surface of the lower spiral plate
(1404) towards the centre where it is dispersed by an upwards directed protrusion
terminating the inner side of the spiral plate, thus enhancing the contact of the alkaline
suspension with the counter flow of CO; rising up through the scrubber. The
dispersing substrate/condensate (1406) falls down the centre of the scrubber/cyclone
confinement, along with steam condensing in the central region and at the demistifier

(1407), to accumulate in the settlement region of the scrubber/cyclone.

The horizontal/angled part of the discharge tube (1401) is separated from the gas void

section below the gas exhaust port with a demistifier mesh (1407).

Carbon dioxide flows into the carbon dioxide scrubbing unit through at least one
carbon dioxide inlet (1408, 1409) which is preferably provided within a lower part of
the unit, thus bubbles through the alkaline material accumulation in the settlement
region at the bottom of the scrubbing section before rising through the scrubbing
section and meeting the stream of dispersed alkaline material moving downwards

within the scrubbing section.

The CO; containing gas stream or gas stream containing other acidic gases is
preferably fed from the bottom through a micro-bubble dispenser (1409). This is
preferably through aspirators (1409) in a tilted, lateral arrangement, driven by
circulation of the low solid aqueous suspension taken from the upper part of the
suspension section. In this arrangement the aspirators serve at the same time for
agitation of the liquid solid suspension, achieving consistent composition at the exit
port of the section and avoiding clogging. Alternatively, CO containing exhaust is

fed through a micro-bubble or other, passive, dispersion set-up (1409, 1408).
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The CO; containing gas stream protrudes through the substrate settlement region and
rises up the centre of the scrubber (1413) where it is further in contact with the
alkaline adsorbing suspension in the upper, central part of the condensation section of
the scrubber before exiting with the dry fraction of the steam through a condenser

(1410) at the gas exit port of the condenser (1411).

The remaining steam is removed in the condenser (1410) with the CO; lean gas (CH4
for example, when scrubbing CO,/CH4) exiting the gas exit port (1411) and the
condensate exiting the drain port (1412). The heat of condensation is for example

used to preheat the aqueous fed for the wetting unit.

The settlement region of the combined pressure-relief and CO; scrubbing section
(1400) may further be equipped with a cooling spiral or other heat exchange elements
to partially recapture the heat from the steam explosion, thus lowering the substrate
temperature and preheating for example the water input for the steam generation
boiler providing the system. Such cooling elements may also be installed or extend to
the upper section of the scrubbing unit and are preferably in contact with the guiding
spirals to effectuate rapid cooling of the substrate already in the upper section of the

scrubber.

The scrubber is periodically emptied trough a rotary valve or any other suable valve
(1414) at the bottom of the settlement region, preferably synchronized with the
pressure relief section feeding the scrubber with substrate material through a signal

(DS03) liquid level sensor (1415) suitably arranged in the scrubber.

Where advantageous, the gas exit port (1411) leads to a secondary scrubber that may
be operated under elevated pressure and at lowered temperature. The secondary
scrubber is fed with the preferably cooled liquid fraction of the primary
absorber/scrubber in a conventional spray configuration from the top and with the

CO; lean exhaust from the primary scrubber from the bottom.

The carbon dioxide scrubbing unit, where the steam explosion is conducted under

alkaline conditions is operated at a pressure in a range from about 1 bar, such as from
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about 1,2 bar, such as from about 1,5 bar, such as from about 2 bar, to about 5 bar, or
to about 4 bar, and alternatively provided with cooling elements for lowering the

substrate temperature and for recapture of heat from the steam explosion unit.

The scrubbing functionality of the steam explosion unit advantageously serves to
remove CO; and other acidic gases from for example a raw CO,/CH; mixture
produced from an anaerobic digestion process of the pre-treated steam-exploited
material or the CO; produced in a fermentation process of this material and/or to
remove CO; and other acidic gases from the flue gas from the steam boiler providing

the system.

Further, in the process the CO; serves to lower pH and buffer the alkaline
substrate/aqueous-extract (the absorber) generated in the steam explosion process,
before its further processing to value added products. Where the extract provided in
the steam explosion process is intended for anaerobic digestion for the production of
methane, the increased carbonate and bicarbonate concentration provided through the

CO; adsorption, also promotes of the methane production.

The liquid-solid suspension at the bottom of the relief and CO; scrubbing section is
periodically released as fractions through a discharge valve (1413). These fractions
are subjected to conditioning and separation as appropriate prior to further processing
to value added products. The discharge of the discharge and CO; scrubbing section is
preferably synchronized with the discharge from the steam explosion unit to achieve

continuous load conditions in the process.

A secondary scrubber may be installed with conventional adsorbed material or such
that it is fed with the pre-filtered liquid fraction accumulating in the settlement region
of the primary scrubber and may be in a conventional top-down spraying
configuration, at elevated pressure and reduced temperature with the CO; lean exhorts
from the primary scrubber fed from the bottom. Accordingly, a secondary scrubber in
the system may in some embodiments be operated at a pressure in the range of about
5 to 150 bar, such as at a pressure value in the range from about 5 or from about 10 or

from 15 or from about 20 or from about 30 or from about 40, to about 150 or to about
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140 or to about 130 or to about 120 or to about 110 or to about 100 or to about 90 or
to about 80 or to about 70 or to about 60 or to about 50 bar, and the temperature is
preferably in the range 5 to 40°C such as in a range from about 5°C or from about
10°C or from 1 about 5°C or from about 20°C, to about 50°C or to about 45°C or to
about 40°C or to about 35°C or to about 30°C.

CLAUSES

Exemplary embodiments of the invention are set forth in the following clauses.

1. A continuous-flow steam explosion reactor for pretreatment of organic
material for further processing to value-added products, comprising a loading
section, a high-pressure retention section, a pressure relief section and a
discharge section and wherein said high-pressure retention section comprises
at least one adjustable-speed conveyor for transporting a stream of source
material through said section, further comprising steam provision means
connected to a source of steam, for providing steam into at least said high-
pressure retention section, and gas provision means connected to a source of
pressurized gas, for providing pressurized gas into at least one of said high-

pressure retention section, said loading section and said pressure relief section.

2. The continuous-flow steam explosion reactor according to clause 1, wherein
said loading section is configured to transfer material at ambient pressure
upstream of the loading section to said high-pressure retention section while
retaining high pressure in the high-pressure retention section, and
said pressure relief section is configured to transfer material from said high-
pressure retention section to a discharge section while retaining high pressure
in the high-pressure retention section, and
said pressure relief section is configured to release material with a drop in
pressure to said discharge section while retaining high pressure in the high-

pressure retention section.
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3. The continuous-flow steam explosion reactor according to clause 1 or 2,

wherein said loading section comprises at least one rotary dosing valve and at
least one rotary discharge valve, wherein said rotary dosing valve is
dimensioned and configured to transfer a suitable dose of substrate to the
rotary discharge valve, and said loading section comprises pressure adjustment
means coupled to said steam provision means and/or said gas provision means,
to adjust the pressure of a compartment in said rotary discharge valve such
that the pressure within said high-pressure retention section is substantially
maintained when said compartment discharges material to said high-pressure

retention section.

The continuous-flow steam explosion reactor according to any of clauses 1 to
3, wherein said loading section comprises at least one loading valve and at
least one discharge valve, and at least one loading chamber in between said

valves or being part of said discharge valve.

The continuous-flow steam explosion reactor according to clause 4, wherein
each of said at least one loading valve and at least one discharge valve in said
loading section is independently selected from the group consisting of rotary
valve, floating ball valve, rotary ball valve, knife gate valve, and slide gate

valve.

The continuous-flow steam explosion reactor according to clause 1 or 2,
wherein said pressure relief section comprises at least one rotary dosing valve
and at least one rotary discharge valve, wherein said rotary dosing valve is
dimensioned and configured to transfer a suitable dose of substrate to the
rotary discharge valve, and said pressure relief section comprises pressure
adjustment means coupled to said steam provision means and/or said gas
provision means, to adjust the pressure of a compartment in said rotary
discharge valve after discharge, such that the pressure within said high-
pressure retention section and said rotary dosing valve is substantially
maintained when said compartment returns to a position for receiving material

from said rotary dosing valve.
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10.

11.

12.

13.

14.

The continuous-flow steam explosion reactor according to clause 1 or 2,
wherein said pressure relief section comprises at least one loading valve and at

least one discharge valve, and a chamber in between said valves.

The continuous-flow steam explosion reactor according to clause 7, wherein
each of said loading valve and at least one exit valve in said pressure relief
section is independently selected from the group consisting of rotary dosing

valve, floating ball valve, rotary ball valve, knife gate valve, slide gate valve.

The continuous-flow steam explosion reactor according to clause 7 or 8,
comprising a pressure-relief valve connected to an upper portion of said
chamber and a relief conduit extending from said pressure-relief valve for

receiving escaping steam and/or gas.

The continuous-flow steam explosion reactor according to clause 9, wherein
said relief conduit comprises a condenser, a discharge port and optional

silencer.

The continuous-flow steam explosion reactor according to clause 9 with
pressurized gas injection means installed in an upper portion of said chamber
for injecting gas after pressure release to accelerate discharge of the steam

exploded material through the exit valve.

The continuous-flow steam explosion reactor according to any of clauses 9 to
11, comprising a splash-guard below the pressure relief valve to prevent or

minimize substrate material coming into contact with the pressure relief valve.

The continuous-flow steam explosion reactor according to any of clause 1 to

12, wherein said adjustable speed conveyor is a screw conveyor.

The continuous-flow steam explosion reactor according to any of clause 1 to

13 where the retention and relief temperature is achieved through steam

31


kairvenee.cumar
Text Box


10

15

20

25

30

15.

16.

17.

18.

19.

injections and the relief pressure is achieved through additional pressurized

gas injections.

The continuous-flow steam explosion reactor according to any of clauses 1 to
14, further comprising a control unit that allows adjustable retention time of
material within said high-pressure retention section, by synchronization of the
valves in said loading section, the valves in said pressure relief section and the

conveying speed within the high-pressure retention section

The continuous-flow steam explosion reactor according to any of the
preceding clauses, wherein the high-pressure retention section is configured to
operate at a pressure in the range of about 10 to 40 bar, and at a temperature in

the range of about 180-250°C.

The continuous-flow steam explosion reactor according to any of clause 7 to
12, wherein the chamber of the pressure relief section is configured to operate
at a pressure in the range of about 10 to 40 bar, and at a temperature in the

range of about 180-250°C.

The continuous-flow steam explosion reactor according to any of clauses 1 to
17, wherein said pressurized gas comprises at least for some section(s) a

partial pressure of carbon dioxide.

A continuous-flow steam explosion reactor for pretreatment of organic
material for further processing to value-added products, comprising a loading
section, a high-pressure retention section, a pressure relief section and wherein
said high-pressure retention section comprises at least one adjustable-speed
conveyor for transporting a stream of source material through said high-
pressure retention section, said pressure relief section comprises a chamber
having a pressure-relief valve connected to an upper portion of said chamber
and a relief conduit extending from said pressure-relief valve for receiving

escaping steam, the chamber configured to operate at high pressure and to
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20.

21.

22.

23.

24.

25.

26.

allow a sudden relief of pressure through said pressure relief valve, the

chamber having an exit port with a discharge valve for discharge of substrate.

The continuous-flow steam explosion reactor according to clause 19, wherein
said relief conduit comprises a condenser, a gas discharge outlet and optional

silencer.

The continuous-flow steam explosion reactor according to clause 19 or 20,
wherein said loading section comprises at least one loading valve at least one
discharge valve, and at least one loading chamber in between said valves or
being part of said discharge valve, and at least one valve in between said high-

pressure retention section and said chamber of the pressure-relief section.

The continuous-flow steam explosion reactor according to clause 21, wherein
each of said valves is independently selected from rotary dosing valve,

floating ball valve, rotary ball valve, knife gate valve, and slide gate valve.

The continuous-flow steam explosion reactor according to any of the
preceding clauses, which is configured for operating as an alkaline steam

explosion reactor.

The continuous-flow steam explosion reactor according to clause 23,

comprising at least one integrated carbon dioxide scrubbing unit.

The continuous-flow steam explosion reactor according to clause 23 and 24,
comprising a high-pressure retention section a loading section, a pressure
relief section, and a discharge section, wherein said discharge section of the
steam explosion reactor serves at the same time as said carbon dioxide

scrubbing unit.

The continuous-flow steam explosion reactor according to clause 24 or 25,
wherein an upper part of the carbon dioxide scrubbing unit is adapted to

receive delivery of a stream of material from the pressure-relief section under
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27.

28.

29.

30.

31.

an angle with respect to the central axis of the carbon dioxide scrubbing unit,
to direct said stream of material into a cyclone patter by means of at least one

internal spiral.

The continuous-flow steam explosion reactor according to any of clauses 24 to
26, wherein the carbon dioxide scrubbing unit further comprises at least one
gas inlet provided within a lower part of the scrubbing unit, whereby the
alkaline stream of material from the high-pressure retention section meets a
carbon dioxide rich gas stream to facilitate carbon dioxide scrubbing and/or

scrubbing of other acidic gas components from said gas stream.

The continuous-flow steam explosion reactor according to clause 26 or 27,
where the carbon dioxide scrubbing section comprises two inserted spirals
which are vertically offset with respect to each other with the upper spiral
having clearance from the inner wall of the scrubber while the lower spiral has
no clearance, which effectuates partial velocity component perpendicular to
the primary cyclone pattern flow of the stream of waste within the carbon
scrubbing unit, effectuated by material conveyed from the upper spiral to the

lower spiral along the inner wall of the carbon scrubbing unit.

The continuous-flow steam explosion reactor according to clause 28 wherein
said lower spiral is provided with a corrugated pattern partly guiding material
towards the center of the scrubber and a protruding rim at the inner edge of the
spiral causing the perpendicular component of the material to splash and

disperse towards the center of the scrubber unit.
The continuous-flow steam explosion reactor according to any of clauses 26 to
29, wherein the carbon dioxide scrubbing section operates at a pressure in the

range of about 1 to about 5 bar.

The continuous-flow steam explosion reactor according to any of clauses 25 to

30, wherein said scrubber unit is provided with heat exchanging cooling
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32.

33.

elements to provide cooling of the scrubbing media and recovering heat from

the steam explosion.

The continuous-flow steam explosion reactor according to any of clause 25 to

31, wherein said pressure-relief section serves as a first carbon dioxide

scrubber, the system further comprising a secondary scrubber which is fed

with a liquid fraction from said first scrubber as scrubbing media.

A process for treatment of solid organic material that involves steam explosive

disruption and making said material more accessible for further downstream

processing, the process comprising:

a)
b)

©)

d)

g)

h)

receiving a material stream comprising solid organic material,
introducing the stream into a wetting and mixing section and
wetting and mixing the solid organic material,

transferring the stream from said wetting and mixing section
through a loading valve of a loading section into a loading
compartment,

increasing the pressure in said loading compartment by introducing
therein steam or pressurised gas such as pressurised air,

releasing material from said loading compartment to a high-
pressure retention section,

feeding the material continuously through the high-pressure
retention section while subjecting to a high temperature in the
range of 170 to 250°C and a high pressure in the range of 10 to 40
bar,
transferring a material dose that has been fed through said high-
pressure retention section through a valve to a discharge
compartment, releasing pressure from said discharge compartment
to attain a steam explosion effect on said material dose,

discharging said material dose into a lower pressure discharge

section.
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34.

35.

36.

37.

38.

39.

40.

The process according to clause 33, wherein said releasing pressure in step (g)
and discharge in step (h) are conducted in one step where pressure is released

by discharging the material dose into said lower pressure discharge section.

The process according to clause 33, wherein said releasing pressure in step (g)
is achieved by opening a pressure relief valve located in an upper part of said
discharge compartment, allowing escaping gas and steam to exit through said

pressure relief valve and a conduit opposite the pressure-relief valve.

The process according to any of clauses 33 to 35, wherein high temperature
and high pressure in said high-pressure retention is achieved by introducing
steam into said region and optionally further by introducing pressurized gas

such as pressurized air.

The process according to any of clauses 33 to 36, comprising increasing
pressure by steam and/or pressurised gas such as pressurised air in said
discharge compartment after discharge of material before the compartment is
returned to position for receiving another material dose from said high-
pressure retention section or from an intermediate valve between the high-

pressure retention section and the discharge compartment.

The process according to any of clauses 33 to 36, comprising a step of closing
off the loading compartment to the high-pressure retention section after
discharge of material and releasing pressure from said loading compartment
before opening the compartment to the wetting and mixing section or an
intermediate dosing valve between the wetting and mixing section and loading

compartment.

The process according to any of clauses 33-38, wherein the stream of material

is mixed with alkaline aqueous solution in the wetting and mixing section.

The process according to clause 39, wherein after the steam explosion

treatment the processed stream is utilized as scrubbing media for carbon
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42.

dioxide scrubbing in a carbon dioxide scrubbing section integrated with a

discharge section receiving material from said pressure-relief section.

The process according to clause 40, comprising feeding a gas stream
comprising carbon dioxide into said carbon dioxide scrubbing section for

removing from said gas stream at least part of said carbo dioxide.

The process according to clause 41, comprising transferring said stream from a
pressure relief section into said discharge section and scrubber unit such that
the flow of the stream enters at an angle with respect to the central axis of the
scrubber unit, such that the stream of material flows substantially along at
least one spiral arranged in said scrubber unit in order to create a cyclone type
flow pattern, and

introducing said gas stream comprising carbon dioxide into said scrubber unit

through at least one inlet provided within a lower part of the scrubbing unit.
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CLAIMS

1.

A continuous-flow steam explosion reactor for pretreatment of organic
material for further processing to value-added products, comprising:

a loading section,

a high-pressure retention section,

a pressure relief section, and

a-discharge section,

and wherein said high-pressure retention section comprises at least one
adjustable-speed conveyor for transporting a stream of source material through
said section, further comprising steam provision means connected to a source
of steam, for providing steam into at least said high-pressure retention section,
wherein said loading section is configured to transfer material at ambient
pressure upstream of the loading section to said high-pressure retention section
while retaining high pressure and temperature in the high-pressure retention
section by means of steam injection to said loading section, and

said pressure relief section is configured to transfer material from said high-
pressure retention section to a discharge section while retaining high pressure
in the high-pressure retention section by means of steam injection to said
pressure relief section, and

wherein said steam injection means in said loading section and said steam
injection means in said pressure relief section and loading and release from
sections are synchronised such that pressure drop in the high-pressure
retention section is minimal and high operating pressure and temperature is

maintained during operation.

The continuous-flow steam explosion reactor according to claim 1, comprising
gas provision means connected to a source of pressurized gas into at least one
of said high-pressure retention section, said loading section and said pressure

relief section, to generate at least part of high pressure.

The continuous-flow steam explosion reactor according to claim 2 wherein

high temperature in the high-pressure retention section and pressure relief
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section is achieved through steam injections and high pressure in said sections

is achieved at least in part through additional pressurized gas injections.

The continuous-flow steam explosion reactor according to any of claim 1 to 3,
wherein said loading section comprises at least one rotary dosing valve and at
least one rotary discharge valve, wherein said rotary dosing valve is
dimensioned and configured to transfer a suitable dose of substrate to the
rotary discharge valve, and said loading section comprises pressure adjustment
means coupled to said steam provision means and/or said gas provision means,
to adjust the pressure of a compartment in said rotary discharge valve such
that the pressure and temperature within said high-pressure retention section is
substantially maintained when said compartment discharges material to said

high-pressure retention section.

The continuous-flow steam explosion reactor according to any of claims 1 to
3, wherein said loading section comprises at least one loading valve and at
least one discharge valve, and at least one loading chamber in between said
valves or being part of said discharge valve said loading chamber is coupled to
said steam injection ports and optional gas injection means and provided with
pressure relief mechanism, to pressurize and de-pressurize said chamber
before discharging and loading, respectively, and to bring to desired

temperature prior to discharging.

The continuous-flow steam explosion reactor according to any of claims 1 to
5, wherein said pressure relief section comprises at least one rotary dosing
valve and at least one rotary discharge valve, wherein said rotary dosing valve
is dimensioned and configured to transfer a suitable dose of substrate to the
rotary discharge valve, and said pressure relief section comprises pressure
adjustment means coupled to said steam provision means and/or said gas
provision means, to adjust the pressure and temperature of a compartment in
said rotary discharge valve after discharge, such that the pressure within said

high-pressure retention section and said rotary dosing valve is substantially
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10.

11.

12.

maintained when said compartment returns to a position for receiving material

from said rotary dosing valve.

The continuous-flow steam explosion reactor according to any of claims 1 to
5, wherein said pressure relief section comprises at least one loading valve and
at least one discharge valve, and a chamber in between said valves, and said

chamber equipped with steam injection ports and/or gas injection ports.

The continuous-flow steam explosion reactor according any of the preceding
claims, wherein said pressure relief section is configured to release material
with a drop in pressure to said discharge section while retaining high pressure

in the high-pressure retention section.

The continuous-flow steam explosion reactor according to claim 7, wherein
said pressure relief section comprises a pressure-relief valve connected to an
upper portion of said chamber and wherein said loading valve of the pressure
relief section is positioned below said pressure-relief valve, and a relief
conduit extending from said pressure-relief valve for receiving escaping steam
and/or gas, said discharge valve positioned at the bottom of the pressure relief

section.

The continuous-flow steam explosion reactor according to claim 9, wherein
said relief conduit comprises a condenser, a discharge port and optional

silencer.

The continuous-flow steam explosion reactor according to any of claims 2-10,
wherein said pressurized gas comprises at least for some section(s) a partial

pressure of carbon dioxide.
The continuous-flow steam explosion reactor according to any of the

preceding claims, which is configured for operating as an alkaline steam

explosion reactor.
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13.

14.

15.

16.

The continuous-flow steam explosion reactor according to claim 12,
comprising at least one integrated scrubber unit, wherein said discharge
section of the steam explosion reactor serves at the same time as said scrubber
unit in that the section is configured such that discharge material from the
steam explosion reactor serves as scrubbing medium, wherein the scrubber
unit comprises at least one gas inlet provided within a lower part of the
scrubber unit, such that when operated, an alkaline stream of material from the
high-pressure retention section meets a gas stream to facilitate carbon dioxide
scrubbing and/or scrubbing of other acidic gas components from said gas

stream.

The continuous-flow steam explosion reactor according to claim 13, wherein
an upper part of the scrubber unit is adapted to receive delivery of a stream of
material from the pressure-relief section under an angle with respect to the
central axis of the scrubber unit, to direct said stream of material into a

cyclone pattern by means of at least one internal spiral.

The continuous-flow steam explosion reactor according to claim 14, wherein
the scrubber unit comprises two inserted spirals which are vertically offset
with respect to each other with the upper spiral having clearance from the
inner wall of the scrubber while the lower spiral has no clearance, which
effectuates partial velocity component perpendicular to the primary cyclone
pattern flow of the stream of waste within the scrubbing unit, effectuated by
material conveyed from the upper spiral to the lower spiral along the inner

wall of the scrubber unit.

The continuous-flow steam explosion reactor according to claim 15 wherein
said lower spiral is provided with a corrugated pattern partly guiding material
towards the center of the scrubber and a protruding rim at the inner edge of the
spiral causing the perpendicular component of the material to splash and

disperse towards the center of the scrubber unit.
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17.

18.

19.

20.

21.

The continuous-flow steam explosion reactor according to any of claims 13 to
16, wherein the scrubber unit operates at a pressure in the range of about 1 to

about 5 bar.

The continuous-flow steam explosion reactor according to any of claims 13 to
17, wherein said scrubber unit is provided with heat exchanging cooling
elements to provide cooling of the scrubbing media and recovering heat from

the steam explosion.

The continuous-flow steam explosion reactor according to any of claim 13 to
18, wherein said pressure-relief section serves as a first carbon dioxide
scrubber, the system further comprising a secondary scrubber which is
configured to be fed with a liquid fraction from said first scrubber as

scrubbing media.

The continuous-flow steam explosion reactor according to any of claim 1 to 19
wherein the conveying speed is synchronised with the loading and releasing

valves of the loading section and pressure relief section.

A process for treatment of solid organic material that involves steam explosive
disruption and making said material more accessible for further downstream

processing, the process comprising:

a) receiving a material stream comprising solid organic material,

b) introducing the stream into a wetting and mixing section and
wetting and mixing the solid organic material,

c) transferring the stream from said wetting and mixing section
through a loading valve of a loading section into a loading
compartment,

d) increasing the pressure in said loading compartment by introducing

therein steam or pressurized gas such as pressurized air,
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e) releasing material from said loading compartment to a high-
pressure retention section while maintaining high pressure and
temperature in the high-pressure retention section,

f) closing the loading section from the high-pressure retention
section,

g) relieving pressure in the loading section before the loading section
is re-loaded from said wetting and mixing section.

h) transferring the material continuously through the high-pressure
retention section while subjecting to a high pressure and high
temperature,

i) loading a material dose that has been transferred through said high-
pressure retention section through a valve to a pressure relief
section, releasing pressure from said pressure relief section to attain
a steam explosion effect on said material dose,

j) discharging said material dose into a lower pressure discharge
section,

k) closing the pressure relief section from the discharge section,

1) increasing pressure in the pressure relief section such that high
pressure is maintained in the high-pressure retention section when
the pressure relief section is opened towards said high-pressure

retention section for re-loading.

22. The process according to claim 21, wherein in steps (¢) to (g) a dose of
substrate from the wetting and conditioning section is dosed with a rotary
dosing valve into a compartment of a high-pressure rotary discharge valve,
said high-pressure rotary discharge valve then rotates the loaded compartment
to sealed position where steam and/or gas is injected into the loaded
compartment to heat the material to the same level as that in the high-pressure
retention section and to bring the pressure to the same or higher level as that in
the high-pressure retention section before rotating said compartment to
releasing material to the high pressure retention section, then rotating said

compartment to a second sealed position where pressure is relieved before the
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23.

24.

25.

26.

high-pressure rotary discharge valve rotates back to it's loading position for re-

loading at atmospheric pressure.

The process according to claim 21, wherein in steps (c) to (g) a dose of
substrate from the wetting and conditioning section is dosed through a loading
valve into a loading chamber closed of from the high pressure retention
section by a discharge valve, said loading valve is then moved into closed
position and steam and optional gas is injected into the loading chamber to
heat the material to the same level as that in the high-pressure retention section
and to bring the pressure to the same or higher level as that of the high
pressure retention section before opening said discharge valve to release
material to the high pressure retention section, then closing said discharge
valve and relieving pressure of the loading chamber before re-opening the

loading valve for re-loading the loading chamber at atmospheric pressure.

The process according to any of claims 21 to 23, wherein said releasing
pressure in step (i) and discharge in step (j) are conducted in one step where
pressure is released by discharging the material dose into said discharge

section.

The process according to any of claims 21 to 24, wherein in steps (i) to (I)
suitable dose of substrate from the high pressure retention section is dosed
with a high-pressure rotary dosing valve into a compartment of a high-
pressure rotary discharge valve, said high-pressure rotary discharge valve then
rotates to discharge the loaded compartment into the discharge section before
rotating to a sealed position where it is pressurized by steam and/or gas
injection to the same or slightly lower level as that of the high pressure
retention section before the high-pressure rotary discharge valve rotates back

to it's loading position for re-loading from the high-pressure retention section.

The process according to any of claims 21 to 24, wherein in steps (i) to (1)
suitable dose of substrate from the high pressure retention section is dosed

through a loading valve to a pressure relief chamber closed of from the
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27.

28.

29.

30.

discharge section by a discharge valve, said loading valve is then moved into
closed position and said discharge valve is opened to discharge the substrate
material under pressure relief in to a lower pressure discharge section, then
closing said discharge valve before the pressure relief chamber is pressurized
by steam and/or gas injection to the same or slightly lower level than the high
pressure retention section before opening of said loading valve for re-loading

said pressure relief chamber from the high-pressure retention section.

The process according to any of claims 21 to 23, wherein said releasing
pressure in step (i) is achieved by opening a pressure relief valve located in an
upper part of said pressure relief section, above it's loading valve, allowing
escaping gas and steam to exit through said pressure relief valve and a conduit
opposite the pressure-relief valve, effectuating steam explosion of the
substrate within the pressure relief section while substrate is maintained in the

pressure relief section and discharge substrate material subsequently.

The process according to claim 27 whereby the discharge of substrate material
after pressure relief is assisted by increasing the pressure in the pressure relief
chamber before opening said discharge valve to discharge said substrate

material into said discharge section.

The process according to any of claims 21 to 28, wherein loading and
discharging of the high-pressure retention section in step (c-g) and of the
pressure-relief section in step (i-1), pressure relief and material discharge from
said compartments, and pressurisation of said loading and pressure relief
sections is synchronized such that pressure drop in the high-pressure retention

section is minimal during operation.
The process according to any of claims 21 to 29, wherein conveying speed of

the adjustable-speed conveyor is synchronised with loading and relief

mechanisms.
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31.

32.

33.

34.

35.

The process according to any of claims 21 to 30, wherein high temperature
and high pressure in said high-pressure retention section is achieved by
introducing steam into said section and optionally further by introducing

pressurized gas such as pressurized air.

The process according to any of claims 21 to 31, wherein the stream of
material is mixed with alkaline aqueous solution in the wetting and mixing

section.

The process according to claim 32, wherein the discharge section of the steam
explosion reactor is at the same time utilized as scrubber for carbon dioxide
and/or other acetic gases with the alkaline, steam exploded substrate and

condensed steam providing the scrubbing media.

The process according to claim 33 in a counter flow configuration comprising
feeding a gas stream comprising carbon dioxide into or other acidic gases a
lower section of said discharge section, wherein the alkaline steam explosion
stream entering the top section and moving down the discharge section meets
the gas stream passing through the discharge section and serves as the

scrubbing media.

The process according to claim 34, comprising transferring said stream from a
pressure relief section into said discharge section and scrubber unit such that
the flow of the stream enters at an angle with respect to the central axis of the
scrubber unit on to flow guiding spirals promoting splashing and dispersion of

said stream towards the centre of the scrubber.
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