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METHOD AND SYSTEM FOR CONVERTING A CARBONACEOUS FEEDSTOCK INTO H2
AND SOLID CARBON

Technical Area

The present invention relates to a system and a method for converting a carbonaceous feed-

stock into H2 and solid carbon.

Background of the invention

Hydrogen (H2) produced with a low product carbon footprint (PCF) such as “green” H is re-
quired as a feedstock for the (petro-)chemical industry and as an alternative fuel in the chal-
lenge to reduce emission of greenhouse gases such as CO.. A major route to green H; is elec-
trolysis of water utilizing electricity from renewable sources such as solar and wind energy. An-
other strategy for generation of H, having a low product carbon footprint (PCF) utilizes gasifica-
tion of carbonaceous feedstocks such as waste wherein the feedstock (10) is partially oxidized
in sub-stoichiometric amounts of O,, air and/or steam in a gasification reaction (11) (Figure 1).
Such reactions form a gaseous product mixture (12) comprising syngas with varying ratios of H,
: carbon-oxides (CO and COy), impurities such as halides and sulfur-containing compounds and
solid / highly viscous carbonaceous residues. Impurities are then removed from the gaseous

product mixture (12) and a clean syngas is obtained.

The syngas composition and amount/type of impurities depend on the carbonaceous feedstock
used and the process parameters applied during the gasification of the carbonaceous feed-
stock. The syngas has for example a molar ratio H> : CO intherange of 0.5:1t02: 1. The
preferred carbonaceous feedstock is waste which is often a mixture of different components of
varying amounts. Furthermore, such waste may also comprise different amounts of components
which are referred to as biomass. For example, textiles can consist of cotton (= a biobased
product) and a polymer made from feedstocks of fossil origin such as Nylon sometimes referred

to as “synthetic fibers”.

The yield of H> may then be improved with a water-gas shift (WGS) reaction (14) whereby addi-
tional H is formed by a full conversion of the CO present in the syngas with water to H, and

CO:.. Hence, the amount of CO; in the product gas stream is increased in respect to the syngas
(12) and the gaseous reaction products mainly consist of the desired H, (15) and the undesired

greenhouse gas CO; (13).
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The syngas obtained by gasification of a carbonaceous feedstock or the individual components
H, or CO can then be used as a feedstock for manufacture of chemical products which, after
use, become waste. Said waste can then be used as a carbonaceous feedstock for syngas pro-
duction by gasification and a new cycle of chemical products can be manufactured from said
syngas or the individual components H, or CO. A major drawback of such a recycling loop is the
formation of the undesired greenhouse gas CO; during the gasification reaction and/or the wa-
ter-gas shift (WGS) reaction.

Various methods are known in the art which are applied to avoid the undesired release of CO;
into the atmosphere. The CO- can be removed from the product gas stream by carbon capture
(CC) methods such as absorption and/or adsorption, depending on the partial pressure of the
CO: in the product gas stream and the total pressure of the product gas stream. The ab-
/adsorbed CO, may then be further subjected to storage (CCS) or utilization (CCU). However,
CCS and CCU methods require for example expensive equipment and have high operational

costs such as a high energy consumption which increase the product carbon footprint of the Ha.

Furthermore, carbonaceous feedstocks such as waste and/or biomass are usually collected and
stored in other places than the locations where H; is utilized as a feedstock for the manufacture
of one or more chemical products and/or as a fuel. Hence, there is often a mismatch of the loca-
tion where the carbonaceous feedstock available and/or is stored, especially in case the carbo-
naceous feedstock is waste and/or biomass, and the location where the H, obtained from said
waste is needed as a feedstock for the chemical industry and/or as a fuel. Pipeline networks
(“grids”) for H2 will not be ready in near future to overcome said mismatch of the location where
the H: is generated from a carbonaceous feedstock such as waste and/or biomass and the lo-
cation where the H- is required by the chemical industry as a feedstock for manufacture of

chemical products and/or as a fuel.

US 2012/0241676 A1 discloses a method for gasification of a carbonaceous feedstock with re-
duced emission of CO.. The method comprises gasification of the carbonaceous feedstock to
form a gas containing CO, CO,, methane, H-.O and H; followed by pyrolysis of the methane to
solid C and H», and a reversed water-gas shift reaction to convert the CO- to CO. The final reac-
tion product is syngas (H2, CO) and solid C. This method is not useful as a route to H, having a
low product carbon footprint (PCF) because considerable amounts of CO are formed. Further-
more, the whole method needs to be carried out in one location and either the carbonaceous
feedstocks needs to be transported to the location where the H; is required as a feedstock for
manufacture of chemical products and/or as a fuel or the H, has to be manufactured and trans-

ported from the location where the carbonaceous feedstock is available and/or stored to the
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location where the H, is used as a feedstock for manufacture of chemical products and/or as a

fuel.

WO 2021/232158 A1 discloses a method for generating H> and a reduced amount of CO» by
thermal cracking of a hydrocarbon. The use of solid and/or liquid carbonaceous feedstocks is
not possible with a thermal cracking method utilizing the molten medium disclosed in this docu-
ment. In addition, either the carbonaceous feedstock needs to be transported and stored in the
location where the H: is used as a feedstock for manufacture of chemical products and/or as a
fuel or the H» obtained by the carbonaceous feedstock needs to be transported to the location

where the H: is used for manufacture of chemical products and/or as a fuel.

In addition, existing regulations and currently discussed future regulations such as the Europe-
an Union (EU) “Carbon Removal Certification” framework aim to scale up carbon removal activi-
ties. The “Sustainable Carbon Cycles” (SCC) regulation requires an ongoing reduction of CO»
emissions and even a net removal of CO- from the atmosphere. The methods described above
produce CO, and/or CO which need a further treatment to prevent their emission into the at-

mosphere.

Based on the foregoing, there is a need for new systems and methods to produce H; from car-
bonaceous feedstocks such as waste and/or biomass while forming less or almost none of the
greenhouse gas CO: and provide a solution for removal of the CO- from the atmosphere which
overcome the disadvantages of known carbon capture (CC) methods. Furthermore, such new
systems and methods should overcome the mismatch of the location where the carbonaceous
feedstock such as waste is available and/or stored, and the location where the H; is required as

a feedstock for manufacture of chemical products and other uses.

Summary of the Invention

These objectives are solved by a system for converting a carbonaceous feedstock into Hz and
solid carbon, the system comprising

- at least one syngas producing unit,

- a methanation unit and

- a methane pyrolysis unit

wherein the methanation unit is downstream of and fluidically connected to the at least one syn-
gas producing unit and

wherein said methane pyrolysis unit is downstream of and fluidically connected to said

methanation unit
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or wherein said methane pyrolysis unit is downstream of and connected by a natural gas pipe-

line grid to said methanation unit.

These objectives are further solved by a method for converting a carbonaceous feedstock into

H2 and solid carbon comprising, in this order, the steps

() providing a carbonaceous feedstock,

(i) converting said carbonaceous feedstock into syngas,

(iii) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio Hz : CO,

(iv) converting said clean syngas with a methanation reaction into methane and

(v) converting said methane with a methane pyrolysis reaction into H2 and solid carbon.

The carbonaceous feedstocks are converted into raw syngas and solid/highly viscous carbona-
ceous residues such as ash and/or tar in at least one syngas producing unit such as a gasifica-
tion island comprising at least one gasifier. Said solid/highly viscous carbonaceous residues can
either get disposed as solid waste or subjected to other uses such as incineration or as a feed-

stock in a secondary reformer/gasifier to obtain further syngas.

Impurities are removed from the raw syngas and the clean syngas obtained is then converted in
a methanation reaction to methane and water. Said methane is then converted to H, and solid
carbon with a methane pyrolysis reaction in a methane pyrolysis unit which is downstream of

the methanation unit.

In one embodiment of the present invention, the methane pyrolysis unit is downstream of and
fluidically connected to the methanation unit. In this embodiment of the present invention, the

methanation unit and the methane pyrolysis unit are installed in the same location.

In another embodiment of the present invention, the methane pyrolysis unit is downstream of
and connected by a natural gas pipeline grid to the methanation unit. In this embodiment of the
present invention, the methanation unit and the methane pyrolysis unit are installed in different

locations.

Preferably, steps (i) to (iv) are carried out in a first location where the carbonaceous feedstock
such as for example waste and/or biomass is available and/or stored and the methane obtained
in step (iv) is then inserted into a suitable pipeline such as a natural gas pipeline grid and trans-
ferred in said pipeline to a second location where the methane obtained in step (iv) is taken

from the natural gas pipeline grid and transported to a methane pyrolysis reaction unit installed
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in said second location to convert said methane with a methane pyrolysis reaction into H, and
solid carbon (step (v)). Said second location where the methane pyrolysis unit is installed is
preferably a location where H: is required as a feedstock for manufacturing of at least one

chemical product and/or where the Hz can be utilized as a fuel.

The methane obtained in step (iv) can be taken from the natural gas pipeline grid and immedi-
ately fed into the methane pyrolysis unit or said methane can be transferred from the natural
gas pipeline grid to a means for storage and later transferred from said means for storage to the
methane pyrolysis unit. The means for storage can be for example a tank suitable for storage of

methane such as storage tank or the natural gas pipeline grid itself.

This embodiment of the present invention is a method for converting a carbonaceous feedstock
into H2 and solid carbon wherein the methane formed in step (iv) is transported through a natu-
ral gas pipeline grid in an additional step (iv") prior to converting the methane with a methane
pyrolysis reaction into Hz and solid carbon in step (v) and wherein steps (i) to (iv) are carried out
in a first location and step (v) is carried out in a second location and wherein the first location

and the second location are different from each other.

Accordingly, in this embodiment of the present invention the methane pyrolysis unit is also
downstream of the methanation unit but the methane pyrolysis unit is not directly fluidically con-
nected to said methanation unit because the methanation unit and the methane pyrolysis unit

are operating in different locations and are separated by a natural gas pipeline grid.

The solid carbon formed during the methane pyrolysis reaction can be used in various ways: for
example, as fresh catalyst material for the methane pyrolysis reaction, in aluminum and steel
production, in tire manufacturing, electrode manufacturing, polymer blending, as additive for
construction materials, in devices made of or comprising carbon such as heat exchangers, in

soil conditioning or for renaturation of former opencast lignite mining sites.

The CO; formed in the system and the method according to the present invention is removed

from the atmosphere by formation of solid carbon in the methane pyrolysis unit and step (v).

The H2 formed can be utilized as an energy source or a feedstock for synthesis of one or more
chemical products such as for example methanol and olefins via methanol-to-olefin (MTO) syn-

thesis.
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In case of a preferred embodiment of the present invention, the H; is formed at the location
(second location) where it is needed from methane, the methane formed at the location where
the carbonaceous feedstock such as waste and/or biomass is available and/or stored (first loca-
tion). The methane can be transported through existing natural gas pipeline grid or, if required,
through new pipeline grids. Pipeline gids for transport of natural gas are technically less com-
plex and, accordingly, require less capital investment for construction and have less operational

costs than pipeline grids dedicated for the transport of Ha.

The amount of CO; disposed during the method according to the present invention is reduced in
respect to methods for H2 manufacture from carbonaceous feedstock known in the art while at
the same time the amount of Hx formed is comparable or even higher. Moreover, a considerable
portion of the carbon present in the carbonaceous feedstock is completely removed from the

atmosphere by conversion into solid carbon.
In further embodiments of the present invention none or almost none of the carbon present in
the carbonaceous feedstock is released to the atmosphere in form of CO, and/or CO but con-

verted into solid carbon.

Description of the Figures

Figure 1 shows a system and method for converting a carbonaceous feedstock into H2 accord-
ing to prior art.

Figure 2 shows the system and method for converting a carbonaceous feedstock into Hz and
solid carbon according to a first embodiment of the present invention.

Figure 3 shows the system and method for converting a carbonaceous feedstock into Hz and
solid carbon according to a second embodiment of the present invention.

Figure 4 shows the system and method for converting a carbonaceous feedstock into Hz and
solid carbon according to a third embodiment of the present invention.

Figure 5 shows the system and method for converting a carbonaceous feedstock into Hz and
solid carbon according to a fourth embodiment of the present invention.

Figure 6 shows the system and method for converting a carbonaceous feedstock into Hz and
solid carbon according to a fifth embodiment of the present invention.

Figure 7 shows the system and method for converting a carbonaceous feedstock into Hz and

solid carbon as part of a closed recycling loop.
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Detailed Description of the Invention

The present invention is further described below with reference to the embodiments and figures,
but the present invention is not limited to these embodiments, and any modifications or substitu-
tions within the basic spirit of the present invention are still within the scope of the present in-

vention as claimed.

Definitions:
The term “syngas” refers to a mixture of H, and CO in various molar ratios. “Syngas” may com-

prise further constituents such as CO, and remaining impurities after purification.

The term “syngas producing unit” refers to a production facility in which syngas is obtained from
a carbonaceous feedstock. Such a “syngas producing unit” comprises at least one “pre-
treatment unit”’, at least one “syngas producing reactor unit” such as a gasifier wherein the syn-
gas is formed by a chemical reaction and at least one “syngas purification unit” in which impuri-
ties present in the raw syngas formed in the at least one syngas producing reactor unit are re-
moved. A carbonaceous feedstock is pre-treated in a “pre-treatment unit” which includes one or
more of physical, mechanical and/or chemical pre-treatment procedures. In the most simple
case, the carbonaceous feedstock is just transferred in a “pre-treatment unit” (= simplest form of

mechanical pre-treatment) into the “syngas producing reactor unit”.

The term “syngas upgrading unit” refers to at least one process unit in which the H; content of
syngas is increased to obtain a higher molar ratio H, : CO. Examples for a “syngas upgrading

unit” are water-gas shift units and Hz injection units.

The term “upstream of” is defined herein in respect to a succession of unit operations as located
next to on the side which is against the flow direction of fluids passing said succession of unit

operations.

The term “downstream of” is defined herein in respect to a succession of unit operations as lo-
cated next to on the side which is in the flow direction of fluids passing said succession of unit

operations.

The term “fluidically connected to” in respect to two or more units such as a syngas producing
unit and a methanation unit is defined herein that a fluid such as solids, liquids, gases and mix-

tures of the aforementioned can flow from one of such unit to the other such unit. Two units “flu-
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idically connected to” each other are for example connected by one or more pipes which each

other or by screw conveyors or by extruders or by solids pumps.

A pipeline grid such as a natural gas pipeline grid which can transport methane leaving a
methanation unit placed in a first location to a methane pyrolysis unit placed in a second loca-
tion is not suitable to constitute a “fluidically connected to” link between two units such as said
methanation unit and said methane pyrolysis unit because said pipeline separates said units by
kilometers or tens of kilometers or hundreds of kilometers or even thousands of kilometers.
Nevertheless, also in case the methanation unit and the methane pyrolysis unit are separated
by such a distance, the methane pyrolysis unit is considered “downstream of’ the methanation
unit and “connected to” said methanation unit because the methane formed in the methanation
unit leaves the methanation unit and enters the methane pyrolysis unit after transportation in a
natural gas pipeline grid and an optional storage of the methane in between the methanation

unit and the methane pyrolysis unit.

The term “natural gas pipeline grid” is defined herein as pipelines or a network of pipelines used
to transport natural gas and methane or which are/is suitable for the transport of natural gas and

methane. “Natural gas pipeline grids” are also known as “natural gas networks”.

The objectives described above are solved by a system for converting a carbonaceous feed-
stock into Hz and solid carbon according to a first embodiment of the present invention, the sys-
tem comprising

- at least one syngas producing unit,

- a methanation unit,

- a methane pyrolysis unit and

wherein the methanation producing unit is downstream of and fluidically connected to said at
least one syngas producing unit and wherein said methane pyrolysis unit is downstream of and
fluidically connected to said methanation unit or said methane pyrolysis unit is downstream of

and connected to the methanation unit by a natural gas pipeline grid.

The system according to this first embodiment of the present invention is further explained with
Figure 2: a carbonaceous feedstock (20) is introduced into at least one syngas producing unit
(21) where said carbonaceous feedstock is converted into raw syngas. Said raw syngas is then
treated in at least one syngas purification unit which is part of the at least one syngas producing
unit (21) and leaves the at least one syngas producing unit (21) as a clean syngas (22) having a
first molar ratio H, : CO. Next, said clean syngas (22) enters a methanation unit (23). The

methanation unit (23) is downstream of and fluidically connected to the syngas producing unit
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(21). The clean syngas (22) is converted in the methanation unit (23) into methane (24), more
particularly into a product stream comprising methane and water. The at least one syngas pro-
ducing unit (21) and the methanation unit (23) are preferably placed in a first location where the

carbonaceous feedstock (20) is available and/or stored.

In one embodiment of the present invention, the methane (24) leaves the methanation unit (23)
and is then transferred to a pipeline grid which is dedicated to the transport of natural gas and
methane (“natural gas pipeline grid”). The methane (24) is transported in said natural gas pipe-
line grid to a second location where H; is required as a feedstock for production of at least one
chemical product and/or as a fuel, leaves at the second location said natural gas pipeline grid
and is transferred to a methane pyrolysis unit (25) installed in the second location or temporarily
stored in a means for storing the methane (24) such as a tank or the natural gas pipeline grid.
Hence, the methane pyrolysis unit (25) is downstream of the methanation unit (23) but not fluid-
ically connected to the methanation unit (23) because the methane pyrolysis unit (25) is placed
in a second location which is different from said first location where the at least one syngas pro-
ducing unit (21) and the methanation unit (23) are installed. Methane (24) is then converted in
the methane pyrolysis unit (25) into a stream of H, (27) and solid carbon (26) which both leave

the methane pyrolysis reactor (25).

In another embodiment of the present invention, the methane (24) leaves the methanation unit
(23) and enters the methane pyrolysis unit (25) which is also installed in said first location where
also the at least one syngas producing unit (21) and the methanation unit (23) are installed and
the carbonaceous feedstock (20) is available and/or stored. The methane pyrolysis unit (25) is
downstream of and fluidically connected to the methanation unit (23) in this embodiment of the
present invention. Methane (24) is converted in the methane pyrolysis unit (25) into a stream of

H2 (27) and solid carbon (26) which both leave the methane pyrolysis reactor (25).

The syngas producing unit (21) comprises at least one syngas producing reactor which is
downstream of and fluidically connected to at least one pre-treatment unit. The syngas produc-
ing unit (21) further comprises at least one syngas purification unit which is downstream of and
fluidically connected to the at least one syngas producing reactor. The at least one syngas pro-
ducing reactor unit in a syngas producing unit (21) can be any reactor or combination of units
which is/are suitable to convert a carbonaceous feedstock into raw syngas. The at least one
syngas producing reactor unit can be for example a gasifier in which a carbonaceous feedstock
is converted into raw syngas. The at least one syngas producing unit (21) further comprises at

least one syngas purification unit for removing impurities in the raw syngas made in the at least
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one syngas producing reactor unit to obtain a clean syngas (22) from the at least one syngas

producing unit (21), said clean syngas (22) having a first molar ratio H, : CO.

Preferably, the at least one syngas producing unit (21) comprises at least one gasifier as syn-
gas producing reactor unit. Most preferably, the at least one syngas producing unit is a gasifica-

tion island comprising at least one gasifier as syngas producing reactor unit.

A system wherein the at least one syngas producing unit is a gasification island comprising at
least one gasifier is the second embodiment of the present invention. A gasification island suit-

able as syngas producing unit (21) is shown in Figure 3.

The gasification island comprises at least one pre-treatment unit (31) for a carbonaceous feed-
stock (30) which pre-treat and/or transport and/or provide the carbonaceous feedstock to the at
least one gasifier (33). A gasification island further comprises at least one syngas purification
unit (35) in which impurities (36) in the raw syngas (34) formed by the gasification reaction are

removed to obtain a clean syngas (37) having a first molar ratio H, : CO.

In a gasification island the at least one gasifier (33) is downstream of and fluidically connected
to the at least one pre-treatment unit (31). The at least one syngas purification unit (35) is

downstream of and fluidically connected to the at least one gasifier (33).

Suitable gasifiers (31) comprise counter-current fixed bed reactors, co-current-fixed bed reac-
tors, bubbling fluidized bed reactors, circulation fluidized bed reactors, and downdraft or updraft
entrained flow reactors. The selection of size and reactor type depends on several parameters,
including the composition of the carbonaceous feedstock, demand of products, moisture content
and availability of the carbonaceous feedstock. Preferably, the gasifier (31) is an ,oxygen

blown* gasifier, i.e., oxygen is preferably used as the oxidant in suitable gasifiers (31) listed

above.

The carbonaceous feedstock (20;30) is preferably a solid and/or liquid material or mixture of
materials which comprises organic compounds and/or organic polymers. Said organic com-
pounds and/or organic polymers contain biobased (“C) carbon and/or carbon of fossil sources
and/or carbon which has been at least once recycled (“recycle content carbon”). The carbona-
ceous feedstock may further contain impurities such as inorganic components and metallic
components. Preferably, the carbonaceous feedstock is a solid and/or liquid carbonaceous

feedstock and is selected from the group comprising (raw) biomass, biomass derived liquids,
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waste and mixtures thereof, and mixtures of the aforementioned with fossil feedstocks such as

coal, oil and natural gas.

The term “biomass” includes but is not limited to wood, wood pellets, wood chips, straw, ligno-
cellulosic biomass, energy crops, algae, agricultural residues such as switch grass, discarded

seed corn, corn stover and other crop residues.

Raw biomass can be upgraded into better and more practical form by compacting (e.g., wood is
compacted to wood pellets) or by different conversions classified as thermal (e.g., torrefaction

and/or pyrolysis), chemical, and biological.

The term “biomass derived liquids” comprises pyrolysis oil and biomass derived fuels.

The term “waste” comprises municipal solid waste (MSW), textiles, industrial waste, wood pro-
cessing residues, waste wood, logging residues, agricultural/farming residues, sewage sludge,
plastic waste, shredder residues such as car shredder residues (“automotive shredder resi-

dues”) and mixtures of the aforementioned.

Preferably, the carbonaceous feedstock (20;30) is selected from the group comprising biomass,
municipal solid waste (MSW), shredder residues such as car shredder residues, textiles and

mixtures of the aforementioned.

Preferably, the carbonaceous feedstock is converted into syngas by a gasification reaction
and/or the carbonaceous feedstock is selected from the group comprising selected from the
group comprising biomass, municipal solid waste (MSW), shredder residues such as car shred-

der residues, textiles and mixtures of the aforementioned.

The system according to the present invention is suitable for a method for converting a carbo-

naceous feedstock into Hz and solid carbon, said method comprising the steps

(i) providing a solid and/or liquid carbonaceous feedstock,

(i) converting said solid and/or liquid carbonaceous feedstock into a raw syngas,

(iii) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio Hz : CO,

(iv) converting said clean syngas with a methanation reaction into methane and

(v) converting said methane with a methane pyrolysis reaction into H, and solid carbon.
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The system according to the present invention is also suitable for the following method: Subject-

ing a methane stream to methane pyrolysis, wherein the methane stream is derived from a pro-

cess comprising

()  conversion of a solid and/or liquid carbonaceous feedstock, preferably by gasification to
obtain raw syngas,

(i)  removing impurities from said syngas to obtain a clean syngas, said clean syngas having
a first molar ratio H, : CO and

(i) methanation of said clean syngas to obtain said methane stream.

This method is shown in Figure 2. A carbonaceous feedstock (20) is provided. Said carbona-
ceous feedstock is optionally subjected to one or more pre-treatment steps before converting
said solid and/or liquid carbonaceous feedstock into a raw syngas such as sorting, separation,
mechanical size reduction, biological treatment, drying, torrefaction, grinding, milling, agglomer-
ation and pelletizing. The suitable pre-treatment step(s) depend on the type of carbonaceous
feedstock and on the type of syngas producing reactor, which is preferably a gasifier. The
skilled person knows how to choose suitable pre-treatment step(s). Such optional pre-treatment
step(s) can improve the conversion of the carbonaceous feedstock into raw syngas. Said con-

version is preferably by a gasification reaction.

Next, the carbonaceous feedstock is converted into a raw syngas in at least one syngas produc-
ing unit (21), preferably by a gasification reaction in at least one gasifier, most preferably using
a gasification island comprising at least one gasifier. A gasification reaction usually results in
further reaction products such as solid and/or highly viscous carbonaceous residues (e.g., char
and/or tar) which are further treated in separate steps not relevant for the method according to
the present invention. Such “further reaction products” are different from the impurities present
in raw syngas and, accordingly, don't need to be removed in a syngas purification unit. Such
"further reaction products” can be for example separated in a cooling trap and then be recycled

into the hot zone of the gasifier or a second gasifier which is preferably an entrained gasifier.

The gasification reaction in a gasifier is typically carried out at a temperature > 700 °C in the
presence of a sub-stoichiometric amount of an oxidant such as oxygen, air, steam, supercritical
water or a mixture of the aforementioned. Oxygen is the most common oxidant used for gasifi-
cation because of its easy availability and low cost. If steam acts as oxidant, the raw syngas has
a higher first molar ratio H, : CO than in case if oxygen is used as oxidant. For example, a the

molar ratio carbonaceous feedstock : oxygen can range from 1.5: 1t0 1.8 : 1.
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The conversion of a carbonaceous feedstock in the syngas producing unit which preferably is a
gasification island comprising at least one gasifier produces a raw syngas which consists pri-
marily of Hz, CO, CO;, methane, other hydrocarbons and impurities. Said raw syngas has a
dedicated molar ratio H, : CO when leaving the gasifier which ranges from about 0.1 : 1 to about
2 : 1 and depends on the type of solid and/or liquid carbonaceous feedstock used, the oxidant
and other reaction conditions applied such as temperature and/or residence time for the gasifi-

cation reaction.

Impurities in said raw syngas are removed from the raw syngas product stream directly after
leaving the syngas producing reactor, preferably the gasifier in at least one syngas purification
unit. In a preferred embodiment of the present invention, the raw syngas is obtained from the
carbonaceous feedstock and purified to obtain a clean syngas having a first molar ratio H, : CO
in a gasification island (Figure 3) comprising at least one pre-treatment units (31), at least one
gasifier (33) which is downstream of and fluidically connected to said at least one pre-treatment
unit, and at least one syngas purification unit (35) downstream of and fluidically connected to

the at least one gasifier (33).

The carbonaceous feedstock (30) enters said at least one pre-treatment unit (31), the pre-
treated carbonaceous feedstock (32) enters the at least one gasifier (33) where it is converted
into raw syngas (34). Said raw syngas (34) is then purified in the at least one syngas purification

unit (35) and leaves said at least one syngas purification units (35) as a clean syngas (37).

Other gaseous substances such as HCI and H»S are formed and/or separated from the raw
syngas (34) in the at least one syngas purification unit (35). The impurities (36) are removed
from the syngas and the clean syngas (37) having a first molar ration H, : CO then enters the
methanation unit (not shown in Figure 3) where it is converted into methane and the methane is

then converted into H, and solid carbon in a methane pyrolysis unit (not shown in Figure 3).

The use of a clean syngas (22;37) obtained from the at least one syngas purification unit is pre-
ferred because catalysts utilized in successive process steps have an improved lifetime and
maintain their activity when using a clean syngas (22;37) instead of the raw syngas obtained

directly from the gasification reaction in the at least one gasifier.

Typical impurities in the raw syngas obtained from the gasification reaction in a gasifier com-
prise chlorides, sulfur-containing organic compounds such as sulfur dioxide, trace heavy metals
(e.g., as respective salts) and particulate residues. Various chemical and/or physical methods

for removal of such impurities from said raw syngas such as filtration, scrubbing, hydrotreatment
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and ab-/adsorption are known and can be chosen and adapted according to the type and re-
spective concentration of the impurities in said raw syngas and the tolerance to such impurities
in the successive process steps. Some selected methods for removal of impurities from said
raw syngas will be discussed in more detail. One or more of said methods can also be imple-
mented into the at least one syngas purification unit (35) of a gasification island (Figure 3).

However, this selection of methods is not limiting the scope of the present invention.

Bulk particulate impurities can be removed from the raw syngas by a cyclone and/or filters, fine
particles and chlorides by wet scrubbing, trace heavy metals, catalytic hydrolysis for converting
sulfur-containing organic compounds to H»S and acid gas removal for extracting sulfur-

containing gases such as H,S. Bulky and fine particles in the syngas may also be removed with

a quench in a soot water washing unit.

Next, the clean syngas (22;37) having a first molar ratio H, : CO is subjected to a methanation
reaction in a methanation unit (23) resulting in a gaseous product stream (24) comprising me-
thane. The methanation unit (23) is downstream of and fluidically connected to the at least one
syngas producing unit (21) and/or the at least one syngas purification unit (35) of the gasifica-

tion island.

The methanation reaction is described by chemical reaction schemes (1) and (2):

CO + 3H2 » CH4 + H20 @)
COs + 4Hz > CHs + 2H:0  (2)

The methanation reaction (step (iv)) and suitable methanation units (23) are for example de-
scribed in S. Roénsch, J. Schneider, S. Matthischke, M. Schllter, M. Gétz, J. Lefebvre, P. Prab-
hakaran, S. Bajohr: Review on methanation — From fundamentals to current projects; Fuel 166
(2016) 276-296 and can be selected and adapted by the skilled person.

The methanation reaction (step (iv)) is for example a catalytic reaction using nickel on alumina
catalysts, preferably a honeycomb shape catalyst, at 1 to 70 bar and 200 to 700 °C, preferably 5
to 60 bar, more preferably 10 to 45 bar and preferably 200 to 550 °C, more preferably 10 to

45 bar.

Next, the methane (24) obtained in the methanation unit (23) is used as the feedstock for a me-

thane pyrolysis reaction in a methane pyrolysis unit (25).
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In one embodiment of the present invention, the methane pyrolysis unit (25) is downstream of
and fluidically connected to the methanation unit (23). Accordingly, in this embodiment of the
present invention the at least one syngas producing unit (21), the methanation unit (23) and the

methane pyrolysis unit (25) are all installed in the same location.

In another embodiment of the present invention, the at least one syngas producing unit (21) and
the methanation unit (23) are installed in the same location (“first location”) and the methane
pyrolysis unit (25) is downstream of the methanation unit (23) but not fluidically connected to
said methanation unit (23). Instead, the methane (24) formed in the methanation unit (23) is
transferred to a natural gas pipeline grid and transported in the natural gas pipeline grid to an-
other location (“second location”) and then either inserted to a methane pyrolysis unit (25) or
temporarily stored in a means for storage and later inserted into a methane pyrolysis unit (25) in
which the methane is converted into H» (27) and solid carbon (26). The first location and the
second location are different from each other. The distance between the first location (methane
producing location) and the second location (methane consumption location) is at least one kil-
ometer or at least ten kilometer or at least hundred kilometer or even thousand or more kilome-

ter.

The advantage of having the at least one syngas producing unit (21) and the methanation unit

(23) installed in a first location and the methane pyrolysis unit (25) in a second location are:

- methane is produced from the carbonaceous feedstock (20;32) at or near the location where
the carbonaceous feedstock (20;32) is available and/or where sufficient space is available to
store said carbonaceous feedstock (20;32) prior to use as a feedstock,

- the available natural gas pipeline grid can be used to transport methane (24) from a first loca-
tion to a second location,

- Hz is produced at a second location where it is required and/or needed as a feedstock for the

manufacture of at least one chemical product and/or as a fuel.

The product gas stream comprising methane (24) leaving the methanation unit (23) is then con-
verted to a product gas stream comprising H2 (27) and solid carbon (26) by a methane pyrolysis
reaction in a methane pyrolysis unit (25). The methane pyrolysis reaction is described by chem-

ical reaction scheme (3):

CHs> C+2H, (3)

Optionally, the methane (24) obtained from the methanation unit (23) is first subjected to a puri-

fication and conditioning feeding the methane (24) into the methane pyrolysis unit (25). Tech-
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nology for purification and conditioning of the gaseous products from the methanation is well
known in the art, e.g., US 8,568,512 and F.G. Kerry: Industrial Gas Handbook: Gas Separation
and Purification. Typically, the following processes are used for methane purification: amine
washing, pressurized water washing, pressure swing adsorption, physical adsorption, mem-
brane processes and cryogenic processes. The second product water would be purified using
standard methods in chemical engineering as well like extraction, membrane processes, ad-

sorption and ion exchange.

The methane pyrolysis in the system and method according to the present invention can be
conducted in different ways known to the persons skilled in the art: catalytically or thermally,
and with heat input via plasma, resistance heating, liquid metal processes or autothermal (see
for example N. Muradov and T. Veziroglu: “Green” path from fossil-based to hydrogen econo-
my: An overview of carbon-neutral technologies®, International Journal Hydrogen Energy 33
(2008) 6804-6839, H.F. Abbas and W.M.A. Wan Daud: Hydrogen production by methane de-
composition: A review, International Journal Hydrogen Energy 35 (2010) 1160-1190), R. Dagle
et al.: An Overview of Natural Gas Conversion Technolgies for Co-Production of Hydrogen and
Value-Added Solid Carbon Products, Report by Argonne National Laboratory and Pacific
Northwest National Laboratory (ANL-17/11, PNNL-26726) November 2017).

In case of autothermal methane pyrolysis, oxygen is introduced into the reaction for a partial
oxidation of methane and H; for heat generation. In this case, the reactor effluent will become a
syngas and contain CO and CO.. This gas can be used internally or externally of the systems
and methods according to the present invention. In one embodiment of the present invention,
syngas obtained by said partial oxidation is combined with the clean syngas having a first molar
ratio H> : CO and/or a second syngas having a second molar ratio H» : CO. Said ,combined®

syngas may be used for the synthesis of e.g., methanol.

The methane pyrolysis reactor may operate at 500 to 2000°C dependent on the presence of
any catalyst (preferably 500 to 1000°C) or without a catalyst (preferably 1000 to 2000°C). The
thermal decomposition reaction is preferably conducted in a pressure range from atmospheric

pressure to 30 bar.

If needed, additional methane from an external source can be fed into the reactor of the me-
thane pyrolysis. Methane comprising biobased ('“C) carbon such as biomethane is a preferred

external source.
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The solid carbon (26) type generated in the methane pyrolysis in the methane pyrolysis unit (25)
depends on the reaction conditions, reactor and heating technology. Example products are

- carbon black from plasma processes

- carbon powder from liquid metal processes

- granular carbon from thermal decomposition in fixed, moving or fluidized bed reactors.

Applications for solid carbon (26) obtained from methane pyrolysis in the methane pyrolysis unit
(25) are discussed e.g., for aluminum and steel production, tire manufacturing, electrode manu-
facturing, polymer blending, additive for construction materials, carbon devices like heat ex-

changers, soil conditioning, or even storage.

The system is also according to the present invention is also suitable for a method for convert-
ing a carbonaceous feedstock into H. and solid carbon according to any of claims 8 to 14
wherein the methane formed in step (iv) is transported through a natural gas pipeline grid in an
additional step (iv") prior to converting the methane with a methane pyrolysis reaction into H»
and solid carbon in step (v) and wherein steps (i) to (iv) are carried out in a first location and
step (v) is carried out in a second location and wherein the first location and the second location

are different from each other.

The system is also according to the present invention is also suitable for subjecting a methane

stream to methane pyrolysis and obtaining H> and solid carbon from said methane pyrolysis,

wherein the methane stream is derived from a process comprising

() gasification of a solid and/or liquid carbonaceous feedstock which comprises a chemical
product to obtain syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio H> : CO and

(iii) methanation of said clean syngas to obtain the methane stream

wherein said chemical product, comprised in the said carbonaceous feedstock, was formed di-

rectly or indirectly from said Hz obtained by the methane pyrolysis reaction and at least one

second feedstock containing one or more carbon atom.

The system is also according to the present invention is also suitable for a use of a methane
stream for methane pyrolysis, wherein the methane stream is derived from a method comprising
the steps

() gasification of a solid and/or liquid carbonaceous feedstock to obtain syngas,

(i)  removing impurities from said syngas to obtain a clean syngas, said clean syngas having

a first molar ratio H, : CO and
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(i)  methanation of said clean syngas to obtain the methane stream.

The systems and methods according to the first and second embodiments of the present inven-
tion have several advantages compared to methods disclosed in prior art:
- an increased amount of carbon present in the carbonaceous feedstock is converted to
solid carbon which can be further utilized,
- Hz is formed with a low product carbon footprint (PCF), potentially with negative PCF,

- less or none of the greenhouse gas CO- is emitted to the atmosphere.

The system and method according to the present invention can be improved in a third embodi-
ment by increasing the amount of H; in the clean syngas having a first molar ratio H, : CO be-

fore entering the methanation unit which is shown on Figure 4.

The system for converting a carbonaceous feedstock (40) into H2 (49) and solid carbon (48) in a
methane pyrolysis unit (47) according to the third embodiment of the present invention compris-
es

- at least one syngas producing unit (41),

- a methanation unit (45) and

- a methane pyrolysis unit (47),

wherein the methanation producing unit (45) is downstream of and fluidically connected to said
at least one syngas producing unit (41) and wherein said methane pyrolysis unit (47) is down-
stream of and fluidically connected to said methanation unit (45)

or said methane pyrolysis unit (47) is downstream of and connected by a natural gas pipeline
grid to said methanation unit (45),

wherein said system further comprises at least one syngas upgrading unit (43) which is down-
stream of and fluidically connected to the at least one syngas producing unit (41) or the at least
one syngas purification unit of a gasification island and upstream of and fluidically connected to

a methanation unit (45).

Preferably, said syngas producing unit (41) is a gasification island and wherein said gasification
island comprising

- at least one feedstock pre-treatment unit

- at least one gasifier and

- at least one syngas purification unit

wherein the at least one gasifier is downstream of and fluidically connected to the at least one
feedstock pre-treatment unit and the at least one syngas purification unit is downstream of and

fluidically connected to the at least one gasifier.
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The H, concentration of the clean syngas (42) having a first molar ratio H, : CO is increased in
the syngas upgrading unit (43) which leads to a syngas (44) having a second molar ratio H; :
CO. Said second molar ratio Hz : CO is higher than the first molar ratio H, : CO of the clean
syngas (42). The at least one syngas upgrading unit (43) can be for example at least one water-
gas shift unit or a Ha injection unit which are both suited to increase the H, concentration in the
clean syngas (42) having a first molar ratio H» : CO to obtain the syngas (44) having a second

molar ratio H, : CO.

The method according to this third embodiment of the present invention further comprises be-
tween step (iii) and step (iv) the step (iiia): increasing the H2 content in the clean syngas (42)
having a first molar ratio H, : CO to obtain a second syngas (44) having a second molar ratio H»

: CO which is higher than the first molar ratio H» : CO of said clean syngas (42).

The disclosure in respect to the methanation unit (45) and the methane pyrolysis unit (47) made
in respect to the first and second embodiments of the present invention applies also to the third
embodiment. Accordingly, a stream comprising methane (46) is obtained in the methanation
unit (45), said stream comprising methane (46) is then fed into a methane pyrolysis unit (47)
downstream of and fluidically connected to the methanation unit (45) or transferred to a natural
gas pipeline grid and transported in the natural gas pipeline grid to a second location and then
inserted to a methane pyrolysis unit (47) or is temporarily stored in a suitable means for storage
and then inserted to a methane pyrolysis unit (47). In both cases, the methane (46) is converted
in the methane pyrolysis unit (47) into Hz (49) and solid carbon (48). The first location where the
at least one syngas producing unit (41), the at least one syngas upgrading unit (43) and the
methanation unit (45) are placed and second location where the methane pyrolysis unit (47) is
placed are different from each other in case the methane (46) is transported in a natural gas

pipeline grid from the methanation unit (45) to the methane pyrolysis unit (47).

The third embodiment of the present invention can also be formulated as: subjecting a methane

stream to methane pyrolysis, wherein the methane stream is derived from a process comprising

() conversion of a solid and/or liquid carbonaceous feedstock, preferably by gasification to
obtain raw syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio H, : CO,

(ila) increasing the H, concentration in the clean syngas having a first molar ratio H, : CO to
obtain the syngas having a second molar ratio H, : CO and

(iii) methanation of said clean syngas to obtain said methane stream.
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The advantage of a second syngas (44) having said second molar ratio H, : CO which is higher
than the first molar ratio H, : CO in the clean syngas (42) is a higher yield in the methanation

reaction according to chemical reaction scheme (1).

A higher methane yield in the methanation unit (45) results in a higher Hz> and solid carbon yield
in the methane pyrolysis reaction in respect to the amount of carbonaceous feedstock used in
the gasification reaction. Hence, a higher yield of the desired reaction products H> and solid
carbon and less of the undesired reaction product CO- are obtained by the third embodiment of

the system and method according to the present invention.

Said at least one syngas upgrading unit (43) optionally further comprises a CO, capture unit
downstream of and fluidically connected to the at least one syngas upgrading unit (43) and up-

stream of and fluidically connected to the methanation unit (45).

A CO; capture unit is also optionally used in the method according to the third embodiment of
the present invention which then optionally comprises an additional step (iiib) between steps
(iiia) and (iv) wherein CO; is removed from said second syngas (44) in said CO, capture unit.
Hence, even less CO; is released into the atmosphere in this embodiment of the present inven-
tion. The CO, optionally captured can be stored and/or utilized e.g., for the synthesis of metha-

nol.

This embodiment of the present invention can also be formulated as: subjecting a methane

stream to methane pyrolysis, wherein the methane stream is derived from a process comprising

() conversion of a solid and/or liquid carbonaceous feedstock, preferably by gasification to
obtain raw syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio Hz : CO,

(ila) increasing the Hx concentration in the clean syngas having a first molar ratio H, : CO to
obtain the syngas having a second molar ratio H, : CO,

(iib) removing CO; from said syngas having a second molar ratio H, : CO and

(iii) methanation of said clean syngas to obtain said methane stream.

A large variety of CO: capture units and methods for CO; capture are commercially used and
can be selected and adapted by a skilled person to the systems and methods according to the
present invention. Suitable methods for CO, removal from syngas include membrane separa-
tion, absorption and adsorption with e.g., pressure-swing-adsorbtion (PSA) or MOFs (metal or-

ganic frameworks).
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In a fourth embodiment of the present invention (Figure 5), the clean syngas (52) having a first

molar ratio H, : CO is converted into a second syngas (54) having a second molar ratio H, : CO
in at least one syngas upgrader (53), wherein the H; content in said second molar ratio H, : CO
is higher than in said first molar ratio H, : CO. The at least one syngas upgrader (53) in this

fourth embodiment of the present invention is at least one water-gas shift unit.

The system and method according to the fourth embodiment comprises a syngas producing unit
(51) which is preferably a gasification island comprising at least one gasifier. Said syngas pro-
ducing unit (51) is upstream of and fluidically connected to at least one water-gas shift unit (53).
The carbonaceous feedstock (50) enters the at least one syngas producing unit (51), clean syn-
gas (52) having a first molar ratio H> : CO leaves said at least one syngas producing unit (51)
and enters said at least one water-gas shift unit (53). Said at least one syngas producing unit
(51) preferably has the same components and properties as the at least one syngas producing
unit (21) (Figure 2) and/or the gasification island (Figure 3, (31), (32), (33)).

The clean syngas (52) having a first molar ratio H; : CO is then subjected to a water-gas shift
reaction in the at least one water-gas shift unit (53). Thereby, the H, content in the clean syngas
(52) is increased by reacting a portion of the CO of the clean syngas (52) with water to form
additional H, (and CO,) and thereby the second syngas (54) having a second molar ratio H; :
CO is formed and leaves the at least one water-gas shift unit (53). The H, content in said sec-
ond syngas having a second molar ratio Hz : CO (54) is higher than in said clean syngas (52)
having a first molar ratio H> : CO. This step is known as water-gas shift reaction and represent-

ed by the chemical reaction scheme (4):

CO+H0 > COx+H; (4)

The water-gas shift reaction will operate with a variety of catalysts (such as copper-zinc-
aluminum catalysts and chromium or copper promoted iron-based catalysts) in the temperature
range between about 200 °C and about 480 °C. The type of water-gas shift reaction und unit(s)
required can be adapted to the general conditions of the process (e.g., type of carbonaceous

feedstock and how much additional H» obtained by chemical reaction scheme (4) is desired).

The at least one water-gas shift unit (53) is upstream of and fluidically connected to a CO, cap-
ture unit (55). Said CO, capture unit (55) is upstream of and fluidically connected to the
methanation unit (58). CO, (56) present in the second syngas (54) having a second molar ratio

H, : CO is removed from said second syngas (54) in the CO; capture unit (55) and a second
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syngas having a second molar ratio H, : CO and in addition comprising a reduced amount of or

almost no CO;, (57) is leaving the CO, capture unit (55).

Next, CO- is removed from said second syngas (54) having a second molar ratio H, : CO before
said second syngas (54) enters the methanation unit (58). The methane (59) formed in the
methanation unit (58) is then entering the methane pyrolysis unit (60) from which a H» stream
(62) and solid carbon (61) leave.

Suitable methods for CO, removal from syngas include membrane separation, absorption and
adsorption with e.g., pressure-swing-adsorption (PSA) MOFs (metal organic frameworks). Pref-
erably, CO; is removed from said second syngas (54) having a second molar ratio H» : CO by
absorption: the second syngas (54) is contacted with an aqueous solution of alkylamines such
as monoethanolamine, diethanolamine, methyldiethanolamine and the like and CO; (56) is cap-
tured in such aqueous solutions of alkylamines in an acid-base reaction. Said aqueous solution
of alkylamines is then directed to a “regenerator” (e.g., a stripper with a boiler) where the acid-
base reaction is reversed and whereby CO, and the recycled aqueous solution of alkylamines
are obtained. This absorption method is also known as “scrubbing”. Commercially available
scrubbing technologies suitable for the systems and methods according to the present invention

are for example marketed under the brand name OASE® which are available from BASF SE.

The system according to the fourth embodiment of the present invention further comprises a
methanation unit (58) and a methane pyrolysis unit (59). The CO» capture unit (55) is upstream
of and fluidically connected to the methanation unit (58). Said methane pyrolysis unit (59) is
downstream of and fluidically connected to the methanation unit (58)

or the methane pyrolysis unit (60) is downstream of and connected by a natural gas pipeline

grid to the methanation unit (58).

The system according to the present invention is also suitable for the following method: Subject-

ing a methane stream to methane pyrolysis, wherein the methane stream is derived from a pro-

cess comprising

() conversion of a solid and/or liquid carbonaceous feedstock, preferably by gasification to
obtain raw syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio H, : CO,

(ila) increasing the H, concentration in the clean syngas having a first molar ratio H, : CO to
obtain the syngas having a second molar ratio H, : CO by a water-gas shift reaction,

(iib) removing the CO, from said syngas having a second molar ratio H, : CO and
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(iiiy methanation of said syngas having a second molar ratio H, : CO to obtain said methane

stream.

The disclosure in respect to said methanation unit (58) and said methane pyrolysis unit (60)
made in respect to all other embodiments of the present invention applies also to the fourth em-
bodiment of the present invention. Accordingly, a stream comprising methane (59) is obtained in
the methanation unit (58), said stream comprising methane (59) is then fed into a methane py-
rolysis unit (60). A H. stream (62) and solid carbon (61) are obtained from the methane pyroly-

sis reaction in the methane pyrolysis unit (60).

The advantage of a system and method according to the fourth embodiment are the same as
those disclosed above for the third embodiment. Hence, a higher yield of methane (59) and
likewise a higher yield of H» (62) and solid carbon (61) are obtained from the second syngas
(54) having a second molar ratio H» : CO which is higher than the first molar ration of the syngas
(52) having a first molar ratio H» : CO. Furthermore, the CO- formed in the syngas producing
unit (51) is removed by conversion into solid carbon (61) and those portions of the CO, which
are generated by the water-gas shift reaction are captured in the CO, capture (CC) unit (55) and
are stored (CCS) and/or further utilized (CCU) and are, accordingly, not emitted into the atmos-

phere.

This fourth embodiment of the present invention is particularly preferred in case the carbona-
ceous feedstock comprises a high amount of biomass and therefore the CO, generated by con-
verting the syngas obtained from such a carbonaceous feedstock in a water-gas shift unit has a
high content of biogenic carbon. Additionally, when compared to the fifth embodiment of the
present invention, no energy from renewable sources which is maybe scarce is required in the

fourth embodiment of the present invention to increase the Hz content in the syngas.

The system and method according to the fifth embodiment (Figure 6) comprises at least one
syngas producing unit (71) which is preferably a gasification island comprising at least one gasi-
fier. Said at least one syngas producing unit (71) preferably has the same components and
properties as the syngas producing unit (21) (Figure 2) and/or the gasification island (Figure 3,
(31), (32), (33)) described above.

Said at least one syngas producing unit (71) is upstream of and fluidically connected to a H,
insertion unit (73). The carbonaceous feedstock (70) enters the at least one syngas producing
unit (71), clean syngas (72) having a first molar ratio H, : CO leaves said at least one syngas

producing unit (71) and enters said H; insertion unit (73).
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The clean syngas (72) having a first molar ratio H, : CO is converted into the second syngas
(76) having a second molar ratio H, : CO in step (iiia) by adding a suitable amount of additional
Hz (74) to the clean syngas (72) having a first molar ratio H> : CO in the H; insertion unit (73).
The additional Hz (74) is preferably “green H,” formed by water electrolysis using electricity
generated from a renewable energy source. Suitable renewable energy sources comprise solar

energy, wind energy, geothermal energy, hydropower, ocean energy and the like.

“Suitable amount of additional H,” is defined herein as the amount of H, required to obtain the
second syngas (75) having a second molar ratio H, : CO of about 3 : 1 to about 4 : 1, most pref-
erably of about 3 : 1 from the clean first syngas (72) having a first molar ratio H» : CO of about
0.7 : 1to about 1.1 : 1. The skilled person knows how to calculate said suitable amount of H-
from the molar ratio H,> : CO and e.qg., the flow rate of H, and CO in the clean syngas (72) hav-
ing a first molar ratio Hz : CO and the desired second molar ratio H» : CO of the second syngas
(75). The Hz insertion unit (73) can be for example a tee-piece connector with an optional static

mixer.

The system according to the fifth embodiment of the present invention further comprises a
methanation unit (77) and a methane pyrolysis unit (79). The H; insertion unit (73) is upstream
of and fluidically connected to the methanation unit (77). The methane pyrolysis unit (79) is up-
stream of and fluidically connected to the methanation unit (77) or the methane pyrolysis unit
(79) is downstream of and connected by a natural gas pipeline grid to the methanation unit (77).
The methane (78) is then converted into Hz (81) and solid carbon (80) in the methane pyrolysis
unit (79). The first location where the at least one syngas producing unit (71), the Hz insertion
unit (73) and the methanation unit (77) are installed and the second location where the methane
pyrolysis unit (79) is installed are different from each other in case the methane (78) is trans-
ported by a natural gas pipeline grid from the methanation unit (77) to the methane pyrolysis
unit (79).

The disclosure in respect to said methanation unit (77) and said methane pyrolysis unit (79)

made in respect to all other embodiments of the present invention applies also to the fifth em-
bodiment. Accordingly, a stream comprising methane (78) is obtained in the methanation unit
(77), said stream comprising methane (78) is then fed into a methane pyrolysis unit (79). A Hz
stream (81) and solid carbon (80) are obtained from the methane pyrolysis reaction in the me-

thane pyrolysis unit (79).
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The advantage of a system and method according to the fifth embodiment are the same as
those disclosed above for the third and fourth embodiments. Hence, a higher yield of methane
(78) and likewise a higher yield of H2 (81) and solid carbon (80) are obtained from the second
syngas (76) having a second molar ratio H, : CO which is higher than the first molar ratio of the
syngas (72) having a first molar ratio H, : CO. Furthermore, the CO; formed in the syngas pro-

ducing unit (71) is removed by conversion into solid carbon (80).

The system according to the present invention is also suitable for the following method: Subject-

ing a methane stream to methane pyrolysis, wherein the methane stream is derived from a pro-

cess comprising

() conversion of a solid and/or liquid carbonaceous feedstock, preferably by gasification to
obtain raw syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio Hz : CO,

(ila) increasing the Hx concentration in the clean syngas having a first molar ratio H, : CO to
obtain the syngas having a second molar ratio H, : CO by insertion of additional H, and

(iii) methanation of said clean syngas to obtain said methane stream.

The CO, formed in the syngas producing unit (71), preferably in a gasifier, more preferably, in a
gasification island comprising at least one gasifier, will be converted to additional methane in
the methanation unit (77) because of the additional H. (74) added to the clean first syngas (72).
The reaction of the CO, formed in the syngas producing unit (71) with additional H> (74) in the
methanation unit (77) is represented by chemical reaction scheme (2). Hence, the system ac-
cording to the fifth embodiment of the present invention preferably does not comprise a CO:
capture (CC) unit (55) such as the one in the system according to the fourth embodiment of the
present invention because all CO; formed in the syngas producing unit (71) is converted to me-
thane (78) in the methanation unit (77).

The fifth embodiment is particularly preferred in case “green Hy” formed by water electrolysis
using electricity generated from a renewable energy source is used as additional Hz (74) be-
cause the methane yield in the methanation reaction (chemical reaction scheme (1)) can be
increased without forming additional CO; as in case of the fourth embodiment by the water-gas

shift reaction.

The use of “green H,” as additional H, (74) (i.e., H, obtained by water electrolysis using a re-
newable energy source) results in methane (78) having a lower product carbon footprint (PCF)

compared to a) “not-green H,” as additional H, (74) and b) using a water-gas shift reaction
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combined with CO; capture (CC) to increase the methane yield in the methanation unit (77)
instead of additional H, (74).

The system and the method according to the present invention and all their respective embodi-
ments are suitable for implementation in a closed recycling loop for at least one chemical prod-
uct. Such a closed recycling loop is shown in Figure 7: at least one chemical product (103) is
manufactured in at least one chemical reactor (101) using H2 (100) obtained from the methane
pyrolysis unit (98) and at least one second feedstock (102) containing one or more carbon at-
om. The at least one chemical product (103) becomes a carbonaceous feedstock (91) afteritis
disposed. Said carbonaceous feedstock (91) is then converted into a clean syngas (93) having
a first molar ratio H, : CO in at least one syngas producing unit (92) which is preferably a gasifi-
cation island comprising at least one gasifier. Said clean syngas (93) having a first molar ratio
H, : CO is then converted in a methanation unit (96) into methane (97). Next, methane (97) is
fed into a methane pyrolysis unit (98) which is downstream of and physically connected to the
methanation unit (96) or the methane (97) is transferred to a natural gas pipeline and transport-
ed in the natural gas pipeline from the methanation unit (96) to a second location and there in-
serted into a methane pyrolysis unit (98) in which the methane (97) is converted into H, (100)
and solid carbon (101). The methane pyrolysis unit (98) is downstream of the methanation unit
(96). The first location where the at least one syngas producing unit (92) and the methanation
unit (96) are installed and second location where the methane pyrolysis unit (98) is installed are
different from each other in case the methane (97) is transported from the methanation unit (96)

to the methane pyrolysis unit (98) in a natural gas pipeline grid.

The H2 (100) obtained in the methane pyrolysis unit (98) is then used as a feedstock for manu-
facturing at least one chemical product in at least one chemical reactor (101). For example, Ha
(100) is used as a feedstock together with CO; as a second feedstock (102) for producing
methanol which is then used as a feedstock for further conversions, including multistep conver-
sions, into e.g., olefines and olefines into organic polymers such as polyethylene. An end-user
product such as a plastic bag is then made from polyethylene and said plastic bag becomes

(part of) a carbonaceous feedstock (91) after it is disposed as e.g., municipal solid waste

(MSW).

This embodiment can be used in a method for converting a carbonaceous feedstock into Hz and
solid carbon comprising, in this order, the steps
() providing a carbonaceous feedstock from waste comprising a chemical product,

(i) converting said carbonaceous feedstock into syngas,
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(iii) removing impurities from said syngas to obtain a clean syngas, said clean syngas having a
first molar ratio H, : CO,

(iv) converting said clean syngas having a first molar ratio H, : CO with a methanation reaction
into methane,

(v) converting said methane with a methane pyrolysis reaction into H2 and solid carbon,

(vi) forming said chemical product comprised in the said carbonaceous feedstock directly or
indirectly from said H> obtained in step (v) and at least one second feedstock containing

one or more carbon atom.

Optionally, the clean syngas (93) having a first molar ratio H, : CO is converted in at least one
syngas upgrading unit (94) into a second syngas (95) having a second molar ratio H> : CO
wherein said second molar ratio H, : CO is larger than said first molar ratio H, : CO. Said sec-
ond syngas (95) having a second molar ratio H, : CO is then converted in a methanation unit
(96) into methane (97). The advantages of such a conversion of syngas are already described
above for the third, fourth and fifth embodiment and apply also to this embodiment of the pre-
sent invention. The at least one syngas upgrading unit (94) can be for example at least one wa-
ter-gas shift unit (preferably with a successive CO, capture unit downstream of and fluidically
connected to said at least one water-gas shift unit) or a H; injection unit. Such optional and ad-
ditional unit operations and their implementation into the system and method according to the
present invention are described above. The same variants and advantages also apply to the

closed recycling loop embodiment described here and shown in Figure 7.
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Claims

System for converting a carbonaceous feedstock into H, and solid carbon, the system
comprising

- at least one syngas producing unit,

- amethanation unit,

- amethane pyrolysis unit and

wherein the methanation unit is downstream of and fluidically connected to the syngas
producing unit and

wherein the methane pyrolysis unit is downstream of and fluidically connected to the
methanation unit

or the methane pyrolysis unit is downstream of and connected by a natural gas pipeline

grid to the methanation unit.

System for converting a carbonaceous feedstock into H, and solid carbon according to
any of claim 1 wherein the at least one syngas producing unit is a gasification island, said
gasification island comprising

- at least one feedstock pre-treatment unit

- at least one gasifier,

- at least one syngas purification unit and

wherein the at least one gasifier is downstream of and fluidically connected to the at least
one feedstock pre-treatment unit and the at least one syngas purification unit is down-

stream of and fluidically connected to the at least one gasifier.

System for converting a carbonaceous feedstock into H, and solid carbon according to
any of claims 1 and 2 wherein the system further comprises at least one syngas upgrad-
ing unit which is downstream of and fluidically connected to the at least one syngas pro-
ducing unit or the at least one syngas purification unit of a gasification island and up-

stream of and fluidically connected to a methanation unit.

System for converting a carbonaceous feedstock into H, and solid carbon according to
claim 3 wherein the at least one syngas upgrading unit comprises in this order and fluidi-
cally connected to each other, at least one water-gas shift unit and at least one CO; cap-
ture unit, wherein said at least one water-gas shift unit is downstream of and fluidically
connected to the at least one syngas producing unit and/or the at least one syngas purifi-
cation unit of a gasification island and wherein the at least one CO, capture unit is up-

stream of and fluidically connected to said methanation unit.
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System for converting a carbonaceous feedstock into H, and solid carbon according to
any of claims 1 to 3 wherein the at least one syngas upgrading unit comprises a H; injec-
tion unit which is downstream of and fluidically connected to said at least one syngas pro-
ducing unit and/or the at least one syngas purification unit of a gasification island and
wherein said Hz injection unit is upstream of and fluidically connected to said methanation

unit.

System according to any of claims 1 to 5 wherein the methane pyrolysis unit is down-

stream of and connected by a natural gas pipeline grid to the methanation unit.

System according to any of claims 1 to 5 wherein the methane pyrolysis unit is down-

stream of and fluidically connected to the methanation unit.

A method for converting a carbonaceous feedstock into H, and solid carbon comprising, in

this order, the steps

(i)  providing a carbonaceous feedstock, optionally from waste comprising a chemical
product,

(i)  converting said carbonaceous feedstock into syngas,

(iii) removing impurities from said syngas to obtain a clean syngas, said clean syngas
having a first molar ratio H, : CO,

(iv) converting said clean syngas having a first molar ratio H, : CO with a methanation
reaction into methane,

(v) converting the methane with a methane pyrolysis reaction into Hz and solid carbon,
optionally forming said chemical product comprised in the said carbonaceous feed-
stock directly or indirectly from the H; obtained in step (v) and at least one second

feedstock containing one or more carbon atom.

The method for converting a carbonaceous feedstock into H> and solid carbon according
to claim 8 wherein said carbonaceous feedstock is converted into syngas by a gasification
reaction and/or wherein the carbonaceous feedstock is selected from the group compris-
ing selected from the group comprising biomass, municipal solid waste (MSW), shredder

residues such as car shredder residues, textiles and mixtures of the aforementioned.

The method for converting a carbonaceous feedstock into H, and solid carbon according
to any of claims 8 and 9 wherein the method comprises a further step between step (iii)

and step (iv):
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(iiia) converting said clean syngas having a first molar ratio H, : CO into a second syngas,
said second syngas having a second molar ratio H, : CO

wherein the H> content in said second molar ratio Hz : CO is higher than in said first molar
ratio Hz : CO.

The method for converting a carbonaceous feedstock into H> and solid carbon according
to claim 10 wherein the method comprises a further step between step (iiia) and step (iv):

(iiib) removing CO- from said second syngas having a second molar ratio H, : CO.

The method for converting a carbonaceous feedstock into H> and solid carbon according
to any of claims 10 and 11 wherein said clean syngas having a first molar ratio H, : CO
formed in step (iii) is converted into said second syngas having a second molar ratio H- :

CO in step (iiia) by a water-gas shift reaction.

The method for converting a carbonaceous feedstock into H> and solid carbon according
to claim 10 wherein said clean syngas having a first molar ratio H, : CO formed in step (iii)
is converted into said second syngas having a second molar ratio H, : CO in step (iiia) by
insertion of additional H; into said clean syngas having a first molar ratio H, : CO, option-
ally, said H, is formed by water electrolysis using electricity generated from a renewable

energy source.

The method for converting a carbonaceous feedstock into H> and solid carbon according
to any of claims 8 to 14 wherein the methane formed in step (iv) is transported through a
natural gas pipeline grid in an additional step (iv") prior to converting the methane with a
methane pyrolysis reaction into H, and solid carbon in step (v) and wherein steps (i) to (iv)
are carried out in a first location and step (v) is carried out in a second location and where-

in the first location and the second location are different from each other.

Use of a methane stream for methane pyrolysis, wherein the methane stream is derived

from a method comprising the steps

() gasification of a solid and/or liquid carbonaceous feedstock to obtain syngas,

(i) removing impurities from said syngas to obtain a clean syngas, said clean syngas
having a first molar ratio H, : CO and

(i)  methanation of said clean syngas to obtain the methane stream.



WO 2024/165352 PCT/EP2024/052040
1/7

Figures

10 12 13\/\I 15

10

A 4

11 14

15 Figure 1



10

15

20

WO 2024/165352 PCT/EP2024/052040

2/7
25
20 22 24 27
»y 0 =4 >
N
21 23

Figure 2



10

15

20

WO 2024/165352 PCT/EP2024/052040
3/7

30 32 34 I_S;—- 37

A 4
A\ 4

31 33 35

Figure 3



WO 2024/165352
4/7

49

48

.

46
-.S_-;

:

Lt

44

41

40

S5,

PCT/EP2024/052040

Figure 4



WO 2024/165352
57

62

61

:

59

:

:

56

54

53

:

51

50

PCT/EP2024/052040

Figure 5



WO 2024/165352 PCT/EP2024/052040
6/7

—
00
(@]
00
o
I\\/\
A
1
@ I
'\\/\l
1
1
I\\/\
~
y ¥
w0
I\\/\
-
~
——e—

71

70

S5

Figure 6



WO 2024/165352 PCT/EP2024/052040
717

A

103

101

102

100

99

:

93

92

91
!76

Figure 7



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2024/052040

A. CLASSIFICATION OF SUBJECT MATTER

ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

INV. CO01B3/24 co07c1/04 Cc10J3/00 c10LnL3/08 C01B32/05

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
CO01B C€01C C1l0L <CO07C C1l0K cCl0J

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X WO 2021/239831 Al (BASF SE [DE])

2 December 2021 (2021-12-02)

page 1, line 5 - line 17

page 3, line 12 - page 4, line 13
page 5, line 36 - page 6, line 3

page 7, line 6 - line 11; claims

X US 5 213 770 A (NOYES GARY P [US])
25 May 1993 (1993-05-25)
column 2, line 47 - line 66
A WO 2010/033846 A2 (GREATPOINT ENERGY INC

[US]; HIPPO EDWIN J [US] ET AL.)
25 March 2010 (2010-03-25)
claims

|__K| Further documents are listed in the continuation of Box C. ‘z‘ See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international wyr
filing date

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance;; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk
Tel. (+31-70) 340-2040,

cited to establish the publication date of another citation or other """ document of . . - - -
. b particular relevance;; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
25 March 2024 11/04/2024
Name and mailing address of the ISA/ Authorized officer

Fax: (+31-70) 340-3016 Van der Poel, Wim

Form PCT/ASA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2024/052040

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2012/241676 Al (KIM JIN HONG [KR] ET 1-15
AL) 27 September 2012 (2012-09-27)
cited in the application

claims

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2024/052040
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2021239831 Al 02-12-2021 AU 2021281029 A1l 05-01-2023
Ca 3185028 Al 02-12-2021
CN 115515699 A 23-12-2022
EP 4157945 Al 05-04-2023
JP 2023527415 A 28-06-2023
KR 20230018436 A 07-02-2023
Us 2023227316 Al 20-07-2023
WO 2021239831 Al 02-12-2021

UsS 5213770 A 25-05-1993 NONE

WO 2010033846 A2 25-03-2010 CN 102159687 A 17-08-2011
KR 20110070878 A 24-06-2011
Us 2010121125 A1 13-05-2010
WO 2010033846 A2 25-03-2010

US 2012241676 Al 27-09-2012 AU 2010279831 Al 23-02-2012
Ca 2770290 Al 10-02-2011
CN 102597182 A 18-07-2012
DE 112010003184 T5 28-06-2012
JP 5686803 B2 18-03-2015
JP 2013501123 A 10-01-2013
KR 20110013968 A 10-02-2011
Us 2012241676 Al 27-09-2012
WO 2011016668 A2 10-02-2011

Form PCT/ASA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - wo-search-report
	Page 40 - wo-search-report
	Page 41 - wo-search-report

