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CARBON DIOXIDE CAPTURE AND 

LIQUEFACTION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims bene?t under 35 USC §l 19(e) 
based on U.S. Provisional Application No. 61/362,968, ?led 
on Jul. 9, 2010, the entire disclosure of Which is incorporated 
herein by reference. 

FIELD OF THE INVENTION 

This invention generally relates to methods of removing 
carbon dioxide from a high-pressure gas stream substantially 
free from Water vapor and sulfur compounds and recovering 
the high-pressure substantially pure lique?ed carbon dioxide 
for further use, processing, and/or storage. 

BACKGROUND 

There is current interest in capturing carbon dioxide (CO2) 
from industrial processes and sequestering (or storing) the 
captured CO2 in a Way to prevent CO2 gas from entering the 
atmosphere. The product of combustion in the manufacture of 
poWer and in other combustion processes results in the emis 
sion of CO2 to the atmosphere. These CO2 emissions are 
believed by some scientists to contribute to global Warming. 
As a result, CO2 is considered to be a Green House Gas 

(GHG). 
Carbon dioxide sequestration is achieved by capturing the 

CO2, and storing it once captured, before it has a chance to 
enter the atmosphere. The U.S. Government may soon seek to 
minimize CO2 emissions by promulgating legislation to enact 
a “Cap-and-Trade” system, or by other means, such as an EPA 
edict. The European Union (EU) and other developed coun 
tries have already (or are about to) enact similar legislation to 
regulate the amount of GHG emissions. 

The current methods available for capturing CO2 are var 
ied. Regardless of the speci?c method used, the captured CO2 
needs to be puri?ed in order to meet the required standards for 
safe pipeline transmission and injection to the subsurface, 
Wherein it can be sequestered (stored) for eternity. Until noW, 
there has been no economic incentive to capture and sequester 
CO2, and, therefore, there has been little incentive to develop 
the technology necessary to carry out this sequestration step. 
With the impending legislation in the US and abroad, there 
Will soon be an economic disruption to the status quo of 
simply discharging CO2 to the atmosphere. 

For several years, there has been a debate on the impact of 
GHG on global Warming, and at various times, individuals 
and companies have explored, through studies, the economic 
consequences of having to capture and sequester the CO2 
released during the combustion process. The studies utiliZed 
existing technologies, and then applied an “add-on” technol 
ogy to treat the captured CO2 to make it suitable for seques 
tration at supercritical pressure, such as, for example, to pre 
pare it for subsurface injection in various suitable geological 
formations. The studies demonstrated that the consequence of 
CO2 sequestration have added a considerable economic pen 
alty With regard to energy production costs in the form of 
additional capital expenditures and increased operating costs. 

The United States Department of Energy (U.S. DOE) has 
been at the forefront of commissioning studies and has 
embarked on sponsoring several research and development 
(R&D) programs intended to look for the most economic 
means for producing poWer, While sequestering CO2. These 
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2 
programs are seeking neW technology designed to have the 
loWest impact on cost of poWer to the U.S. industrial and 
residential consumer. In the studies focusing on various 
sequestration processes proposed to-date, the CO2 stream 
could be collected prior to venting, and next compressed in a 
multistage CO2 compressor to the speci?ed super critical 
pressure. The compressed CO2 Would then be sent via pipe 
line to the CO2 capture site for injection, typically under 
supercritical conditions, in the targeted geological formation. 

For example, in poWer generation applications, recovery 
and capture of CO2 from these processes is desirable. As an 
example, the synthesis gas created in a high-pressure coal (or 
coke or biomass) gasi?er comprises substantial amounts of 
carbon monoxide (CO). Conventionally, the synthesis gas is 
subjected to a number of steps, including gas cooling, gas 
scrubbing to remove chlorides, and reaction of the scrubbed 
gas and With steam in one or more CO-Shift reactors Where 
the CO is converted into hydrogen and CO2 according to the 
folloWing “CO-Shift Reaction” equilibrium reaction: 
CO+H2O:CO2+H2 (exothermic reaction). 

Ideally, most of the CO can be converted to CO2 and cap 
tured, pre-combustion. The resultant synthesis gas stream, 
prior to capture, can contain approximately 50% CO2 (on a 
dry basis). Unfortunately, this stream typically also contains 
H2S and COS, both of Which are undesirable constituents. 
Conventional removal technologies, such as RECTISOL and 
SELEXOL employ physical solvents such as methanol or 
dimethyl ether of polyethylene glycol (DEPG) to achieve the 
removal of H2S and CO2 through proprietary processes. 
Other proprietary processes, such as MORPHYSORB and 
PURISOL also employ physical solvents to remove H2S and 
capture CO2. Generally speaking, the above-mentioned pro 
cesses each achieve the sequential removal of sulfur-contain 
ing constituents folloWed by the removal of the CO2 using a 
common solvent. The recovered stream containing the sulfur 
constituents is routed for processing (e. g., in a Claus plant), or 
a sulfuric acid manufacturing plant While the recovered CO2 
stream, free from any sulfur-containing constituent, is vented 
to atmosphere. 

There are differences in the current physical solvent pro 
cesses that result in differences in both the capital and oper 
ating cost. HoWever, each of these processes suffers from a 
common draWback: each process regenerates its solvent by 
releasing the entire amount of captured CO2 at relatively loW 
pressures. This common problem results in the energy 
requirement to compress the entire captured CO2 from 
approximately atmospheric pressure to a super critical pres 
sure needed for sequestration. There are variations in each of 
the process con?gurations that partially mitigate these prob 
lems by releasing some of the CO2 at modest pressure, but the 
majority of the CO2 is still released at close to atmospheric 
pressure. As a result, the overall cost of equipment and energy 
required for the CO2 compression (and subsequent puri?ca 
tion) is a major cost burden on the current CO2 capture 
compression processes. 

Thus, a need exists for an alternative approach for captur 
ing CO2 from a high-pressure gas stream. The approach 
should be applicable to a Wide variety of processes and con 
ditions, including, but not limited to, high-pressure synthesis 
gas and/or high-pressure natural gas originating from a vari 
ety of process or natural sources and locations. The approach 
should be both energy ef?cient and cost-effective, both in 
terms of capital and operating costs. 

SUMMARY OF THE INVENTION 

One embodiment of the present invention concerns a 
method of recovering carbon dioxide (CO2) in a liquid state 
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from a high-pressure gas stream. The method comprises cool 
ing and partially condensing a high-pressure gas feed stream 
to thereby provide a ?rst condensed COZ-rich fraction and an 
uncondensed CO2-lean fraction. The method comprises 
recovering a CO2-rich liquid stream from the uncondensed 
CO2-lean fraction Wherein the recovering comprises one or 
more of the folloWing steps: (1) adsorbing CO2 from the 
uncondensed CO2-lean fraction; (2) absorbing CO2 from the 
uncondensed CO2-lean fraction; and/or (3) freezing CO2 
from the uncondensed CO2-lean fraction. The method com 
prises combining at least a portion of the COZ-rich liquid 
stream With at least a portion of the condensed COZ-rich 
fraction to thereby provide a combined COZ-rich stream and 
fractionating at least a portion of the combined COZ-rich 
stream in a puri?cation Zone to remove non-CO2 components 
therefrom and thereby provide a puri?ed COZ-rich liquid 
stream. The high-pressure feed gas stream has a pressure of at 
least 60.4 psia and the puri?ed COZ-rich liquid stream has a 
pressure of at least 100 psia. The condensed COZ-rich fraction 
and the combined COZ-rich stream are liquid streams. 

Another embodiment of the present invention concerns a 
method of recovering carbon dioxide (CO2) in a liquid state 
from a high-pressure gas stream. The method comprises cool 
ing and partially condensing a high-pressure feed gas stream 
to thereby provide a condensed COZ-rich fraction and an 
uncondensed CO2-lean fraction. The method comprises 
recovering a COZ-rich liquid stream from at least a portion of 
the uncondensed CO2-lean fraction, Wherein the recovering 
comprises one or more of the following steps: (1) absorbing 
CO2 from the uncondensed CO2-lean fraction, and/or (2) 
adsorbing CO2 from the uncondensed CO2-lean fraction, and/ 
or (3) freeZing CO2 from the uncondensed CO2-lean fraction. 
The method comprises introducing at least a portion of the 
COZ-rich liquid stream recovered in step (b) and/or at least a 
portion of the condensed COZ-rich fraction resulting from the 
cooling and partially condensing of step (a) into a puri?cation 
Zone and separating at least a portion of the non-CO2 com 
ponents from the COZ-rich liquid stream and/or the con 
densed COZ-rich fraction introduced into the puri?cation 
Zone to thereby provide a puri?ed COZ-rich liquid stream. 
Each of the high-pressure feed gas stream, the condensed 
CO2 -rich fraction, and the puri?ed CO2 -rich liquid stream has 
a pressure greater than 77 psia. 

Carbon dioxide recovery processes and systems con?g 
ured according to one or more embodiments of the present 
invention can comprise a ?rst separation Zone, for removing 
CO2 from a substantially dry and nearly sulfur compound 
free high pressure feed gas stream and a second separation 
Zone for further separating CO2 from the remaining feed gas 
stream by adsorbing, absorbing, or solidifying by freeZing at 
least a portion of the CO2 remaining in the feed gas stream. 
The processes and systems of the present invention can be 
more el?cient, and thereby provide a bigger economic advan 
tage, than conventional CO2 capture and removal systems and 
processes. Processes and systems as described herein can 
minimize energy consumption by maintaining the pressure of 
one or more of the feed gas stream, the recovered, puri?ed 
CO2 liquid stream, and/or one or more interim process 
streams (e.g., the condensed COZ-rich fraction WithdraWn 
from the ?rst separation Zone and the CO2-rich liquid stream 
exiting the second separation Zone) at a pressure greater than 
77, 100, 500, or 650 psia. In another embodiment, the pres 
sure of one or more of these streams can be at a pressure 

greater than the triple point pressure of CO2 (e.g., 77 psia), 
and/or at a pressure in the range of 77 to 1070 psia, 640 to 
1016 psia, or 700 to 910 psia. 
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4 
BRIEF DESCRIPTION OF THE DRAWINGS 

Various embodiments of the present invention are 
described in detail beloW With reference to the attached draW 
ing ?gures, Wherein: 

FIG. 1 is a schematic overvieW of a C02 recovery facility 
con?gured according to various embodiments of the present 
invention; 

FIG. 2 is a schematic ?oW diagram of one example process 
With a feed treatment Zone suitable to be located upstream of 
the basic CO2 recovery facility shoWn in FIG. 1; 

FIG. 3 is a graph shoWing the theoretical percent CO2 
recovery in conduit 170 due to cooling and condensation from 
feed gases having different concentration levels of CO2 and 
different pressures available in the ?rst separation Zone 150 of 
the recovery facility shoWn in FIG. 1; 

FIGS. 4a and 4b are schematic ?oW diagrams representing 
one embodiment of a C02 recovery facility con?gured 
according to the present invention, Wherein the facility uti 
liZes an absorption method to remove at least a portion of the 
CO2 from an incoming feed gas stream; 

FIGS. 5a and 5b are schematic ?oW diagrams representing 
another embodiment of a C02 recovery facility con?gured 
according to the present invention, Wherein the facility uti 
liZes an adsorption method to remove at least a portion of the 
CO2 from an incoming feed gas stream; and 

FIGS. 6a and 6b are schematic ?oW diagrams representing 
yet another embodiment of a C02 recovery facility con?g 
ured according to the present invention, Wherein the facility 
utiliZes a deliberate freeZing method to remove at least a 
portion of the CO2 from an incoming feed gas stream. 
A more detailed description of various embodiments of the 

present invention Will noW be discussed herein With reference 
to the foregoing draWings. The folloWing description is to be 
taken by Way of illustration and not undue limitation. 

DETAILED DESCRIPTION 

In accordance With one or more embodiments of the 

present invention, a process to capture carbon dioxide (CO2) 
from a substantially dry, loW sulfur high-pressure hydrocar 
bon gas stream is provided. The resultant CO2-depleted 
hydrocarbon stream can be substantially free of CO2 and the 
recovered CO2 stream, Which comprises or consists essen 
tially of puri?ed CO2 at a pressure near, at, or above super 
critical pressure, can be utiliZed in a variety of applications 
(e.g., Enhanced Oil Recovery) or sequestered (e.g., stored) 
inde?nitely. 

In one embodiment of the present invention, a C02 recov 
ery facility can comprise a ?rst separation step operable to 
cool a high-pressure gas stream to thereby condense at least a 
portion of the CO2 therefrom. The resulting uncondensed 
CO2-lean gas stream can then be subjected to a second sepa 
ration step or stage, Wherein additional CO2 is removed via 
adsorption, absorption, and/or freeZing. Various embodi 
ments of second stage recovery processes that utiliZe CO2 
adsorption, absorption, or freeZing are illustrated in and 
described shortly With respect to FIGS. 4a and 4b, 5a and 5b, 
6a and 6b. At least a portion of the condensed COZ-rich 
fraction WithdraWn from the ?rst separation stage and at least 
a portion of the CO2-rich liquid stream exiting the second 
separation stage can be combined and further processed (e. g., 
fractionated) to produce a high-pressure but sub-critical puri 
?ed CO2 liquid stream, Which can then be pumped to above 
critical pressure and utiliZed or stored as described above. 

According to one or more embodiments of the present 
invention, at least a portion of the CO2 recovery in the second 
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separation zone can be carried out by (1) adsorbing CO2 from 
the uncondensed CO2-lean fraction; (2) adsorbing CO2 from 
the uncondensed CO2-lean fraction, and/or; (3) freezing CO2 
from the uncondensed CO2-lean fraction. When the recovery 
process employed in the second stage includes adsorption or 
absorption, the resulting CO2 vapor stream can be com 
pressed, cooled and condensed to result in a high-pressure 
CO2-rich liquid stream. This stream can then be combined 
With the CO2-rich fraction WithdraWn from the ?rst separa 
tion stage. When the recovery process employed in the second 
stage includes freezing, the resulting CO2 solids can be 
melted and the resulting CO2-rich liquid can be combined 
With the CO2-rich fraction WithdraWn from the ?rst separa 
tion stage. Aspects and variations of these embodiments can 
be described in more detail shortly. 

The CO2 recovery processes described herein can be oper 
able to recover, in the puri?ed liquid CO2 stream WithdraWn 
from the ?nal separation stage, betWeen 75 and 99 percent or 
at least about 75, 90, 95, or 99 percent of the CO2 originally 
present in the high-pressure feed gas stream. At the same 
time, these processes and systems can achieve the above 
described capture of CO2 With substantially loWer energy 
usage than many conventional and current CO2 separation or 
recovery technologies. At least a portion of this energy sav 
ings can be attributed to the fact that at least a portion (or a 
substantial portion) of the volume of the recovered CO2 may 
not be subjected to the energy penalty associated With the 
recompression of CO2. As used herein, the term “compres 
sion” is de?ned as increasing the pressure of a gas or vapor 
stream. In one embodiment, no more than 90, 80, 50, 25, or 10 
percent of the CO2 present in the ?nal puri?ed CO2-rich 
liquid stream Was subjected to compression during the recov 
ery process employed in second separation zone 200. 

Referring initially to FIG. 1, one embodiment of a CO2 
recovery facility is schematically shoWn as comprising a ?rst 
separation zone 150, a second separation zone 200, and a third 
separation or puri?cation zone 300. Depending on the con 
centration of CO2 and the pressure of the feed gas, the per 
centage recovery of CO2 that can be recovered in ?rst sepa 
ration zone 150 can be in the range of betWeen 10 to 95 
percent (See FIG. 3). The balance of non-condensed CO2 can 
then be subjected to additional processing in the second sepa 
ration zone 200, Wherein the CO2 can be recovered via (1) 
adsorption, (2) absorption, or (3) solidi?cation by freezing. 
FolloWing the recovery of at least some of the CO2 in the 
second separation zone, the CO2 can then be lique?ed by 
compression and cooling, in the case of (1) adsorption or (2) 
absorption, or by melting in the case of freezing. In all cases, 
the rich CO2 liquid streams captured from ?rst and second 
separation zones 150, 200 can be combined and puri?ed in 
third separation zone 300. Optionally, one or more enrich 
ment zones illustrated here as ?rst enrichment zone 130 and 
second enrichment zone 190, can be utilized to enrich the 
CO2 content of the gas streams entering ?rst and second 
separation zones 150, 200. Additional details regarding the 
con?guration and operation of CO2 recovery facility 10 can 
be described shortly. 

Carbon dioxide recovery facility 10 can be operable to 
remove or capture CO2 from a variety of different types of 
high-pressure gas streams. In one embodiment, the high 
pressure feed gas streams processed in recovery facility 10 
can have a pressure ofat least 60.4, 61, 77, 350, or 5,000 psia. 
For example, the high-pressure gas or feed gas streams intro 
duced into the ?rst separation zone 150 via conduits 100A and 
optional enrichment zone 130 can comprise betWeen 10 and 
95 or at least 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, or 95 mole 
percent CO2. Suitable types of feed gas streams can include 
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6 
sources of both natural and synthetic (e.g., synthesis) gases 
originating from a variety of different sources. Additional 
details regarding speci?c applications Will be discussed in 
detail shortly. 
Gas streams processed according to embodiments of the 

present invention can include one or more suitable non-CO2 
compounds in the range of 5 to 90 mole percent or not more 
than 95, 90, 80,70, 60, 50, 40, 30, 20, 10, or 5 mole percent of 
the feed gas stream. As used herein, the term “non-CO2 com 
pound” is any chemical component that is not carbon dioxide. 
Some non-CO2 compounds can be “suitable” non-CO2 com 
pounds, While other non-CO2 compounds canbe “unsuitable” 
non-CO2 compounds. Examples of suitable non-CO2 compo 
nent can include any component or material having a normal 
average boiling point (nabp) of cooler than —110° F. One 
exception is ethane Whose normal boiling point (nbp) is 
—127.50 E. HoWever, ethane cannot be considered a suitable 
non-CO2 component, as it tends to form an azeotropic mix 
ture With CO2. Examples of suitable non-CO2 components 
that can be present in the high-pressure gas stream processed 
by CO2 recovery facility 10 are summarized in Table 1A, 
beloW. 

TABLE 1A 

Fxamnles of Suitable non-CO7 Gas Components 

Component Normal Boiling Point (O F.) 

Hydrogen —423 
Methane —259 
Nitrogen —320 
Carbon Monoxide —313 
Oxygen —297 

Non-CO2 compounds having a boiling point greater (e.g. 
Warmer) than —110° F. are unsuitable for processing in the 
CO2 facilities as described herein and can typically be present 
in the high-pressure gas stream in only small amounts. If any 
unsuitable non-CO2 gas components are present in the feed 
gas, these components canbe removed via one or more appro 
priate state-of-the-art pre-treatment processes (not shoWn) 
prior to introducing the feed gas into ?rst separation zone 150. 
Examples of unsuitable non-CO2 components are provided 
in Table 1B, beloW. 

TABLE 1B 

Fxamnles of Un-Suitable non-CO7 Gas Components 

Component Normal Boiling Point (O F.) 

all Alkanes (except CH4) various 
Hydrogen Sul?de —76 
Sulfur Dioxide +14 
Carbonyl Sul?de —59 
Water +212 

Turning noW to FIG. 2, one example of a possible arrange 
ment for treating the high pres sure gas stream up stream of the 
recovery facility shoWn in FIG. 1 is illustrated. The system 
depicted in FIG. 2 shoWs hoW a synthesis gas stream from a 
coal or coke gasi?er can be treated. These steps may include: 
chloride removal, high temp/loW temp (HT/ LT) recovery, 
selective HS removal in, for example a SELEXOL (or DEPG) 
plant, or potentially a selective amine plant utilizing an amine 
such as MDEA. The H2S, if selectively removed, could be 
sent for sulfur recovery such as a Claus or oxy-Claus unit, or 
instead to a sulfuric acid manufacturing plant. The gas, Which 
has been treated to remove substantially all of the H2S, can 
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then be treated in a conventional multi-bed CO-shift plant to 
shift some, or most, of the CO to CO2 in the WG shift reaction: 
CO+H20:CO2+H2 (exothermic). Following CO shift, further 
HT/LT heat recovery is required. Additional cooling and 
Water condensation results in a Water saturated gas at about 
45° F. Final Water and any residual sulfur compounds can be 
removed in a molecular sieve contact bed. 

After exiting the example pretreatment process, potential 
arrangement of Which is illustrated in FIG. 2, the pretreated 
gas in conduit 100A or 100B (if optional device 130 is not 
used) can be sent to the CO2 recovery facility 10 shoWn in 
FIG. 1, speci?c embodiments and variations of Which can be 
described in detail shortly. The pretreated gas can be substan 
tially free from non-methane hydrocarbons, sulfur com 
pounds, and Water vapor prior to being introduced into recov 
ery facility 10 shoWn in FIG. 1. 

Referring noW to FIG. 3, a graphical representation of the 
relationship betWeen feed gas pressure and CO2 recovery, 
folloWing cooling and condensation for various levels (e.g., 
volume percents) of CO2 in the feed gas, is provided. FIG. 3 
assumes a gaseous mixture of suitable non-CO2 components 
(in any combination of concentration) and an amount of CO2, 
as indicated by each of the six lines of constant CO2 concen 
tration. For example, the uppermost line represents expected 
CO2 recoveries at given feed gas pressures for a gas mixture 
comprising 80 percent (by volume) CO2 and 20 percent of a 
suitable non-CO2 gas components. Similarly, the loWermost 
line corresponds to various expected CO2 recovery percents 
as a function of feed gas pressure of a mixture of 10 volume 
percent CO2 and 90 percent of one or more suitable non-CO2 
gas components. 

It may be desirable to remove as much of the CO2 from the 
feed gas stream as possible by condensation in ?rst separation 
Zone 150. As evidenced by FIG. 3, the higher the feed gas 
concentration in CO2 and the higher the pressure of the feed 
gas, the more CO2 can be condensed in the ?rst separation 
Zone. Conversely, loWer levels of CO2 concentration and/or 
loWer feed gas pressures reduces the amount of CO2 that Will 
condense in the ?rst separation Zone 150. A plant-by-plant 
economic analysis may provide additional guidance regard 
ing speci?c operating conditions for implementing embodi 
ments of the present invention to cost effectively achieve bulk 
CO2 capture in liquid form. 

In one embodiment depicted in FIG. 1, one or more CO2 
enrichment Zones (e.g., Zones 130 and/or 190) can be located 
upstream of ?rst and/or second separation Zones 150, 200 to 
thereby increase the concentration of CO2 in the incoming 
(feed) gas streams. Use of one or more enrichment Zones may 
be advantageous When, for example, the high-pressure gas 
stream in conduit 100A of the CO2 recovery facility illus 
trated in FIG. 1 comprises less than 30, 20, 10, or 5 mole 
percent CO2. In another embodiment, one or more enrich 
ment Zones can be useful When, for example, there is a su?i 
cient pres sure differential betWeen the high-pressure feed gas 
stream and the desired pressure of the ?nal CO2-depleted gas 
stream WithdraWn from second separation Zone 200 in con 
duit 210. 
As shoWn in FIG. 1, When an enrichment Zone is utiliZed 

upstream of ?rst separation Zone 150, the high-pressure gas 
stream, Which can have a pressure of at least 61, 77 350, or 
5,000 psia, in conduit 100A can be passed through ?rst 
enrichment Zone 130 prior to entering ?rst separation Zone 
150. First enrichment Zone 130 can be any process or step 
operable to remove at least a portion of the non-CO2 compo 
nents, thereby enriching the high-pressure feed gas in CO2 
concentration. The ?rst enrichment Zone 130 can comprise at 
least one membrane separation device (not shoWn) and can be 
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8 
operable to remove a ?rst permeate stream 102 from the 
high-pressure gas stream passing therethrough. When tWo or 
more membrane separators are utiliZed, the separators can be 
arranged in series and/or parallel and can, in some embodi 
ments, utiliZe at least a portion of the surplus energy. In the 
absence of any surplus energy, the enrichment Zone 130 can 
use a compressor to boost the pressure upstream of the mem 
brane to increase the diffusion driving force through the 
membrane(s). As a result, a higher pressure non-permeate gas 
stream can enter ?rst separation Zone 150, Which can result in 
a pressure in conduit 170 greater than 77 psia. 
At least one membrane separation device can be operable 

to alloW hydrogen to preferentially permeate, by diffusion, 
through the membrane(s). The hydrogen-rich permeate can 
be at a substantially loWer pressure than the high-pressure 
feed gas stream, While the pressure difference betWeen the 
feed gas and the non-permeate stream can be relatively insig 
ni?cant. By employing a method of partial hydrogen removal 
via the peiineate stream (conduit 102) effectively increases 
the concentration of CO2 in the non-permeate stream (conduit 
100B). This Will improve the effectiveness of the current 
invention. Additional compression upstream of the mem 
brane separators Within enrichment Zone 130, if utiliZed, 
could add further bene?t, as the gas entering conduit 100B 
can be both more concentrated in CO2 and also at a higher 
pressure compared to the gas in 100A. Both effects may be 
desirable outcomes to improve the amount of CO2 that can be 
successfully condensed in separation Zone 150 (via conduit 
170), as illustrated in FIG. 3. 
According to one embodiment illustrated in FIG. 1, at least 

a portion of ?rst permeate stream 102 can be routed around 
the cooling step of ?rst separation Zone 150. Optionally, the 
portion of the ?rst permeate stream 102 bypassing ?rst sepa 
ration Zone 150 can be combined in conduit 106 With at least 

a portion of the uncondensed CO2-lean fraction exiting ?rst 
separation Zone and the combined stream can be passed via 
conduit 160 into second separation Zone 200. In addition or in 
the alternative, the portion of the ?rst permeate stream 
bypassing ?rst separation Zone 150 can be combined With the 
CO2-depleted product gas stream WithdraWn from second 
separation Zone 200 in conduit 210. The amount of the ?rst 
permeate stream bypassing ?rst and/or second separation 
Zones 150, 200 depends, in part, on the composition, the 
pressure and the rate of the feed gas stream, as Well as the 
desired compositions and rates of the CO2-depleted product 
gas stream and the puri?ed liquid CO2 stream exiting CO2 
recovery facility 10. 

After pretreatment and optional CO2 -enrichment, the high 
pressure gas stream in conduit 100B can comprise not more 
than about 50, 25, 20, or 1 ppmv of Water. Typically, the 
amount of sulfur compounds can be limited to local govern 
mental environmental permit restraints on the ?nal disposi 
tion of gas stream leaving 210, and to the ultimate disposition 
to the atmosphere folloWing (for example) combination in a 
gas turbine exhausting to the atmosphere. In one embodi 
ment, the high pressure gas stream in conduit 100B can com 
prise less than 10, l, or 0.1 mole percent of one or more 
sulfur-containing compounds. The concentration of CO2 in 
conduit 100B canbe in the range of in between 10 percent and 
95 percent, While the pressure can be greater than 277 psia to 
alloW for an approximately 200 psi pressure drop and the 
resultant CO2 product above its triple point pressure of 77 
psia. Temperature of the stream 100B can typically be 
betWeen 33° F. and 1250 F., depending, in part, on the speci?c 
con?guration of the pretreatment processes employed 
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upstream of the invention. Even higher temperatures can be 
achieved When at least one booster compressor is utilized in 
enrichment Zone 130. 

The high-pressure feed gas stream in conduit 100B can 
then be introduced into ?rst separation Zone 150, Wherein the 
feed gas stream can be cooled and at least partially condensed 
to thereby provide a condensed CO2-rich fraction in conduit 
170 and an uncondensed COZ-lean fraction in conduit 160. 
Both product streams 160 and 170 exiting ?rst separation 
Zone 150 can be maintained at relatively high-pressures 
Within about 5 to 200 psia, or Within 5, 50, or 200 psia of the 
pressure feed gas stream in conduit 100B. In one embodi 
ment, the pressure of the liquid condensed COZ-rich fraction 
can be at least 77, 650, or 1,070 psia, While the pressure of the 
uncondensed COZ-rich fraction in conduit 160 can be at least 
60.4, 350, or 5,000 psia. First separation Zone 150 can be 
operable to cause between 10 and 99 or at least 10, 50, or 99 
percent of the CO2 originally present in feed gas stream in 
conduit 100B to condense. Thus, the condensed COZ-rich 
fraction WithdraWn from ?rst separation Zone 150 via conduit 
170 can comprise ofbetWeen l0 and 99 percent or at least 10, 
50, or 90 percent of the total CO2 present in the high-pressure 
feed gas stream present at conduit 100B, While the uncon 
densed CO2-lean fraction Will contain the balance of CO2 of 
the total CO2 originally present in the feed gas stream intro 
duced into ?rst separation Zone 150, via conduit 100B. The 
uncondensed COZ-lean fraction can comprise less than 80, 
50, or 10 percent of the total CO2 originally present in the high 
pressure feed gas stream. 

According to one or more embodiments of the present 
invention, ?rst separation Zone can remove a portion of the 
CO2 from the high-pressure feed gas stream, While leaving 
other non-CO2 components (such as, for example, one or 
more compounds identi?ed in Table 1A) in the uncondensed 
COZ-lean fraction exiting ?rst separation Zone 150 via con 
duit 160. For example, the uncondensed COZ-lean fraction 
exiting ?rst separation Zone 150 via conduit 160 can comprise 
at least 50, 70, 75, 95, 99 or 100 percent ofthe total non-CO2 
components originally present in the high-pressure feed gas 
stream introduced into ?rst separation Zone 150. As a result, 
the condensed COZ-rich fraction can include very small 
amount of these components, such as, for example, less than 
50, 20, or 1 percent of the total amount of non-CO2 compo 
nents originally present in the high-pressure feed gas stream 
introduced into conduit 150. Consequently, ?rst separation 
Zone can be capable of producing a high-purity condensed 
COZ-rich fraction comprising at least 50, 60, 70, 80, 90, or 99 
mole percent CO2, While the uncondensed CO2-lean fraction 
(e.g., the treated feed gas stream) can comprise less than 50, 
40, 30, 20, 10, 5, or 1 mole percent CO2. 

First separation Zone 150 can employ any suitable method 
for cooling and condensing at least a portion of the CO2 from 
the incoming gas stream, as described above. The ?rst sepa 
ration Zone 150 can employ a plurality (e. g., one or more) heat 
exchangers Wherein the feed gas can be sequentially cooled to 
a temperature Warmer than —69.80 F. or Warmer than the 

freezing point of CO2 (e.g., —69.80 F.). Prevention of cold 
spots in the ?nal heat exchanger is desirable in order to 
prevent the possibility of solid CO2 forming and plugging the 
heat exchanger equipment. The temperature of condensed 
COZ-rich fraction in conduit 170 can be Warmer than about 
—69 .8 F and the temperature of the uncondensed CO2 -fraction 
in conduit 160 can be in the range from —69.80 F. to ambient 
temperature, depending on the extent of cold temperature 
heat recovery. 

At least a portion of the heat recovered from one heat 
exchange stage can be used in one or more other heat 
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exchange stages of ?rst separation Zone 150. For example, 
since the high-pressure gas cooling can be achieved in a 
plurality of heat exchangers, at least a portion of the cooling 
energy can be recovered via one or more back heat exchang 
ers. Use of back heat exchange can minimiZe the number of 
progressively cooler refrigeration stages and increase overall 
e?iciency. The condensed CO2 -rich fraction WithdraWn from 
?rst separation Zone 150 via conduit 170 and/or the uncon 
densed COZ-lean fraction exiting ?rst separation Zone 150 via 
conduit 160 can be used to provide cooling to one or more 
streams Within ?rst separation Zone 150. Both product 
streams can be maintained at high-pressure, While alloWing 
for typical pressure drop through the various pieces of equip 
ment. At some point, the liquid CO2 stream can be pumped to 
a higher pres sure in order to extract more cooling effect from 
the liquid CO2, While preventing the CO2 stream from vapor 
iZing. The ?nal (e.g., Warmest) temperature the liquid CO2 
stream can reach is the bubble point of the liquid stream. The 
bubble point temperature is a limit of the amount of cooling 
available from the separated crude CO2 stream as it is desir 
able to prevent the CO2 from ?ashing. The high-pressure gas 
stream can be unlimited in hoW much cooling effect it can 
surrender to the incoming Warm hydrocarbon feed gas, other 
than through limitations dictated by the temperature driving 
forces need to encourage the How of heat through the heat 
exchanger(s). 
As the CO2 condenses out of the feed gas stream in ?rst 

separation Zone 150, the lique?ed CO2 may be intermittently 
separated in one or more phase separator vessels prior to 
reaching a ?nal phase separator. The ?rst separation Zone can 
include one separator, tWo or up to 10 or more separator 

vessels. According to one embodiment, tWo, three, or four 
separator vessels can be utiliZed to economically remove the 
lique?ed carbon dioxide. 
At least a portion of the cooling provided in ?rst separation 

Zone 150 can be provided by indirectly heat exchanging at 
least a portion of the feed gas stream With one or more refrig 
erants. The cooling provided in ?rst separation Zone 150 can 
be at least partially, substantially, or entirely provided by a 
cascade refrigeration system, a mixed refrigerant refrigera 
tion system, or other less conventional refrigeration systems 
(e.g., absorption refrigeration and/or acoustic refrigeration). 
As used herein, the term “cascade refrigeration system” refers 
to a refrigeration system employing a plurality of refrigera 
tion cycles, each employing a different pure component 
refrigerant to successively cool the incoming gas stream. A 
mixed refrigerant refrigeration system employs a mixture of 
refrigerants comprising a plurality of different suitable refrig 
erant components. Cascade refrigeration systems as 
described herein typically employ tWo different refrigerants 
in a plurality of different stages operable to cool the feed gas 
stream from an ambient temperature doWn to a temperature 
not cooler than the freeZing point of CO2 in a series of discrete 
steps. Cascade refrigeration systems suitable for use in ?rst 
separation Zone 150 can comprise a plurality of refrigeration 
stages employing, as an example, a predominantly-propane 
refrigerant, a predominantly-propylene refrigerant, a pre 
dominantly-ammonia refrigerant, a predominantly-ethane 
refrigerant, and/or a predominantly-ethylene refrigerant. 
Each of the refrigeration cycles typically operate in a closed 
loop cycle and can be arranged in a suitable order needed to 
match the temperature cooling pro?le of the feed gases. 

Referring back to FIG. 1, the uncondensed COZ-lean con 
centration, Which comprises CO2 in the range of from 10 to 80 
percent can be WithdraWn from ?rst separation Zone 150 via 
conduit 160 and routed to second separation Zone 200. When 
the CO2 content of the uncondensed COZ-lean fraction is 
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about 30 mole percent or less, it may be desirable to pass the 
stream through a second enrichment Zone, depicted as 
optional second enrichment Zone 190 in FIG. 1, to thereby 
remove a second permeate stream in conduit 202 and increase 
the concentration of CO2 in the non-permeate stream. Second 
enrichment Zone 190, When present, can include another set 
of at least one membrane separator operable to remove a 
second, hydrogen-rich permeate stream from the uncon 
densed CO2-lean fraction, thereby providing a CO2-concen 
trated non-permeate stream, Which can subsequently be 
routed to second separation Zone 200. As shoWn in FIG. 1, the 
second permeate stream in conduit 202 can be bypassed 
around second separation Zone 200 and can optionally be 
combined With a portion of the COZ-depleted vapor stream 
WithdraWn from second separation Zone 200 in conduit 210. 

Turning noW to second separation Zone 200, any suitable 
means for recovering additional carbon dioxide from the 
uncondensed CO2-lean stream can be employed. As 
examples, a COZ-rich liquid stream can be recovered from the 
uncondensed CO2 -lean fraction in the second separation Zone 
by utiliZing one or more of the folloWing steps: (1) adsorbing 
CO2 from the uncondensed CO2-lean fraction; (2) absorbing 
CO2 from the uncondensed CO2-lean fraction; and/ or (3) 
deliberately freezing CO2 from the uncondensed CO2-lean 
fraction. The second separation step can be operated to 
recover and condense at least 5, 50, 70, or 80 or up to 99 
percent of the total CO2 originally present in the uncondensed 
CO2-lean fraction in conduit 160, While retaining more than 
50, 70, 80, 90, or 99 percent of non-CO2 components origi 
nally present in the uncondensed CO2 -lean fraction in conduit 
210. The resulting liquid COZ-rich liquid stream exiting sec 
ond separation Zone 200 via conduit 230 can have a pressure 
of at least 77, 650, or 1070 psia or 100 or 200 psig, and can 
typically comprise at least 50, 60, 70, 80, 90, 95, or 100 or 
betWeen 90 and 100 mole percent CO2. 
When the recovering step employed in second separation 

Zone 200 comprises adsorbing and/ or absorbing CO2 from the 
uncondensed CO2-lean fraction, the adsorption and/or 
absorption step can produce a COZ-rich gaseous stream hav 
ing a pressure less than the pressure of the high-pressure feed 
gas. The CO2-rich gas stream can subsequently be com 
pressed and/or cooled to produce a liquid stream in liquefac 
tion stage 250 to thereby provide a COZ-rich liquid stream in 
conduit 230. The pressure of the COZ-rich liquid stream in 
conduit 230 can be adjusted, by pump, to a pressure that is 
substantially the same as the pressure of the condensed CO2 
rich fraction in conduit 170 such that at least a portion of the 
tWo streams can be combined in conduit 260, as shoWn in 
FIG. 1. In the event that the pressure of the COZ-rich stream in 
conduit 230 is higher, after compression, than the pressure of 
the COZ-rich stream in conduit 170, the adjustment in pres 
sure of the COZ-rich liquid stream can be made on the stream 
in conduit 170 by pumping to enable the combining of the tWo 
liquid streams in conduits 230 and 170 Without danger of 
?ashing either of the CO2-rich liquid streams in conduit 260. 
The combined COZ-rich liquid stream in conduit 260, Which 
has a pressure ofat least 77, 500, or 750 psia and/or not more 
than 1,070 psia, can then be fractionated, distilled, or other 
Wise separated in third separation Zone (e. g., CO2 puri?cation 
Zone) 300 to remove most residual non-CO2 components and 
thereby provide a puri?ed COZ-rich liquid stream in conduit 
320 having a pressure of at least 77, 100, or 750 psia and/or 
not more than 1,070 psia. The desired ?nal pressure of the 
puri?ed liquid can be achieved using a pump 350, located 
doWnstream of puri?cation Zone 300. Additional details 
regarding third separation Zone 300 Will be discussed shortly. 
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In one or more embodiments of the present invention, 

second separation Zone 200 can be operated such that the 
pressure drop (e. g., pressure loss) of the captured or recovered 
CO2 can be minimiZed. In one embodiment, the selection and 
operation of speci?c recovery processes (e. g., adsorption, 
absorption, and/or freezing) can be carried out to achieve this 
or other objectives, including, for example, capital and oper 
ating cost optimiZation. Details regarding various embodi 
ments of each type of recovery process listed above Will noW 
be discussed beloW. 

According to one embodiment of the present invention, at 
least a portion of the CO2 recovered in second separation Zone 
200 can be adsorbed from the incoming uncondensed CO2 
lean gas stream. Adsorption can comprise removing at least a 
portion of the incoming CO2 With one or more types of solid 
adsorbents. The adsorption method generally includes pass 
ing a gas stream comprising uncondensed CO2 through a 
Pressure SWing Adsorber (PSA) or other device to affect the 
removal of CO2 via the adsorption mechanism. 
When the adsorption step includes a PSA, any suitable 

PSA equivalent technology can be employed to adsorb at 
least a portion of the uncondensed CO2, including, for 
example, a Pressure SWing Adsorber (PSA), a Rapid Cycle 
Pressure SWing Adsorber (RCPSA), and/or Rapid Cycle 
Thermal Adsorber (RCTSA). The former tWo processes typi 
cally regenerate solid adsorbent via pressure let doWn, While 
the latter utiliZes thermal methods of regeneration. Regard 
less of the type of adsorption equipment or process utiliZed, 
the adsorption step can produce a COZ-rich tail gas stream. In 
addition to the CO2 recovered from the incoming gas stream, 
the tail gas comprises other non-hydrogen constituents 
removed by adsorption on to the bed material and then they 
are released during the depressuriZation step of the PSA pro 
cess. 

In one embodiment, the pressure of the tail gas stream can 
be about 0.25 times the absolute pressure of the uncondensed 
CO2-lean gas stream introduced into the adsorption Zone. 
While, in another embodiment, the pressure of the tail gas 
stream can be in the range of5 to 120 psia, or 20 to 100 psia, 
or less than 50 psia. The CO2-rich tail gas stream can be 
further compressed and cooled in a liquefaction stage, 
thereby condensing at least a portion of the CO2 from the tail 
gas stream in conduit 230. Alternatively the compressed, but 
not condensed, tail gas stream in conduit 240 can be recycled 
from the compressor in unit 250 and subsequently combined 
With at least a portion of the high-pressure gas stream in 
conduit 100A and/or the high-pressure feed gas stream in 
conduit 100B, as shoWn in FIG. 1 for cooling and condensing 
in ?rst separation Zone 150. 
Any method of adsorption Which alloWs for the CO2 to be 

released from the adsorbent, preferably at a higher pressure 
than that stated above, could be advantageous. One embodi 
ment Wherein the COZ-depleted tail gas is not recycled to ?rst 
separation Zone 150 is illustrated, by example, in FIGS. 4a 
and 4b, described in detail shortly. Turning back to FIG. 1, 
When an adsorption step is utiliZed in second separation Zone 
200 to recover at least a portion of the CO2, at least a portion 
of the compressed, partially-cooled tail gas stream in conduit 
240 can be recycled to combine With the feed gas stream in 
conduits 100A and/ or 100B. While this method may result in 
potentially higher energy costs, feWer items of equipment 
may be needed, resulting in a loWer capital expenditure. 
When a PSA unit is employed in second separation Zone 

200 to adsorb practically all of the CO2 from the uncondensed 
CO2-lean stream, and the compressed tail gas can be recycled 
to ?rst separation Zone 150, the recycle can be operated to 
minimiZe the buildup of certain constituents in the recycle 
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loop. Conventional PSA units typically allow an essentially 
pure hydrogen stream to exit from the PSA, While capturing 
essentially all the other non-hydrogen constituents. In one 
embodiment, the PSA employed in second separation Zone 
200 can permit at least a portion of the non-hydrogen con 
stituents to pass through PSA uncaptured to thereby concen 
trate the CO2 in the tail gas rather than discharge the CO2 in 
the stream captured on the PSA bed, Which comprises mostly 
non-hydrogen constituents. In one embodiment, the adsorp 
tion system comprises an additional mechanism for purging, 
in a slip stream, non-hydrogen and/or non-CO2 constituents 
(e.g., nitrogen, carbon monoxide, and methane), Which Will 
otherWise have no means to exit the recycle loop. These 
non-hydrogen and non-CO2 components can be purged from 
the recycle loop by designing and/or operating the PSA such 
that it alloWs for a breakthrough of constituents such as, for 
example, nitrogen, carbon monoxide and methane. Because 
CO2 can be easily captured by adsorption, this type of design 
and/or operation can alloW for the breakthrough of some or 
most of the other non-CO2 constituents. 

According to another embodiment, build up of these con 
stituents can be prevented by not employing a recycle loop. 
According to this embodiment, the PSA could be designed 
and operated to avoid breakthrough of any of these constitu 
ents, and, the compression and cooling equipment in subse 
quent processing Zones (e. g., liquefaction Zone 250) Will 
effectively condense as much of the CO2 as possible. As this 
design avoids a recycle loop, it Will avoid any buildup of the 
non-hydrogen and non-CO2 constituents. A speci?c embodi 
ment of a non-recycle loop PSA is provided in FIGS. 4a and 
4b. In this embodiment, at least a portion of the uncondensed 
CO2 leaving With the nitrogen, carbon monoxide and methane 
can end up discharging in conduit 210, thereby resulting in a 
slightly loWer CO2 recovery. This amount of CO2 lost from 
recovery, can be controlled by adjusting the discharge pres 
sure from the compressor shoWn Within equipment 250, 
shoWn on FIGS. 4a and 4b. In addition, other (more drastic) 
means by Which this amount of CO2 can be mostly prevented 
from entering the high-pressure hydrocarbon product stream, 
including, for example by utiliZing any of the other methods 
disclosed (e. g., absorption and/or freeZing) as additional 
recovery methods for use in second separation Zone 200. 

According to one or more embodiments Wherein adsorp 
tion is utiliZed as a C02 recovery method in separation Zone 
200, the tail gas (off-gas) stream produced from the adsorp 
tion system comprises at least a portion or substantially all of 
the captured CO2 and at least a portion of the hydrogen origi 
nating from the uncondensed CO2-lean fraction introduced 
into second separation Zone 200 via conduit 160. In the 
adsorption step (e.g., the PSA) can be designed to recover 
betWeen 70 and 93 percent of the total amount of hydrogen 
originally present in the incoming gas stream. This recovered 
hydrogen stream can remain at high pressure and can be 
discharge to conduit 210. 

According to another embodiment of the present invention, 
at least a portion of the CO2 recovered in second separation 
Zone 200 can be absorbed from the incoming uncondensed 
CO2-lean gas stream using one or more circulating liquid 
solvents. In one embodiment, the absorption of CO2 produces 
a COZ-rich off gas stream, represented by stream 220 in FIG. 
1, Which can subsequently be routed to liquefaction stage 250, 
Wherein the stream can be further compressed and/or cooled 
to produce the COZ-rich liquid stream in conduit 230. As 
described previously, the pressure of the COZ-rich liquid 
stream in conduit 230 can be adjusted, via pump to a pressure 
similar to that of the COZ-rich fraction in conduit 160 before 
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the combined COZ-rich stream can be introduced into the 
third separation Zone 300 for puri?cation of the CO2. 

In one embodiment, the absorption step can utiliZe one or 
more circulating solvents to capture the CO2 via physical, or 
chemical, or combined (physical/chemical) absorption. 
Regardless of the speci?c solvent employed, the unabsorbed, 
non-CO2 gas stream can leave second separation Zone 200, 
via conduit 210 at a pressure similar to the pressure of the feed 
pressure to Zone 200, available at conduit 160. The captured 
COZ-rich off gas is released from the solvent at one or several 
pressures ranging from 8 to 400 psia, depending on the sol 
vent used, and the design of the absorption process. Any 
suitable circulating solvent can be employed during absorp 
tion including, for example, one or more solvents selected 
from the group consisting of methanol, SELEXOL solvent 
(e.g., dimethyl ethers of polyethylene glycol or DEPG), 
PURISOL solvent (e.g., N-methylpyrrolidone or NMP), 
MORPHYSORB solvent (e.g., N-formylmorpholine or NFM 
and/or N-amylmorpholine or NAM) sul?nol solvent (Sol 
folane and di-isopropanolamine or Solfolane and methyldi 
ethanolamine), Flexsorb SE solvent (Solfolane and sterically 
hindered amine), reversible ionic liquids, propylene 
carbonate, hot potassium carbonate, amines, chilled ammo 
nia, ammonium carbonate, and combinations thereof. 

In one embodiment, the circulating solvent can comprise or 
be methanol and may, in some embodiments, alloW for the 
CO2 to be regenerated at about 200 psig, or above. In another 
embodiment, other solvents may be found, or developed in 
the future Which Would enable the CO2 to be released at even 
higher pressures. For example, the regeneration pressure of 
CO2 absorbed by a chilled ammonia solution can be capable 
of releasing the CO2 in the range 150 to 400 psia. On example 
of such a process can be found in Us. Patent Application 
Publication No. 2010/0064889. In general, it may be desir 
able to maximiZe the regeneration pressure of the off gas 
stream, thereby minimizing the energy needed to recompress 
the captured CO2. Depending on the particular solvent cho 
sen, one or more additional steps (e.g., drying to remove 
residual moisture) may be needed to treat the COZ-rich off gas 
stream prior to further cooling and/ or compression. 
According to yet another embodiment of the present inven 

tion, at least a portion of the CO2 recovered in second sepa 
ration Zone 200 can be froZen from the incoming uncon 
densed CO2-lean gas stream to thereby provide CO2 solids, 
represented in FIG. 1 as stream 221. In order to recover the 
CO2 in a liquid form, the solids can be melted to form a 
CO2-rich melted stream in conduit 222, Which can ultimately 
be combined With (optionally after being pumped to a similar 
pressure) as the condensed COZ-rich fraction in conduit 170 
before entering the third Zone 300, the puri?cation Zone as 
shoWn in FIG. 1. 
The deliberate freeZing of CO2 in the second separation 

Zone 200 can be accomplished in several Ways. In one 
embodiment, at least a portion of the CO2 solids can be 
formed on the surfaces of one or more heat exchangers (e. g., 
?nned heat exchangers supplied With refrigerant suf?ciently 
cold so as to cause the CO2 in the vapor phase to be froZen on 
to the extended ?ns of the heat exchanger.) According to this 
embodiment, once the ?ns are substantially covered With 
froZen CO2, the heat exchanger could be “regenerated” by 
increasing the temperature of the heat exchanger surface by, 
for example, causing a condensed stream of relatively Warm 
refrigerant to be cooled against the melting solid C02. The 
resulting melted CO2 stream could then be collected and 
pumped to be combined With COZ-rich stream in conduit 170. 
At the same time, a second ?nned heat exchanger, operated in 
parallel, can be placed in service to deliberately freeZe more 
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CO2 thereon. These tWo exchangers can then be operated in a 
batch or semi-batch mode, alternating betWeen freezing CO2 
and regenerating (or melting) CO2 to form a CO2-rich liquid 
stream. The heat exchangers can be arranged either in a par 
allel operation or in a leading-and-lagging arrangement to 
maximize the ?ns capacity to remove CO2 prior to regenera 
tion. 

In one embodiment Wherein at least a portion of the CO2 is 
recovered via freezing, the equipment can be designed to 
alloW the CO2 to deposit on one or more doWnWard pointing 
cylindrical posts having a slight taper. This could alloW solid 
CO2 “rings” to form on the post, Which could alloW the rings 
to slide off into a lock hopper or other solids transport device. 
The rings could be caused to slide off the post by increasing 
the temperature of the deposition surface by, for example, 
replacing the cold refrigerant inside the heat exchanger sur 
face With Warm condensed refrigerant at pressure. The recov 
ered solid CO2 rings could then be dropped from the lock 
hopper into a CO2 melter, While maintaining the pres sure 
above the CO2 to ensure the CO2 remains in a liquid state 
above the triple point temperature and pressure. This embodi 
ment is broadly illustrated in FIGS. 6a and 6b, Which Will be 
discussed in detail shortly. 

Yet another embodiment of second separation zone 200 
that employs a freezing step to recover at least a portion of the 
CO2 is to utilize a process including a Control Freezing Zone 
process, such as, for example, the CFZ process that utilizes a 
distillation column for freezing the CO2 via direct contact 
heat exchange. On example of a process can be found in Us. 
Pat. No. 5,062,270. In a alternative variation, at least a portion 
of the freezing step can be accomplished using a process 
similar to the CRYOCELL process in Which substantially 
pure CO2 is extracted as a solid and subsequently melted to 
recover liquid CO2. In a still other embodiment, a liquid direct 
contact cooler can be used to freeze the CO2 from the incom 
ing gas stream. According to this embodiment, a suitable 
liquid, capable of being pumped beloW the freezing point 
temperature of CO2, can be sprayed into a counter current 
contact column With the gas stream to be contacted. By virtue 
of direct contact With the chilled liquid, the CO2 Will cool and 
freeze and the solid (snoW-like) particles of CO2 Will descend 
to the bottom or loWer tray of the column. A slurry of CO2 
solids and contact liquid can then be pumped from the toWer 
and directed for further processing including, for example, 
centrifugation and melting, or heating and decanting. Prefer 
ably, the direct contact heat transfer ?uid Would have a sig 
ni?cantly different enough density from the melted CO2 such 
that, When the solid CO2 is melted Within the direct contact 
heat transfer ?uid, it can form a separate layer from the direct 
contact heat transfer ?uid, thereby facilitating subsequent 
physical separation at minimal cost. 

Regardless of the CO2 recovery method or methods uti 
lized in the second separation zone 200, the CO2-rich tail gas 
(in the case of adsorption), the CO2-rich off gas (in the case of 
absorption) and/or the CO2 solids (in the case of freezing) can 
be converted to the CO2-rich liquid stream in conduit 230 via 
cooling and compression (if originally a gas) or melting (if 
originally a solid). The CO2-rich liquid in conduit 230 can be 
combined With the condensed CO2-rich fraction in conduit 
170 at or near substantially the same pressure before the 
combined CO2-rich stream in conduit 260 can be introduced 
into the CO2 puri?cation zone 300. The pressure of the com 
bined CO2-rich liquid stream in conduit 260 can be at a 
minimum of 77 psia, (a liquid above the triple point), and can 
be as much as 1070 psia, (the critical pressure of CO2). In a 
preferred embodiment, the pressure range of the feed stream 
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16 
introduced to separation zone 300 can be betWeen 60% to 
95% or 65% to 85% ofthe critical pressure ofCO2 (e.g., about 
700 psia to 910 psia). 

In one embodiment, the condensed CO2-rich fraction exit 
ing the ?rst separation zone 150 via conduit 170 and/or the 
CO2-rich liquid stream exiting second separation zone 200 
via conduit 230 can be pumped to a pressure Within the 
preferred pressure range of 700 to 910 psia, or at least 100, 
750, or 1070 psia. Third separation zone 300 can comprise 
one or more separation devices for removing at least a por 
tion, or substantially all, of the non-CO2 components to 
thereby provide a puri?ed CO2-rich liquid stream that can 
comprise CO2 betWeen 85 and 99.99%, While still maintain 
ing the high pressure of the puri?ed CO2 liquid stream. The 
CO2-rich liquid stream in conduit 260 can comprise of at least 
80, 90, or 95 mole percent CO2, Which can be equal to about 
70, 90, 98, 99, or 100 percent of the CO2 originally present in 
the high-pressure feed gas stream. The temperature of the 
CO2-rich liquid stream can be no Warmer than its bubble point 
temperature in order to pump it to its optimum pressure for 
puri?cation in the third separation zone 300. 

Third separation zone 300 can employ any suitable tech 
nique for separating non-CO2 components such as: methane, 
CO, nitrogen and hydrogen from the combined CO2-rich 
liquid stream in conduit 260 including, for example, distilla 
tion, fractionation, ?ashing, and the like. In one embodiment, 
third separation zone 300 comprises one or more distillation 
column for fractionating the combined CO2 stream in conduit 
260. The combined CO2 stream in conduit 260 can be intro 
duced into the upper portion of a ?rst distillation column 
Within zone 300, Which can include a plurality of vapor-liquid 
contacting surfaces such as trays or packing. The speci?c 
placement of the feed location depends, in part, on the con 
centration of lighter-end impurities that need to be removed 
from the combined CO2 stream. The feed location can be 
positioned a feW stages beloW the condenser inlet in the upper 
portion of the column. 
The overhead vapor product WithdraWn from the distilla 

tion column (not shoWn) in third separation zone 300 can 
comprise substantially all of the non-CO2 components having 
a loWer boiling point than carbon dioxide. The volumetric 
?oW rate of the overhead stream is relatively smaller than the 
?oW rate of the bottoms stream WithdraWn from the column, 
Which comprises substantially all of the puri?ed CO2. In one 
embodiment, the overhead stream in conduit 310 can be com 
bined With the hydrogen-rich stream in conduit 210 With 
draWn from second separation zone 200. Alternatively, the 
overhead stream could be recycledback (via conduit 330) and 
combined With the high-pressure feed gas stream prior to ?rst 
separation zone in conduits 100A and/or 100B and/or com 
bined With the uncondensed CO2-lean vapor fraction 
upstream of second separation zone 200 in conduit 160. 
The bottoms stream WithdraWn from the distillation col 

umn (not shoWn) comprises substantially pure CO2. The pres 
sure of this stream in conduit 320 can be increased via one or 

more booster pumps to thereby provide a puri?ed CO2-rich 
stream at or above the critical pressure of CO2. Thereafter, the 
high-pressure, puri?ed CO2 stream can be injected into a 
geological formation (at or greater than the average formation 
pressure) or can be further utilized in other processes (e.g., 
Enhanced Oil Recovery). 
As discussed previously, embodiments of the present 

invention have Wide applicability to a variety of CO2 recovery 
facilities. Typically, the CO2 recovery facility can be arranged 
such that the equipment utilized in ?rst, second, and third 
separation zones 100, 200, 300 and, if present, ?rst and sec 
ond enrichments zones 130, 190, as Well as any pre- or post 
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treatment equipment is located on an area plot space suitably 
siZed to accommodate all the necessary equipment. The pro 
cessing facilities can be designed to process a Wide variety of 
feed streams, including, for example, high-pressure synthesis 
gas created from the partial oxidation of coal, coke, and/or 
biomass folloWed by one or more CO-shift reactors. In 

another example, the high-pressure feed gas can originate 
from a steam methane reforming process such as the 
Advanced Gas Heated Reformer (AGHR) offered by the 
Johnson Matthey (KATALCO) Cleveland, UK folloWed by a 
high temperature CO Shift reactor. In yet another example, 
the high-pressure feed gas stream can originate from other 
applications, such as natural gas With very high levels of CO2, 
such as untreated natural gas found at La Barge, Wyo. or the 
Natuna basin. 
As an example of the present invention, bulk removal of 

CO2 from a synthesis gas stream in Which all sulfur compo 
nents and Water vapor have been removed is described. In one 

embodiment, a synthesis gas stream produced by gasi?cation 
of coal, coke or biomass, can undergo a CO shift reaction in 
one or more CO Shift reactors, as shoWn in FIG. 2. The 
resulting cooled and dried synthesis gas can comprise about 
50 mole percent CO2 and the pressure can be in the range of 
betWeen 400 and 1,200 psig. The upper pressure limit can be 
based, in large part, on current state-of-the-art equipment 
design pressure and economic considerations rather than 
recovery or process limits. Thus, it should be understood that 
ultra-high-pressure gasi?ers, contemplated in possible future 
operations, Will also be a suitable application for systems and 
processes con?gured according to embodiments of the 
present invention. 

In another example, process con?gured according to vari 
ous embodiments of the present invention can be used for 
recovery of CO2 from the steam methane reforming applica 
tion. In this embodiment, the synthesis gas exiting the high 
temperature shift can be cooled and dehydrated prior to pro 
cessing as described above. In this speci?c embodiment, the 
feed gas composition can comprise roughly 15 volume per 
cent CO2, With the balance being non-CO2 stream compo 
nents. The feed gas pressure according to this embodiment 
can be in the range of 250 to 375 psia. In some embodiments, 
feed gas streams With loW pressure and/or loW CO2 concen 
tration may only provide marginal economic bene?t. In the 
preceding example of processing the synthesis gas from a 
steam methane reformer folloWed by co-shift reaction, it may 
be economically advantageous to process the cooled and dry 
synthesis gas through the optional device 130, such as a 
membrane separator. This Will alloW for the removal of a large 
volume of mostly hydrogen through the permeate stream, 
Which can be sent via conduit 102 (as shoWn generally in FIG. 
1). The balance of synthesis gas, the non-permeate can be 
more concentrated in CO2. This can bene?t the effectiveness 
of the present invention. The non-permeate can enter 150, via 
conduit 100B at a higher concentration of CO2 than the gas 
stream from conduit 100A. According to one embodiment, it 
can be advantageous to separate at least a portion of the CO2 
from the high-pressure feed gas in a liquid form. It can also be 
advantageous to maximiZe the pressure of the CO2 recovered, 
as a vapor or a solid, in the second separation Zone 200. It may 
prove to be advantageous to maximiZe the CO2 content of the 
high-pressure gas stream in conduits 100A via Zone 130. 

Turning noW to FIGS. 4-6, several CO2 recovery facilities, 
con?gured according to three embodiments of the present 
invention, are illustrated, particularly shoWing speci?c meth 
ods for recovering CO2 from the cooled CO2-lean gas stream 
introduced into second separation Zone 200 shoWn in FIG. 1. 
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FIGS. 4a and 4b provide a schematic representation of a 

C02 recovery facility Wherein at least a portion of the CO2 
captured is recovered via an absorption stage. FIGS. 5a and 
5b illustrate a C02 recovery facility employing an adsorption 
stage in the second separation Zone, and FIGS. 6a and 6b 
depict a C02 recovery facility utiliZing deliberate freeZing to 
recover CO2 from the cooled feed gas stream exiting the ?rst 
separation Zone. The speci?c con?guration and operation of 
each of these embodiments of the present invention Will noW 
be described in detail, beginning With FIGS. 4a and 4b. 

Turning ?rst to FIGS. 4a and 4b, this embodiment of a C02 
recovery facility, Which employs an absorption stage for 
recovering CO2, is provided. Table 2, beloW, is a summary of 
the equipment utiliZed in the embodiment shoWn in FIGS. 4a 
and 4b. 

TABLE 2 

Summary of Equipment for CO2 Recovery 
Facility in FIGS. 4a and 4b 

Equipment Cross 
No. Equipment Type Reference 

X 1 BAHX 
X 2 Core in Kettle X 65 
X 3 Mixer 
X 4 BAHX 
X 5 Core in Kettle X66 
X 6 V/L Separator 
X 7 BAHX 
X 8 V/L Separator 
X 9 Core in Kettle X 53 
X 10 V/L Separator 
X 11 Core in Kettle X 64 
X 12 Core in Kettle X 65 
X 13 Core in Kettle X 66 
X 14 Core in Kettle X 53 
X 15 Mixer 
X 16 V/L Separator 
X 17 Pump 
X 18 Mixer 
X 19 Mixer 
X 20 Shell & Tube HX 
X 21 V/L Separator 
X 22 Pump 
X 23 Shell & Tube HX 
X 24 V/L Separator 
X 25 Mixer 
X 26 Shell & Tube HX 
X 27 V/L Separator 
X 28 Pump 
X 29 Mixer 
X 30 Methanol Stripper 
X 31 Compressor 
X 32 Shell & Tube HX 
X 33 V/L Separator 
X 34 Molecular Sieve Package 
X 35 Compressor 
X 36 Shell & Tube HX 
X 37 CO2 Absorber 
X 38 CO2 Puri?er 
X 39 Pump 
X 40 Shell & Tube HX 
X 41 Core in Kettle X 65 
X 42 Mixer 
X 43 Mixer 
X 51 V/L Separator 
X 52 Shell & Tube HX 
X53 Kettle X9&X14 
X 54 V/L Separator 
X 55 Compressor 
X 56 Core in Kettle X 66 
X 61 V/L Separator 
X 62 Shell & Tube HX 
X 63 Shell & Tube HX 
x 64 Kettlel x 11 
X 65 Kettle2 X2, X12, & X41 






























