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(57) Abstract: Method and apparatus for converting waste solid sustainable carbon material to chemical products is described herein.
The methods add hydrocarbon derived from fossil sources to gas derived from gasifying waste solid sustainable carbon material to
enhance hydrogen availability, and in some cases carbon availability, for production of the chemical products. Carbon dioxide made
by the process is at least partially sequestered to yield a chemical manufacturing process with environmental burden substantially less
than conventional processes. Use of the hydrocatbon boosts yield of final products.
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ENHANCED GASIFICATION SYSTEM AND METHOD
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This patent application claims benefit of United States Provisional Patent
Application Serial No. 63/381,065 filed October 26, 2022, which is entirely
incorporated herein by reference.
BACKGROUND
[0002] A variety of processes exist to convert solid biogenic carbon materials and solid
non-biogenic carbon wastes into useful chemical products such as hydrocarbon fuels
(such as gasoline, jet, and diesel fuel), lubricants, ethanol, methanol, ammonia,
plastics, plastic precursors, and other products. Solid biogenic carbon materials, here,
refers to biologically grown materials, such as wood, grass, leaves, seaweed, animal
waste, food scraps, algae, the biogenic portion of municipal solid waste and the like
(collectively, “biomass"). Such biomass may be purpose grown, such as corn for use
in the production of bio-ethanol via fermentation, or it may be a waste byproduct of
other activities, such as sawdust from a sawmill. Solid non-biogenic wastes, here,
refers to non-biogenic municipal solid waste, including plastics, and other non-biogenic
solid wastes resulting from industrial or consumer activities. Herein “solid sustainable
carbon materials” shall be used to refer collectively to solid biogenic carbon materials
and solid non-biogenic carbon materials, reflecting the potential to make chemical
products with a reduced environmental burden when utilizing such “solid sustainable
carbon materials” instead of conventional fossil carbon materials such as coal, natural
gas, petroleum, and the like.  One emerging process to convert solid sustainable
carbon materials into useful chemical products is gasification, which converts such
materials into synthesis gas (“syngas”), a mixture of hydrogen gas (Hz2) and carbon
monoxide (CO), which can then be used to make many useful products via known
chemical conversion processes.
[0003]Fig. 1 is a process diagram of a conventional solid sustainable carbon
gasification to chemicals conversion process 100. Solid sustainable carbon material
is first sized and dried, e.g. into chips or pellets with between 20% and 5% moisture
by weight. The sized and dried solid sustainable carbon material is then conveyed as
feed 102 into a gasifier 106 within gasification stage 104, including gasifier 106 and
tar converter 110. In many gasification processes, oxygen 108 and steam 109 are
provided to the gasification stage, including to gasifier 106 and often also tar converter

110. The oxygen raw material 108 may be provided by an air separation unit (not

1



WO 2024/089471 PCT/1IB2023/050119

shown) or a water electrolysis system (not shown). The steam raw material 109 may
be provided by downstream processing units that generate excess steam via a steam
recycle loop (not shown) or from dedicated steam generation units (not shown). The
sized and dried solid sustainable carbon material feed 102 conveyed into gasifier 106
is therein heated, usually in the presence of oxygen and steam, and usually at elevated
pressure, to make CO and H2 according to known “gasification” processes. The
gasification process is typically performed at conditions of temperature, pressure,
oxygen partial pressure, and steam partial pressure to optimize yield of CO and Ha.
By-product carbon dioxide (COz2), water (H20), and tar are generally also obtained.
Herein “tar” includes, for example, medium and heavy organic hydrocarbons and other
non-hydrocarbon organic compounds. The gasification stage 104 often has a tar
converter 110 that processes the tar, also according to known processes, to obtain
additional CO and Hz, along with additional by-product COs:.

[0004] One well known process for tar conversion is “partial oxidation” (“POX”), in
which the tars are subjected to high temperatures in the presence of oxygen and steam
(which may be supplied at 108 and 109, if sufficient oxygen and steam are not already
in the process) to convert such tars into additional syngas, along with additional
byproduct CO2 and water. Such tar conversion processes usually also convert any
light hydrocarbons, such as methane (CHa), that may be present in the gasifier, such
that the resulting effluent of the gasification stage 104 consists of substantially all
syngas, CO2, and water. In some gasification systems other tar conversion
processes, such as catalytic conversion, are used instead of POX. Such other tar
conversion processes may yield an output stream that is substantially free of tars but
which contains methane and other light hydrocarbons. Gases produced by the gasifier
106 can be routed to the tar converter 110, or some or all can be separated and routed
to bypass the tar converter 110.

[0005] For many downstream processes, the syngas preferably has a volumetric ratio
of H2 to CO of between 2 and 2.5, as, for example, in the production of methanol or
Fischer-Tropsch (“FT”) hydrocarbons from syngas. In some cases a downstream
process may convert syngas as well as COz2 into useful chemicals, and in some such
instances additional H2 may be used to convert such COz2; for example, whereas an
H2:CO ratio of 2 to 2.5 may be suitable for methanol or FT hydrocarbon production
from syngas, an additional H2 molecule is required to convert CO2 such that a H2:CO2

ratio of 3 to 3.5 may be suitable for methanol or FT hydrocarbon production from H2
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and CO2. In some cases, such as in the production of ammonia, the downstream
process requires not syngas but rather pure Hz2. A representative gasification stage
104 described above, with tar processing, may produce an effluent 111 with
H2:CO:CO:2 relative composition (by volume) of 0.3:0.4:0.3.

[0006] To achieve a process suitable for the downstream processes that produce
useful chemicals, the output of the gasification stage 104 is routed to a refining stage
112. The refining stage 112 typically includes at least a CO2 removal unit 114 to
separate, or “capture”, CO2z from the process. The typical CO2 removal unit is an “acid
gas removal” (“AGR”) unit that separates COz, sulfur compounds, such as Hz2S, and
other “acid gases” from a gas stream using any suitable process, such as cryogenic
distillation. Such processes are known. The refining stage 112 may also have an
additional further downstream purification unit 117 to remove any residual impurities.
For example, purification unit 117 may include a sulfur removal unit, such as a fixed
bed catalytic, chemisorption, or physisorption purification unit, to remove sulfur
species from the process. A precursor 132, which is a mixture of a CO: free, or CO2
depleted, effluent of the CO2 removal unit 114 may be routed to the purification unit
117, if desired, or the purification unit can be omitted if further purification is not
needed. Where the purification unit 117 is used, the purification unit 117 yields a
refining stage effluent 120. Where the purification unit 117 is omitted, the precursor
132 becomes the refining stage effluent 120 directly.

[0007]Methanol and FT synthesis catalysts are known to be highly sensitive to sulfur
impurities, and as a result many methanol or FT hydrocarbon production plants include
catalytic, chemisorption, and/or physisorption sulfur removal units to achieve
sufficiently low impurity levels. Purification unit 117 may include a pressure swing
absorber (PSA) suitable for producing high purity Hz streams, useful for ammonia
production (or for producing high purity Hz itself as an end product); in such cases the
precursor 132 that follows the CO2 removal unit would contain substantially all Hz, and
the PSA would serve to further increase the purity of such H2 by removing, for
example, residual CO, COz2, and CHa.

[0008] Commonly, solid sustainable carbon material gasification plants increase the
amount of Hz in the output of the refining stage 112 by reacting the CO in the refining
stage with H20 in a CO converter 113 to yield CO2 and Hz using the well-known “water-
gas shift” reaction (*“WGS”), thus lowering the concentration of CO and raising the

concentration of Hz to yield a stream with a more suitable composition for downstream
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processing. Such CO converter 113 is provided upstream of CO2 removal unit 114,
so that COz2 produced by the CO converter 113 may be removed by the CO2 removal
unit 114 if desired. The CO converter 113 converts at least a portion of the gasification
stage effluent 111 to produce a converted stream 130, which can be the product of
converting the entire gasification stage effluent 111 or only a portion thereof. At least
a portion of the converted stream 130 is routed to the CO2 removal unit 114. For
example, a WGS unit and an AGR unit can be used in combination, each configured
with controllable bypass lines, so that by controlling the flows through each unit and
its bypass a final refining stage effluent 120 has a ratio of Hz2, CO, and CO2 (potentially
including substantially zero CQOz2) suitable for downstream processing.

[0009] It is known that CO:2 captured and removed from a process as described above
can be permanently sequestered, for example in subterranean geologic formations.
Permanently sequestering COz in this manner can reduce the environmental burden
of an industrial activity like chemical production. This concept is referred to broadly as
carbon “capture and sequestration” (CCS). Thus the CO2 from a solid sustainable
carbon material gasification process could be captured in the CO2 removal unit and
directed to a CO2 by-product 116, which can be sequestered underground after
suitable purification and compression to a suitable pressure. In some cases, a portion
118 of the captured CO2 may be recycled back to the gasification stage 104 (instead
of being directed to CO2 by-product 116 for sequestration), for use inside such
gasification block (e.g. in cases where gasification block 104 requires COz2 input).
[0010] The refining stage 112 yields a refining stage effluent 120 that is suitable for
use as a feedstock for a downstream chemical production process, e.g. the FT
hydrocarbon process, methanol process, or ammonia process. It is possible to have
a monitoring system 122 that monitors the flow rates of the different species in the
refining stage effluent 120, including separating the streams to enable such monitoring
if needed, and then recombining them into a conversion feed 124. If such monitoring
system 122 is not present, or if such monitoring system is lossless, then the refining
stage effluent 120 becomes the conversion feed 124 directly, and the composition and
mass flow rates of the refining stage effluent 120 and the conversion feed 124 are the
same. The conversion feed 124 is routed to a conversion stage 126, which makes
chemical products such as methanol, hydrocarbons, or ammonia from the conversion
feed 124. In some cases, the conversion stage 126 makes a fuel gas by-product 129

that can be used in up-stream processes as an energy source, such as in gasification
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stage 104. For example, excess hydrocarbons and syngas from an FT hydrocarbon
plant may be recycled and supplied to gasification stage 104 as an energy source. In
some cases, conversion stage 126 may produce one or more additional by-product
materials, such as steam, that can be useful in upstream processes, such as in
gasification stage 104. For example, excess steam from a methanol or FT
hydrocarbon plant may be recycled to gasification stage 104. Where the conversion
stage produces an ammonia product, a nitrogen feed 142 is further provided to the
conversion stage 126.

[0011] There is increasing interest in converting waste solid sustainable carbon
materials, as opposed to purpose grown (or produced) solid sustainable carbon
materials, into useful chemicals as a pathway to produce chemicals with a very low (or
even zero) environmental burden associated with their production and use. This
burden is commonly metricized through a “greenhouse gas life-cycle assessment”
(“GHG LCA”) that computes the total amount of GHGs emitted into the environment
over the entire lifecycle of a product. Whereas purpose grown solid sustainable
carbon materials incur significant GHG LCA contributions through their initial
production (e.g. for biomass, through cultivation/growth and harvesting), waste solid
sustainable carbon materials contribute GHGs to a product lifecycle only starting from
their collection. The GHG LCA contribution from cultivation, growth, and harvesting of
purpose grown (or produced) solid sustainable carbon material is normally much larger
than the GHG LCA contribution from solid sustainable carbon waste material
collection, so products made from waste solid sustainable carbon material often have
much lower GHG LCA values.

[0012] A key challenge in converting waste solid sustainable carbon material into low
(or even zero) GHG LCA chemicals is the traditionally low production efficiency of
chemical output compared with solid sustainable carbon material input, along with the
very high plant capital cost. For example, in a typical biomass gasification to methanol
process, less than 1/3 of the input carbon goes to produce methanol, while the
remaining input carbon is “wasted” in byproducts like CO2 emissions. On a carbon
basis, this means that the process is only producing about 1/3 of the theoretical
maximum product yield. Due to the inherently distributed nature of waste solid
sustainable carbon material generation, and the relatively high cost of waste solid
sustainable carbon material transport, it is found that the most economical production

facilities utilize waste solid sustainable carbon material that is generated in the
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immediate vicinity (e.g. within a 50 mile radius), which practically limits the facility
capacity. When considering the feasibility of building many such facilities around the
world, a facility of average size could economically operate using about 900 metric
tonnes (mt) per day of waste solid sustainable carbon material (measured for a typical
as-fed moisture level of 15%). Larger facilities are possible in certain locations where
waste solid sustainable carbon material generation is unusually concentrated, but
relatively few such facilities can be feasibly built and economically operated. Given
such limitations, a low production efficiency process (i.e. a process that produces less
product for the same amount of waste solid sustainable carbon material input) creates
three negative consequences relative to a high production efficiency process: (1) more
waste solid sustainable carbon material is required for the same amount of output
product, increasing operating costs; (2) the same size gasification plant produces less
product, increasing capital costs (relative to plant productivity); and (3) the plant
converting the gasification output into the final product is limited to a smaller scale,
increasing capital costs (relative to plant productivity) due to poorer economies of
scale. The increases in capital costs highlighted here are a particularly important
negative consequence as high capital cost is one of the major barriers to economical
production of chemicals from waste solid sustainable carbon material.

[0013]Ways to increase the production efficiency (in terms of product output
compared with waste solid sustainable carbon material input) of facilities that convert
waste solid sustainable carbon material into low GHG LCA chemicals via gasification
are thus needed.

SUMMARY

[0014] Embodiments described herein provide a process for making chemical
products from waste solid sustainable carbon materials, the process comprising
providing waste solid sustainable carbon material to a gasifier; gasifying the waste
solid sustainable carbon material to produce a first stream comprising CO, Hz, COz,
and a mixture of organic compounds; providing a second stream comprising
hydrocarbon derived from a fossil source (herein referred to as fossil-derived
hydrocarbons); converting the organic compounds in the first stream and the
hydrocarbon in the second stream into CO, Hz, and COz2, to form one or more gas
streams comprising CO, Hz, and COz; converting at least a portion of CO in the one
or more gas streams to COz2 to increase H2 in the one or more gas streams and to

form one or more converted streams; separating CO2 from the one or more converted
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streams to form a conversion feed from the one or more converted streams;
sequestering at least a portion of the separated CO:z in a sequestration facility; and
producing one or more chemical products from the conversion feed.

[0015] Other embodiments described herein provide an apparatus for making organic
chemical products, the apparatus comprising a waste solid sustainable carbon
material gasification stage comprising a gasifier to form CO, Hz, CO2, and organic
molecules from the waste solid sustainable carbon material, and a converter to convert
tars and fossil-derived hydrocarbons to CO, Hz, and COz2; a source of fossil-derived
hydrocarbon coupled to the converter; a CO converter to convert CO to Hz2 and COz;
a CO2 removal unit to remove CO2 and form a conversion feed; a conduit to route
removed CO2 to a sequestration facility; and a conversion stage to produce a chemical
product from the conversion feed.

[0016] Other embodiments described herein provide an apparatus for making
chemical products, the apparatus comprising a waste solid sustainable carbon
material gasification stage comprising a gasifier to form CO, Hz, CO2, and organic
molecules from the waste solid sustainable carbon material, and a converter to convert
tars to CO, Hz, and COz; a hydrocarbon processing stage to form CO, Hz, and CO2
from a fossil-derived hydrocarbon; one or more CO converters to convert CO from the
gasification stage, the hydrocarbon processing stage, or both to H2 and COz; one or
more CO2 removal units to remove CO2 and form a combined conversion feed; a
conduit to route removed CO: to a sequestration facility; and a conversion stage to
produce a chemical product from the conversion feed.

[0017] Other embodiments described herein provide a process for making chemical
products, the process comprising providing waste solid sustainable carbon material to
a gasifier; reacting the waste solid sustainable carbon material with oxygen and CO:
to gasify the waste solid sustainable carbon material and to produce a first stream
comprising CO, Hz, CO2, and a mixture of organic compounds; providing a second
stream comprising hydrocarbon derived from a fossil source; converting the organic
compounds in the first stream and the hydrocarbon in the second stream into CO, Hz,
and COgz, to form one or more gas streams comprising CO, Hz, and COz; converting
at least a portion of CO in the one or more gas streams to COz2 to increase H:z in the
one or more gas streams and to form one or more converted streams; separating CO2
from the one or more converted streams to form a conversion feed from the one or

more converted streams; sequestering at least a portion of the separated CO: in a
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sequestration facility; and producing one or more chemical products from the
conversion feed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018]Fig. 1 is a process diagram of a conventional solid sustainable carbon material
COnversion process.

[0019]Fig. 2 is a process diagram of a solid sustainable carbon material conversion
process according to one embodiment.

[0020]Fig 3 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to Methanol process with two embodiments of the process of Fig. 2.
[0021]Fig 4 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to FT hydrocarbon process with two embodiments of the process of
Fig. 2.

[0022]Fig 5 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to ammonia process with two embodiments of the process of Fig. 2.
[0023]Fig. 6 is a process diagram of a solid sustainable carbon material conversion
process according to another embodiment.

[0024]Fig. 7 is a process diagram of a solid sustainable carbon material conversion
process according to another embodiment.

[0025]Fig 8 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to Methanol process with three embodiments of the process of Fig. 6.
[0026]Fig 9 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to FT hydrocarbon process with three embodiments of the process of
Fig. 6.

[0027]Fig 10 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to ammonia process with two embodiments of the process of Fig. 6.
[0028]Fig. 11 is a flow sheet comparing aspects of a solid sustainable carbon material
to methanol process for embodiments of the processes of Figs. 6 and 7.

[0029]Fig. 12 is a flow sheet comparing aspects of a solid sustainable carbon material
to FT hydrocarbon process for embodiments of the processes of Figs. 6 and 7.
[0030]Fig. 13 is a process diagram of a solid sustainable carbon material conversion
process according to another embodiment.

DETAILED DESCRIPTION

[0031] It has been discovered that fossil-derived hydrocarbons from a suitable source,

such as a natural gas source, a light hydrocarbon stream from an LPG plant, which
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may process natural gas or refinery gas into LPG and by-product light hydrocarbons,
or another gaseous hydrocarbon stream can be integrated with a solid sustainable
carbon material gasification process using CCS to boost syngas and/or Hz output, and
thus boost production of chemical products derived from such solid sustainable carbon
material, while still maintaining a low environmental burden when measured via the
GHG LCA of the produced product. It is possible in the same facility to: (a) convert
fossil-derived hydrocarbons into a syngas that can be incorporated into the solid
sustainable carbon material gasification to chemicals process, where the incorporation
of fossil-derived hydrocarbons into the process generally will contribute to increasing
the GHG LCA of the resulting product; and also (b) capture and sequester some (or
all) of the biogenic CO2 (COz2 resulting from gasification of solid sustainable carbon
material) produced by the gasification process, which generally will contribute to
decreasing the GHG LCA of the resulting product. Through innovative integration of
these two activities in such a faclility it is possible to achieve higher plant productivity
with a desired GHG LCA, including an approximately zero GHG LCA (yielding what is
sometimes referred to as a “net zero” product). Such integration takes advantage of:
(a) the sharing of equipment between the combined processes of solid sustainable
carbon material gasification, hydrocarbon conversion, and chemical product
synthesis; and (b) sequestration of biogenic CO2 to remove GHGs from the surface
environment, and thus to provide a negative GHG LCA contribution that can be used
to offset positive GHG LCA contributions in other parts of the process. It is believed
that, currently, ways to create net zero chemical products in a process that utilizes a
significant amount of fossil-derived hydrocarbon are unknown. It has now been
discovered that this challenge can be addressed by offsetting, in a single integrated
process and facility, the positive GHG LCA contribution from the use of such fossil-
derived hydrocarbon with the sequestration of the biogenic CO:2 produced in biogenic
material gasification.

[0032]Fig. 2 is a process diagram of a solid sustainable carbon material conversion
process 200A, according to one embodiment. The solid sustainable carbon material
conversion process 200A incorporates a source of fossil-derived hydrocarbon to yield
higher quantities of syngas that in turn yield higher quantities of end product for the
same amount of solid sustainable carbon input. The hydrocarbon source can be a

natural gas stream or a hydrocarbon stream from another process, such as an LPG
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manufacturing process, which can use natural gas and/or refinery gas as feedstock,
or another gaseous hydrocarbon stream.

[0033] The solid sustainable carbon material conversion process 200A uses a
gasification stage 204, refining stage 212 and conversion stage 226, similar to the
corresponding stages 104, 112, and 126 in the process 100 of Fig. 1. The gasification
stage 204 has the gasifier 106, but has a converter 210 configured to incorporate an
added fossil-derived hydrocarbon material 206. The converter 210 comprises a
reactor configured to convert tars and hydrocarbon molecules 206 into syngas. Such
reactors are known, and include POX reactors. The fossil-derived hydrocarbon
material 206 can be derived from fossil sources such as natural gas or oil, and can
include light hydrocarbon molecules having one to three carbon atoms each (i.e.
methane, ethane, ethene, ethyne, propane, propene, propyne). The hydrocarbon
material 206 can include hydrocarbon molecules of moderate size, as well, for
example hydrocarbon molecules having 4-6 carbon atoms. The moderately sized
hydrocarbons molecules can be linear, branched, cyclic, aliphatic, or aromatic, and
mixtures of C1-C6 molecules can be used. Where any hydrocarbon molecules in the
hydrocarbon material 206 may be liquid prior to reaching a processing unit, the
hydrocarbon material 206 can be heated to prevent any liquid condensation. Streams
having hydrocarbon and non-hydrocarbon molecules can be used as, or added to, the
hydrocarbon material 206 after removing the non-hydrocarbon molecules by any
suitable means. Examples of hydrocarbon streams that can be used include natural
gas, refinery gas, steam cracking feedstocks (ethane, naphtha, and other mixed
hydrocarbon streams), steam cracked naphtha, and various C4-C6 streams typically
encountered in processing of hydrocarbon materials. Heavier hydrocarbon molecules
can also be used, but the heavier hydrocarbons must be converted for use in the
processes described herein, with resulting increased energy budget. Heavier
hydrocarbons are generally thought to be less efficient in yielding H2 and CO in
conversion processes than lighter hydrocarbons or natural gas. The hydrocarbons
described herein for use with a solid sustainable carbon material conversion facility
may be purified prior to use. For example, where nitrogen may be included in natural
gas, the nitrogen can be removed, for example by cryogenic distillation, prior to using
the natural gas in the processes herein.

[0034] To accommodate the extra flow volume of the hydrocarbon material 206, the

converter 210 has expanded capacity relative to the tar converter 110, which would
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be used solely to convert the tars in the stream produced by gasifier 106. In an
example embodiment, the converter 210 is a POX reactor. The process resulting from
converting the stream produced by the gasifier 106 and the fossil-derived hydrocarbon
material 206 in the converter 210 is a gasification stage effluent 211. Operation of the
POX process of the converter 210, in the embodiment described above, can be
controlled such that processing of the added hydrocarbon material 206 yields primarily
CO and Hz, with some CO2 and H20 produced as by-products.

[0035] The gasification stage effluent 211 is routed to a refining stage 212 that uses a
CO converter 213, a CO2 removal unit 214, and a purification unit 217 that are similar
to those of the process 100 of Fig. 1, but scaled to the increased volume resulting from
use of the hydrocarbon material 206. The CO converter 213 converts at least a portion
of CO in the gasification stage effluent 211 to CO2 and Hz to form a converted stream
230, which can be the product of converting the entire gasification stage effluent 211
or a portion thereof. The scaling of the individual units 213, 214, and 217 relative to
the counterpart units 113, 114, and 117 of the process 100 is not the same since
addition of the hydrocarbon material 206 does not in general affect throughput of the
units 213, 214, and 217 equally, or even proportionately. As in the process 100, a
refining stage effluent 220 is routed to a conversion stage 226 as a conversion feed
224, and a fuel gas, optionally including excess syngas, can be routed from the
conversion stage 226 to the gasification stage 204 where the conversion stage 226
produces a by-product that can be used as a fuel gas. As in the process 100, where
the conversion stage 226 is an ammonia facility, a nitrogen feed 242 is provided to the
conversion stage 226. Such nitrogen feed may be supplied by an air separation unit
(“ASU”), and in such case, the same ASU may provide nitrogen feed 242 and oxygen
feed 108.

[0036] Examples of the process 200A are presented below, compared with an
example of the conventional process 100. In the Examples presented below:

A. the solid sustainable carbon material is softwood (e.g. pine) forestry
residues collected in the southeastern United States, which is assumed
to be suitably sized and dried (to 15% by weight moisture) before feeding
to the gasifier;

B. the gasification stages 104 and 204 are provided with an input of 1000
short tons per day (st/d) of such softwood (e.g. pine) forestry residues

and 135 metric tonnes per day (mt/d) of COz;
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Note that such 1000 stpd solid sustainable carbon material feed
represents a feed of 771 dry-mt/d, after converting from short tons
(st) to metric tonnes (mt) and accounting for the 15% moisture;

Note that such 771 dry-mt/d feed represents an atomic carbon
feed rate of 369 mt/d using a typical value of 50% by mass for the

carbon content in softwood;

C. the gasification stage 104 of the conventional process 100 is simulated

using the following performance characteristics for the case of 1000 stpd

input of such softwood (e.g. pine) forestry residues and 135 mt/d of COz:

CO:2 leakage into the atmosphere = 46 mt/d;

carbon (from the solid sustainable carbon material) converted to
ash = 31 mt/d;

tar converter 110 is a POX reactor; and

the gasification stage effluent 111 has a composition by volume
that is 40% CO, 30% COz2, and 30% Ha, yielding approximately
505 mt/d CO, 595 mt/d CO2, and 27 mt/d Hz, and only trace

amounts of other species;

D. the gasification stage 204 of the process 200A is simulated using the

following performance characteristics for the case that it is provided with

an input of 1000 stpd of such softwood (e.g. pine) forestry residues and

135 mt/d of COz2 plus an additional fossil-derived natural gas feed into

the converter 210:

CO:2 leakage into atmosphere = 46 mt/d;

carbon (from the solid sustainable carbon material) converted to
ash = 31 mt/d;

the converter 210 is a POX reactor;

a first portion of the gasification stage effluent 211 derived from
the solid sustainable carbon material input to the gasification
stage 204 is equal in rate and composition to the effluent 111 of
the gasification stage 104, which is to say that the first portion of
the gasification stage effluent 211 derived from the solid
sustainable carbon material input has a composition by volume
that is 40% CO, 30% COz2, and 30% Ha, yielding approximately
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505 mt/d CO, 595 mt/d CO2, and 27 mt/d Hz, and only trace
amounts of other species; and

a second portion of the gasification stage effluent 211 derived
from the fossil-derived natural gas converted in the converter 210
has flow rate and composition computed assuming:

1. the second portion consists of CO, CO2, and Hz, and only
trace amounts of other species;

2. 75% of the carbon in the fossil-derived natural gas is
converted into CO, and the remaining 25% is converted
into CO2; and

3. a volumetric ratio of H2:CO in the second portion is equal
to 2;

E. the CO converters 113 and 213 are both WGS units that convert 100%
of input CO into H2 and COz2 via reaction with water,

F. the CO2 removal units 114 and 214 are both AGR units that remove
100% of input CO2 but also leak 5% of that removed CO: into the

atmosphere;

G. in cases where the conversion stage 126 or 226 produces methanol:

each of the conversion feeds 124 and 224 contains 2.05 moles of
H2 for each mole of CO, and 3.05 moles of H2 for each mole of
COz;

. there is no nitrogen source 142 or 242;

each of the conversion units 126 and 226 converts 96% of the
carbon in the respective conversion feeds 124 and 224 into
methanol product, with the remaining 4% of the carbon converted
into CO2 and emitted into the atmosphere; and

each of the purification units 117 and 217 includes sulfur removal
via a catalytic, chemisorption, and/or physisorption process that
does not otherwise change the mass flow rates, so that with
respect to CO, CO2, and Hz, refining stage effluent 120 is the
same as precursor 132 and refining stage effluent 220 is the same

as precursor 232;

H. in cases where the conversion stage 126 or 226 produces FT

hydrocarbons:
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each of the conversion feeds 124 and 224 contains 2.20 moles of
H2 for each mole of CO, and 3.20 moles of H2 for each mole of
COz;

. there is no nitrogen source 142 or 242;

each of the conversion units 126 and 226 converts 96% of the
carbon in the respective conversion feeds 124 and 224 into FT
hydrocarbon product, with the remaining 4% of the carbon
converted into CO2 and emitted into the atmosphere;

each of the purification units 117 and 217 includes sulfur removal
via a catalytic, chemisorption, and/or physisorption process that
does not otherwise change the mass flow rates, so that with
respect to CO, CO2, and Hz, refining stage effluent 120 is the
same as precursor 132 and refining stage effluent 220 is the same
as precursor 232; and

the fuel gas 229 consists of hydrocarbon and syngas; while it is
not shown in the Examples, such fuel gas 229 may be routed to
the gasification stage 204 as an additional energy source, for
example, as an additional contribution to the hydrocarbon

material 206 or as a separate stream.

I. in cases where the conversion stage 126 or 226 produces ammonia:

each of the conversion feeds 124 and 224 contains high purity Hz;
the nitrogen source 142 or 242 contains approximately 3 moles
of high purity N2 for each mole of high purity Hz2 supplied in the
respective conversion feeds 124 and 224, and the N2 may be
supplied, for example, by an ASU, which may further supply
oxygen for the gasification stages 104 and 204 as oxygen source
108;

each of the conversion stages 126 and 226 converts 96% of the
hydrogen in the respective conversion feeds 124 and 224 into an
ammonia product, with the remaining 4% converted into H20 and
emitted into the atmosphere; and

each of the purification units 117 and 217 includes a PSA that
produces a high purity Hz stream, in which process 20% of Hz in

the stream is removed as tail gas; while it is not shown in the
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J.

Examples, such tail gas may be recycled for power/energy

elsewhere in the facility;
the monitoring unit 122 is either not present or does not change the mass
flow rates in the input and output streams, such that refining stage
effluent 120 is the same as conversion feed 124 and refining stage
effluent 220 is the same as conversion feed 224; and
for the purpose of calculating the GHG LCA contributions, the LCA is
assumed to be a “well-to-wake” type that includes the upstream
contributions for any feedstock or utility inputs to the production facility,
the production process itself, and any downstream end-product
transportation, distribution, and use, and reference values and
calculation methodologies consistent with the 2022 version of the
GREET model provided by the Argonne National Laboratory (accessible
at https://greet.es.anl.gov/greet.models as of December 23, 2022) are used,
yielding the following GHG LCA contribution metrics in terms of
equivalent CO2 emissions (CO2e):

I. for collection/transport of the 1000 st/d of such softwood (e.g.
pine) forestry residues = 55.7 mt/d;
ii. for electricity supply (assuming 95% renewable power and 5%

grid power),

a. methanol and FT hydrocarbon cases = 24.1 mt/d, where
all cases are simulated as nominally needing 40 MW of
power,;

b. ammonia cases =42.2 mt/d, where all cases are simulated
as nominally needing 80 MW of power;

iii. for natural gas supply = 0.61 mt / mt of NG supplied;
iv. for downstream product transport and distribution;

1. for Methanol cases = 0.022 mt / mt of product;

2. for FT hydrocarbon cases = 0.012 mt / mt of product,
based on available data for transportation of diesel fuel;

3. for ammonia cases = 0.026 mt / mt of product;

v. for downstream use, combustion is assumed, with 100% of the
carbon contained in the product converted to CO2 and emitted

into the atmosphere; and
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vi. for the corresponding baseline GHG LCA for a conventional
fossil-derived product;
1. for methanol cases = 1.72 mt / mt of product;
2. for FT hydrocarbon cases = 3.58 mt / mt of product, based
on available data for diesel fuel;
3. for ammonia cases = 2.60 mt / mt of product.
[0037] The process 200A includes optional use of COz2 in the gasification stage 104 for
the gasifier 106, the converter 210, or both. The CO:2 recycle line from the CO:2
removal unit to the gasification stage 106 can optionally be used, or an external source
of CO2 260 can provide CO2 to the gasification stage 104 (gasifier 106 and/or
converter 210) through an external CO2 conduit 218. Each source of CO2 can be used
in any suitable ratio or mixture, or only one of the CO2 sources can be used, or none
can be used, depending on the embodiment.
[0038]Fig 3 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to methanol process with two embodiments of the process of Fig. 2,
each parameterized as set forth above. Fig. 3 additionally shows the GHG LCA of the
produced product, and a number of embodiment metrics. It is notable that in the
embodiment labeled “CASE 3A” referring to conventional process 100, no natural gas
is supplied to the tar converter 110 and the total product output is 318 mt/d. In the
process defined by CASE 3A, 43% of the gasification stage effluent 111 is routed to
the CO converter 113 (to increase the proportion of Hz in the stream relative to CO),
and 100% of the stream 130 is routed to the CO2 removal unit 114. As shown in Fig.
3, the GHG LCA of the final product is highly negative, because 100% of the carbon
in the methanol product is biogenic (so its downstream combustion does not produce
any net emissions) and a large amount of biogenic CO:2 is permanently sequestered,
leading to a large net removal of CO2 from the surface environment. In contrast, in
the embodiment labeled “CASE 3B’ referring to an embodiment of the process 200A,
246 mt/d of natural gas is supplied to the converter 210 via hydrocarbon material 206,
and the total methanol output increases to 667 mt/d (about 2.10 times the output of
the conventional process 100). In the process defined by CASE 3B, 27% of the
gasification stage effluent 211 is routed to the CO converter 213 (to increase the
proportion of Hz in the stream relative to CO), a proportion less than in CASE 3A by
about 16%, and 100% of the stream 230 is routed to CO2 removal unit 214. In CASE
3B, the GHG LCA of the final product is approximately zero. In simple terms, the
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process 200A is capable of combining solid sustainable carbon gasification, natural
gas reforming via POX, and CCS to produce a maximum amount of net zero methanol
product.

[0039] 1t is noteworthy that the current marketplace places relatively high value on
chemical product GHG LCA reductions, relative to a baseline for production and use
for an equivalent product made from fossil-derived raw materials (“fossil baseline”),
down to zero, but relatively low value on further reductions below zero, because
reductions below zero must be credited as offsets against other unrelated emissions,
increasing emissions tracking overhead and making it more difficult to perform audits
and ensure regulatory compliance. As a result, the incremental economic benefits of
GHG LCA reductions below zero are much less than those above zero. At the same
time, there is a tradeoff between increasing productivity and lowering GHG LCA. For
a given project the most economically optimal operating point balances these two
factors, and utilizing the inventive embodiments described herein to produce chemical
products that have net zero GHG LCA (or values that are modestly above or below
zero) provides a means to optimize the GHG LCA reduction value while still achieving
a much higher yield relative to a conventional process.

[0040] Methanol products with a negative GHG LCA may also be produced via an
embodiment of the process 200A. Some embodiments produce methanol products
with a GHG LCA that is between -100% and 0% of the equivalent fossil baseline, by
supplying a lower amount of natural gas than in CASE 3B at the cost of reduced plant
productivity. Alternately, Methanol products with a slightly positive GHG LCA may be
produced.

[0041] Some embodiments of the process 200A produce methanol products with a
GHG LCA that is 20% of the fossil baseline, as in the embodiment labeled “CASE 3C”
referring to an embodiment of the process 200A in which 350 mt/d of natural gas is
supplied to the converter 210 via hydrocarbon material 206, and the total methanol
output increases to 814 mt/d (about 2.56 times the output of the conventional process
100). In the process defined by CASE 3C, 23% of the gasification stage effluent 211
is routed to the CO converter 213 (to increase the proportion of Hz in the stream
relative to CO), a proportion less than in CASE 3A by 20% and less than CASE 3B by
4%, and 100% of the stream 230 is routed to the CO2 removal unit 214. Methanol
products can also be produced with GHG LCA between 0 and 20% of the fossil

baseline by supplying a natural gas feed that is between the amount supplied in CASE
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3B and CASE 3C, with resulting productivities that are between these two cases,
respectively.

[0042] Some embodiments of the process 200A produce methanol products with a
GHG LCA that is -50% of the fossil baseline, as in the embodiment labeled “CASE 3D”
referring to an embodiment of the process 200A in which 101 mt/d of natural gas is
supplied to the converter 210 via hydrocarbon material 206, and the total methanol
output is 461 mt/d (about 1.45 times the output of the conventional process 100). In
the process defined by CASE 3D, 34% of the gasification stage effluent 211 is routed
to the CO converter 213 (to increase the proportion of Hz in the stream relative to CO),
and 100% of the stream 230 is routed to the CO2 removal unit 214. Methanol products
can also be produced with GHG LCA between 0% and -50% of the fossil baseline by
supplying a natural gas feed that is between the amount supplied in CASE 3A and
CASE 3D, with resulting productivities that are between these two cases, respectively.
Additionally, methanol products can be produced with GHG LCA greater than 20% of
the fossil baseline by supplying a natural gas feed that is greater than what is supplied
in CASE 3C, resulting, for example, in GHG LCA up to 30%, 40% or 50% of the fossil
baseline.

[0043] 1t is noteworthy that in the three embodiments of the process 200A of Fig. 3,
one impact of introducing natural gas to the converter 210 is that the carbon atoms in
the produced methanol are no longer 100% biogenic (in the sense of being derived
from biogenic sources), but rather include 39% fossil carbon atoms in CASE 3B, 48%
fossil carbon atoms in CASE 3C, and 21% fossil carbon atoms in CASE 3D. The GHG
LCA of each of these cases reflects the production process, including the contribution
of fossil-derived natural gas offset by the sequestered biogenic CO2, as well as
downstream combustion. However, many regulatory regimes penalize fuels
containing fossil-derived carbon atoms, regardless of the GHG LCA, and thus in
certain marketplaces there may be a need for an alternative approach that does not
produce an end product containing fossil-derived carbon atoms.

[0044] A number of useful metrics may be computed with respect to various “external
inputs into the process” compared to the product output. “External inputs into the
process” herein refers to net material inputs into the process, and accordingly excludes
materials that are used solely outside of the process as well as internal recycle
streams. For example, if the gasifier 106 or tar converter 110 or 210 utilizes a stream

of externally supplied natural gas to fire a combustor to externally heat a reactor
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chamber, such natural gas feed would not be an “external input into the process”
(because such natural gas remains physically outside the process). Similarly, CO2
recycle118 is not an “external input into the process” (because it is an internal recycle
stream), whereas the externally supplied CO2 through CO2 conduit 218 discussed
below is an “external input into the process”. It is useful to then introduce the following
three metrics:

A. the “% of net atomic carbon input into the process from fossil sources,”
defined herein as the percentage of fossil-derived carbon atoms
averaged over all of the external inputs into the process;

B. the “product atomic carbon yield per sustainable atomic carbon input into
the process,” defined herein as the mass flow of carbon atoms in the
product output divided by the mass flow carbon atoms summed over the
solid sustainable carbon material input into the process plus any other
sustainable carbon external inputs into the process; and

C. the “product yield per dry solid sustainable carbon material input into the
process,” defined herein as the mass flow of product output divided by
the dry mass flow of solid sustainable carbon material input into the
process.

[0045] Embodiments of Fig 3 share the characteristic that a % of net atomic carbon
input into the process from fossil sources (here associated with the hydrocarbon
material 206) is significant— 32%, 41%, and 16% in CASE 3B CASE 3C, and CASE
3D respectively — whereas none of the atomic carbon feed into the process used in
the conventional process 100 is from fossil sources. Note that in the Examples the
percentage of net atomic carbon input into the process from hydrocarbons is computed
by dividing the atomic carbon flow in the hydrocarbon material 206 by the combined
atomic carbon flows of streams 102, 206, and 218 (which will be introduced later). For
purposes of computing the percentage of net atomic carbon, streams that are not
present in an embodiment would be allocated a value of zero.

[0046] Similarly, the embodiments of Fig 3 share the characteristic that a significant
portion of the COz2 directed into by-product 116 and sequestered has a fossil origin
(here derived from the hydrocarbon material 206) — 31%, 38%, 16% in CASE 3B,
CASE 3C, and CASE 3D respectively — whereas none of the CO2 sequestered in the
conventional process 100 has a fossil origin. Further, in the embodiments of Fig. 3,

the volumetric flow rates of the gasification stage effluent 211 emerging from the
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converter 210 are substantially increased relative to the corresponding flow rate of the
gasification stage effluent 111 emerging from the tar converter 110 of the conventional
process 100 (i.e. CASE 3A) — approximately 1.85, 2.21, and 1.35 the value of CASE
3Ain CASE 3B, CASE 3C, and CASE 3D respectively. These increases occur in spite
of the gasifier 106 being the same in each case, and the rate of solid sustainable
carbon usage also being the same in each case, reflecting the impact of using fossil-
derived hydrocarbon in the process 200A. Lastly, it is noted that in CASE 3A, the
product atomic carbon yield per sustainable atomic carbon input into the process is
just 0.31, whereas it is 0.65, 0.79, and 0.45 for CASE 3B, CASE 3C, and CASE 3D
respectively, reflecting the higher yields of product relative to the same solid
sustainable carbon input. The product yield per dry solid sustainable carbon material
input the process follows a similar trend, with CASE 3A having a value of 0.41, while
CASE 3B, CASE 3C, and CASE 3D have 0.86, 1.06, and 0.60 respectively.
[0047]Fig 4 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to FT hydrocarbon process with two embodiments of the process
200A of Fig. 2, each configured to produce FT hydrocarbons and parameterized as
set forth above. Fig. 4 additionally shows the GHG LCA of the produced product, and
a number of embodiment metrics. It is noted that in the embodiment labeled “CASE
4A” referring to conventional process 100, no natural gas is supplied to the tar
converter 110 and the total FT hydrocarbon output is 134 mt/d. In the conventional
process 100, 45% of the gasification stage effluent 111 is routed to the CO converter
113 (to increase the proportion of Hz in the stream relative to CO), and 100% of the
stream 130 is routed to the CO2 removal unit 114. As shown in Fig. 4, the GHG LCA
of the FT hydrocarbon product is highly negative, as 100% of the carbon in the FT
hydrocarbon product is biogenic (so its downstream combustion does not produce any
net emissions) and a large amount of biogenic CO2 is permanently sequestered,
leading to a large net removal of CO2 from the surface environment.

[0048] In contrast, in the embodiment labeled “CASE 4B,” referring to an embodiment
of the process 200A, 268 mt/d of natural gas is supplied to the converter 210 via the
hydrocarbon material 206, and the total FT hydrocarbon product output increases to
293 mt/d (about 2.19 times the output of the conventional process 100). In the process
defined by CASE 4B, 29% of the gasification stage effluent 211 is routed to the CO
converter 213 (to increase the proportion of Hz in the stream relative to CO), a
proportion less than in CASE 4A by about 16%, and 100% of the stream 230 is routed
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to the CO2 removal unit 214. In CASE 4B, the GHG LCA of the FT hydrocarbon
product is approximately zero. Just as with the embodiments of the process 200A
shown in Fig 3 with respect to methanol, the process 200A effectively combines solid
sustainable carbon gasification, natural gas reforming via POX, and CCS to produce
a maximum amount of net zero FT hydrocarbon product.

[0049]FT hydrocarbon products with a slightly negative GHG LCA may also be
produced via an embodiment of the process 200A. Some embodiments produce
hydrocarbon products with a GHG LCA that is between -100% and 0% of the fossil
baseline, by supplying a lower amount of natural gas than in CASE 4B at the cost of
reduced plant productivity. Alternately, FT hydrocarbon products with a slightly
positive GHG LCA may be produced. Some embodiments of the process 200A
produce hydrocarbon products with a GHG LCA that is 20% of the fossil baseline, as
in the embodiment labeled “CASE 4C” referring to an embodiment of the process
200A. In CASE 4C, 376 mt/d of natural gas is supplied to the converter 210 via the
hydrocarbon material 206, and the total hydrocarbon product output increases to 357
mt/d (about 2.67 times the output of the conventional process 100). In CASE 4C, 26%
of the gasification stage effluent 211 is routed to the CO converter 213 (to increase
the proportion of Hz in the stream relative to CO) a proportion less than in CASE 4A
by about 19% and less than in CASE 4B by about 3%, and 100% of the stream 230 is
routed to the CO2 removal unit 214. Hydrocarbon products can also be produced with
between 0 and 20% of the fossil baseline GHG LCA by supplying a natural gas feed
that is between the amount supplied in CASE 4B and CASE 4C, with resulting
productivities that are between these two cases, respectively.  Alternately,
hydrocarbon products can be produced with GHG LCA greater than 20% of the fossil
baseline by supplying a natural gas feed that is greater than that supplied in CASE
4C, resulting, for example, in GHG LCA up to 30%, 40% or 50% of the fossil baseline.
Some embodiments of the process 200A produce hydrocarbon products with a GHG
LCA that is -50% of the fossil baseline, as in the embodiment labeled “CASE 4D’
referring to an embodiment of the process 200A in which 117 mt/d of natural gas is
supplied to the converter 210 via hydrocarbon material 206, and the total hydrocarbon
output is 203 mt/d (about 1.52 times the output of the conventional process 100). In
the process defined by CASE 3D, 36% of the gasification stage effluent 211 is routed
to the CO converter 213 (to increase the proportion of Hz in the stream relative to CO),

and 100% of the stream 230 is routed to the CO2 removal unit 214. Hydrocarbon
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products can also be produced with GHG LCA between 0% and -50% of the fossil
baseline by supplying a natural gas feed that is between the amount supplied in CASE
4A and CASE 4D, with resulting productivities that are between these two cases,
respectively.

[0050] It is noteworthy that in the three embodiments of the process 200A simulated
in Fig. 4, one impact of introducing natural gas to the converter 210 is that the carbon
in the produced hydrocarbon is no longer 100% biogenic, but rather contains 41%
fossil-derived carbon atoms in CASE 4B, 49% fossil-derived carbon atoms in CASE
4C, and 23% fossil-derived carbon atoms in CASE 4D. Again, the GHG LCA of each
of these cases includes production, including the contribution of fossil-derived natural
gas, offset by the sequestered biogenic CO2, and downstream combustion. However,
as noted above in the context of methanol production, many regulatory regimes
penalize fuels containing fossil-derived carbon atoms, regardless of the GHG LCA,
and thus in certain marketplaces there may be a need for an alternative approach that
does not produce an end product containing fossil-derived carbon atoms.

[0051] Embodiments of Fig 4 share the characteristic that a significant percentage of
the total atomic carbon feed into the process has a fossil origin (here associated with
hydrocarbon material 206) — 34%, 42%, and 19% in CASE 4B, CASE 4C, and CASE
4D, respectively — whereas none of the carbon used in the conventional process has
a fossil origin. Similarly, the embodiments of Fig 4 share the characteristic that a
significant portion of the CO2 directed into by-product 116 for sequestration has a fossil
origin (here again derived from the hydrocarbon material 206) — 33%, 40%, and 18%
for CASE 4B, CASE 4C, and CASE 4D respectively — whereas none of the CO2
sequestered in the conventional process 100 has a fossil origin. Further, in the
embodiments of Fig. 4, the volumetric flow rates of the gasification stage effluent 211
emerging from the converter 210 are substantially increased relative to the
corresponding flow rate of gasification stage effluent 111 emerging from the tar
converter 110 of the conventional process 100 (i.e. CASE 4A) — approximately 1.93,
2.30, and 1.41 times in CASE 4B, CASE 4C, and CASE 4D, respectively. These
increases occur in spite of the gasifier 106 being the same in each case, and the rate
of solid sustainable carbon usage also being the same in each case, reflecting the
impact of using fossil-derive hydrocarbon in the process 200A. Lastly, it is noted that
in CASE 4A, the product atomic carbon yield per sustainable atomic carbon input into
the process is just 0.29, whereas it is 0.65, 0.79, and 0.45 for CASE 4B, CASE 4C,
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CASE 4D respectively, reflecting the much higher yield of product relative to the same
solid sustainable carbon input. The product yield per dry solid sustainable carbon
material input the process follows a similar trend, with CASE 4A having a value of
0.17, while CASE 4B, CASE 4C, and CASE 4D have 0.38, 0.46, 0.26 respectively.
[0052]Fig. 5 is a flow sheet comparing aspects of a conventional solid sustainable
carbon material to ammonia process with two embodiments of the process 200A of
Fig. 2, each configured for ammonia production and parameterized as set forth above.
Fig. 5 additionally shows the GHG LCA of the produced product, and a number of
embodiment metrics. It is noted that in the embodiment labeled “CASE 5A” referring
to conventional process 100, no natural gas is supplied to the tar converter 110 and
the total product output is 275 mt/d. In this process, 100% of the gasification stage
effluent 111 is routed to the CO converter 113 to convert substantially all of the CO
into CO2 to maximize the production of Hz, and 100% of the stream 130 is routed to
the CO2 removal unit 114, to remove substantially all of the CO2, resulting in a stream
that is substantially all Hz, which is useful for the ammonia production process. As
shown in Fig. 5, the GHG LCA of the ammonia product is highly negative, because
ammonia contains no carbon and subsequent combustion thereof releases no COz,
while at the same time sequestration of the biogenic CO2 produced by gasification
(excepting the portion that leaks from the overall system), representing substantially
all carbon input to the process, provides a very large net removal of CO2 from the
surface environment.

[0053] In contrast, in the embodiment labeled “CASE 5B’ referring to an embodiment
of the process 200A, 1400 mt/d of natural gas is supplied to the converter 210 via the
hydrocarbon material 206, and the total ammonia output increases to 1988 mt/d (about
7.24 times the output of the conventional process 100). In the process defined by
CASE 5B, 100% of the gasification stage effluent 211 is routed to the CO converter
213 to convert substantially all of the CO into CO2 to maximize the production of H2,
and 100% of the stream 230 is routed to the CO2 removal unit 214, to remove
substantially all of the CO2. As shown in Fig. 5, the GHG LCA of the ammonia product
in CASE 5B is approximately zero. Just as with the embodiments in Fig 3 and 4, the
embodiments of the process 200A simulated in Fig. 5 effectively combine solid
sustainable carbon gasification, natural gas reforming via POX, and CCS to produce

the maximum amount of net zero ammonia product.
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[0054] Ammonia products with a slightly negative GHG LCA may also be produced via
an embodiment of the process 200A. Some embodiments produce ammonia products
with a GHG LCA that is between -100% and 0% of the fossil baseline by supplying a
lower amount of natural gas than in CASE 5B at the cost of reduced plant productivity.
Alternately, ammonia products with a slightly positive GHG LCA may be produced.
Some embodiments of the process 200A produce ammonia products with a GHG LCA
that is 10% of the fossil baseline, as in the embodiment labeled “CASE 5C” referring
to an embodiment of the process 200A in which 2600 mt/d of natural gas is supplied
to the converter 210 via the hydrocarbon material 206, and the total ammonia product
output increases to 3457 mt/d (about 12.58 times the output of the conventional
process 100). Ammonia products can also be produced with a GHG LCA that is
between 0 and 10% of the fossil baseline by supplying an amount of natural gas to the
converter 210 that is in between the amount supplied in CASE 5B and CASE 5C, with
resulting productivities that are between these two cases respectively. Or ammonia
products can be produced with GHG LCA greater than 10% of the fossil baseline by
supplying an amount of natural gas to the converter 210 that is greater than what is
supplied in CASE 5C. Some embodiments of the process 200A produce ammonia
products with a GHG LCA that is -50% of the fossil baseline, as in the embodiment
labeled “CASE 5D’ referring to an embodiment of the process 200A in which 315 mt/d
of natural gas is supplied to the converter 210 via hydrocarbon material 206, and the
total ammonia output is 660 mt/d (about 2.40 times the output of the conventional
process 100). Ammonia products can also be produced with GHG LCA between 0%
and -50% of the fossil baseline by supplying a natural gas feed that is between the
amount supplied in CASE 5A and CASE 5D, with resulting productivities that are
between these two cases, respectively. One noteworthy simplification in the
production of ammonia relative to methanol and FT hydrocarbons is that the end
product does not contain carbon, avoiding any need (as encountered above in the
context of methanol and FT hydrocarbons) to modify the process so the end product
contains no fossil-derived carbon as a way to maximize product value in certain
markets.

[0055] The inventive embodiments in Fig 5 share the characteristic that a significant
percentage of the total atomic carbon feed into the process has a fossil origin (here
again associated the hydrocarbon material 206) — 73%, 83%, and 38% in CASE 5B,
CASE 5C, and CASE 5D respectively — whereas none of the carbon used the
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conventional process 100 has a fossil origin. Similarly, the embodiments of Fig 5 share
the characteristic that a significant portion of the CO2 sequestered has a fossil origin
(here again derived from the hydrocarbon material 206) — 75%, 87%, and 41% in
CASE 5B, CASE 5C, and CASE 5D respectively — whereas none of the COz2
sequestered in the conventional process 100 has a fossil origin. Further, in the
embodiments in Fig. 5, the volumetric flow rates gasification stage effluent 211
emerging from the converter 210 are substantially increased relative to the
corresponding flow rates of the gasification stage effluent 111 emerging from the tar
converter 110 of the conventional process 100 — approximately 5.85, 10.01, 2.09 times
in CASE 5B, CASE 5C, and CASE 5D respectively. These increases occur in spite of
the gasifier 106 being the same in each case, and the rate of solid sustainable carbon
usage also being the same in each case, reflecting the impact of using fossil-derived
carbon in the process 200A. Lastly, it is noted that in CASE 5A, the product yield per
dry solid sustainable carbon material input the process is just 0.36, whereas it is 2.58,
4.48, and 0.86 for CASE 5B, CASE 5C, and CASE 5D respectively, reflecting the much
higher yield of product relative to the same solid sustainable carbon input.
[0056] In general the processes 100 and 200A may be operated to produce hydrogen
as an end product through appropriate plant configuration where no conversion stage
126 or 226 is included. For example, the ammonia unit can be omitted and the rest of
the process 200A operated as shown in Fig. 5. The conversion feeds 124 and 224 in
the ammonia process of Fig. 5 consist of high purity H2, and as noted in the description
of the process 200A, the purification units 117 and 217 can include a PSA that
removes impurities from the intermediate precursors 132 and 232. In such an
embodiment, in which the conversion stage 126 or 226 is omitted and the conversion
feeds 124 and 224 may be routed to other downstream use, the resulting hydrogen
could be delivered, for example, to hydrogen trucks or pipelines for transport,
distribution, and/or for use in road transportation, industrial processing, chemical
production, or power generation. It is readily observed that for such a hydrogen end
product application, for each of the simulated ammonia cases in Figure 5 one would
expect similar embodiment metrics but using the Hz flow in conversion feeds 124 and
224 as the end product output; namely:
A. In analogy to CASE 5A: With 0 mt/d natural gas input into the
hydrocarbon material 206, the high purity hydrogen output would be 51

mt/d, and the product yield per dry solid sustainable carbon material
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input into the process would be 51/771 = 0.066; all other embodiment
metrics for CASE 5A would be the same, excluding the “Ammonia
Product Output Relative to 100 Case” which is not applicable.

B. In analogy to CASE 5B: With 1400 mt/d natural gas input into the
hydrocarbon material 206, the high purity hydrogen output would be 366
mt/d, and the product yield per dry solid sustainable carbon material
input into the process would be 366/771 = 0.47; all other embodiment
metrics for CASE 5A would be the same, excluding the “Ammonia
Product Output Relative to 100 Case” which is not applicable.

C. In analogy to CASE 5C: With 2600 mt/d natural gas input into the
hydrocarbon material 206, the high purity hydrogen output would be 636
mt/d, and the product yield per dry solid sustainable carbon material
input into the process would be 636/771 = 0.82; all other embodiment
metrics for CASE 5A would be the same, excluding the “Ammonia
Product Output Relative to 100 Case” which is not applicable.

D. In analogy to CASE 5D: With 315 mt/d natural gas input into the
hydrocarbon material 206, the high purity hydrogen output would be 121
mt/d, and the product yield per dry solid sustainable carbon material
input into the process would be 121/771 = 0.16; all other embodiment
metrics for CASE 5A would be the same, excluding the “Ammonia
Product Output Relative to 100 Case” which is not applicable.

[0057] Typically the GHG LCA for a hydrogen end product application is calculated
‘well-to-gate” instead of “well-to-wake” as here with methanol, hydrocarbons, and
ammonia. The difference is that in the “well-to-gate” case, emission contributions from
transportation, distribution, and use are not included. Since the downstream
contributions from ammonia are small, it is readily observed that the net zero GHG
LCA CASE 5B should produce approximately net zero hydrogen when adapted to
produce hydrogen as an end product. And similarly one would expect that the 10% of
fossil GHG LCA CASE 5C should produce modestly positive GHG LCA hydrogen and
the -50% fossil GHG LCA CASE 5D should produce moderately negative GHG LCA
hydrogen

[0058] In the embodiments of Fig. 5, 20% of the Hz stream is removed as tail gas in
connection with purification by a PSA in 217, due to the high purity requirements for

ammonia synthesis. When producing H2 as an end product, a lower purity may be
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acceptable, and in such cases the purification units 117 and 217 may be altered or
controlled to provide higher yield by using, for example, a PSA with a lower output H2
purity rating or a methanation unit. In some cases, the PSA unit can be omitted entirely
where a certain amount of CO and/or CO2 contamination is acceptable.

[0059]Fig. 6 is a process diagram of a solid sustainable carbon material conversion
process 200B, according to another embodiment. Just as in the solid sustainable
carbon material conversion process 200A, the process 200B uses a source of fossil-
derived hydrocarbon to yield higher quantities of syngas that in turn yield higher
quantities of end product for the same amount of solid sustainable carbon input.
However, a key difference in 200B vs 200A is that in cases where the end product is
a carbon containing material, such as methanol or hydrocarbons, the process 200B
produces an end product that contains little to substantially no fossil-derived carbon,
while otherwise maintaining approximately the same GHG LCA and end product
output. Particularly, in process 200B of Fig. 6, conversion of organics from gasifying
the solid sustainable carbon material is performed in the tar converter 110 while
conversion of hydrocarbon is performed in a separate hydrocarbon converter 210B,
further described below. In contrast, process 200A of Fig. 2 converts organic material
and hydrocarbon in the same reactor or converter 210.

[0060] In process 200B, the gasification stage 104 that uses sized and dried solid
sustainable carbon material 102 contains a gasification unit 106 and tar converter 110,
and produces a gasification stage effluent 111 containing CO, Hz, and COz2, and may
use oxygen source 108 and steam source 109, just as in the conventional process
100. Additionally, just as in process 100, there is a refining stage, here 212B, that
contains a CO converter 113 (and bypass) for selectively routing a portion of the
gasification stage effluent 111 for CO conversion to increase the Hz2 content of the
gasification stage effluent 111 relative to CO. The process 200B also has the COz2
removal unit 114 (and bypass) for removing CO2 from intermediate stream 230,
wherein the CO2 removal unit 114 yields a stream of removed CO2 which may be
directed, in part or wholly, into CO2z recycle 118 for recycling back into gasification
stage 104 and into by-product 116, in part or wholly, for sequestration. Unlike the
conventional process 100, a hydrocarbon processing stage effluent 256, product of
the hydrocarbon processing stage 250, is combined with precursor 132 downstream
of the CO2 removal unit 114. This combined stream may then be directed through

purification unit 217, if further purification is required, similar to the process 200A of
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Fig. 2. Then the resulting refining stage effluent 220 may be directed through the
monitoring unit 122, if present, resulting in conversion feed 224 which is then directed
into conversion stage 226.

[0061] The process 200B has a fossil hydrocarbon processing stage 250 to produce
the hydrocarbon processing stage effluent 256. The hydrocarbon processing stage
250 includes the hydrocarbon converter 210B which uses a reactor or reaction facility
configured to convert the hydrocarbon material 206 into syngas. Such facilities are
known, and include steam methane reforming (SMR) facilities, auto-thermal reforming
(ATR) facilities, and POX facilities. The hydrocarbon material 206, derived from fossil
sources, is introduced into the process 200B as an input to the hydrocarbon converter
210B within the hydrocarbon processing stage 250. The hydrocarbon material 206
used with the process 200B can have the same source and composition as any of the
hydrocarbon streams described above in connection with the process 200A. In some
embodiments, the hydrocarbon converter 210B is sized to convert a hydrocarbon
stream with a mass flow rate of atomic carbon that is at least 15% of the net mass flow
rate of atomic carbon input to the overall process. That is to say, in some
embodiments, the hydrocarbon converter 210B handles at least 15% of atomic carbon
input to the process.

[0062] The hydrocarbon converter 210B produces an effluent 252 containing
substantially syngas and COz, which is then routed to a second CO converter 213B,
which may be a WGS unit, to produce an intermediate 254 that is substantially H2 and
COs2. Intermediate 254 is then routed to a second CO2 removal unit 214B, which may
be an AGR unit, to produce the hydrocarbon processing stage effluent 256. The
second CO2 removal unit 214B produces a stream of CO:2 that is then routed for
sequestration, either combined with by-product 116 or separately. A second
purification unit (not shown) may be used immediately after the second CO2 removal
unit 214B, which may be a PSA or methanation unit, if further purification of the
hydrocarbon processing stage effluent 256 is desired.

[0063] In the process 200B, substantially all the fossil-derived carbon from the
hydrocarbon material 206 is converted to CO2 and sequestered. \Whereas
embodiments of process 200A and 200B may be engineered to have similar inputs,
outputs, and GHG LCA product values, the process 200B inherently has a lower
degree of system integration, since the process 200A has a single conversion unit

210, whereas in 200B the tar converter 110 and the hydrocarbon converter 210B are
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separate. Similarly, in the process 200A, there is a single CO converter 213 and a
single CO2 removal unit 214, whereas in the process 200B there are two CO
converters, a first CO converter 113 and a second CO converter 213B, and two CO:
removal units, a first CO2 removal unit 114 and a second CO2 removal unit 214B.
However, in both processes 200A and 200B the same facility infrastructure, including
utilities, may be efficiently shared by building an integrated process and facility in a
single location, and the downstream modules from 217 onward may be shared.
[0064] Fig. 7 is a process diagram of a solid sustainable carbon material conversion
process 200C according to another embodiment. Where no CO: is returned from the
CO2 removal unit 214 to the gasification stage 104, the process 200C includes a
hydrocarbon processing stage 250C that has no CO2 removal unit (the CO2 removal
unit 214B of the process 200B is omitted from the hydrocarbon processing stage
250C). Because no CO:2 is returned to the gasification stage 104, the intermediate
254 can be a hydrocarbon processing effluent that contains Hz as well as CO2 derived
from fossil sources. The hydrocarbon processing effluent, 254 in this case, is routed
to the CO2 removal unit 214, included in the refining stage 212C of the process 200C
instead of the CO2 removal unit 114, to remove substantially all (e.g. >90%, >95%, or
> 95%) of the CO2, fossil-derived and biogenic, from the intermediate 254 and the
portion of the intermediate 130 routed for CO2 removal.

[0065] The process 200C produces a carbon containing product that has little to
substantially no fossil carbon, but with fewer processing units. Relative to process
200B, in process 200C, the COz2 recycle 118 has been removed, the two CO removal
units 114 and 214B have been replaced by the single unit 214 (similar to the unit in
the process 200A), and the intermediate 254 of the process 200B is instead routed
directly to the CO2 removal unit 214 along with the portion of stream 130 diverted for
CO2 removal, so as to produce a precursor 232 that is substantially free of fossil
carbon (provided, as noted below, the added CO:2 stream 218 is itself substantially
free of fossil-derived carbon). It can be readily observed that since intermediate 254
contains substantially H2 and fossil-derived CO2, and substantially all of the COz2 in
intermediate 254 is removed by the CO2 removal unit 214 without recycling any of the
removed CO:2 back into the process through recycle 118, then the precursor 232 is
substantially free of fossil-derived carbon, and products resulting from the precursor

232 are also substantially free of fossil-derived carbon.
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[0066] A source of CO2 260 can be provided to supply CO: to the gasification stage
104 using a CO2 conduit 218, if needed. If not needed, the CO:2 source 260 and CO2
conduit 218 may be omitted, ensuring that no fossil-derived CO: enters the gasification
stage 104. The COz2 source 260 may be, or may include, any or all of a CO2 pipeline,
a COz2 capture system that captures CO2 from another industrial process, or a direct
air capture (DAC) facility that removes COz2 directly from the atmosphere. In the case
that the CO2 delivered using the conduit 218 is substantially biogenic, there can be
substantially no fossil-derived CO: entering the gasification stage 104. If instead the
CO:2 delivered using confuit 218 contains fossil-derived CO2, then the CO2 conduit 218
will add fossil-derived CO2 to the precursor 232 and downstream products. With
respect to producing a carbon containing product such as methanol or hydrocarbon
that is substantially free of fossil-derived carbon, use of a COz2 source that is biogenic,
such as a DAC process or CO2 captured an industrial process that produced biogenic
COz2, in the process 200C, may be superior to the process 200B in cases where such
biogenic CO2 source 260 can be secured economically.
[0067] Example embodiments of the processes 200B and 200C are simulated below.
The parameters and assumptions introduced above apply to the simulated processes
200B and 200C, below, with the following additions:
A. the hydrocarbon conversion unit 210B is a POX reactor in which:
1. the output stream 252 is mostly CO, COz, and Hz, and only
trace amounts of other species;
2. the hydrocarbon material 206 is a natural gas stream, and
75% of the carbon in the hydrocarbon material 206 is
converted into CO, and the remaining 25% is converted
into CO2; and,
3. a volumetric ratio of H2:CO in the output stream 252 is
equal to 2;
B. the CO converter 213B is a WGS unit that converts 100% of the input
CO into H2 and CO:z2 via reaction with water; and
C. the CO2 removal unit 214B is an AGR unit that removes 100% of the
input CO2 from the process and in so doing leaks 5% of that removed
CO:z2 into the atmosphere.
[0068]Fig. 8 is a flow sheet comparing the conventional solid sustainable carbon

material conversion process 100, simulated as CASE 3A described above, with three
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embodiments of the solid sustainable carbon material conversion process 200B,
parameterized as set forth above and configured for the production of methanol. Fig.
8 additionally shows the GHG LCA of the produced product, and a number of
embodiment metrics. In the embodiment labeled “CASE 8B” referring to an
embodiment of the process 200B, 246 mt/d of natural gas is supplied to the
hydrocarbon converter 210B via hydrocarbon material 206, and the total methanol
product output increases to 666 mt/d. In the process 200B, none of the gasification
stage effluent 111 is routed to the first CO converter 113 since there is no need to
increase the proportion of Hz therein, and 69% of the stream 130 is diverted into the
first CO2 removal unit 114 to remove substantially all of the biogenic CO2 from the
diverted stream. Additional H2 to boost the amount of Hz in the refining stage effluent
220 is supplied by hydrocarbon processing stage effluent 256. The GHG LCA of the
resulting methanol product is approximately zero.

[0069] It is noted that the natural gas input, methanol product, and GHG LCA in CASE
8B are approximately the same as in corresponding CASE 3B, indicating that process
200B (simulated in CASE 8B) and process 200A (simulated in CASE 3B) have
approximately the same overall process performance. Similarly, in both CASE 8B and
CASE 3B, the % of net atomic carbon input into process from natural gas is 29%, and
total sequestered COz2 is approximately 920 mt/d. In CASE 8B, 0% of the carbon in
the methanol product is fossil-drived carbon, whereas in CASE 3B 40% of the carbon
in the methanol product is fossil-derived carbon. CASE 8B results in more fossil-
derived carbon being routed to by-product 116 for sequestration and more biogenic
carbon retained in the main process (by reducing, as noted above, the portion of
gasification stage effluent 111 that flows into CO converter 113 and the portion of
stream 130 that flows into CO2 removal unit 114 compared to the corresponding values
in CASE 3B). The increase in fossil-derived CO2 directed to sequestration in CASE
8B, relative to CASE 3B, is observed in the proportion of CO2 by-product 116 that is
fossil-derived COz2, which is 31% in CASE 3B and 70% CASE 8B.

[0070] CASE 8C reflects a similar relationship to CASE 3C as described above for
CASE 8B and CASE 3B. In both cases the input natural gas (and share of fossil-
derived carbon in the input carbon streams), output methanol product, and GHG LCA
are all approximately the same, while the proportion of fossil-derived carbon in the
methanol product is 0% for CASE 8C and 48% for CASE 3C. Methanol free of fossil-

derived carbon is achieved in CASE 8C by increasing the amount of fossil-derived
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CO:2 routed to sequestration and retaining an equal amount of biogenic carbon in the
main process by reducing the portion of gasification stage effluent 111 that flows into
CO converter 113 and the portion of stream 130 that flows into CO2 removal unit 114
compared to the corresponding values in CASE 3C.

[0071] CASE 8D is a modified version of CASE 8C in which additional natural gas is
supplied (here 390 mt/d vs 350 mt/d in CASE 8C) so that there is sufficient hydrogen
available to fully consume all of the available biogenic carbon and maximize the
production of 100% biogenic methanol, with a yield of 870 mt/d (approximately 2.74
times the conventional CASE 3A, process 100, value.) In this case, no biogenic CO:2
is sequestered, as reflected by the fact that 100% of the CO2 by-product 116 is fossil-
derived CO2. It is not possible to further increase the methanol output in this process
200B with further increases in natural gas input as there are no more biogenic carbon
atoms to divert to the conversion stage 226 for conversion to product and none of the
fossil-derived carbon from the natural gas input reaches the conversion stage 226.
This contrasts with process 200A, in which increasing natural gas supplies adds
carbon to the conversion stage 226, driving increased output (with a correspondingly
higher GHG LCA product that also has a correspondingly higher share of fossil atomic
carbon.) The GHG LCA of the methanol produced in CASE 8D is about 26% of the
fossil baseline — a modest increase over the CASE 8C value of 20%. For CASE 8D,
the % of net atomic carbon input to the process from natural gas is 43%, the product
atomic carbon yield per sustainable atomic carbon input into the process is 0.85, and
the product yield per dry solid sustainable carbon material input into the process is
1.13.

[0072]Fig. 9 is a flow sheet comparing the previously introduced conventional solid
sustainable carbon material conversion process 100, simulated in CASE 4A as
producing FT hydrocarbons, and three embodiments of the solid sustainable carbon
material conversion process 200B, parameterized as set forth above and configured
for the production of FT hydrocarbons. Fig. 9 additionally shows the GHG LCA of the
produced hydrocarbons, and a number of embodiment metrics. In the embodiment
labeled “CASE 9B’ referring to an embodiment of the process 200B, 266 mt/d of
natural gas is supplied to the hydrocarbon converter 210B via the hydrocarbon
material 206, and the total hydrocarbon product output increases to 292 mt/d. In this
embodiment of the process 100, none of the gasification stage effluent 111 is routed

to the first CO converter 113 since there is no need to increase the proportion of Hz
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share in the stream, and 70% of the intermediate stream 130 is diverted into the first
CO2zremoval unit 114. Additional hydrogen is supplied in the hydrocarbon conversion
stage effluent 256.

[0073] The GHG LCA of the hydrocarbon product is approximately zero in CASE 9B.
It is notable that the natural gas input, hydrocarbon product, and GHG LCA in CASE
9B are approximately the same as in corresponding CASE 4B, indicating that process
200B (simulated in CASE 9B) and process 200A (simulated in CASE 4B) have
approximately the same overall process performance. Similarly, in both CASE 9B and
CASE 4B the % of net atomic carbon input into process from natural gas is 31%, and
total sequestered COz2 is approximately 978 mt/d. In CASE 9B, however, 0% of the
carbon in the hydrocarbon product is fossil-derived carbon, whereas in CASE 9B 41%
of the carbon in the hydrocarbon product is fossil-derived carbon. CASE 9B results in
more fossil-derived carbon being routed to the CO2 by-product 116 while retaining an
equal amount of additional biogenic carbon in the main process (by reducing, as noted
above, the portion of the gasification stage effluent 111 that flows into the CO converter
113 and the portion of stream 130 that flows into the first CO2 removal unit 114
compared to CASE 4B. The increase in fossil-derived COz2 directed to sequestration
is observed in the proportion of the CO2 by-product 116 that is fossil-derived COg,
which is 25% in CASE 9B and 70% in CASE 9B.

[0074] CASE 9C reflects a similar relationship to CASE 4C as described above for
CASE 9B and CASE 4B. In both cases (CASE 9C and CASE 4C) the input natural
gas (and proportion of fossil-derived carbon in the input carbon streams), output
hydrocarbon product, and GHG LCA are all approximately the same, while the
proportion of fossil-derived carbon the methanol product is 0% for CASE 9C and 49%
for CASE 4C. CASE 9C also results in more fossil-derived carbon directed to
sequestration while retaining an equal amount of additional solid sustainable carbon
in the main process by reducing the portion of the gasification stage effluent 111 that
flows into the CO converter 113 and the portion of stream 130 that flows into the first
COz2 conversion unit 114 compared to CASE 4C.

[0075] CASE 9D is a modified version of CASE 9C in which additional natural gas is
supplied (here 420 mt/d vs 375 mt/d in CASE 9C) so that there is sufficient hydrogen
available to fully consume all of the available biogenic carbon and maximize the
production of 100% biogenic hydrocarbons, with a yield of 384 mt/d (approximately

2.87 times the conventional CASE 4A, process 100, value.) In this case, no biogenic
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CO: is sequestered, as reflected by the fact that 100% of the CO:z by-product 116 is
fossil-derived COz. It is not possible to further increase the hydrocarbon output in this
process 200B with further increases in natural gas input as there are no more biogenic
carbon atoms to route to the conversion stage 226 for conversion to product and none
of the fossil-derived carbon from the natural gas input reaches the conversion stage
226. This contrasts with process 200A, in which increasing natural gas adds carbon
to the conversion stage 226, driving increased output (with a correspondingly higher
GHG LCA product that also has a correspondingly higher share of fossil atomic
carbon.). The GHG LCA of the hydrocarbons produced in CASE 9D is about 27% of
the fossil baseline — a small increase over the CASE 9C value of 20%. For CASE 9D
the % of net atomic carbon input into the process from natural gas is 45%, the product
atomic carbon yield per sustainable atomic carbon input into the process is 0.85, and
the product yield per dry solid sustainable carbon material input into the process is
0.50.

[0076]Fig. 10 is a flow sheet comparing the previously introduced conventional solid
sustainable carbon material conversion process 100, simulated in CASE 5A, and two
embodiments of the solid sustainable carbon material conversion process 200B,
parameterized as set forth above and configured for the production of ammonia. Fig.
10 additionally shows the GHG LCA of the produced ammonia, and a number of
embodiment metrics. In the embodiment labeled “CASE 10B” referring to an
embodiment of process 200B, 1400 mt/d of natural gas is supplied to the hydrocarbon
converter 210B via the hydrocarbon material 206, and the total ammonia product
output increases to 1988 mt/d. The process performance and process metrics of
CASE 10B are approximately the same as in CASE 5B, corresponding to process
200A.

[0077]In the embodiment labeled CASE 10C referring to an embodiment of process
200B, 3000 mt/d of natural gas is supplied to the hydrocarbon converter 210B via the
hydrocarbon material 206, and the total ammonia product output increases to 3457
mt/d. The process performance and process metrics of CASE 10C are approximately
the same as in CASE 5C, corresponding to process 200A. This finding that process
200B and 200A have approximately the same performance and metrics is consistent
with the understanding that process 200B is functionally equivalent to process 200A
but without routing any fossil-derived carbon into the conversion feeds 124 and 224.

Since each of the conversion feeds 124 and 224 entering the respective conversion
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stages 126 and 226 is pure hydrogen in the case of ammonia production, there is no
practical difference between the two processes, except, as discussed above, in the
degree of module integration. Accordingly, other things being equal, it would be
normally expected that process 200A would be less costly to operate than process
200B (or 200C).

[0078] As in process 200C, it is possible to configure versions of each of CASE 8B,
8C, 8D, 9B, 9C, 9D, 10B, and 10C in which the COz2 recycle 118 is omitted, and CO2
is supplied to the gasification stage 104 from the biogenic CO2 source 260 at the
simulated rate of 135 mt/d. As previously noted, the biogenic CO2 source 260 may be
a direct air capture system or a carbon capture system configured to remove biogenic
COz2 from an industrial process.

[0079] The improved integration offered by process 200C over 200B (via the use of a
single CO2 removal unit 214 in process 200C rather than two CO2 removal units 114
and 214B in process 200B) would be expected to reduce total plant capital cost and
operating cost. In most cases it would be expected that providing biogenic CO2 source
260 and COz2 conduit 218 would be more expensive than providing CO2 recycle 118,
but the higher integration of process 200C may offset the higher cost of employing
process 200B so as to ensure fossil/biogenic carbon segregation. It is also noteworthy
that in process 200C, the net total amount of sustainable atomic carbon input can be
increased for the same size gasifier and the same solid sustainable carbon material
input due to the additional biogenic COz2 input, offering an opportunity (when producing
carbon containing products like methanol and hydrocarbons) to increase the total
amount of 100% biogenic carbon product output.

[0080]Fig. 11 is a flow sheet comparing three embodiments, CASE 11B, CASE 11C,
and CASE 11D, of solid sustainable carbon material conversion process 200C, each
parameterized as set forth above and configured for the production of methanol, and
each corresponding to adaptations of CASE 8B, CASE 8C, and CASE 8D respectively.
Fig. 11 additionally shows the GHG LCA of the produced methanol, and a number of
embodiment metrics. The key difference in CASE 11B, CASE 11C, and CASE 11D
(process 200C) relative to CASE 8B, CASE 8C, and CASE 8D, respectively, (process
200B) is the removal of the CO:2 recycle, so that the 135 mt/d of CO2 input to the
gasifier 106 is provided as a net input to the process 200C, and is here assumed to
be biogenic for simulation purposes. This increased inflow of sustainable carbon
allows for increasing the productivity of each of CASE 11B, CASE 11C, and CASE
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11D relative to the corresponding cases while otherwise maintaining the same GHG
LCA for the end product. These increases in productivity are associated with
increased natural gas supply to provide the additional hydrogen to react with this
additional biogenic carbon. For these cases the % of net atomic carbon input into the
process from natural gas is between 37% and 47%, the product atomic carbon yield
per sustainable atomic carbon input into the process is between 0.72 and 0.94, and
the product yield per dry solid sustainable carbon material input into the process is
between 0.96 and 1.26.

[0081]Fig. 12 is a flow sheet comparing three embodiments, CASE 12B, CASE 12C,
and CASE 12D, of solid sustainable carbon material conversion process 200C, each
parameterized as set forth above and configured for the production of FT
hydrocarbons, and each corresponding to adaptations of CASE 9B, CASE 9C, and
CASE 9D respectively. Fig. 12 additionally shows the GHG LCA of the produced
hydrocarbon, and a number of embodiment metrics. As in Fig. 11, the key difference
in the cases shown in Fig. 12 is the removal of the CO2 recycle in CASE 12B, CASE
12C, and CASE 12D, so that the 135 mt/d CO2 input to gasifier 106 is provided as a
net input, and is here assumed to be biogenic. This increased inflow of biogenic
carbon allows for increasing the productivity of each of CASE 12B, CASE 12C, and
CASE 12D relative to the corresponding cases, while otherwise maintaining the same
GHG LCA for the end product. These increases in productivity are associated with
increased natural gas supply to provide the additional hydrogen to react with this
additional biogenic carbon. For these cases the % of net atomic carbon input into the
process from natural gas is between 38% and 49%, the product atomic carbon yield
per sustainable atomic carbon input into the process is between 0.71 and 0.94, and
the product yield per dry solid sustainable carbon material input into the process is
between 0.42 and 0.55.

[0082]Fig. 13 is a process diagram of a solid sustainable carbon material conversion
process 200D according to another embodiment. The process 200D is similar in many
respects to the process 200A of Fig. 2, but with a different gasification stage 270
instead of the gasification stage 204. The gasification stage 270 includes the gasifier
106 and tar converter 110 to produce a first effluent from processing waste solid
sustainable carbon material 102 and the hydrocarbon converter 210B to product a

second effluent from processing the fossil-derived hydrocarbon material 206. The first

36



WO 2024/089471 PCT/1IB2023/050119

and second effluents are combined to yield the gasification stage effluent 211, which
is further processed in a manner similar to the rest of the process 200A of Fig. 2.
[0083] The solid sustainable carbon material conversion processes described herein
use hydrocarbons derived from conventional sources to supplement carbon and
hydrogen in the syngas produced by solid sustainable carbon material gasification.
Such supplementation can boost yield of products from solid sustainable carbon
material conversion processes, and where biogenic CO:z formed from solid sustainable
carbon material gasification is sequestered, still yield low, or even zero or negative
GHG LCA products.

[0084] In general, the solid sustainable carbon material conversion processes
described herein may be operated with a % of net atomic carbon input into the process
from fossil-derived hydrocarbons of between 15% and 50% so as to produce carbon
containing chemicals, for example methanol and hydrocarbons, with GHG LCA that
ranges from modestly negative to modestly positive, including zero. Some processes
described herein can use fossil-derived hydrocarbon to make hydrogen for an
ammonia plant that uses solid sustainable carbon material as a feedstock. In general,
the solid sustainable carbon material conversion processes described herein may be
operated with a % of net atomic carbon input into the process from fossil-derived
hydrocarbons of between 35% and 90% so as to produce carbon free chemicals, for
example hydrogen or ammonia, with GHG LCA that ranges from modestly negative to
modestly positive, including zero.

[0085] In general, each of the biomass conversion processes described herein may
be operated as a single integrated facility that produces carbon-containing products
with “well-to-wake” GHG LCA less than 20%, less than 10%, or less than 5% of the
corresponding fossil baseline GHG LCA (based on reference values and a GHG LCA
methodology consistent with the 2022 GREET model). These processes can be
operated to produce a product atomic carbon yield per sustainable atomic carbon input
into the process that is at least 0.45, at least 0.50, at least 0.60, at least 0.70, or at
least 0.80. To calculate these values in the simulations of the processes 200B and
200C herein, the biogenic input carbon mass flow rate is 369 mt/d, the output carbon
mass flow rate for methanol is equal to the methanol production rate multiplied by
12/32, and the output carbon mass flow rate for FT hydrocarbons is equal to the
hydrocarbon production rate multiplied by 0.85 (utilizing the approximation that such

hydrocarbons comprise about 85% carbon by weight.) In contrast to the above higher
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values, the product atomic carbon yield per sustainable atomic carbon input into the
process of CASE 3A is just 0.31, reflecting the conventional solid sustainable carbon
material conversion to methanol process. Similarly for FT hydrocarbons, the CASE
4A value is just 0.29. Thus the embodiments shown herein demonstrate that, contrary
to conventional wisdom, it is possible to substantially boost carbon containing product
yield through integration of fossil-derived natural gas conversion and solid sustainable
carbon material gasification while also producing a very low, zero, or even negative
GHG LCA product.

[0086] In general, each of the biomass conversion processes described herein may
be operated as a single integrated facility that produces ammonia with GHG LCA less
than 10%, less than 5%, or less than 2% of the corresponding fossil baseline GHG
LCA (based on reference values and a GHG LCA methodology consistent with the
2022 GREET model). These processes can be operated to have a product yield per
dry solid sustainable carbon material input into the process of 1.0, at least 2.0, at least
3.0, or at least 4.0. In contrast, the product yield per dry solid sustainable carbon
material input into the process for CASE 5A is just 0.36, reflecting the conventional
solid sustainable carbon material conversion to ammonia process. Thus the
embodiments shown herein demonstrate that contrary to conventional wisdom, it is
possible to substantially boost ammonia product yield through integration of fossil-
derived natural gas conversion and solid sustainable carbon material gasification while
also producing a very low, zero, or even negative GHG LCA product.

[0087] The processes disclosed herein for converting waste solid sustainable carbon
materials into chemical products generally use an amount of additional hydrocarbon,
such as natural gas, sourced from fossil sources to boost output of the chemical
products for little additional capital cost. CO2 produced by the conversion of raw
materials into useable chemical precursors is sequestered or otherwise consumed to
make the final products, so the GHG LCA of the produced final products can be much
lower than similar products made in conventional ways, and the increased output of
final products provides economy of scale to make such processes more attractive. In
general, these processes use hydrocarbon at a mass flow rate that is at least about
15% of the dry weight mass flow rate of waste solid sustainable carbon material used.
Where the final products are carbon-containing products, hydrocarbon conversion to
CO and hydrogen is balanced with conversion of CO from biomass gasification into

hydrogen and CO:2 to yield a syngas material, as a precursor to chemical production,
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that has a volumetric ratio of hydrogen to CO that is at least 2.0, and may be higher,
for example 2.2, 2.5, or 3.0.

[0088] CO2 produced by hydrocarbon and biomass conversion is mostly sequestered,
for example in a subterranean facility (or any suitable facility), but some can be
recycled and used to enhance gasification of the solid sustainable carbon material. In
some cases, the hydrocarbon can be converted entirely to hydrogen and CO:2 and the
waste solid sustainable carbon material can be converted entirely to hydrogen and
COz2, and the hydrogen can be used to make ammonia. In some cases, carbon from
the hydrocarbon can be segregated from biogenic carbon so that the final chemical
products contain only biogenic carbon. Where carbon from fossil sources is
segregated from biogenic carbon, biogenic CO2 can be used to enhance gasification,
rather than recycling CO2 that might contain fossil-derived carbon, so the final
chemical products can remain free of fossil-derived carbon. Generally speaking,
sequestering more CO: decreases environmental burden of all the processes
described herein. In particular sequestering CO2 from the fossil-derived hydrocarbon
added to the processes is beneficial. For example, the processes described herein
can be operated to sequester at least 90%, or at least 95%, or at least 99% of the
carbon from the fossil-derived hydrocarbon material 206 as captured and sequestered
CO2. In some embodiments for producing carbon containing materials, at least 5%,
but not more than 40%, of sustainable atomic carbon input from waste carbon
containing material (e.g. waste solid biomass, waste solid sustainable carbon material)
is sequestered in a sequestration facility.

[0089]As the various examples described herein show, in some embodiments
sequestered COz2 has a first component from sustainable carbon input and a second
component from fossil-derived hydrocarbon. In some embodiments, the first
component has a mass flow rate of COz that is 44/12 times 90% of the mass flow rate
of atomic carbon from the input fossil-derived hydrocarbon and the second component
has a mass flow rate of COz2 that is 44/12 times 5% of the mass flow rate of atomic
carbon from the input solid sustainable carbon material. These components may flow
separately to sequestration, or may be combined at any suitable point in a particular
embodiment.

[0090] While the foregoing is directed to embodiments of one or more inventions, other

embodiments of such inventions not specifically described in the present disclosure
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may be devised without departing from the basic scope thereof, which is determined

by the claims that follow.
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CLAIMS:

1. A process for making chemical products from waste solid sustainable carbon
materials, the process comprising:
providing waste solid sustainable carbon material to a gasifier;
gasifying the waste solid sustainable carbon material to produce a first stream
comprising CO, Hz, COz2, and a mixture of organic compounds;
providing a second stream comprising hydrocarbon derived from a fossil
source;
converting the organic compounds in the first stream and the hydrocarbon in
the second stream into CO, Hz, and COz2, to form one or more gas streams
comprising CO, Hz, and COz;
converting at least a portion of CO in the one or more gas streams to COz2 to
increase Hz in the one or more gas streams and to form one or more
converted streams;
separating CO2 from the one or more converted streams to form a conversion
feed from the one or more fourth streams;
sequestering at least a portion of the separated CO: in a sequestration facility;
and

producing one or more chemical products from the conversion feed.

2. The process of claim 1, wherein converting the organic compounds in the first
stream comprises partially oxidizing the organic compounds and converting the

hydrocarbon in the second stream comprises partially oxidizing the hydrocarbons.

3. The process of claim 1, further comprising using a portion of the COz2
separated from the one or more converted streams in gasifying the waste solid

sustainable carbon material.

4. The process of claim 1, wherein the first stream has a first flow rate, the
second stream has a second flow rate, and the second flow rate is at least about
20% of the first flow rate.

. The process of claim 4, wherein the second flow rate is selected to provide a

finished product with GHG LCA no more than zero.

6. The process of claim 1, wherein at least one of the one or more converted

streams has a volumetric ratio of H2 to CO that is at least 2.0.
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7. The process of claim 1, wherein the chemical products are free of fossil-

derived carbon.

8. The process of claim 1, wherein the converting the organic compounds in the
first stream and the hydrocarbon in the second stream into CO, Hz, and COz: is

performed in the same converter.

9. The process of claim 8, wherein a portion of the separated CO:2 is used to
gasify the waste solid sustainable carbon material, to convert the organic
compounds in the first stream, to convert the hydrocarbons in the second stream, or

any combination thereof.

10.  The process of claim 1, wherein the converting the organic compounds in the
first stream forms a first gas stream of the one or more gas streams, converting the
hydrocarbon in the second stream forms a second gas stream of the one or more
gas streams, converting CO in the first gas stream to CO:2 forms a first converted
stream of the one or more converted streams, and converting CO in the second gas
stream to CO2 forms a second converted stream of the one or more converted

streams.

11.  The process of claim 10, wherein separating COz2 from the first converted
stream forms a first conversion feed, separating CO2 from the second converted
stream forms a second conversion feed, and the first and second conversion feeds

are combined.

12.  An apparatus for making organic chemical products, the apparatus comprising
a waste solid sustainable carbon material gasification stage comprising a
gasifier to form CO, Hz, CO2, and organic molecules from the waste solid
sustainable carbon material, and a converter to convert the waste solid
sustainable carbon material to CO, Hz, and COz;

a source of fossil-derived hydrocarbon coupled to the converter,;
a CO converter to convert CO to H2 and COz;

a CO2z removal unit to remove CO2 and form a conversion feed:;
a conduit to route removed COz2 to a sequestration facility; and

a conversion stage to produce a chemical product from the conversion feed.

13.  The apparatus of claim 12, wherein the converter is a partial oxidation reactor.
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14.  The apparatus of claim 12, wherein the CO converter is a water-gas shift

reactor.

15.  The apparatus of claim 12, further comprising a purification unit to remove

impurities from the conversion feed.

16.  The apparatus of claim 12, further comprising a CO2z source coupled to the

gasification stage.
17.  The apparatus of claim 16, wherein the COz2 source is the CO2 removal unit.
18.  The apparatus of claim 16, wherein the CO2 source is a biogenic COz source.

19.  An apparatus for making chemical products, the apparatus comprising:
a waste solid sustainable carbon material gasification stage comprising a
gasifier to form CO, Hz, CO2, and organic molecules from the waste solid
sustainable carbon material, and a converter to convert the waste solid
sustainable carbon material to CO, Hz, and COz;
a hydrocarbon processing stage to form CO, Hz, and COz2 from a fossil-
derived hydrocarbon;
a CO converter to convert CO from the gasification stage, the hydrocarbon
processing stage, or both to Hz and COz;
a CO2z removal unit to remove CO2 and form a conversion feed:;
a conduit to route removed COz2 to a sequestration facility; and

a conversion stage to produce a chemical product from the conversion feed.

20. A process for making chemical products, the process comprising:
providing waste solid sustainable carbon material to a gasifier;
reacting the waste solid sustainable carbon material with oxygen and COz in
the gasifier to gasify the waste solid sustainable carbon material and to
produce a first stream comprising CO, Hz, CO2, and a mixture of organic
compounds;
providing a second stream comprising hydrocarbon derived from a fossil
source;
converting the organic compounds in the first stream and the hydrocarbon in
the second stream into CO, Hz, and COz2, to form one or more gas streams

comprising CO, Hz, and COz;
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converting at least a portion of CO in the one or more gas streams to COz2 to
increase Hz in the one or more gas streams and to form one or more
converted streams;

separating CO2 from the one or more converted streams to form a conversion
feed from the one or more converted streams;

sequestering at least a portion of the separated CO: in a sequestration facility;
and

producing one or more chemical products from the conversion feed.

21.  The process of claim 20, wherein CO2 separated from the one or more

converted streams is used to gasify the waste solid sustainable carbon material.

22.  The process of claim 20, wherein the COz is sourced from a biogenic CO2

source.
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Whole document, in particular para 0098-0148; Examples 7-8; Fig. 1-2

A US 2011/0218254 A1 (CHAKRAVARTI S. ET AL.) 8 September 2011
Whole document
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Whole document
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Whole document

-1 Further documents are listed in the continuation of Box C. X See patent family annex.
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“A” document defining the general state of the art which is not “T” later document published after the international filing date or
considered to be of particular relevance priority date and not in conflict with the application but cited to
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“X” document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

“Y”" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such

“‘D” document cited by the applicant in the international application

“E” earlier application or patent but published on or after the
international filing date

“‘L” document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of another
citation or other special reason (as specified)

“O”" document referring to an oral disclosure, use, exhibition or documents, such combination being obvious to a person

other means skilled in the art
“P” document published prior to the international filing date but *&” document member of the same patent family

later than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
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20/09/2023 (day/month/year) (day/month/year)

Name and mailing address of the ISA/SG Authorized officer
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