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DESCRIPTION

Field of the invention

[0001] The present invention concerns a method for producing hydrogen from biomass, said method comprising the stages of
drying of the biomass, pyrolysis of the biomass to achieve coke and combustion of the pyrolysis gases to form synthesis gas. The
present invention also concerns an equipment for carrying out the method of the present invention.

[0002] This new method of gasification of biomass based on gas generators, gas scrubbing and heat recovery will become more
effective than any known technical solution and could be used from a medium-large scale (community) to a large scale
(industrial).

Prior art

[0003] Gasification of biomass is an important source of "green" energy. This is due primarily to its ability to be both renewable
and to not contribute to emission of carbon dioxide to the atmosphere. Hydrogen is an energy carrier not producing any
emissions upon combustion. Hydrogen is a desirable fuel for vehicles, industries and electricity generation.

[0004] Efforts to find the most effective method of gasification of biomass (wood) are proceeding intensively around the world.
Most gasification initiatives come from boilers where steam and electricity are obtained at the same time as gasification. This
method is aimed at heat generation and recovery without steam formation.

[0005] FromWO 01/68789 is known a method and equipment for producing synthesis gas from biomass, said method
comprising a drying step, a pyrolysis step and a combustion step. However, there is no separation of the synthesis gas to obtain
pure hydrogen.

[0006] From US 5,795,666 is known a modular power station primarily for production of hydrogen using solar energy. Said
document mentions that hydrogen can be separated from fuel gas and stored in a metal hydride.

[0007] From JP 4 096 995 a method is already known for production of gas with high energy content, wherein said production
starts from a mixture of coke oven gas and converter gas. Oxygen gas is added to the mixture. In a subsequent phase, methane
gas is produced. In a concluding phase of the production of gas with high energy content, the nitrogen gas component is
removed by cryogenic separation.

Objects and features of the invention

[0008] The most important object of the present invention is to provide a method for production of hydrogen gas from renewable
raw materials in the form of biomass.

[0009] Another object of the present invention is to eliminate nitrogen from the combustion gases.

[0010] Yet another object of the present invention is to reduce the cleaned gas, i.e., the gas from which nitrogen has been
removed.

[0011] Yet another object of the present invention is to implement a number of heat exchange steps during the process.

[0012] At least the primary object of the present invention is realised by a method having the characterising features according
to the independent claims. Preferred embodiments of the invention are defined in the dependentclaims.

Brief description of figures

[0013] One preferred embodiment of the invention is described below, referring to the enclosed figures, where:
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Fig. 1
shows a flow chart of a preferred embodiment of the present invention, wherein said chart also shows schematically the
units forming an equipment to carry out the method; and

Fig. 2
shows a flow chart of a preferred embodiment for hydrogen enrichment and gas separation by the present invention,
wherein said chart also shows schematically the units forming an equipment to carry out the hydrogen enrichment and
separation method.

Detailed description of a preferred embodiment of the invention

[0014] Fig. 1 shows schematically a number of units making up the equipment to carry out the method. The conduits, pipes, etc.,
which link together the units of the equipment are not described or shown in detail. The conduits pipes, etc. are appropriately
configured to fulfil their function, i.e., to transport gases and solids between units of the equipment.

[0015] The equipment comprises a storage unit 1 for the biomass. Biomass is usually either wood or crops which are grown and
harvested especially for this purpose or by-products from the pulp and paper or other industries. The storage unit 1 is designed
to let a stream of heated air pass through the storage unit to dry the biomass. Biomass has certain disadvantages as a fuel, since
it is harvested with a very high water content (moisture), which lowers its caloric value and requires drying prior to its use. Many
by-products are converted into pellets to simplify the handling (before and after drying). It is also possible to make coke from the
wood and obtain a cleaner energy source.,

[0016] The equipment also comprises a reactor unit 3 which in turn comprises a pyrolysis chamber 5 and an afterburner
chamber 6, both of said chambers generally being ouffitted with a ceramic lining. The equipment also comprises a first
regenerator device 7 which is interconnected with the afterburner chamber 6 in the reactor unit 3. The purpose of the first
regenerator device 7 is heat exchange at extremely high temperatures, i.e., on the order of 1500-1600°C. In general, a
regenerator comprises ceramic material. The first regenerator device 7 is also interconnected with an evaporator 9 which is
included in the equipment of the present invention. The first regenerator device 7 and the evaporator 9 together form a first heat
exchanger means. The evaporator 9 is interconnected with a gas scrubber, which also forms part of the equipment of the present
invention.

[0017] An air blower 8 is interconnected with a second regenerator device 15, said air blower 8 being part of the equipment of
the present invention. The second regenerator device 15 is also connected to pyrolysis chamber 5 via heat exchanger device 4
so that heat from the heated air is supplied from the air blower 8 to the pyrolysis chamber 5 and the remaining heat goes to
drying of the biomass in the storage unit 1. This air flow from the second regenerator 15 via heat exchanger device 4 to pyrolysis
chamber 5 through the drying in the storage unit 1 will carry along particles and possibly gases for combustion in the afterburner
chamber 6 in the reactor unit 3.

[0018] After the gas scrubbers 28 and 29 and the evaporator 9, a rotating fan 11 is provided, said rotating fan 11 being part of
the equipment of the present invention. Thus, the gas scrubbers 28 and 29 are interconnected with the rotating fan 11 and the
rotating fan 11 in turn is interconnected with the evaporator 9 and the first regenerator device 7.

[0019] The equipment of the present invention also comprises a reduction shaft 12 which is interconnected with the combustion
chamber 5 at reactor unit 3. The reduction shaft 12 is divided into a number of compartments 13A-13C, each compartment 13A-
13C constituting a reduction stage. A ceramic valve(not shown) governs the transport of coke fuel from the combustion chamber
5 to the reduction shaft 12. At the bottom of the reduction shaft 12 there is a slag pocket 14, where the remaining ash and slag is
collected.

[0020] In immediate proximity to the reactor unit 3 and reduction shaft 12 there is a second heat exchanger means in the form of
a second regenerator 15 which is connected to both the combustion chamber 5 and the reduction shaft 12. The second
regenerator 15 is included in the equipment of the present invention. The second regenerator 15 is also connected to a
compressor 17, said compressor 17 being included in the equipment of the present invention. The air blower 8 blows air into the
second regenerator 15 while the compressor 17 sucks synthesis gas S from the second regenerator 15.

[0021] The exhaust gases from the reactor unit 3 go through a cleaning system comprising a cyclone 20 which is connected to a
catalytic reactor 21, also included in the cleaning system. The catalytic reactor 21 is connected to the evaporator 9 which is also
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connected to a first filter 28 which is preferably an electro static precipitator, said first filter 28 being included in the cleaning
system. The first filter 28 can be connected to a scrubber 29 which is included in the cleaning system.

[0022] Fig. 2 shows the gas separation and water gas reactor units in more detail. A compressor 17 which is included in the gas
separation and water gas reactor units is connected to a second filter 23 which is included [in] the gas separation and water gas
reactor units. The second filter 23 is preferably a mechanical filter. The second filter 23 is connected to a tank 24 which is part of
the gas separation and water gas reactor units. The tank 24 is suitable for maintaining an excess pressure, said excess pressure
being generally on the order of around 7-11 bar. The tank 24 is connected to a membrane 25 which is part of the gas separation
and water gas reactor units. In the membrane 25, the outgoing gas flow is divided into carbon monoxide CO and hydrogen Hs.
The membrane 25 is connected to a water gas shift reactor where the remaining carbon monoxide is made to react catalytically
with steam under highly increased pressure and temperature, so the remaining carbon monoxide is oxdised by the steam to
hydrogen and carbon dioxide. The reaction occurs preferably in two different temperature stages with different catalyst material
and to fully transform the carbon monoxide into the reaction products of hydrogen and carbon dioxide. The gases are separated
normally by the adsorption technique in the form of PSA (Pressure Swing Adsorption), resulting in two totally separate streams
with high purity and degree of separation.

[0023] Fig. 1 describes the method of the present invention by means of a flow chart. The notion of the invention is to gasify the
biomass so as to produce in a first stage a synthesis gas S (Hp/CO) with a high caloric value, where overheated steam is reduced
to synthesis gas S (Hp/CO). The flow chart for the process in Fig. 1 describes a state where the method of the present invention
is running continuously. In practice, however, it is necessary to start the process from a cold state for both the biomass and the
equipment in order to carry out the method of the present invention. This is done preferably by use of a gas burner. This burner
will preheat and store energy in the ceramic lining of the combustion chamber 5 and in the reduction shaft 12. This preheating is
done until the temperature setpoint has been reached (over 1000°C) and the process meets its own energy needs. The
preheating fuel is preferably in gas form. Actually, any desired fuel which adequately preheats the equipment can be used.

[0024] The continuous process of the present invention is described below, with reference to the flow charts of Fig. 1 and Fig. 2.

[0025] In the first stage, the biomass is dried with incoming heated air, which goes to a combustion stage in the process as
described below. The dried biomass is taken down to the pyrolysis chamber 6 at reactor unit 3. This is shown by arrow B in Fig. 1.
The preheated air for a combustion stage has a high capacity for drying of the biomass. The water steam can be collected and
used in a reduction stage of the process as described below.

[0026] The second stage is conducted in reactor unit 3, where first pyrolysis and then combustion (oxidation) occurs in the
ceramic-insulated chambers 5 and 6. Preheated air, from the air blower 8 and the second regenerator 15, first heats the fuel to
drive the pyrolysis, drive off volatile substances, and partially burn the fuel to form a coke residue (which is used for the third
stage) and flammable gases. The light flammable substances are pyrolysed first with heated air and incomplete combustion until
only carbon (coke) remains. By injection of preheated air, from the first air blower 8 and the second regenerator device 15, the
combustion of the gases is completed in an afterburner chamber 6, where superheated air completely burns all gases and volatile
substances. The air is heated by regenerative means from the outgoing synthesis gases S. The combustion process is regulated
by maintaining the outgoing oxygen at a particular level and temperature of around 1500-1600°C. This combustion leaves the
major part of the carbon out of the reaction until it is taken down to the third stage. Heavy components (tar) and complex
components (aromatics) can be disrupted at the high temperatures in the afterburner chamber 6 and be taken to the exhaust
phase in the form of elemental CO2 and HO.

[0027] The outgoing gases (CO5, No and HyO) from the afterburner chamber 6 preferably have a temperature over 1600°C.

These outgoing gases pass through the first regenerator device 7 where a heat exchange occurs, i.e., the outgoing gases are
cooled, preferably to 250-300°C, while water steam from the evaporator 9 is heated, preferably to around 1500°C. Treatment of
the steam is described more fully below.

[0028] The cooled outgoing gases (CO2, N2 and HpO) now pass through an evaporator 9 where further cooling occurs,
preferably to around 150°C, and from the evaporator 9 the outgoing gases (CO2, Np and HoO) flow to the gas scrubbers 28 and
29.

[0029] In the gas scrubbers 28 and 29, the outgoing exhaust gases are cleaned of particles and emissions which are regulated
(NOx, SOx).
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[0030] The outgoing exhaust gases (CO2, N2 and HoO) from the first heat exchanger 7 flow through the cyclone 20 to remove
the coarse material from the outgoing gases (CO2, N2 and H20). Then the outgoing gases (CO2, Np and HpO) go through the
catalytic reactor 21, through the evaporator 9, [and] through the first filter/electric filter 28. The catalytic reactor traps all NOy from
the combustion. One must hold the temperature at around 250°C and add ammonia (NHg) to drive the catalytic reaction. When
the reduction of NOx is complete, only pure nitrogen and water steam remain. The electro static precipitator 28 traps all particles
from the combustion. Then the outgoing exhaust gases (CO2, N2 and HpO) go to the dryer 1 where the heat is used for drying of

incoming biomass.

[0031] Synthesis gas S is produced in the reduction shaft 12 and goes through the second regenerator 15 and is compressed in
compressor 17 after which they go through a mechanical filter 23 before arriving at the tank 24, where a suitable excess pressure
prevails. The compressed synthesis gas S flows from the tank 24 through the membrane 25 where the outgoing gases (CO and
Hp) are divided into pure hydrogen and pure carbon monoxide at high pressure. The carbon monoxide (CO) makes up around

50% of the synthesis gas, while hydrogen (H2) makes up the rest.

[0032] Water is fed to a pump 2 and then forced up in temperature by the evaporator 9 to the gas phase (steam). The gas then
passes through the first regenerator device 7 where the temperature is raised substantially, preferably up to a level of around
1500°C. The heated steam then undergoes reduction in the reduction shaft 12. The reduction is carried out in several stages,
each reduction stage being done in a reduction compartment 13A-13C.

[0033] In this way, the heated steam is reduced during a first reduction stage in the first reduction compartment 13A, said
compartment being the lowermost compartment in the reduction shaft 12. In the first reduction compartment 13A the steam reacts
with the coked fuel from the combustion chamber 5, said coked fuel being taken down through the reduction shaft 12. In this
regard it will be noted that after the coked fuel has passed through all the above reduction compartments the coked fuel has
become depleted during its travel through the reduction compartments 13C-13A in the reduction shaft 12. However, since the
content of HoO is relatively high, the coked fuel in reduction chamber 13A is ready to carry out a proper reduction of the steam,

i.e., the outcome of the reduction is a partially reduced synthesis gas.

[0034] When the steam has been treated in the first reduction stage, i.e., it has gone through the reduction compartment 13A,
the partly reduced synthesis gas S is fed back to the first regenerator device 7. When the partially reduced synthesis gas again
goes through the first regenerator device 7 the temperature of the partially reduced synthesis gas is raised to a level of around
1500°C. The heated, partially reduced synthesis gas again undergoes reduction, this being done by making the partially reduced
synthesis gas go through the second reduction compartment 13B where a similar reduction occur to that described in connection
with the first reduction compartment 13A. Since the coked fuel is less depleted in the second reduction compartment 13B, as
compared to the first reduction compartment 13A, a proper reduction occurs in the second reduction compartment 13B even if the
gas content of HpO in the partially reduced synthesis gas is lower than during the first reduction stage. The partially reduced
synthesis gas leaving the second reduction chamber 13B will be reused for the first regenerator device 7. The partially reduced
synthesis gas will again be subjected to a temperature rise when the partially reduced synthesis gas goes through the first
regenerator device 7, preferably to around 1500°C.

[0035] The reduction process now continues with yet another reduction stage. The equipment as shown in Fig. 1 has yet another
reduction chamber 13C. This means that yet another reduction stage is carried out in the same way as described above.

[0036] Thanks to the overheating of the partially reduced synthesis gas between each reduction stage, the driving force is
sufficient for the reaction and nearly all the HpO is reduced to CO and Ho.

[0037] When the partially reduced synthesis gas has gone through the last reduction stage, the partially reduced synthesis gas
has turned into a completely reduced synthesis gas S, which is sucked through the second regenerator 15, cooling the synthesis
gas S. The synthesis gas S is made up of a mixture of CO and Hp. This gas can be further refined to liquid biofuel, e.g., by a

Fischer-Tropsch process or the like.

[0038] The synthesis gas S is compressed in compressor 17, cleaned in the filter 23 and separated via the membrane 25 to a
hydrogen stream (Hp) and a carbon monoxide stream (CO). This hydrogen is half of the outgoing product. The carbon monoxide
stream is taken through a water gas shift reactor along with water. The carbon monoxide (CO)is transformed into carbon dioxide
(CO9) by reacting with the oxygen in the water steam, which in turn becomes hydrogen. By letting the water gas shift reaction
occur at both high and low temperature, an almost complete transformation of the gas can be done. The two gases are separated
preferably by adsorption technique (PSA) into two separate streams where the carbon dioxide is a residual product and the
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hydrogen forms the other half of the product stream.

[0039] It is necessary to maintain dilution between the stages as low as possible to maintain the process effective. If the
combustion gases are taken to the reduction stage there will be a dilution with nitrogen and a decrease in the caloric content of
the outgoing products. This requires a regulating of gases and pressure to achieve full capacity for the process and the pressure
regulation is the key to this.

[0040] The pressure in the system is used to minimise the dilution between the three stages of drying, combustion and reduction.
This is also necessary when the mass transfer of solids is open between the three stages. For this reason, the pressure in the
combustion chambers (stage two) is the lowest, followed by the reduction chamber, to minimise the transfer of gases between
these two stages. The drying will have a higher pressure than the other two stages to prevent hot gases from escaping by
mistake.

Suitable modifications of the invention

[0041] By adding oxygen and enriching the afterburner stage it should be possible to further improve the process. It would be
necessary to balance the heat load of the outgoing gas against the heat needed at the reduction stage. A higher concentration of
CO2 would be the result up to the gas cleaning, enabling a somewhat easier and more energy-effective cleaning of a lower mass

flow.

[0042] The embodiment of the equipment shown in Fig. 1 has three reduction chambers. However, within the scope of the
present invention the number of reduction chambers can be more or less than three. In general, the number of reduction
chambers will not be fewer than two or more than five.

[0043] In the method and equipment described above, a membrane technique is used to clean the outgoing gases. However,
other gas separation techniques are possible within the scope of the present invention.

[0044] Molecular sieves (English: Pressure Swing Adsorption (PSA)) are an alternative method where gases under pressure
feed zeolites and activated charcoal to separate nitrogen from gas streams. Gas cleaning by this method requires the water to be
separated before the cleaning and with this process it is necessary to restore this water to the process in the reduction stage.

[0045] As an alternative to the first filter/electric filter 28 in the cleaning unit, the collected dust can be fed back to the
combustion chamber 5.

[0046] In the above description of the method of the present invention, it is presented as a method driven primarily under
ambient pressure. If a larger unit is built, it can and will be possible to increase the pressure and thereby achieve greater density
for the entire process. In practice, this means less steel and refractory material per production unit, i.e., lower investment per
synthesis gas unit produced.

[0047] The most important changes to the equipment will be that the fans and blowers need to be compressors and turbines.
Reactor unit 3 will consist of a pressure vessel. All pipelines have to be adapted to the actual pressure. The regenerators need to
be more pressure-secure and the gas cleaning equipments have to be modified.

[0048] To lower emissions to the surroundings, air can be used for drying of incoming biomass. The air will then be heated by
outgoing exhaust gases from the afterburner stage or the synthesis gas from the gasification of the biomass. The particles and
gases given off in the drying stage can then be burned in the afterburner state.
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Patentkrav

1. Metode til fremstilling af hydrogen (H;) fra biomasse,
hvilken metode omfatter faser, der Dbestar 1 terring af
biomassen, pyrolyse af biomassen med henblik pa at opna koks
samt forbrending af pyrolysegasserne med henblik pa at danne
gasser (CO;, N, og H;0), idet metoden omfatter vyderligere
faser, der bestar i, at de gasser (CO,, N; and H;0), der
stammer fra forbrendingsfasen, underkastes en fgrste
varmeveksling, hvor de gasser (CO;, N; og H;0), der stammer fra
forbrendingsfasen, afkgles, vandet fordampes i en
fordampningsfase ved anvendelse af varmeindholdet i de gasser
(CO,, N, og H,0), der stammer fra forbrendingsfasen, dampen
underkastes varmeveksling, hvor dampen opvarmes, dampen
reduceres til en syntesegas (S), der bestar af hydrogen (H,) og
carbonmonoxid (C0O), idet denne reduktion finder sted wved
reaktion med det forkoksede brandstof, og syntesegassen (S)
underkastes gasseparation for at opna rent hydrogen,
kendetegnet ved, at carbonmonoxiden i en efterfglgende
behandlingsfase underkastes en vandgasreaktion, og den
tilfegrte damp danner hydrogen (H;) med carbondioxid (CO;) som
restprodukt, og hydrogenet (Hy;) separeres fra carbondioxiden

(CO2) 1 en afsluttende gasseparationsfase.

2. Metode ifglge krav 1, kendetegnet ved, at den syntesegas,
der opnads under reduktionen, underkastes varmeveksling, hvor
syntesegassen afkgles, 0og den luft, der anvendes i

forbrendingen, opvarmes.

3. Metode ifolge et hvilket som helst af de foregadende krav,
kendetegnet ved, at afkglingen af de gasser (CO;, N; and H,0),
der stammer fra forgasningen, og opvarmningen af wvanddampen

udferes i1 en falles varmevekslingsfase.

4, Metode ifglge et hvilket som helst af de foregaende krav,
kendetegnet ved, at afkglingen af de gasser (CO,, N, og H,0),
der stammer fra forgasningen med varmeveksling, udfgres i to

serskilte faser.
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5. Metode ifglge krav 4, kendetegnet ved, at en reaktion med
forkokset brandstof fra forgasningen pabegyndes i den fgrste
fase med reduktionen af syntesegassen (S), og det forkoksede

brandstof har deltaget i1 den foregaende reduktionsfase.

6. Udstyr til gennemfgrelse af en metode til fremstilling af
hydrogen  (Hy) fra Dbiomasse, hvilket udstyr omfatter en
opbevaringsenhed (1) for biomasse o0og en reaktorenhed (3)

beregnet til at udfegre pyrolyse af biomassen og forbrending af
pyrolysegasserne, idet udstyret desuden omfatter fgrste
varmevekslingsanordninger (7, 9) beregnet til at modtage
gasser (CO,, N, og Hy;0), der kommer ud af reaktorenheden (3),
en gasrensningsenhed (21, 28, 29) beregnet til at modtage de
udgaende gasser (CO,, N, og H,0), der afkgles 1 de forste
varmevekslingsanordninger (7, 9), anordninger (9) beregnet til
fordampning af vand (H,O (1)), anordninger (2) beregnet til at
tilfgre damp (H,O (g)) til de fgrste varmevekslingsanordninger
(7, 9) og en reduktionssegjle (12) forbundet med reaktorenheden
(3) beregnet til at udfgre en reduktion i flere faser af
dampen (H,O (g)) med henblik pa at opnd en syntesegas (S),
kendetegnet ved en gasseparationsenhed (23, 24, 25) beregnet
til at separere syntesegassen (S) 1 carbonmonoxid (CO) og
hydrogen (Hy;) samt anordninger (WGS) beregnet til at underkaste
carbonmonoxiden (CO) en vandgasreaktion med henblik pa at opna

hydrogen (H;) og carbondioxid (COj).

7. Udstyr ifglge krav 6, kendetegnet ved, at de fgrste

varmevekslingsanordninger omfatter en fgrste regenerator (7).

8. Udstyr ifglge et hvilket som helst af kravene 6-7,
kendetegnet ved, at de efterfglgende varmevekslingsanordninger

udggres af en efterfglgende regenerator (15).

9. Udstyr 1ifglge et hvilket som helst af kravene 6-7,
kendetegnet ved, at reduktionssgjlen (12) omfatter mindst to
reduktionsrum (13A til 13C).
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