wO 2019/074431 A1 |0 00000000000 OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

19) World Intellectual Propert <
O orgmivation > O O 0 0
International Bureau / (10) International Publication Number
(43) International Publication Date ——’/ WO 2019/074431 A1
18 April 2019 (18.04.2019) WIRPOIPCT
(51) International Patent Classification: (72) Inventor: LYUNGGREN, Rolf, Norrgardsvigen 4A, 192
CI10B 53/02 (2006.01) CO01B 3/50 (2006.01) 69 Sollentuna (SE).
CO01B 3/12 (2006.01) C10G 45/00 2006.01) (74) Agent: EHRNER & DELMAR PATENTBYRA AB;
(21) International Application Number: Drottninggatan 33, 111 51 Stockholm (SE).
PCT/SE2018/051032 (81) Designated States (unless otherwise indicated, for every
(22) International Filing Date: kind of national protection available). AE, AG, AL, AM,
08 October 2018 (08.10.2018) AOQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
(25) Filing Language: English CA, CH, CL, CN, CO, CR, CU, CZ,DE, DJ, DK, DM, DO,

Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(26) Publication Language: English HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR, KW KZ LA, LC,LK,LR,LS,LU,LY, MA, MD, ME,

(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

1751273-2 13 October 2017 (13.10.2017) ~ SE OM. PA, PE, PG, PIL PL. PT. QA. RO, RS, RU. RW. SA.
(71) Applicant: CORTUS AB [SE/SE]; Isafjordsgatan 30C, 7tr, SC, SD, SE, SG, SK, SL. SM, ST, SV, SY, TH, TJ, TM, TN,
164 40 Kista (SE). TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(54) Title: PROCESS AND APPARATUS FOR HYDROTREATMENT OF PYROLY SIS OIL

Fig. 1

0 ® © ®

Sy

—

o
e
. 4

(57) Abstract: An apparatus and process are disclosed for producing hydrocarbons from biomass, the apparatus comprising: a pyrolysis
reactor (2) in which dry biomass (Bd) is heated in an environment substantially free from oxygen and halogens, wherein a pyrolysis
product (PP) and char (C) is produced; a gasification reactor (3) in which the separated char (C) is heated in an environment containing
steam (Wst) so as to reduce said char (C) to produce a synthesis gas (Sh), a gas cooler (4) in which the produced synthesis gas (Sh) is
cooled to a cooled synthesis gas (Stt); a conditioning and pressure system (5), in which the cooled synthesis gas (Srt) is refined so as to
produce a purified synthesis gas (Sp), a separation device (6), in which hydrogen gas (H2) is separated from the purified synthesis gas
(Sp).The apparatus also comprises a hydrogenation device (7), into which pyrolysis oil (PO) retrieved from the pyrolysis product (PP),
and at least a portion of the separated hydrogen gas (H2) recuperated from the separation device (6) are introduced for a hydrogenation
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step, in which the pyrolysis oil (PO) is hydrogenated by the presence of the hydrogen gas (H2), wherein hydrocarbons (BO) that are
substantially free from oxygen are produced.
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PROCESS AND APPARATUS FOR HYDROTREATMENT OF PYROLYSIS OIL
TECHNICAL FIELD

[0001] The invenlion relales to a process and an apparatus for hydrotreatment of
pyrolysis oil from biomass, and especially a self-balanced process in which no other inputs
are needed than biomass, water, air and a regulated amount of heat.

BACKGROUND

[0002] The use of biomass has become important in the production of “green” energy,
e.g. in in the form of production of electric energy, or for providing environmental friendly
fuels far transportation. From the prior art it is known to produce synthesis gases or hydrogen
from biomass. Due to its varied composition and relatively low energy density synthesis gas
is not appropriate as a storable product. Hydrogen has a higher energy density than
synthesis gas and is today commonly used as fuel for vehicles. However, the fraction of
vehicles driven by hydrogen is still very low and the demand of hydrogen as a fuel is still

relatively low.

[0003] A process and equipment for producing synthesis gas from biomass is
described in WO 2008/073021 A1, which process includes heat exchanging steps to
maximise the outcome of the reaction. The process is therefore advantageous in that only
very little energy needs to be added to the process in order to produce the synthesis gas

[0004] However, as indicated above, synthesis gas is often subjected to further
processes before use. Therefore, it would be advantageous to provide an energy effective

process in which a more refined final product may be provided from biomass.

[0005] The process for a hydrogen treatment of pyrolysis oil from an integrated
biomass gasification unit addresses the problem of aobtaining pure hydrocarbons, i.e.
substantially without oxygen, nitrogen or sulphur, out of a renewable natural resource, such

as biomass.

[0006] Biomass is typically based on cellulose products containing about 50% carbon,
7% hydrogen, 42 % oxygen and the rest being inorganics such as salts and ashes. A key to
generating a high energy density product from this natural biomass is to separate oxygen
from the final product.
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[0007] In gasification of biomass the most advanced technologies can generate a high
value synthesis gas with up to 60% hydrogen content, but the remaining will generally
comprise oxygen.

[0008] Pyrolysis processes of biomass generates a solid char, pyrolysis gas and a
liquid pyrolysis oil. A pyrolysis oil mainly consists of oxygenated hydrocarbons, usually
referred to as tars. The oxygen present in such tar products makes the oil instable and, in
addition, it limits the energy value of the hydrocarbon, as it is already partly oxidized. There
are different methods of generating pyrolysis products and the distinction is often made
between fast and slow pyrolysis, based on how rapidly the biomass is heated. With a rapid
pyrolysis, a high yield of liquid char is generated and with a slow process a high yield of solid
char is generated.

[0009] Downstream treatment of pyrolysis oil is generally performed to increase the
energy value by oxygen removal. The process of doing so consumes hydrogen and
generates water as a byproduct. This also means that the mass yield of pyrolysis oll
decreases as the energy value increases due the removal of oxygen. This process is
typically a catalytic process performed at an elevated temperature and pressure.

[0010] Conventionally, the hydrogen consumed in the deoxygenation of the pyrolysis
oil is typically coming from a non-renewal source of hydrogen. Namely, conventionally, the
dominant hydrogen source is water gas shift from natural gas, which is not a renewable
source of hydrogen, but instead a fossil source that generates carbon dioxide and increases
the global balance thereof.

[0011] Therefore, it would be desirable to find an environmental friendly and energy
effective process of producing bio oil from biomass, without the use of fossil-based resources

and without disrupting the global balance of carbon dioxide.

SUMMARY OF THE INVENTION

[0012] It is an object of the present invention to provide hydrocarbons from biomass in
an energy efficient process. The inventive process of hydrogen treatment of pyrolysis oil from
an integrated biomass gasification unit solves these problems and generates hydrocarbons,
with none or a very low content of oxygen at a high energy yield in a renewable process.

[0013] According to a first aspect the invention relates to a process for producing
hydrocarbons from biomass, the process comprising the following steps:

- a pyrolysis step in which dry biomass is heated in an inert environment, wherein a pyrolysis
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product and char is produced;

- a pyrolysis separator step in which the char is separated from the pyrolysis product,

- a gasification step, in which the separated char is heated in an environment containing
water steam but substantially no oxygen or halogens so as to reduce said char to produce a
synthesis gas,

- a step of cooling and refining the produced synthesis gas so as to produce a purified
synthesis gas,

- a gas separator step in which hydrogen gas is separated from the purified synthesis gas,
characterised by retrieving pyrolysis oil by separating at least a portion of the hydrogen gas
and recuperate it into a hydrogenation step, in which the pyrolysis oil is hydrogenated by the
presence of the hydrogen gas, wherein hydrocarbons that are substantially free from oxygen
are produced.

[0014] The process may also include a step of drying wet biomass into dry biomass,

which step is performed prior to the pyrolysis step.

[0015] The pyrolysis product may be cooled in a condenser, whereby excess heat is
produced, which may be utilized in the step of drying the wet biomass. Further, the produced
hydrocarbons may be cooled in a cooling device, wherein excess heat generated in said
cooling device may be utilized in the step of drying the wet biomass.

[0016] In a preferred embodiment, at least one step of heat exchange is comprised in
the process, where excess heat of at least one step is utilised in a heat demanding step of at
least one other step.

[0017] In one specific embodiment all steps of the process, except the gasification step
where the separated char is heated to produce a synthesis gas, are heated by excess heat
from other steps of the process.

[0018] All steps of the process may be heated by excess heat from other steps of the
process, or from exothermic reactions of residual products produced in other steps of the
process.

[0019] In a specific embodiment a residual gas produced as a by-product in the gas
separator step is utilized in a heat exchanger to produce heat for the step of gasification of

the separated char and/or heat for the pyrolysis step.
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[0020] In a specific embodiment a residual gas produced as a by-product in the
hydrogenation step is utilized in heat exchanger to produce heat for the step of gasification of
the separated char and/or heat for the pyrolysis step.

[0021] According to second aspect the invention relates to an apparatus for producing
hydrocarbons from biomass, the apparatus comprising:

[0022] - a pyrolysis reactor in which dry biomass is heated in an environment
substantially free from oxygen and halogens, wherein a pyrolysis product and char is
produced;

- a gasification reactor in which the separated char is heated in an environment containing
steam but substantially no oxygen or halogens so as to reduce said char to produce a
synthesis gas,

- a gas cooler in which the produced synthesis gas is cooled to a cooled synthesis gas;

- a conditioning and pressure system, in which the cooled synthesis gas is refined so as to
produce a purified synthesis gas,

- a separation device, in which hydrogen gas is separated from the purified synthesis gas,
characterised in that the apparatus also comprises a hydrogenation device, into which
pyrolysis oil retrieved from the pyrolysis product, and at least a portion of the separated
hydrogen gas recuperated from the separation device are introduced for a hydrogenation
step, in which the pyrolysis oil is hydrogenated by the presence of the hydrogen gas, wherein
hydrocarbons that are substantially free from oxygen are produced.

[0023] In a specific embodiment the apparatus further includes a condenser, in which
the pyrolysis product from the pyrolysis reactor is cooled so as to form pyrolysis oil and
pyrolysis gas, wherein the pyrolysis oil is arranged to be conveyed to the hydrogenation
device.

[0024] In a specific embodiment a biomass dryer is arranged for drying wet biomass

into dry biomass, which dry biomass is conveyed to the pyrolysis reactor.

[0025] At least one heat exchanger is preferably provided, wherein excess heat of at
least one part of the apparatus is utilised in a heat demanding step of at least one other part
of the apparatus.

[0026] In a specific embodiment all parts of the apparatus except the gasification

reactor are heated by excess heat from other parts of the apparatus.
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[0027] In another specific embodiment all parts of the apparatus are heated by excess
heat from other parts of the apparatus or from exothermic reactions of residual products
produced in other parts of the apparatus.

[0028] Other embodiments and advantages will be apparent from the detailed
description and the appended drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0029] An exemplary embodiment related to the invention will now be described with
reference to the appended drawing, of which;

Fig. 1 shows a flow chart of a process according to a specific embodiment of the
invention, in which flow chart the apparatuses of a plant for performing said
process are schematically shown.

DETAILED DESCRIPTION OF EMBODIMENTS

[0030] In Fig. 1, a schematic flow chart of a process according to a specific
embodiment of the invention is shown. According to one aspect the process is a closed
system with a high yield, wherein apart from the raw material comprised of biomass
substantially no additional materials will be needed in the process, other than water and air.
All steps of the process are individually known in the art and are therefore only briefly
described. According to one aspect the invention resides in the combination and order of the
process steps, which enables production of hydrocarbons from biomass with a high energy
yield and without the use of other resources. The process may advantageously be a
continuous process with a continuous feed of biomass and a continuous production of bio oil,
which bio oil is comprised of pure hydrocarbons. In the context of this application “pure
hydrocarbons” signifies that the hydrocarbons are substantially free from other contents,
such as nitrogen, sulphur or oxygen.

[0031] Fig. 1 schematically also shows a number of units, which form the plant for
carrying out the process. The connections, tubes etc. which connect the device's units are
not described or displayed in detail. The connections, pipes etc. are appropriately designed
to perform their function, i.e. to transport gases, liquids and solids between the plant's units.
A skilled person knows how to dimension these parts and they are therefore not described in
detail in this application. The invention is based on the function of the plant and the
interaction of the units comprised in the plant.
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[0032] In Figure 1, a process solution for a hydrogen treatment of pyrolysis oil from an
integrated biomass gasification unit is shown. The gasification starts with wet biomass Bu
into a biomass dryer 1 producing dried biomass Bg. Also, the dryer 1 may function as a heat
sink in that heat produced at a later step of the process is utilized to heat the dryer 1. In the
shown embodiment, hot water Way, in the form of steam is recovered from cooling device 9
arranged in a later step of the process. In the heat exchange of the dryer 1, the incoming hot
water Way, is condensed into condensed water Wey, wherein the heat release from the
cooling and change of phase of the water is utilized to heat the wet biomass B..

[0033] The drying step is optional in so much as it may be omitted if the provided
biomass has a dryness allowing it to be provided directly to the second step of the process.
In said second step the dried biomass By is fed into an indirectly heated pyrolysis reactor 2
producing a pyrolysis product PP and char C. In the pyrolysis step the dried biomass By is
heated to about 350-500°C in the absence of oxygen or any halogen, wherein char C and a
pyrolysis product PP mainly consisting of hydrocarbons with a high oxygen content are
produced. The pyrolysis product PP is conveyed into a condenser 8, which will be more

closely described further below.

[0034] The char C produced in the pyrolysis step is subsequently injected into an
indirectly heated gasification reactor 3, typically a ceramic lined reactor. Steam W is
provided into the gasification reactor 3. Such a reactor is in itself known to a person skilled in
the art and is inter alia described in WO 2009/151369 A1, which is hereby included in this
application by reference.

[0035] The fact that the gasification reactor 3 is indirectly heated implies that
substantially no oxygen is present in the gasification reactor 3. Thereby, the inherent energy
of the char will be retained such that it will be preserved and form part of the final product.
Namely, if oxygen would be present at least a portion of the char would be combusted such
that energy would be lost, and carbon dioxide would be produced. This would be contrary to
the object of the invention to generate hydrocarbons with none or a very low content of
oxygen at a high energy yield in a renewable process.

[0036] The temperature inside the gasification reactor 3 is typically between 900-
1300°C, and the pressure may be controlled between atmospheric pressure and up to a very
high pressure of up to 100 bar. Typically, the gasification reactor needs to be heated. In a
preferred aspect, this heating is achieved by residual products of other steps of the process
and hence without the need of external resources, or in a less preferred embodiment this is
the only step of the process where external resources, typically in the form of heat, is
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provided to the process. In the shown embodiment heat for the gasification reactor 3 is
produced from residual products of the process in a heat exchanging device 10, which is
more closely described below.

[0037] The atmosphere inside the gasification reactor 3 is substantially free from
oxygen and halogens. In the gasification reactor 3 hot synthesis gas S is produced from the
char C and the supplied steam W,. The synthesis gas produced by such char gasification is
riot & pure gas and is generally comprised of a mixture of approximately 25 {6 30% carbon
monoxide, approximately 55 to 80% hydrogen, approximately 5 to 15% carbon dioxide, and 0 to
5% methane. It may also contain iesser amount of other gases.

[0038] Downstream of the gasifier, a gas cooler 4 is arranged. Inside the gas cooler 4
the hot synthesis gas Sy is cooled into cooled synthesis gas Si. The gas cooler 4 also
functions as a heat exchanger, such that the heat from the hot synthesis gas Sy is
recuperated. This may be achieved in different manners. In the shown embodiment, steam
Wy that is consumed in the gasification process is boiled from water Wi inside the gas cooler
4. Hence, the produced steam Wy that is produced in the heat exchange of the gas cooler 4
is conveyed to the gasification reactor 3.

[0039] The cooled synthesis gas S from the gas cooler 4 is fed into a gas conditioning
and pressurizing system 5 in which a purified synthesis gas S, is generated, typically
comprising mainly carbon monoxide CO and hydrogen Hx. The purified synthesis gas S; is
conveyed to a gas separation device 6, which typically is a pressure swing adsorption (PSA)
or membrane system, in which hydrogen H. is separated from the purified synthesis gas S;.

[0040] The residual gas RG1 from the gas separation device 6 is typically an energy
gas, which may be used as a heat source Hg: for the gasification process in the gasification
reactor 3.

[0041] The combustion of the residual gas RGy recovered in the heat exchanging
device 10 also generates at least a part of the excess heat Hyq to be utilized in the heating of

the dryer 1 and/or the pyrolysis reactor 2.

[0042] The generated pyrolysis product PP is cooled in a condenser 8, which functions
as a heat exchanger at the same time as it generates a pyrolysis gas PG and a liquid
pyrolysis oil PO. The condensation in condenser 8 gives excess heat HR;, which can be
utilized for pre-drying or other low temperature applications such as district heating. The
pyrolysis gas PG is utilized for the heating of the gasification reactor 3 in a similar way as the
residual gas RG;. In the shown embodiment both the residual gas RGi and the pyrolysis gas
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PG are conveyed to the heat exchanger 10 in which combustion thereof will generate the
excess heat Hyq to be utilized in heating the dryer 1 and pyrolysis reactor 2 and the heat
source Hg for the gasification process 3.

[0043] Pyrolysis oil PO retrieved from the condenser 8 and the hydrogen H» retrieved
from the gas separation device 6 is fed into a hydrogenation reactor 7. The hydrogenation
reactor 7 is preferably equipped with a catalytic process designed for hydrogenation of
pyrolysis oil PO by means of hydrogen H.. The pyrolysis oil PO is typically an oxygenated
hydrocarbon usually called tar. The pyrolysis oil PO originates from either of the compounds
in biomass such as cellulose, hemi-cellulose and/or lignin which typically forms tars under
the pyrolysis process 2. The desired reaction in the hydrogenation reactor 7 of the inventive
apparatus is a controlled removal of oxygen from the pyrolysis oil PO by the hydrogen H> to
generate pure hydrocarbons and water. Other reaction may also occur inside said
hydrogenation reactor. The catalytic reaction can be optimized using elevated temperature
and pressure to drive a complete conversion of pyrolysis oil PO to pure hydrocarbons

(oxygen free hydrocarbons) as a pure bio oil BO.

[0044] In cases where the catalytic reaction is performed at an elevated temperature a
cooling device 9 is preferably provided downstream of the hydrogenation reactor 7 to
decrease the temperature of the extracted hot bio oil BOy, to bio oil BO of normal handling
temperature and extraction of water W The excess heat HRz generated in the cooling
device 9 can be utilized for pre-drying or other low temperature applications i.e. district
heating. In the reaction taking place in the hydrogenation reactor 7 a residual gas RG: is
produced. This residual gas RGz: is rich in hydrogen and may be used as a complement to

the residual gas RGi recuperated from the gas separation device 6 in the heat exchanger 10.

[0045] The water Wi, needed in the gas cooler 4, where hot synthesis gas S is cooled
into cooled synthesis gas Sx, may be recovered from recycling of the produced water Wou
from the cooling device 9, Further though, condensed water W may also be retrieved in
dryer 1, from the inherent water of the incoming wet biomass B.. The condensed water W
may also be circulated to the gas cooler 4.

[0046] Above, the invention has been described with reference to a specific
embodiment. The invention is however not limited to these embodiments. It is obvious to a
person skilled in the art that other embodiments are possible within the scope of the following

claims.
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CLAIMS

1. A process for producing hydrocarbons from biomass, the process comprising the
following steps:
- a pyrolysis step in which dry biomass (Bg) is heated in an inert environment, wherein
a pyrolysis product (PP) and char (C) is produced;
- a pyrolysis separator step in which the char (C) is separated from the pyrolysis
product (PP),
- a gasification step, in which the separated char (C) is heated in an environment
containing water steam (W«) but substantially no oxygen or halogens so as to reduce
said char (C) to produce a synthesis gas (S),
- a step of cooling and refining the produced synthesis gas (Sn) so as to produce a
purified synthesis gas (Sy),
- a gas separator step in which hydrogen gas (H) is separated from the purified
synthesis gas (Sy),
characterised by retrieving pyrolysis oil (PO) by separating at least a portion of the
hydrogen gas (Hz) and recuperate it into a hydrogenation step, in which the pyrolysis
oil (PO) is hydrogenated by the presence of the hydrogen gas (H.), wherein
hydrocarbons (BO) that are substantially free from oxygen are produced.

2. The process according to claim 1, wherein a step of drying wet biomass (Bw) into dry
biomass (Bq) is performed prior to the pyrolysis step.

3. The process according to claim 1 or 2, wherein at least one step of heat exchange is
comprised in the process, where excess heat of at least one step is utilised in a heat
demanding step of at least one other step.

4. The process according to claim 3, wherein all steps of the process except the step of
heating the separated char (C) to produce a synthesis gas (Sr) are heated by excess
heat from other steps of the process.

5. The process according to claim 3, wherein all steps of the process are heated by
excess heat from other steps of the process or from exothermic reaction of residual
products produced in other steps of the process.

6. The process according to claim 3, wherein a residual gas (RGy) produced in the gas
separator step is utilized in heat exchanger (10) to produce heat (Hg) for the step of
gasification of the separated char (C) and/or heat (Hyg) for the pyrolysis step.
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The process according to claim 3, wherein a residual gas (RGz) produced as a by-
product in the hydrogenation step is utilized in a heat exchanger (10) to produce heat
{Hg) for the step of gasification of the separated char (C) and/or heat (Hgq) for the
pyrolysis step.

The process according to claim 2, wherein the pyrolysis product (PP) is cooled in a
condenser (8), whereby excess heat (HR4) is produced, which excess heat (HR1) is
utilized in the step of drying wet biomass (Bu).

The process according to claim 2, wherein the produced hydrocarbons (BOn) is
cooled in a cooling device (9) and wherein excess heat (HR») is generated in said
cooling device (9), which is utilized in the step of drying wet biomass (Bu).

An apparatus for producing hydrocarbons from biomass, the apparatus comprising:
- a pyrolysis reactor (2) in which dry biomass (Bq4) is heated in an environment
substantially free from oxygen and halogens, wherein a pyrolysis product (PP) and
char (C) is produced;

- a gasification reactor (3) in which the separated char (C) is heated in an
environment containing steam (W) but substantially no oxygen or halogens so as to
reduce said char (C) to produce a synthesis gas (Sn),

- a gas cooler (4) in which the produced synthesis gas (Sn) is cooled to a cooled
synthesis gas (Sn);

- a conditioning and pressure system (5), in which the cooled synthesis gas (Sx) is
refined so as to produce a purified synthesis gas (Sy),

- a separation device (6), in which hydrogen gas (H») is separated from the purified
synthesis gas (Sp),

characterised in that the apparatus also comprises a hydrogenation device (7), into
which pyrolysis oil (PO) retrieved from the pyrolysis product (PP), and at least a
portion of the separated hydrogen gas (Hz) recuperated from the separation device
(6) are introduced for a hydrogenation step, in which the pyrolysis oil (PO) is
hydrogenated by the presence of the hydrogen gas (Hz), wherein hydrocarbons (BO)
that are substantially free from oxygen are produced.

. The apparatus according to claim 10, wherein the apparatus further includes a

condenser (8), in which the pyrolysis product (PP) from the pyrolysis reactor (3) is
cooled so as to form pyrolysis oil (PO) and pyrolysis gas (PG), wherein the pyrolysis
oil (PQ) is arranged to be conveyed to the hydrogenation device (7).
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12. The apparatus according to claim 10 or 11, wherein a biomass dryer (1) is arranged
for drying wet biomass (Bw) into dry biomass (Bg), which dry biomass (Ba) is conveyed
to the pyrolysis reactor (2).

13. The apparatus according to claim 10, 11 or 12, wherein at least one heat exchanger
is provided, and wherein excess heat of at least one part of the apparatus is utilised in
a heat demanding step of at least one other part of the apparatus.

14. The apparatus according to claim 13, wherein all parts of the apparatus except the
gasification reactor are heated by excess heat from other parts of the apparatus.

15. The apparatus according to claim 13, wherein all parts of the apparatus are heated by
excess heat from other parts of the apparatus or from exothermic reactions of
residual products produced in other parts of the apparatus.
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