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INTEGRATION OF COLD SOLVENT AND ACID GAS REMOVAL
CROSS REFERENCE TO RELATED APPLICATIONS

(0001} This application claims the priority benefit of Uniied States Provisional Patent
Application No. 62/548.172 filed August 21, 2017 entitled INTEGRATION OF COLD
SOLVENT AND ACID GAS REMOVAL, the entirety of which ts incorporated by reference
hergin.

[0602] This application is related to United States Provisional Patent Application No.
62/348,171 filed August 21, 2017 entitled INTEGRATION OF COLD SOLVENT AND ACID
GAS REMOVAL, having common inventors and assignec and filed on an even date herewith,
the disclosure of which is incorporated by reference herein in its entirety.

BACKGROUND

Field of Disclosure

[0063] The disclosure relates generally to the separation of impurities from a gas stream,
such as a natural gas stream. More specifically, the disclosure relates to controlimg a
terperature of a gas stream, through the use of membrane separation technologies, for

example, to reduce a reaction temperature of the gas stream and a solvent,

Pescription of Related Art

{3004 This section is mtended to introduce various aspects of the art, which may be
associated with the present disclosure. This discussion is intended to provide a framework to
facilitate a better understanding of particular aspects of the present disclosure. Accordingly, it
should be understood that this section should be read in this light, and not necessanily as an

adnussion of prior art.

[0605] Membranes work by preferentially permeating the acid gas (e.g., COz and Ha8)
through the membrane 1o a lower pressure, which cools both the process gas and permeaie.
Membranes are a bulk removal technology, 50 an anune-based clean-up step to remove HaS
(and sometimes CQOs, though those applications are not the focus here) is almost always
required to meet g pipeline gas specification.

[0606] Hindered amines, such as Flexsorb/SE, are engineered to preferentially remove Hzd
and let CO2 ship through with the treated gas. The amines achieve selective HaS removal by
reacting more quickly with HzS than €02, The value in becoming selective to HaS is that fewer
molecules of amine are required to remove the HaS in the system because fewer side reactions
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with CO:take place. Bt is well known in the industry that at colder temperatures (50-80 °F) the
reactions with COx slow down significantly and the reaction becomes even further selective
towards HoS. It has been discovered that selectivity to HoS may be further enhanced, thus
reducing solvent circulation by up 1o an order of magnitude, by chuliing the solvent itself before
contacting a gas stream. Such solvent chilling further reduces the €O reaction rate.
Additionally, providing a very short contact time between the gas stream and the amine solvent
permits the anune just enough time to pick up the H2S but too hittle contact time to react with
an appreciable amount of COz. Thus, more COa slips, and less solvent s required. It would
therefore be advantageous o provide a method and/or system that reduces the required amount

of amine solvent used in a contactor operating with a membrane separation system.
SUMMARY

{3607} The present disclosure further provides a method of separating impurities from a
natural gas stream. According to the method, the natural gas stream is cooled through heat
exchange with one or more process streams 1o produce a chilled gas stream. The chilled gas
stream 15 contacted with a lean solvent stream in a contactor to separate hvdrogen sulfide (HuS)
from the chilled gas stream, thereby producing a rich solvent stream and a partiallv-treated gas
stream. HiS and carbon dioxade (COn) are removed from the rich solvent stream to produce
the lean solvent stream. The lean solvent stream s recirculated to the contactor. CO2 and H2S
are separated from the partially-treated gas stream in 3 membrane separation svstem, thereby
creating a fully-treated gas stream and a permeate gas stream, the permeate gas stream being
comprised prnmartdy of HaS and CO:, and the fully-treated gas stream being comprised
primartly of natural gas. The fully-treated gas stream and the permeate gas stream are at a
fower temperature than the partially-treated gas stream. The fullv-treated gas stream and the

permeate gas stream COHEpﬁSG the one or more process streams.

{3008} The present disclosure further provides a svstem for separating impurities from a
natural gas stream. A heat exchanger cools the natural gas stream through heat exchange with
one or more process streams, thereby producing a chilled gas stream. A contactor contacts the
chilled gas stream with a lean solvent stream to separate hydrogen sulfide (H2S) from the
chilled gas stream, thereby producing a rich solvent stream and a partiallv-treated gas stream.
A regencrator removes HaS and carbon dioxade (COn) from the rich solvent stream to produce
the lean solvent stream that {s recirculated to the contactor. A membrane separation system
separates COz and HuS from the partially-treated gas stream, thercby creating a fullv-treated

2as stream and a permeate gas stream. The permeate gas stream is comprised primarnly of HaS
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and Ch, and the fully-treated gas stream is comprised primarily of natural gas. The fully-
treated gas stream and the permeate gas stream are at a lower temperature than the partially-
treated gas stream. The fully-treated gas stream and the permeate gas stream compnise the one
OF MOTC Process streams.
[0069] The foregoing has broadly outlined the features of the present disclosure so that the
detailed description that follows mav be better understood.  Additional features will also be
described hercin,

BRIEF DESCRIPTION OF THE DRAWINGS
0010 These and other features, aspects and advantages of the disclosure will become
apparcnt from the following description, appending claims and the accompanying drawings,
which are brieflv described below.,
10011} Figure 1 is a schematic diagram of a natural gas separation system according {o
known principles.
0012] Figure 2 1s a schematic diagram of a natural gas separation system according to
disclosed aspects.
001 3] Figure 3 is a schematic diagram of a natural gas separation system according to still
other disclosed aspects.
001 4] Figure 4 15 a schematic diagram of a natural gas separation system according to vet
other disclosed aspects.
{001 5] Figure 5 is a side elevational view of a co-current contacting svstem according to
disclosed aspects.
{3016} Figures 6A-6D arc side clevational views and perspective views of droplet
generators according to disclosed aspects.
{081 7] Figure 7 15 a flowchart of a method according to aspects of the disclosure.
[0018] Figure 8 15 a flowchart of a method according to aspects of the disclosure.
(3013} It should be noted that the figures are merely examples and no hinutations on the
scope of the present disclosure are mtended thereby. Further, the figures are generally not
drawn to scale, but are drafted for purposes of convenience and clanty in lustrating various

aspects of the disclosure.
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DETAILED BESCRIPTION

0628} To promote an understanding of the principles of the disclosure, reference will now
be made to the features tHustrated in the drawings and specific language will be used to describe
the same. It will nevertheless be understood that no limitation of the scope of the disclosure is
thereby intended. Any alterations and further modifications, and any further applications of
the principles of the disclosure as described herein are contemplated as would nommally occur
to one skilled in the art to which the disclosure relates. For the sake of clanty, some features

not relevant to the present disclosure may not be shown in the drawings.

0621} At the outset, for ease of reference, certain terms used in this application and their
meanings as used i this context are set forth. To the extent a term used hercin is not defined
below, it should be given the broadest definition persons in the pertinent art have given that
term as reflected i at least one printed publication or issued patent.  Further, the present
techniques are not limited by the usage of the terms shown below, as all equavalents, synonyms,
new developments, and terms or techniques that serve the same or a similar purpose are

considered to be within the scope of the present claims.

[0622] As one of ordinary skill would appreciate, different persons may refer to the same
feature or component by different names. This document does not intend to distinguish
between components or features that differ in name only. The figures are not necessanly to
scale. Certain features and components herein may be shown cxaggerated in scale or in
schematic form and some details of conventional elements may not be shown in the mterest of
clarity and concisencss. When referring to the figures described herein, the same reference
numerals may be referenced m multiple figures for the sake of simphicity. In the following
deseription and 1o the claums, the terms “including” and "comprising” are used in an open-

ended fashion, and thus, should be interpreted to mean "including, but not limited to.”

[06023] The articles “the,” “a” and “an” are not necessarily limited to mean only one, but
rather are inclusive and open ended so as to include, optionally, multiple such elements.

v7 L,

0624} As used herein, the terms “approximately,” “about,” “substanfially.” and similar
terms are intended to have a broad meaning o harmony with the common and accepted usage
by those of ordinary skill in the art to which the subject matter of this disclosure pertains. It
should be understood by those of skill in the art who review this disclosure that these terms are
mtended to allow a description of certain features described and claimed without restricting the

scope of these features to the precise numeral ranges provided. Accordmgly, these terms
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should be interpreted as indicating that insubstantial or inconseguential modifications or
alterations of the subject matter described and are considered to be within the scope of the

disclosure.

[0025] "Exemplary” i used exclusively herein to mean "serving as an example, instance,
or illustration." Any embodiment or aspect described herein as "exemplary" 15 not to be

construed as preferred or advantageous over other embodiments.

13626} “Acid gas" refers to any gas that produces an acidic solution when dissolved in
water. Non-limiting examples of acid gases mclude hvdrogen sulfide (H2S), carbon dioxide
(COa), sulfur dioxide (SOh), carbon disulfide (C53), carbonyl sulfide (COS), mercaptans, or

mixtures thereof.

06271 “Co-current contactor” refers 1o a vessel that receives a gas streant and a separate
solvent stream in such a manner that the gas stream and the solvent stream contact one another

while flowing in generally the same direction.

[0028] The term "co~currently” refers to the internal arrangement of process streams within
a unit operation that can be divided into several sub-sections by which the process streams flow

in the same direction.

[0029] As used herem, a "column” 15 a separation vessel in which a counter-current flow

is used to isolate materials on the basis of differing properties.

[0030] "Dehvdrated natural gas stream” or “dry natural gas stream” refers 1o a natural gas
stream that has undergone a dehvdration process. Depending on the application, the dehydrated
natural gas stream may have a water content of less than 150 parts per million (ppm), less than
100 ppm, less than 84 ppm, than 30 ppm, less than 7 ppm, or less than 0.1 ppm. Any switable
process for dehydrating the natural gas stream can be used. Typical examples of suitable
dehydration processes include, but are not himited to dehydration using glveol or methanol.
0631} As used herein, the term “dehvydration” refers (o the pre-treatment of a raw feed gas
stream to partially or completely remove water and, optionally, some heavy hydrocarbons.
{03032} As used herein, the term "facility” is used as a general term to encompass oil and
gas field gathering systems, processing platform systems, and well platform systems.

[(3033] The term "gas” is used interchangeably with "vapor," and is defined as a substance
or mixture of substances in the gascous state as distinguished from the hguid or solid state.

Likewise, the term "liguid” means a substance or mixtare of substances in the hquid state as
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distinguished from the gas or schid state.

[0034] A “hvdrocarbon” 1s an organic compound that prnmarily mcludes the elements
hydrogen and carbon, although nitrogen, sulfur, oxvgen, metals, or any number of other
clements can be present in small amounts. As used herein, hydrocarbons generally refer to

components found in natural gas, oil, or chemical processing facilities.

[0035] The disclosure describes a method and system that takes advantage of the inherent
coching of the cutputs of a membrane separation systen: to reduce the reaction temperature of
a gas stream and a solvent in one or more contactor vessels. The contactor vessels may operate
according to conventional counter-current contacting principles, or in an aspect, may comprse
ong or more co-current contacting systems. The solvent, which in a preferred aspect may be a
hindered amine, may be cooled to below ambient temperature prior to being fed mto the
contactor vessels. One or more outputs of the membrane separation system, which may include
atreated gas stream and a permeate gas stream, may hkewise be cooled or chilied priorto being
introdaced into a contacting vessel. The effect of such cooling or chilling is that the reaction
inside cach contacting vessel may be adjusted to be more selective to hydrogen sulfide (H:8)
and less selective to carbon dioxade (C0O23. The HaS-selectivity may be improved, thereby

reducing the solvent flow required for separation.

[0036] Figure 1 i3 a schematic diagram of a natural gas separation system according to
known principles. System 188 may be used to treat a feed gas stream 110 that has a high sowr
gas content. The feed gas stream comprises natural gas as well as acid gases such as CGe and
HzS. The feed gas stream 114 cnters a contactor vessel 112 that enables contact between the
feed gas stream 110 and a lean solvent stream 114, which comprises a solvent that removes
acid gases from the feed gas stream. A sweetened gas stream 116, having most if not all acid
gases removed, exits toward the top of the contactor vessel 112, A rich solvent stream 118,
which 1s mostly liguid, exits near the botiom of the contactor vessel and enters a regeneration
vessel 128, i which heat from a reboiler 122 generates steam by partially boiling the nich
solvent stream.  This separates the acid gases from the solvent, which becomes leaner {ic,
containing less acid gases) as it moves down the regeneration vessel. The resulting acid gas
stream 124 exits near the top of the regeneration vessel 120 and is cooled in a condenser 126,
which condenses much of the water in the acid gas stream 124, This water 18 collected in a
reflux accumulator 128 and is pumped asing pump 139 back to the top of the regencration
vessel 120 as nceded.  An acid gas stream 131, rich in HoS and CO», exits the reflux

accumulator 128 and is sent to a sulfur recovery umnit (not shown} to remove the sulfur
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therefrom.
10637 In the regeneration vessel 128, the downwardly moving lean solvent exits the
botiom of the regeneration vessel. The solvent becomes leaner as the acid gases are stripped
therefrom in the regeneration vessel. The lean solvent exits the bottom of the regeneration
5 wvessel and enters the reboiler 122, which heats the lean solvent to vaporize any remaining acid
gas therein. A lean, hot anune stream is withdrawn from the reboiler, with a fivst portion 134
returned to the regeneration vessel 128 and a second portion 136 pumped using a circulation
pump 138 to be fed through a heat exchanger 140, The heat exchanger 140 exchanges heat
between the second portion 136 of the lean, hot amine stream and the rich solvent stream. A
10 shp stream 142 of the second portion 136 may be taken for filtration by using a filter 143
according o known principles, to keep the second portion 136 clean. The second portion s
then cooled to ambicnt temperature in cooler 144 to become the cooled, lean solvent stream

114, which 1s recycled to the contactor vessel 112

13038} Figure 2 is a schematic diagram of a sour gas scparation system 288 according to
15 an aspect of the disclosure. Sour gas separation system 206G may be used to treat a feed gas
stream 202 that has a high acid gas content. Water i1s removed from the feed gas stream 202 in
a dehvdrator 284 to the extent required to prevent water from condensing or hvdrates forming
mn the membrane separation or chilhing systems downstrearn. The dehydrator mav be any
known tvpe of dehvdration svstem, such as a glveol based solvent dehvdration system and
0 process, and more specifically, a tricthylene glycol (TEG) unit. The dehvdrated gas stream
206 passes through a membrane separation system 288, The membrane scparation system 208
operates according to known principles to separate most of the carbon dioxide and hydrogen
sulfide present in the dehydrated gas stream. For example, the membrane separation system
208 may produce a partially-treated gas stream 218 with a composition of 6% carbon dioxide
25 (COq}, about 500 parts per nullion (ppm} of hydrogen sulfide (H2S), with the remainder being
natural gas. The membrane separation system 208 may also produce a permeate gas stream
212 with a composttion of 50%-95% CQO:z and 0.001%-5.0% HaS, or 70-95% carbon dioxide
and 0.1-2.0% HoS, with the remainder being natural gas. Due to the nature of the membrane
separation system, the temperature of the partially-treated gas stream 216 may be reduced to
30 about 30 °F and its pressure reduced to about 300 psig, while the temperature of the permeate
gas stream 212 may be reduced to about 70 °F and it pressure reduced to about 100 paig. A
non-limiting example of a suitable membrane separation system can be found in “Typical

Avnune and Glyeol Treating Unit Corapared to Gas Membrane Separation System for Wellhead
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COr Trimming” (Laurance Reid Gas Conditioning Conference, Norman, 0K, 2010},

[0039] According to disclosed aspects, the parnially-treated gas stream 210 15 mtroduced
nto a first cold solvent contactor 214, The first cold solvent contactor 214 contacts the partially
treated gas stream 218 with a first chilled lean solvent stream 216 in 2 packing layver 215 {o
scparate HzS out of the partiallv-treated gas stream 218, The first chilled lean solvent stream
216 may comprse a hindered amine, such as Flexsorb/SE, which has been enginecred to
preferentially remove HoS and permit Oz to slip through the process. The hindered amine
achieves selective HoS removal by reacting more quickly with HoS than with CO2. The HaS-
selective hindered amine requires fewer amine molecules to remove the HoS in the system,
when compared with non-HaS selective amings, because fewer side reactions between the
hindered amine and C(h take place. Furthermore, at temperatures between 30-80 °F the
reaction between the hindered amine and COn slow down significantly, and therefore the
interaction between the partially-treated gas stream 216 (which is at a temaperature of about
50 °F} and the hindered amine in the first chilled lean solvent stream 216 1s even further
selective towards HaS. According to aspects of the disclosure, the sclectivity toward HaS may
therefore be enhanced by (a) chilling the first lean solvent stream 216 prior to entering the first
cold solvent contactor 214, and (b) reducing the contact time between the partiallv-treated gas
stream 216 and the first chilled lean solvent stream 216, Providing a very short contact time
(via a shorter packing height or using a co-~current contactor, for example) between the sour
gas and amine allows the amine just enough time to pick up the HaS but too little contact time
to react with an appreciable amount of €0z, Thus, more COz slips, and less solvent is required.
It has been discovered that by enhancing HiS selectivity by doing steps (a} and (b) above, a
much smaller solvent flow rate is needed to separate the HzS in the treated gas stream — up to
an order of magnitude fess than separators operating at higher temperatures. The use of a cold
solvent is further described 1n United States Patent Publication No. 2017/0239612 titled “Cold
Solvent Gas Treating System,” the disclosure of which is incorporated by reference herein in

its entirety.

13040} A fully-treated gas stream 218 exits the top of the first cold solvent contactor 214,
The tullv-treated gas stream 218 is rich in natural gas and is very low in acid gas. Sometimes
to meet product pipeline specifications, the CO» concentration n the fullv-ireated gas stream
218 may be further reduced in a polishing unit 228, which m an aspect may comprise a co-
curront contacting system such as is disclosed 1 United States Patent Application Pablication

No. 2015/0352463, “Contacting a (as Stream with a Liquid Stream”, the disclosure of which
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is mncorporated by reference herein in its entirety. A carbon dioxide gas stream 221, separated
from the fully-treated gas stream 238 in the polishing wnit, may be re-compressed in a
compressor 219 and combined with a cleaned CO: gas stream 228 as further described herein.
In this manner, all the COs extracted from the feed gas stream 202 can be recovered, essentially
free of HoS. Such CO; extraction and recovery is especially advantagecus where there 1s a
ready market for the CO2. The fully-treated gas stream 218 may be further processed through
a dehydration unit 222 to reduce water in the sales gas stream to an acceptable level. A first
rich solvent stream 223 exits the bottom of the first cold solvent contactor 214, The first rich
solvent stream includes the HeS from the partially-treated gas stream 210 that was separated

therefrom in the first cold solvent contactor 214,

[0041] The permeate gas stream 212, which as previously described may comprnse
approximately 50%-93% CO2 or 70-95% COn, is mtroduced into a second cold solvent
contactor 224, The second cold solvent contactor 224 contacts the permeate gas stream 212
with a second chilled lean solvent stream 226 in a packing layer 228 to separate HzS cut of the
permeate gas stream 212, The second chilled lean solvent stream 226 may comprise a hindered
amineg, and i a preferred aspect has the same composition as the first chilled lean solvent
stream 216. The second cold solvent contactor 224 may operate n a similar manner as the first
cold solvent contactor 214, and for the sake of brevity tts operation will not be further described
hercin. A cleaned CO: gas stream 228, substantially free of HaS, exits the top of the second
cold solvent contactor 224 1o be vented or transported for further use or processing. A second
rich solvent stream 230 exits the bottom of the second cold solvent contactor 224, The second
rich solvent stream 230 inchides the HaS from the permeate gas stream 212 that was separated

therefrom 1 the second cold solvent contactor 224,

0642} The first and second rich solvent streams 223, 230 are regenerated to separate the
H2S {and residual CO3) from the solvent contained therein, In a prefermed aspect, the first and
second rich solvent streams are combined and sent to a regenerator 232, Regencrator 232 may
include a regeneration vessel, a rebotler, a condenser, and/or an accumulator as shown
Figure ¥ at 128 122 126, and 128, respectively, and in the mterests of brevity the specific
components will not be further described. An HaS-rich gas stream 234 1s separated out of the
regenerator 232 and may be sent to a sulfur recovery unii (not shown) according to known
principles. With the Hz8 (and C(:) removed, the solvent now comprises a regencrated or lean
solvent stream 236 that can be recirculated to the first and second cold solvent contactors 214,

224, Pror to recirculation, however, the lean solvent stream is cooled or chilled n a
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refrigeration system 238, which in an aspect may be a propane chiller, an ammonia refrigerator,
and/or an absorption chiller. The refrigeration system cools or chills the lean solvent stream
136 to a temperature below the ambient temperature, which may be below 30 °F, or below
45 °F, or below 40 °F, or below 33 °F. This differs from known acid gas separation systems
that cool the lean amioe prior to recirculation only to near the ambient tomperature.  As
previously explained, chilling the lean solvent stream to below ambient temperature may
significantly reduce the required solvent flow rate. The first and sccond chilled lean solvent
streams 216, 226 exit the refrigeration system and are recirculated to the first and second cold

solvent contactors 214, 224, respectively.

[0643] Aspects of the disclosure shown in Figure 2 rely upon the cooling of the dehydrated
gas stream 206 by the gas expansion in the membrane separation system 288, Additional
cooling of the partially-treated gas stream 216 and the permeate gas stream 212 may be
provided by first and second coolers 242, 244, respectively. This may be done to reduce the
terperature of the partially-treated gas stream 216 and the permeate gas stream 212 to a
temperature that may be more optimal for use in the first and second cold solvent contactors

214,224,

[0044] The schematic of Figure 2 1s not mtended to mdicate that the sour gas separation
system 280 1s to include all the components shown in Figure 2. Further, any number of
additional components may be included within the sour gas separation system 200, depending
on the details of the specific implementation. For example, the sour gas separation system 200
may include any suitable types of heaters, chillers, condensers, liquid pumps, gas compressors,
filters, blowers, bypass lines, or other types of scparation and/or fractionation equipment,
valves, switches, controllers, pressure-measuring devices, temperature-measuring devices,

level-measuring devices, or flow-measuring devices, among others.

{004 5] Figure 3 is a schematic diagram of a sour gas separation system 388 according to
another aspect of the disclosure, which is similar to system 280, System 308 differs from
svstem 206 in that the solvent systems are mtegrated together. The lightlv-loaded chilled
solvent from the permeate treatment could be pumped and used as a semi-lean solvent for the
cold solvent on the process gas, since the latter will have a higher partial pressure of HoS. As
shown in Figure 3, water is removed from a feed gas stream 302 in a dehydrator 304, The
dehydrated gas stream 306 passes through a membrane separation systerm 388, The membrane
scparation system operates according to known principles to separate most of the carbon

dioxide and hydrogen sulfide present in the dehydrated gas stream. Forexample, the membrane

10
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separation system 388 may produce a partially-treated gas stream 318 with a composition of
6% carbon dioxide (€O}, about 500 parts per million (ppm) of hyvdrogen sulfide (H2S), with
the remainder being natural gas. The membrane separation svstem 308 may also produce a
permeate gas stream 312 with a composition of 50%-95% C(z and 0.001%-5.0% Hz§, or 70-
95% carbon dioxide and 0.1-2.0% H:25, with the remainder being natural gas. The temperature
ot the partiallv-treated gas stream 318 may be reduced to about 50 °F and its pressure reduced
to about 500 psig, while the temperature of the permeate gas stream 312 mayv be reduced to

about 70 °F and its pressure reduced to aboat 100 psig.

{3346} According to disclosed aspects, the partially-treated gas stream 319 15 introduced
nto a first cold solvent contactor 314. The permeate gas stream 312 is introduced into a second
cold solvent contactor 324, The second cold solvent contactor 324 contacts the permeate gas
stream 312 with a chilled lean solvent stream 326 to scparate HaS out of the permeate gas
stream 312, The chilled lean solvent stream 326 may comprise a hindered anmine, such as
Flexsorb/SE, as previously described. A cleaned CO:z gas stream 328, substantially free of Ha§S,
exits the top of the second cold solvent contactor 324 to be vented or transported for further
use or processing. A semi-lean solvent stream 338 exits the bottom of the second cold solvent
contactor 324. The semi-lean solvent stream 330 mcludes the HoS from the permeate gas
stream 312 that was separated therefrom mn the second cold solvent contactor 324, The semi-
lcan solvent stream 330 s pumped using purnp 331 to the fust cold solvent countactor 314,
which contacts the partialiy-treated gas stream 318 with the semi-lean solvent stream to

separate HoS out of the partially -treated gas stream 310

[0047] A fully-treated gas stream 318 exits the top of the first cold solvent contactor 314,
The fullv-treated gas stream 318 1s rich in natural gas and is very low in acid gas. To meet
pipeling specifications, the acid gas concentration 1n the fully-treated gas stream 318 may be
further reduced i a polishing unit 3260 and further processed through a dehydration unit 322 as
described in previous aspects. A carbon dioxide gas stream 321, separated from the fully-
treated gas stream 318 in the polishing unit, may be re-compressed in a compressor 319 and
combined with a cleaned COz gas stream 328 as further described herein. A rich soivent stream
323 exits the bottom of the first cold solvent contactor 314, The rich solvent stream includes
the HoS from the partially-treated gas stream 316 that was separated therefrom in the first cold
solvent contactor 314, Inan aspect, a shipstream 3262 of chilled lean solvent stream 326 1s sent
to the top of the first cold sclvent contactor 314 above semi-lean solvent stream 330 to further

reduce H:S in the partially-treated gas stream.

1i



WO 2019/040306 PCT/US2018/046500

(v ]

10

20

25

{3048} The rich solvent stream 323 is regencrated in a regenerator 332, which separates the
HzS {(and COz) from the solvent in the rich solvent stream. Regeunerator 332 may include a
regeneration vessel, a reboiler, a condenser, and/or an accumulator as shown in Figure 1 at
120, 122, 126, and 128, respectively, and in the interests of brevity the specific components
will not be further described. An HzS-nich gas stream 334 is separated out of the regenerator
332 and may be sent to a sulfur recovery unit {not shown} according to known principles. With
the HzS removed, the solvent now comprises a lean solvent stream 336 that can be recirculated
o the second cold solvent contactor 324, Prior to recirculation, however, the lean solvent
stream is cocled or chilled i a refrigeration system 338, which cools or chills the lean solvent
stream 336 to a temperature below the ambient temperature, which may be below 50 °F, or
below 45 °F, or below 40 °F, or below 33 °F. This differs from known acid gas separation
systeras that cool the lean amine prior to recirculation only to near ambient temperature. As
previously explained, chilling the lean solvent stream to below ambient temperature may
significantly reduce the required solvent flow rate. The chilled lean solvent stream 326 exits

the refrigeration system and is recirculated to the second cold solvent contactor.

[0049] Aspects of the disclosure shown in Figure 3 rely upon the cooling of the dehydrated
gas streamn 366 by the membrane separation system 388, Additional cooling of the partially-
treated gas stream 310 and the permeate gas stream 312 may be provided by first and second
coolers 342, 344, respectively. This may be done to reduce the temperature of the partially-
treated gas stream 310 and the permeate gas stream 312 to a temperature that may be more

optimal for use in the first and second cold solvent contactors 314, 324,

[3050] The schematic of Figure 3 is not mtended to indicate that the sour gas separation
svstem 300 18 to mclude all the components shown in Figure 3. Further, any number of
additional components may be included within the sour gas separation system 300, depending
on the details of the specific implementation. For example, the sour gas separation systerm 308
may mclude any suitable types ot heaters, chillers, condensers, hquid pumps, gas compressors,
filters, blowers, bypass lines, or other types of separation and/or fractionation equipment,
valves, switches, controllers, pressure-measuring devices, temperaturg-measunng devices,

ievel-measuring devices, or flow-measunng devices, among others.

0051} Figure 4 depicts a sour gas separation system 480 according to ancther aspect of
the disclosure, in which a single cold solvent countactor 402 is deploved upstream of the
membranc system 404, In this aspect, the feed gas stream 405 could be chilled in a heat

exchanger 406 by cross-exchangimg with one or more of the outlets from the membrane system
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404, which may include a fully-treated gas stream 468 and/or a permeate gas stream 419, After
being chilled 1o the heat exchanger 406 to a temperature of about 50 °F, for example, the feed
gas stream 405, which may be considered a chilled gas stream, may be further chilled in a
refrigeration system or chiller 487 and wntroduced into the cold solvent contactor 482. The cold
solvent contactor 402 contacts the feed gas stream 465 with a lean solvent stream 412 according
to known principles to separate HaS out of the feed gas stream 465, The lean solvent stream
412 may comprise a hindered amine which, as previously described, achueves selective HaS
removal by reacting more quickly with HoeS than with €Oz, As previously deseribed, providing
a very short contact time {via a shorter packing height or using a co-current contactor, for
example) between the sour gas and amine allows the anmine just enough time to pick up the HaS
but too little contact time to react with an appreciable amount of COr. Thus, more €Oz slips,

and less schvent is required.

[0052] A partially-treated gas stream 414 exits the top of the cold solvent contactor 402
A dehydrator 416 removes water from the partiallyv-treated gas stream 414, and the treated gas
stream is then introduced into the membrane separation system 404. The membrane system
404 opcrates according to known principles 1o separate most of the carbon dioxide and
hydrogen sulfide present in the partiallv-treated gas stream 414, For example, the membrane
svstem 404 may produce a fully-treated gas stream 408 with a composition of 2%-6% COr at
a temperature of about 30 “F and a pressure of about 500 psig. The membrane separation
system 404 may also produce a permeate gas stream 410 having a composition of 30%-95%
O, or 70-95% CQz, with the remainder being primarily natural gas with lttle tono HzS. To
meet pipeline specifications, the HzS concentration in the sales gas stream 448 may be further
reduced 1o a polishing umt 418 as previously explamned. A carbon dioxide gas stream 419,
separated from the treated gas stream 414 in the polishing unit, may be re-compressed in a
compressor 421 and combined with the permeate gas stream 418, A nich solvent stream 420
exits the bottom of the cold solvent contactor 482, The rich solvent stream 420 includes the
HnS from the feed gas stream 405 that is separated theretrom in the cold solvent contactor 462
The rich solvent stream 428 1s fed to a regencrator 422 that separates the HzS {and at least some
C0) from the solvent. An H:S-rich gas stream 424 exits the regenerator 422 and may be sent
1o a sulfur recovery unit (not shown) according to known principles. The lean solvent stream
412 may be cooled by a refrigeration systern or chiller 423 before being recirculated to the cold

solvent contactor 462,

{053 The schematic of Figure 4 is not intended to indicate that the sour gas separation
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system 408 1s to include all the components shown in Figure 4. Further, any number of
additional components may be included within the sour gas separation system 400, depending
on the details of the specific implementation. For example, the sour gas separation system 400
may nclude any switable types of heaters, chillers, condensers, Hgud pumps, gas compressors,
filters, blowers, bypass hines, or other types of separation and/or fractionation equipment,
valves, switches, controllers, pressure-measuring devices, temperature-measuring devices,

level-measuring devices, or flow-measuring devices, among others.

13054] The aspect disclosed in Figure 4 has several advantages. Forexample, only asingle
cold solvent contactor and dchydration svstem would be required, as opposed to two cold
solvent contactors and two to three dehydration systems as shown in other Figures herem.
Dehydration takes place at high pressure and low temperature, in which the gas contains less
water, particularly for the low pressure permeate system. The entire membrane system operates
without the presence of HaS, thereby improving plant safety. Additionally, the feed gas to the
membrane system may now be cooler, which increases the sclectivity to the permeating
species, so the € stream has a lower hydrocarbon content. This last advantage could be
apphicable regardiess of the use of the specific cold solveni(s) disclosed herein for use with the

depicied aspects.

[0055] Throughout the disclosure reference is made to gas streams that arc “partially-
treated” and “fully-treated’. These terms are relative to each other, and their use does not imply

that a fully-treated gas stream cannot be subject to additional processes or treatments.

[0056] The cold solvent contactors depicted in Figures 2-4 and described herein are shown
as conventional contacting vessels i which an upwardly moving gas stream contacts a
downwardly moving solvent in a packing section. According to aspects of the disclosure, the
height of the packing sections is reduced to munimize the absorption of CO» by the solvent. In
another aspect, any of the disclosed cold solvent contactors may operate according to a co-
current flow scheme in which the gas stream 13 moving in the same direction as the solvent it
is contacting. The co-current flow scheme may inchide ong or more co-current contacting
svstems connected n parallel, in serics within a pipe, or 2 combination of parallel and series
configurations. A natural gas stream and a solvent stream may move together, 1.e., co-
currently, within cach co-current contacting svstem. In general, co-current contactors can
operate at much higher fhud velocities than counter-current contacting systems. As a result,
co-current contacting systems tend to be smaller than counter-current contactors that use

standard towers with packing or trays. Further, the co-current contacting systems are smaller

14
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than conventional pressure vessels of equivalent processing capacity, and thus are more suited
to modelar design/construction, offshore deployment, de-bottlenscking applications, and
apphications where visual pollution may be a factor. In selective HzS and/or COz separation
applhications, two to three co-current contacting systems in series may be used to separate said
tmpurities from a gas stream. Additionally, the dehydration and/or polishing steps performed

m the disclosed aspects may be performed bv one or more co-current contacting systems.

10057] Figare 8§ tHustrates the co-carrent contacting system S8 in further detadd. The co-
current contacting svstorn 360 can provide for the separation of components withm a g

siream, such as a natoral gas stroam 381 The co~current contacting system 308 can include a
co-current contactor 862 that is posttioned imn-Hne within a pipe 384, The co-current contactor

302 may 1oclade a number of componends that provide for the officient contacting of a hquad

an

droplet stream, such as a lean solvent stroam 308, with a flowing gas streany, such as natural

gas stream 381, for the separstion of hydrogen sulfide (Hh5) from the natural pas stream 381

o

{6058} The co-current contacior 502 may mclude a droplet generator 588 and a mass

transfor section 818, As shown m Figure 5, the natural gas stroam 581 may be flowed through

the pipe 544 and wio the droplet generator S88. The lean sobvent stream 348 may alse be
flowed mio the droplet generator 588, for example, through a hollow space S14 coupled to Hlow

channels 516 in the droplet gonorator 508

[06059] From the flow chanmels 516, the lean solvent stream 585 18 released into the natural

gas gtroam S as fine droplets through mjoction onfices $18, and {5 then Howed 1ato the mass

teansfor seotion 818, Thig can vesult it the geveration of a freated gas stream 828 within the

mass transfer section 518, The wreated gas stream 528 may inclode small figpad droplets
o

dispersed in a gas phase. For HeS separation processes, the ligud droplets may mnclude HS

molecules from the natural gas stecam 381 that ave absorbed or dissolved into the lean solverd

10660] The treated gas strean 83 may be fowed from the mass transfer soction Siltoa
separation system 822, which moludes 2 ovclonic separator 333 mnd a collector 534,

Alternatively the separation svstem may inchude a mesh sereen, or asetitling vessel. Proferably,

tN

in-hine cvelonic separators may be used o realize the benefits of compactmess and reduced

diameter. The cvelonic separator 323 removes the hqid droplets front the gas phase. The

Liquid droplets, which as previcusty stated may melude HiS absorbed or dissolved mio the loan
solvent strearn U5, are diverted wio coliector 824, which directs the collected ligpands ag a rich
solvent stream S17 1o a regenerator {not shown}. A pressure cqualization Hoe 832 may extend
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from the collector 824 and operates to allow gas in the collector to return (o the separation

~5

gystemy 822, I an aspect, this gas flows via a nozzle 333 or eductor sttuated 1osule the

X

separation systent S22, A processed gas stream 834, from winch the H,S and nich solvent has
been separated, exats the separation systern S22 moan a-hne onentation with the pipe 384, The

i weight percerdage. s lower than

0061} Figore SA i3 a front view of droplet generator 308 according to disclogsed aspects,

The droplet generator 308 18 a contacting device that raay be implemented within a co-current

X

] N

contactor, for exaraple, in the co-current contactor 382 described with respect o the co-current
contacting svetern 380 of Figure 8. The front view of the droplet generator SO8 represents an

upstream view of the droplet gencrator.

[0062] The droplet gencrator 388 mayv mclude an outer anmstar support ring 882, anumber

A

of spokes 684 extending from the anmular suppott ring 682, and a gas entry cone 6896, The

3

¥

anrubar support ring 682 may secure the dropiet generator 388 m-line withun the pipe. In

addition, the spokes 684 may provide support for the gas entry cone 686,

(0063} The annular sappord ring 682 may be designed as a flanged conpection, or as a
removable or fixed sleove mside the pipe. In addition, the annular support ring 882 mav mehude

N

a3 higad foed system and a hollow channel deseribed funther with respoct 1o Figores 68 and
&1 A ligoid stream, such as a lean solvent stream 888, may be fed to the droplet gonerator
308 via the hollow channel in the aomular support ning 682, The lean solvent strearo 863 may

comprise a solvent such as Flexsorh/SE. The hollow channel may allow equal distribution of

uid stream along the perimeter of the droplet generator 508,

o
¥
aes
o

.!.2
=
=

[3064] Small figuoed chanoels within the annudar support ring 682 may provide a flow path
tor the lean selvent stroam o flow through Hguid imjeetion onifices 688 within the spokes 684
The liguad mgection orfices 608 may be located on or near the leading edge of cach spoke 604,
Piacement of the lipad inyection onifices 688 on the spolies 684 may allow the fcan sobvent
stream 1o be wutormly distobuted in a gas strearo that 1s directed between the spokes 604,
Specifically, the loan solvent stroam yoay be contacted by the portion of the natural gas siream
S flowing through the gaps between the spokies 684, and can be sheared nto small droplets

and gotrained i the gas phase.

{B065] A portion of the natural gas stream flows between the spokes to the mass transfer
section while the remamnder of the gay stream flows into the gas eotry cone $86 through a gas

16
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milet 612, The gas entry cone 686 may block a crosa-sectional portion of the pipe. The spokes

§

&34 mehide gas exat slots 614 that allow the natural gas streant to be Howed cut of the gas eotry

cone 686, This may increase the velocity of the natural gas stream as it Hlows through the pipe

o el

The gas eniry cone 686 may divect a predetermuned amount of the natural gag stream (o the gas

X

exit slots 618 on the spokes 684,

[0066] Same of the lean solvenmt streamm injected through the spokes 684 may be deposited
on the surface of the spokes 604 as a liguid film. As the natural gag stream Hows through the

gas entry cone 606 and s directed ot of the xit slots 618 on the spokoes 684, the natural

N

gas stream may sweep, of blow, much of the lgud fdm off the surtace of the spokes 684, This
may enhance the dispersion of the lean solvent stream indo the gas phase.  Further, the

obstruction to the flow of the natural gas stream and the

f./
[£7]

hearing effeet created by the exat of

T

the natural gas stroam zas through the gas exst slots mayv provide a zone with an mncreased

7.
R

turbulont disspation rate. This may result m the generation of amaller droplets that enhance

the mass transfer vate between the lean solvent stream and the natural gas stream.

{3067 The dimensions of vanous componenis of the droplet generator 388 may be varied

such that the natoral gas stream flows at a high vel

bl

1.
it

ocity. This may be accomplished via gither

a sudden reduction in the diameter of the annular support ving 6§82 ora gradual reduction m the

dianweter of the anmular support ning 882, The outer wall of the droplet generaor 308 may be

>

shightly converging 1o shape, torounating at the point where the natural gas stream and the loan

o

solvent stream are discharged into the downsiream pipe, This can allow for the shearing and

&5

re~entramnent of any solvent filo that s removed from the droplet generator 888, Further, a

radial mward nng, grooved surface, or other suitable equipment may be included on the ouler
diameter of the droplet generator 348 near the pomt where the natural gas stream and the lean
solvent stream are discharged info the dowastream pipe. This may enbance the degree of Hagud

erdranment within the gas phase.

[0068] The downstream end of the droplet generator 388 may discharge o a section of
pipe {not shown). The section of pipe can be a straight section of pipe, or a concentrically

N

expanding seotion of pipe. The gas entry cone 688 may ternvnate with a blunt ended cone or

a tapered ended cone. In other aspects, the gas entry cone $86 can termunate with a vdged

cone, which can mclude muitiple concentrie ridges along the cone that provide multple

locations for droplet generation. In addition, any number of gas exit slots $18 may be provided

on the cone itself to aliow for the romoval of sohvent filie from the dropiet generator 388
10069] Figure 68 s a side perspective view of the droplet gengrator 388, Like numbered
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Hems are as described with reapect to Figare 6A. Ag shown o Figure 68, the upstream portion

of the gas entry cong 606 may extend further indo the pipe than the anrwdar support dag 682
and the spokes 684 1o the upstream divection. The dowastream portion of the gas entry cone

4

686 can also extend further into the pipe than the anmdar sapport ning 682 and the spolies 684
i the downstrearn direction. The longth of the gas entry cong 646 1n the dowastream direction
depends on the type of cone at the end of the gas entry cone 686, as descnbed further with

respect to Figares 8C and o4,

10076] Figare 6U 8 a cross-sectional side perspective view of the droplet generator SO8
according o a disclosed aspect. Like nurobered vioms are as deserthed with respect to Figures
8A and 6B According to Figure 86U, the gas entrv cone 686 of the droplet generator 508

crounates with a tapered ended cone 614, Torminatiog the gas entry cone 686 with a tapered
ended cone 614 mayv reduce the overall pressure drop m the pipe caused by the droplet generator

388

10671} Figure 61} 15 a cross-sectional side perspective view of the droplet generator 388a

&

according 1o another disclosed aspect. Like nwmwbered items are as descrbed with respect to

"

Figures 6A-60 According to Figuve 6B, the gas entry cone 686a of the droplet generator

S(8a wrovnates with a blunt ended cone 616, Torminating the gas entry cone 686a with a

N

blunt ended cone 616 may encourage droplet formation m the conter of the pipe.

pr—

86072} Figure 7 is a Howchart of a method 700 of separating impuriiies from a natural gag
stream accordmy to disclosed aspeets. At block 782 carbon dioxide (€02} and hvdrogen
sulfide {(H28) are separated from the natural gas stream i a membrane separation gystom,
thereby creating a partialiv-troated gas stream and a permeate gas stream. The pormeats gas

stroam 1s comprised primaridy of Fb8 and COr. The partially-treated gas stream 19 comprised

v

primardy of natural gas. The partallv-treated gas stream and the permeats gas stream are at a

lower temperature than the natiral gas stream. At block i the partialiv-ireated gas stream g
contacted with a first lean solvent stream 1n 2 fivst contactor {0 separate HaS from the partially-
e ‘n(i Qtreoy +% § ot is- I f ~h oenvive otrve o ri { H rad e \3\ gae wtren
treated gas stroam, thereby producing a first rich solvent strcarn and a folly-treated gas stream.
At block 786 the permeate gas stream is contacted with a second lean solvent streany m a second
contactor 1o separate Hed therefrom, to produce 8 socond rich solvent stream and a C(h gas

¥

stream. At block 708 H:S is removed from the fiest and second rich solvent streama, thereby

producing the first and second loan solvend streams,
[0073] Figure 8 15 a flowchar of a method 880 of separating mmpuritics from a natural gas

stream according to aspects of the disclosure. At block 862 the natural gas strearn is cooled

18
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+iy

through heat exchange with one or more process streams o produge a chilled gas stroam. At

biock 884 the chilled g

fogt

stream s contacted with a lean solvent stream in a contacior to

( A

separate hydrogen sulfide (HhS) from the chilled gas stroam, thereby producing a rich solvent

o

stream and a partialiv-troated gas strear. At block 806 HaS and at least some COr s remove

i)

rorn the rich solvent stream 1o produce the lean solvent stream. At block 808 the lean solvent
stream s rocironlated to the condactor. At block 816 €Oy and H:S are separated Fom the
partiallv-treated gas stream in a membrane separation sysiem, thereby creating a fullv-ireated
gas stream and a permeate gas stream. The permeate gas stream 18 comprised primarily of Ho$
and CGr The folly-treated gas stream s comprised primarly of natural gas. The fullv-treated
gas stream and the permeate gas siream are at a lower femperanre than the partialiy-treated
gas stream. The fullyreated gas stream and the permeate gas sirgam comprise the one or move

Process stroams,

[0674] The steps depicted in Figures 7 and 8 are provided for illustrative purposes only
and a particular step mayv not be required to perform the disclosed methodology. Moreover,
Figures 7 and 8 may not tHustrate all the steps that may be performed. The claims, and only

the claims, define the disclosed system and methodology.

[0675] The aspects described herein have several advantages over known technologies.
For example, the described technology may greatly reduce the size and cost of svstems that

treat sour natural gas.

13676} Aspects of the disclosure may include any combinations of the methods and systems
shown in the following numbered paragraphs. This is not to be considered a complete listing
of all possible aspecis, as any number of variations can be envisioned trom the description

above.
I A method of separating impurities from a natural gas stream, comprising;

cooling the natural gas stream through heat exchange with ong or more process streams
1o produce a chilled gas stream;

contacting the chilled gas stream with a lean solvent stream i a contactor to separate
hydrogen sulfide (HaS) from the chilled gas stream, thereby producing a nch solvent stream
and a partially-treated gas stream;

removing HoS and carbon dioxide (C(O») from the nich sclvent stream to produce the

fcan solvent stream;

recirculating the fean solvent stream to the contactor; and
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separating 02 and Ho§ from the partiallyv-treated gas stream in a membrane separation
svstem, thereby creating a fullv-treated gas stream and a permeate gas stream, the permeate gas
stream bemg comprised primartly of HoS and €O, and the fully-treated gas stream being
comprised primanly of natural gas, wherein the fully-treated gas stream and the permeate gas
stream are at a lower temperature than the partially-treated gas stream;

wherein the fullyv-treated gas stream and the permeate gas stream comprise the one or

MOTe Process streams.
2. The method of paragraph |, further compnising:

removing CO? from the fullv-treated gas stream in a polisher.

3 The method of 1, tfurther comprising:
compressing the CO? removed from the fully-treated gas stream in the polisher.
4. The method of anv one of paragraphs 1-3, further comprising:
cooling the lean solvent stream prior to recirculating the lean solvent stream fo the
contactor.
5. The method of any one of paragraphs 1-4, further comprising:

further cooling the natural gas stream prior to contacting the chulled gas stream with the

lean solvent stream in the contactor.
6. The method of paragraph 1, further comprnising:

removing water from the partially-treated gas stream prior to separating H’S and CO?
from the partiallv-treated gas stream.
7. The method of any of paragraphs 1-6, wherein the lean solvent stream comprises a
hindered amine.
g The method of paragraph 1, wherein the contactor 13 a co-current contacting system,
and further comprising:

receiving the chilled gas stream and the lean solvent siream n the co-current contacting
svstem located m-line within a pipe, the co-current contacting system including a droplet
generator and a mass transfer section;

using the droplet generator, gencrating droplets from the lean solvent stream and

dispersing the droplets into the chilled gas stream:
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using the mass transfer section, providing a mixed, two-phase flow having a vapor
phase and a liguid phase, wherein the liguid phase mcludes the rich solvent stream with Ha8
and/or CO» absorbed from the chilled gas stream, and wherein the vapor phase mcludes the

parbially-treated gas stream; and
scparating the vapor phase from the liquid phasc.
9. The method of paragraph 8, whercin the droplet generator comprises:
an annular support ring securing the droplet gencrator in-line within the pipe;

a plurality of spokes extending from the annular support ring, the annular support ring
having a plurality of hquid channels allowing the lean solvent stream to flow through the
plurality of spokes and out of injection orifices disposed on the plurality of spokes; and

a gas entry cone supported by the plurality of spokes and allowing

a first portion of the chulled gas stream to flow through a hollow section of the gas entry
cone and through gas exit slots included n the phirality of spokes, and

a second portion of the chilled gas stream to flow around the gas entry cone and between
the plurality of spokes, wherein the second portion of the chilled gas stream is separate from
the first portion of the chilled gas stream.

10, The method of any of paragraphs 8-9, wherein the co-current contacting svstem is one
of a plurality of co-carrent contacting systems connected in series, said plurality of co-current
contacting systems including a last co-current contacting system;

wherein each of the plurality of co-current contacting system comprises:

a co-current contactor including a droplet generator and a mass transfer section, the
droplet gencrator generating droplets of a liquid stream and dispersing the droplets into a gas
stream received from a previous co-current contacting system, and the mass transfer section
providing a mixed, two-phasc flow having a vapor phase and a liquid phase; and

a separation system that separates the vapor phase from the liguid phase, whergin the
vapor phase inchides a gas stream and the liguid phase includes liguid from which droplets are
generated in a co-current contactor of a previous co-current contacting system.

11, The method of any of paragraphs 1-10, wherein the natural gas stream is cooled through
heat exchange with the sales gas stream and the permeate gas stream.

12, A system for separating impurities from a natural gas stream, comprising:
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a heat exchanger that cools the natural gas stream through heat exchange with one or
more process streams, thereby producing a chilled gas stream;

a contactor configured to contact the chilled gas stream with a lean solvent stream to
separate hydrogen sulfide (HaS) from the chilled gas stream, thereby producing a rich solvent
stream and a partially-treated gas stream;

aregenerator configured to remove HeS and carbon dioxide (C02) from the rich solvent
stream to produce the lean solvent stream that is recirculated to the contactor; and

a membrane separation system configured to separate C0» and HoS from the partially-
treated gas stream, thereby creating a fully-treated gas stream and a permeate gas stream, the
permeate gas stream being comprised primarily of HaS and COz, and the fully-treated gas
stream being comprised primarily of natural gas, wherein the fully-treated gas stream and the
permeate gas stream are at a lower temperature than the partiallyv-treated gas stream;,

wherein the fully-treated gas stream and the permeate gas stream comprise the one or
MOTe Process streams.

13, 'The sysiem of paragraph 12, further comprising:

a polisher configured to remove HzS from the fully-treated gas stream.

14. The svstem of 12, further comprising:

a compressor configured to compress the C(Or removed from the fully-treated gas

stream in the polisher.

Ju—
W

The system of any one of paragraphs 12-14, further comprising:

a chiller configured to cool the lean solvent stream prior to recirculating the lean solvent

stream to the contactor.
16.  'The system of any one of paragraphs 12-15, further comprising:

a chiller configured to farther cool the natural gas stream prior to contacting the chilled

gas stream with the lean solvent strean in the contactor.

f—

7. The system of paragraph 12, further comprising:

a dehydrator configured to remove water from the partially-treated gas stream prior to
separating H2S and €Oz from the partially-treated gas stream.
18.  The system of anv one of paragraphs 12-17, wherein the lean solvent stream comprises

a hindered amine.
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19, The system of any one of paragraphs 12-18, wheremn the contactor is a co-current
contacting system located in-line within a pipe, the co-current contacting system receiving the

chilled gas stream and the fean solvent stream, the co-current contacting svstem mcluding

a co-current contactor including a droplet generator and a mass transfer section, the
droplet generator configured to gencrate droplets from the lean solvent stream and to disperse
the droplets into the chilled gas stream, and the mass transfer section configured to provide a
mixed, two-phase flow having a vapor phase and a liguid phase, wherein the liquud phase
iclades the lean solvent stream with HoS and/or CO2 absorbed from the gas stream, and

wherein the vapor phase includes the chilled gas stream; and

a separation system configured to separate the vapor phase from the ligand phase.
20, The system of paragraph 19, wherein the droplet generator comprises:

an anmular support ring securing the droplet generator in-line within the pipe;

a plurality of spokes extending from the anmular support ring, the annular support ring
having a plurality of hquid channels allowing the lean solvent stream to flow through the

plurality of spokes and out of injection orifices disposed on the plurality of spokes; and
a gas entry cone supported by the plurality of spokes and allowing

a first portion of the chilled gas stream to flow through a hollow section of the gas entry
cong and through gas exit slots included in the plurakity of spokes, and

a second portion of the chilled gas stream to flow around the gas entry conc and between
the pluraiity of spokes, wherein the second portion of the chilled gas stream is separate from
the first portion of the chilled gas stream.
21, The system of any one of paragraphs 19-20, wherein the co~-current contacting system
is one of a plurality of co-current contacting svstems connected in series, said plurality of co-
current contacting systems including a last co-current contacting systent;

whercin each of the plurality of co-current contacting system comprises

a co-current contactor including a droplet generator and a mass transfer section, the
droplet generator generating droplets of the fean solvent stream and dispersing the droplets into
a gas stream received from a previous co-current contacting system, and the mass transfer

section providing a mixed, two-phase flow having a vapor phase and a liguid phase; and

a separation system that separates the vapor phase from the hiquid phase, wherein the
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vapor phase ncludes a treated gas stream and the liquid phase includes hqund from which

droplets are generated in a co-current contactor of a previous co-current contacting system.

[0677] 1t should be understood that the numerous changes, modifications, and alternatives
to the preceding disclosure can be made without departing from the scope of the disclosure.
5 The preceding description, therefore, is not meant to Hmit the scope of the disclosure. Rather,
the scope of the disclosure is to be determined only by the appended claims and their
equivalents. Itis also contemplated that structures and features in the present examples can be

altered, rearranged, substituted, deleted, duplicated, combined, or added to each other.
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CLAIMS

1. A method of separating impurities from a natural gas stream, comprising: cooling the natural gas
stream through heat exchange with one or more process streams to produce a chilled gas stream;
contacting the chilled gas stream with a lean solvent stream comprising a hindered amine in a
contactor to separate hydrogen sulfide (H2S) and carbon dioxide (COz) from the chilled gas stream,
thereby producing a rich solvent stream and a patrtially-treated gas stream; removing H2S and CO:
from the rich solvent stream to produce the lean solvent stream; recirculating the lean solvent stream
to the contactor; and separating CO2 and HzS from the partially-treated gas stream in a membrane
separation system, thereby creating a fully-treated gas stream and a permeate gas stream, the
permeate gas stream being comprised of H2S and CO:2 and having a higher concentration of H2S and
CO2 than the partially-treated gas stream, and the fully-treated gas stream being comprised of natural
gas and having a lower concentration of H2S and CO: than the partially-treated gas stream, wherein
the fully-treated gas stream and the permeate gas stream are at a lower temperature than the
partially-treated gas stream; wherein the fully-treated gas stream and the permeate gas stream
comprise the one or more process streams; wherein the contactor is a co-current contacting system
and wherein contacting the chilled gas stream with a lean solvent stream further comprises: receiving
the chilled gas stream and the lean solvent stream in the co-current contacting system located in-line
within a pipe, the co-current contacting system including a droplet generator and a mass transfer
section; using the droplet generator, generating droplets from the lean solvent stream and dispersing
the droplets into the chilled gas stream; using the mass transfer section, providing a mixed, two-phase
flow having a vapor phase and a liquid phase, wherein the liquid phase includes the rich solvent
stream with H2S and/or CO2 absorbed from the chilled gas stream, and wherein the vapor phase
includes the partially-treated gas stream; and separating the vapor phase from the liquid phase.

2. The method of claim 1, further comprising: removing CO2from the fully-treated gas stream in a
polisher.

3. The method of 1, further comprising: compressing the CO2 removed from the fully-treated gas
stream in the polisher.

4. The method of claim 1, further comprising: cooling the lean solvent stream prior to recirculating the
lean solvent stream to the contactor.

5. The method of claim 1, further comprising: further cooling the natural gas stream prior to contacting
the chilled gas stream with the lean solvent stream in the contactor.

6. The method of claim 1, further comprising: removing water from the partially-treated gas stream
prior to separating H2S and CO: from the partially-treated gas stream.

7. The method of claim 1, wherein the droplet generator comprises: an annular support ring securing
the droplet generator in-line within the pipe; a plurality of spokes extending from the annular support
ring, the annular support ring having a plurality of liquid channels allowing the lean solvent stream to
flow through the plurality of spokes and out of injection orifices disposed on the plurality of spokes;
and a gas entry cone supported by the plurality of spokes and allowing a first portion of the chilled gas
stream to flow through a hollow section of the gas entry cone and through gas exit slots included in
the plurality of spokes, and a second portion of the chilled gas stream to flow around the gas entry
cone and between the plurality of spokes, wherein the second portion of the chilled gas stream is
separate from the first portion of the chilled gas stream.

8. The method of claim 1, wherein the co-current contacting system is one of a plurality of co-current
contacting systems connected in series, said plurality of co-current contacting systems including a last
co-current contacting system; wherein each of the plurality of co-current contacting system comprises
a co-current contactor including a droplet generator and a mass transfer section, the droplet generator
generating droplets of a liquid stream and dispersing the droplets into a gas stream received from a
previous co-current contacting system, and the mass transfer section providing a mixed, two-phase
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flow having a vapor phase and a liquid phase; and a separation system that separates the vapor
phase from the liquid phase, wherein the vapor phase includes a gas stream and the liquid phase
includes liquid from which droplets are generated in a co-current contactor of a previous co-current
contacting system.

9. The method of claim 1, wherein the natural gas stream is cooled through heat exchange with the
fully-treated gas stream and the permeate gas stream.
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