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SYSTEMS AND METHODS FOR
PRODU('TIO i AND SEPARATION OF
HYDROGEN AND ('ARBON DIOXIDE

CROSS-REFERENCE TO RELATED
APPI ICA'I'IONS

[0001] The present application claims priority to U.S.
Prov&sional Pa&cut Appl&canon No. 62/583,816, Iiled Nov 9,
2017, and U.S. Prov&s&onal Patent Apphcat&on No. 62/670,
175. Iil&xl May 11, 2018. Ihe disclosures ol'inch are
incorporated herein by reference

I'l iI,D Ol& '11111 IN YEN'I'ION

[0002] The present disclosure provides systems and meth-
ods for produc&ng matcnals flrdt are typ&cally gaseous at
s&andard tcmperaturc and prcssure, such as hydro en and
carbon dioxide In particular, the present disclosure provides
for separat&on of carbon dioxide fm&n an industrial process
stream. and specifically from a pmcess stream that h&rther
includes hydrogen.

BACKCiROUND

[0003] Hydrogm& has long bccn v&cued as a des&rable
energy source because of its clean combustion charactens-
tics pmduc&ng only &vater. I lydrogen can be produced froni
hydrocarbon hiels w&th capture of CO, avoiding any CO,
enlission to the atmosphere. Hydrogen can be a desimble
conuuod&&y for use &n I'ucl cells [)vd&t&cularly in veluclc
production). haut&ng appl&canons, oil relining, Ii:rt&hzer pro-
ducuon, mid other chemical producuon. For example,
hydro en can be used as a fuel for electric vehicle propul-
sion usin fuel cells advantageously coupled to high capac-
ity electric storage batteries. Beneficially, use ofhydrogen as
a h&el can eliminate CO„NOx. CO, and hydrocarbon
ennea&ons and Ihus signilicantly reduce mr pollution par-
ucularly at ground lcvcl in large urban conurbauons. Any
path &o implcmcntation of a hydrogen-based wurld
economy, however, would require a very large hydrogen
pmduction capac&ty Mo&cover, such hydrogen production
metluld &vould need to be capable of achieving, simultane-
ously lo&v hydrogen production cost together with the cap-
n&re of near 100% of the CO, and other impurities denved
from any carbonaceous or hydrocarbon fuel ut&hzcsl.

[0004J I iydmgen use as a fuel source can also be benefi-
cial to reduce or eliminate carbon dioxide emissions asso-
ciated with more convent&onal power production processes.
For cxmnplc, hydrogen can bc d&lu&cd with nitrogen and/or
stcmn mid used as the I'ucl &n a gas turbuic comb&owl cycle
pov:c& gcnc&dl&on svstcnl
[0005] ()as turbine combined cycle power generation sys-
tems are a ma)or source of electrical power generation
worldwide because of thc&r ab&1&ty to produce power from
natural gas with an eflic&cncy in &he rmige ol'5% Io 62%,
on a lower hcaung value (LHV) bas&s. Despite the dcs&rablc
efficiency. such systems are still problematic since the
carbon in the fuel is emitted to the atmosphere as carbon
dioxide. To overcome this problem and capn&re the CO,
derived from fuel combustion a number ofpossibilities have
been suggested. II &s pose&blc Io operate Ihe gas Iurbuie wnh
CO- in place of a&r as thc workuig flunl by recycling the
turbine exhaust back &o thc gas iurbuie compressor inlet
following coolinp to penerate steam for additional power
pmduction. I he fi&el for the pas turbine is burned with pure

oxygen in an oxy-fuel burner so that all atmospheric nitro-
gen &s clinnnated Irom Ihc closed cycle system and CO&
b&momcs the workuig fluid in Ihc gas turb&nc. Thc product
('0, derived from fuel combustion together with condensed
water are removed upstream of the inlet of the pas turbine
compressor section. Chen&ical and/or physical solvent scnlb-
bing processes can be used to treat the gas turbine exhaust
to remove CO&, As discussed above. it is possible to elimi-
nate thc cnuss&ons of CO& mid other fuel and combust&on
dcnvcd pollutants Iyom Ihc gas turb&ne cxhaus& by utihzuig
hydrogen as the fiiel in the pns turbme 1'his appmach
requires a consistent hip)1 volume low cost hydrogen source
that &s preferentially provided from a system in which
substmtially all the CO, and other fuel or combustion
derived impurities are removed for sepamte disposal.
Hydrogen production in cxccss ol'hat rcqu&rcd) for as
turbine fuel can be provided from such u system for usc in
the wider applications ti&r hydn&gen as a fuel described
above
[0006] O&hcr industndl processes arc also known that
ut&hze significant amounts of hydmgen gas while also beinp,
sign&ficant emitters of ('Oz. Modern refinenes. for example,
ut&hze (on average) approximately 260 scf of H, per barrel
of oil that is processed. Steam methane reformin (SMR),
v hich is the main process currently being used for Hc
gcnerat&on. has a CO- m&ensity ol'4.6 kg-CO&/ksciiH
wh&ch results &n 6.1 I g-COC being e&n&ttcdt pcr barrel of o&l

pmcessed. this aniount being attributed solely to the use of
I I& &n hydrotreatinp&hydmcrackin pmcesses I'he overall
CO, em&ssion per barrel is lugher than this and ranges from
6.5-33 kg-CO&/barrel of oil processed.
[UU07J Much of the &vorld's power is derived from the
combustion of coal in steam cycle power plants. Methods of
CO, removal from a power boiler include coal combustion
w&th pure oxygen ui an oxy-Ibel burner d&lutcd w &th r&mycle

fluc gas so that mtrogcn is largely cl&mine&cd from Ihe
system and net CO- produc& derived from thc coal can be
pmduced for disposal Alternat&vely the stack gas can be
treated with limestone slurry to remove sulfur dioxide
followed by the removal of CO, from the stacl as using an
amine chemical scrubbing process.
[UUUUJ A further method of using coal or other solid or
heavy liquid fuels such as refinery waste products or bio-
mass &s to gasify the fuels using pure oxygen in a partial
ox&dat&on reactor followed by gas trcut&ng to conver& CO by
reaction w&th steam in a catdlvsm reactor g&v&ng hydrogen
and CO& then removal of CO& and sull'ur compounds and
other trace impurities giving a substantially pme hydn&pen
pmduct for use as clean fuel in a combmed cycle gas turbine
power generation systenl.
[0009] A further method ofpower generation u sin natural
gas. coal, rehnery lvaste. or biomass fuel would involve the
use ol'a closed cycle lngh pressure oxy-I'ucl power gencm-
t&on system usuig a w orkuig flunl. such as COS. N„Helium.
I I&O, or the like l&or exmnple, systems util&zing N& as the
v orking fluid are described in U.S. Pat Nos 9,4)0,48I and
9.611.785. the disclosures of &vhich are incorporated herein
by reference.
[0010] In light of the significant amounts ofCO, produced
hl v&u1ous nldusnldl gt&s stre&alla, sucll as tllosc cxc&llphficx!
above, thcrc is a aced Ibr various processes for CO, removal
from process streams. Separation and pun(ice t&on ol'arbon
dioxide from industrial &vaste gas streanls is a challenging
pmcess due to lliph ener y and equipment costs ( urrently,

IPR2025-01174, Topsoe Ex. 1015 
Page  4 of 19



US 20]9/0]35626 Al May 9, 2019

clinlate change due to lobal warming is an existential threat
to humtuuty and rclctsc oi'ignilicant amount ol'arbon
dioxide io thc atmosphere duc to luunan activilics [industry,
transportation. residential. etc.) has been known as the main
reason behind it Thus, development of novel and etiicient
lvays to capture and sequester or reuse the CO, emission
from various industrial processes is of pnrmnount impor-
tance. For example, global hydro en generation capacity in
2017 was about 65M metnc tons, and about 99% of liat
amount was produced through processes that release about
0 74 (itiyear of (:0, into the atmosphere. 'Ibis was nlore
than 2% of overall global ( Oz emission in 20]7 which was
only due to hydrogen eneration.
[0011] Known methods for removal of carixm dioxide
front gas streams include absorption of carbon dioxide using
a Hicmical solvent such as an anune solution of a physical
solvent such as thc Sclcxoi™ process, scparauon using
nlembrane dttfuston. and separation using adsorption on a
solid adsorbent, such as a zeolite or activated carbon liuel

as streams containing (:Os are often burned releasing ('Ol
into the atmosphere. and known methods for separation of
('Os from gas streams are recognized as heing prohibitively
costly. Accordingly, thcrc is a need for lower cost CO„
removal ay s tenn ts hich ctm easily be imcgra lcd uito existing
pmcesses such as hydrogen generation, capable of 100%
( 0, recovery
[0012] Hydro en production systems using any hydrocar-
bon or carbonaceous fuel will ui gcncral rcxiutrc a large
quantity of lugh tmnpcrature heat (c.g., about 500'. to
about 10(g)" (' for feed preheating. and they produce large
qumltities of excess heat at klw teinperatures (e g., about
200'. to about 400" C.). Power stations have high grade
heat available. and they can utilize loiv grade heat integmted
into their systems Because of the desirability of the use of
hydrogen as a fuel source, there remauis a need for means
to provide hydrogen fuel at a low cost subslanually wilhout
('0 emission to the atmosphere
[0013] Previous efiilrts have been undertal en to provide
for combined production of hydrogen and carbon dioxide,
such as disclosed in U.S. Pat. No. 8,021.464. Such methods,
how CS Cl; alla hlcklllg ill SllllpllCltv alai CUSS CibCiC11C)'.

Accordingly. there renlains a need for further systems and
nlethods for removing carbon dioxide from process streams
as well as simultaneously producin a valuable hydrogen
streanl.

SUMMARV OF THE INVENTION

[0014] The preseni disclosure relates to systems and meth-
ods for pmviding one or more streams of a substantially pure
chemical compound, such as hydrogen and,'or carbon diox-
ide. The disclosed systems and methods beneficially utihze
an auto-refrigemtion system that CIficientiy separated carbon
dioxide from ml indus tna 1 process stream at rcxluccd cost. As
such, ul some embodiments, the presem disclosure particu-
larly can provide systems and methods Ior produclion of a
carbon dioxide stream, specifically through separatioa of the
carbon dioxide fmm an industrial stream including carbon
dioxide and at least one further material. Such carbon
dioxide sepamtion can be particularly beneficial for use with
systems and methods Ihat produce a streimi comprising
hydrogen and carbon ihoxide. Accordulgly, m some mnbodi-
mcnts. Ihc present dwclosure particularly can provide sys-
tems and methods for production of substantially pure
hydrouen as. such systenls and methods include removal of

carbon dioxide from a cnide hydrogen product stream. such
as through thc auto-refrigcrauon methods descnbed further
herein.
[0015] Hydmgen production cml compnse partially oxi-
diziag or reacting a hydrocarbon fuel with oxygen in the
presence of steanl mid or ('Os to provide gaseous pmducts
that include and/or are converted into hydmgen. Moreover,
because of the ability to CIficiently remove CO, at a signifi-
cantly rcduccd cost. thc hydrogen can bc produced with
substantially zero CO, and other unpunty emissions, and thc
hydrogen can bc produced ui a substanually pure fomi so
that it cml be utilized in a variety of manners. such as being,
use as a vehicle fiiel. being used for power pmduction or for
heating. being used for production of fertihzer or other
chemicals, or being used in oil refining.
[0016] In some embodinlents the present disclosure can
include thc production of a nuxture of Hi+CO using a sulgle
stage ciltid)'tlc rciicull v'itll stcalll plUs natUrdl gas Iccds,
such as via steanl metliane refornling [SMR) Alternatively
Ill+CO can be produced by the partial oxidation of a
gaseous or liquid or solid hydrocarbon or carbonaceous fuel
using pure oxy en [PDX) or from a catalytic auto-themlal
reactor (ATR) usia a gaseous or liquid hydrocarbon hiel
with Ol plus steam Ibcd. In sonu: preferred embodiments,
thc prcscnt disclosure further can rclatc to systems and
methods tbr generation of I ll+(:0 in a PDX or A'I'R reactor
followed by the use of a gas heated refornler ((il I R) in either
a series or parallel nlode to the PDX or ATR reactor to
produce additional H, and (:0 (i.e.. synthesis gas) by uti-
lizing the exhaust sensible heat in the PDX and/or ATR
reactor system to provide thc heat for cndothcmiic calalytic
stcdlll plUs ll)'dlocarboll lclbilillllg reactions taklllg place in
the (il IR. As an example using natural gas fuel, the PDX
reactor has an exit tenlperature of about 1300" ('. to aixlut
1450" (2 v;bile an Al'R reactor exit tenlpemsture is aixlut
1000'. to about 1100" C. The outlet temperature of the
CIHR reactor is between 530':. and 650" C. The signifi-
cantly lower exit tcmperalurc results ui Ihc an increase in thc
production oi'ydrogen of bctwcen 35% and 40% for a
PDX+(IIIR combination compared to a PDX reactor alone,
both systems using the same quantity of hydrocarbon feed
and where the extra heat available front the Pl )X product oas
stream is used not for hydrogen pmduction but to produce
steam for power production in an associated power system.
A further advantage of thc two stage syngas production
system is ils ability to opcraie at syngas dclivcry prcssurcs
up to 100 bilr wit!i less tllilll 5!o illlcollvcrted nlcthallc Irolll
the feed hydmcarbon fuel present in the pmduct syngas
stream. Systein components suitable for carrying out a two
stage syn as production method are described in U.S. Pat.
Nos. 9,327.972 and 8,(i85,338, the disclosures of which are
incorporatixl herein by rcibrcnce. Hydrogen pmduction
should bc maximized due to its much higher value compared
to poller production using excess stctm.
[t)017J I he present disclosure further can pmvide for ('0,
capture in conventional I ls systems, such as SMR 1 he state
of art SMR system with ('Os capture typically rely on the
use of H,-PSA v:aste gas as the fuel and the use of an
ACIR-based CO, separation unit on the exhaust of the SMR
Iiirnace. Such a system typically captures up to 90% of
overall CO, I)Urn thc process and produces H, that is about
45% more expensive than I I lvithout ('('8
[IN) IRJ In one or more embodiments, the present systems
and methods can utilize the unavoidable excess heat gener-
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ated in the hydrogen plant (e.g.. at a temperature level belov
400'.) Io provide additional heat input to other systcnw
and methods that opuonally may be combuicd with the
hydroaen production system. Iior example, the excess heat
fmm the hydrogen production can be added to a power
production system and method to improve efiiciency of such
system and method. Hydrogen production systems com-
monly use a CO shift reactor to convert CO+HSO to
Hz+COS with heat relcasc so that in cooluig Ihc crude H„
product stream to iunbient tcmperaturc pnor to puniication
there is a very large heat release at relatively lov tempera-
ture level due to the sensible heat of the gas stream and the
latent heat of condensation of the excess steam present
which can ideally be used as an added heat source to other
systems. Such added heat can be beneficial. as one example,
to desist in aclucving high clectncal generation clficimicy in
a power production system.

[0019] In other embodiments, the present disclosure
encompasses the provision of heat to the hydrogen produc-
tion system. In patticular. heat can be added to the hydrogen
production system (e.g.. at a Icmpcrature level of about400'.

Io about 1000' ) and ctm bc useful spimilically for
supcrheatuig onc or both of a fiicl stream (c.g., natural gas)
and a steam feed streani to an I le+( 0 synthesis gas gen-
emtion reactor system (e g., any one or inure of an SMR. a
PDX, an ATR„a PDX+CIHR, or an ATR+GHR), The added
heat that is input to the hydrogen production system can be
provided liom a vancty of sources includmg, but not Imuted
Io. power production systems whcrc lugh tmnpemture com-
busuon product streanw arc avmlablc.

[0020] In hirther embodiments, the hydro en pmduction
system can include a steam generating boiler that can be
useful for cooling the product gas from the H,+CO reactor
sv'stciii illld prodUclllg lllgll prcssUic saIUrdtcd stcillll, wiiicll
can bc supcrhcated usuig high Icmpcraturc hwit dcnved
fmm a ditferent source 'Ilie superheated steam toaetherv ith
preheated hydmcarbon feed can then provide the feed to the
H,+CO reactor units. Any excess steam production can then
be transferred to a further system. The He+CO syngas
leaving the steam enerating waste heat boiler (WHB)
contains a substantial fraction of stetmi. It is Ihmi passed
dtrough d catalytic shil't reactor whcrc the steam combines
with the ('0 in an endotherniic reaction to produce I I and
('Oz The crude hydrogen stream must be cooled to near
ambient temperature front a typical high temperature level
of about 400'. The sensible heat rejected plus the addi-
tional heat produced from the condensation of the residual
stcmn content produces a considerable excess hea1 relcasc
available afIcr prchcating Hz reactor boiler Iced water and
reactor feed streams to a close temperanire approach to the
syngas stream leaving the stemn generator 1'his excess heat
can be transferred to a fiirther system Note that optionally
a second lower temperature catalytic shift reactor can be
used to maxunize H, pmduction. The present systems and
methods can utilize a prcssure swuig adsorpfion (PSA)
sv'stcili 10 scpdriltc pUrc lligll prcssllrc livdiogcli floiii
cooled. cnide hydrogen stream I'he waste gas streani front
the VSA unit at a pressure of about I 2 bar to about 1.6 bar
contains all the ('Oz pmduced fnim conversion of the
hydrocarbon feed to H, together with CHS+CO+H,. Und it is
saturated with water vapor.

[0021] In additional embodiments, ihe prcscnt ihsclosure
cmi provide for the recovery of substantially all the carbon
present in the fiiel for the hydmgen plant as ('Oz, ivhich can

be compressed to pipeline pressure in the range of about 100
bar Io about 200 bar Ihr disposal For example, tlus can be
achicvcd by treatuig thc ambu:nt temperature crude Hz
stream iii an amine ( 0, scnibbulg systeln upstream of the
VSA. Ihe waste gas from the VSA can then be used as a
minor portion of a fuel stream consumed in a combined or
separate system. The disadvantage of the amine CO,
removal system is its high capital cost and the large quantity
of low prcssure stcmn required lor anunc rcgcncration Io
produce thc pure CO- product stream. Thc PSA waste gas
stream contains a significant quantity of I lz+('0 'I'he waste
gas can be compressed. and with added steam. passed
through a cataiytic CO shift reactor winch results in the
cooled compressed waste gas stream having a H, molar
concentration in the range of about 60% to about 858o, This
stream can then bc proccssixi in a second PSA urut givin an
additional Hz production. This combuiation of amine scrub-
bing plus first stage VSA plus ('0 shift plus second stage
VSA results in an overall ratio of Ilz product divided by
(I le+(.'0) present in the syngas reactor product stremu of
greater than 95% and preferably greater than 97%. The
hydrogen production system can preferably be configured so
that a monocthanolaminc (MBA) unit or a physical solvent
CO, removal unit upstrcmn of the Iirst PSA is elinunatod
leavmg all the COS in the VSA waste gas stream

[l)0221 Iiollowing compression and drying. this stream can
be cooled to a temperature in the range of about 2" ( to
about 10" C. above the ( 0, freezin tenipensture at which
point the separation of the liquid pliase and the vapor phase
v ill result in greater than 70% and preferably rester than
80% of thc COS bcmg rcmovtxl as a hquid. Optionally Ihe
liquid CO, can bc heated in a stnppuig distillation colunui
to remove dissolved i I +CO+('I lz which will be transferred
to the vaporphase 'I'he process is described in IJ 8 Vat No
7,819,951, which is incorponsted herein by reference. Other
CO, removal systems including components that may be
incorporated herein are disclosed in U.S. Pat. Nos. 8,021,
464 and 8,257,476, the disclosures ol'luch arc uicorpo-
rated hcrcin by reference. The separated vapor stream wluch
is within 2 bar of the ivaste gas conipressor disclmr e
pressure is then warmed to atmospheric temperature, option-
ally passed thmugh a CO shift catalytic reactor system ivith
some added steam and treated as before in a second PSA unit
v hich delivers H2 at the same punty and pressure as the first
PSA unit. A further prcicrred arrangmncnt is to take Ihe
ambimit Icmpcrature-gas stream separated Irom Ihe bulk of
the COz, in thc low Iempcraturc CO, removal system and
recycle it hack to the feed streanis for the I lz+('0 synthesis
gas generation reactor By closing the recycle loop com-
pletely, inert components can be vented from the system, and
this vented fiiel gas stream can be consumed in a combined
or separate system. Thc level of argon dcnved from thc
oxygen stream and nitrogen derived from both thc hydro-
carbon fimd and Ihc oxygen sucams must be kcqu at a low
total concentration of from 8% to 12% (niolar) in the feed
gas to the first VSA. 1'his arrangement does not require a
second CO shiA and PSA system. All the hydrogen will be
produced from the main PSA while all the CO, will be
produced from Ihc low temperature CO, removal system.

[0023] If desired, part or dll of tlm oxygen used ui Ihe
prcscnt systems and methods can bc supplied from a cryo-
genic air scparauon plmit or from a high tempera turc oxygen
ion transport membmne (I I'M) unit which has a loiv-pres-
sure air feed. 1'he oxygen can be produced from the ITM unit
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as a product 0, gas stream nr it can immediately react with
a fuel gas such Bs natural gas m&xixl w&lh a suitable d&lucnt
such as CO& &n an ITM oxy-fuel combustor or d&lured w&th

steam to produce 111+(:0 syngas in an I'IM reactor The
hydroaen plant can utilize a stream ofhigh pressure gaseous
oxygen at pressures up to 105 bar as feed to the He+CO
synthesis gas generat&on reactor producin substantially
pure H, at up to 95 bar from the PSA system. A cryogenic
mr sc7&am&ion plant supplying lugh prcssure oxygen can bc
parnculdrly useful to prov&dc thc oxygen.
[00Z4J In one or n&ore embodiments. the hydrogen pro-
duction system and method can be combined with a power
production system and method in order to improve eflI-
cicncy of both systems. For example, in some embod&mmlts,

pulvcnzed coul lircd power station generalulg high pres-
sure supcrhcatcd stcam I'or turbines has ava&lablc in thc
convection section flue gas leaving the super-heaters at
tenlpemtures in excess of g00'2 'ihe feed streams of
hydrocarbon gas and steam for the syngas generation reac-
tors can be superheated to tempemtures in the range 400" C.
to 600'. The low level excess heat available from thc H„
production system cdn bc used to heat part of thc power
station boiler fi:cd water releasing ate&un wluch would
normally be used filr extol power production in the steanl
turbines. (:Os renloval in the power station would need to
use either amine scrubb&ng of the stacl gas or the use of
oxy-fuel coal combustion with recycle of flue gas followed
by COS pur&(ication based on cstabhshcd tech&x&lo y
[00ZSJ As a further example. a gas turbine combined cycle
poiver generation systen& uses a hydmcarbon fuel, usually
natuml gas. which is burned in the gas turbine combustor.
The fuel can be hydmgen which would generally be diluted
&lith nitrogen or steam to reduce adiabatic flame tempem-
turc. Thc &ntcgrat&on w&th thc hydrogen product&on system &s

parnculdrly advantageous su&ca &t is possible not only for
heat integration to take place but also filr the hydrngen
pmduction to be sutiiciently high to provide all the hydrngen
fuel gas required by the gas turbine and also excess hydro-
en for other uses. The integration not only increases

efficiency but also el&minates near 100% of the CO, denved
from combustion ol'hc total hydrocarbon li:cd to the
sv'sti:nl. This &s a very large hnprovi:alen& on thc cU&ri:nt

system for ('Ol removal based on amine scrubbing ilf ('Os
fmm the aas turb&ne outlet stream The syngas reactor feed
streams can be preheated against the gas turbine exhaust
ivhich for an industrial unit is in the tempemture range of
about 500" C. to about 620" C. The low temperature heat
rcleascd Ibom thc hydrogm& plant cim bc ussxl for bo&ler
liwd-water prehoanng relcasulg stem for exlra power pro-
duction in the steam turbine.

[0026[ In one or more embodiments. the present disclo-
sure can pmvide a hydrogen production system that can be
conligured for &ntcgrat&on with a I'urlher syslem that &s

conligured to prov &dc addcx) heat to the hydrogml production
system. In parucular. the system can comprise: a CO+H,
syngas reactor openlting, for example, at up to 110 bar
pressure ivith feed streanls of hydrocarbon fuel, steam, and
optionally i&aste fuel as plus COS, (prefembly wherein the
reactor system can comprise one or more ofan SMR. a PDX,
an ATR. d PDX+C)HR, or tm ATR+GHR), a v a ate heat bo&lcr
conligured to cool syngas produced ul the reactor system
dnd ploilUci: wi&UIB&ixl high plcssU&c slcdnl. B supe&-hc&ilcr,
which elevates the tenipemture of the reactor feed streams to
a temperature in the range of about 400" (2 to about 600'',

one or more catalytic ('0 shift reactors. v hich convert CO
by reaction w&th contduled stcam to produce Hs+CO&, a heat
exchanger system conligurcd to cool thc syngas mid con-
dense excess steanl. &vhich provides heat required for pre-
heatin boiler feed water and opt&onally syngas reactor feed
streams to a temperature of up to about 400" Cd a first
pressure swing H, purification unit (PSA) producing sub-
stant&ally pure H, product at a pressure w&thin about 5 bar of
thc syngas reactor outlm prcssure and a waste gas stcmn al
a pressure of about 1.2 bar to about 1.6 bar, opnonally a
chen&ical or physical absorbent ('Ol renloval system placed
upstream of the first PSA lulit: a compressor to compress the
PSA v aste gas stream to a pressure of about 2 bar to about
5 bar hi her than the first PSA H, product stream: optionally
a catalytic CO shift reactor system using added stemn to
convert CO ul the compressed waste gas by reaction w&fil

stcam to Hs+COS: a second PSA. wh&ch processes thc wasie
gas stream which contains more than 60% molar II& con-
centration to produce a second substantially pure I I& pmduct
stream at substantially the smne pressure as the first lis
product stream: and an outlet line for output of the waste h&el

gas stream from the second PSA In some embodiments, the
system may u&elude onc or more lines for trm&s for of excess
hc&it Bvdilablc loni thc svngBs cooing ilU&v tin&pot onc ol
more hnes for output of any excess steam or waste fuel oas
from the I Is pmduction systenl Optionally, the ('Os removal
system upstremn of the fir:t PSA unit may be eliminated
Further. optionaliy. the use of a CO, removal unit based on
the principle of cooling the con&pressed and dried first PSA
waslc gas stcam to w itlun a temperature of 2'. to 10'.
of thc CO, friwdulg tcmpcraturc and scparat&ng the liquid
('0, fmm the residual waste gas stream with provision tbr
punfying the CO, may also be ehminated Also. optionally,
the waste gas from the fir:t PSA unit filllowing waste gas
compression and CO, renloval can be recycled for use as
part of the fuel gas feed to the syngas reactors. In order to
prcvmlt a bu&ld-up of ulert argon plus mtrogen ul the closed
cycle loop accordulg to such embod&ments, there w&11 bc a

purge gas stream taken conveniently upstream of the first
PSA to limit the concentration of incr&a to about 5% to about
12% (molar) concentmtion.

[0027[ I he integration of the hydrogen production system
v ith a gas turbine combined cycle power eneration system
v ilk in addition to heat integmtion. use at least a portion of
the pmduccd hydrogen to provide afl of the fuel gas rcqu&rcxI

to power the gas turb&nc. Thc hydrogen w&11 bc su&&ably

d&lulcd w&th rutrogen dern cd Irom Ihc cryogen&c 0, plant
pmviding oxygen for the POX+(iIIR or the Al'R+()I IR

syngas reactors and also. optionally, with excess heat and
steam at a temperature level below 400" C. derived from the
hydrogen production system. This will result in the near
100% riwovcry ol'CO, lcm ed from combust&on ol'he iotal
hydrocarbon Ibcd to thc H, production plus thc power
proihlction svstcnls.

[00281 In onc or more mnbodiments, thc present disclo-
sure provides a simple and econom&c process to capture and
punfy ('Ol as a by-product from waste streams generated
from various processes such as oxy-fuel combustion and
power generation, natural gas process&ng. Bnd hydrogen
gcnerat&on. Thc systmns;md methods can bc potentmlly
unhzcd to punfy and separate CO& Ibom Bny u&dustnal wasie
stream whcrcin an impure stream ofCO, with at least 40 mol
% ('Oc content exist or ivhere lower concentration of ('Os
can be upgraded to at least 40 mol % concentration.
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[0029] The presently discloses systems and methods can
U ll 1ldc know n rifll geld lion nlclhods 111 si pBI'Bb: lie con! Bnu-
nants ln a process waste stream I'rom COI. The present
systems and methods, however, can utilize a unique arrange-
nlent of equipment that greatly simplifies the process and
thus the cost of separation of purification of CO,. The
present systems and methods are particularly useful when
integrated with a hydrogen production plant in which the
hydrocarbon li:cd is convened to He+CO ul a pressunzed
sysb:m by reacbon with oxygen Imd slcam mid in wluch Ihc
pmcess integration between the II, production and ('0,
removal units achieves substantially 100% ('Oz capture
[0030] In one or more embodiments. the present disclo-
sure can bc coniigured to gcncmtc a puniied mid clean CO,
stream from a CO, contauung pmccss waste slrmun using
refrigeration and fractionation. Hrietly, the impure ('0,
strealn is cooled doivn to a temperature near Ihe ( Oz triple
point [-56.4' ) to liquefy the CO. content followed by
separation and punfication in a mass transfer colunm. The
process can be uttepated with a pressurized hydrogen
produciion system with lntcmal transfi:r slrmims lo aclueve
cflicienl low cost 100% CO, capture.
[0031] In some embodiments. the present disclosure
relates to a process for separating COC from contaminating
components comprisin methane. carbon monoxide. hydro-
gen, nitrogen, argon, oxygen, and waier vapor chacdctenzcd
by a mass transfer separation column system I'or proccssulg
an impure hquid carbon dioxide stream at a temperature
close to the freezing point of ( Oz to produce contanlinant-
enriched overhead vapor and carbon dioxide-enriched bot-
tonls liquid pmduct stream.
[0032] The separation colunul can have a rcboller for
boiling a portion of the carbon dioxide-enriched bottoms
liquid by indirect heat exchange against cooling inlpure
carbon dioxide fluid to produce cooled impure carbon diox-
ide fluid for feeding and condensing said coiunul system and
lvanned carbon dioxide-enriched fluid.
[W33J 'I he disclosed systems and methods can comprise a
heat exchanger for further cooling impure carbon dioxide
fluid by indirect heat exchange to produce partially con-
densed impure carbon dioxide fluid.
[0034] The discloses systems and methods can compnsc a
first pressure reduction arrangement for reducing the pres-
sure of impure liquid carbon dioxide to pmduce reduced
pressure inlpure liquid carbon dioxide which is within 10'.
of the freezing point of the impure carbon dioxide liquid
[0035] The discloses systems mid methods cim compose
further pressure reduction arrangements for expanding por-
tions of the carbon dioxide enriched bottoms liquid to
produce expanded carbon dioxide-enriched bonoms liquid
streanls at reduced pressure to be used as refrigerant streams
io cool the impure carbon dioxide fimd stream.
[W36J 'the impure carbon dioxide feed stream can be at
least a portion of the waste gas streanl from a first I iz PSA
train placed upstream of the CO, separation and purification
StCP.

[W37J 'the pressure of the impure feed stream can be
increased to give a ('Oz partial pressure of at least 15 bar
[0038] At least a ponion ol'hc iivclhcad vapiir from thc
mass transfer column m the ('0, separation system can be
optionally compressed and recycled back to the I lz plus CO
syngas generation system of a pressurized hydro en plant
[W39J Overhead vapor from the mass transfer colunul can
be optionally compressed and recycled back to a combined

syngas generator equipment, compnsed of a partial oxida-
tion zone, a gas hmib d rcfomlcr lgine, and waste heal boiler
bein rccovcry hcBI exch'niger.
[0040] The compressed overhead vapor from the separa-
tion cohlnul can be processed in a second H, PSA unit
recovering at least 60 nlol % of the H, in the separation
colunm Basic gas as a second H, product stream.
[UU41J fhe (.'Oz mass transfer colunul overhead vaPor can
be processed to catalytically react contained carbon mon-
oxide v ith steam to produce additional hydrogen in a low
tcmpcralure water-gas shill reactor lo Incrcasc its Hz content
to al least 60% on a mole basis prior to the second H, PSA
II'nn.
[0042] At least a portion of the w aste gas from the second
H, PSA unit can be nlixed with the w aste gas from the first
H, PSA and ricyclcvl back io thc CO scparauon trmn. Al

lcasl a portion of CO- separation trina waste gas cml be Uscxi

as a fuel in a gas turbine. process heater, or an oxy-I'ucl

bui'nci'0043]

At least a portion of the second H, PSA waste gas
cinl bc Used Bs B fUcl source for anv piirposc Including nl a

gas turbine, process hcdlcr. an oxy-I'ucl bumcr. or Ihe
Iiirnace ol' steam methane refilnnulg reactor [SMR).
[0044] In all cases, the produced CO, can be compressed
to pipeline pressure for delivery to a suitable sequestration
SIIC.

[UU45J In example embodiments. the present discklsure
can provide a process for separating carbon dioxide (('Oz)
from a process stream comprisin CO, and one or more
further componelus. In particular„ the process can comprise:
provnhng Ihc ploccss all cdnl dl a prcssUrc such lhin II palllal
prcssure of thc CO, in lhc process stream m at least 15 bar,
drying the process stream sutficiently so that a dew point of
the process stream comprising the COS is reduced to a
temperature of about — 20" ('. or less; cooling the process
stream ln at least one heat exchanger to provide the process
stream comprising the ('Oz as a two phase stream, expand-
ing the two phase suemn so ds to reduce the tcmperaturc of
thc two phase stream io a tcmpcraturc tlrdt Is within about
15" ('. of a freezing point of the two phase stream; and
separating the two phase stream to provide a vapor stream
emiched with at least one of the one or more further
components and to provide a liquid stream that is enriched
v ith the COS. In one or more further embodnnents. the
process can bc further characterized in relation to onc or
more ol'hc Ibllowing slatcmenis. wluch may bc comblncxI
in mly number and order.
[0046] The drying can comprise passage of the process
stream comprising the CO, through a desiccant-packed bed.
[UU47J 1 he cooling can comprise cooling the process
stream against at least a portion of the hquid stream that is
emiched ivith the COS
[0048] Thc coolulg can comprise coolulg the process
stream in a Iirsl ical cxchangcr and in a second heal
exchanger
[0049] The cooling can comprise coolin the process
stream in the first heat exchanger against a first portion of the
hquid stream thai is cnnchcd with thc CO, and cooling thc
process stream ul ihe scmond heal exchanger againsi a
second portion of the liquid stream that is enriched with the
('Oz.
[0050] The process further cdn compnse expanding Ihe
first portion of the liquid stream that is enriched with the
('Oz and the second portion of the liquid stream that is
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enriched with the CO, so as to reduce the temperature of the
Iirst poruon Of thc liquid stream that is cnrichcxt with the
CO- and the second portion of thc bquid stremn that Is
enriched v ith the ('0, prior to cooling the process stream in
the first heat exchanger against the first portion of the liquid
streanl that is enriched with the CO, and coolin the process
streanl in the second heat exchanger against the second
portion of the hquid stream that is enriched lvith the ('Oz
[0051] The Iirst portion ol'hc hquxl stream tlmt is
nuichcxt with thc CO, mid the second porlion of dle liquid
stream that Is enriched with the CO, can be separately
expanded using separate valves
[0052] The process further can comprise cooliilg the pro-
cess streani in a reboiler heat exchanger.
[0053] The process further can comprise passing at least a
portion of thc liquul stream that is couched with the CO„
dtlough the reboilcr heat exchanger.
[W54J 'the cooling can comprise cooling the process
stream against at least a portion of the vapor stream miriched
with at least one of the one or more further components
[0055] The process cau compose expanduig thc two phase
slream so as to rcxtucc llm Icmperaturc ol Ihe two phase
stream to a temperature that is within about I O'. or about
5' of the freezing point of the two phase stream.
[0056] The separatin the two phase stream can comprise
passing Ihe two plrdse stream through a distillation colunm.
[0057] qhe distillation column can include a stripping
section below a feed point ot the two phase stream into the
distilLation column and includes a rectifyiilg section above
thc fclxt poult ol'hc two phase strcmn uito thc distillation
colunul.
[0058] qhe process can comprise separating the liquid
stream that is enriched with the CO. into a first liquid CO,
stream, a second liquid CO, stream. Bnd a third liquid CO,
slrcBBI.

[0059] 1 he process can comprise independently expand-
ing one, tv 0. or three of the first liquid ('Oz stream. the
second liquid CO, stream. Bnd the third liquid ('Oz streain so
as to reduce a temperature thereof and tilrm a refrigerant
slrcBBI.

[0060] 1 he process can comprise compressing one. two, or
three of the hrst liquid ('Oz stream, the second liquid ('Oz
stream, and the third liquid CO. stream.
[0061] The process can comprise compressuig dle vapor
stream enriched with at least one of the one or nxlre further
components
[0062] The one or more fiirther components can be one or
morc of a hydrocarbon, carbon monoxide, hydrogen, nitro-
gcll, Blgilll, Illxl wanx vdpon
[0063] The process can comprise expanding the vapor
streanl enriched with at least one of the one or more further
conlponents so as to reduce a temperature thereof and fomi
d lelllgCIdllt slriullll.

[W64J 'I he pmcess can comprise passing at least a portion
of the vapor stream ennched with at least one of the one or
more further components through a pressure swing absorber
unit.
[W65J 'I he passing can be efFective to recover at least 60
nlol % or at least 75 m01% of any I is present in the vapor
streanl enriched with at least one of the one or more further
conlponents.
[0066] The process cdn comprise recyclm at least a
portion of the vapor stream enriched with at least one of the
one or more fiirther components for combination v ith the

process stream prior to said drying step. For example. at
lcasl a portion of thc waste gas Irom Ihc low Icmpcralure
CO, removal system and/or B second PSA can be rccyctcxt
back to a (it II( in a hydrogen production process As another
exanlple, at least a portion of the waste gas from the loiv
temperature CO. removal system and/or a second PSA can
be recycled back to a POX reactor in a hydrogen production
process. As still another example. at least a portion of the
waste gas Irom thc low tempcrauirc COI removal system
and/or a second PSA can be recyclcd back to B combntcxt
reactor in a hydrogen production process Such combined
reactor can be a reactor unit that is a combined pressure
vessel comprised of a partial oxidation zone at the bottom,
a gas heated reformer zone with open-ended tubes in the
middle. and a v:aste heat boiler heat exchanger at the top. In
SIICh Coiltlgui'1111011. B slllgle ColllbllliXI SvllgtIS SlrCalll dlld
SllpCIIICIIICd SICdlll CBII bc lllalll profile ts li avlllg IIIC plcsSiile
vessel.

[0067] The process stream can be an H,+CO, stream from
a hydrogen production process.

[0068] The process can be carried out v ithout using an
external refrigerant.

[Ig)69J In exanlple enlbodinlents. the present disclosure
particuLlrly can provide a carbon dioxide f('Oz] separation
system In particuLlr. such system can comprise: a compres-
sor configured filr compressing a process stream, wherein
thc process stream comprises COz and onc or morc further
components; a drier contigurcd for rmnoving moisture I'rom

tile process strcalll, dl h ast olio lieut cxclltlllgcl colltlgiilix!
for cooling the process stream against one or nlore cooling,
streams and providing the process stream as a two-phase
stream: at least one expander configured for cooling the
two-phase stream via expansion of the two-phase stream;
and B muss translbr colunul contigurcd to reccivc Ihc two
pliasc stream and gcncratc a vapor phase stream tmd a liquid
pliasc stream.

[0070] In example embodiments. the present disclosure
can provslc a hydrogen production system. In particular.
such hydrogen producuon system can compose a reactor
uiut configured for rcxcivuig a hydrocarbon fi:cd stream and
oxygen and formin a product gas stream comprising,
I Is+CO; a steam generatin boiler configured for cooling the
product as stream comprising H,+CO and for fomlin
steam: at least one reactor contigured for receiving the
product gas stream comprising Hi+CO and proviibng d

stream comPrising Hz+CO„a Prcssure swulg adsorber
configurcxt to rcccivc the stream composing Hi+COB and
pmvide a product stream formed of substantially pure
hydrogen and also provide waste gas steam compnsing ( Oz,
a compressor conti ured for compressing the waste gas
stream comprisin the CO,; a drier configured for removing
mowlurc from the waste gas stream compnsing thc CO„al
least onc heat cxchdngcr contigurcd for cooing the waste
gas stream comprisuig thc CO- against one or morc coolulg
streams and providing the lvaste gas stream compnsing the
('Oz as a two-phase stream: at least one expander configured
for cooling the two-phase stream via expansion of the
two-phase stream: and a separator configured for separating
the two-phase strcmn into a vapor phase stream and a liquid
pliasc stream. In Ihrthcr embodunmlts, thc hydrogen pro-
iluC(loll Sy'Stelll Call bC ClldlIICICIIZIXI ill ICkltloll 10 Olio Ol

nxlre of the follolvin statements, which statements can be
cmnbmed in any munber and order
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[0071] The hydrogen production system further can com-
pnse onc or morc heal exchangers conligurcd Ibr hea1mg the
hydrocarbon Peed slrctun against onc or both of lhc product

as stream comprising I I,+('0 and the stream comprising
I la+('0,.
[0072] The hydrogen production system further can com-
prlsc Onc or ntorc hi al cxchdngcrs cttnttgttlixl fbr ndnslbt of
cxct:ss hcdl lo Itn cxlcnlal ploccss.
[0073] The hydrogen production system further can com-
prise one or more lines confi ured for output of one or both
ol' waste fuel gas stream and stcam gmleralcd ul the
hydrogen production system.
[0074] 1 he hydrogen production system further can conl-
prise one or more lines configured for delivery of at least
part of the product stream formed of substantially pure
hvdIogt:n ils Iut:I 10 B gBs Ittrbuux
[0075] 1 he reactor unit can comprise a steam plus hydro-
carbon plus optionally ('Oz catalytic reformer
[00'76] The reactor unit can compnse a parlial oxidation
Unlm

[0077J 'the reactor unit can comprise a catalytic auto-
themlal refilnner.
[0078] The reactor unit can compnsc a Iirsl sutgc urn( llmt
is either an auto-thermal reformer or a partial oxidation
reactor and comprises a second stage gas heated steam plus
hydrocarbon catalytic reformer
[0079] At least part of the Ha+CO slreiun produced from
thc reactor unit can be gcncralcd in an ITM partial oxulalton
reactor usin a low pressure preheated feed air stream air
stream
[0080] The hydmgen production system of further can
comprise a super-hcalcr heat exchanger contigured lo lrans-
Ii:r heal from Bn cxtemal heal source lo al least Ihe hydro-
carbon feed stream
[0081] The reactor unit can be a combined pressure vessel
compriscxl of a parnal oxidauon zone mid a gas hcatcd
rei'onncr.
[0082] 1he partial oxidation zone can be at a bottonl
portion of the combined pressure vessel, and the gas heated
reformer can comprise open-ended tubes in a middle zone of
thc combinixl prcssure vcsscl and a waste heal boiler heal
exchanger al B lop poruon ol'hc combulcd pressure vessel.
[0083] In example embodiments, the present disclosure
can provide a process for hydrogen production. In particular,
the process can comprise: reactillg a hydrocarbon feed
sIIcBUI dnd oxygen allo B Icdclor Unit 10 foun a plodltcl gtts
stream comprising Hz+CO: passing dle product gas stremn
comprising HI+CO tluough B slctml gencraling boiler lo add
steam to the product gas stream comprising I is+00, con-
vertina the product gas stream comprising I 11+00 in at least
one reactor to form a stream comprising H,+CO,: process-
ing the stream comprising Hz+COS in a pressure swing
ddsorber to provide a product stream formed of substantially
pure hydrogen and also provide waste gas steam compn sing
COC. fomling a hquid CO, produci stream ul a cryogmuc
separation unit operating with auto-refrigeration by passing
the waste gas stream compnsing ('Oz therethrough such that
at least 50 mol % of the CO. in the waste gas stream
comprising CO, ts sepamted into the liquid ('01 product
sIIcBUI. dnd Iccymlhlg B vapol phdsc strcBUI front lhc cryo-
genic separation unit. In further mubodimenls, Ihe process
cml be charactenzcd ul rclanon lo onc or more of the
following statenlents. which can be combined in any nunlber
and order

[0084] The cryogenic separation unit opemstin with auto-
relbigcration can operate without using an cxtemal rcfnger-
d n.
[0085] The cryogenic sepamtion urut can comprise: a drier
configured for removing nloisntre from the waste gas stream
comprising CO,; at least one heat exchanger confi ured for
cooing the 0 Bale gas stream comprising CO, against onc or
nlore cooling slrcitnls Bnd plovldlng lhc waste gtts sncanl
cmnprising 001 as a ttvo-phase streanl, and at least one
expander configured tilr cooling the two-phase stream via
expansion of the two-phase stream.
[0086] The cryogeluc separation unit I'urthcr can com-
pllsc: II conlprcssol configUrcd lor conlprcssulg lhc waslc
gas stream comprising (0, the compressor being posi-
tioned upstreanl from the drier: and a separator configured
for separating the IVVO-phase stream into the vapor phase
stream and the liquid CO, product stream.
[0087] The process can compnsc removulg CO, fmm Ihe
stream coinprising I lz+(101 prior to processing the stream
cmnprising I Iz+COC in the pressure swing adsorber.
[0088] The rcmovmg of CO, from thc stream compnsulg
H,+CO, can compnsc passulg Ihc rmnovtng COI Ibom Ihe
stream comPnsulg Hz+COS tltiough a chemical or Physical
solvent based ('Oz removal unit
[0089] A portion of the waste gas steam comprisin COS
exiung the pressure swing adsorbcr cdn be compressed and
recyclcd buck lo thc Icttctor ttntm

[UU90J At least a ponion of the vapor phase stream from
the cryo enic separation unit can be recycled back to the
reactor unit.
[UU91J I he vapor phase stream front the cryogenic sepa-
mltion unit can be processed through a second pressure
swing absorber to remove at least a portion ofany I lz present
in the tapor phase stream prior to recycling of the vapor
phase stream from the cryogenic separation unit.
[UU92J Ihe pmcess cml conlprise removing at least a
portion of any argon and nitrogen present tn one or both of
the product gas stream comprising H,+CO and the stream
comprising Hz+COS prior to entry of the stream comprisin
H,+CO, into the pressure swing absorber such that the total
concentration of argon and Iuuogen ul thc stream compris-
ing Hz+COz ttl 'In inlet 01'ie prcssure swing adsorbcr tn Ihe
mlnge of about 3 moi %s to about 12 mol %
[0093] At least 80 mol %v of the CO, in the waste gas
stream comprising CO, can be separated into the liquid COS
product stream.
[UU94J I he tilrming of the liquid ('Oz pmduct streatn in
the cryo enic separation unit can comprise: providin the
v aste gas stream comprising COS at a pressure such that a
partial pressure of the ('Oz in the process stream is at least
I 5 bar, drying thc waste gas stream compnstng CO, sulfi-
ctcnlly so that a dcw poult of Ihc waste gas stream com-
prising ('.0, is reduced to a temperature of about —20''. or
less, cooling Il lc tvastc g'la s ti'c'1nl co alp tl slag ( 01 ln at less I

one heat exchanger to provide the ~sate gas stream com-
pristn CO, as a tv, o phase stream: expanding the two phase
stream so as to reduce the tempemsture of the two phase
stream lo B lcmpcrdlure lluii ts within about 15* C. of B

Ircczlng poult Uf lhc Iwo phdsc slrcdnl, dnd scpBIdlul lhc
mvo phase streanl to pmvide the vapor phase stream and to
pmvide the liquid ('Oz product stream
[0095] Thc vapor phdst: sltcBBI Ironl lhc crvogcnlc scpa-
mltion unit can be passed through a catalytic ('0 shift unit
with an economizer heat exchanger, has steam added
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thereto. and is then passed through a catalytic reactor to
corn art at least a poruon of thc contained CO by rcimtion
with thc steam to form a furtlmr stream comprismg Ha+COB
and to foun a gas stream containing at least 60 mol % I Iz.

BRIEF DESCRIPTION OF THE DRAtVIN()S

[0096J I laving thus described the disclosure in the fore-
oing general tern&a. reference will now be made to the

accompanying drawings. which are not necessarily drawn to
scale, and wherein
[0097] FIO. 1 is a fiow diagram of a low temperature
separation unit according to embodiments of the present
disclosure useful for separation of carbon dioxide from a
proCCSS slrCillll iulllzlilg BU)iwICII&gCIiltloil.

[0098] FIC). 2 is a flow diagram of a hydrogen pmduction
facihty including a low tmnpcrature carbon dioxide scpara-
uon urut imcording to emboihmcnw of Ihc present disclo-
SUI C.

I)I i I'A)I,I il ) Dl IS('RIFI'ION

[0099] 1 he present subject matter &vill now be descnbed
more fully hereinafter with reference to exemplary embodi-
ments thereof. These exemplary embodiments are descnbed
so that tins disclosure will be thorough and complete. and
will fully convey the scope of the subject matter to those
ski)lcd in thc art Indccd, thc subjcci maucr can be embodied
in nuiny difii:rent forms and shoukl no1 bc coiwIrucd as
limited to the embodiments set ti&rth herein: rather, these
embodiments are pmvided so that this disclosure &vill satisfy
applicable legal requirements As used in the specification,
and in the appended claims, the sin ular fomis "a**. "an",
"the*', include plum&I referentc unless the context clearly
illcnilcs olllcI'wise

[0100] The present disclosure provides systems and meth-
ods for producuon of venous materials tl&at are typically
gaseous at standard tmnpcrature and pressure (c.g., about20'. Bnd about I bar) The systems and methods are
particularly suitable for pmduction of hydmgen and&or car-
bon dioxide In one or more embodiments. the systems and
metlu&ds can relate to the production of hydrogen alone or in
conibination with carbon dioxide. Likewise. the systems and
metlu&ds can relate to the production of carbon dioxide that
IS SCpilla)Cd froill a pIUCCSS Stlcalll, Slid SIICII ScpiirB)lotl Call
also relate to production of hydrogen. In some ambo dimwit s,
the present systems and niethods relate to processes usefiil
in separating carbon dioxide fmm a process stream that may
or may not include hydrogen. In speciiic embodiments, the
systems and methods relate to the production of hydrogen
and production of carbon dioxide and can include producing
a stream compnsing both of hydrogen and carbon dioxide
and separating the carbon dioxide from Ihc hydrogen Io
pmvide a substantially pure stream of hydrogen and a
substantially pure streani of carbon dioxide
[0101] In one or morc embodiments, thc present disclo-
sure relates to systenis and methods suitable fi&r separation
ofcarbon dioxide from a pmcess streain. 'I'he process streani
may be any industrial process stream comprising carbon
dioxide. In some embodiments. the process stream may be
a stream from a hydrogen production process. In other
cmbodimcnts. thc process stream may be imy further indus-
tnal process stream comprisuig carbon dioxide wherein it
cmi be benehcial to separate at least a portion of the carbon
dioxide therefmm. I&or exainple. referring to lii(i. 2, the

process stream may be any of streams 308. 331, and 309. As
such, thc carbon ihoxide separation process may bc com-
bined with a hydrogen production process as dcscribcx)
herein, or the carbon dioxide separation process may be
utihzed with a different process stream

[0102] A simplified block flow diagmm of a carbon diox-
ide separation pmccss accorduig to thc prcscnt ihsclosurc is
sho&vn ui FIG. 1. A scen therein, a process stream 101
contauung CO, is providkx). As noted above, thc process
stream 101 may be received from any source. such as a
hydrogen production process. 'I he process streani 101 can be
compressed to a pressure of at least 30 bar, at least 35 bar,
or at least 40 bar (e, to a maximum of 100 bar) within a
compressor 200. In example mnboduncnts, thc compressor
200 nuiy be mi intcrcoolixl multi-stage compressor. Thc
compression stc7& pre)bra bly will raise thc partial pressure of
the ( Oz within the waste strewn to at least about 15 bar [e 8,,
up to a maximum, in some embodiments, of about 55 bar)
The CO, partial pressure can be raised to be in the m&nge of
about 15 bar to about 55 bar, about 15 bar to about 45 bar,
or about 15 bar to about 40 bar. The compressed process
stream 102 is then directixl to a dncr 205 to rcducc the
moisture content of thc compressed process stream and R&nn

a first impure COS stream 1(B qhe extent of moisture
removal can be adjusted as desired such that the dew point
of the process stream will be reduced to a temperature as low
as about -60'. In various embodiments, the dew point can
bc reduced to a tcmpcrature of about — 10'. or less. about
—20' or less, or about —40'. or less, such as to a low
tcmperaturc of about —60'. For cxmnplc, thc dew pouit
can be reduced to a temperature in the range of about — 60"
('o about — 10" C, about — 60" C. to about —20" ('.. or about
-60" C. to about —30'. The drier 205. in some example
embodiments. can be a drying bed packed with appropriate
ilcslccaitt IIIBlcrlB), sUcll Bs IliolccU)ar sieves or zcolltcs.
[l)103J )he lirst impure CO, stream It)3 is cooled to
significantly reduce the temperature thereof and ultimately
form a two phase stream that is then subject to rapid coolin
utdtznt auto-refri eration. In some embodiments. auto-
refri eration can generally indicate that the refrigem&tion is
cerned out in the express absence ofany ex)cruel refrigeranm
In other words, thc streams arc not cooled agmnst a typical
refrigerant stream, such as lireon, liquid nitrogen. liquid
pmpmie, aminonia. Or the like Rather, the stream is only
cooled against further streams produced in the ( Oz sepam-
tion process and usin expansion techniques. In particular,
auto-refrigeration can indicate that at least one stream com-
pnsing a liquid component is expanded to provule for rapid
cooling of thc stream.

[l)104J Returning to lil(i. I, the first impure ('Oz stream
103 is directed to a first heat exchanger 210 to partially cool
down and fomi the second impure CO, stream 104. There-
afier, thc second impure CO, stream 104 I ~ dircctcd to a
rcboiler heat exchanger 215 to furtlmr cool down mid I'onn
thc third impure CO, stre;mi 105. The tlurd impure CO,
stream )05 is further cooled down in a second heat
exchanger 211 to fi&rm a fourth impure ('Oz stream 106 ')he
foregoui cooling steps can be efi'ective to provide the
impure CO, stream(s) in the fomi of a tv o pha~e stream
includuig a gaseous component and a liquid component. In
some mnbodimcnts, Ihe two phase a)rerun w at least partmlly
fi&rnuxl dunng passage tluough thc rcboiler heat exchanger
215 aod/or is fornied during passage through the second heat
exchanger 211.
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[0105] To further facilitate coolin of the impure CO,
stream. the Iburth nupurc CO, stream 106 &s cxpandcd
w itlun a Iirst valve 220 to an appropuate prcssure that wuuld
dmp the tempemture of the expanded impure ('0 streani
)07 to near the ('Oz triple point temperature ( — 56 4" ('. I'r
example, expansion of the stream 106 can be effective to
reduce the tempemture of the stream to within about 15'o
&vithin about IO" C . or v ithin about 5" C. of the freezing
pout& of the CO& &n the stream A cold. Iwo pluise CO. strewn
10'7 thus ex&ts the Iirst valve 220.

[0106J 'the cold two phase ('0& stream 107 becomes a
feed stream to the mass transfer column 225. The mass
transfer coiunm 225 has a stripping cection 226 below the
Iixd point of stre&un 107 producing a high puuty hqui&i CO„
stream 108 as a bouom product imd a rcctilyu&g sect&on 227
sboi c thc fi:ed po&nt of stream 107 producuig a puulicd top
vapor phase product 109 11&e mass transfer column 225 &s

packed v ith appropriate packuig material to enhance the
mass transfer w&thin the column and collection of the liquid
CO, at high punty. The design of the stripping colunui w&ll

be done such that 0 cnn c)Ti:cuvcly handle Ihc Iwo-phase
Iixd strcmn winch could be done u& vsucty of v,ays such as
but not lumted to fiasluug Ihc fi:cd in a fiash vessel prior to
the entrance to the stripping column, the use of a gallery tray
or chimney tmy within the column or any combination of
thereof. The bottom liquid CO, product 108 typically con-
tains about 80 mol '!o 'I&id preferably at least 85 mol % of the
total COz w itlun the impure CO, stream 107 v,hiie the rest
of Ihc CO& content and other volatile impurities w i&lug thc
Iixd w astc stream would end up &n Ihe overhead vapor phase
stream 109. In venous embodunents, the bottom liquid ('Oz
pmduct 108 can contain at least 50 mol %„at least 60 mnl
i"o. at least 70 mol %. or at leact 80 mol % (e.g .. about 50 mo I

"/o to about 99 mol %, about GO mol %o to about 98 mol %,
about 70 mo1% to about 95 mol %, or about 75 mo1% to
about 90 mol %) oi'he total CO, w &tlun thc cold two phase
CO- stre;mi 107. Thc bouom hquid CO, product 108 passes
through the reboiler heat exchanger for further cooliag and
exits as puufied a ('Oz product stream that splits into a hrst
portion 110 and a second portion 150, which is recycled
back into the bottom section of the mass transfer coluinn
225.

[0107J 'I he encl overhead vapor plmse stream 109 can be
used as a source of refrigemtion to cool down the in&pure
('Oz streams in heat exchangers 210 and 211 'I hese &wo heat
exchangers are preferably plate and fin type made fmm
aluminum and although they are shown ac discrete blocks in
FIG. 1. they may bc des&gned imd I'abucatcd as a su&gin unit
with Iwo (or morc) sub-urut or sections. Tim system is
suitably insulated 1 he liquid ('0& product )08 preferably &s

at least NO'%olar pure CO„at least 85% molar pure 00„
at least 90'%olar pure CO„at least ')5% molar pure 00„
at least 98'io molar pure CO„at least 99% ulolar pure CO&,
at least 99.5% molar pure CO&. or at least 99% molar pure
CO,.
[0108] 1o generate additional refrigeration duty, the puri-
fied ( Oz product streaui portion I I 0 exiting the reboiler heat
exchanger 215 can be divided into 3 ceparate streams 111,
114, and 117. Punfied CO, product streamc 111 and 114 can
be reduced in prcssure by cxpmision ui valves 230 m&d 235,
respectively. to aclucvc appmpuate Icmpcrature profiles &n

heal cxclrsngers 210 aud 211. Sp&xifically, punlicd CO,
pmduct stream I I I exits valve 230 as stream 112 and passes
through heat exchanger 211 to provide puriTied ('Oz streani

113. Snnilarly. purified CO, product stream 114 exits valve
235 as stream 115 and passes throu h heat exchanger 210 to
provide purified CO, stream 116. Although each of streams
112 and 115 are illus&raus) as pass&ng tluough only one of
heat cxchangers 210;md 211, &I is understood that one or
both of streams 112 and 115 may bc passed tluuugh both of
heat exchangers 210 and 211 prior to passing to the com-
pression step described next I'he purified ('Oz streams ()13,
116 and 117) &vill be partially pressurized and mixed within
a compressor 240 to form a high density CO, stream 118
bcff&rc being ra&scd in prcssure to the r&xpiired cnd-use
prcssure ui a liquid pump 245 to leave as Iinal CO, product
stream 119. The Iinal

warn&

overhead vapor phase stream
109 can be optionally compressed based on the downstream
appl&cat&ou reql&i&'e&l&e&1&

[0109] An important feature of this arrangement is the
capability of recycling the vapor phase stream 109 from the
separation col unm 225 after w anmng u& heat cxchangcr 211
to fonu stream 120 and hcatuig &n hwu exchanger 210 Io
form stremn 121 at near ambient temperature 1'he stream
121 can be compressed in compressor 250 to form stream
122 'Ilie stream 122 can be at least partially combined ivith
original feed stream 101, and this recycle allows for a
favorable increase in the overall CO, recovery from the
process Iixd stream 101. Furthermore, thc stream 122 can bc
partially or complctcly rccyclcd back as thc focdstock to a
chen&ical productinn pmcess (such as a hydrogen pmduction
pmcecs further described below) and achieve up to )00%&

('Oz capture from the chemical pmduction pmcess.

[0110] In example embodiments, the presently disclosed
systems and methods for carbon dioxide separation particu-
larly can bc useful w&th hydrogen gcncrauou processes or
rcvmnping oi existing hydrogmi gcncrauou proccsscs Ihat
ut&hze only one II separation train such as PSA beds or
men&brane separators to achieve )00% ('Oz capture ('urrent
methods of thermochemical hydro en generation typically
rely on recovery of hydrogen using PSA beds. Specifically,
natural gas and steam (and optionally oxygen) can be input
to an H,+CO syngas generation area along w&th a PSA we sic
gas The product Ihcreiyom is subjcctcd to syugas coolu&g
and shifting of the CO to I I, I'hereafter, PSA separation is
carried out to provide an I lz pmduct and the PSA waste oas
The PSAs recover 75% to 90% of the total hydrogen in the
feed as. The PSA waste gas contain&ng typically 10'!o to
15% of the hydrogen production together with all the CO,
produced Ibom Hz gmicrauon is gmicrally burned w&th CO,
vcntcd to the atmosphere.

[011)J I'he systems and niethods of the present d&sclosure
can be utilized to capture substantially )00% of the ('Oz
from hydrogen generating processes by recovering CO.
from a pressure swing absorber (PSA) v aste stream. This
can encompass, for cxmnple, util&zing a CO& separat&on
process as descubcd above ui combinat&on w&th a hydrogen
producuon process as w&ll be desvnbed below. Scparauon of
('Oz fmm PSA ntT-gas increases the hydrogen concentnztion
in 00& separation train waste gas to at least about 60 mol UI&

v hich v,ould make it suitable and economic for additional
H, recovery within a second PSA In addition. based on the
concentration oi'CO wulun CO, separauon train waste gas,
it can bc oplionally shifi&x), prior to thc second Hz recovery
step, using a small low tempera&urc sluit reactor u& further
increase its hydmgen content. 'I'he oiT-gas from the second
PSA unit will be recycled back to the syngas generation
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reactors. It can also be optionally mixed with the ofl'-gas
from thc lira& PSA to &ncrcasc CO, recovery in lhc CO,
crvt&genic scpdl'i&non s)'steal.
[t)112[ Previous eifi&rts have been undertaken to pmvide
for production of hydrogen through combination with addi-
tional systems, and one or more elements from such previ-
ous cndcai ors may bc u&tcgralcd into Ihe prcscntly disclosed
systems and methods. For cxamplc, U.S. Pal. No. 6,534,551,
thc disclosure of wh&ch &s incorporated hcrcui by relbrcncc,
describes the con&binet&on of I) a hydrocarbon h&el gas
reaction v ith steam and or oxygen: and 2) a power systeni
utilizing a compressed oxidant gns in which a fuel gas &s

burned with combustor products producing power by work
cxpdns&on and &n wh&ch thc cxpmxlcd combusuon product
gas &s used lo supcrhwt& the stcam used in hvdrogcn syn-
Ihesis reactions and &n wluch thc oxygen produclion unil is
driven by at least a portion of the power produced by the
expansion of the combustion pmduct oas

[0113] In one or more embodiment~. the present systems
dnd methods can bmiclicially prov&dc I'or hydrogen produc-
uon w &th capture of substantially all of thc carbon produccxI,
particularly substantially all of the ('0, pmduced In tlus
manner, the present disclosure may refer to a hydrogen
plant, and it is understood that such hydrogen plant refers to
the co&nbination of elements necessary to fomi the hydrogen
production system utilized herein. A hydro en plant as
descnbcd herc&n thus can bc configured for producing
substantially pure hydrogen and hkcw isa producing

substant-

iallyy pure carlxm dioxide that is separated from a cnide
hydrouen stream

[0114] A hydro en production plant for use according to
thc prcscnt disclosure can &ncorporatc any variety of ele-
ments known to be su&table in prior hydrogen production
plants. In parucular, thc hydrogen producuon plant can
comprise a reactor unit configured for fiirming a streani
comprisin ('0+I lz gas 1'he reactor unit can encompass a
single element or a plumslity of elements. For example. a
reactor unit in a hydrogen production plant can compose a
Iwo stage reactor unit &ncluduig a Iirsl stage reactor which
corn crls a hydrocarbon fi:cd to a CO+H, as. Such so-called
Hi+CO synlhcs&s gas gcncralion reacior can bc any one or
more of a stemn niethane reforming (SMR) reactor. a part&al
oxidation (PDX) reactor, an mitothermal reti&nning (AI'R)
reactor, a PDX+CIHR (gas heated reactor). or an ATR+CIHR.
In some embodiments, partial oxidation of a natural gas feed
w i lb pure oxygen can be cdmcd out at an ou liat temperature
ol'bout 1300' to about 1500" C. dt (yp&cal prcssurcs of
about 30 bar to about 150 bar. An auto-thermal rcfi&micr can
add steam and excess hydmcarlxm. generally natural gas,
a fier the partial oxidation burner so tlmt the high temperature
gases can then pass through a bed of catalyst ~here subse-
quent steani-hydrocarbon reforming reactions take place
yielding further Ha+CO m&d cooling Ihe gas mixlure lo an
outlet tcmpcraturc of about 1000'. to about 1100' al

press urea of about 30 bar to about I SO bar. 11&e second stage
reactor can con&prise a steam/hydrocarbon catalytic
reformer in which the total I I&+('0 oas product from both
reactors (e.g „at a tempemsture of about 1000" C. or greater)
is used to provide the endothermic heat of the refomiing
I eric&ious h& B convi:cnvi:I)'cal nx! shell s&dc flow w &lb

cdlalysi in Ihc lubcs. Opuonally Ihe Iwo reaclors can operate
in a scrics or parallel mode. A lavorable coniiguralion uses
a vertical gas heated refi&rmer ((II IR) with catalyst tilled
open ended tubes hanging from a single tube sheet at the top

of the vessei, ivith the product H,+CO leaving the refomier
tubes and nuxing w&lh thc product gas from a PDX reactor
or an ATR &n the base ol'hc C)HR, m&d llm total product
I la+CO stream passing through the shell side and cooling
typically from about 1050" (1 to 550" ('. to 000"('0115]An advantage of the nvo reactor configumstion is
that the yield of H,+CO from hydrocarbon feed is maxi-
m&zed. and all CO, fomied in the reactions is contained
witlun the lugh-prcssure syslmn. Thc product CO+Ha gas is
further coolcsI in a stcam gcncmfing waste heat boiler
(WI 113), and a further advmitage is that this steam quantity
is Wily sufficient to prm ide the required steam flow to the
two H,+CO reactors with only a small excess flow. The
system has no large by-product steam production.
[0116] To gcncrulc hydrogen, tlu: Ha+CO product lcavuig
the WI 113 at a typical teniperature of about 240" (: to about
290" ('nd containing t)q&)cally about 20 &uo1% to about 40
mol %o steam is passed through either one or two (or more)
catalytic shift converters where CO reacts with steam to
produce CO. and nu&re Hz, The reactions for the whole H.
production process scqucncc arc shown below (using CHa as
the hydrocarbon).

CH( + v 0,
CH„20,
OH +H,O
('l l„+ ('Ot
00+ II,O

CO+ 2H&

00,+2H 0
('0 +
('0 + Hz

('0 +H

Panta& oaidatina
Cntnsoattos

('0. Io(t

[0117] The total CO+H- product pass&ng tluough Ihe CO
shill reactors &s coohxh and a s&gn&licdnl mnount ol'eat is
released generally at a temperature level of up to 400" ('. or
lower as the gas cools mid steani condenses 1h&s heat is
released not at a single teniperature level but over a tem-
perature range dov:n to near ambient temperature. Part of
tlus heal rclcasc can bc used Io preheat bo&ler li cd water. Io
produce lhe stcam requ&rcd lor syngas product&on in Ihe
riutclois bul thcic is d 1(trgc i:xci:as qudnl&lv lhdl &s Bl d low
temperature level and only available over a temperature
I 'ulge
[0118] Thc elbe&cncy ol'the Ha+CO gcncrat&on ui Ihe two
reactors can bc signilicanlly uicrcascd by preheaung Ihe
hydrocarbon and steam feeds to typically about 400'. Io
about 600" C and preferably to about 500" ('o about 550"
('Ibis preferably is done using an external heat source
since no excess heat at these temperature levels is available
within the Ho+CO generation reactors plus WHB.
[0119] In onc or morc cmbodimenls. systems m&d methods
of pmducing the I Is+CO syngas which can be used to
pmduce the pure hydrogen pmduct stream according to the
present disclosure may exhibit desired characteristics that
can be beneficiai for integration of the hydro en production
wilh other systems, such as power gcncrauon systems. Thc
cxccss ical Bvaihlblc ovc& a ten&pluri&Br(: I'tinge fionl ncal
ambient up lo about 400'. is &deal for bo&lcr fccd water
heatmg m a steam based power cycle or for heatuig a high
pressure ('Oz stream In each case the result is a reduction in
parasitic pov,er demand and an increase &n pov'er cycle
efficiency. The required external heat need to preheat the
syngas reactor fcixI streams up to about 550'. cmi cas&ly

bc provulcd us&ng lugh temperature bo&lcr flue gas ledvuig
the super-hcatcr in a pulvenzcd coal lircd power boiler or
usiag the lmt turbine exhaust from an mdustrial gas turbine
in a conibined cycle power generat&on system or using a
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further high temperature exhaust stream from a power
prodilctloll svstclll. Tile lieut illtc'gin(loll h ads to illi ovcrilll
incrcasc in the eilicicncy of a combined system.

[t)12U] 1he cooled I la rich gas stream i ~ nov passed
through an ambient cooler where condensed water is
removed. The gas stream is then passed through n conven-
uonal multi-bcd prcssure swuig adsorbcr (PSA) whwh sepa-
rates typically about 88% to about 90% of the hydrogen as
a pure sucam havuig typically aboui 10 ppm to about 80
ppm total impurities All the impurities in the cnide I iz feed
stream are separated as a waste fuel gas stream, which waste
streani can comprise any combination of components. such
as H,. CO, CO,. CHw N„Ar. and a small quantity of vapor
phase HzO. The prcssure is typically about 1.1 bar to about
1.6 bar. This waste gas typically has about 20% ol'the total
hydrocarbon reactor hydrocarbon fi:ed lower heating value
0,1 IV) so its efiicient use is critical to the overall economics
of I lz production 'I'he waste gas contains all the carbon front
the total hydrocarbon feed as COz+C:0 and the recovery of
this carbon as pure CO, at pipeline high pressure is vital to
mcct climate change emissiou obliuuvcs. In order to rcmuvcr
thc cnrbon prcscnt in thc hydrocarbon feud to tlm hydrugcn
plant as CO, product thc ideal obfocuvc is to convert
residual ('0 by catalytic shift reaction with added steam to
pmduce ('0z+I lz then separate the ('0z as a pure product
streani. Tluee options are available wlfich address tlus
problem of CO, removal and the maximization of CO,
Icmoveiy.

[UIZ I J In some enzbodinients. ('Oz removal and the maxi-
niization of ('Oz recovery can comprise adding a cheniical
or physical solvent scrubbing unit to remove nll the CO,
from the ambient temperature PSA feed stream For
example, this can be achieved by treating the ambient
tempcraturc crude Hz a(rerun in an aminc CO, scrubbing
system upstream oi'hc PSA. Thc waste gas Ibom die PSA
can then be used as a minor portion of the fuel streani
consunied in the power system 'lite PSA waste gas streani
contains a si~ficant quantity of Ha+CO. Alternatively, the
waste gas stream can be compressed to a pressure of I to 2

bar Ifigcter than the H, delivery pressure from the PSA and
(licit passlllg (ills gas strcalll wltll added stcaill tllroilgll
catalytic CO shifi conversion uiut wluch would convert uvcr
90% of the ('0 by reaction with steam to C'0,+II The
cooled product as stream will now have a hydmgen con-
centration of (i0% to70% [molar) 'I'his gas stream can then
be passed through a second nndti-bed pressure swing
adsorption unit to recover an additional H, product stream at
the smnc pressure and puuty as the hydrogen Irom thc Iirst
PSA. The wmtc gas from the second PSA umt which
contains all the inert argon and nitrogen derived front the
hydrocarbon and oxygen reactor feed streains can benefi-
cially be sent to the power plant for combustion 'the
disadvantage of the amine CO, removal system is its high
capital cost and the large quantity of low pressure steam
rcxlutrcd for aminc rcgmicmtion to produce thc pure CO„
product stream This combuiauon of anunc scrubbing plus
first staue PSA plus ('0 shift plus second stage PSA results
in an m eral 1 mtio of I lz product divided by 0 Iz+('0) present
in the syngas reactor product strewn of greater than ')5% and
prefembly greater than 97%

[0122] In other cmboduncnts, CO, removal and thc maxi-
nnzauon of COz rccovcry can compnsc eluninaung the
MI:A unit or the physical solvent COz removal unit
upstreani of the hrst PSA leaving all the ( Oz in the PSA

v aste gas stream. The stream then can be treated utilizin
cryogenic cooling for separation of the CO, as othcrwisc
described herein.

[l)123J In further embodiments, ('Oz removal and the
maximization of CO, recovery can comprise recycling one
or more streams back to the feed streams for the PDX or
ATR or CIHR or SMR reactors. By closing thc recycle loop
complctcly. inert components can bc vcntcd from the sys-
tem Thc vented purge gas stream can bc taken at mnbicnt
temperature upstremn of the first PSA and sent, for example,
to a pnwer plant for combustion. 'I'he level of argon present
in the oxygen stream and nitrogen present in both the
hydrocarbon feed and the oxygen streams are preferably
kcqu at a low total concentration of from about 3 mol % to
about 12 mol % ui thc Ibcd gas to thc Iirst PSA. Tlus
arrangement docs not require a second CO sluft mid PSA
system All the hydrogen will be produced from the main
PSA while all the ('Oz ivill be produced fmm the low
temperature CO, renioval system. As fiirther described
herein, CO, separation can be applied independent of the
hydrogen production processes descnbcd hcrcui Suitable
CO, separations systems mid methods arc thus dcscrtbcxI
herein that may be applied to miy process stream compnsuig
('Oz

[UIZ4] Example embodiments of a hydrogen production
plant (md an associated hydrogen production process) are
evulcnt in relation to FIG. 2. The hydrogen plant can be
Iiiclcd with a hydrocarbon Ihcl source, prcfcrably a gaseous
hydrocarbon. and more preferably with substantially pure
methmie. 11ie exaniple embodiment of lil(i 2 is described in
relation to the use ofmethane as the hydmcarbon. In FICi. 2,
the methane in stream 300 is compressed in compressor 401
to a pressure of about 20 bar to about 120 bar, about 40 bar
to about 110 bar, or about 60 bar to about 100 bar. Thc
compressed met!mac stream is passed tluough a heat
exchanger 412 to heat the niethane stream to a tempemture
of about 300" ('o about 700" (' about 350' to about
650" C., or about 400', to about (i00" C The methane
exituig the heat exchanger 412 is spit into two streams 302
and 303. The methane is tints directed to a reactor unit that,
as cxcmpliiied in FICI. 2. is fomied of a PDX reactor 402 and
a GHR 403. In other cmbodnncnts, it w understood that thc
reactnr unit inay be founed of a single device or multiple
devices as ntherivise already discussed herein 'I'he methane
in stream 30Z con)fined in the Pl)X reactor with an oxygen
stream 301 that is pre-heated in heater 418 prior to passage
into the PDX reactor. Preferably. the oxy en stream 301 can
bc about 99.8% pure Oz and can be taken, for example, I'rom

a cryogenic air separntion plant [not illustrated). Thc oxygen
entering the Pl)X reactor 3U2 may be at a pressure in the
mage of about 20 bar to about 120 bar, about 40 bar to about
110 bar, or abnut 60 bar to about 100 bar
[0125] Thc methane is partially oxtdizcxI ui thc PDX
reactor 302 with the oxygmi to produce a product H, CO
stream 330 at a tcmpcraturc of about 700' to about1800'',

about 900" 0 to about 17(k)" ('. or about 1100" 0 to
about 1600" (2 I he product I iz ('0 stream 330 optionally
be quenched and cooled by the addition of a quenchin
stream. such as to a temperature that is about 50" C:. or more,
about 75'. or morc. or about 100'. or more below thc
tcmpcrature oi'he product Hz CO stream 330 dirccily
exiung thc PDX reactor 402 Thc optionally quenchcxI
pmduct I la ('0 strewn 330 enters the base of the (il IR
reactnr 403, under oes endothermic refiirniing reactions,

IPR2025-01174, Topsoe Ex. 1015 
Page  14 of 19



US 20]9/0[35626 Al
12

May 9, 2019

and leaves the CIHR as stream 304. The total product CO+H,
stream cml exit the GHR 304 at a tempcrauirc ol'about300'.

Io about 900'., about 400'. to about 800'., or about
500" C. to about 700" ('I'be total product CO+I lz streanl
304 passes through the waste heat boiler 404 and exits in
streanl 305 at a temperature in a range of about 150'. to
about 450'., about 200" C, to about 425" C., or about 250"
(1 to about 400" C. The waste heat boiler can be a steam
gcncratulg boficr and thus can bc cllecuve to add steam to
the total product CO+HI stream.
[0126] The product stream composing He+CO ls then
reacted in at least one reactor to forln a stream comprising
I lz+001. As illustrated ln Ill(i. 2, the total product ('0+I lz
stream 305 passes tluough a first catalyst filled CO shift
reactor 405 and a second catalyst filled CO shift reactor 406
in scnes with rcspcctlvc outlet streams 306 and 308. The
outlet sucam 308 passes Uuough heat recovery heat
exchanger 420, and the outlet stream 308 passes through
heat recovery heat exchanger 414 and, in each of the heat
exchmlgers, heat ls used to heat boiler feed-water preheating
streanls to provide boiler feed-water for waste heat boiler
404.

[01271 The stream 308 comprises Hz+COS. but it is under-
stood that any stream descnbed hereul as comprising
H2+C02 only dctines the muumal composluon of thc
stream, and further matenals may be present in said streanl,
such as carbon nlonoxlde and one or more carboil-contain-
ing materials. After stream 308 passes through the heat
exchanger 414„ the stream 308 is cooled in water cooler 416
to near ambient tempemlture and exits as cooled. crude
Hz+COS sucam 331 Thc crude Ha+CO stream 331 prcf-
crably can contaul substanually all of the COI derived from
combustion of carbon m the hydrocarbon feed together v ith
water vapor and minor amounts of ('0, ('I Iw Nz and Ar.
('ondensed water ls separated fnlm cooled, crude I lz+('Oz
streanl 331 in separator 407. Water stream 332 from the
separator 407 and cooled boiler feed-water stream 334 enter
a water (resonant unit 411 wluch produces puntied w alcr 55
and an cxccss water strciml 61. Thc puntied water strcmn
335 (lvhich is recycled for use as the boiler feed-water) ls
pumped to about 87 bar pressure in pump 415, and boiler
feed water stream 316 enters the heat exchanger 414 before
passing through heat exchanger 420 to the waste heat boiler
404. The boiler feed-water exiting pump 13 can be at a
pressure ul thc range ol'about SO bar io about 120 bar, about
60 bar to about 110 bar, or about 70 bar to about IOO bar.

[0128] The saturated steam stream 317 leavulg thc waste
heat boiler 404 tirst passes through heat exchanger 412 to
exit as stream 318. which is compressed in compreasor 413.
Streanl 329 exiting the compressor 413 branches. and steam
streanl 319 passes throu h the heat exchanger 412 before
conlbining with methane stream 303 for entry into the CIHR
403. Stcam in stream 333 passes back tluou h heat
exchanger 414 to exit as stream 334 filr passage ulto thc
water tankiw ster treatnlent unit 411

[t)129] 1 he steam streanl 319 fed to the (il IR reactor 403
pmvides a steam to carbon ratio (carbon combined v ith
hydrogen in the CIHR reactor feed) of 6:I in this case. Tlus
hi h ratio allolvs 80 bar H,+CO production pressure with a
low quantity of unconvcrtcd mcfilane ul thc tolal product
Hz+CO suciun 304. In some cmbodlmmlts, thc stcam to
carbon ratio can bc about 2:I to about 10.1, about 3 I to
about 9: I. or about 4 I to about 8 I Preferably. the steam to
carbon ratio is at least 3 1. at least 1: I, or at least 5:I

[0130] The purihed Hz+COS product in stream 309 exits
the separator 401 and ls ncxi proccssixl ln a prcssure swulg
adsorbcr 408 to provide a product stream formed of sub-
stantially pure hydmgen in stream 31U and also pmvide
w'Istc gas coiupilsinc ( 0 in stl'can 311 I or cxaluplc, ttlc
substantially pure H, product stream 310 can be at a pressure
of about 50 bar to about 120 bar. about (IO bar to about 110
bar. or about 65 bar to about IOO bar and can have an
impunty Icvcl ol'about 10 ppm to about 200 ppm lmpuruy.
about 20 ppm to about 175 ppm lmpunty, or about 25 ppm
to about 150 ppm impurity. In sonic embodiments, the
substantially pure I Iz pmduct streanl 310 can conlprise about
60% to about 98;6. about 70% to about 95%. or about 75%
to about 92% of the hydrogen from stream 309.

[0131] The waste as in stream 311 prefemlbly contains all
the COI plus CO, Hz. CHc Argon, N, and traces of Osier
vapor previously ul stream 309. Thc waste gas stream 311 ls
then ploccsscd nl a low tculpcraturc scpariltlon unn 409
(e g., a cryogenic separation unit) as othetwise described
herein to foun a liquid 001 product streanl As discussed
above. this is preferably carried out such that at least 50 mol
% of the CO, in the waste gas stream 311 Is separated into
thc hquid CO, product sucam. Separated CO, is removed in
CO, stream 312. 111e rcmauung vapor phase matcnals exit
thc low tcmpcraturc separation unit 409 ul vapor phase
stream 313.

[l)132J I he vapor phase stream 313 from the low tempera-
ture separation unit 4U9 can be recycled for a variety ofuses
In FIO. 2. the vapor phase stream 313 bmlnches. and a first
portion of the vapor phase passes in vapor phase portion one
stream 314 through Ule heat cxclran er 412 to combulc wldl
the hydrocarbon fi:cd stre;ml 303. In this manner. Ihe
remaining impurities are recycled back through the system,
particuhlrly being fed back into the (il IR reactor 4(0
[l)133J In one or more embodiments, the hydrogen pro-
duction system can include a combined heat source that is
separate from the H,+CO synthesis gas generation reactor
but that is contigured to provide heat that can be provided to
onc or more streams of Ihc hydrogml production system to
incrcasc cfiicicncy Ulercol; Power production systems can
be particularly beneficial for providing a combined heat
source In particular, one or more exhaust streains formed in
a pov er production systenl can be a combined heat source
in that heat can be taken therefrom for tmlnsfer to one or
more streams in the hydrogen production system.
[0134] A particularly bcnclicial integration of power pro-
duction and hydrogen production is thc gas turbulc com-
bined cycle power systmn. Thcsc uluts are used worldwule
usually with natural gas as the fuel. 'the mdustrial gas
turbine exhaust lvhich is generally at a temperature in the
range 550', to 650" C. is passed tluouJt a lar e tinned
tube economizer heat exchanger where it is used to generate
high prcssure uttcltncdlatc pressure and low prcssure stciun
for additional power gcncration usulg steam turbulcs. Thc
turbulc exhaust at lngh tcmpcrature ls suited) for usc as a
combined heat source for addition of heat to the hydrogen
pmduction systenl Said conlbined heat source can be used,
for example, for preheating the feed streams to the H. plant
syngas reactors. Such heating can be In the range of about
400" C to about 1000'.. about 42S'. to about 800'.,
about 450" C. to about 600'., or about 500'. Io about
5SO" C Additionally. Ihc excess heat avmlable from thc Hz
plant is ideal for boiler feed-water preheating over a tem-
perature range up to 400" (, which releases extra steam tbr
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power production in the steam turbines. The main benefit
lice in the usc of thc hydrogen as a liiel in the ds turbule.
[01351 In systems and methods as described herein. the
usc of substantuilly pure oxygen in thc hydrogen plant
sv'ngds I'cilc tilts call idvc fllc side bcncill ii I pro vldlllg a Idrgc
quantity of substanually pure iutrogen as a by-product from
the cryouenic air sepamtlon plant The nitrogen can be
pmvided at relatively high pressure directly from the air
separation unit as stream 93. At least a portion of tlus
nitrogen can be blended with the hydrogen that can be
Produced as descmbcd hereul. The cnd result is an Hz+N„
fuel gas flmt is suiuiblc lor use ul a convcntiomil ds lurbule
combulcd cycle pow cr gmlcmtion system. Tllc blended inert
nitmgen is generally required to reduce the adiabatic flame
temperature in the gas turbine combustor and has the added
benefit of increasing the mass flow of gns in the power
nirbine. It can also be beneficial to preheat the H2+N2 fuel
gas and add steam genemted from the heat present in the
excess boiler fecdf water a(rerun 59 at a tmnpemturc lcvcl
bclovv 400'
[0136] The Hz+Nz fuel gas can be uulixcd in any gas
turbine combined cycle power generation system. Known
systems can bc modifies) as necessary to remove. deoum-
nlission, or otherwise forego the use of elements that would
otherwise be required for removal of COS Known gas
nirbine combined cycle pov er eneration systems that can
be utilized according to the present disclosure are descnbed
in U.S. Pat. Nos. 8,726,628, 8,671,688, 8,375,723. 7,950,
239. 7.908.842, 7,611.676, 7,574,855. 7.089,727, 6,966,171,
dnd 6.474.069, the disclosures of which are incorporated
herein by reference
[0137] The combulation of Hz production with 100%
potential (0, capture with a gas turbine combined cycle
polver generation systenl using at least a portion of the
Pmduced I lz as fuel Pnlvided by the Present disclosure
results in substantially no atmospheric discharge of CO,
from the combined system. This provides n distinct advan-
tage oi er the convmluonal operation of a gas turbmc com-
bmml cycle system. In particular, thc present combmation of
systenls can eliminate the natural gas hiel typically required
in a gas turbine and substitute a fuel with no ('Oz pmduction
when combusted As such, in some embodiment ~, the pres-
ent disclosure provides a combination of: I) an oxygen
based hydrogen production unit with near 100% CO, cap-
ture. 2) a conventional gas turbine combuled cycle power
generation urut using Hz+N, fuel gas tliat provides power
generation with sero CO, enussion. The combuuxl systmn as
described herein can provide a surprisingly high efliciency,
low cost power generation. and approximately 100% ('Oz
capture.
[0138] The combination of systems can be implemented in
a variety of manners. In some embodiments. an existing
combuled cycle power station can be convcncxf to eluuinatc
dll CO, emissions and sunultancously increase the power
generation capacity Such conversion can include addition of
the huther system components described herein for produc-
tion of power using a CO, circulating fluid and production
of H,+Nz hiel gas.
[0139] As dlustrated in PIC). 2. a gas turbine 410 ls
provided, and hydrocarbon fuel stream 321 Is input thereto
for combustion to produce power ul generator 417. Thc gas
turbine exhaust stream 322 is passcxi fluough flle heat
exchmlger 412 to provide heating to hydrocarbon fuel
stream 321. streanl 401, stream 317, and stream 319. The

temperature of the exhaust stream 322 fmm the gas turbine
410 can bc optionally raised by means of duct-burnulg
using, kir example, Ibcsh pre-heated natural gas taken from
stream 321 and input to stream 322, or using a w:aste fuel
stream, such as a vapor phase portion two stream 336 taken
from stream 313 exiting the loll temperature CO, separation
unit and input to streanl 322. This is beneficial to accom-
modate for required heating duty in the process heater 412,
and thc duct-burnulg tlnis can take place In thc piping lhr
stream 322. In some cmbodinu:nts. streams 336 mid 314
may be separate stremns exiting the low temperature ('0,
separation unit instead of being bnlnches of a single exit
stream. as illustrated.

[f)140] In sonic embodiments, a hydrogen pmduction
facility as described herein can be particularly suited to
pmvide excess lolv temperature level heat that can be used
in a variety of further systems for a vanety of ihrther
reasons.

[f)141[ the waste uas from the PSA of the hydrogen
production system can be compressed to typically about 200
bar to about 400 bar and nlixed with the feed hydrocarbon
iiicl used in a combustor of a power production system. The
waste gas contains not only fltunmablc components CHJ+
CO+HI but also all thc COI produced in thc H, production
system Alternatively the waste gas fmm the PSA can be
cmnpressed to the inlet pressure of the first P)A. the ('Oz
can be removed in one of a nmnber of processes described
above. and the CO, depleted gas stream can be sent to a
second PSA to separate more H„ to add to thc total H,
product stream. Opnoimfly the waste ds can bc preheated in
an ccononuzer heat exchanger, stcam can be added and morc
Ill can be produced in an additional catalytic ('0 shift
reactor, the gas can then be cooled in the economizer heat
exchan er before being processed to separate more H, in the
second PSA. The hydrogen production system is thus suited
fiir production of a sigmlicant quantity of low grade heat
from thc cooling Hi+CO stream at a tmnpcrature level of
typically below 400'. Jnd preferably ul thc range 240" C.
to about 290'

[0142] Many modilications dnd otlmr embodiments of thc
presently disclosed subject matter will come to nund io onc
skilled in the art to which this subject nlatter pertains having
the benefit of the teachings presented in the foregoing,
descriptions and the associated drawings Therefore, it is to
be understood that the present disclosure ls not to be limited
to the specific embodiments described herein and that modi-
licdtions and other embodiments arc intmldcd to be utcludcdf
within thc scope oi'hc appended cluuns. Although specific
terms are employed herein, they are used in a generic and
descriptive sense only and not for purposes of limitation

I A Process for seParating carbon dioxide (('Oz) fnlm a
pmcess streain comprising (Oz and one or more further
components. the process comprising:

providing the process stream at a pressure such that a
partial pressure of the CO, in the process stream is at
least 15 biir;

dryulg thc process strcatu suflicimltly so that a dew poult
of the process suctun compnsing the CO, is rcduccd to
a temperature of about —20'. or less,

coollllg thc ploccss strcdlll Ill dt k ast olio liest cxcllailgcl
to pmvide the pmcess stream comprising the ('Oz as a
nvo phase stream:
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expanding the two phase stream so as to reduce the
Icnlpcriiulrc of lhc two phase sncdnl lo 11 lcnlpcldlurc
Ihal is withul abou(15'. Ol a friwzulg poull ol Ihe lwo
phase stream, and

separalulg Ihc two phase stream lo provide a vapor slrcmn
cnrichixl with Bl h:dsl onc ol lhc onc or niole futlhcr
components and to pmvide a liquid stream that Is
enriched with the ('Oz

2. 11tc process of claun 1, wherem thc dryulg compnscs
passaue of the process streant comprising the ('Oz through
a desiccant-packed bed

3 'I'he process of claim l. wherein the cooling conlprises
cooling the pmcess streanl against at least a portion of the
liquid streanl that is enriched w:ith the (:Oz

4 'I'he process of claim 3. wherein the cooling conlprises
cooling the process stream in a first heat exchanger and in a
second heat exchanger.

5 'I'he process of claim 4. wherein the cooling conlprises
cooling the pmcess stremn in the first heat exchanger against
a first portion of the liquid stream that is enriched with the
CO, and cooling the proce~s stream in the second heat
exchanger against a second portion 01 lhc liquid slream llml
is ennched with thc COS.

6. The process of claim 5, further comprising expanding
the lirsl ponion of thc hquid stream that is ennchcd with thc
CO- dnd the second portion of lhe hqunl stream that is
enriched with the ('Oz so as to reduce the temperature of the
firzt portion of the liquid streanl that is enriched with the
(0, and the second portion of the liquid stream that Is
enriched with the CO, prior to coolillg the process stream in
the first heat exchanger against the firs portion of the liquid
slrcBBI thdl ls I unchcd with thc CO, Bnd cooing lhc plociws
stream in lhc second heat exchanger d ainst tlm second
portion of the hquid slrcam that Is ennchcd 0 ilh lhc COI

'7. Thc process ol'laun 6. w harem Ihe first porlion of thc
hquid stream that w enriched with thc CO, and lhc scwond
portion of the liquid stream that is enriched with the ('0z are
separately expanded usmg separate valves

8. Thc process of clmm 4, further compnsulg coolulg the
pmcess strewn in a reboiler heat exchanger

9. The process of claun 8, I'unher compmsulg passing al
least a portion of Ihc hquid slrciun Ihdt is cnnched 0 ilh thc
( 0, thmugh the reboiler heat exchanger.

10. Tile process ofclaim 3, whcrcin the cooling compnscs
cooling the pmcess streanl against at least a portion of the
vapor streanl enriched with at least one of the one or nlore
further conlponents.

11. The process of claim 1. comprisin. expanding the two
phase stream so as to reduce the temperature of the two
phase stream to a temperature that is within alxlut 10" C. of
lhc hccdhlg poult of lhc two phase sncdnl.

12. Tllc process of claim 1, wherem separaling lhc lwo
phiisc strcanl conlpnscs passttlg lhc Iv,'0 plutsc sncdnl
through a distdlation column

13. I'he process of claim 12, wherein the distillation
column includes a stripping section below a feed point of the
nvo phase stream into the distillation column and includes a
rectifying section above the feed point of the two phase
slrcBBI filo lhc dlstlllanon coltunn.

14. Tht: process ol clBBB 1, conlpllsulg scpzllatnl lhc
liquid stream that Is cnnchcd with ihe CO, uuo a lirst hquid
('0. stream, a second liquid ( Oz streain, and a third liquid
('Oz stream

15. The process of cLaim 14. comprising independently
expanding one. two, or lluec of thc lirst hquid COI slreiun,
the second liquid CO, sueiun, and thc tlurd liquid COI
stream so as to reduce a temperature thereof and form a
refrigerant stream

16. The process ofclaim 14„comprising compressing one,
two. or lluco of'Ihc lirsl liquid CO, stream, thc second liquid
CO, stream, and the tlurd liquid CO, stream

17. The process of claim 1. comprising compressing the
vapor stream enriched ivith at least one of the one or more
liirlhcr components.

18 Ihe process of claim 1. wherein the one or more
further components is one or more of a hydrocarbon, carbon
monoxide, hydrogen, nitrogen„argon, oxy en. and water
vapor

19. Thc process of claml 1, compnsulg expanding thc
vapor stream enriched with at least one of the one or more
further components so as to reduce a tenlperature thereof
and foml a refrigerant stream.

20. Thc process of claun 1. comprising passing at least B

portion of the vapor streanl enriched with at least one of the
one or more further components through a pressme siving,
absorber unit.

21. Thc process of clmm 20. whcrcin said passing is
clfi:ctivc lo recover al least 60 mol '!o ol any H, present in
the vapor stream enriched with at least one of the one or
trull'e fufthcl'olupoinel'Its

22. The process of cLaim 1„comprisin recyclin at least
a portion ol'hc vapor sueiun enriched with at least Onc of
thc onc or morc further components I'or combulation with
the process streanl prior to said drying step

23. The process of claim l„wherein the process stream is
an H,+CO, stream from a hydro en production process.

24. The process of claim 1, wherein the process is carried
out v ithout using an external refrigemznt.

25. A carbon dioxide 1('(iz1 separation systent compris-
ing:

a compressor configured tilr conlpressing a process
streain, wherein the process stream conlprises (:Oz and
one or more fill(her components:

a drier configured filr relnoving nloisture froin the process
stream:

at least one heat exchanger conhgured for cooling the
process streanl a ainst one or nlore coolmg streams and
providin the process stream as a two-pliace stream:

at least one expander configured for cooling the two-
phase stream via expansion of the Iwo-phase streanu
and

a mass transfer colunln configured to receive the two
phase stream and generate a vapor phase stream and a
liquid phase stream.

26. A hydrogen production system comprising
a reactor unit configured for rccciving B hydrocarbon feed

streain and oxygen mid fonnin a product gas stream
comprising I lz+(:0:

a steam genenzting boiler configured for cooling the
product gas stream comprisin I lz+(:0 and for forming
stcanu

at least one reactor confiuured for receiving the pmduct
gas stream comprising I iz+('0 and providing a stream
comprising H,+CO,;

a pressure swing adsorber configured to receive the
strewn comprising Hz+(:01 and provide a product
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streanl formed of substantially pure hydrogen and also
provide waste gas stcam compnsulg COI;

a compressor coniigured for compressing lhc waste gas
stream conlprising the ('01:

a drier configured for removing moisture from the waste
gas stream comprising the CO.:

at least one heat exchan er configured for cooling the
waste gas stream comprising the 001 against one or
nxnC Coilllllg SIICBIIIS Blnl plovldlllg lhC UBSIC gilS
siream compusing Ihc COI as d lwo-pluise slream:

at least one expander configured for cooling the Iwo-
pliase stream via expansion of the Iwo-phase stream,
and

a sepamstor configured for separating the two-phase
streanl into a vapor phase stream and n liquid phase
slrcdln.

27. Thc hydrogen production system of clann 26, further
comprisin one or more heat exchangers configured filr
heating the hydrocarbon feed stream against one or both of
the product gas streani comprising I Is+('0 and the streanl
conlprising iqs+COS.

28. Thc hydrogen production system of clann 26, further
comprisin one or more heat exchangers configured filr
transfer of excess heat to an external process

29. The hydrogen production system of claim 26. further
comprising onc or more hnes coniigurcd for 0ulpul of one or
both oi' waste fuel gas stream and stcam generated In the
hydrouen production system

30. The hydrogen production system of claim 26. further
comprising one or morc lines conligured I'or dehvcry of at
least part of Ihc product stream formed ol substanually pure
hvdrogcn ils Iis:I 10 B gBS Iilrblllc.

31. The hydrogen production system of cksim 26, wherein
the reactor unit comprises a steam plus hydrocarixm plus
optionally COI cdtalyuc reformer.

32. 'I he hydrogen production systein of claim 26, wherein
die reactor unit composes a partial oxidation unit

33. The hydrogen producuon system of clmm 26, whcrcin
wiuch Ihe reactor unit compnses a calalylic auto-Ihemlal
reformer.

34. The hydrogen production system of claim 26, wherein
ivhich the reactor unit ixlmprises a first stage unit that is
cithcr an auto-thermal rcformcr or a partial oxidalion reactor
dnd composes a second stage gas heaicd stiuun plus hydro-
carbon catalytic reformer.

35. The hydrogen production system of claim 26, wherein
at least part of the Ha+CO stream produced from the reactor
urn( is gencratcd In an ITM partial oxtdafion reactor usulg a
low pressure prchcuted fi:cd air stream mr slriuun.

36. The hydro en production system of claim 26. further
conlprising a super-heater heat exchan er configured to
transfer heat fmm an external heat source to at least the
hy'drilCIIrboil Ii:cd SIICdlll.

37. 1 he hydro en production system of claim 26, v herein
the reactor unit is a combined pressure vessel comprised of
a partial oxidation zone and a as heated reformer.

38. The hydrogen production system of clmm 37, wherein
the partial oxidation zone is at a Ixlttoin portion of the
combined pressure vessel, and the gas heated reformer
conlprises open-ended tubes in a middle zone of the com-
bined pressure vessel and a waste heat boiler heat exchanger
at a top portion of the combined pressure vessel.

39. a pnlcess for hydrogen pmduction, the process conl-
prising

reactul a hydrocarbon feed stream and oxygen into a
rciwlor unit lo foml a product gas stream compnsulg
H,+CO,

passing the product as strewn coniprising I I,+('0
through a steam generatin boiler to add steani to the
product gas stream conlprising H,+CO:

converting the product gas stream comprisin Hs+('0 in
at least one reactor to filnn a stream comprising
Hi+Col,

Proccssulg thc stream comPusulg Hs+COS ul a Pressure
swmg adsnrber to provide a product stream formed of
substantially pure hydrouen and also pmvide waste oas
steam comprising (10si

fonnin a liquid CO, product stream in a cryogenic
separation unit operatin with mito-refrigemstion by
passing thc v astc gds stream compnsing COI there-
tlu'ough such that al least 50 mol 6 oi'hc CO, in Ihc
v sste gas strewn conlprising ('01 Is separated into the
liquid 001 pmduct stream; and

recycling a vapor phase stream from the cryogenic sepa-
ration unit.

40. The process of claim 39, wherein the cryogenic
Scpilldtloil Ullll OpCratlllg with iiillo-rcfrlgcld11011 OpCI'IIICS

wilhoul using an external rcfrigcrauu
41 1he process of claim 39, wherein the cryogenic

separation unit comprises
a drier configured for removing moisture from the waste

gas stream comPnsulg COS,
at least one heat exchmiger configured for cooling the

v aste gas stream comprising CO, a ainst one or more
cooling streams and providing the waste as stream
comprising CO, as a two-phase stream: and

at least nne expander configured for cooling the two-
phase stream via expansion of the two-phase stream.

42. Thc process of cldlln 41, whcrclll Illc cvyogclllc
SCpill"dlloll Ulllt IUrthCI ColllprlSCS

a conipressor configured for compressing the waste oas
stream comprising COB. the compressor being posi-
tioned upstream from the drier: and

a separator configured for separating the two-phase
streain into the vapor phase stream and the liquid ('Os
prnduct stream.

43. Thc pmccss oi'ldun 39. compusing removing CO,
from the stream compnsing Hl+C01 prior lo proccssulg thc
stream comprising 11 +( 0 in the pressure swing adsorber

44. The process of clainl 43. wherein removing CO, from
the stream comprising H,+COB comprises passing the
rmuovulg COI from thc stream compn sing Hi+COB enough
a chcnucal or physical soli wit based COI removal unit

45. The process of claim 39. wherein a portion of the
waste gas steam comprising CO, exitin the pressure swing
adsorber is compressed and recycled bacl to the reactor unit.

46. 'Ihe pmcess 0 f claim 39. ivherein at least a portion of
the vapnr phase strewn from the cryogenic separation unit is
recycled back to the reactor unit.

47. Thc process oi'laim 39, whereul thc vapor phase
StrCdlll flola lhC CvyogclllC SCparalloll illllt Is ploCCSSLS!

through a secnnd pressure sv ing absorber to remove at least
a portion of miy Ill present in the vapor phase stream prior
to recyclin of the vapor phase stream fmm the cryogenic
separation unit.

48. Thc process of claim 39, compnsing rmnoving al least
a portion of any argon and nitrogen present in one or Ixlth
of the product gas stream conlprisin I ls+('0 and the stream

IPR2025-01174, Topsoe Ex. 1015 
Page  18 of 19



US 2019/0135626 Al May 9, 2019

comprising lqz+COS prior to entry of the stream comprising
Ha+CO into the prcssure swutg absurber such that the total
conccnndtton of drgon dnd nlnogcn ht lhc sniuun conlpris-
ing I (1+00, at an Inlet of the pressure swing adsorber in the
ran e of about 3 mol % to about 12 mol %

49. The process of claim 39. wherein at least 80 mol % of
thc CO, ut tlu: waste gas stream composing COI Is separated
into lhc liquid CO, product stream.

50. 'I'he process of claim 39, wherein forming the liquid
CO, product stream in the cryogenic separation unit com-
prises:

providing the ivaste gas stream comprising COC at a
pressure such that a partial pressure of the ('Oz in the
process stream is at least 15 bar;

drying the waste gas streant comprising ('Oz suflictently
so that a dew point of the waste gas stream comprising
('Oz is reduced to a temperature of about —20'. or
less;

cooling the waste gas stream comprising CO, in at least
one heat exchanger to provide the waste as stream
comprising ('Oz as a tivo phase stream;

expanding the two phase stream so as to reduce the
tcnlpcttllure of lhc two phdsc strcanl lo 11 lcntpcrdnuc
that is within about 15'. Of a freezing point ol'thc two
phase stream: and

separatin the two phase stream to provide the vapor
phase stream and to provide the hquid ( Oz product
streain.

51. Thc process ol'laim 39, whereut thc vapor phase
stl'c;uri fl'onl thc cryogenic scpauuton unit Is passed thI'ough
a catalytic 00 shift unit with an economizer heat exclmnger,
has steam added thereto, and Is then passed through a
catalytic reactor to convert at least a portion of the contained
CO by reaction wtlh lhc stcam to form a further slrctun
composing Hz+COC mtd lo lbrm a gas stream contauung at
least 60 mol % H,.
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