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(57) ABSTRACT 
Refining assemblies and methods for refining rich natural 
gas containing a first methane gas and other hydrocarbons 
that are heavier than methane gas are disclosed. In some 
embodiments, the assemblies may include a methane-pro 
ducing assembly configured to receive at least one liquid 
containing feed stream that includes water and rich natural 
gas and to produce an output stream therefrom by (a) 
converting at least a Substantial portion of the other hydro 
carbons of the rich natural gas with the water to a second 
methane gas, a lesser portion of the water, and other gases, 
and (b) allowing at least a substantial portion of the first 
methane gas from the rich natural gas to pass through the 
methane-producing assembly unconverted. The assemblies 
may additionally include a purification assembly configured 
to receive the output stream and to produce a methane-rich 
stream therefrom having a greater methane concentration 
than the output stream. 
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REFINING ASSEMBLES AND REFINING 
METHODS FOR RCH NATURAL. GAS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of U.S. Provisional 
Patent Application Ser. No. 62/078,505, which was filed on 
Nov. 12, 2014 and entitled “Process and Method of Refining 
Wet Natural Gas.” Additionally, this application claims the 
benefit of U.S. Provisional Patent Application Ser. No. 
62/128,682, which was filed on Mar. 5, 2015 and entitled 
“Membrane-Assisted Process and Method of Refining Wet 
Natural Gas.” The complete disclosures of the above appli 
cations are hereby incorporated by reference for all pur 
poses. 

BACKGROUND OF THE DISCLOSURE 

Rich natural gas is a mixture of hydrocarbon compounds 
that includes methane gas and other hydrocarbon com 
pounds (or other hydrocarbons) heavier than methane gas. 
Rich natural gas may include methane gas in any concen 
tration, such as 50% or higher. The other hydrocarbon 
compounds may include any compounds with hydrogen 
atoms and two or more carbon atoms, such as ethane, 
propane, butane, isobutene, pentane, propylene, and/or other 
hydrocarbon compounds. Rich natural gas may be found in 
crude oil wells, gas wells, condensate wells, and/or other 
Sources. In crude oil wells, the rich natural gas may be 
dissolved in oil at the high pressures existing in a well and/or 
as a gas cap above the oil. 
The rich natural gas may need to be purified to at least 

substantially remove or separate the other hydrocarbon 
compounds from the methane gas before the natural gas is 
used. The purified or product stream may be used in a variety 
of applications. One such application is for combustion 
engines, such as the combustion engines used in commercial 
engine-driven generators (gensets). The separated other 
hydrocarbon compounds also may be used in a variety of 
applications, such as inputs for petrochemical plants, space 
heating and cooking, and for blending into vehicle fuel. 

SUMMARY OF THE DISCLOSURE 

Some embodiments may provide a refining assembly for 
rich natural gas containing a first methane gas and other 
hydrocarbons that are heavier than methane gas. In some 
embodiments, the refining assembly may include a methane 
producing assembly configured to receive at least one liquid 
containing feed stream that includes water and rich natural 
gas and to produce an output stream therefrom by (a) 
converting at least a Substantial portion of the other hydro 
carbons of the rich natural gas with the water to a second 
methane gas, a lesser portion of the water, and other gases, 
and (b) allowing at least a substantial portion of the first 
methane gas from the rich natural gas to pass through the 
methane-producing assembly unconverted. The refining 
assembly may additionally include a purification assembly 
configured to receive the output stream and to produce a 
methane-rich stream therefrom having a greater methane 
concentration than the output stream. 

In some embodiments, the refining assembly may include 
a vaporizer configured to receive and vaporize at least a 
portion of at least one liquid-containing feedstream that 
includes water and rich natural gas to form an at least 
Substantially vaporized stream. The refining assembly may 
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2 
additionally include a methane-producing reactor containing 
a catalyst and configured to receive the vaporized feed 
stream and to produce an output stream by (a) converting at 
least a substantial portion of the other hydrocarbons with the 
water to a second methane gas, a lesser portion of the water, 
hydrogen gas, and carbon oxide gas, and (b) allowing at least 
a Substantial portion of the first methane gas from the rich 
natural gas stream to pass through the methane-producing 
reactor unconverted. The refining assembly may further 
include a first heating assembly configured to receive at least 
one fuel stream and at least one air stream and produce a 
heated exhaust stream for heating at least one of the vapor 
izer to at least a minimum vaporization temperature or the 
methane-producing reactor to at least a minimum methane 
producing temperature. The refining assembly may addi 
tionally include a purification assembly configured to 
receive the output stream and to produce a methane-rich 
stream therefrom having a greater methane concentration 
than the output stream. 
Some embodiments may provide a method of refining rich 

natural gas containing a first methane gas and other hydro 
carbons that are heavier than methane gas. In some embodi 
ments, the method may include converting at least a Sub 
stantial portion of the other hydrocarbons of the rich natural 
gas with water to an output stream containing a second 
methane gas, a lesser portion of the water, hydrogen gas, and 
carbon oxide gas. Converting at least a Substantial portion of 
the other hydrocarbons may include not converting at least 
a Substantial portion of the first methane gas from the rich 
natural gas. The method may additionally include removing 
at least a portion of the water from the output stream to 
produce an at least substantially dried stream therefrom. The 
method may further include converting at least a portion of 
the carbon oxide gas and at least a portion of the hydrogen 
gas from the at least Substantially dried stream to methane 
gas to form an intermediate stream therefrom containing a 
lower concentration of hydrogen gas and carbon oxide gas 
compared to the at least substantially dried stream. The 
method may additionally include separating, from the inter 
mediate stream, at least a portion of the carbon oxide gas to 
form a byproduct stream therefrom. The remaining portion 
of the intermediate stream may form at least part of a 
methane-rich stream having a greater methane concentration 
than the intermediate stream. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view of an example of a refining 
assembly for rich natural gas. 

FIG. 2 is a schematic view of an example of a methane 
producing assembly of the refining assembly of FIG. 1. 

FIGS. 3-5 are schematic views of different configurations 
for the methane-producing assembly of FIG. 2. 

FIG. 6 is a schematic view of an example of a purification 
assembly of the refining assembly of FIG. 1. 

FIG. 7 is a schematic view of an example of a water 
removal assembly of the purification assembly of FIG. 6. 

FIG. 8 is a schematic view of an example of a gas removal 
assembly of the purification assembly of FIG. 6. 

FIGS. 9-10 are schematic views of different configura 
tions for the gas removal assembly of FIG. 8. 

FIG. 11 is a schematic view of another example of a gas 
removal assembly of the purification assembly of FIG. 6. 

FIG. 12 is a schematic view of another example of a 
refining assembly for rich natural gas. 

FIG. 13 is a schematic view of an example of a methane 
producing assembly of the refining assembly of FIG. 12. 
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FIG. 14 is a schematic view of an example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 15 is a schematic view of another example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 16 is a schematic view of a further example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 17 is a schematic view of another example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 18 is a schematic view of a further example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 19 is a schematic view of another example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 20 is a schematic view of a membrane contactor of 
the gas removal assembly of FIG. 19. 

FIG. 21 is a schematic view of an example of a membrane 
of the membrane contactor of FIG. 20. 

FIG. 22 is a schematic view of another example of a 
membrane of the membrane contactor of FIG. 20. 

FIG. 23 is a schematic view of a further example of a gas 
removal assembly of the refining assembly of FIG. 12. 

FIG. 24 is a schematic view of another example of a 
refining assembly for rich natural gas. 

FIG. 25 is an example of a plate burner of a heating 
assembly for a refining assembly. 

FIG. 26 is an example of a method of refining rich natural 
gaS. 

DETAILED DESCRIPTION OF THE 
DISCLOSURE 

FIG. 1 shows an example of a refining assembly 30 for 
rich natural gas. Unless specifically excluded refining 
assembly 30 may include one or more components of other 
refining assemblies and/or other assemblies described in this 
disclosure. The refining assembly may include any Suitable 
structure configured to receive at least one rich natural gas 
stream 32 and generate a product methane stream 34. For 
example, the refining assembly may include a feedstock 
delivery system 36 and a fuel processing system 38. The 
feedstock delivery system may include any Suitable structure 
configured to selectively deliver at least one feed stream 40 
(which includes rich natural gas stream 32) to the fuel 
processing assembly. 

In some embodiments, feedstock delivery system 36 may 
additionally include any suitable structure configured to 
selectively deliver at least one fuel stream 44 from a fuel 
Source 42 (such as storage cylinder(s) or vessel(s)) to one or 
more burners and/or other heating assemblies of fuel pro 
cessing system 38. The feedstock delivery system may 
include any Suitable delivery mechanisms, such as pumps, 
compressors, and/or other mechanism(s) for propelling fluid 
streams. In some embodiments, feedstock delivery system 
36 may be configured to deliver feed stream(s) 40 and/or 
fuel stream(s) 44 without requiring the use of pumps, 
compressors, and/or other electrically powered fluid-deliv 
ery mechanisms. In some embodiments, feedstock delivery 
system may include a heat exchanger and/or other heating 
device(s) configured to pre-heat or heat one more streams, 
Such as feed stream(s) 40, prior to fuel processing system 38. 

Feed stream 40 may include a methane-production fluid 
stream 46 and rich natural gas stream 32. The methane 
production fluid stream may include at least one methane 
production fluid, such as water from a water source 41. 
Water source 41 may include a connection to publicly 
available water (e.g., tap water, running water, municipal 
water, etc.), a storage vessel, a Surface water Source (e.g., 
river, lake, etc.), a groundwater source, and/or other 
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4 
Source(s). In some embodiments, water from water source 
41 may be deionized prior to delivery as methane-produc 
tion fluid stream 46. Rich natural gas stream 32 may be from 
a rich natural gas source 48, Such as a well head, a storage 
vessel, and/or other source(s). When methane-production 
fluid stream 46 includes liquid water, feed stream 40 may 
Sometimes be referred to as a "liquid-containing feed 
stream.” The ratio of water to rich natural gas delivered by 
the feedstock delivery system to the fuel processing system 
may vary according to one or more factors, such as the 
amount of carbon in the rich natural gas, user preferences, 
design of the fuel processing system, mechanism(s) used by 
the fuel processing system to generate the product methane 
stream, etc. For example, the molar ratio of water to carbon 
atoms or steam-to-carbon ratio may be 1:1 to 4:1, preferably 
1.5:1 to 3:1, and particularly preferred 1.8:1 to 2.5:1. In 
Some embodiments, the feedstock delivery system may 
control the flow of methane-production fluid stream 46 
and/or rich natural gas stream 32 to provide one or more of 
the above molar ratios to the fuel processing system. 

In some embodiments, rich natural gas stream 32 may be 
treated in a desulfurization assembly 50 to produce a des 
ulfurized rich natural gas stream 52, such as prior to delivery 
to fuel processing system 38 Desulfurization assembly 50 
may include any suitable structure configured to use any 
Suitable mechanism(s) to at least Substantially remove Sulfur 
compounds (e.g., organosulfur compounds, hydrogen Sul 
fides, carbonyl sulfides, and/or other Sulfur-containing com 
pounds) from the rich natural gas. For example, desulfur 
ization assembly 50 may include a tower containing an 
amine solution (e.g., monoethanolamine and dietha 
nolamine) that is configured to absorb sulfur compounds. 

Although feedstock delivery system 36 is shown to be 
configured to deliver a single feed stream 40, the feedstock 
delivery system may be configured to deliver two or more 
feed streams 40. Those streams may contain the different 
compositions, at least one common component, no common 
components, or the same compositions. For example, feed 
stock delivery system may be configured to deliver methane 
production fluid stream 46 and rich natural gas stream 32 
separately into the fuel processing system. Additionally, 
although feedstock delivery system 36 may, in some 
embodiments, be configured to deliver a single fuel stream 
44, the feedstock delivery system may be configured to 
deliver two or more fuel streams. 
The fuel streams may have different compositions, at least 

one common component, no common components, or the 
same compositions. Moreover, the rich natural gas, meth 
ane-production fluid, and fuel streams may be discharged 
from the feedstock delivery system in different phases. For 
example, one or more of the streams may be liquid stream(s) 
(such as the water and/or fuel streams) while the one or more 
of the other streams may be gas streams (such as the rich 
natural gas stream(s)). Furthermore, although refining 
assembly 30 is shown to include a single feedstock delivery 
system 36, the refining assembly may include two or more 
feedstock delivery systems 36. 

Fuel processing system 38 may include any Suitable 
structure configured to process feed stream(s) 40. Such as to 
increase concentration of methane gas and/or reduce con 
centration of other components in the rich natural gas 
stream. For example, fuel processing system 38 may include 
a methane-producing assembly 54 configured to produce an 
output stream 56 containing methane gas via any Suitable 
methane-producing mechanism(s). The output stream may 
include methane gas as at least a majority component and 
may include additional gaseous component(s). Output 
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stream 56 may therefore be referred to as a “mixed gas 
stream” that contains methane gas as its majority component 
but which includes water and other gases. 

Methane-producing assembly 54 may include any Suit 
able catalyst-containing bed or region. When the methane 
producing mechanism is heavy hydrocarbon reforming, the 
methane-producing assembly may include a Suitable heavy 
hydrocarbon reforming catalyst 58 to facilitate production of 
output stream(s) 56 from feed stream(s) 40. In such an 
embodiment, methane-producing assembly 54 may convert 
at least a substantial portion of other hydrocarbons that are 
heavier than methane gas with water to methane gas, a lesser 
portion of the water, and other gases. 

Additionally, methane-producing assembly 54 may allow 
at least a Substantial portion of methane gas from rich natural 
gas stream(s) 32 to pass through the methane-producing 
assembly unchanged, unreacted, and/or unconverted. In 
other words, methane gas in output stream 56 may include 
(1) methane gas in the rich natural gas stream(s) prior to 
methane-producing assembly 54 and fuel processing system 
38, and (2) methane gas that was produced in methane 
producing assembly 54 from the conversion of other hydro 
carbons in the rich natural gas stream(s) with water. When 
heavy hydrocarbon reforming is the methane-producing 
mechanism in methane-producing assembly 54, methane 
producing assembly 54 may sometimes be referred to as a 
“heavy hydrocarbon reformer,” and output stream 56 may 
sometimes be referred to as a “reformate stream.” The other 
gases that may be present in the reformate stream may 
include carbon oxide gas and/or hydrogen gas. As used 
herein, 'carbon oxide gas” refers to carbon dioxide gas 
and/or carbon monoxide gas. 

In some embodiments, fuel processing system 38 may 
include a purification (or separation) assembly 62, which 
may include any Suitable structure configured to produce at 
least one methane-rich stream 64 from output (or mixed gas) 
stream 56. Methane-rich stream 64 may include a greater 
methane concentration than output stream 56 and/or a 
reduced concentration of water and one or more other gases 
(or impurities) that were present in that output stream. 
Product methane stream 34 includes at least a portion of 
methane-rich stream 64. Thus, product methane stream 34 
and methane-rich stream 64 may be the same stream and 
have the same composition and flow rates. Alternatively, 
Some of the purified methane gas in methane-rich stream 64 
may be stored for later use. Such as in a Suitable methane 
storage assembly and/or consumed by the fuel processing 
system. Purification assembly 62 also may be referred to as 
a “methane purification device' or a “methane processing 
assembly.” 

In Some embodiments, purification assembly 62 may 
produce one or more streams 66 other than methane-rich 
stream 64. For example, purification assembly 62 may 
produce at least one reclaimed water stream 68, which may 
be at least substantially liquid water. The reclaimed water 
stream may be discharged to drain, stored for later use, 
deionized, sent to feedstock delivery system 36 (such as to 
Supplement water source 41), and/or otherwise utilized, 
stored, and/or disposed. Additionally, purification assembly 
62 may produce the reclaimed water stream as a continuous 
stream responsive to the delivery of output stream 56, or 
may produce that stream intermittently, such as in a batch 
process or when the water portion of the output stream is 
retained at least temporarily in the purification assembly. 

Additionally, purification assembly 62 may produce at 
least one byproduct stream 70, which may contain no 
methane gas or some methane gas. The byproduct stream 
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may be exhausted, sent to a burner assembly and/or other 
combustion source, sent to feedstock delivery system 36 
(such as to Supplement fuel source 42), stored for later use, 
and/or otherwise utilized, stored, and/or disposed. Addition 
ally, purification assembly 62 may produce the byproduct 
stream as a continuous stream responsive to the delivery of 
output stream 56, or may produce that stream intermittently, 
Such as in a batch process or when the byproduct portion of 
the output stream is retained at least temporarily in the 
purification region. 

Fuel processing system 38 may include one or more 
purification assemblies 62 configured to produce one or 
more reclaimed water streams and/or one or more byproduct 
streams. The byproduct streams 70 may contain sufficient 
amounts of methane gas and/or other flammable/combus 
tible gases to be suitable for use as a fuel stream, Such as for 
one or more heating assemblies of the fuel processing 
system. In some embodiments, the byproduct stream may 
have sufficient fuel value or methane content to enable one 
or more heating assemblies to maintain the methane-pro 
ducing assembly at a desired operating temperature or 
within a selected range of temperatures, and/or to maintain 
one or more assemblies in purification assemblies 62 at a 
predetermined operating temperature or within a predeter 
mined range of temperatures. 

Purification assembly 62 may include any suitable struc 
ture configured to enrich (and/or increase) the concentration 
of at least one component of output stream 56. In most 
applications, methane-rich stream 64 will have a greater 
methane concentration than output stream (or mixed gas 
stream) 56. The methane-rich stream may alternatively, or 
additionally, have a reduced concentration of one or more 
non-methane components that were present in output stream 
56 with the methane concentration of the methane-rich 
stream being more, the same, or less than the output stream. 

Examples of suitable devices for purification assembly 62 
include gas dryers 72 and/or water knockout devices 74, 
which may additionally produce reclaimed water stream(s) 
68. Other examples of suitable devices for purification 
assembly include one or more synthetic natural gas (SNG) 
reactors 76, scrubbers 78, carbon oxide-selective mem 
branes 80, and/or membrane contactors 82, which may 
additionally produce byproduct stream(s) 70. Purification 
assembly 62 may include more than one type of purification 
device and the devices may have the same or different 
structures and/or operate by the same or different mecha 
nism(s). For example, purification assembly 62 may include 
multiple gas dryers 72 and/or water knockout devices 74. In 
Some examples, a water knockout device 74 and/or a gas 
dryer 72 may be upstream one or more of the other devices 
in purification assembly 62. For example, purification 
assembly 62 may include a water knockout device 74 and/or 
a gas dryer 72 upstream each SNG reactor 76, scrubber 78, 
carbon oxide-selective membrane 80, and/or membrane 
contactor 82 
Gas dryers 72 may include devices that are capable of 

selectively removing water vapor from a gas stream. 
Examples of gas dryers 72 include water-selective mem 
branes, desiccant beds, refrigeration dryers, and/or other 
devices for removing water vapor from gases. An example 
of a suitable refrigeration dryer is the Drypoint(R) RA series 
sold by Beko or the SPL series sold by Parker. Water 
knockout devices 74 may include devices that separate out 
liquid water (e.g., entrained liquid water). Such as coalescing 
filters. SNG reactors 76 may convert carbon oxide gas (such 
as carbon dioxide gas and/or carbon monoxide gas) and 
hydrogen gas to produce methane gas and water. In some 
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embodiments, SNG reactors 76 may cause hydrogen to react 
primarily with carbon dioxide gas, and secondarily with 
carbon monoxide gas. 

Scrubbers 78 may receive at least one absorbent that is 
adapted to absorb carbon oxide gas and/or hydrogen gas. 
The scrubbers may include an absorber (or absorber portion) 
configured to direct the flow of the gas stream with carbon 
oxide and/or hydrogen gas through the at least one absorbent 
that is adapted to absorb the carbon oxide gas and/or 
hydrogen gas from that gas stream. The absorbent may be a 
liquid and/or solid. In some embodiments, scrubbers 78 may 
include a stripper (or stripper portion) downstream from the 
absorber portion. The stripper may be configured to strip 
and/or remove at least a Substantial portion of the carbon 
oxide gas and/or hydrogen gas from the absorbent. 

Carbon oxide-selective membranes 80 may be permeable 
to carbon oxide gas and/or hydrogen gas, but are at least 
substantially (if not completely) impermeable to methane in 
output stream 56. Membranes 80 may be formed of any 
carbon oxide-permeable and/or hydrogen-permeable mate 
rial Suitable for use in the operating environment and 
parameters in which purification assembly 62 is operated. 
Examples of suitable materials for membranes 80 include 
cellulose acetate, polyimide, polysulfone, and poly(amido 
amine) doped poly(ethylene glycol). 
Membrane contactors 82 may include devices that include 

carbon oxide-selective membranes to separate carbon oxide 
gas and/or hydrogen gas, and a liquid absorbent adapted to 
absorb carbon oxide gas and/or hydrogen gas. For example, 
a permeate side of the carbon oxide-selective membranes 
may receive liquid absorbent. Carbon oxide gas and/or 
hydrogen gas may pass from a feed side to the permeate side, 
and then may be absorbed by the liquid absorbent. The 
membranes may provide a stable interface to allow gas 
liquid contacting over a large total Surface area without 
foaming, large gas contacting columns, etc. 

Methane-producing assembly 54 and/or purification 
assembly 62 may each be contained within an assembly 
housing or assembly shell 84. In some embodiments, puri 
fication assembly 62 may include separate assembly hous 
ings or assembly shells 84 for each component or set of 
components. For example, when purification assembly 62 
includes one or more SNG reactors 76, those reactors may 
be contained within an assembly housing or an assembly 
shell 84 separate from other components or assemblies of 
purification assembly 62. Those other components also may 
be contained in separate assembly housings or assembly 
shells 84. Assembly shell 84 may include insulating material 
86. Such as a Solid insulating material, blanket insulating 
material, and/or an air-filled cavity. The insulating material 
may be internal the shell, external the shell, or both. When 
the insulating material is external a shell, fuel processing 
system 38 may further include an outer cover orjacket 88 
external the insulation, as schematically illustrated in FIG.1. 

Fuel processing system 38 may additionally include a 
frame 90 that supports methane-producing assembly 54 
and/or purification assembly 62. In some embodiments, the 
methane-producing assembly and/or the purification assem 
bly may additionally be contained within a system housing 
or system shell 92. Frame 90 and/or system shell 92 may 
enable components of fuel processing system to be moved as 
a unit. The shell also may protect components of the fuel 
processing system from damage by providing a protective 
enclosure. In some embodiments, system shell 92 may 
include insulating material and/or an outer cover orjacket. 
The fuel processing system may include a different system 
frame and/or system shell that includes additional compo 
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nents of the refining assembly, Such as feedstock delivery 
system 36 and/or other components. 
One or more components of fuel processing system 38 

may either extend beyond the frame and/or system shell or 
be located external the frame and/or system shell. For 
example, one or more components and/or assemblies of 
purification assembly 62 may be located external the frame 
and/or system shell. Such as being spaced-away from the 
shell but in fluid communication by suitable fluid-transfer 
conduits. As another example, a portion of methane-produc 
ing assembly 54 may extend beyond the shell, such as 
indicated Schematically with a dashed line representing an 
alternative shell configuration in FIG. 1. 
An example of a methane-producing assembly 54 is 

shown in FIG. 2, which is generally indicated at 94. Unless 
specifically excluded, methane-producing assembly 94 may 
include one or more components of other methane-produc 
ing assemblies and/or other assemblies described in this 
disclosure. Methane-producing assembly 94 may include at 
least one vaporizing region or vaporizer 96, at least one 
methane-producing region or reactor 98, and at least one 
heating assembly 100. 

Vaporizer 96 may include any suitable structure config 
ured to receive and vaporize at least a portion of a liquid 
containing feedstream, Such as feed stream(s) 40 that include 
water and rich natural gas, into one or more vapor feed 
streams 104 (such as one or more at least Substantially 
vaporized streams). Feed stream(s) 40 may have a pressure 
of <500 psig, and preferably between 20 psig and 100 psig 
or between 40 psig and 200 psig. In vaporizer 96, at least a 
substantial portion of liquid water in feed stream(s) 40 may 
be vaporized into water vapor, which may mix with the rich 
natural gas in the feed stream(s). The vaporized feed streams 
may, in some embodiments, include liquid(s). An example of 
a Suitable vaporizer is a coiled tube vaporizer, Such as a 
coiled stainless steel tube. 

Methane-producing reactor 98 may include any suitable 
structure configured to receive one or more feed streams, 
such as vapor feed streams 104 from vaporizer 96, to 
produce one or more output streams 56 containing methane 
as a majority component, water, and other gases. The 
methane-producing reactor may produce the output stream 
via any suitable mechanism(s). For example, methane-pro 
ducing reactor 98 may generate output stream 56 via a heavy 
hydrocarbon reforming (HHR) reaction. When methane 
producing reactor 98 generates output stream 56 via a HHR 
reaction, that reactor may sometimes be referred to as a 
“heavy hydrocarbon reforming reactor” or a “HHR reactor.” 

Methane-producing reactor 98 may have any suitable 
design, Such as a tubular or cylindrical design. Additionally, 
methane-producing reactor 98 may include any Suitable 
catalyst-containing bed or region to accelerate chemical 
reaction or conversion rates. When the methane-producing 
mechanism is HHR, the methane-producing reactor may 
include a suitable HHR catalyst 108 to facilitate production 
of output stream(s) 56 from vapor feed stream(s) 104. 
Examples of suitable HHR catalysts include nickel-based 
catalysts (such as Reformax(R) 100-RS and HyProGen(R) 
R-70, both sold by Clariant(R), Louisville, Ky., and 
MC-750R sold by Unicat, Houston, Tex.) and ruthenium 
based catalysts (such as M-10 sold by Clariant(R), Louisville, 
Ky.). 

Methane-producing reactor 98 may be configured to con 
vert at least a Substantial portion of hydrocarbon compounds 
heavier than methane gas in the vapor feed stream with the 
water in that stream to methane gas, a lesser portion of the 
water, and other gases. Additionally, methane-producing 
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reactor 98 may be configured to allow at least a substantial 
portion of the methane gas in vapor feed stream 104 to pass 
through the methane-producing reactor unconverted, 
unchanged, and/or unreacted. As an example, methane 
producing reactor 98 may be configured to convert propane 
in the vapor feed stream with the water in that stream to 
methane gas, carbon oxides, hydrogen, and water as shown 
in the approximate chemical reaction below. 

The above equation is only an example and does not 
represent all the conversions and/or reactions that may occur 
in the methane-producing reactor. Such as when vapor feed 
stream 104 includes hydrocarbon compounds heavier than 
methane gas other than propane. 

Methane-producing assembly 94 also may include a tem 
perature modulating assembly in the form of heating assem 
bly 100. The heating assembly may be configured to produce 
at least one heated exhaust stream (or combustion stream) 
110 from at least one heating fuel stream 112, typically as 
combusted in the presence of air. Heated exhaust stream 110 
is schematically illustrated in FIG. 2 as heating vaporizer 96 
and methane-producing reactor 98. Heating assembly 100 
may include any suitable structure configured to generate the 
heated exhaust stream(s). Such as a burner or combustion 
catalyst in which a fuel is combusted with air to produce the 
heated exhaust stream. The heating assembly may include an 
ignitor or ignition source 114 that is configured to initiate the 
combustion of fuel. Examples of Suitable ignition sources 
include one or more spark plugs, glow plugs, combustion 
catalyst, pilot lights, piezoelectric ignitors, spark igniters, 
hot surface igniters, etc. 

Heating assembly 100 may achieve and/or maintain in 
vaporizer 96 and/or methane-producing reactor 98 any suit 
able temperatures. For example, heating assembly 100 may 
heat vaporizer 96 to at least a minimum vaporization tem 
perature, and/or may heat methane-producing reactor 98 to 
at least a minimum methane-producing temperature. HHR 
reactors may operate attemperatures in the range of 200° C. 
to 600° C., preferably 250° C. to 500° C., and more 
preferably 390° C. to 470° C. The above temperature ranges 
are much lower than the temperature ranges for steam 
reforming methane, which typically is about 800° C. to 900 
C. 

In some embodiments, heating assembly 100 may include 
a burner assembly 116 and may be referred to as a combus 
tion-based, or combustion-driven, heating assembly. In a 
combustion-based heating assembly, heating assembly 100 
may be configured to receive at least one fuel stream 112 and 
to combust the fuel stream in the presence of air to provide 
a hot combustion stream 110 that may be used to heat the 
vaporizer and/or methane-producing reactor. Air may be 
delivered to the heating assembly via a variety of mecha 
nisms. For example, an air stream 118 may be delivered to 
the heating assembly as a separate stream, as shown in FIG. 
2. Alternatively, or additionally, air stream 118 may be 
delivered to the heating assembly with at least one of the fuel 
streams 112 for heating assembly 100 and/or drawn from the 
environment within which the heating assembly is utilized. 

Fuel stream 112 may include any combustible liquid(s) 
and/or gas(es) that are Suitable for being consumed by 
heating assembly 100 to provide the desired heat output. In 
Some embodiments, one or more fuel stream(s) 112 may be 
delivered to the heating assembly via feedstock delivery 
system 36. Some fuel streams may be gases when delivered 
and combusted by heating assembly 100, while others may 
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be delivered to the heating assembly as a liquid stream. 
Examples of suitable heating fuels for fuel streams 112 
include carbon-containing feedstocks, such as methanol, 
methane, ethane, ethanol, ethylene, propane, propylene, 
butane, etc. Additional examples include low molecular 
weight condensable fuels, such as liquefied petroleum gas, 
ammonia, lightweight amines, dimethyl ether, and low 
molecular weight hydrocarbons. Yet other examples include 
hydrogen gas and/or carbon oxide gas. For example, one or 
more byproduct streams 120 from other components and/or 
assemblies of the fuel processing system may be used as a 
suitable heating fuel for fuel stream(s) 112. 
Combustion stream 110 may additionally, or alternatively, 

be used to heat other portions of the fuel processing system 
and/or other systems with which the heating assembly is 
used. After combustion stream 110 heats vaporizer 96, 
methane-producing reactor 98, and/or other components and 
assemblies, the stream may exit as combustion exhaust 
stream(s) 122. 

Additionally, other configuration and types of heating 
assemblies 100 may be used. For example, heating assembly 
100 may be an electrically powered heating assembly that is 
configured to heat vaporizer 96 and/or methane-producing 
reactor 98 by generating heat using at least one heating 
element (Such as a resistive heating element), waste heat 
stream(s), Solar heating, etc. In those embodiments, heating 
assembly 100 may not receive and combust a combustible 
fuel stream to heat vaporizer to a Suitable vaporization 
temperature and/or heat methane-producing reactor to a 
Suitable methane-producing temperature. Examples of heat 
ing assemblies are disclosed in U.S. Pat. No. 7,632.322, the 
complete disclosure of which is hereby incorporated by 
reference for all purposes. 
The heating assembly also may be configured to heat 

other components and/or assemblies, such as a feedstock 
delivery system, the feedstock Supply streams, purification 
assemblies, or any Suitable combination of those systems, 
streams, and regions. The heating assembly may addition 
ally be configured to heat other components of the refining 
assembly. For example, the heated exhaust stream may be 
configured to heat a pressure vessel and/or other canister 
containing the heating fuel and/or the hydrogen-production 
fluid that forms at least portions offeed stream(s) 40 and fuel 
stream(s) 112. 

Heating assembly 100 may be housed in an assembly 
shell or housing 124 with the vaporizer and/or methane 
producing reactor. The heating assembly may be separately 
positioned relative to the vaporizer and/or methane-produc 
ing reactor but in thermal and/or fluid communication with 
those components to provide the desired heating. Heating 
assembly 100 may be located partially or completely within 
the common shell, and/or at least a portion (or all) of the 
heating assembly may be located external that shell. When 
the heating assembly is located external the shell, the hot 
combustion gases from burner assembly 116 may be deliv 
ered via suitable heat transfer conduits to one or more 
components within the shell. 

Although methane-producing assembly 94 is shown to 
include a single vaporizer 96, a single methane-producing 
reactor 98, and a single heating assembly 100, the methane 
producing assembly may include two or more vaporizers 96. 
two or more methane-producing reactors 98, and/or two or 
more heating assemblies 100, as shown in dashed lines in 
FIG 2. 

Vaporizer 96, methane-producing reactor 98, and heating 
assembly 100 may be arranged in any Suitable configuration. 
Examples of suitable configurations are shown in FIGS. 3-5. 
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In FIG. 3, vaporizer 96 is disposed between methane 
producing reactor 98 and heating assembly 100. In FIG. 4, 
vaporizer 96 and methane-producing reactor 98 are side-by 
side with heating assembly 100 below the vaporizer and 
methane-producing reactor. In FIG. 5, vaporizer 96 and 
methane-producing reactor 98 are side-by-side with heating 
assembly 100 spaced from and adjacent to vaporizer 96. 
An example of a purification assembly 62 is shown in 

FIG. 6, which is generally indicated at 126. Unless specifi 
cally excluded, purification assembly 126 may include one 
or more components of other purification assemblies 
described in this disclosure. Purification assembly 126 may 
include at least one water removal assembly 128 and at least 
one gas removal assembly 130. 

Water removal assembly 128 may include any suitable 
structure configured to remove water from output stream 56 
of methane-producing assembly 54 (or an intermediate 
stream 132) to produce an at least substantially dried stream 
134 (Such as an at least Substantially dried output stream). 
The water removed by the water removal assembly may be 
in the form of water vapor and/or liquid water. Water 
removal assembly 128 may produce one or more reclaimed 
water streams 135 from the water removed from output 
stream 56 and/or intermediate stream 132. The reclaimed 
water may be pumped or otherwise transported to a feed 
stock delivery system for use in the methane-producing 
assembly and/or may be stored, sent to drain, or otherwise 
disposed. 

Gas removal assembly 130 may include any suitable 
structure configured to remove one or more other gases 
(such as gases other than methane gas) from at least sub 
stantially dried stream 134 to form methane-rich stream 64. 
For example, gas removal assembly 130 may be configured 
to remove carbon oxide gas and/or hydrogen gas from at 
least substantially dried stream 134. When purification 
assembly 126 includes two or more gas removal assemblies 
130, one or more upstream gas removal assemblies may 
remove one or more other gases from at least Substantially 
dried stream 134 to form one or more intermediate streams 
138. Gas removal assembly(ies) 130 may produce one or 
more byproduct streams 140 from the removed gases. Such 
as carbon oxide gas and hydrogen gas. The byproduct 
streams may be pumped or otherwise transported to feed 
stock delivery system 36 and/or one or more heating assem 
blies to burn as fuel, and/or may be stored, discharged, or 
otherwise disposed. 

In some embodiments, gas removal assembly 130 may 
include a carbon oxide-selective membrane assembly hav 
ing one or more carbon oxide-selective membranes 141. The 
carbon oxide-selective membranes may include any Suitable 
structure configured to remove carbon oxide gas and/or 
hydrogen gas from at least Substantially dried stream(s) 134 
and/or intermediate stream(s) 138. Carbon oxide-selective 
membranes 141 may have a relatively high permeability to 
carbon oxide gas and/or hydrogen gas over methane gas 
such that dried output stream 134 and/or intermediate stream 
138, when passed through one or more of the carbon 
oxide-selective membranes, would be preferentially 
depleted of at least a portion of carbon oxide gas and/or 
hydrogen gas. The carbon oxide gas and/or hydrogen gas 
may form byproduct stream(s) 140. Examples of suitable 
carbon oxide-selective membranes include cellulose acetate 
(from UOP), polyimide and polysulfone (from Air Products 
and Membrane Technology and Research, Inc.), and poly 
(amidoamine) doped poly(ethylene glycol) (from Kyushu 
University, Japan). 
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When gas removal assembly 130 includes one or more 

carbon oxide-selective membranes 141, at least substantially 
dried stream 134 and/or intermediate stream 138 may be at 
a pressure greater than 40 psig, and preferably greater than 
80 psig. Gas removal assembly 130 may include one or more 
pumps or compressors to provide streams 134 and/or 138 at 
the pressures described above to the carbon oxide-selective 
membranes. Methane-rich stream(s) 64 and/or intermediate 
stream(s) 138 exiting the carbon oxide-selective membranes 
may contain less than 5% of carbon dioxide, and preferably 
less than 3% of carbon dioxide. 

Purification assembly 126 may include any suitable num 
ber of water removal assemblies 128 and/or any suitable 
number of gas removal assemblies 130, as shown in the 
dashed boxes in FIG. 6. When the purification assembly 
includes two or more water removal assemblies 128, those 
assemblies may be the same or different from each other. 
Additionally, when the purification assembly includes two 
or more gas removal assemblies 130, those assemblies may 
be the same or different from each other. For example, one 
or more gas assemblies 130 may be configured to remove 
one or more other gases via a first mechanism, while one or 
more other gas assemblies 130 may be configured to remove 
one or more other gases via a second mechanism that is 
different from the first mechanism. 

Moreover, when there are two or more gas assemblies, 
those assemblies may remove different types of other gases 
and/or remove those gases in different proportions. Further 
more, the water removal assemblies and gas assemblies may 
be in any Suitable sequence or order. In some embodiments, 
purification assembly 126 may include a water removal 
assembly 128 upstream of one or more gas removal assem 
blies 130. For example, purification assembly 126 may 
include a water removal assembly, a first gas removal 
assembly, and a second gas removal assembly. In some 
embodiments, purification assembly 126 may include a 
water removal assembly 128 upstream each gas removal 
assembly 130. For example, purification assembly 126 may 
include a first water removal assembly, a first gas removal 
assembly, a second water removal assembly, and a second 
gas removal assembly. 
An example of a water removal assembly 128 is shown in 

FIG. 7, which is generally indicated at 142. Unless specifi 
cally excluded, water removal assembly 142 may include 
one or more components of other water removal assemblies 
and/or other assemblies described in this disclosure. Water 
removal assembly 142 may include at least one gas dryer 
144, which may include any suitable structure configured to 
remove at least a substantial portion of water vapor from one 
or more streams 146. Such as an output stream from a 
methane-producing assembly or an intermediate stream 
from an upstream gas removal assembly, to form an at least 
substantially dried stream 148. For example, gas dryer 144 
may include one or more water-selective membranes, des 
sicant beds, refrigerant dryers, and/or other devices. Gas 
dryer 144 is preferred to include one or more refrigerant 
dryers, such as the Drypoint(R) RA series sold by Beko and 
SPL series sold by Parker. 

In some embodiments, water removal assembly 142 may 
include at least one water knockout device 150 configured to 
remove at least a Substantial portion of liquid water from 
stream 146. For example, when entrained liquid water is 
present in output stream(s) 146 in addition to water vapor, 
the water removal assembly may include one or more water 
knockout devices 150. Water removal assembly 142 may 
produce one or more reclaimed water streams 135 from the 
water vapor and/or liquid water removed from stream(s) 



US 9,605,224 B2 
13 

146. The reclaimed water streams may be discharged, 
pumped or otherwise transported to a feedstock delivery 
system, and/or stored, sent to drain, or otherwise disposed. 
An example of a gas removal assembly 130 is shown in 

FIG. 8, which is generally indicated at 154. Unless specifi 
cally excluded, gas removal assembly 154 may include one 
or more components of other gas removal assemblies 
described in this disclosure. Gas removal assembly 154 may 
include at least one gas removal region or reactor 156 and at 
least one heating assembly 158. 

Gas removal reactor 156 may include any suitable struc 
ture configured to receive one or more feed streams, such as 
an at least Substantially dried stream 160 (e.g., at least 
substantially dried stream 134) from water removal assem 
bly 128, to produce one or more intermediate streams 162 or 
one or more methane-rich streams 64 containing a lower 
concentration of carbon oxide gas and hydrogen gas and/or 
a higher concentration of methane gas compared to the at 
least Substantially dried stream(s). The gas removal reactor 
may produce the intermediate and/or methane-rich stream(s) 
via any suitable mechanism(s). For example, gas removal 
reactor 156 may generate those streams via a methanation 
reaction. When gas removal reactor 156 generates interme 
diate stream 162 and/or methane-rich stream 64 via a 
methanation reaction, that reactor may sometimes be 
referred to as a “methanation reactor,” “synthetic natural gas 
reactor' or “SNG reactor. 
The SNG reactor(s) may be operated between 250° C. and 

450° C., and preferably between 290° C. and 380° C. 
Additionally, the operating pressure of the SNG reactor may 
be similar to the operating pressure of the HHR reactor, such 
as with only a minimal pressure drop between the HHR 
reactor and the SNG reactor. For example, the HHR reactor 
may operate between 20 psig to 100 psig and the SNG 
reactor may operate between 18 psig to 98 psig, which 
assumes a 2 psig pressure drop (reduction) due to compo 
nents located between the two reactors (such as the heat 
exchanger and the gas dryer). 

Gas removal reactor 156 may have any suitable design, 
Such as a tubular or cylindrical design. Additionally, gas 
removal reactor 156 may include any suitable catalyst 
containing bed or region to accelerate chemical reaction or 
conversion rates. When the gas removal mechanism is 
methanation, the gas removal reactor may include a Suitable 
methanation catalyst 166 to facilitate production of inter 
mediate stream(s) 162 and/or methane-rich stream(s) 64 
from at least substantially dried stream(s) 160. Examples of 
Suitable methanation catalysts include nickel-based catalysts 
(such as Reformax(R) RS-100 and HyProGen(R) R-70, both 
sold by Clariant, Louisville, Ky., and MC-750R sold by 
Unicat, Houston, Tex.) and ruthenium-based catalysts (such 
as M-10 sold by Clariant, Louisville, Ky.). 

Gas removal reactor 156 may be configured to convert a 
portion of carbon oxide gas and/or a portion of hydrogen gas 
in at least substantially dried stream 160 to methane gas and 
water. As an example, gas removal reactor 156 may be 
configured to convert carbon dioxide gas and hydrogen gas 
to methane gas and water as shown in the approximate 
chemical reaction below. 

As another example, gas removal reactor 156 may be 
configured to convert carbon monoxide gas and hydrogen 
gas to methane gas and water as shown in the approximate 
chemical reaction below. 
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The above equations are only examples and do not represent 
all the conversions and/or reactions that may occur in the gas 
removal reactor. 
Gas removal assembly 156 may include two or more gas 

removal reactors 156, such as in series, to remove carbon 
oxide gas and/or hydrogen gas. In some embodiments, a 
water removal assembly may be upstream one or more gas 
removal reactors 156. In some embodiments, a water 
removal assembly may be upstream each gas removal reac 
tor 156. 
Gas removal assembly 154 also may include a tempera 

ture modulating assembly in the form of heating assembly 
158. The heating assembly may be configured to produce at 
least one heated exhaust stream (or combustion stream) 168 
from at least one heating fuel stream 170, typically as 
combusted in the presence of air. Heated exhaust stream 168 
is schematically illustrated in FIG. 8 as heating gas removal 
reactor 156. Heating assembly 158 may include any suitable 
structure configured to generate the heated exhaust stream, 
Such as a burner or combustion catalyst in which a fuel is 
combusted with air to produce the heated exhaust stream. 
The heating assembly may include an ignitor or ignition 
source 172 that is configured to initiate the combustion of 
fuel. 

Heating assembly 158 may achieve and/or maintain any 
suitable temperatures in gas removal reactor 156. For 
example, heating assembly 158 may heat the gas removal 
reactor to at least a target operating temperature and/or at 
least a minimum conversion temperature. When gas removal 
reactor 156 removes gases via a methanation reaction 
(which is an exothermic reaction), the heat assembly may 
initially heat gas removal reactor to a target operating 
temperature and then only as necessary to maintain the gas 
removal reactor at a target operating temperature (such as 
because of heat loss, etc.). 

In some embodiments, heating assembly 158 may include 
a burner assembly 174 and may be configured to receive at 
least one fuel stream 170 and to combust the fuel stream in 
the presence of air to provide one or more hot combustion 
streams 168 that may be used to heat the gas removal reactor. 
Air may be delivered to the heating assembly via a variety 
of mechanisms. For example, at least one air stream 176 may 
be delivered to the heating assembly as a separate stream, as 
shown in FIG. 8. Alternatively, or additionally, air stream 
176 may be delivered to the heating assembly with at least 
one of the fuel streams 170 for heating assembly 158 and/or 
drawn from the environment within which the heating 
assembly is utilized. 

Fuel stream 170 may include any combustible liquid(s) 
and/or gas(es) that are Suitable for being consumed by 
heating assembly 158 to provide the desired heat output. In 
some embodiments, feedstock delivery system 36 may pro 
vide one or more fuel streams 170. Some fuel streams may 
be gases when delivered and combusted by heating assem 
bly 158, while others may be delivered to the heating 
assembly as a liquid stream. Examples of Suitable heating 
fuels for fuel streams 158 include carbon-containing feed 
stocks, low molecular weight condensable fuels, and low 
molecular weight hydrocarbons. Other examples include 
hydrogen gas and carbon oxide gas from byproduct 
stream(s) 178s. For example, one or more byproduct streams 
178 from other components and/or assemblies of the fuel 
processing system may be used as a Suitable heating fuel for 
fuel stream(s) 170. 

Combustion stream(s) 168 may additionally, or alterna 
tively, be used to heat other portions of the fuel processing 
system and/or other systems with which the heating assem 
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bly is used. After combustion stream 168 heats gas removal 
reactor 156 and/or other components and assemblies, the 
stream(s) may exit as combustion exhaust stream(s) 180. 

Additionally, other configurations and types of heating 
assemblies 158 may be used. For example, heating assembly 
158 may be an electrically powered heating assembly that is 
configured to heat gas removal reactor 156 by generating 
heat using at least one heating element (such as a resistive 
heating element), waste heat stream(s), Solar heating, etc. In 
those embodiments, heating assembly 158 may not receive 
and combust a combustible fuel stream to heat gas removal 
reactor 156 to a suitable gas-removal temperature. 
The heating assembly also may be configured to heat 

other components and/or assemblies, such as the feedstock 
delivery system, the feedstock Supply streams, methane 
producing assemblies, and/or other assemblies of the puri 
fication assembly, or any suitable combination of those 
systems, streams, and regions. The heating assembly may 
additionally be configured to heat other components of the 
refining assembly. For example, the heated exhaust stream 
may be configured to heat a pressure vessel and/or other 
canister containing the heating fuel and/or the hydrogen 
production fluid that forms at least portions of the feed 
stream(s) and/or fuel stream(s). 

Heating assembly 158 may be housed in an assembly 
shell or housing with the gas removal reactor. The heating 
assembly may be separately positioned relative to the gas 
removal reactor but in thermal and/or fluid communication 
with that component to provide the desired heating. Heating 
assembly 158 may be located partially or completely within 
the common shell, and/or at least a portion (or all) of the 
heating assembly may be located external that shell. When 
the heating assembly is located external the shell, the hot 
combustion gases from burner assembly 174 may be deliv 
ered via suitable heat transfer conduits to one or more 
components within the shell. 

Although gas removal assembly 154 and methane-pro 
ducing assembly 94 (in FIG. 2) are shown to each include a 
heating assembly, the gas removal and methane-producing 
assemblies may have a common heating assembly that may 
be located within the shell of the methane-producing assem 
bly, within the shell of the gas removal assembly, or outside 
one or both those shells. When there is a common heating 
assembly between the gas removal assembly and the meth 
ane-producing assembly, the heating assembly may include 
suitable heat transfer conduits to transfer heat to the com 
ponents of the gas removal and/or methane-producing 
assemblies. Additionally, when gas removal assembly 154 
includes two or more gas removal reactors 156, the gas 
removal assembly may include a common heating assembly 
158 for two or more of the gas removal reactors (and, in 
Some embodiments, for all of the gas removal reactors). 
Moreover, although gas removal assembly 154 is shown to 
include a single gas removal reactor 156 and a single heating 
assembly 158, the gas removal assembly may include two or 
more gas removal reactors 156 and/or two or more heating 
assemblies 158, as shown in dashed lines in FIG. 8. 
Gas removal reactor 156 and heating assembly 158 may 

be arranged in any suitable configuration. Examples of 
suitable configurations are shown in FIGS. 9-10. In FIG. 9. 
gas removal reactor 156 is disposed above heating assembly 
158. In FIG. 10, heating assembly 158 is spaced from and 
adjacent to gas removal reactor 156. 

Another example of a gas removal assembly 130 is shown 
in FIG. 11, which is generally indicated at 184. Unless 
specifically excluded, gas removal assembly 184 may 
include one or more components of other gas removal 
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16 
assemblies described in this disclosure. Gas removal assem 
bly 184 may include at least one gas separation assembly 
186. 
Gas separation assembly 186 may include any suitable 

structure configured to separate carbon oxide gas and/or 
hydrogen gas from an at least substantially dried stream 188 
(such as from an upstream water removal assembly) and/or 
from an intermediate stream 189 (such as from an upstream 
gas removal reactor) to produce a methane-rich stream 190 
(e.g., methane-rich stream 64), or intermediate stream 192 if 
there are additional gas removal assemblies downstream, 
having a reduced concentration of carbon oxide gas and/or 
hydrogen gas and/or an increased concentration of methane 
gas compared to streams 188 and/or 189. For example, gas 
separation assembly 186 may include at least one absorber 
194 configured to receive at least one chemical agent or 
absorbent 196 that is adapted to absorb at least a portion of 
carbon oxide gas and/or hydrogen gas from at least Substan 
tially dried stream 190 and/or from intermediate stream 192. 
The absorber is configured to receive absorbent 196 and 

direct flow of streams 188 and/or 189 through the absorbent 
to absorb carbon oxide gas and/or hydrogen gas from those 
streams. As used herein, “absorb’ means that carbon oxide 
gas and/or hydrogen gas is bound to or fixed by the absor 
bent through a reversible or irreversible process, and the 
bound carbon oxide gas and/or hydrogen gas may involve 
surface interactions with the absorbent, bulk interactions 
with the absorbent, or both. Absorbent 196 may be in liquid 
form, in solid form, or a combination. Suitable examples of 
absorbents for carbon oxide include any chemical or mix of 
chemicals that bind carbon oxide, such as metal hydroxides 
(e.g., sodium hydroxide, potassium hydroxide, calcium 
hydroxide, magnesium hydroxide, etc.); metal oxides (e.g., 
Sodium oxide, potassium oxide, calcium oxide, magnesium 
oxide, iron oxide, etc.); organic amines, especially alkano 
lamines (e.g., monoethanolamine and diethanolamine, both 
liquids under normal conditions of temperature and pres 
Sure); aqueous Solutions of metal hydroxides; Ascarite(R) 
(Thomas Scientific), CarboLimeTM (Allied Health Products 
Inc.), and Sodallime (Airgas Corp.); immobilized organic 
amines (such as organic amines bound to polymeric Sub 
strates, especially polymeric beads); and mixtures of the 
above chemical agents. 

Methane-rich stream 190 (or intermediate stream 192) 
leaving absorber 194 may include a reduced concentration 
of carbon oxide gas and/or hydrogen gas and/or an increased 
concentration of methane gas compared to at least Substan 
tially dried stream 188 and/or intermediate stream 189. 
Preferably, the methane-rich stream includes less than 5% 
carbon dioxide. Absorber 194 may be operated at a pressure 
of less than 100 psig, and preferably at a pressure that is 
between 10 psig and 50 psig, 
When absorbent 196 is in solid form, absorber 194 may 

include two or more absorbent beds 197 and may be 
configured to direct flow of streams 188 and/or 189 to a first 
bed of those absorbent beds. When that bed is nearly 
saturated with carbon oxide gas and/or hydrogen gas, the 
absorber may be configured to direct flow to another bed of 
the absorbent beds to allow the absorbent of the previous 
absorbent bed to be recharged and/or regenerated. When 
absorbent 196 is in liquid form, the absorbent may be 
configured to absorb or bind carbon oxide gas and/or hydro 
gen gas at relatively low temperatures and then release or 
desorb the gas(es) at elevated temperatures. 
Gas separation assembly 186 may alternatively, or addi 

tionally, include a membrane contactor assembly 198 that 
may include one or more permeable membranes 200 (such 
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as one or more carbon oxide-selective membranes). The 
membrane contactor assembly 198 may be configured to 
separate carbon oxide gas and/or hydrogen gas from at least 
substantially dried stream 188 and/or from intermediate 
stream 189. For example, permeable membranes 200 may 
have relatively high permeability to carbon oxide gas and/or 
hydrogen gas relative to methane gas allowing carbon oxide 
gas and/or hydrogen from streams 190 and/or 192 to pass 
from a feed side to a permeate side of the permeable 
membranes. 
Membrane contactor assembly 198 may additionally be 

configured to receive at least one liquid chemical agent or 
liquid absorbent 202 that is adapted to absorb at least a 
portion of carbon oxide gas and/or hydrogen gas from the 
carbon oxide gas and/or hydrogen gas separated from 
streams 188 and/or 189 (such as the carbon oxide gas and/or 
hydrogen gas that passes from the feed side to the permeate 
side of the permeable membranes). For example, the mem 
brane contactor assembly may receive the absorbent on the 
permeate side of permeable membranes 200. Liquid absor 
bent 202 may be configured to absorb or bind carbon oxide 
gas and/or hydrogen gas at relatively low temperatures and 
then release or desorb the gas(es) at elevated temperatures. 
Examples of suitable liquid absorbents include alkano 
lamines, such as monoethanolamine or diethanolamine, or 
water Solutions thereof. However, other organic amines, 
Solutions of organic amines, or Solutions of inorganic 
hydroxide salts and/or organic hydroxide salts may be used. 
When gas separation assembly 186 includes absorber(s) 

194 and/or permeable membrane(s) 200 that receive a liquid 
absorbent, the gas separation assembly may produce at least 
one liquid absorbent stream 204 having absorbed carbon 
oxide gas and/or hydrogen gas (which also may be referred 
to as 'spent liquid absorbent stream(s) or 'gas laden liquid 
absorbent stream(s).' When spent liquid absorbent stream 
204 is produced and the absorption of gas(es) in that stream 
is reversible, gas removal assembly 184 may additionally 
include at least one gas extraction assembly 206. 

Gas extraction assembly 206 may include any suitable 
structure configured to extract (or desorb) the absorbed 
gases from liquid absorbent stream(s) 204. For example, gas 
extraction assembly 206 may include one or more strippers 
208. In some embodiments, when the liquid absorbent 
includes absorbed carbon oxide gas and/or hydrogen gas, the 
gas extraction assembly may be configured to extract or 
desorb at least a substantial portion of the absorbed carbon 
oxide gas and/or hydrogen gas to form an at least Substan 
tially regenerated liquid absorbent stream (or Stripped liquid 
absorbent stream) 210 with at least a substantial portion of 
the carbon oxide gas and/or hydrogen gas extracted, and an 
offgas stream 212 with the extracted carbon oxide gas and/or 
hydrogen gas. 

Stripped liquid absorbent stream 210 may be pumped or 
otherwise transported to gas separation assembly 186 to 
further absorb carbon oxide gas and/or hydrogen gas from 
streams 190 and/or 192. Alternatively, or additionally, 
stripped liquid absorbent stream 210 may be stored for later 
use. Offgas stream 212 may be pumped or otherwise trans 
ported to one or more other components of the refining 
assembly, Such as to Supplement one or more heating fuel 
streams. Alternatively, offgas stream 212 may be stored, 
exhausted into the air, or otherwise disposed. 

Gas extraction assembly 206 may use any suitable mecha 
nism to regenerate liquid absorbent stream 204 having the 
absorbed gases. When the liquid absorbent used in gas 
separation assembly 186 is configured to absorb or bind 
carbon oxide gas and/or hydrogen gas at relatively low 
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temperatures and then release or desorb the gas(es) at 
elevated temperatures, gas removal assembly 184 may fur 
ther include at least one heating assembly 214. The heating 
assembly may be configured to produce at least one heated 
exhaust stream (or combustion stream) 216 from at least one 
heating fuel stream 218, typically as combusted in the 
presence of air. Heated exhaust stream 216 is schematically 
illustrated in FIG. 11 as heating gas extraction assembly 206. 
The heated exhaust stream may alternatively, or additionally, 
heat spent liquid absorbent stream 204 prior to gas extrac 
tion assembly 206, as shown in FIG. 11. 

Heating assembly 214 may include any Suitable structure 
configured to generate the heated exhaust stream(s). Such as 
a burner or combustion catalyst in which a fuel is combusted 
with air to produce the heated exhaust stream(s). The heating 
assembly may include an ignitor or ignition source 220 that 
is configured to initiate the combustion of fuel. Heating 
assembly 214 may achieve and/or maintain in gas extraction 
assembly 206 and/or piping prior to that assembly any 
Suitable temperatures. For example, heating assembly 214 
may heat the gas extraction assembly to at least a target 
operating temperature and/or at least a minimum extraction 
or desorption temperature for the particular liquid absorbent 
used. 

In some embodiments, heating assembly 214 may include 
a burner assembly 222 and may be configured to receive at 
least one fuel stream 218 and to combust the fuel stream in 
the presence of air to provide a hot combustion stream 216 
that may be used to heat the gas removal reactor. Air may be 
delivered to the heating assembly via a variety of mecha 
nisms. For example, an air stream 224 may be delivered to 
the heating assembly as a separate stream, as shown in FIG. 
11. Alternatively, or additionally, air stream 224 may be 
delivered to the heating assembly with at least one of the fuel 
streams 218 for heating assembly 214 and/or drawn from the 
environment within which the heating assembly is utilized. 

Fuel stream 218 may include any combustible liquid(s) 
and/or gas(es) that are Suitable for being consumed by 
heating assembly 214 to provide the desired heat output. 
Some fuel streams may be gases when delivered and com 
busted by heating assembly 214, while others may be 
delivered to the heating assembly as a liquid stream. 
Examples of suitable heating fuels for fuel streams 218 
include carbon-containing feedstocks, low molecular weight 
condensable fuels, and low molecular weight hydrocarbons. 
Other examples include hydrogen gas and/or carbon oxide 
gas from one or more byproduct streams 226. For example, 
one or more byproduct streams 226 from other components 
and/or assemblies of the fuel processing system may be used 
as a suitable heating fuel for fuel stream 218. 

Combustion stream 216 may additionally, or alternatively, 
be used to heat other portions of the fuel processing system 
and/or other systems with which the heating assembly is 
used. Additionally, other configuration and types of heating 
assemblies 214 may be used. For example, heating assembly 
214 may be an electrically powered heating assembly that is 
configured to heat gas extraction assembly 206 and/or piping 
upstream of that assembly by generating heat using at least 
one heating element (Such as a resistive heating element), 
waste heat stream(s), Solar heating, electric heating, etc. In 
those embodiments, heating assembly 214 may not receive 
and combust a combustible fuel stream to heat vaporizer to 
a Suitable vaporization temperature and/or heat methane 
producing reactor to a suitable methane-producing tempera 
ture. 
The heating assembly also may be configured to heat 

other components and/or assemblies, such as a feedstock 
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delivery system, the feedstock Supply streams, methane 
producing assemblies, and/or other assemblies of the puri 
fication assembly, or any suitable combination of those 
systems, streams, and regions. The heating assembly may 
additionally be configured to heat other components of the 
refining assembly. For example, the heated exhaust stream 
may be configured to heat a pressure vessel and/or other 
canister containing the heating fuel and/or the hydrogen 
production fluid that forms at least portions of the feed 
and/or fuel streams for the fuel processing system. 

Heating assembly 214 may be housed in an assembly 
shell or housing 226 with the gas separation and gas extrac 
tion assemblies. The heating assembly may be separately 
positioned relative to one or both of those assemblies but in 
thermal and/or fluid communication with one or both to 
provide the desired heating. Heating assembly 214 may be 
located partially or completely within the common shell, 
and/or at least a portion (or all) of the heating assembly may 
be located external that shell. When the heating assembly is 
located external the shell, the hot combustion gases from 
burner assembly 222 may be delivered via suitable heat 
transfer conduits to one or more components within the 
shell. 

Although gas removal assembly 184 (in FIG. 11), gas 
removal assembly 154 (FIG. 8), and methane-producing 
assembly 94 (in FIG. 2) are shown to each include a heating 
assembly, gas removal assembly 184, gas removal assembly 
154, and/or methane-producing assembly 94 may have a 
common heating assembly that may be located within the 
shell of the methane-producing assembly, within the shell of 
one or more of the gas removal assemblies, or outside those 
shells. When there is a common heating assembly between 
the gas removal assemblies and the methane-producing 
assembly, the heating assembly may include Suitable heat 
transfer conduits to transfer heat to the components of the 
gas removal and/or methane-producing assemblies. Addi 
tionally, when gas extraction assembly 206 includes two or 
more strippers 208, the gas extraction assembly may include 
a common heating assembly 214 for two or more of the 
strippers (and, in Some embodiments, for all of the Strip 
pers). Moreover, although gas removal assembly 184 is 
shown to include a single gas separation assembly 186, a 
single gas extraction assembly 206, and a single heating 
assembly 214, the gas removal assembly may include two or 
more gas separation assemblies, two or more gas extraction 
assemblies, and/or two or more heating assemblies, as 
shown in dashed lines in FIG. 11. 

Another example of refining assembly 30 is shown in 
FIG. 12, which is generally indicated at 230. Unless spe 
cifically excluded, refining assembly 230 may include one or 
more components of the other refining assemblies and/or 
other assemblies in this disclosure. Refining assembly 230 
may include a feedstock delivery system 232 and a fuel 
processing system 234. 

Feedstock delivery system 232 may include any suitable 
structure configured to deliver one or more feed and/or fuel 
streams to one or more other components of refining assem 
bly 230. For example, the feedstock delivery system may 
include a water source 236, a rich natural gas source 238, 
and a pump 240. The water Source may be a storage tank, a 
storage container, a water reservoir, a natural body of water, 
etc. configured to provide a water stream 242 (such as a 
deionized water stream) to fuel processing system 234. Rich 
natural gas source 238 may be a wellhead, a storage tank, a 
storage container, etc. configured to provide a rich natural 
gas stream 244 to fuel processing system. Pump 240 may 
have any suitable structure configured to deliver or transport 
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the water to fuel processing system 234. The rich natural gas 
stream 244 may combine with water stream 242 to form at 
least one liquid-containing feed stream 246. Alternatively, or 
additionally, the rich natural gas stream may be delivered or 
transported to fuel processing system 234 and combine with 
the water stream at the fuel processing system. In some 
embodiments, feedstock delivery system 232 may include 
one or more additional pumps and/or compressors to deliver 
or transport rich natural gas stream 244 to combine with 
water stream 242 and/or to fuel processing system 234. 

Fuel processing system 234 may include any Suitable 
structure configured to process rich natural gas stream(s) 
244. Such as to increase concentration of methane gas and/or 
reduce concentration of other components in the rich natural 
gas stream. For example, fuel processing system 234 may 
include at least one methane-producing assembly 248, a heat 
exchange assembly 250, a water removal assembly 252, a 
first gas removal assembly 254, and a second gas removal 
assembly 258. 

Methane-producing assembly 248 may include any Suit 
able structure configured to receive liquid-containing feed 
stream(s) 246 (or water stream(s) 242 and rich natural gas 
stream(s) 244) and produce an output stream 260 containing 
methane gas as the primary component but also containing 
water and other gases. For example, methane-producing 
assembly 248 may include at least one vaporization region 
or vaporizer 262, at least one methane-producing region or 
reactor 264, and at least one heating assembly 266, as shown 
in FIG. 13. 

Vaporizer 262 may include any Suitable structure config 
ured to receive and vaporize at least a portion of a liquid 
containing feed stream, such as liquid-containing feed 
stream 246. For example, vaporizer 262 may be configured 
to at least partially transform liquid-containing feed stream 
246 into one or more at least Substantially vaporized streams 
268. The at least substantially vaporized streams may, in 
Some embodiments, include liquid(s). An example of a 
Suitable vaporizer is a coiled tube vaporizer, Such as a coiled 
stainless steel tube. 

Methane-producing reactor 264 may include any Suitable 
structure configured to receive one or more feed streams, 
such as at least substantially vaporized stream(s) 268 from 
the vaporizer, to produce one or more output streams 260 
containing methane gas as a majority component, water, and 
other gases. The methane-producing reactor may produce 
the output stream via any suitable mechanism(s). For 
example, methane-producing reactor 264 may generate out 
put stream(s) 260 via a heavy hydrocarbon reforming reac 
tion. In that example, methane-producing reactor 264 may 
include a catalyst 270 configured to facilitate and/or promote 
the heavy hydrocarbon reforming reaction. When methane 
producing reactor 264 generates output stream(s) 260 via a 
heavy hydrocarbon reforming reaction, methane-producing 
reactor may be referred to as a “heavy hydrocarbon reform 
ing reactor or “HHR reactor,” and output stream 260 may 
be referred to as a “reformate stream.” 

Heating assembly 266 may include any suitable structure 
configured to produce at least one heated exhaust stream 272 
for heating one or more other components of the methane 
producing assembly. For example, the heating assembly may 
heat the vaporizer to any suitable temperature(s). Such as at 
least a minimum vaporization temperature or the tempera 
ture in which at least a portion of the liquid-containing feed 
stream is vaporized to form the at least Substantially vapor 
ized stream. Additionally, or alternatively, heating assembly 
266 may heat the methane-producing reactor to any Suitable 
temperature(s). Such as at least a minimum methane-pro 
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ducing temperature or the temperature in which at least a 
portion of the vaporized feed stream is reacted to produce 
methane gas to form the output stream. The heating assem 
bly may be in thermal communication with one or more 
other components of the methane-producing assembly. Such 
as the vaporizer and/or methane-producing reactor. 
The heating assembly may include a burner assembly 

274, at least one air blower 276, and an igniter assembly 278, 
as shown in FIG. 13. The burner assembly may include any 
Suitable structure configured to receive at least one air 
stream 280 and at least one fuel stream 282 and to combust 
the at least one fuel stream to produce heated exhaust 
stream(s) 272. The fuel stream may be provided by feed 
stock delivery system 232 and/or one or more of the gas 
removal assemblies. For example, one or more gas removal 
assemblies that remove carbon oxide gas and/or hydrogen 
gas may send those gases to burner assembly 274 as a 
byproduct fuel stream 283. 

Fuel streams 282 and/or 283 may be delivered to burner 
assembly 274 via a pump 284 and/or other suitable device. 
If fuel streams 282 and/or 283 are available at sufficient 
pressure, pump 284 may not be necessary and may be 
excluded. Although pump 284 is shown to transport fuel 
stream 282 and not byproduct fuel stream 283 to burner 
assembly 274, the pump may alternatively, or additionally, 
transport byproduct fuel stream 283 to burner assembly 274, 
or one or more other pumps may transport the byproduct fuel 
stream to the burner assembly. Diaphragm and piston pump 
ing mechanisms are examples of Suitable pumps for use as 
pump 284, although other types of pumps and compressors 
may be used. Air blower 276 may include any suitable 
structure configured to generate air stream(s) 280. Igniter 
assembly 278 may include any suitable structure configured 
to ignite fuel stream(s) 282 and/or 283. Although methane 
producing assembly 248 is shown to include a single vapor 
izer 262, a single methane-producing reactor 264, and a 
single heating assembly 266, the methane-producing assem 
bly may include two or more vaporizers 262, two or more 
methane-producing reactors 264, and/or two or more heating 
assemblies 266, as shown in dashed lines in FIG. 13. 

In some embodiments, methane-producing assembly 248 
may include a shell or housing 285 which may at least 
partially contain one or more other components of that 
assembly. For example, shell 285 may at least partially 
contain vaporizer 262, methane-producing reactor 264, and/ 
or heating assembly 266, as shown in FIG. 13. Shell 285 
may include one or more exhaust ports 286 configured to 
discharge at least one combustion exhaust stream 287 pro 
duced by heating assembly 266. The shell or housing may 
include insulation and/or a jacket. 

Referring back to FIG. 12, heat exchange assembly 250 
may include one or more heat exchangers configured to 
transfer heat from one portion of the refining assembly to 
one or more other portion(s). For example, heat exchange 
assembly 250 may include a first heat exchanger 288 and a 
second heat exchanger 289. The first heat exchanger may be 
configured to transfer heat from output stream 260 to an at 
least substantially dried stream 290 exiting water removal 
assembly 252 to raise the temperature of the substantially 
dried stream prior to gas removal assembly 254, as well as 
to cool output stream 260 prior to water removal assembly 
252. Second heat exchanger 289 may be configured to cool 
an intermediate stream 292 exiting an upstream gas removal 
assembly (Such as first gas removal assembly 254) prior to 
another gas removal assembly (such as second gas removal 
assembly 258). For example, second heat exchanger 289 
may cool intermediate stream 292 to less than or equal to 
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100° C., and preferably less than or equal to 50° C. In some 
embodiments, heat exchange assembly 250 may include one 
or more fans 294 to cool one or more streams passing 
through the first and/or second heat exchangers. Although 
second heat exchanger 289 is shown to receive only the 
cooling stream(s) from fan(s) 294, that heat exchanger may 
alternatively, or additionally, receive one or more other 
cooling fluid streams (such as from one or more other 
portions or components of the refining assembly) 

Water removal assembly 252 may include any suitable 
structure configured to remove water from output stream 
260 to produce at least substantially dried stream 290. For 
example, water removal assembly 252 may include at least 
one gas dryer 296 configured to remove at least a substantial 
portion of water vapor from output stream 260 and to form 
at least one reclaimed water stream 298 from the removed 
water vapor. In some embodiments, the water removal 
assembly may include at least one water knockout device 
299 configured to remove at least a substantial portion of 
liquid water from output stream 260. When refining assem 
bly 230 includes one or more water knockout device(s) 299, 
those devices may be immediately upstream of (or imme 
diately prior to) the gas dryer(s) and may produce at least a 
portion of reclaimed water stream 298 from the removed 
water. In some embodiments, water removal assembly 252 
may include a reclaimed water pump 300 configured to 
move or transport the reclaimed water stream to feedstock 
delivery system 232, Such as to add or Supplement water to 
water source 236. The reclaimed water stream(s) also may 
be sent to one or more other components of refining assem 
bly 230, sent to drain, and/or otherwise disposed. 

First gas removal assembly 254 may include any suitable 
structure configured to remove one or more other gases 
(such as gas(es) other than methane gas) from one or more 
streams, such as at least substantially dried stream(s) 290, 
and to produce one or more intermediate streams 292 having 
a lower concentration of the other gases and/or a higher 
concentration of methane gas. In some embodiments, inter 
mediate stream(s) 292 may include less than 5% hydrogen 
gas, and preferably less than 3% hydrogen gas. For example, 
first gas removal assembly 254 may include at least one gas 
removal region or reactor 302 and at least one heating 
assembly 304, as shown in FIG. 14. 
Gas removal reactor 302 may include any suitable struc 

ture configured to receive one or more at least Substantially 
dried streams 290, and to produce one or more intermediate 
streams 292. The gas removal reactor may produce the 
intermediate stream via any suitable mechanism(s). For 
example, gas removal reactor 302 may generate intermedi 
ate stream(s) 292 via a methanation reaction. In that 
example, gas removal reactor 302 may include a catalyst 306 
configured to facilitate and/or promote the methanation 
reaction. When gas removal reactor 302 generates interme 
diate stream(s) 292 via a methanation reaction, the gas 
removal reactor may be referred to as a “synthetic natural 
gas reactor or “SNG reactor.” 

Heating assembly 304 may include any suitable structure 
configured to produce at least one heated exhaust stream 308 
for heating one or more other components of the gas removal 
assembly. For example, the heating assembly may heat the 
gas removal reactor to any Suitable temperature(s). Such as 
at least a minimum methanation or the temperature in which 
at least a portion of the carbon oxide gas and hydrogen gas 
in the at least Substantially dried stream is reacted to produce 
methane gas and water to form the intermediate stream. The 
heating assembly may be in thermal communication with 
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one or more other components of the gas removal assembly, 
Such as the gas removal reactor. 
The heating assembly may include a burner assembly 

310, at least one air blower 312, and an igniter assembly 314, 
as shown in FIG. 14. The burner assembly may include any 
Suitable structure configured to receive at least one air 
stream 316 and at least one fuel stream 318 and to combust 
the at least one fuel stream to produce heated exhaust 
stream(s) 308. The fuel stream may be provided by feed 
stock delivery system 232 and/or one or more other gas 
removal assemblies. For example, one or more gas removal 
assemblies that remove carbon oxide gas and/or hydrogen 
gas may send those gases to burner assembly 310 as a 
byproduct fuel stream 320. 

Fuel streams 318 and/or 320 may be delivered to burner 
assembly 310 via one or more pumps 324 and/or other 
suitable device. If fuel streams 318 and/or 320 are available 
at Sufficient pressure, pump 324 may not be necessary and 
may be excluded. Although pump 324 is shown to transport 
fuel stream 318 and not byproduct stream 320 to burner 
assembly 310, the pump may alternatively, or additionally, 
transport byproduct fuel stream 320 to burner assembly 310, 
or one or more other pumps may transport the byproduct fuel 
stream to the burner assembly. Diaphragm and piston pump 
ing mechanisms are examples of Suitable pumps for use as 
pump 324, although other types of pumps and compressors 
may be used. Air blower 312 may include any suitable 
structure configured to generate air stream(s) 316. Igniter 
assembly 314 may include any Suitable structure configured 
to ignite stream(s) 318 and/or 320. Although gas removal 
assembly 254 is shown to include a single gas removal 
reactor 302 and a single heating assembly 304, the gas 
removal assembly may include two or more gas removal 
reactors 302 and/or two or more heating assemblies 304, as 
shown in dashed lines in FIG. 14. 

In some embodiments, gas removal assembly 254 may 
include a shell or housing 326 which may at least partially 
contain one or more other components of that assembly. For 
example, shell326 may at least partially contain gas removal 
reactor 302 and/or heating assembly 304, as shown in FIG. 
14. Shell 326 may include one or more exhaust ports 328 
configured to discharge at least one combustion exhaust 
stream 330 produced by heating assembly 304. Shell or 
housing 326 may include insulation and/or a jacket. 

Referring back to FIG. 12, refining assembly 230 may, in 
Some embodiments, include one or more additional heat 
exchangers 334, one or more additional water removal 
assemblies 336 (having one or more pumps 337 for trans 
porting reclaimed water to the feedstock delivery system), 
and one or more additional gas removal assemblies 338. 
Water removal assemblies 336 and/or gas removal assem 
blies 338 may be the same or different from water removal 
assembly 252 and first gas removal assembly 254, respec 
tively. For example, water removal assembly 336 may 
include a gas dryer. Additionally, gas removal assembly 338 
may include a gas removal reactor, Such as a SNG reactor. 
Alternatively, gas removal assembly 338 may include one or 
more components of second gas removal assembly 258 
described below. Although only a single heat exchanger 334, 
a single water removal assembly 336, and a single gas 
removal assembly 338 is shown in FIG. 12, refining assem 
bly 230 may include additional heat exchangers, water 
removal assemblies, and gas removal assemblies, which 
may be in series and/or in parallel with heat exchanger 334, 
water removal assembly 336, and gas removal assembly 
338. The additional water removal assemblies and gas 
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removal assemblies may be the same or different from water 
removal assembly 336 and gas removal assembly 338, 
respectively. 

Second gas removal assembly 258 may include any 
Suitable structure configured to remove one or more other 
gases (such as gas(es) other than methane gas) from one or 
more streams. Such as intermediate stream(s) 292 to form at 
least one methane-rich stream 332, which may include a 
greater methane concentration than intermediate stream(s) 
292 and/or a reduced concentration of one or more other 
gases (or impurities) that were present in the intermediate 
stream(s). In some embodiments, the second gas removal 
assembly may form at least one byproduct stream 333 with 
the removed gases. Examples of second gas removal assem 
blies 258 are described below. 

Refining assembly 230 may, in Some embodiments, 
include a control system 340, which may include any 
Suitable structure configured to control and/or monitor 
operation of the refining assembly. For example, control 
system 340 may include a control assembly 342, one or 
more flow measurement devices 344, one or more tempera 
ture measurement devices 346, and one or more control 
valves 348, as shown in FIGS. 12-13. 

Control assembly 342 may detect flow rate of rich natural 
gas stream 244 and adjust delivery (such as the flow rate) of 
water stream 242 based, at least in part, on the detected flow 
rate. Additionally, control assembly 342 may detect tem 
peratures in the methane-producing reactor and/or gas 
removal reactor via temperature measurement devices 346 
(such as thermocouples and/or other Suitable devices) and 
adjust flow rate of the fuel stream(s) and/or byproduct fuel 
stream(s) via control valves 348 and/or adjust flow rate of 
the air stream(s) by controlling speed of the air blower(s), 
based, at least in part, on the detected temperature(s). For 
example, control assembly 342 may increase flow rate of the 
fuel stream(s) and/or byproduct fuel stream(s) via control 
valve(s) 348, if the detected temperature is lower than a 
minimum temperature (such as a minimum methane-pro 
ducing temperature or a minimum gas removal tempera 
ture). Additionally, control assembly 342 may decrease flow 
rate of the fuel stream(s) and/or byproduct fuel stream(s) via 
control valve(s) 348 and/or increase the speed of the air 
blower(s), if the detected temperature is higher than a 
maximum temperature (such as a maximum methane-pro 
ducing temperature or a maximum gas removal tempera 
ture). 

In some embodiments, control system 340 may include 
one or more other measurement devices, such as to measure 
Sulfur breakthrough in the rich natural gas stream, conduc 
tivity (or resistivity) of the deionized water in the water 
stream, pump motor speed(s), pump discharge flow rate(s), 
operating temperature(s), operating pressure(s), etc. Control 
assembly 342 may provide early warning of a impending 
need for maintenance based, at least in part, on one or more 
measurement devices. In some embodiments, control system 
340 may provide for remote monitoring and control of one 
or more components of refining assembly 230. 
An example of second gas removal assembly 258 is 

shown in FIG. 15, which is generally indicated at 350. 
Unless specifically excluded, second gas removal assembly 
258 may include one or more components of the other gas 
removal assemblies and/or other assemblies in this disclo 
sure. Gas removal assembly 350 may include at least one 
absorber 352, at least one stripper 354, at least one heating 
assembly 356, at least one pump 358, and at least one heat 
exchanger 360. 
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Absorber 352 may include any suitable structure config 
ured to receive a liquid absorbent stream 362 that is adapted 
to absorb at least a portion of carbon oxide gas and/or 
hydrogen gas from one or more streams, such as interme 
diate stream(s) 292, and/or to direct flow of those streams 
(such as intermediate stream 292) through the liquid absor 
bent stream. For example, absorber 352 may include at least 
one spray noZZle 364 configured to at least partially atomize 
the liquid absorbent stream into one or more sprayed liquid 
absorbent streams 366. The absorber may be configured to 
direct flow of intermediate stream(s) 292 through sprayed 
liquid absorbent stream(s) 366 in any suitable flow configu 
ration, Such as counter-current flow, cross-current flow, or 
parallel flow. As intermediate stream(s) 292 flows through 
the sprayed liquid absorbent stream(s), carbon oxide gas 
and/or hydrogen gas may, at least partially, be absorbed by 
the sprayed stream(s) to form methane-rich stream 332 
without the absorbed carbon oxide gas and/or hydrogen gas 
and a spent liquid absorbent stream 368 having the absorbed 
carbon oxide gas and/or hydrogen gas. Absorber 352 may be 
operated at a pressure of less than 100 psig, and preferably 
at a pressure between 10 psig and 50 psi.g. 

Although FIG. 15 shows absorber 352 with spray 
nozzle(s) 364, another suitable configuration is to return 
liquid absorbent stream 362 without using a spray nozzle. 
For example, liquid absorbent stream 362 may enter a top, 
middle, or bottom portion of absorber 352 through a suitable 
tube or pipe connection, and the liquid absorbent may be 
allowed to accumulate a fill a volume at the bottom of the 
absorber. Intermediate stream 292 may be directed to bubble 
up through the volume of the liquid absorbent to remove at 
least a portion of carbon oxide gas and/or hydrogen gas to 
form methane-rich stream 332. 

Stripper 354 may include any suitable structure config 
ured to receive one or more spent liquid absorbent streams 
368, strip the absorbed carbon oxide gas and/or hydrogen 
gas from those stream(s), and/or deliver one or more 
stripped liquid absorbent streams 370 to absorber(s) 352. 
For example, stripper 354 may include at least one spray 
nozzle 372 configured to at least partially atomize the spent 
liquid absorbent stream into one or more sprayed spent 
liquid absorbent streams 374. Stripper 354 may strip the 
absorbed carbon oxide gas and/or hydrogen gas via any 
Suitable mechanism(s). For example, when the liquid absor 
bent(s) used for liquid absorbent stream 362 absorbs or 
binds carbon oxide gas and/or hydrogen gas within a first 
temperature range and releases or desorbs carbon oxide gas 
and/or hydrogen gas within a second temperature range 
higher than the first temperature range, then stripper 354 
may be configured to receive one or more heated exhaust 
streams 376 from heating assembly 356 and direct the flow 
of those streams through the sprayed spent liquid absorbent 
stream(s). 

For example, the sprayed spent liquid stream(s) may be 
heated by the heated exhaust stream(s) between 60° C. and 
200° C., and preferably between 80° C. and 150° C., to drive 
off the absorbed carbon oxide gas and/or hydrogen gas to 
produce or yield at least Substantially regenerated liquid 
absorbent stream 370. The released of desorbed gasses may 
form at least one offgas stream 377. Stripper 354 may be 
operated within the range of 0 psig and 50 psig, and 
preferably 0 psig and 10 psig. 

Heating assembly 356 may include any suitable structure 
configured to produce at least one heated exhaust stream 376 
for heating sprayed spent liquid absorbent stream(s) 374. 
For example, the heating assembly may heat the stripper to 
any suitable temperature(s). Such as at least a minimum 
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release or desorption temperature for the carbon oxide gas 
and/or hydrogen gas in the sprayed spent liquid absorbent 
stream(s). 
The heating assembly may include a burner assembly 

378, at least one air blower 380, and an igniter assembly 382, 
as shown in FIG. 15. The burner assembly may include any 
Suitable structure configured to receive at least one air 
stream 384 and at least one fuel stream 386 and to combust 
the at least one fuel stream to produce heated exhaust 
stream(s) 376. The fuel stream may be provided by feed 
stock delivery system 232 and/or one or more of the gas 
removal assemblies. For example, one or more gas removal 
assemblies that remove carbon oxide gas and/or hydrogen 
gas may send those gases to burner assembly 378 as a 
byproduct fuel stream 388. Additionally, at least a portion of 
offgas stream 377 may be used as that byproduct fuel stream. 
Fuel streams 386 and/or 388 may be delivered to burner 
assembly 378 via a pump and/or other suitable device. Air 
blower 380 may include any suitable structure configured to 
generate air stream(s) 384. Igniter assembly 382 may 
include any suitable structure configured to ignite fuel 
stream(s) 386 and/or 388. 

Additionally, other configuration and types of heating 
assemblies 356 may be used. For example, heating assembly 
356 may include at least one heater 394 that is powered by 
at least one power assembly 396, as shown in FIG. 16. 
Heater 394 may include at least one heating element 398 
(such as a resistive heating element). The heating element 
may heat spent liquid absorbent stream 368 prior to stripper 
354 (and/or spray nozzle 372) and/or may heat the spent 
liquid absorbent stream in the stripper. Power assembly 396 
may include one or more electric cords (to allow a user to 
plug the heater into an electrical outlet), Solar panels, wind 
turbines, fuel cells, etc. 
Pump 358 may include suitable structure configured to 

deliver or transport stripped liquid absorbent stream(s) 370 
to absorber 352 (such as through spray nozzle 364 or a 
Suitable tube or pipe connection) for absorption of at least a 
portion of carbon oxide gas and/or hydrogen gas from 
intermediate stream(s) 292. Heat exchanger 360 may 
include any Suitable structure configured to transfer heat 
from the stripped liquid absorbent stream(s) to the spent 
liquid absorbent stream(s). 

In some embodiments, control system 340 may further 
include one or more fluid level measurement devices 390, as 
shown in FIG. 15. Control assembly 342 may detect fluid 
level in absorber 352 and/or stripper 354 via fluid level 
measurement devices 390, and control the speed of pump 
358 based, at least in part, on the detected fluid level(s). For 
example, control assembly 342 may reduce the speed of 
pump 358 (or the flow rate of stripped liquid absorbent 
stream 370) when fluid level in absorber 342 is above a 
predetermined maximum level or the fluid level in stripper 
354 is below a predetermined minimum level. Additionally, 
control assembly 342 may increase the speed of pump 358 
when fluid level in absorber 342 is below a predetermined 
minimum level or the fluid level in stripper 354 is above a 
predetermined maximum level. Moreover, control assembly 
342 may detect the temperature of spent liquid absorbent 
stream 368 after that stream is heated by heater 394 (e.g., 
prior to stripper 354 or in stripper 354) in FIG. 16 via 
temperature measurement devices 346, and control the tem 
perature setting and/or power to the heater based, at least in 
part, on the detected temperature. For example, control 
assembly 342 may increase heat provided by the heater if the 
detected temperature is below a minimum release tempera 
ture for the absorbed carbon oxide gas and/or hydrogen gas. 
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In some embodiments, gas removal assembly 350 may 
include a shell or housing 392 which may at least partially 
contain one or more other components of that assembly. For 
example, shell 392 may at least partially contain absorber 
352, stripper 354, heating assembly 356, pump 358, and/or 
heat exchanger 360, as shown in FIGS. 15-16. The shell or 
housing may include insulation and/or a jacket. 

Another example of second gas removal assembly 258 is 
shown in FIG. 17, which is generally indicated at 400. 
Unless specifically excluded, second gas removal assembly 
400 may include one or more components of the other gas 
removal assemblies in this disclosure. Second gas removal 
assembly 400 may include one or more absorbers 402 and 
control valves 404. 

Absorbers 402 may include at least one solid absorbent 
406 (such as in solid absorbent beds) adapted to absorb at 
least a portion of carbon oxide gas and/or hydrogen gas from 
one or more streams, such as intermediate stream(s) 292, 
and/or to direct flow of those streams through the solid 
absorbent. As intermediate stream(s) 292 flow through the 
Solid absorbent, carbon oxide gas and/or hydrogen gas may, 
at least partially, be absorbed forming methane-rich stream 
332 without the absorbed carbon oxide gas and/or hydrogen 
gas. Second gas removal assembly 400 may include any 
suitable number of absorbers 402. For example, the second 
gas removal assembly may include a first absorber 408 and 
a second absorber 410, as shown in FIG. 17. Although 
second gas removal assembly 400 is shown to include two 
absorbers 402, the assembly may include any suitable num 
ber of absorbers, such as one absorber or three or more 
absorbers. 
When second gas removal assembly 400 includes two or 

more absorbers 402, the second gas removal assembly may 
include two or more control valves 404, which may include 
any Suitable structure configured to isolate one or more 
absorbers 402 and/or direct flow to one or more other 
absorbers 402. For example, intermediate stream 292 may 
be directed to flow through first absorber 408 until the solid 
absorbent in that absorber is saturated or substantially satu 
rated with carbon oxide gas and/or hydrogen gas. At that 
point, control valves 404 may isolate first absorber 408 and 
direct flow of intermediate stream 292 through second 
absorber 410 until the solid absorbent in the second absorber 
is saturated or substantially saturated. The solid absorbent in 
the isolated first absorber may be recharged or regenerated 
while intermediate stream 292 is flowing through the second 
absorber, or Vice-versa. In some embodiments, control 
valves 404 may be three-way valves directing flow of 
intermediate stream 292 to either the first or second absorb 
ers and/or directing flow of methane-rich stream 332 from 
either the first or second absorbers. 

In some embodiments, control system 340 may include 
one or more saturation measurement devices 412. In those 
embodiments, control assembly 342 may control operation 
of control valves 404 based, at least in part, on the detected 
saturation. For example, control assembly 342 may control 
the control valves to direct flow from a first absorber to a 
second absorber when the first absorber is above a prede 
termined maximum saturation level. In some embodiments, 
gas removal assembly 400 may include a shell or housing 
413 which may at least partially contain one or more other 
components of that assembly. For example, shell 413 may at 
least partially contain absorbers 402 and control valves 404, 
as shown in FIG. 17. The shell or housing may include 
insulation and/or a jacket. 

Another example of second gas removal assembly 258 is 
shown in FIG. 18, which is generally indicated at 414. 
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Unless specifically excluded, second gas removal assembly 
414 may include one or more components of the other gas 
removal assemblies and/or other assemblies in this disclo 
Sure. Second gas removal assembly 414 may include a water 
removal assembly 416 and a membrane assembly 418. 

Water removal assembly 416 may include any suitable 
structure configured to remove water vapor and/or liquid 
water from one or more streams, such as intermediate stream 
292, to form an at least substantially dried stream 420. For 
example, water removal assembly 416 may include at least 
one water knockout device 422 and/or at least one gas dryer 
424. Water removed by water removal assembly 416 may 
form at least one reclaimed water stream 426 that may be 
sent to feedstock delivery system 232 and/or other compo 
nents of refining assembly 230. 
Membrane assembly 418 may include any suitable struc 

ture configured to separate at least a portion of carbon oxide 
gas and/or hydrogen gas from at least Substantially dried 
stream 420 to form methane-rich stream 332. The separated 
carbon oxide gas and/or hydrogen gas may form byproduct 
stream 333, which may be sent to feedstock delivery system 
232, one or more heating assemblies of other gas removal 
assemblies, and/or other components of refining assembly 
230. For example, membrane assembly 418 may include one 
or more carbon oxide selective membranes 428 that are 
configured to separate at least a portion of carbon oxide gas 
and/or hydrogen gas from Stream(s) 420. Membrane assem 
bly 418 may include any suitable number of membranes 
428, as shown in dashed lines in FIG. 18. When membrane 
assembly 418 includes two or more membranes 428, those 
membranes may be arranged in parallel or in series. In some 
embodiments, gas removal assembly 414 may include a 
shell or housing 429 which may at least partially contain one 
or more other components of that assembly. For example, 
shell 429 may at least partially contain membrane assembly 
418, as shown in FIG. 18. The shell or housing may include 
insulation and/or a jacket. 

Another example of second gas removal assembly 258 is 
shown in FIG. 19, which is generally indicated at 430. 
Unless specifically excluded, second gas removal assembly 
430 may include one or more components of the other gas 
removal assemblies and/or other assemblies in this disclo 
Sure. Second gas removal assembly 430 may include a water 
removal assembly 432, a membrane contactor assembly 434, 
at least one stripper 436, at least one heating assembly 438, 
at least one heat exchanger 440, and at least one pump 442. 

Water removal assembly 432 may include any suitable 
structure configured to remove water vapor and/or liquid 
water from one or more streams, such as intermediate stream 
292, to form at least substantially dried stream 444. For 
example, water removal assembly 432 may include at least 
one water knockout device 446 and/or at least one gas dryer 
448. Water removed by water removal assembly 432 may 
form at least one reclaimed water stream 450 that may be 
sent to feedstock delivery system 232 and/or other compo 
nents of refining assembly 230. 
Membrane contactor assembly 434 may include any Suit 

able structure configured to separate carbon oxide gas and/or 
hydrogen gas from at least Substantially dried stream 444 to 
form methane-rich stream 332. For example, membrane 
contactor assembly 434 may include one or more membrane 
contactors 452. Membrane contactor may include a plurality 
of carbon oxide selective membranes 454 that are configured 
to separate at least a portion of carbon oxide gas and/or 
hydrogen gas from stream(s) 444. 
Membranes 454 may be hollow fiber or small-diameter 

tubular membranes, which may be sealed (or potted) into a 
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shell 456, as shown in FIG. 20. Shell 456 may include inlet 
and outlet ports 457 and any suitable number of membranes 
454, such as hundreds to thousands of those membranes. 
Membranes 454 may have any suitable lengths, such as from 
about one centimeter to about two to three meters, and/or 
any suitable diameters, such as from 0.1 millimeters to 5 
millimeters. The membranes may be configured to be 
microporous and/or highly permeable to carbon oxide gas 
and/or hydrogen gas. 
Membranes 454 may be composed of material(s) that are 

chemically inert to the components of at least Substantially 
dried stream(s) 444 (and/or output stream 292), whether 
those components are in gas phase and/or liquid phase. 
Additionally, when membranes 454 are microporous, the 
membranes may be composed of one or more materials that 
are not wet by the liquid phase of the components of streams 
444 and/or 292, and/or liquid absorbent stream 470. In other 
words, the liquid phase of those components is not drawn 
into the micropore structure by capillary forces. Otherwise, 
if the micropore structure of the membranes is filled with the 
liquid phase, then relatively slow diffusion of carbon oxide 
gas out of the liquid-filled pores may adversely affect overall 
performance of the membranes. An example of a Suitable 
microporous polypropylene membrane is made by Cel 
gard R., LLC (Charlotte, N.C.). 
Membrane contactor(s) 452 may direct flow of at least 

substantially dried stream 444 (or intermediate stream 292, 
if that stream is not sent to water removal assembly 432) 
through a bore or lumen 458 of membranes 454, as shown 
in FIG. 21. At least a portion of carbon oxide gas and/or 
hydrogen gas may pass through one or more walls 460 into 
the membrane contactor shell, as indicated at 462 in FIG. 21. 
When streams 444 or 292 are directed to flow into and/or 
through lumen 458 of membranes 454, the interior of the 
lumens may be referred to as “feed side 466” and the interior 
of the shell (and/or exterior of the membranes) may be 
referred to as “permeate side 468.” 

Alternatively, the membrane contactor(s) may direct flow 
of at least substantially dried stream 444 (or intermediate 
stream 292) through the membrane contactor shell and/or 
over the membranes, as shown in FIG. 22. At least a portion 
of carbon oxide gas and/or hydrogen gas may pass through 
wall(s) 460 into lumen 458 of membranes 454, as indicated 
at 464 in FIG. 22. When streams 444 or 292 are directed to 
flow into and/or through the membrane contactor shell 
and/or over the membranes, the interior of the membrane 
contactor shell or exterior of the membranes may be referred 
to as “feed side 466 and the interior of the lumens may be 
referred to as “permeate side 468. Preferably, streams 444 
or 292 are directed to flow through the lumens of the 
membranes when the lumen diameter is Small and the length 
of the membrane is long to prevent high pressure drops that 
would be encountered if liquid absorbent stream 470 is 
directed to flow through the lumens. 

Additionally, membrane contactor(s) 452 may receive at 
least one liquid absorbent stream 470 at the permeate side of 
the membranes. The liquid absorbent stream may be adapted 
to absorb at least a portion of carbon oxide gas and/or 
hydrogen gas that passes from the feed side to the permeate 
side of membranes 454 to form liquid absorbent stream(s) 
472 having absorbed carbon oxide gas and/or hydrogen gas 
(which also may be referred to as “spent liquid absorbent 
stream(s) 472). For example, when membrane contactor(s) 
452 are configured to receive at least substantially dried 
stream 444 (or intermediate stream 292) through lumens 458 
of membranes 454, the membrane contactors may receive 
liquid absorbent stream 470 in membrane contactor shell 
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456. Alternatively, when membrane contactor(s) 452 are 
configured to receive streams 444 or 292 through membrane 
contactor shell 456, the membrane contactors may receive 
the liquid absorbent stream through lumens 458 of mem 
branes 454. The liquid absorbent(s) in liquid absorbent 
stream(s) 470 may be configured to absorb (or bind) at least 
a portion of carbon oxide gas and/or hydrogen gas at 
relatively low temperatures and then release (or desorb) 
those gas(es) at elevated temperatures. Preferably, the liquid 
absorbent(s) in liquid absorbent stream(s) 470 are not driven 
by a pressure cycle. 
Membrane contactor assembly 434 may include any Suit 

able number of membrane contactors 452, as shown in 
dashed lines in FIG. 19. When membrane contactor assem 
bly 434 includes two or more membrane contactors 452, 
those membrane contactors may be arranged in parallel or in 
series. Stripper 436 may include any suitable structure 
configured to receive one or more spent liquid absorbent 
streams 472, strip the absorbed carbon oxide gas and/or 
hydrogen gas from those stream(s), and/or deliver one or 
more stripped liquid absorbent streams 474 to membrane 
contactor(s) 452. For example, stripper 436 may include at 
least one spray noZZle 476 configured to at least partially 
atomize the spent liquid absorbent stream into one or more 
sprayed spent liquid absorbent streams 478. Stripper 436 
may strip the absorbed carbon oxide gas and/or hydrogen 
gas via any suitable mechanism(s). For example, when the 
liquid absorbent(s) used for liquid absorbent stream 470 
absorbs or binds carbon oxide gas and/or hydrogen gas 
within a first temperature range and releases or desorbs 
carbon oxide gas and/or hydrogen gas within a second 
temperature range higher than the first temperature range, 
then stripper 436 may be configured to receive one or more 
heated exhaust streams 480 from heating assembly 438 and 
direct the flow of those streams through the sprayed spent 
liquid absorbent stream(s). 
The sprayed spent liquid stream(s) may be heated by the 

heated exhaust stream(s) between 60° C. and 200° C., and 
preferably between 80° C. and 150° C., to drive off the 
absorbed carbon oxide gas and/or hydrogen gas to produce 
or yield at least Substantially regenerated liquid absorbent 
stream 474. The released or desorbed gasses may form at 
least one offgas stream 482. Stripper 436 may be operated 
within the range of 0 psig and 50 psig, and most preferably 
in the range of 0 psig and 10 psi.g. 

Heating assembly 438 may include any suitable structure 
configured to produce at least one heated exhaust stream 480 
for heating sprayed spent liquid absorbent stream(s) 478. 
For example, the heating assembly may heat the stripper to 
any Suitable temperature(s). Such as at least a minimum 
release or desorption temperature for the carbon oxide gas 
and/or hydrogen gas in the sprayed spent liquid absorbent 
stream(s). 
The heating assembly may include a burner assembly 

484, at least one air blower 486, and an igniter assembly 488, 
as shown in FIG. 19. The burner assembly may include any 
Suitable structure configured to receive at least one air 
stream 490 and at least one fuel stream 492 and to combust 
the at least one fuel stream to produce heated exhaust 
stream(s) 480. The fuel stream(s) may be provided by 
feedstock delivery system 232 and/or one or more of the gas 
removal assemblies. For example, one or more gas removal 
assemblies that remove carbon oxide gas and/or hydrogen 
gas may send those gases to burner assembly 484 as a 
byproduct fuel stream 494. In some embodiments, at least a 
portion of offgas stream 482 may supplement fuel streams 
492 and/or 494. Fuel streams 492, 494, and/or 482 may be 
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delivered to burner assembly 378 via pump(s) and/or other 
suitable device(s). Air blower 486 may include any suitable 
structure configured to generate air stream(s) 492. Igniter 
assembly 488 may include any suitable structure configured 
to ignite fuel stream(s) 492, 494, and/or 482. 

Additionally, other configuration and types of heating 
assemblies 438 may be used. For example, heating assembly 
438 may include at least one heater 498 that is powered by 
at least one power assembly 500, as shown in FIG. 23. 
Heater 498 may include at least one heating element 502 
(such as a resistive heating element). The heating element 
may heat spent liquid absorbent stream 472 prior to stripper 
436 (and/or spray nozzle 476) and/or may heat the spent 
liquid absorbent stream in the stripper. Power assembly 500 
may include one or more electric cords (to allow a user to 
plug the heater into an electrical outlet), Solar panels, wind 
turbines, fuel cells, etc. 

Heat exchanger 440 may include any suitable structure 
configured to transfer heat from the stripped liquid absorbent 
stream(s) to the spent liquid absorbent stream(s). Pump 442 
may include suitable structure configured to deliver or 
transport stripped liquid absorbent stream(s) 474 to mem 
brane contactor(s) 452 for additional absorption of carbon 
oxide gas and/or hydrogen gas from at least Substantially 
dried stream 444 (or intermediate stream 292). 

In some embodiments, control system 340 may further 
include pressure measurement devices 504 and at least one 
control valve 506, as shown in FIG. 19. Pressure measure 
ment devices 504 may include pressure transducers or a 
differential pressure transducer that provides a feedback 
signal (typically 4-20 mA or voltage, such as 0-5 volts, 0-10 
volts, or 0.5 to 4.5 volts) that is registered and processed by 
control assembly 342. Control valve 506 may include, for 
example, a proportional valve. Control assembly 342 may 
detect pressure in at least Substantially dried stream 444 and 
spent liquid absorbent stream 472 via pressure measurement 
devices 504, and control the control valve based, at least in 
part, on the detected pressures. For example, control assem 
bly 342 may be configured to ensure that the pressure of the 
spent liquid absorbent stream is higher than the pressure in 
the at least substantially dried stream to prevent the at least 
substantially dried stream from flowing from the feed side to 
the permeate side and bubble through the liquid absorbent 
Stream. 

Control assembly 342 may interpret the pressure mea 
Surements from the pressure measurement devices and sig 
nal control valve 506 to proportionally open if the pressure 
of the spent liquid absorbent stream is above the pressure of 
the at least substantially dried stream by more than a 
predetermined pressure (or pressure range), and to propor 
tionally close if the pressure of the spent liquid absorbent 
stream is below the pressure of the at least substantially 
dried stream by less than a predetermined pressure (or 
pressure range). An example of a predetermined pressure 
range is 5 psig to 15 psig higher than the pressure of the at 
least substantially dried stream. However, other pressure 
ranges (and/or pressures) may be selected. 

In some embodiments, gas removal assembly 430 may 
include a shell or housing 508 which may at least partially 
contain one or more other components of that assembly. For 
example, shell 508 may at least partially contain membrane 
contactor assembly 434, stripper 436, heating assembly 438, 
heat exchanger 440, and/or pump 442, as shown in FIGS. 19 
and 23. In some embodiments, shell 508 may include 
insulation and/or a jacket. 

Another example of refining assembly 30 is shown in 
FIG. 24, which is generally indicated at 510. Unless spe 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

32 
cifically excluded, refining assembly 510 may include one or 
more components of the other refining assemblies and/or 
other assemblies in this disclosure. Refining assembly 510 
may include a feedstock delivery system 512 and a fuel 
processing system 514. 

Feedstock delivery system 512 may include any suitable 
structure configured to deliver one or more feed and/or fuel 
streams to one or more other components of refining assem 
bly 510. For example, the feedstock delivery system may 
include a water source 516, a rich natural gas source 518. 
and a pump 520. The water Source may be a storage tank, a 
storage container, a water reservoir, a natural body of water, 
etc. configured to provide a water stream 522 (Such as a 
deionized water stream) to fuel processing system 514. Rich 
natural gas source 518 may be a wellhead, a storage tank, a 
storage container, etc. configured to provide a rich natural 
gas stream 524 to fuel processing system 514. Pump 520 
may have any Suitable structure configured to deliver or 
transport the water to fuel processing system 514. The rich 
natural gas stream may combine with the water stream to 
form at least one liquid-containing feed stream 526. Alter 
natively, or additionally, the rich natural gas stream may be 
delivered or transported to fuel processing system 514 and 
combine with the water stream at the fuel processing system. 
In some embodiments, feedstock delivery system 512 may 
include one or more additional pumps and/or compressors to 
deliver or transport rich natural gas stream 524 and/or water 
stream 522 and/or to fuel processing system 514. 

Fuel processing system 514 may include any Suitable 
structure configured to process rich natural gas stream(s) 
524. Such as to increase concentration of methane gas and/or 
reduce concentration of other components in the rich natural 
gas stream. For example, fuel processing system 514 may 
include at least one methane-producing assembly 528, a heat 
exchange assembly 530, a water removal assembly 532, and 
a membrane assembly 534. 

Methane-producing assembly 528 may include any suit 
able structure configured to receive liquid-containing feed 
stream(s) 526 and produce an output stream 536 containing 
methane gas as the primary component but also containing 
water and other gases. For example, methane-producing 
assembly 528 may include at least one heavy hydrocarbon 
reforming (HHR) reactor 538 having a HHR catalyst 540. 

Heat exchange assembly 530 may include one or more 
heat exchangers configured to transfer heat from one portion 
of the refining assembly to another portion. For example, 
heat exchange assembly 532 may include at least one heat 
exchanger 538 and one or more fans 540 configured to cool 
output stream 536. Although heat exchanger 538 is shown to 
cool output stream 536 via fan(s) 540, the heat exchanger 
may alternatively, or additionally, be cooled via one or more 
cooling fluid streams (such as one or more water streams). 

Water removal assembly 532 may include any suitable 
structure configured to remove water from output stream 
536 to produce an at least substantially dried stream 542. For 
example, water removal assembly 532 may include at least 
one gas dryer 544 configured to remove at least a substantial 
portion of water vapor from output stream 536 and to form 
at least one reclaimed water stream 546 from the removed 
water vapor. In some embodiments, the water removal 
assembly may include at least one water knockout device 
547 configured to remove at least a substantial portion of 
liquid water from output stream 536. When refining assem 
bly 514 includes one or more water knockout device(s), 
those devices may be immediately upstream of (or imme 
diately prior to) the gas dryer(s) and the water extracted by 
those device(s) may form at least a portion of reclaimed 
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water stream 546. In some embodiments, water removal 
assembly 532 may include a reclaimed water pump 548 
configured to move or transport the reclaimed water stream 
to feedstock delivery system 512, such as to add or supple 
ment water to water source 516. The reclaimed water 
stream(s) also may be sent to one or more other components 
of refining assembly 514 (such as to heat exchanger(s) 538, 
sent to drain, and/or otherwise disposed. 
Membrane assembly 534 may include any suitable struc 

ture configured to separate at least a portion of carbon oxide 
gas and/or hydrogen gas from at least Substantially dried 
stream 542 to form a methane-rich stream 550. The sepa 
rated carbon oxide gas and/or hydrogen gas may form a 
byproduct stream 552, which may be sent to feedstock 
delivery system 512, one or more heating assemblies of 
methane-producing assembly 528, and/or other components 
of refining assembly 512. For example, membrane assembly 
534 may include one or more carbon oxide selective mem 
branes 554 that are configured to separate carbon oxide gas 
and/or hydrogen gas from Stream(s) 542. Membrane assem 
bly 534 may include any suitable number of membranes 
554, as shown in dashed lines in FIG. 24. When membrane 
assembly 534 includes two or more membranes 554, those 
membranes may be arranged in parallel or in series. In some 
embodiments, membrane assembly 534 may include a shell 
or housing 555, which may include any suitable structure 
configured to at least partially contain membranes 554. In 
some embodiments, shell 555 may include insulation and/or 
a jacket. 

Refining assembly 510 may, in some embodiments, 
include a control system 556, which may include any 
Suitable structure configured to control operation of the 
refining assembly. For example, control system 556 may 
include a control assembly 558, one or more flow measure 
ment devices 560, one or more temperature measurement 
devices 562, and one or more control valves 564, as shown 
in FIG. 24. Control assembly 558 may detect flow rate of 
rich natural gas stream 524 and adjust delivery (Such as the 
flow rate) of water stream 522 based, at least in part, on the 
detected flow rate. Additionally, control assembly 558 may 
detect temperatures in the HHR reactor via temperature 
measurement devices 562 (such as thermocouples and/or 
other suitable devices) and adjust flow rate of the fuel 
stream(s) and/or byproduct fuel stream(s) to the heating 
assembly of that reactor via control valves 564 and/or adjust 
flow rate of the air stream(s) by controlling speed of the air 
blower(s) of that heating assembly, based, at least in part, on 
the detected temperature(s). 
An example of a plate burner 566 is shown in FIG. 25. 

which may be used in one or more heating assemblies 
described in this disclosure. For example, plate burner 566 
may be positioned adjacent to (or to the side of) a vaporizer. 
Plate burner 566 may include any suitable structure config 
ured to receive at least one fuel stream 568 and to distribute 
that stream for combustion. For example, plate burner 566 
may include a non-porous (or solid) frame 570 and first and 
second opposed plates 572, 574. Frame 570 may include at 
least one inlet or input port 576 configured to receive the at 
least one fuel stream. The frame and the first and second 
plates may define an interior 577. The inlet(s) may be fluidly 
connected to the interior. One or both of the first and second 
plates may be porous and/or may include a plurality of 
outlets 578, arranged orderly or randomly, for the at least 
one fuel stream. In use, one or more air blowers may be 
positioned adjacent to the first and/or second plates such that 
one or more air streams flow toward the fuels streams 
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discharged from outlets 578 (such as flowing toward and 
about perpendicular to those fuel streams). 
An example of a method of refining rich natural gas 

containing a first methane gas and other hydrocarbons that 
are heavier than methane gas is shown in FIG. 26 and is 
generally indicated at 600. Although particular steps are 
shown in FIG. 26, other examples of method 600 may omit, 
modify, duplicate, and/or add one or more steps. Addition 
ally, the steps may be performed in any Suitable sequence. 
At step 602, at least a substantial portion of other hydro 

carbons of the rich natural gas may be converted with water 
to an output stream containing a second methane gas, a 
lesser portion of the water, hydrogen gas, and/or carbon 
oxide gas (such as carbon dioxide gas and/or carbon mon 
oxide gas). In some embodiments, converting at least a 
substantial portion of the other hydrocarbons may include 
not converting at least a substantial portion of the first 
methane gas from the rich natural gas. In other words, at 
least a Substantial portion of the first methane gas may be 
allowed to pass through without conversion and/or reaction. 
In Some embodiments, converting at least a substantial 
portion of the other hydrocarbons may include heating the 
rich natural gas and the water to a minimum methane 
producing temperature in at least one heating assembly 
and/or feeding at least a portion of at least one byproduct 
stream to the heating assembly. 
At step 604, at least a portion of the water from the output 

stream may be removed to produce an at least Substantially 
dried stream. The water may be in the form of water vapor 
and/or liquid water. 
At step 606, at least a portion of carbon oxide gas and at 

least a portion of hydrogen gas from the at least substantially 
dried stream may be converted to methane gas to form an 
intermediate stream therefrom containing a lower concen 
tration of hydrogen gas and carbon oxide gas compared to 
the at least substantially dried stream. Step 606 may be 
performed once or may be repeated any suitable number of 
times, such as two, three, four, or more. In some embodi 
ments, step 606 may be omitted. 
At step 608, at least a portion of carbon oxide gas (and/or 

at least a portion of hydrogen gas) may be separated to form 
a byproduct stream therefrom. The remaining portion of the 
intermediate stream may form at least part of a methane-rich 
stream having a greater methane concentration than the 
intermediate stream. In some embodiments, at least a portion 
of the byproduct stream may be used as fuel for one or more 
heating steps of method 600. In some embodiments, sepa 
rating at least a portion of the carbon oxide gas may include 
allowing at least a portion of the carbon oxide gas to pass 
from a feed side to a permeate side of at least one carbon 
oxide selective membrane. In some embodiments, separat 
ing at least a portion of the carbon oxide gas may include 
flowing at least one liquid absorbent stream through the 
permeate side of the at least one carbon oxide selective 
membrane to produce therefrom a liquid absorbent stream 
having absorbed carbon oxide gas (or spent liquid absorbent 
stream). In some embodiments, separating at least a portion 
of the carbon oxide gas may include detecting pressure of 
the intermediate stream, detecting pressure of the spent 
liquid absorbent stream, and/or controlling flow of the spent 
liquid absorbent stream such that the pressure of that liquid 
absorbent stream is greater than the pressure of the inter 
mediate stream in the feed side of the at least one carbon 
oxide selective membrane. In some embodiments, separat 
ing at least a portion of the carbon oxide gas may include 
heating the spent liquid absorbent stream to strip at least a 
substantial portion of the absorbed carbon oxide gas to form 
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a stripped liquid absorbent stream and an offgas stream 
containing the stripped carbon oxide gas. 

Refining assemblies of the present disclosure may include 
one or more of the following: 
A methane-producing assembly configured to receive at 

least one liquid-containing feed stream that includes 
water and rich natural gas. 

A methane-producing assembly configured to receive rich 
natural gas and at least one liquid-containing feed 
stream that includes water. 

A methane-producing assembly configured to produce an 
output stream by (a) converting at least a Substantial 
portion of other hydrocarbons of a rich natural gas with 
water to a second methane gas, a lesser portion of the 
water, and other gases; and/or (b) allowing at least a 
Substantial portion of a first methane gas from the rich 
natural gas to pass through the methane-producing 
assembly unconverted. 

A vaporizer configured to receive and/or vaporize at least 
a portion of at least one liquid-containing feedstream 
that includes water with or without rich natural gas to 
form an at least Substantially vaporized stream. 

A methane-producing reactor containing a catalyst. 
A methane-producing reactor configured to receive an at 

least Substantially vaporized stream and/or a rich natu 
ral gas stream. 

A methane-producing reactor configured to produce an 
output stream by (a) converting at least a Substantial 
portion of other hydrocarbons with water to a second 
methane gas, a lesser portion of the water, and other 
gases; and (b) allowing at least a Substantial portion of 
a first methane gas from rich natural gas to pass through 
the methane-producing reactor unconverted. 

A heating assembly configured to produce a heated 
exhaust stream for heating at least one of a vaporizer to 
at least a minimum vaporization temperature and/or a 
methane-producing reactor to at least a minimum meth 
ane-producing temperature. 

Aheating assembly including a frame and first and second 
opposed plates attached to the frame and defining an 
interior therebetween. 

A frame that includes one or more inlets that are fluidly 
connected to an interior and that are for receiving at 
least one fuel stream. 

One or both of first and second plates include openings 
defining a plurality of outlets for at least one fuel 
Stream. 

A purification assembly configured to receive an output 
Stream. 

A purification assembly configured to produce a methane 
rich stream having a greater methane concentration 
than the output stream. 

At least one gas dryer configured to remove at least a 
Substantial portion of water vapor from an output 
stream to produce an at least Substantially dried stream. 

At least one water knockout device configured to remove 
at least a Substantial portion of liquid water from an 
output stream. 

A purification assembly configured to convert at least a 
portion of carbon oxide gas and at least a portion of 
hydrogen gas in an at least Substantially dried stream to 
methane gas, and to produce an intermediate stream 
therefrom. 

At least one synthetic natural gas (SNG) reactor contain 
ing a catalyst. 

At least one SNG reactor configured to convert at least a 
portion of carbon oxide gas and at least a portion of 
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hydrogen gas in an at least Substantially dried stream to 
methane gas, and to produce an intermediate stream 
therefrom. 

A heating assembly configured to produce a heated 
exhaust stream for heating at least one SNG reactor to 
a minimum conversion temperature. 

A purification assembly configured to separate at least a 
portion of carbon oxide gas from an intermediate 
stream, and to produce a byproduct stream therefrom. 

At least one absorber configured to receive at least one 
absorbent that is adapted to absorb at least a portion of 
carbon oxide gas from an intermediate stream, and to 
produce a byproduct stream therefrom. 

At least one absorber configured to receive a liquid 
absorbent stream that is adapted to absorb at least a 
portion of carbon oxide gas, and/or direct flow of an 
intermediate stream through the liquid absorbent 
Stream. 

At least one absorber configured to receive at least one 
solid absorbent that is adapted to absorb carbon oxide 
gas, and/or to direct flow of an intermediate stream 
through the at least one solid absorbent. 

At least one stripper configured to (a) receive a liquid 
absorbent stream with absorbed carbon oxide gas, (b) 
strip the carbon oxide gas from that liquid absorbent 
stream to form an offgas stream therefrom, and/or (c) 
deliver the stripped liquid absorbent stream to at least 
one absorber. 

At least one carbon oxide selective membrane having a 
feed side and a permeate side. 

A feed side configured to receive an intermediate stream. 
At least a portion of carbon oxide gas in an intermediate 

stream is configured to pass from a feed side to a 
permeate side. 

A remaining portion of an intermediate stream that 
remains on a feed side forms at least part of a methane 
rich stream. 

A permeate side configured to receive a liquid absorbent 
stream that is adapted to absorb at least a portion of 
carbon oxide gas that passes from a feed side to a 
permeate side. 

At least one stripper configured to (a) receive a liquid 
absorbent stream with absorbed carbon oxide gas, (b) 
strip the carbon oxide gas from that liquid absorbent 
stream to form a byproduct stream therefrom, and/or (c) 
deliver the stripped liquid absorbent stream to a per 
meate side of at least one carbon oxide selective 
membrane. 

Methods of refining rich natural gas may include one or 
50 more of the following: 
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Receiving at least one liquid-containing feed stream that 
includes water and rich natural gas. 

Receiving rich natural gas and at least one liquid-con 
taining feed stream that includes water. 

Vaporizing at least one liquid-containing feed stream that 
includes water with or without rich natural gas to form 
an at least Substantially vaporized stream. 

Receiving an at least Substantially vaporized stream and/ 
or a rich natural gas stream. 

Converting at least a substantial portion of other hydro 
carbons of rich natural gas with water to an output 
stream containing a second methane gas, a lesser por 
tion of the water, hydrogen gas, and carbon oxide gas. 

Not converting at least a substantial portion of first 
methane gas from rich natural gas. 

Heating rich natural gas and water to a minimum meth 
ane-producing temperature via a heating assembly. 
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Feeding at least a portion of a byproduct stream to a 
heating assembly. 

Removing at least a portion of water from an output 
stream to produce an at least Substantially dried stream 
therefrom. 

Converting at least a portion of carbon oxide gas and at 
least a portion of hydrogen gas from an at least Sub 
stantially dried stream to methane gas to form an 
intermediate stream therefrom containing a lower con 
centration of hydrogen gas and carbon oxide gas to the 
at least Substantially dried stream. 

Separating, from an intermediate stream, at least a portion 
of carbon oxide gas to form a byproduct stream there 
from, wherein the remaining portion of the intermedi 
ate stream forms at least part of a methane-rich stream 
having a greater methane concentration than the inter 
mediate stream. 

Allowing at least a portion of carbon oxide gas to pass 
from a feed side to a permeate side of at least one 
carbon oxide selective membrane. 

Flowing a liquid absorbent stream through a permeate 
side of at least one carbon oxide selective membrane to 
produce a liquid absorbent stream having absorbed 
carbon oxide gas. 

Detecting pressure of an intermediate stream. 
Detecting pressure of a liquid absorbent stream having 

absorbed carbon oxide gas. 
Controlling flow of a liquid absorbent stream having 

absorbed carbon oxide gas such that the pressure of that 
liquid absorbent stream in a permeate side of at least 
one carbon oxide selective membrane is greater than a 
pressure of an intermediate stream in a feed side of at 
least one carbon oxide selective membrane. 

Heating a liquid absorbent stream having absorbed carbon 
oxide gas to Strip at least a substantial portion of 
absorbed carbon oxide gas to form a stripped liquid 
absorbent stream and an offgas stream containing 
stripped carbon oxide gas. 

INDUSTRIAL APPLICABILITY 

The present disclosure, including refining assemblies for 
rich natural gas, and components of those assemblies, is 
applicable to the fuel-processing and other industries in 
which methane gas is purified, produced, and/or utilized, 
Such as for fueling an engine and/or electrical power gen 
eration. 
The disclosure set forth above encompasses multiple 

distinct inventions with independent utility. While each of 
these inventions has been disclosed in its preferred form, the 
specific embodiments thereof as disclosed and illustrated 
herein are not to be considered in a limiting sense as 
numerous variations are possible. The subject matter of the 
inventions includes all novel and non-obvious combinations 
and Subcombinations of the various elements, features, 
functions and/or properties disclosed herein. Similarly, 
where any claim recites “a” or “a first element or the 
equivalent thereof, such claim should be understood to 
include incorporation of one or more Such elements, neither 
requiring nor excluding two or more Such elements. 

Inventions embodied in various combinations and Sub 
combinations of features, functions, elements, and/or prop 
erties may be claimed through presentation of new claims in 
a related application. Such new claims, whether they are 
directed to a different invention or directed to the same 
invention, whether different, broader, narrower or equal in 
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Scope to the original claims, are also regarded as included 
within the subject matter of the inventions of the present 
disclosure. 
What is claimed is: 
1. A refining assembly for rich natural gas containing a 

first methane gas and other hydrocarbons that are heavier 
than methane gas, comprising: 

a methane-producing assembly configured to receive at 
least one liquid-containing feed stream that includes 
water and rich natural gas and to produce an output 
stream therefrom by (a) converting at least a substantial 
portion of the other hydrocarbons of the rich natural gas 
with the water to a second methane gas, a lesser portion 
of the water, and other gases, and (b) allowing at least 
a Substantial portion of the first methane gas from the 
rich natural gas to pass through the methane-producing 
assembly unconverted; and 

a purification assembly configured to receive the output 
stream and to produce a methane-rich stream therefrom 
having a greater methane concentration than the output 
Stream, 

where the output stream includes water vapor, wherein the 
purification assembly includes at least one gas dryer 
configured to remove at least a substantial portion of 
the water vapor from the output stream to produce an 
at least Substantially dried stream, and 

where the other gases in the output stream includes carbon 
oxide gas and hydrogen gas, wherein the purification assem 
bly is configured to convert at least a portion of the carbon 
oxide gas and at least a portion of the hydrogen gas in the 
at least Substantially dried stream to methane gas, and to 
produce an intermediate stream therefrom. 

2. The refining assembly of claim 1, wherein the purifi 
cation assembly includes: 

at least one synthetic natural gas (SNG) reactor containing 
a catalyst and configured to convert at least a portion of 
the carbon oxide gas and at least a portion of the 
hydrogen gas in the at least Substantially dried stream 
to methane gas, and to produce the intermediate stream 
therefrom; and 

a heating assembly configured to produce a heated 
exhaust stream for heating the at least one SNG reactor 
to a minimum conversion temperature. 

3. The refining assembly of claim 2, wherein the heating 
assembly includes: 

a frame; and 
first and second opposed plates attached to the frame and 

defining an interior therebetween, wherein the frame 
includes one or more inlets that are fluidly connected to 
the interior and that are for receiving at least one fuel 
stream, and one or both of the first and second plates 
include openings defining a plurality of outlets for the 
at least one fuel stream. 

4. The refining assembly of claim 2, wherein the purifi 
cation assembly is further configured to separate at least a 
portion of carbon oxide gas from the intermediate stream, 
and to produce a byproduct stream therefrom. 

5. The refining assembly of claim 4, wherein the purifi 
cation assembly includes at least one absorber configured to 
receive at least one absorbent that is adapted to absorb at 
least a portion of carbon oxide gas from the intermediate 
stream, and to produce the byproduct stream therefrom. 

6. The refining assembly of claim 5, wherein the at least 
one absorber is configured to (a) receive a liquid absorbent 
stream that is adapted to absorb at least a portion of carbon 
oxide gas, and (b) direct flow of the intermediate stream 
through the liquid absorbent stream. 
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7. The refining assembly of claim 6, wherein the purifi 
cation assembly further includes at least one stripper con 
figured to (a) receive the liquid absorbent stream with 
absorbed carbon oxide gas, (b) strip the carbon oxide gas 
from that liquid absorbent stream to form an offgas stream 
therefrom, and (c) deliver the stripped liquid absorbent 
stream to the at least one absorber. 

8. The refining assembly of claim 5, where the at least one 
absorber is configured to receive at least one solid absorbent 
that is adapted to absorb carbon oxide gas, and to direct flow 
of the intermediate stream through the at least one solid 
absorbent. 

9. The refining assembly of claim 4, wherein the purifi 
cation assembly includes at least one carbon oxide selective 
membrane having a feed side and a permeate side, the feed 
side is configured to receive the intermediate stream, at least 
a portion of the carbon oxide gas in the intermediate stream 
is configured to pass from the feed side to the permeate side, 
and the remaining portion of the intermediate stream that 
remains on the feed side forms at least part of the methane 
rich stream. 

10. The refining assembly of claim 9, wherein the per 
meate side is configured to receive a liquid absorbent stream 
that is adapted to absorb at least a portion of the carbon oxide 
gas that passes from the feed side to the permeate side. 

11. The refining assembly of claim 10, wherein the 
purification assembly further includes at least one stripper 
configured to (a) receive the liquid absorbent stream with the 
absorbed carbon oxide gas, (b) strip the carbon oxide gas 
from that liquid absorbent stream to form a byproduct 
stream therefrom, and (c) deliver the stripped liquid absor 
bent stream to the permeate side of the at least one carbon 
oxide selective membrane. 

12. The refining assembly of claim 11, wherein the 
methane-producing assembly includes: 

a vaporizer configured to receive and vaporize at least a 
portion of the at least one liquid-containing feedstream 
that includes water and rich natural gas to form an at 
least Substantially vaporized stream; 

a methane-producing reactor containing a catalyst and 
configured to receive the vaporized feed stream and to 
produce the output stream by (a) converting at least a 
substantial portion of the other hydrocarbons with the 
water to the second methane gas, a lesser portion of the 
water, and the other gases and (b) allowing at least a 
Substantial portion of the first methane gas from the 
rich natural gas stream to pass through the methane 
producing reactor unconverted; and 

a heating assembly configured to receive at least one fuel 
stream and at least one air stream to produce a heated 
exhaust stream for heating at least one of the vaporizer 
to at least a minimum vaporization temperature or the 
methane-producing reactor to at least a minimum meth 
ane-producing temperature, and wherein at least a 
portion of the byproduct stream forms at least part of 
the at least one fuel stream. 

13. A refining assembly for rich natural gas containing a 
first methane gas and other hydrocarbons that are heavier 
than methane gas, comprising: 

a methane-producing assembly configured to receive at 
least one liquid-containing feed stream that includes 
water and rich natural gas and to produce an output 
stream therefrom by (a) converting at least a substantial 
portion of the other hydrocarbons of the rich natural gas 
with the water to a second methane gas, a lesser portion 
of the water, and other gases, and (b) allowing at least 
a Substantial portion of the first methane gas from the 
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rich natural gas to pass through the methane-producing 
assembly unconverted; and 

a purification assembly configured to receive the output 
stream and to produce a methane-rich stream therefrom 
having a greater methane concentration than the output 
Stream, 

where the output stream includes water vapor, wherein the 
purification assembly includes at least one gas dryer 
configured to remove at least a substantial portion of 
the water vapor from the output stream to produce an 
at least Substantially dried stream, 

where the other gases include carbon oxide gas and 
hydrogen gas, wherein the purification assembly is 
further configured to separate at least a portion of the 
carbon oxide gas and at least a portion of the hydrogen 
gas from the at least Substantially dried stream, and to 
produce a byproduct stream therefrom, and 

wherein the purification assembly includes at least one 
carbon oxide selective membrane having a feed side 
and a permeate side, the feed side is configured to 
receive the dried output stream, at least a portion of the 
carbon oxide gas and at least a portion of the hydrogen 
gas are configured to pass from the feed side to the 
permeate side to produce the byproduct stream there 
from, and the remaining portion of the output stream 
that remains on the feed side forms at least part of the 
methane-rich stream. 

14. A method of refining rich natural gas containing a first 
methane gas and other hydrocarbons that are heavier than 
methane gas, comprising: 

converting at least a Substantial portion of the other 
hydrocarbons of the rich natural gas with water to an 
output stream containing a second methane gas, a lesser 
portion of the water, hydrogen gas, and carbon oxide 
gas, wherein converting at least a Substantial portion of 
the other hydrocarbons includes not converting at least 
a Substantial portion of the first methane gas from the 
rich natural gas; 

removing at least a portion of the water from the output 
stream to produce an at least Substantially dried stream 
therefrom; 

converting at least a portion of the carbon oxide gas and 
at least a portion of the hydrogen gas from the at least 
Substantially dried stream to methane gas to form an 
intermediate stream therefrom containing a lower con 
centration of hydrogen gas and carbon oxide gas com 
pared to the at least Substantially dried stream; and 

separating, from the intermediate stream, at least a portion 
of the carbon oxide gas to form a byproduct stream 
therefrom, wherein the remaining portion of the inter 
mediate stream forms at least part of a methane-rich 
stream having a greater methane concentration than the 
intermediate stream. 

15. The method of claim 14, wherein separating at least a 
portion of the carbon oxide gas includes allowing at least a 
portion of the carbon oxide gas to pass from a feed side to 
a permeate side of at least one carbon oxide selective 
membrane. 

16. The method of claim 15, wherein separating at least a 
portion of the carbon oxide gas further includes flowing a 
liquid absorbent stream through the permeate side of the at 
least one carbon oxide selective membrane to produce 
therefrom a liquid absorbent stream having absorbed carbon 
oxide gas. 
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17. The method of claim 16, wherein separating at least a 
portion of the carbon oxide gas further includes: 

detecting pressure of the intermediate stream; 
detecting pressure of the liquid absorbent stream having 

absorbed carbon oxide gas; and 
controlling flow of the liquid absorbent stream having 

absorbed carbon oxide gas such that the pressure of that 
liquid absorbent stream in the permeate side of the at 
least one carbon oxide selective membrane is greater 
than the pressure of the intermediate stream in the feed 
side of the at least one carbon oxide selective mem 
brane. 

18. The method of claim 16, wherein separating at least a 
portion of the carbon oxide gas further includes heating the 
liquid absorbent stream having absorbed carbon oxide gas to 
strip at least a substantial portion of the absorbed carbon 
oxide gas to form a stripped liquid absorbent stream and an 
offgas stream containing the stripped carbon oxide gas. 

19. The method of claim 14, wherein converting at least 
a substantial portion of the other hydrocarbons with water 
includes heating the rich natural gas and the water to a 
minimum methane-producing temperature via a heating 
assembly. 

20. The method of claim 19, wherein converting at least 
a substantial portion of the other hydrocarbons includes 
feeding at least a portion of the byproduct stream to the 
heating assembly. 

21. A refining assembly for rich natural gas containing a 
first methane gas and other hydrocarbons that are heavier 
than methane gas, comprising: 

a vaporizer configured to receive and vaporize at least a 
portion of at least one liquid-containing feedstream that 
includes water and rich natural gas to form an at least 
substantially vaporized stream: 

a methane-producing reactor containing a catalyst and 
configured to receive the vaporized feed stream and to 
produce an output stream by (a) converting at least a 
substantial portion of the other hydrocarbons with the 
water to a second methane gas, a lesser portion of the 
water, hydrogen gas, and carbon oxide gas, and (b) 
allowing at least a substantial portion of the first 
methane gas from the rich natural gas stream to pass 
through the methane-producing reactor unconverted; 

a first heating assembly configured to receive at least one 
fuel stream and at least one air stream and produce a 
heated exhaust stream for heating at least one of the 
Vaporizer to at least a minimum vaporization tempera 
ture or the methane-producing reactor to at least a 
minimum methane-producing temperature; 

a purification assembly configured to receive the output 
stream and to produce a methane-rich stream therefrom 
having a greater methane concentration than the output 
stream, wherein the purification assembly includes at 
least one of a gas dryer or a water knockout device 
configured to remove at least a substantial portion of 
water from the output stream to produce an at least 
substantially dried stream; and 

at least one synthetic natural gas (SNG) reactor containing 
a catalyst and configured to convert at least a portion of 
the carbon oxide gas and at least a portion of the 
hydrogen gas in the at least substantially dried stream 
to methane gas, and to produce an intermediate stream 
therefrom; and 

a second heating assembly configured to produce a heated 
exhaust stream for heating the at least one SNG reactor 
to a minimum conversion temperature. 
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22. The refining assembly of claim 21, wherein the 

purification assembly further includes at least one absorber 
having at least one absorbent configured to absorb at least a 
portion of carbon oxide gas from the intermediate stream, 
and to produce a byproduct stream therefrom. 

23. The refining assembly of claim 21, wherein at least a 
portion of the byproduct stream forms at least part of the at 
least one fuel stream for the first heating assembly. 

24. The refining assembly of claim 21, wherein the 
purification assembly further includes at least one carbon 
oxide selective membrane having a feed side and a permeate 
side, the feed side is configured to receive the intermediate 
stream, at least a portion of the carbon oxide gas in the 
intermediate stream is configured to pass from the feed side 
to the permeate side, and the remaining portion of the 
intermediate stream that remains on the feed side forms at 
least part of the methane-rich stream. 

25. The refining assembly of claim 24, wherein the 
permeate side is configured to receive a liquid absorbent 
stream adapted to absorb at least a portion of the carbon 
oxide gas that passes from the feed side to the permeate side. 

26. A refining assembly for rich natural gas containing a 
first methane gas and other hydrocarbons that are heavier 
than methane gas, comprising: 

a vaporizer configured to receive and vaporize at least a 
portion of at least one liquid-containing feedstream that 
includes water and rich natural gas to form an at least 
substantially vaporized stream: 

a methane-producing reactor containing a catalyst and 
configured to receive the vaporized feed stream and to 
produce an output stream by (a) converting at least a 
Substantial portion of the other hydrocarbons with the 
water to a second methane gas, a lesser portion of the 
water, hydrogen gas, and carbon oxide gas, and (b) 
allowing at least a substantial portion of the first 
methane gas from the rich natural gas stream to pass 
through the methane-producing reactor unconverted; 

a first heating assembly configured to receive at least one 
fuel stream and at least one air stream and produce a 
heated exhaust stream for heating at least one of the 
Vaporizer to at least a minimum vaporization tempera 
ture or the methane-producing reactor to at least a 
minimum methane-producing temperature; and 

a purification assembly configured to receive the output 
stream and to produce a methane-rich stream therefrom 
having a greater methane concentration than the output 
Stream, 

wherein the purification assembly includes at least one of 
a gas dryer or a water knockout device configured to 
remove at least a substantial portion of water from the 
output stream to produce an at least substantially dried 
stream, and 

wherein the purification assembly includes at least one 
carbon oxide selective membrane having a feed side and a 
permeate side, the feed side is configured to receive the at 
least substantially dried stream, at least a portion of the 
carbon oxide gas and at least a portion of the hydrogen gas 
in the dried output stream are configured to pass from the 
feed side to the permeate side to produce a byproduct stream 
therefrom, and the remaining portion of the dried output 
stream that remains on the feed side forms at least part of the 
methane-rich stream. 

27. The refining assembly of claim 26, wherein at least a 
portion of the byproduct stream forms at least part of the at 
least one fuel stream for the first heating assembly. 


