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METHOD OF PRODUCING METHANOL

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. 62/536,282, filed July 24, 2017, which is hereby incorporated by reference in

its entirety.

FIELD OF INVENTION

[0002] The present invention generally relates to methanol production. More
specifically, the present invention relates to systems and methods for producing methanol using

syngas formed by dry reforming and steam reforming processes.

BACKGROUND OF THE INVENTION

[0003] Methanol is a highly versatile chemical used in many areas of the chemical
industry. First of all, it is commonly used as feedstock in manufacture of various chemicals,
including plastics, paints, plywood, biodiesels, and textiles. Furthermore, methanol can also
be used as a denaturant, a solvent, and an antifreeze reagent. Last but not least, many
specialized vehicles have been developed to consume methanol as an alternative fuel either in

combination with gasoline or alone.

[0004] Currently, the majority of methanol in the chemical industry is produced from
synthesis gas (syngas), which is formed by steam reforming of methane (or natural gas). In
steam reforming, steam (H20) reacts with methane or the methane portion of natural gas to
produce hydrogen (Hz), carbon monoxide (CO) and a small amount carbon dioxide (CO2). The
main reactions in steam reforming include: CHs + H2O = CO +3Hz and CO + H20 = CO2 +
H:. Another reaction that forms syngas is dry reforming reaction. In dry reforming, also known
as carbon dioxide reforming, methane or the methane portion of natural gas reacts with carbon
dioxide to produce carbon monoxide and hydrogen. The main reaction in dry reforming
includes CHs + CO2 & CO + 2H:z. In the methanol synthesis process, carbon monoxide and/or
carbon dioxide react with hydrogen to produce methanol. In this process, an ideal hydrogen to
carbon monoxide stoichiometric number S, which is defined as [(H2 — CO2)/(CO + CO»)], 1s
about 2. However, the stoichiometric number of hydrogen to carbon monoxide S~ for the

syngas stream produced by steam reforming is about 3, resulting in low hydrogen utilization
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rate in the methanol synthesis process. In contrast, the syngas stream produced by dry
reforming has a Sx of hydrogen to carbon monoxide less than 1, thereby underutilizing carbon

monoxide in the methanol synthesis process. Therefore, improvements in the field are desired.

BRIEF SUMMARY OF THE INVENTION

[0005] A method has been discovered for producing methanol. The syngas streams
produced from both dry reforming and steam reforming are used to produce methanol. By
separating the carbon monoxide from the syngas stream produced by dry reforming, the
stoichiometric number S~ of hydrogen to carbon monoxide feed to the methanol synthesis can
be maintained at approximately 2, which, in turn, improves the efficiency and utilization rate
of the syngas. Furthermore, the carbon monoxide separated from the syngas stream produced
by dry reforming may be combined with the purge gas from methanol synthesis to produce
additional methanol, thereby increasing utilization rate of the syngas and maximizing the

methanol synthesis efficiency.

[0006] Embodiments of the invention include a method of producing methanol. The
method may include dry-reforming natural gas to produce a first syngas stream comprising
hydrogen, carbon monoxide, and/or carbon dioxide. At least some of the first syngas stream
is flowed to a first methanol synthesis reactor. At least some of the first syngas stream is
separated in a hydrogen/carbon monoxide separation unit to form a first hydrogen stream and
a first carbon monoxide stream. The first hydrogen stream is then flowed to the first methanol
synthesis reactor. The method may further include reacting the carbon monoxide and hydrogen
of the first syngas stream and the hydrogen of the first hydrogen stream in the first methanol
synthesis reactor under reaction conditions sufficient to form methanol. The method may
further include separating an effluent from the first methanol synthesis reactor to form a first
methanol stream and a first byproduct stream. The method may further include splitting at
least some of the first byproduct stream to form a first purge gas stream and a first recycle
stream. The method may further include steam reforming natural gas to produce a second
syngas stream. The second syngas stream is flowed through a second methanol synthesis
reactor. The method may further still include reacting the hydrogen, the carbon monoxide, and
the carbon dioxide in the second syngas stream under reaction conditions sufficient to form
methanol. An effluent from the second methanol synthesis reactor may be then separated to
form a second methanol stream and a second byproduct stream. The method may include

splitting at least some of the second byproduct stream to form a second purge gas stream and a
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second recycle stream. The first purge gas stream and the second purge gas stream may be
flowed through a third methanol synthesis reactor. The first carbon monoxide stream may also
be flowed to the third methanol synthesis reactor. The method may further still include reacting
the hydrogen, the carbon monoxide, and/or the carbon dioxide in the third methanol synthesis
reactor under reaction conditions sufficient to form at least some methanol. The methanol
formed in the first methanol synthesis reactor, the second methanol synthesis reactor and the

third methanol synthesis reactor is then collected.

[0007] Embodiments of the invention include a method of producing methanol. The
method may include dry-reforming natural gas to produce a first syngas stream comprising
hydrogen, carbon monoxide, and/or carbon dioxide. At least some of the first syngas stream
is flowed to a first methanol synthesis reactor. At least some of the first syngas stream is
separated in a hydrogen/carbon monoxide separation unit to form a first hydrogen stream and
a first carbon monoxide stream. The first hydrogen stream is then flowed to the first methanol
synthesis reactor. The method may further include reacting the carbon monoxide and the
hydrogen of the first syngas stream and the hydrogen of the first hydrogen stream in the first
methanol synthesis reactor under reaction conditions sufficient to form methanol. The method
may further include separating an effluent from the first methanol synthesis reactor to form a
first methanol stream and a first byproduct stream. The method may further include splitting
at least some of the first byproduct stream to form a first purge gas stream and a first recycle
stream. The method may further include steam reforming natural gas to produce a second
syngas stream comprising hydrogen, carbon monoxide, and carbon dioxide. The second syngas
stream is flowed through a second methanol synthesis reactor. Additional carbon dioxide may
be injected into the second syngas stream. The method may further still include reacting the
hydrogen, the carbon monoxide, and the carbon dioxide in the second syngas stream under
reaction conditions sufficient to form at least some methanol. An effluent from the second
methanol synthesis reactor may be separated to form a second methanol stream and a second
byproduct stream. The method may include splitting at least some of the second byproduct
stream to form a second purge gas stream and a second recycle stream. At least some of a
combined stream of the fist purge gas stream and the second purge gas stream collectively may
be then flowed to a first hydrogen separation unit, where the first hydrogen separation unit
separates the combined stream to form a second hydrogen stream and a first residue gas stream.
The second hydrogen stream may be then flowed to the first syngas stream. At least some of

the combined stream of the first purge gas stream and the second purge gas stream may be
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flowed through a third methanol synthesis reactor. The first carbon monoxide stream may also
be flowed to the third methanol synthesis reactor. The method may include injecting carbon
monoxide and/or carbon dioxide, if needed, to the third methanol synthesis reactor to maintain
the stoichiometric number of hydrogen to carbon monoxide flowing in the third methanol
synthesis reactor equal to or greater than 2. The method may further still include reacting the
hydrogen, the carbon monoxide, and/or the carbon dioxide in the third methanol synthesis
reactor under reaction conditions sufficient to form methanol. The methanol formed in the first
methanol synthesis reactor, the second methanol synthesis reactor and the third methanol

synthesis reactor is collected.

[0008] The following includes definitions of various terms and phrases used throughout

this specification.

[0009] The terms “about” or “approximately” are defined as being close to as
understood by one of ordinary skill in the art. In one non-limiting embodiment the terms are
defined to be within 10%, preferably, within 5%, more preferably, within 1%, and most
preferably, within 0.5%.

[0010] The terms “wt.%”, “vol.%” or “mol.%” refers to a weight, volume, or molar

percentage of a component, respectively, based on the total weight, the total volume, or the
total moles of material that includes the component. In a non-limiting example, 10 moles of

component in 100 moles of the material is 10 mol.% of component.

[0011] The term “substantially” and its variations are defined to include ranges within

10%, within 5%, within 1%, or within 0.5%.

[0012] The terms “inhibiting” or “reducing” or “preventing” or “avoiding” or any
variation of these terms, when used in the claims and/or the specification, includes any

measurable decrease or complete inhibition to achieve a desired result.

[0013] The term “effective,” as that term is used in the specification and/or claims,

means adequate to accomplish a desired, expected, or intended result.

[0014] The term “stoichiometric number of hydrogen to carbon monoxide” or “Sn” as
that term is used in the specification and/or claims, refers to a ratio of [(Hz — CO2)/(CO + COz)],

where (H2 — CO») is the molar concentration difference between hydrogen and carbon dioxide
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in a mixture or a stream, and (CO + COz) is the molar concentration sum between carbon

monoxide and carbon dioxide in a mixture or a stream.

0015 The term “primarily” as used herein means greater than 50%, e.g., 51 to 99%,
p y

based on the measure, e.g., weight %, volume %, etc.

[0016] The use of the words “a” or “an” when used in conjunction with the term

R AN

“comprising,” “including,

2%

containing,” or “having” in the claims or the specification may

29 <C

mean “one,” but it is also consistent with the meaning of “one or more,” “at least one,” and

“one or more than one.”

[0017] The words “comprising” (and any form of comprising, such as “comprise” and
“comprises”), “having” (and any form of having, such as “have” and “has”), “including” (and
any form of including, such as “includes” and “include”) or “containing” (and any form of
containing, such as “contains” and “contain”) are inclusive or open-ended and do not exclude

additional, unrecited elements or method steps.

29 <C

[0018] The process of the present invention can “comprise,” “consist essentially of,”
or “consist of” particular ingredients, components, compositions, etc., disclosed throughout the

specification.

[0019] In the context of the present invention at least 16 embodiments are now
described. Embodiment 1 is a method of producing methanol. The method includes the steps
of dry-reforming natural gas to produce a first syngas stream containing hydrogen, carbon
monoxide, and/or carbon dioxide; flowing at least some of the first syngas stream to a first
methanol synthesis reactor, separating at least some of the first syngas stream in a
hydrogen/carbon monoxide separation unit to form a first hydrogen stream and a first carbon
monoxide stream; flowing the first hydrogen stream to the first methanol synthesis reactor;
reacting the carbon monoxide and/or carbon dioxide of the first syngas stream with hydrogen
of the first hydrogen stream and the hydrogen of the first syngas stream in the first methanol
synthesis reactor under reaction conditions sufficient to form methanol; separating an effluent
from the first methanol synthesis reactor to form a first methanol stream and a first byproduct
stream; splitting at least some of the first byproduct stream to form a first purge gas stream and
a first recycle stream; steam reforming natural gas to produce a second syngas stream
containing hydrogen, carbon monoxide, and carbon dioxide; flowing the second syngas stream

through a second methanol synthesis reactor; reacting the hydrogen, the carbon monoxide, and
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the carbon dioxide in the second syngas stream in the second methanol synthesis reactor under
reaction conditions sufficient to form methanol, separating an effluent from the second
methanol synthesis reactor to form a second methanol stream and a second byproduct stream;
splitting at least some of the second byproduct stream to form a second purge gas stream and a
second recycle stream; flowing a combined stream of the first purge gas stream and the second
purge gas stream through a third methanol synthesis reactor, wherein the combined stream
contains primarily hydrogen, carbon monoxide, and/or carbon monoxide; flowing the first
carbon monoxide stream to the third methanol synthesis reactor; and reacting the hydrogen in
the third methanol synthesis reactor with carbon monoxide and/or carbon dioxide in the third
methanol synthesis reactor under reaction conditions sufficient to form methanol and a third
purge gas stream. Embodiment 2 is the method of embodiment 1, wherein the hydrogen, the
carbon monoxide and the carbon dioxide flowing in each of the first methanol synthesis reactor,
the second methanol synthesis reactor and the third methanol synthesis reactor has a
stoichiometric number of hydrogen to carbon monoxide (SN) equal to or greater than 2.
Embodiment 3 is the method of any of embodiments 1 and 2, further including the step of
injecting carbon dioxide into the second syngas stream. Embodiment 4 is the method of any of
embodiments 1 to 3, further including the step of injecting carbon monoxide and/or carbon
dioxide to the third methanol synthesis reactor to maintain the stoichiometric number of
hydrogen to carbon monoxide (SN) no less than 2. Embodiment 5 is the method of any of
embodiments 1 to 4, further including the step of flowing at least some of the combined stream
of the first purge gas stream and the second purge gas stream to a first hydrogen separation
unit; separating the combined stream to form a second hydrogen stream and a first residue gas
stream via the first hydrogen separation unit; and flowing the second hydrogen stream to the
first syngas stream. Embodiment 6 is the method of any of embodiments 1 to 5, further
including the step of flowing the third purge gas stream to a second hydrogen separation unit;
separating the third purge gas stream to form a third hydrogen stream and a second residue gas
stream; and flowing the third hydrogen stream to the first syngas stream. Embodiment 7 is the
method of embodiment 6, wherein the third purge gas stream contains CO, COz, Hz, CHa, or
combinations thereof. Embodiment 8 is the method of any of embodiments 1 to 7, wherein the
reaction conditions in each of the methanol synthesis reactors include a reaction temperature
in a range of 200 oC to 300 oC. Embodiment 9 is the method of any of embodiments 1 to 8,
wherein the reaction conditions in each of the methanol synthesis reactors include a reaction
pressure of 50 bar to 100 bar. Embodiment 10 is the method of any of embodiments 1 to 9,

wherein the reacting in each of the methanol synthesis reactors is performed in the presence of
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a catalyst selected from the group consisting of copper and zinc supported on alumina,
chromium and manganese oxide, and combinations thereof. Embodiment 11 is the method of
any of embodiments 1 to 10, wherein the reaction conditions in each of the methanol synthesis
reactors include a gas hourly space velocity in a range of 8000 per hour to 10000 per hour.
Embodiment 12 is the method of any of embodiments 1 to 11, wherein the first purge gas
stream and the second purge gas stream contain Hz, CO, CO2, CH4, or combinations thereof.
Embodiment 13 is the method of any of embodiments 1 to 12, further including the step of
recycling the first recycle stream to the first methanol synthesis reactor, wherein the first
recycle stream contains unreacted hydrogen, unreacted carbon monoxide, and unreacted carbon
dioxide. Embodiment 14 is the method of any of embodiments 1 to 13, further including the
step of recycling the second recycle stream to the second methanol synthesis reactor, wherein
the second recycle stream contains unreacted hydrogen, unreacted carbon monoxide, and

unreacted carbon dioxide.

[0020] Embodiment 15 is a method of producing methanol, the method including the
step of dry-reforming natural gas to produce a first syngas stream containing hydrogen, carbon
monoxide, and/or carbon dioxide; flowing at least some of the first syngas stream to a first
methanol synthesis reactor; separating at least some of the first syngas stream via a
hydrogen/carbon monoxide separation unit to form a first hydrogen stream and a first carbon
monoxide stream; flowing the first hydrogen stream to the first methanol synthesis reactor;
reacting the carbon monoxide and/or carbon dioxide of the first syngas stream with the
hydrogen of the first hydrogen stream and the hydrogen of the first syngas stream in the first
methanol synthesis reactor under reaction conditions sufficient to form methanol; separating
an effluent from the first methanol synthesis reactor to form a first methanol stream and a first
byproduct stream; splitting at least some of the first byproduct stream to form a first purge gas
stream and a first recycle stream; steam reforming natural gas to produce a second syngas
stream containing hydrogen, carbon monoxide, and carbon dioxide; flowing the second syngas
stream through a second methanol synthesis reactor; injecting carbon dioxide and/or carbon
monoxide to the second syngas stream to ensure a stoichiometric number of hydrogen to carbon
monoxide (SN) flowing into the second methanol synthesis in a range of 2 to 2.1; reacting the
hydrogen, the carbon monoxide, and the carbon dioxide in the second syngas stream in the
second methanol synthesis reactor under reaction conditions sufficient to form methanol;
separating an effluent from the second methanol synthesis reactor to form a second methanol

stream and a second byproduct stream; splitting at least some of the second byproduct stream
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to form a second purge gas stream and a second recycle stream; flowing at least some of a
combined stream of the first purge gas stream and the second purge gas stream through a first
hydrogen separation unit to form a second hydrogen stream and a first residue gas stream;
flowing the second hydrogen stream to the first syngas stream; flowing at least some of the
combined stream of the first purge gas stream and the second purge gas stream through a third
methanol synthesis reactor, wherein the combined stream contains primarily hydrogen, carbon
monoxide, and/or carbon monoxide; flowing the first carbon monoxide stream to the third
methanol synthesis reactor; injecting carbon monoxide and/or carbon dioxide to the third
methanol synthesis reactor; reacting the hydrogen in the third methanol synthesis reactor with
carbon monoxide and/or carbon dioxide in the third methanol synthesis reactor under reaction
conditions sufficient to form methanol and a third purge gas stream; flowing the third purge
gas stream to a second hydrogen separation unit; separate the third purge gas stream in the
second hydrogen separation unit to form a third hydrogen stream and a second residue stream,;
and flowing the third hydrogen stream to the first syngas stream. Embodiment 16 is the method
of embodiment 15, wherein the first syngas stream flowing in the first methanol synthesis
reactor and the second syngas stream flowing in the second methanol synthesis reactor each

has a stoichiometric number of hydrogen to carbon monoxide (SN) equal to or greater than 2.

[0021] Other objects, features and advantages of the present invention will become
apparent from the following figures, detailed description, and examples. It should be
understood, however, that the figures, detailed description, and examples, while indicating
specific embodiments of the invention, are given by way of illustration only and are not meant
to be limiting. Additionally, it is contemplated that changes and modifications within the spirit
and scope of the invention will become apparent to those skilled in the art from this detailed
description. In further embodiments, features from specific embodiments may be combined
with features from other embodiments. For example, features from one embodiment may be
combined with features from any of the other embodiments. In further embodiments,

additional features may be added to the specific embodiments described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] For a more complete understanding, reference is now made to the following

descriptions taken in conjunction with the accompanying drawings, in which:
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[0023] FIG. 1 shows a schematic diagram of a system for producing methanol,

according to embodiments of the invention; and

[0024] FIG. 2 shows a schematic flowchart for a method of producing methanol,

according to embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0025] A method has been discovered for producing methanol using syngas streams
produced by both dry reforming and steam reforming of methane. The first syngas stream is
produced by dry reforming and then flowed to a first methanol synthesis reactor, and the second
syngas stream is produced by steam reforming and then flowed to a second methanol synthesis
reactor. The carbon monoxide produced in the first syngas stream is redistributed to the
combined purge gas stream from both methanol synthesis reactors. At least some of the
hydrogen from the combined purge gas stream is separated and recycled to the first syngas
stream. Thus, the stoichiometric number of hydrogen to carbon monoxide feeding to the first
methanol reactor may be maintained at approximately 2, improving the utilization rate of the
hydrogen and carbon monoxide. By further reacting the hydrogen, carbon monoxide, and/or
carbon dioxide of the combined purge gas stream in a third methanol synthesis reactor,
additional methanol is formed, thereby maximizing the utilization rate of hydrogen and carbon

monoxide produced by both dry reforming and steam reforming of methane.

[0026] With reference to FIG. 1, a schematic diagram is shown of methanol production
system 100, according to embodiments of the invention. Methanol production system 100 may
comprise dry reformer 101 that is configured to react methane with carbon dioxide to form
syngas stream 11 comprising primarily hydrogen, carbon monoxide, and/or carbon dioxide,
collectively. An outlet of dry reformer 101 may be in fluid communication with first methanol

synthesis reactor 102.

[0027] According to embodiments of the invention, the outlet of dry reformer 101 may
be in fluid communication with hydrogen/carbon monoxide separation unit 103, which is
configured to separate at least some of first syngas stream 11 (split syngas stream 12) into first
hydrogen stream 13 and first carbon monoxide stream 14. In embodiments of the invention,
hydrogen/carbon monoxide separation unit 103 may include pressure swing adsorption unit,

membrane separation unit, or combinations thereof. The outlet of hydrogen/carbon monoxide
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separation unit 103 for first hydrogen stream 13 may be in fluid communication with first

methanol synthesis reactor 102,

[0028] In embodiments of the invention, an effluent separator may be installed
downstream to first methanol synthesis reactor 102. The effluent separator may be configured
to separate an effluent from first methanol synthesis reactor 102 into first methanol stream 15
and first byproduct stream 16. A splitter may be used to split first byproduct stream 16 to form
first purge gas stream 17a and first recycle stream 17b. According to embodiments of the
invention, first purge gas stream 17a may comprise hydrogen, CHs, CO, COz, or combinations

thereof.

[0029] According to embodiments of the invention, methanol production system 100
may further include steam reformer 104, configured to react steam with methane to form
second syngas stream 18, which comprises hydrogen, carbon monoxide, and a small amount
of carbon dioxide (typically 2.0 vol.% to 6.0 vol.%). An outlet of steam reformer 104 is in
fluid communication with second methanol synthesis reactor 105. According to embodiments
of the invention, an effluent separator may be installed downstream to second methanol
synthesis reactor 105. The effluent separator may be configured to separate the effluent from
second methanol synthesis reactor 105 into second methanol stream 19 and second byproduct
stream 20. A splitter may be used to split at least some of second byproduct stream 20 to form
second purge gas stream 21a and second recycle stream 21b. In embodiments of the invention,
second purge gas stream 21a may include hydrogen, CHs, CO, CO2 or combinations thereof.
First purge gas stream 17a may be combined with second purge gas stream 2la to form

combined purge gas stream 22.

[0030] In embodiments of the invention, combined purge gas stream may be configured
to flow to first hydrogen separation unit 106. First hydrogen separation unit 106 may be
configured to separate at least some combined purge gas stream 22 into second hydrogen
stream 23 and first residue gas stream 24. First hydrogen separation unit 106 may comprise a
hydrogen outlet in fluid communication with first syngas stream 11, such that methanol
production system 100 is configured to flow second hydrogen stream 23 to first syngas stream
11 and subsequently first methanol synthesis reactor 102. In embodiments of the invention,
first hydrogen separation unit 106 may include pressure swing adsorption unit, membrane

separation unit, or combinations thereof.
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[0031] According to embodiments of the invention, methanol production system 100
may further include third methanol synthesis reactor 107 configured to receive at least some of
combined purge gas stream 22 and/or first carbon monoxide stream 14 from hydrogen/carbon
monoxide separation unit 103. Third methanol synthesis reactor 107 may be configured to
react the hydrogen from combined purge gas stream 22 with carbon monoxide from first carbon
monoxide stream 14 and/or combined purge stream 22 to form methanol in third methanol
stream 25. Third methanol synthesis reactor 107 may comprise an outlet in fluid
communication with second hydrogen separation unit 108 configured to flow third purge gas
stream 26 to second hydrogen separation unit 108. Second hydrogen separation unit 108 may
be configured to separate third purge gas stream 26 into third hydrogen stream 27 and second
residue gas stream 28. Third hydrogen stream 27 may be in fluid communication with first
syngas stream 11. In embodiments of the invention, examples of second hydrogen separation
unit 108 may include, but are not limited to pressure swing adsorption unit, membrane

separation unit, or combinations thereof.

[0032] In embodiments of the invention, methanol production system 100 may
comprise a control system configured to control flow rates of split syngas stream 12 flowing to
hydrogen/carbon monoxide separation unit 103. The control system may further be configured
to control the flow rate and/or flow rate ratio of first purge gas stream 17a to first recycle stream
17b and the flow rate and/or flow rate ratio of second purge gas stream 21a to second recycle
stream 21b. The control system may further be configured to control a flow rate and/or flow
rate ratio of the portion of combined purge gas stream 22 flowing to first hydrogen separation
unit 106 to the portion of combined purge gas stream 22 flowing to third methanol synthesis
reactor 107. The control system may further still be configured to control a flow rate of
additional carbon dioxide stream 29 injected to second methanol synthesis reactor 105, and a
flow rate of additional carbon dioxide/carbon monoxide stream 30 injected to third methanol
synthesis reactor 107. Overall, according to embodiments of the invention, the control system
ensures that the hydrogen, the carbon monoxide, and/or the carbon dioxide flowing in each of
first methanol synthesis reactor 102, second methanol synthesis reactor 105, and third methanol
synthesis reactor 107 has a stoichiometric number of hydrogen to carbon monoxide of at least

2, preferably, in a range of 2.0 to 2.1 and all ranges and values there between.

[0033] As shown in FIG. 2, embodiments of the invention include method 200 of

producing methanol. Method 200 may be implemented by methanol production system 100 as
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shown in FIG. 1. According to embodiments of the invention, method 200 may include dry-
reforming natural gas to produce first syngas stream 11 in dry reformer 101, as shown in block
201. In embodiments of the invention, the natural gas comprises primarily methane. The dry-
reforming may be performed at a reaction temperature of 850 to 950 °C and all ranges and
values there between, including 860 °C, 870 °C, 880 °C, 890 °C, 900 °C, 910 °C, 920 °C, 930
°C, and 940 °C. The dry-reforming may be performed at a reaction pressure of 1 to 20 bar and
all ranges and values there between including 2 bar, 3 bar, 4 bar, S bar, 6 bar, 7 bar, 8 bar, 9
bar, 10 bar, 11 bar, 12 bar, 13 bar, 14 bar, 15 bar, 16 bar, 17 bar, 18 bar, 19 bar. First syngas
stream 11 may comprise 30 to 50 vol.% hydrogen, 40 to 50 vol.% carbon monoxide, and 1 to
6 vol % carbon dioxide. The specific composition of first syngas stream 11 may be dependent
on the reaction pressure for the dry-reforming. Typically, the dry-reforming may have a
conversion rate of methane in a range of 50 to 95% and all ranges and values there between
including ranges of 50 to 55%, 55 to 60%, 60 to 65%, 65 to 70%, 70 to 75%, 75 to 80%, 80 to
85%, 85 to 90%, and 90 to 95%. The exact conversion rate of methane may be dependent on

the reaction pressure.

[0034] According to embodiments of the invention, first syngas stream 11 from dry
reformer 101 may comprise primarily hydrogen and carbon monoxide, collectively. First
syngas stream 11 may further include carbon dioxide. An stoichiometric number (Sx) of
hydrogen to carbon monoxide for typical syngas produced by dry reformer 101 is less than 1.
Sn is defined as [(H2 — CO2)/(CO + COz)], where (H2 — COz) is the molar concentration
difference between hydrogen and carbon dioxide and (CO + COz») is the molar concentration

sum between carbon monoxide and carbon dioxide.

[0035] As shown in block 202, method 200 may further include flowing at least some
of first syngas stream 11 to first methanol synthesis reactor 102. Further, block 203 shows that
method 200 may include flowing at least some of first syngas stream 11 (split syngas stream
12) to hydrogen/carbon monoxide separation unit 103, where split syngas stream 12 is
separated to form first hydrogen stream 13 and first carbon monoxide stream 14. First
hydrogen stream 13 then may be flowed to first methanol synthesis reactor 102, as shown in
block 204. According to embodiments of the invention, flowing first hydrogen stream 13 as
described in block 204 may include injecting first hydrogen stream 13 into first syngas stream
11 upstream or downstream to the flowing at least some of first syngas stream 11 (split syngas

stream 12) at block 203. In embodiments of the invention, the hydrogen, the carbon monoxide
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and/or the carbon dioxide flowing to first methanol synthesis reactor 102 may have a
stoichiometric number Sn no less than 2. Preferably, the stoichiometric number may be

maintained in a range of 2 to 2.1 and all ranges and values there between.

[0036] In embodiments of the invention, as shown in block 205, method 200 may
further comprise reacting the carbon monoxide and/or carbon dioxide of first syngas stream 11
with the hydrogen of first hydrogen stream 13 and the hydrogen of first syngas stream 11 in
first methanol synthesis reactor 102, under reaction conditions sufficient to form at least some
methanol. In embodiments of the invention, the reaction conditions at block 205 may include
a reaction temperature in a range of 200 °C to 300 °C and all ranges and values there between
including ranges of 200 °C to 205 °C, 205 °C to 210 °C, 210 °C to 215 °C, 215 °C to 220 °C,
220 °C to 225 °C, 225 °C to 230 °C, 230 °C to 235 °C, 235 °C to 240 °C, 240 °C to 245 °C, 245
°C to 250 °C, 250 °C to 255 °C, 255 °C to 260 °C, 260 °C to 265 °C, 265 °C to 270 °C, 270 °C
to 275 °C, 275 °C to 280 °C, 280 °C to 285 °C, 285 °C to 290 °C, 290 °C to 295 °C, or 295 °C
to 300 °C.

[0037] In embodiments of the invention, the reaction conditions at block 205 may
include a reaction pressure of 50 bar to 100 bar and all ranges and values there between,
including ranges of 50 bar to 55 bar, 55 bar to 60 bar, 60 bar to 65 bar, 65 bar to 70 bar, 70 bar
to 75 bar, 75 bar to 80 bar, 80 bar to 85 bar, 85 bar to 90 bar, 90 bar to 95 bar, or 95 bar to 100
bar. According to embodiments of the invention, the reacting in block 205 may be performed
in the presence of a catalyst. The catalyst may include a metal, a metal oxide, or combinations
thereof. Exemplary catalysts may include copper and/or zinc supported on alumina, chromium
and manganese oxide, and combinations thereof. In embodiments of the invention, the reaction
conditions may include a gas space velocity of 8000 to 10000 per hour and all ranges and values
there between, including 8100 per hour, 8200 per hour, 8300 per hour, 8400 per hour, 8500 per
hour, 8600 per hour, 8700 per hour, 8800 per hour, 8900 per hour, 9000 per hour, 9100 per
hour, 9200 per hour, 9300 per hour, 9400 per hour, 9500 per hour, 9600 per hour, 9700 per
hour, 9800 per hour, and 9900 per hour.

[0038] In embodiments of the invention, an effluent from first methanol synthesis
reactor 102 may comprise methanol, unreacted hydrogen, unreacted carbon monoxide, and
unreacted carbon dioxide. According to embodiments of the invention, the effluent from first
methanol synthesis reactor 102 may be separated to form first methanol stream 15 and first

byproduct stream 16 as shown in block 206. Block 207 shows that method 200 may include
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splitting at least some of first byproduct stream 16 to form first purge gas stream 17a and first
recycle stream 17b. First recycle stream 17b may be recycled back to first methanol synthesis
reactor 102. In embodiments of the invention, the splitting in block 207 may be configured to
control the hydrogen content flowing in first methanol synthesis reactor 102. According to
embodiments of the invention, first byproduct stream 16, first purge gas stream 17a, and first
recycle stream 17b each may include unreacted hydrogen, unreacted carbon monoxide, and
unreacted carbon dioxide. In general, the conversion rate of hydrogen in block 205 may be in
arange of 12% to 19%, whereas the conversion rate of carbon monoxide is about 66% to 77%
and carbon dioxide in the reaction has a conversion rate of 40% to 45%. This results in a high
hydrogen content in first byproduct stream 16 and in first methanol synthesis reactor 102.
Thus, first purge gas stream 17a may comprise primarily hydrogen at a concentration as high
as 90 vol %. First purge gas stream 17a may further comprise 2 vol.% carbon monoxide and/or

1 vol.% carbon dioxide.

[0039] In embodiments of the invention, as shown in block 208, method 200 may
further comprise steam reforming natural gas in steam reformer 104 to produce second syngas
stream 18. The steam reforming may be performed at a reaction temperature of 850 to 900 °C
and all ranges and values there between including ranges of 850 to 860 °C, 860 to 870 °C, 870
to 880 °C, 880 to 890 °C, and 890 to 900 °C. The steam reforming may be performed at a
reaction pressure of 1 to 25 bar and all ranges and values there between including 2 bar, 3 bar,
4 bar, 5 bar, 6 bar, 7 bar, 8 bar, 9 bar, 10 bar, 11 bar, 12 bar, 13 bar, 14 bar, 15 bar, 16 bar, 17
bar, 18 bar, 19 bar, 20 bar, 21 bar, 22 bar, 23 bar, and 24 bar. Typically, the steam reforming
may have a conversion rate of methane in a range of 80 to 86% and all ranges and values there
between including 81%, 82%, 83%, 84%, and 85%. Second syngas stream 18 may comprise
73 to 74 vol. % hydrogen, 16 to 17 vol. % carbon monoxide, and 6 to 7 vol.% carbon dioxide.
According to embodiments of the invention, carbon dioxide of additional carbon dioxide
stream 29 may be injected in second syngas stream 18, such that the hydrogen, the carbon
monoxide, the carbon dioxide flowing in second methanol synthesis reactor 105 have a

stoichiometric number Sn of no less than 2, preferably, 2 to 2.1.

[0040] As shown in block 209, second syngas stream 18 is flowed to second methanol
synthesis reactor 105. Method 200 may further include reacting the hydrogen, the carbon
monoxide, and the carbon dioxide of second syngas stream 18 in second methanol synthesis

reactor 105 under reaction conditions sufficient to form at least some methanol as shown in
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block 210. In embodiments of the invention, the reaction conditions at block 210 may be
substantially the same as reaction conditions at block 205, which include a reaction temperature
of 200 °C to 300 °C, a reaction pressure of 50 bar to 100 bar, and a gas hourly space velocity
of 8000 to 10000 per hour. Similar to block 205, the reacting in block 210 may be performed
in the presence of a catalyst. The catalyst may include a metal, a metal oxide, or combinations
thereof. Exemplary catalysts may include copper and/or zinc supported on alumina, chromium

and manganese oxide, and combinations thereof.

[0041] In embodiments of the invention, as shown in block 211, the effluent from
second methanol synthesis reactor 105 may be separated to form second methanol stream 19
and second byproduct stream 20. Block 212 shows that at least some of second byproduct
stream 20 may be split to form second purge gas stream 21a and second recycle stream 21b.
Second recycle stream 21b may be recycled back to second methanol synthesis reactor 105.
According to embodiments of the invention, second byproduct stream 20, second purge gas
stream 21a, and second recycle stream 21b each may comprise unreacted hydrogen, unreacted
carbon monoxide, and unreacted carbon dioxide. The hydrogen content in second purge gas
stream 21a may be in a range of 80 to 90 vol.% without COz injection. In embodiments of the
invention, second purge gas stream 21a may be configured to reduce the hydrogen content in
second recycle stream 21b and in second methanol synthesis reactor 105. According to
embodiments of the invention, first purge gas stream 17a and second purge gas stream 21a may
be combined to form combined purge gas stream 22. As shown in block 213, combined purge
gas stream 22 may be flowed through third methanol synthesis reactor 107. Block 214 shows
that first carbon monoxide stream 14 from hydrogen/carbon monoxide separation unit 103 may
be flowed through third methanol synthesis reactor 107. Further, in embodiments of the
invention, additional carbon monoxide and/or carbon dioxide of stream 30 may be injected in
third methanol synthesis reactor 107. The additional carbon monoxide and/or carbon dioxide
of stream 30 may be configured to maintain the stoichiometric number of hydrogen to carbon
monoxide (Sn) for the hydrogen, the carbon monoxide and the carbon dioxide flowing in third
methanol synthesis reactor 107 equal to or greater than 2, preferably 2 to 2.1. According to
embodiments of the invention, as shown in block 215, method 200 may further include reacting
the hydrogen with carbon monoxide and/or carbon dioxide in third methanol synthesis reactor
107 under reaction conditions sufficient to form methanol in third methanol stream 25 and third

purge gas stream 26.
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[0042] Similar to the reacting in blocks 205 and 210, in embodiments of the invention,
reaction conditions in block 215 may include a reaction temperature of 200 °C to 300 °C, a
reaction pressure of 50 bar to 100 bar, and a gas hourly space velocity of 80000 to 10000 per
hour. Similar to blocks 205 and 210, the reacting in block 215 may be performed in the
presence of a catalyst. The catalyst may include a metal, a metal oxide, or combinations
thereof. Exemplary catalysts may include, but are not limited to, copper and/or zinc supported

on alumina, chromium and manganese oxide, and combinations thereof.

[0043] In embodiments of the invention, methanol may be collected from first
methanol stream 15, second methanol stream 19 and third methanol stream 25, as shown in
block 216. Third purge gas stream 26, according to embodiments of the invention, may be
flowed to second hydrogen separation unit 108, where third purge gas stream 26 is separated
to form third hydrogen stream 27 and second residue gas stream 28, as shown in block 217. In
embodiments of the invention, second residue gas stream 28 may be enriched with hydrogen
and methane. As shown in block 218, third hydrogen stream 27 may be flowed into first syngas

stream 11.

[0044] As an alternative to, or in addition to flowing combined purge gas stream 22 to
third methanol synthesis reactor 107, at least some of combined purge gas stream 22 may be
flowed to first hydrogen separation unit 106, where at least some of combined purge gas stream
22 is separated to form second hydrogen stream 23 and first residue gas stream 24 as shown in
block 219. According to embodiments of the invention, second hydrogen stream 23 may be
flowed into first syngas stream 11, as shown in block 220. First hydrogen stream 13, second
hydrogen stream 23 and third hydrogen stream 27 may increase the stoichiometric number Sn
of hydrogen to carbon monoxide for first syngas stream 11 to more than 2, preferably 2 to 2.1.
In embodiments of the invention, first residue gas stream 24 may include carbon monoxide,
carbon dioxide, and/or hydrogen. First residue gas stream 24 may be combined with second

residue gas stream 28.

[0045] In summary, embodiments of the invention involve systems and methods for
producing methanol with improved efficiency and utilization rate of syngas. Each of the syngas
stream from dry reforming and syngas stream from steam reforming is flowed to a separate
methanol synthesis reactor. At least some of the combined purge gas stream from the two
methanol reactors is flowed to the third methanol synthesis reactor. Further, by feeding the

syngas stream formed by dry reforming with the hydrogen separated from the combined purge
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gas stream and the purge gas stream of the third methanol synthesis reactor, the stoichiometric
number Sn for syngas stream formed by dry reforming increases. Moreover, by separating at
least some carbon monoxide from the syngas stream formed by dry reforming and feeding the
separated carbon monoxide to the third methanol synthesis reactor, the stoichiometric number
Sw for syngas stream formed by dry reforming can be maintained above 2. The utilization rate

for carbon monoxide can also be increased.

[0046] Although embodiments of the present invention have been described with
reference to blocks of FIG. 2, it should be appreciated that operation of the present invention
is not limited to the particular blocks and/or the particular order of the blocks illustrated in FIG.
2. Accordingly, embodiments of the invention may provide functionality as described herein

using various blocks in a sequence different than that of FIG. 2.

[0047] Although embodiments of the present application and their advantages have
been described in detail, it should be understood that various changes, substitutions and
alterations can be made herein without departing from the spirit and scope of the embodiments
as defined by the appended claims. Moreover, the scope of the present application is not
intended to be limited to the particular embodiments of the process, machine, manufacture,
composition of matter, means, methods and steps described in the specification. As one of
ordinary skill in the art will readily appreciate from the above disclosure, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized. Accordingly, the
appended claims are intended to include within their scope such processes, machines,

manufacture, compositions of matter, means, methods, or steps.
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CLAIMS

A method of  producing methanol, the method comprising:
dry-reforming natural gas to produce a first syngas stream comprising
hydrogen, carbon monoxide, and/or carbon dioxide;
flowing at least some of the first syngas stream to a first methanol synthesis
reactor;
separating at least some of the first syngas stream in a hydrogen/carbon
monoxide separation unit to form a first hydrogen stream and a first carbon monoxide
stream,;
flowing the first hydrogen stream to the first methanol synthesis reactor;
reacting the carbon monoxide and/or carbon dioxide of the first syngas stream
with hydrogen of the first hydrogen stream and the hydrogen of the first syngas stream
in the first methanol synthesis reactor under reaction conditions sufficient to form
methanol;
separating an effluent from the first methanol synthesis reactor to form a first
methanol stream and a first byproduct stream;
splitting at least some of the first byproduct stream to form a first purge gas
stream and a first recycle stream,
steam reforming natural gas to produce a second syngas stream comprising
hydrogen, carbon monoxide, and carbon dioxide;
flowing the second syngas stream through a second methanol synthesis reactor;
reacting the hydrogen, the carbon monoxide, and the carbon dioxide in the
second syngas stream in the second methanol synthesis reactor under reaction
conditions sufficient to form methanol;
separating an effluent from the second methanol synthesis reactor to form a
second methanol stream and a second byproduct stream;
splitting at least some of the second byproduct stream to form a second purge
gas stream and a second recycle stream;
flowing a combined stream of the first purge gas stream and the second purge
gas stream through a third methanol synthesis reactor, wherein the combined stream
comprises primarily hydrogen, carbon monoxide, and/or carbon monoxide;
flowing the first carbon monoxide stream to the third methanol synthesis

reactor; and
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reacting the hydrogen in the third methanol synthesis reactor with carbon
monoxide and/or carbon dioxide in the third methanol synthesis reactor under reaction

conditions sufficient to form methanol and a third purge gas stream.

The method of claim 1, wherein the hydrogen, the carbon monoxide and the carbon
dioxide flowing in each of the first methanol synthesis reactor, the second methanol
synthesis reactor and the third methanol synthesis reactor has a stoichiometric number

of hydrogen to carbon monoxide (Sn) equal to or greater than 2.

The method of any of claims 1 and 2, further comprising injecting carbon dioxide into

the second syngas stream.

The method of any of claims 1 and 2, further comprising injecting carbon monoxide
and/or carbon dioxide to the third methanol synthesis reactor to maintain the

stoichiometric number of hydrogen to carbon monoxide (Sn) no less than 2.

The method of any of <claims 1 and 2, further comprising:
flowing at least some of the combined stream of the first purge gas stream and
the second purge gas stream to a first hydrogen separation unit;
separating the combined stream to form a second hydrogen stream and a first
residue gas stream via the first hydrogen separation unit; and

flowing the second hydrogen stream to the first syngas stream.

The method of any of «claims 1 and 2, further comprising:
flowing the third purge gas stream to a second hydrogen separation unit;
separating the third purge gas stream to form a third hydrogen stream and a

second residue gas stream; and

flowing the third hydrogen stream to the first syngas stream.

The method of claim 6, wherein the third purge gas stream comprises CO, CO2, Ha,

CHs4, or combinations thereof.

The method of any of claims 1 and 2, wherein the reaction conditions in each of the
methanol synthesis reactors include a reaction temperature in a range of 200 °C to 300

°C.
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The method of any of claims 1 and 2, wherein the reaction conditions in each of the

methanol synthesis reactors include a reaction pressure of 50 bar to 100 bar.

The method of any of claims 1 and 2, wherein the reacting in each of the methanol
synthesis reactors is performed in the presence of a catalyst selected from the group
consisting of copper and zinc supported on alumina, chromium and manganese oxide,

and combinations thereof.

The method of any of claims 1 and 2, wherein the reaction conditions in each of the
methanol synthesis reactors comprise a gas hourly space velocity in a range of 8000 per

hour to 10000 per hour.

The method of any of claims 1 and 2, wherein the first purge gas stream and the second

purge gas stream comprise Ha, CO, COz, CH4, or combinations thereof.

The method of any of «claims 1 and 2, further comprising:

recycling the first recycle stream to the first methanol synthesis reactor, wherein
the first recycle stream comprises unreacted hydrogen, unreacted carbon monoxide, and

unreacted carbon dioxide.

The method of any of «claims 1 and 2, further comprising:

recycling the second recycle stream to the second methanol synthesis reactor,
wherein the second recycle stream comprises unreacted hydrogen, unreacted carbon

monoxide, and unreacted carbon dioxide.

A method of  producing methanol, the method comprising:
dry-reforming natural gas to produce a first syngas stream comprising
hydrogen, carbon monoxide, and/or carbon dioxide;
flowing at least some of the first syngas stream to a first methanol synthesis
reactor;
separating at least some of the first syngas stream via a hydrogen/carbon
monoxide separation unit to form a first hydrogen stream and a first carbon monoxide
stream,;
flowing the first hydrogen stream to the first methanol synthesis reactor;
reacting the carbon monoxide and/or carbon dioxide of the first syngas stream

with the hydrogen of the first hydrogen stream and the hydrogen of the first syngas
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stream in the first methanol synthesis reactor under reaction conditions sufficient to
form methanol;
separating an effluent from the first methanol synthesis reactor to form a first
methanol stream and a first byproduct stream;
splitting at least some of the first byproduct stream to form a first purge gas
stream and a first recycle stream,
steam reforming natural gas to produce a second syngas stream comprising
hydrogen, carbon monoxide, and carbon dioxide;
flowing the second syngas stream through a second methanol synthesis reactor;
injecting carbon dioxide and/or carbon monoxide to the second syngas stream
to ensure a stoichiometric number of hydrogen to carbon monoxide (Sn) flowing into
the second methanol synthesis in a range of 2 to 2.1,
reacting the hydrogen, the carbon monoxide, and the carbon dioxide in the
second syngas stream in the second methanol synthesis reactor under reaction
conditions sufficient to form methanol;
separating an effluent from the second methanol synthesis reactor to form a
second methanol stream and a second byproduct stream;
splitting at least some of the second byproduct stream to form a second purge
gas stream and a second recycle stream;
flowing at least some of a combined stream of the first purge gas stream and the
second purge gas stream through a first hydrogen separation unit to form a second
hydrogen stream and a first residue gas stream;
flowing the second hydrogen stream to the first syngas stream;
flowing at least some of the combined stream of the first purge gas stream and
the second purge gas stream through a third methanol synthesis reactor, wherein the
combined stream comprises primarily hydrogen, carbon monoxide, and/or carbon
monoxide;
flowing the first carbon monoxide stream to the third methanol synthesis
reactor;
injecting carbon monoxide and/or carbon dioxide to the third methanol
synthesis reactor;
reacting the hydrogen in the third methanol synthesis reactor with carbon
monoxide and/or carbon dioxide in the third methanol synthesis reactor under reaction

conditions sufficient to form methanol and a third purge gas stream;
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flowing the third purge gas stream to a second hydrogen separation unit;
separate the third purge gas stream in the second hydrogen separation unit to

a third hydrogen stream and a second residue stream; and

flowing the third hydrogen stream to the first syngas stream.

The method of claim 15, wherein the first syngas stream flowing in the first methanol

synthesis reactor and the second syngas stream flowing in the second methanol

synthesis reactor each has a stoichiometric number of hydrogen to carbon monoxide

(Sn) equal to or greater than 2.
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