WD 2004/ 078644 PCT/ US2004/ 004269 -1 HYDROGEN MANUFACTURE USI NG PRESSURE
SWNG REFORM NG Field of Invention [0001] The present invention rel ates
broadly to h dro en manufacture. More particularly the invention relates to
an i npr ovatO 9"d(9 4 f or maki ng hydrogen which utilizes PEBUSHOEOERIN]
reformng in a unique and thermally efficient way. Background of Invention
[ 0002] Hydrogen is a key chem cal used in many petrol eum and petrochem cal
operations. Typically it is used in upgrading and finishing many refinery
products. The hydrogen used i'n these processes sonetines is recovered as a
by- product of another refinery process such as al kane reformng to
aromatics. Another source of the hydrogen |s via the steamreform ng of a
hydr ocar bod ¥DROGENANE ALCTIOR IGRRESSTUR B SWINGREEFQRMIMGBam i s
reacted with a hydrocarbon containing feed to pr oduce a hydr ogen-rich
synthesis gas. The general stoichionetry, as illustrated for nethane, is:
CH4 + H20 Eﬁ ﬁi ﬁ H2 (1) [0004] Because of the high endothermcity of

t he reacti o rmng is typically carried out in |arge furnaces,
in which the catalyst is packed into tubes. The tubes nust wi thstand the
hi gh pressure of the produced synthesis gas, while transmtting heat at

t enper at ur g Mﬁprcﬂw%&eﬁﬁﬂﬂ&ud}@wlg@%rdmywh% kA mianUfeaeR), Mofdst i tute
| nt er nati onal Report 212 (1994), steamreforim ng process efficiency,
def i ned aspattieulerht thefinvemtiorstelates ¢ apimprevedyrdcessdor diakinjehydrpgete WO
2004/ 078644 PCT/ US2004/ 004269 . -2 heat of conbustion of reformng feed and
furnace fuwthich stilizgs pressre sWingrekprming in a unique and thermally efficient way.

C

Background of Invention

[0002] Hydrogen is a key chemical vsed in many petroleum and
petrochemical operations. Typically it is used in upgrading and finishing many
refinery products. The hydrogen used in these processes sometimes is recovered
as a by-product of another refinery process such as alkane reforming to
aromatics. Another source of the hydrogen is via the steam reforming of a

hydrocarbon such as methane.

’ [0003] Ina steam reforming process, steam is reacted with a hydrocarbon
L containing feed to produce a hydrogen-rich synthesis gas. The general

stoichiometry, as illustrated for methane, is:
CH; +H,O0-->CO+3H, (D

[0004] Because of the high endothermicity of the reaction, steam reforming is
typically carried out in large furnaces, in which the catalyst is packed into tubes.
The tubes must withstand the high pressure of the produced synthesis gas, while
transmitting heat at temperatures approaching 1000°C. As described in Stanford
Research Institute International Report No. 212 (1994), steam reforming process
efficiency, defined as the heat of combustion of product hydrogen divided by the



whil e the space velocity, defined as Standard Cubic Feet per Hour of Cl-
equi valent feed / ft3 of catalyst bed is 1000 hr- 1. Unfortunately, steam

ref orm ng wuslaskss 0Cccupy a very large volune of space, gni t ude '
greater than the tube volunme, such that | ow producti vi t)l;efrﬁfr%n&?,é%ﬁg@

econom c attractiveness of the process. Thus, key limtations of the steam
reform ng process are the -relatively Iow efficiency to hydrogen and the

| arge vol unmes occupied by the steam r efor ni ng furnaces. [0005] Sederqui st
(U.S. Pat Nos. 4,200,682, 4,240, 805, 4,293, 315, 4,642,272 and 4, 816, 353)
teaches a steamreform ng process in which the heat of reformng is

provi ded whedd of donebureidntf refuitiing fewl aRbfurfiaroiel,iio apprukinatedy Mufg st ages
of a cycle. h?éﬂgescri b'gg by ?j;(%er ui ssaémc}whglcgibghﬁquahtﬁ ‘gmﬁr;(%at recovery
within thw ¢ space vwldcitpgieimedias ic Feetepdri do of about 97%
Hoscr  be negHisalsst Feseh/de ohentaaion 15100 Hrcly (ripatinerely: SieamreloTEwag o
descri be a c ow 1 §rCang; e
velocities.of around 95 Id' zgl_as f-e%ii v%. I\/b(ieowgr th'@zlpproces requires
ﬁ gorrpr e;swnﬁﬁescwp_ ¥ AVel darss VoleE oL gR o df er@fé’f _%Dd Lﬂre?}_P"e res for
ydr ocar bo -a:. N .

producti veﬂlgf%l@ é? gm o?’ Ju%ﬁ%ﬁ%tcllﬁﬁpgﬁg)? %,ﬁglst? gl g‘gg%ﬁ'?r? Cgﬁ%@g F@fﬁggég%éibged

operation fpspldeesR. ARAOKEY Behitatichs!dfithe PleRfRRForniin® prot&isHrethest ep i nvol ves
preheating a first zone to a tenperature in the range of about 700C to

2000C and tdiativélplowdificiegen t@ igdragenémdGhé yatge vathmes ocnumedbpghé eed, al ong
wth steamand optionally CO2 to the inlet of the first zone. Upon
introducti%iﬁa@ffﬁ‘f?qr@nﬂéilé{@ﬁ@%, t he hydrocarbon is reformed into synthesis
gas over a catalyst in this first zone. The synthesis gas is then passed
fromthe first zone to a second zone, where the gas is cooled to a

Synt heai s (STS® Sctetfis (B8 PR, e RV E22E 30 M 88827300
2004/ 078644nPEB16:333)4¢ 42842 4 Yteam reforming process in which the heat of reforming
is provided within the bed by cycling between combustion and reforming stages
of a cycle. As described by Sederquist, the high quality of heat recovery within
the reforming bed results in a theoretical efficiency of about 97%. However, the
examples and commercial projections within these patents describe a process
that operates at very low productivity, with space velocities of around 95 hr'! (as
Ci-equiv). Moreover, this process requires a compressor to compress the

product synthesis gas to useful pressures for hydrocarbon synthesis.

[0006] Recently a highly efficient and highly productive process for
producing synthesis gas in a cyclic, packed-bed operation has been discovered.
In this process, the reforming step involves preheating a first zone to a
temperature in the range of about 700°C to 2000°C and then introducing a 20°C
to 600°C hydrocarbon-containing feed, along with steam and optionally CO, to
the inlet of the first zone. Upon introduction of the reactants, the hydrocarbon is
reformed into synthesis gas over a catalyst in this first zone. The synthesis gas is
then passed from the first zone 10 a second zone, where the gas is cooled to a
temperature close to the inlet temperature of the hydrocarbon feed. The

synthesis gas is recovered as it exits the inlet of the second zone.



-3 [0007] The regeneration step begins when a gas is introduced to the inlet
of the second zone. This gas is heated by the stored heat of the second
zone to t o hiﬁh tenperature of the zone and carries the heat back into the
first zone Q225 an oxygen-containing gas and fuel BEFUSYWHOSRET near
the interface of the two zones, producing a hot flue gas that travels
across the first zone, thus re- heating that zone to a tenperature high
enough to reformthe feed. Once heat r-&generation is conpleted, the cycle
is conpleted and reform ng begins again. [0008] An advantage of this
process is the ability to operate the reformng step at a higher pressure
than the regeneration step, thus creating a pressure sw ng, and producing
hi gh pressure synthesis gas. [0009] In the generation of hydrogen via steam

reforming. ghody)hy HTRE RéABrationiSh BSS WL ¥ IR b BuRALR heful be

typically altered by subjecting t product Streamto the so called water

shift reacthosedondushnealfhis gas Bdieatedoyy e stired Hd20of the>seCORd zohtd e [ 0010]
The practical application of any hydrogen generation process will depend

upon how whigh temaperafiureqf thet zopesansk carries theduas baclaintbdhe firggoated into an

overal |l process design. The invention described herejn provides a pfocess
schene for%cgaajﬁf,épiqa@gﬁwpamn&gasrﬁeﬂ gkareironamsted P the anledaghal ¢ hat i s

particul ar I . eNVi I r i.ring _hyd n at relatively
hah pr os i BLOPHRR, Brodileit WP BUE RS cfef Mye|sotOl B3GR, A, dlng o7

di stributi ygeamz,,@ CEbdS BAAAPR m SR I ntion

[ 0011] Theﬁg?%s nt ?ﬁ{xfggc??gﬁngr ovi dgléq@gé in‘f)rovree#éi-rlllt1 In h%r(g%cgnmgenerati on
by i nt egr atreguhepatisisicongpleted, thefoicle BEomplewd il e¥oinhiagi begitsagan,
pr@duced, with water gas shift reaction and hydrogen separati on under

condi tion

[0008] An advantage of this process is the ability to operate the reforming
step at a higher pressure than the regeneration step, thus creating a pressure

swing, and producing high pressure synthesis gas.

[0009] In the generation of hydrogen via steam reforming of a hydrocarbon
the stoichiometry shown in equation 1 is typically altered by subjecting the
product stream to the so called water shift reaction tllustrated by equation 2:

CO+H,;0--->CO,+ H; 2

[0010] The practical application of any hydrogen generation process will
depend upon how well the various stages of the process can be integrated into an
overall process design. The invention described herein provides a process
scheme for generating hydrogen at improved thermal efficiencies and that is
particularly adaptable for environments requiring hydrogen at relatively high

pressures for refinery processes, for direct use as a fuel and for distribution.



sufficient to yield high pressure hydrogen at inproved thermal efficiencies.
Thus in one enbodi nent the reform ng phase of the pressure swi ng reformng

process i d at relatively high pressures, for about
10 to 10 g);(]%%?'fgl t he product synthesis gas is subject to %ﬁ\g\fa&({é'?@gas

shift reaction and a hydrogen separation step at substantially the sane
pressures thereby providing high pressure hydrogen. [0012] Anot her
enbodi nent of the invention includes reftycling the flue gas fromthe
regenerati on phase of the pressure swing reformng process to the
regeneration bed to reduce the anmobunt of air needed for the regeneration

phase as S@hm#a¢ JflIfvéiifit of excess oxygen present therein. [0013] Thus a
odrment ©

preferred e e invention conprises: (a) introducing a feed
stream conprising a hydrocarbon and steam through the first end of a first
zone containing bed packing materials _and a steam reformng catalyst to
produce at [@lﬂ? r s tThei presgntanventioneproyidasan isnprasementanhydsogeni ni ng H2, CO

St ream of ESCEIGLYY TSRO IR SIS PRRA bt s THGER R ol s 0o
streamo ? S
mter i al . PREHh it shatde SRR sEarhERl i EyBebEn SERHitn hAbHRRIN 1S 1
all of thes&ﬁ@fé&iﬁo gasen%]a% @g@?%fflfo ﬁﬂmﬁ&%@g@t@ﬁi effibieaési ng the

renoved synthesis g a water ‘gas s reactor to convert

the CO wi tThd ®eoned €embolingentt thie ré plrsedifche greyspreodivily refdrigagn Wit h
I ncreased H2; (e) introducing the product streamof step (d) to a hydrogen
separ at or pranessdbygonguctod anhrelativelydvgh presshres cforexample rfeomabdui A0 ta
bypr oduct IS(SOr eam . . . . ) S
bar, and the product synthesis gas is subject to a water gas shift reaction and
a hydrogen separation step at substantially the same pressures thereby providing

high pressure hydrogen.

[0012] = Another embodiment of the invention includes recycling the flue gas
from the regeneration phase of the pressure swing reforming process to the
regeneration bed to reduce the amount of air needed for the regeneration phase

as well as the amount of excess oxygen present therein.
[0013] Thus a preferred embodiment of the invention comprises:

(a) introducing a feed stream comprising a hydrocarbon and steam
through the first end of a first zone containing bed packing materials and a steam
reforming catalyst to produce at a first high pressure a synthesis gas stream

containing H,, CO, steam and CO»;

(b) passing at least a portion of the product synthesis gas stream of
step (a) to a second zone containing bed packing materials thereby transferring

the sensible heat from the product to the packing materials;



is obtained; (f) introducing an oxygen-containing gas into the second end of
said second zone; and (g) contacting the oxygen containing gas with a fuel
at a pressure lower than said first high pressure and conbusti n% t he fuel

wi t hi n saM® 28HE8644 her eby reheating the first zone and RGTEE2INPOR6P| ye gas
which exits through the first end of said first zone. [0014] In a
particularly preferred enbodi nent the oxygen and fuel are conbusted under
conditions sufficient to provide a fluesgas at a tenperature higher than
the tenperature of the steam and hydrocarbon feed being introduced into the
reform ng zone and using the flue gas to provide the heat for naking the
steamused in the reform ng stage.. [0015]. O her_ enbodinments wll he

descri bed herei nafd%FeW%@!F @tﬂeﬁaﬁy @@ﬁ@mmmwﬁ@s Py paid
Description of .Drawi ngs [0016] Figures la and | b are schematic illustrations
showi ng th%eclg’ggizg “t ef or mi ng and regeneration steps of pressure sw ng
reformng. [0017] Figures 2 to 4 are schematic illustrations of process
designs enploying pressure swing reformng in hydrogen nmanufacture. [0018]

Figures 3 and 4 ar(@)phesinglitraeaitved syuttigsit dRbIfahée(d)aba wabpgaggifis of the
i nvention. Detailed scription [0019] In the present invention pressure.

swi ng r ef oreactoy, toicenwiit ¢the €Y withsstsam ga €0 sagt Hel tiverdby ipsoduvimgya predicti t h t he
wat er gas shift reactor and_hydrogen separation to yield high pressure

hydr ogen. Heeamydtipincseased Hoji ng reforning is a recently discovered
process, the details of this process will be described first

(e) introducing the product stream of step (d) to a hydrogen separator
whereby hydrogen is separated therefrom and removed and a byproduct stream

is obtained;

(f) introducing an oxygen-containing gas into the second end of said

second zone; and

(g) contacting the oxygen containing gas with a fuel at a pressure
lower than said first high pressure and combusting the fuel within said zones
thereby reheating the first zone and creating a flue gas which exits through the

first end of said first zone.

[0014] In a particularly preferred embodiment the oxygen and fuel are
combusted under conditions sufficient to provide a flue gas at a temperature
higher than the temperature of the steamn and hydrocarbon feed being introduced
into the reforming zone and using the flue gas to provide the heat for making the

steam used in the reforming stage.

[0015] Other embodiments will be described hereinafter



with reference to the basic two step cycle of pressure swi ng reformng
diagrammatically illustrated in Figures |la and | b. [0020] Referring nowto
Figures | v@9bsfobssep first zone, or refornming zone (1),PE§)U§\&4@H2(\M' ng bed
refornmer, and a second zone, or recuperating zone, called a“syn SI's gas
heat recuperator (7). The beds of both zones wll include packing material,
while the reforming bed (1) will include catalyst for steam reform ng.
Though illustrated as separate refornind-and recuperating zones, it is to
be recogni zed that the pressure swing reform ng apparatus nmay conprise a
single reactor. [0021] As shown in Figure la, at the beginning of the first

step of t hBffTh&cripbii ®f T dhe reformng step, the reform ng zone (1)
is at an elevate PCT/ US2004/ 004269 -7 tenperature and the

recuper ati pg0mIne Kigurdssl adndlb aveschieamatier st gtiomaghowiag thebagioi ng zone
(1). A hydrocarbon-containing feed is introduced via a conduit (15), into a
first end r&fprming aed regeoeratiog siepscof{prepsaire sying réfosnn The hydr ocar bon
may be any nmaterial that undergoes the endotherm c steam reform ng reaction
i ncl udi ng nmet hane, petrol eum gases, petroleumdistillates, Kkerosene, jet

fuel, fuel Qi heat i n 11, diesel fueh and.gas 0il and,gasoline. .

prof er ably [Ty cPRRER2l0 4o SEmas SRR o bror 8B agTEm driiovips
rapidly b ﬂ{,@fﬂ dﬁm ihyi gfqgg ' duction into the reformng
zone (1). 5E>éfggﬁrera g%{ e s%llergﬁfvm ngig&glrﬂgg@%fp' in proportion to the
hydrocarbon in an anount that results in a steamto carbon rati o between
about | and about 3 (considering only carbon in the hydrocarbon, not carbon
in CO or Ci#0IjeciEgurdsitaanddardHopr diagras ilGe2afhg Ritesndte ethbwdimentspi cks up

heat fromthe bed and is converted over the catalyst and heat to synthesis
gas. As thpEihgtiaNeptiQReeds, a tenperature profile

Detailed Description

[0019] In the present invention pressure swing reforming, in which synthesis
gas is produced, is integrated with the water gas shift reactor and hydrogen
separati.on to yield high pressure hydrogen. Because pressure swing reforming is
a recently discovered process, the details of this process will be described first
with reference to the basic two step cycle of pressure swing reforming

diagrammaticaily illustrated in Figures 1a and 1b.

[0020] Referring now to Figures la and 1b, a first zone, or reforming zone
(1), called a swing bed reformer, and a second zone, or recuperating zone, called
a synthesis gas heat recuperator (7). The beds of both zones will include
packing material, while the reforming bed (1) will include catalyst for steam
reforming. Though illustrated as separate reforming and recuperating zones, it is
to be recognized that the pressure swing reforming apparatus may comprise a

single reactor.

[0021] Asshown in Figure la, at the beginning of the first step of the cycle,

also called the reforming step, the reforming zone (1) is at an elevated



(23) is created based on the heat transfer properties of the system Wen
the bed is designed with adequate heat transfer capability, as described
her ei n, thi(ﬁ profile has a relatively sharp tenperature_gradi ent, which
gradi ent W P8R across the reformng zone (1) as thepgf’gﬁz"m’%é@ds.

[ 0023] Synthesis gas exits the reform ng bed (1) through a second end (5) at
an el evated tenperature and passes through the recuperating zone (7),
entering through a first end (11) and €kiting at a second end (9). The
recuperating zone (7) is initially at a |lower tenperature than the

reform ng zone (1). As the synthesis gas passes through the recuperating

zone (7), %ﬁh@ | | : &S, I ng the

t enper at urtetg%Pét e %ﬁ?hgzi%dfgﬁat‘f’%)ﬁ&a@ liﬁifsecoﬁgﬁfgﬁaﬁﬁ%@gﬁmﬁ?égh S

appr oxi mat Qéﬁbrhﬁ? g8fi® (1S aydidtafb @b cdbid@inih g §enEis dhirodudedeaaniondditc ed
during the second step of thé cycle via conduit (19) (e.g. from about 20C
to about 6@D%), intes: fitet enl (B hekihe rgfrming zone 1) along wath/ e 20 e 8644

PCT/ US2004/ 004269 -8 recuperating_zone (7), a tenperature gradient (24) is
created andydpecasber mryde anyematezial dhattundgraansdhe md@bﬁnwga%w@ step. [0024]

At the point, bet { the t t di ents h
Cubst ant | aPPiPPRERGEchE ThPEE MELDSRaP TS A ERSRY RO ARG Sone. (7).

The zones L, Z: -t r.adi C ' onpar abl e
ime duri ndcreReRERR, fup0bi He et ks UGB TR AR fadoln8oT07 O0 2
the high reafeeAtty lﬂh@h?dh%chfbﬁnr@ﬂpbéna &aRembtetial or 8he WNEH AN eAFIHLY €,
except for the tenperature gradient that exists near the exits of the

respect i ve beooms . subbtantidldéyrpaseaus nponfintroductédomnd e refomning)zonedl ).t he inl et
enﬁp(B) has now been cooled to a tenperature that approaches the
t enper at ur Ereferably, thedtessamilberpresent inproprtiopde thehydiocaghoriia agondui t  ( 15)

(e.g. from about .20C tq about 600C). .[0025] .In the practice of essure
swing ref oﬁm%ﬁl& ﬂi‘a(r%é'raﬂﬁ%l@ afteup 31‘3?{%’“ b betwean abodt 1 anid about’S

(considering only carbon in the hydrocarbon, not carbon in CO or CO, species

that may be present).

[0022] This feed stream picks up heat from the bed and is converted over the
catalyst and heat to synthesis gas. As this step proceeds, aitemperature profile
(23) is created based on the heat transfer properties of the system. When the bed
is designed with adequate heat transfer capability, as described herein, this
profile has a relatively sharp temperature gradient, which gradient will move

( across the reforming zone (1) as the step proceeds.

[0023] Synthesis gas exits the reforming bed (1) through a second end (5) at
an elevated temperature and passes through the recuperating zone (7), entering
through a first end (11) and exiting at a second end (9). The recuperating zone
(7) is initially at a lower temperature than the reforming zone (1). As the
synthesis gas passes through the recuperating zone (7), the synthesis gas is
cooled to a temperature approaching the temperature of the zone substantially at
the second end (9), which is approximately the same temperature as the_
regeneration feed introduced during the second step of the cycle via conduit (19)

(e.g. from about 20°C to about 600°C). As the synthesis gas is cooled in the



means for determning the end of the reform ng step. Toward the end of the
reformng step, the tenperature at end (5) of the reformng zone is reduced
and consegyesifoyscihe refornmng perfornance deteriorates E?lﬁ‘ﬂm@ﬁ @g&; abl e
conversion efficiencies. Reform ng perfornmance, as used Eere In, ers to
the conversion of feed hydrocarbons into synthesis gas corrponents of H2, CO
and CO2. The term percent conversion, as used herein, is calculated as the
percent conversion of the carbon in f edd hydr ocar bonaceous species into
synthesis gas species of CO and CO2. The term unconverted product

hydr ocarbons, as used herein, refers to product hydrocarbonaceous species
that are nedcup¥ritingsichedd até@ﬂ?lﬁﬁ afiert424) (SRramed @ad motesscrbypi cal |y
i ncl ude product met hanequ wel | Fred h§dr2)car bons and t he cracking
product s otha‘leedpmﬂngmnb((ﬁ};duﬂhgthlsefeprm ng step ends when the reforning
performance deteriorates to a level that 1is below acceptable limts. In
practice, optim zation of the overal | reformng and synthesis gas

utilizatio ces tate a desjred aver.aged, | evel

ref orm ng Mir S|‘€hm ﬁf’t%e ey tFB}PSFg‘Iﬁ? e grafl h8 %WV@F‘Sl on is WO
2004117864 }Hﬁip%% el ably
greater thg%ﬂag%{’ t?’% ?ﬂrﬁng&ehggr)le%htcg@%?hgﬁrp%gﬁﬁt?g{%%? fliue point in
time at whighestde siz%fi%brﬂlﬁﬂm%t ?Edie%tsem@ed acARs both é&lﬁPm‘iﬁl@ﬁhﬂrdlﬂfng he
reform ng step, may be chosen {a) as a response to the tine- varying

per f or manc éhecdbovbereforfringstepd UFhenceoapefatingfaonsi(MYissiep at the kigh based on
overall (time-averaged) performance or the system or (c) fixed as a

constant  fSRRATATIAY asdélpe mfpamnngoner{ ém)@tdpﬁewmnmmgtemabfordh@ feature
of the operatlon I S r@ edthat cor ed to t.he refor

per f or manc¥ H%P%‘f%’aﬂc E/emﬁ'é%?aﬁ St(? e IeRpgCH e gppes. egr CO, oF
al ternat | Vtéré{ e?'?n 2 BF en%gfgrm%ﬁbﬁs(tl%lelgﬁ' ﬁ@%&%&{%ﬁﬁsﬁ&@b@@ﬂcgﬁedﬁ the

ref orm ng

to a temperature that approaches the temperature of the hydrocarbon feed that
has been entering via conduit (15) (e.g. from about 20°C to about 600°C).

[0025] In the practice of pressure swing reforming, there are alternative
means for determining the end of the reforming step. Toward the end of the
reforming step, the temperature at end (5) of the reforming zone is reduced and
consequently the reforming performance deteriorates below acceptable
conversion efficiencies. Reforming performance, as used herein, refers to the
conversion of feed hydrocarbons into synthesis gas components of H,, CO and Lo
CO,. The term percent convei'sion, as used herein, is calculated as the percent
conversion of the carbon ih feed hydrocarbonaceous species into synthesis gas
species of CO and CO,. The term unconverted product hydrocarbons, as used
herein, refers to product hydrocarbonaceous species that are not synthesis gas
components of H,, CO and CO,. These typically include product methane, as
well as feed hydrocarbons and the cracking products of feed hydrocarbons. The

- reforming step ends when the reforming performance deteriorates to-a level that
is below acceptable limits. In practice, optimization of the overall reforming and
synthesis gas utilization process will dictate a desired, time-averaged level of

reforming conversion. That time-averaged level of reforming conversion is



present invention, the reformng step is ended when the tenperature at the
end (5) of the reform ng has decreased to a pre-selected tenperature

bet ween about 700C and about 1200C. In enbodi ment (b), the reform ng step
dur ation Y40 284{97%*d based on a measured feature that rBEFESIWHONADVer al |
(tinme-averaged) performance or the system This nay be an average product
conposition such as CH4, H2, or CO In one enbodi nent the present

i nvention, the reform ng step durationgi.s adjusted based on the

ti me-averaged concentration of CH4 in the product, using control strategies
known in the art to shorten or |lengthen the duration to achieve a

predet er m ped t.arget a t. dn preferred odi nent he, target CH4
anount is E@%]C%!fy %?aée%ﬁm gﬁ%gtpr?fgﬁqbgggmagerbmg%?gﬁo@psﬁ%e blszout 15%
of the hydgpé‘#é na s feed carbon. In case (c), the reformng step
duration iS o rﬁpxegg%e{ngth, at a value that is predeternmined to be
acceptable for the space velocity of the operation. In one enbodi nent the
present invention, the reformng step duration is fixed at a duration

bet ween ap@d26]0. IThepohndn kiessattwbich dhordfoffinpestep dsemded, pné tlusthey bet ween

about 1.0 .and 30 seconds. WO 2004/ 078644 PCT/ US2004/ 004269 -10 [0027]
After the gyrativafthgzefarming plepciay be chosen €3)as amsponse oithy tike-t he second

A1 S ¢ nevBgub BPABFBARY B 35 rdrer e 2560 2P oRe Sbanor (R afea o
FLgure | boybatl GR N LAOLYSEOHAIRE S Y Gkl BERD LN feaigainer ot o

bed (7) to or ner n so enperature gradients 25
and 26 noveefeehifSstep dardRAS B dthbédiment P at RagPeRsfehfird iof ¢d b?éfﬁtibﬁ
gr("stdl ents 23 and 24 during reformng. In’a preferred enbodi nent, an

oxygen- conisinonitgregiathabisccdiredhted te the reforminggerformance o Adis featuir®)maynt o t he
second end_ (9) of the recuperating zone (7). This m xture flows across the
recuper at i R§ 2KOMPQsHyom perh- bl éz, or CO, or alternatively a temperature, such as

the temperature at the end (5) of the reforming bed. In one embodiment of the

present invention, the reforming step is ended when the temperature at the end
(5) of the reforming has decreased to a pre-selected temperature between about
700°C and about 1200°C. In embodiment (b), the reforming step duration is
adjusted based on a measured feature that reflects the overall (time-averaged)
performance or the system. This may be an average product composition such as
CH,, Hy, or CO. In one embodiment the present invention, the reforming step
duration is adjusted based on the time-averaged concentration of CH, in the

( product, using control strategies known in the art to shorten or lengthen the
duration to achieve a predetermined target CH, amount. In a preferred
embodiment, the target CH, amount is set at an amount that represents between
about 1% and about 15% of the hydrocarbonaceous feed carbon. In case (c), the
reforming step duration is of fixed length, at a value that is predetermined to be
acceptable for the space velocity of the operation. In one embodiment the
present invention, the reforming step duration is fixed at a duration between
about 0.1 sec and less than about 60 seconds and preferably between about 1.0

and 30 seconds.



substantially at the interface (13) of the two zones (1) and (7). In the
present invention, the conbustion occurs at a region proximte to the

i nterface he recuperation zone (7) and the reform ng zone (1). The
term "regfv(%)’r?'og@gg'({l&rrat e", in the present invention, rrear?§"‘t"l"|§"‘i“é‘?3'r‘ of the
PSR beds in which regeneration step conbustion will achieve the foll ow ng
two objectives: (a)the heating of the reform ng zone such that end (5) of
the reform ng zone is at a tenperaturel®t at |east 800C, and preferably at
| east 1000C at the end of the regeneration step; and (b) the cooling of the
recuperation zone to a sufficient degree that it can performits function
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of the recuperation zone (7), and can include fromO0%to about 50% of the
vol ume of tclaled dicoregeneradonsteplbegihn FThe pegeheratioh stepodiuseateddh Rignerepr esent
i nventi on, %r;rgater than 90% of the regeneration step conbustion occurs in a
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recuper at i mgradured(via a céhteiti{d9) ied yhe sdvondfendl (9n0f tlxsegaperatng aoneng gas
(19) streans may be mxed at the open-end (9) of the recuperating zone (7)
and travel (Yhrbhigimixbaefines agross theotesupernting gong (7 bandicembiistshe zones (13).
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invention, the combustion occurs at a region proximate to the interface (13) of

the recuperation zone (7) and the reforming zone (1). The term, "region
proximate”, in the present invention, means the region of the PSR beds in which
regeneration step combustion will achieve the following two objectives: (a) the
heating of the reforming zone such that end (5) of the reforming zone is at a
temperature of at least 800°C, and preferably at least 1000°C at the end of the
regeneration step; and (b) the cooling of the recuperation zone to a sufficient
degree that it can perform its function of accepting synthesis gas sensible heat in
the subsequent reforming step. Depending on specific regeneration L
embodiments described herein, the region proximate to the interface can include
from 0% to about 50% of the volume of the recuperation zone (7), and can
include from 0% to about 50% of the volume of the reforming zone (1). Ina
preferred embodiment of the present invention, greater than 90% of the
regeneration step combustion occurs in a region proximate to the interface, the
volume of which region includes less than about 20% the volume of the

recuperating zone (7) and less than about 20% the volume of reforming zone (1).

[0028] The location of combustion may be fixed by introduction of one of the

combustion components, e.g., the fuel, at or substantially at, the interface of the



Fuel and oxygen conventionally require a tenperature-dependent autoignition
time to conbust. In one enbodi nent, the flow of a non-conbusting mxture in
a first regeneration will set the tenperatur flle in the
recuper at %%g’g%sgi(?) such that the zone is not hot eno ﬁ%ﬁ 7(901’%?6[% unti |
the m xture reaches the interface of the zones. [0029] The presence of
catalyst in the reform ng zone can also be used to initiate conbustion at
that |ocation, and a space between the Yeforming and recuperating zones can
be added and deS|gned to further stabilize the conmbustion process and
confine the conbustion to the area proxinmate to the above descri bed

i nterface. tWdzogds @BYIWEIe BEGEEMBOhpohéiR, EQCahé Gﬂygén—@@ﬁﬂaﬂﬁhlgl @hs byl | xed by
mechani cal design of the recuperatlng zone. in this design, e fuel and
oxygen- cobd mitrodugedastherfirst emd €9) ofihe iracupEpating somch@)nellsergativelyhthen) |

whi ch prevent conbustion until the feeds conbine at the interface of the
zones (13)fuchand paygen-gentaining gps 4k sienames may ﬂvstmsqed\@i)the)@p@ -erd yst in
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conposi t i diugrmhdrerygen conpaitidnally jequadjaustupdrawrendspendefit auteignithgor ti on of
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the interface of the zones.

[0029] The presence of catalyst in the refoiming zone can also be used to
initiate combustion at that location, and a space between the reforming and
recuperating zones can be added and designed to further stabilize the combustion
process and confine the combustion to the area proximate to the above described
interface. In yet another embodiment, the location of combustion is fixed by
mechanical design of the recuperating zone. In this design, the fuel and oxygen-
( containing gas are travelling in separate channels (not shown), which prevent
combustion until the feeds combine at the interface of the zones (13). At that
location, flame holders (not shown) or a catalyst in the reforming zone will

ensure that the combustion occurs.

[0030] The combustion of the fuel and oxygen-containing gas creates a hot
fluegas that heats the reforming zone (1) as the flue gas travels across that zone.
The fluegas then exits through the first end of the reforming zone (3) via a
conduit (27). The composition of the oxygen-containing gas/fuel mixture is
adjusted to provide the desired temperature of the reforming zone. The

composition and hence temperature is adjusted by means of the proportion of



conponent of the m xture. When the hot fluegas reaches the tenperature
gradient within the refornmer, the gradient noves further across the bed. The
outlet te . f the fluegas will be substantially

t enper atuﬁgﬁoz?&"l’l{-[ﬁsé‘gr eformi ng zone (1) near the inlet eng%?%s_zﬁoi{oﬁl{iﬁ%

begi nning of the regeneration step, this outlet tenperature wll be
substantially equal to the inlet tenperature of the reformng feed of the
preceding, reform ng, step. As the regéﬁeration step proceeds, this outlet
tenperature will increase slowy and then rapidly as the tenperature

gradi ent reaches end (3), and can be 50-500C above the tenperature of the
reforming fembiaribld1® wow-cofbubBbBRRIoNEBHe hikrife RiasiangsleChofr essur e
swing reform ng, there are alternative neans for determ ning the end of the
r egener at i aonshsgbleTpases syeheas &,0H1C0Q4, epd Nenctm bdaddegltbfthe meixttudedat has been
supplied or conveyed to the reformng bed to enable the carryjing_oqut of the
ref or ni ng Jeeice qirebpssion temparatyze.aln dprfpred emhodgwant aonorpBbagible ended,
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as 02, CH4,outiet temipszature of thoflucgdzewill be sylestaitially asqual tathd feenperames of ur e at
the end (3) of the reform ng bed. |In one_enbodi nent of the present
i nvent i on, theefoagingzend dn neaethe iplesgadd3).whé the beginaingeofather e at the end

(3) of the reform ng bed._has increased to re-. selected t eratyre
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the syst emreddtietaticipétep Pro®eeds, this outlet temperature will increase slowly and then

rapidly as the temperature gradient reaches end (3), and can be 50-500°C above

the temperature of the reforming feed by the end of the step.

[0031] In the practice of pressure swing reforming, there are alternative
means for determining the end of the regeneration step. The regeneration step
ends when sufficient heat has been supplied or conveyed to the reforming bed to
enable the carrying out of the reforming step. The point in timne at which the
regeneration step is ended, and thus the duration of the regeneration step, may be
chosen (a) as a response to the time-varying performance of the PSR during each
regeneration step; or (b) based on overall (time-averaged) performance or the
system; or (¢) fixed as a constant regeneration step duration. In embodiment (a),
some feature of the operation is monitored that is related to the regeneration
performance. This feature could be a composition such as O,, CH,, H;, or CO,
or could be a temperature such as the temperature at the end (3) of the reforming
- bed. In one embodiment of the present invention, the regeneration step is ended
when the temperature at the end (3) of the reforming bed has increased to a pre-
selected temperature between about 200°C and about 800°C. In embodiment

(b), the regeneration step duration is adjusted based on a measured feature that



be an average product conposition such as CH4, H2, or CO or sone other
system neasurenent. |In one enbodi nent of the present invention, the
regener at |‘9§2§6&?8%at|0n i s adj usted based on the time- averaged
concentrat' on in the product, using control straf&G{USSMRAGRE i n t he
art to shorten or |engthen the duration to achieve the target CH4 anount.
In a preferred enbodinent, the target CH4 anount is set at an anount that
represents between about 1% and about-1%% of the hydrocarbonaceous feed
carbon. In enbodinment (c), the regeneration step duration is of fixed
length, at a value that is predetermned to be acceptable for the space

! egener ?%%ﬁgﬁse%%d{i‘%{?ﬁiﬂﬂﬂi%a‘?&%%%ﬁ% bifgfite b he L BRIBL RN Sy Cong
and about oBt E6pakiibn bnds BOCHECEOIVECO, Rrdbluetinihese cases
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respect to regﬁmattmmtepfdumncm isadjustedbbased iomethe tipg-avernped. conaerration: her
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[0033] In pressure swing reformng the two steps of the cycle are conducted
at “di f f er eff¢), ﬁmmganwtwmsatp deratiphés pbfiseddengtlstatm vaJue yhytasl |y carried out

at higher pr ssures n the re eration step, reform ng step
pressures PRRSTHBR4 VEPD GMRITBE 8 HEPRss VoleEiyy. 23 gbe Opetationt I one
embodiment the present invention, the regeneration step duration is fixed ata

duration between about 0.1 second and about 60 seconds and preferably 1.0-30
seconds. In all of these cases, but particularly in embodiment (¢), it is preferable
to also adjust the regeneration flow rates to increase or decrease the amount of
heat added to the bed during the step - in a manner similar to that described with
respect to adjustment of duration in embodiment (b), above. In a further
embodiment of the present invention, the regeneration step duration is fixed at a
duration between about 1 second and about 60 seconds, and the regeneration

C flow rate is adjusted over time so that the time-average concentration of CH4 in
the reforming product approaches a target CH, amount that is set at an amount
that represents between about 1% and about 15% of the hydrocarbonaceous feed

carbon.

[0032] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

[0033] In pressure swing reforming the two steps of the cycle are conducted
at different pressures, that is, the reforming step is typically carried out at higher

pressures than the regeneration step. The reforming step pressures range from



-14 about ten (10) atnospheres (absolute pressure) to about one hundred
(100) atnospheres. Regeneration step pressures range from about one

at nospher aybQoosRbgids twenty (20) atnospheres. Unl ess ot herWhiRSosifoflgs!
pressures are identified in units of absolute pressure. The pressure sw ng
Is enabled in principle part to the large volunetric heat capacity ‘

di fference between the solid bed packin mat eri al and the gases. [0034] The
space velocity of a systemis typically!éxpressed on an hourly basis as the
standard volunetric gas flowrate of feed divided by the volunme of catalyst
bed, called gaseous hourly space velocity, or GHSV. Space velocity can also
be defi ned abput %hr(&opﬁuﬁds@hlamrﬁ@bmm%ﬁ@mmwabm dnedtlindfed eX00jef i ned,

the GHSV for a nethane feed would be the standard hourly volunetric gas flow
rate of netawansphtires.didgineratien biep pressimes rapge demu aboueons atthespheratospace
velocity, abbreviated as CLGHSV, refers to the space velocity aof an

hydr ocar bor@PPREIVGALY Q) W%P@%aiﬂ@?ﬁ@%@@ﬁ? Sgﬂ’&@d,tﬁréf’%@é? %T@ddF@é‘;éeci ate is
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havi ng an ty, I DG; us fl ow
rate of 1, %%@gﬁyoﬁﬁé%ﬁg H%%Fg{ﬂabcglér %%F%{%ebe?g?é{ FH(,)‘X'd %g]\f@s %@E%gtgggvel ocity
of 7,000. ThiteriddddiheigaBed.s based on feed flow during the reformng step
and wherein the bed volune includes all catalysts and heat transfer solids
in the reform ng and recuperating =zones. [0035] In pressure sw ng
reform ng, the space velocity, CIGSHSV, typically ranges from about 1,000
to about 50003 [ ‘Thaepacervelogitypbasysteanisdapically expressed ensni haprhef or mi ng
i s conducted . under be cking.and space vel ocity..condi.tigns that ovi de
adequat e h%&iﬂs a8 ehgtpgaaxﬁgw{cgg{n%gc gﬂ%ﬁg@f B@ie 2@&%‘2’)‘“&1 g’a‘?y &"a‘ﬁé‘fl@f" U -
parameter, c’%&ﬁs} bef caﬁfédv@fsgous hourly space velocity, or GHSV. Space velocity can

also be defined in terms of the hydrocarbon component of feed. As so defined,

the GHSV for a methane feed would be the standard hourly volumetric gas flow
rate of methane divided by the bed volume. As used herein, the term space
velocity, abbreviated as C;GHSYV, refers to the space velocity of any
hydrocarbon feed placed on a C, basis. As such, the hydrocarbon feed rate is
calculated as a molar rate of carbon feed, and standard volume rate calculated as
if carbon is a gaseous species. For example, a gasoline feed having an average
carbon number of 7.0 that i1s flowing at a gaseous flow rate of 1,000NL/hr into a
1.0L bed would be said to have a space velocity of 7,000. This definition is
based on feed flow during the reforming step and wherein the bed volume
includes all catalysts and heat transfer solids in the reforming and recuperating

Zones.

[0035]) In pressure swing reforming, the space velocity, C,GSHSV, typically
ranges from about 1,000 to about 50,000.

[0036] In a preferred embodiment pressure swing reforming is conducted
under bed packing and space velocity conditions that provide adequate heat

transfer rates, as characterized by a heat transfer parameter, ATy, of between



WO 2004/ 078644 PCT/ US2004/ 004269 -15 about 0.1C to about 500C, and nore
preferably between about 0.5C and 40C. The paraneter ATHT is the ratio of
the bed- a\wé oﬁ)al-dcjm”i c heat transfer rate that is needed for reformng,
H to the VOIURE heat transfer coefficient of the bBET/U§2004/00436
volunetric heat transfer rate that is needed for reformng is calculated as
the product of the space velocity wwth the heat of reformng (on heat per
C, volune basis). For exanple, H=4.9 cajgcc/s = 2.2 <cal/cc * 8000 hf 1/
3600 s/hr, where 2.2 cal/cc is the heat of reform ng of nethane per
standard vol une of rret hane, and 8000 is the C, GHSV of nethane. Wen the
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cordierite, alumnumsilicate clays, mullite, silica-alumna, zirconia and

the like t rfzft)nnng istcabdudated asthe pms‘lulcilof)tbﬁ spsce velocry veitlo the ln@t ofat al ysts
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Cu, La, Moref] ggm mheat per G yobyne Basis), T Ramnle, HrdSeeat/cots 2fed r ed
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communi cat Wienvdhedn2atidn ofréfermandiregenet@icd steps addthparably, dhie (dldd@pbfand a
hydr ogen separator, e.g., a pressure sw ng absorptlon unit, (132). A

hydr ocar boh wilkbte (:anp)aml:de ip thentmtchsteps. The volumetric heat transfer coefficient

of the bed, h,, is known in the art, and is typically calculated as the product of a

area-based coefficient (e g. cal/cm’s°C) and a specific surface area for heat

transfer (a,, e.2. cm?/ ) often referred to as the wetted area of the packing.

[0037] Bed packing materials suitable for use in the pressure swing reforming
process include cordierite, aluminum silicate clays, mullite, silica-alumina,
zirconia and the like that are stable to at least 1000°C. Suitable reforming
catalysts include noble, transition, and Group VIII components, as well as Ag,
Ce, Cu, La, Mo, Mg, Sn, Ti, Y, and Zn, or combinations thereof. Preferred
catatyst systems include Ni, NiO, Rh, Pt, and combinations thereof. These
materials may be deposited or coated on, or in, catalyst supports well known in

the art.

[0038] Turning to Figure 2, which illustrates one embodiment of the present
invention a pressure swing reformer (128) is in operable communication with a
high temperature water gas shift reactor (130) and a hydrogen separator, e.g., a
pressure swing absorption unit, (132). A hydrocarbon feed (112), e.g., methane,
and steam (114) are passed through the pressure swing reformer (128) for

conversion therein to synthesis gas. The synthesis gas (129) is fed to the high



and steam (114) are passed through the pressure swing refornmer (128) for
conversion therein to synthesis gas. The synthesis gas (129) is fed to the

hi gh WO 2QRe4@ {8y PCT/ US2004/ 004269 - 16 tenperature sp&{@ah@ﬁ%ﬂfg (130)

where the CO |l evels in the synthesis gas are reduced and additiona

hydrogen is produced (illustrated supra in equation 2). [0039] The
regeneration step of the pressure swing reforner (128) is carried out by

i ntroducing a fuel (135) and an oxygenﬂﬁbntaining gas (136), e.g., air, into
the refornmer (128) for conbustion therein. Typically the regeneration feed
will be at a tenperature in the range of about 20C to 600C and preferably

at 150C  t@nfiepsture HEfIREQBL (F30)0rh&¥The OO ldvedeiPperFhifbsil ghr@esures in
the range of ~ about 1 to about 10 bar, and preferably” i n the range of about

1 to aboutrefubsi and podiidhal nydrogerisproducedriitidstreed, supheirpeqetione2)s W ng
reformer is operated wth a regeneration feed (conbination of 135 & 136)
tenperature and pressure, and with swing reforner recuperating zone
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tenperat ur e
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range of about 1Cto out 40C. Typically regeneratio I'nl'et tenperatures

are in thebg stngengieratooelin 22Gange oBabBGUNE0°IT @UEOEC and pasferdbdypel 50T es of
about 220C to about 400C. High tenperature shift reactors are normally

oper at ed dpo 450°6x Thawegenenatien cytleawdlibe pperat:d at pisssures (the rangeof f or

exanpl e, operating,the essur.e s reformer w a regeneration inlet”
t enper at-urd oY éB%?P“E%@&%@HdW#F én%%eaqftag’%%ﬁ@@PHFéb@? about -
290C, which is a tenperature suitable for the shift reaction. [0041] In a
preferred enbodi nent, the reformng cycle is operated at a high

[0040] In a preferred embodiment, the pressure swing reformer is operated
with a regeneration feed (combination of 135 & 136) temperature and pressure,
and with swing reformer recuperating zone properties, including zone size and
packing ATyr, that result in a synthesis gas (129) temperature that substantially
matches the selected inlet temperature of the shift reactor (130). Typical
recuperating zone design will include a length that is in the range of about 25%
to 40% of the total pressure swing reformer bed length, and packing that
provides a ATyr in the range of about 1°C to about 40°C. Typically regeneration
inlet temperatures are in the range of about 200°C to 350°C with outlet syngas
temperatures of about 220°C to about 400°C. High temperature shift reactors
are normally operated at inlet temperatures of about 250 °C to about 400°C.
Thus, for example, operating the pressure swing reformer with a regeneration
inlet temperature of about 250°C can provide a syngas at a temperature of about

290°C, which is a temperature suitable for the shift reaction.

[0041] In apreferred embodiment, the reforming cycle is operated at a high
pressure sufficient to provide hydrogen after shift and separation at a high
pressure that at Jeast matches the pressure required for the intended use.

Typically the reforming cycle is operated at pressures greater than about 10 bar



pressure sufficient to provide hydrogen after shift and separation at a high
pressure that at |east matches the pressure required for the intended use.
Typi cal ly r ing cycle is operated at pressures greater than about 10
bar WD 208&4? ﬁ’?#g{i%‘g]a/ US2004/ 004269 -17 and pref er abl &%WUW%%%%S in the
range of about 10 to 100 bar. Wen the reformng step is executed at high
pressure, it may be desirable to include a brief period of inert purge at
the end of the reformng step to smeeplﬂenaining product fromthe void
fractions of the bed. In a preferred enbodinent, this inert purge is
conposed predom nantly of steam [0042] Additionally the hydrocarbon (112)
and steam férably AN ReNASESE the Rimiedt dbvmit1oferImy bdrl 20he@thed space
velocity (C1GISV) in the range of about 1000 to 50,000 hr-', nore

pr ef er abl yreforming stepgexetued athigtDp@shire, it mmapbbedesitdhl® @Pidvlude a pA6#3] | n
the enbodi nents herein utilizing pressure swing reformng the bed _packing

materi al epgyiaslebiinert purge at theeangd of-thg sefpsming stepgpisswwepsamaiming peodugtl e, in
appl i cati ons oduci nor e a 0Q kg H2/ hr, typically will be in.the form
01P phoneyco‘{‘]?ﬁmr%ﬁd'ioi“{l ﬁ%cgwas Q\}a&!e%o&“r?&%ﬁ?‘f%?%ﬂ%e alfus WEFLPYRE B hannel s
to mnimz Uy nahl e greater reactor length. Preferred

Sob RO AR bR, c

honeyconb 1D present” i nvention will have channel densities
that range from about 100 cells/in2 to about 1600 cells/in2 (15 - 250
cells/cnm2).In smaller scale operations, nore tortuous packing, such as foam
monol i t hs [@9d2] padidditibralby tdeyhydeocarbbnYEIR) dirdedtesnad 14 pfoedrapephisells for the
present invention will have pore densities that range from about 10 ppi

(por es perthrough thetrefarme 128)08 @i spage ¥olossydaAHS V) &i thermraagpatreentbeds f or
t he prese .nvent i w1l have packing with specifi rfjace, area that
raﬁge froﬁ%‘iﬁ’tgﬁké@g - JIpre prgbeggglyzlg C gy Qﬂtéﬁoﬁﬁr)’ to about

25,000 hr, - |

[0043] In thg: embodiments herein utilizing pressure swing reforming the bed
packing material employed in relatively large volume applications, for example,
in applications producing more than 100 kg Hy/hr, typically will be in the form
of honeycomb monoliths and wall-flow monoliths, which have straight channels
to minimize pressure drop and enable greater reactor length. Preferred
honeycomb monoliths for the present invention will have channel densities that
range from about 100 cells/in® to about 1600 cells/in® (15 - 250 cells/cm?).In

( smaller scale operations, more tortuous packing, such as foam monoliths and
packed beds may be employed. Preferred foam monoliths for the present
invention will have pore densities that range from about 10 ppi (pores per inch)
to about 100pp1 (4-40 pore/cm). Preferred packed beds for the present invention
will have packing with specific surface area that range from about 100 ft” to
about 2000 ft™ (3.3 - 65 cm™).

[0044]  As stated, the synthesis gas (129) is fed to the high temperature shift
reactor (130) where the CO levels in the synthesis gas (129) are lowered and
additional hydrogen is produced. The high temperature shift reaction is a

process well known in the art. Typically, the process is conducted in one or two



[0044] As stated, the synthesis gas (129) is fed to the high tenperature
shift reactor (130) where the COlevels in the synthesis gas (129) are

| ower ed aRrgp 2@ddhddspnal hydrogen is produced. The high t@gﬂﬁfsﬂowoﬁtziwi ft
reaction is a process well known in the art. Typically, e process is

conducted in one or two WO 2004/ 078634 PCT/ US2004/ 004269 -18 stages at

t enperatures of about 250C to about 400C in the presence of an iron

oxi de- chromi um oxi de catalyst. Typicalt}8-the refornming reaction is carried
out wth sufficient excess of steamto satisfy the needs of the shift
reaction. The shift can include a second, |owtenperature, stage, having

0l et t enpeatikAnilerd i of aEBRPSS0% bR A00E! B 8 orbdie F ahiftheal | ¥

copper oxide~- zinc ox supported on alum na. |ndeed, a secon

t enper at ur exgle-dHroftiem oxide cafatysted ypheillyCR refsrhingheacttmpiseededsun
product. In any event, the product gas stream (131) is then passed through

a hydr ogenwsthpmfficiemt €233} of isteam tasatisfy the pesldsi ofghe dbift yeacoon. Tie shifther e
everything in the gas stream (131) but hydrogen is adsorbed. The ?a/drogen
(133) exi t Fayinchedesa second, wuamperatere, stage Davypg delgt teanpagatuges of 150 to
redeterm | gh pressure based.on th ressure.at which.the refornn

yel e vas2oits Aty Plb iRt i By PreoRif LB BRide Smroreeg | <
desorbed o b rd ' [ : [ rovi de a
pur ged gaans Foan ?ﬂ§§§d’%§ﬁgg}§%ga‘?3§@?gl lyélﬁﬁfc}g?légj l\?\nrﬁt}ﬁﬁﬁl;egr‘gg%ﬁne 20045]
Hydrogen spn@iticeovéredanal sadest. tIkainyeenbethe pedudt ghb etrda@g@nl) isi nventi on

I ncl ude absorption processes, cryogenic processSes, pressure- and

t enper at ur theavpasgecattsough a duydpogenesepasatend 329be. an pressprer swingradsomptiEns es.
Absorption processes typical l;;lX utilize anmi nes oqr potassium carbonat e-based
P

sol uti ons WBit Whese svemphingin sho gay sreasy (Lbdbntiuideogamis adsarhsden ke par at or-
Siveams: paaligeh (EaDi e IR R B R e i ¥ Shange o
predetermined high pressure based on the pressure at which the reforming cycle
was operated. As is known in pressure swing adsorption the bed is desorbed of
adsorbed materials by depressurization and purging to provide a purged gas

stream (134). Purging typically is done with hydrogen.

[0045] Hydrogen separation technologies that may be used in the present
invention include absorption processes, cryogenic processes, pressure- and
temperature-swing adsorption processes and membrane separation processes.
Absorption processes typically utilize amines or potassium carbonate-based
solutions to remove CO2. In a preferred embodiment, the hydrogen separator
(132) is a pressure swing adsorption separation system. Figures 3-5 sﬁow
streams passing from one block to the next without any heat exchange or
conditioning. Indeed, an advantage of the present invention is that pressure
swing reforming syngas effluent (129) conditions can be tuned to require no
conditioning prior to introduction into the shift reactor (130). However, it is
understood that conditioning as is known in the art may be applied to these
streams. For example, heat exchange may be applied to adjust temperatures.
The separation step (132) generally requires synthesis gas at conditions different
from the exit conditions of the shift step (130). In a preferred embodiment,



condi tioning. Indeed, an advantage of the present invention is that pressure
~.swi ng reform ng syngas effluent (129) conditions can be tuned to require no

condi ti oniyg@ileRdesd © I Ntroduction into the shift reactop. ,iljgﬂ’}mmhi?&ever, it
Is wunderstood that conditioning as is known in the art may bé applied to

" these streanms. For exanple, heat exchange may be applied to adjust

tenperatures. The separation step (132) generally requires synthesis gas at
conditions different fromthe exit contHtions of the shift step (130). In a
preferred enbodi nent, WO 21104/ 078644 PCT/ US2004/ 004269 -19 synthesis gas
(131) exiting the high tenperature shift is cooled and dried prior to

i ntroduct i omhadi@ ghl €1 PHESHME HENIBE taHB6aRIre ARift 1ERo0l8F ahd kB WRior o t he
art. [004%?1The F%?gfﬁpng i#?et sgrean?is conp%sed é%a%y rocarggk (112) and

st eam ( 114jntroduesiondhiccheproRirdewigedtisatpibn tegnis ik &nelvnl ihahe ba.
economcally achievable with heat avail abl e around the process. Typically,
the steam (114) w il be avail able at about the boiling tenperature that

feet o Pondfodddn; Sﬁr@eﬁ{q‘%&%ﬁﬁgf k&%&%‘%eﬁn%%%é‘éabfﬂmﬁq%ﬁ#%%ﬁaiﬁg dé"f |§°°°
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tradeof f i g-meliblk WA hidt &vBfablR" emﬁiﬁdle&ﬁacgaﬁaqm%y%@m 91%3(1%!43' led in

the art for any given situation o capi tal cost. e ihcom ng

reform ng &k oe dvaitableait ubsustit boilioyempdratiiré tlei cohespeihabaher e of the
outgoi ng fluegas (137). However, the tenperature of the outgoing fluegas is

al éo st r onptegsunefdfurefrrower lopetation, tymeadha2NE thAP0W &M aste heattihe ref or mi ng
section of the bed ( at the end of the _reformng step. That remnai ning
t enper at ur &/RiGAlSE a\tﬂ%%ﬂ that th%@dh%ye%wm&{q?é@ t Graperafines in thg range

ProsoUr e GESNRRREANE S kI e LSRR bR s e e
efficiency at a cost of added heat exchange. This tradeoff is well known in the
art, and can be optimized by one skilled in the art for any given situation of
capital and energy cost. The incoming reforming feed temperature sets a-lower
limit on the temperature of the outgoing fluegas (137). However, the
temperature of the outgoing fluegas 1s also strongly influenced by the
temperature that remains in the reforming section of the bed (1) at the end of the
reforming step. That remaining temperature is strongly influenced by the
kinetics of reforming, the pressure, and space velocity. Under the conditions

(\- described herein, the flue gas (137) will be at temperatures in the range of about
400°C to about 500°C.

[0047] In one embodiment of the invention the regeneration is conducted
under conditions sufficient to provide a flue gas at a temperature in the range of
about 400°C to about 500°C. In this embodiment shown in Figure 3 the flue gas
(137) is used in steam generator (138) for making steam (114) used in the feed
during reforming. After generating steam the flue gas (140) exits the steam

generator (138). This flue gas may be used, if desired, to power a turbine (144).



400C to about 500C. [0047] In one enbodi ment of the invention the
regeneration is conducted under conditions sufficient to provide a flue gas
at a tenp W18y t he range of about 400C to about 50 |

enbodi mantW(";1 dg"v\’ﬁm‘i(%‘ Figure 3 the flue gas (137) is usedpﬁifué{bgggryl%ﬁegner at or
(138) for making steam (114) used in the feed during reformng. After
generating steamthe flue gas (140) exits the steam generator (138). This
flue gas may be used, if desired, to pedr a turbine (144). WD 2004/ 078644
PCT/ US2004/ 004269 -20 [0048] In another enbodi nent shown in Figure 4 the
purge stream (134) is introduced as fuel (135) for regeneration of the
pressure sy r ef S&im gﬁ@q FH0U f purge
(134) is rg(l))%lﬁ;l]y e%llrja ﬂg%ﬂ%}ﬂg anoé&frtl'?ﬁsg?q?l]fg (135 %rggggefor ?gzgie)sneration.
I n ot her eifrestivredtas . fush(1853 éssregbngration of niry plegsirerswiad reformepr nluae f uel
gas stream (145) or an insufficiency of pur% may be made up with an

addi ti onal prefetred endodineat)the pomea] of purged gﬁbisd:rqmghiy equal e thy amennt
e prent. oFfT Gl Ry b T e RSN oS SRR o i
t hat to_drj ' I . ln.ol nbadi f th
present 1 n VeI PiiEed f Bt el Rnlls b, 43T op Al ASHROEERSY BBt (o
provi de fop,d fvad ug)ov%{th%h a@fbdﬁﬁ@aq%éq.sglegﬁgﬁq)an enbodi ment the pressure
erably a

of PSR regeneration is pre rom about m To about 10 atm
(absolute). [00501 In another enbodi nent of the present invention, this
bl ower - expander function is provided by integrating the PSR regeneration
system wi t [0@d%Jas IntenerembodiBaenttadtht presenipiavantoh she aimbi 43)sshogvminr t o

noderate pressure (7-30 tnm), compusting a fractign of that air with fuél
such t hat F@H@&mmw@@%%ﬁm& @blpwgﬁaqemwt The yrhiag cxpPaRdsTeat ed t o~
elevated t ‘Efﬂf’zﬁ[ # iHseus%%E)gﬁﬁ §9c009er work energy that may be used to drive the air

blower. In one embodiment of the present invention, this blower-expander pair

- is mechanically coupled to provide for improved cost or efficiency. In such an
embodiment the pressure of PSR regeneration is preferably from about 2 atm. To
about 10 atm. (absolute).

[0050] In another embodiment of the present invention, this blower-expander
function is provided by integrating the PSR regeneration system with a gas
turbine. Gas turbines operate by compressing air to moderate pressure (7-30
atm), combusting a fraction of that air with fuel such that the combined stream
of air and combustion product is heated to elevated temperature (900-1300C),
and then expanding the combined stream in a turbine resulting in mechanical
power sufficient to drive the compressor and have residual power that may be
used for electricity manufacture or other purposes. It is known in the art that hot
compressed air can be withdrawn from gas turbines, used in outside processes,
and returned with some composition and condition changes to the turbine to

fulfil its role as combustion diluent and expansion fluid.

[0051] Insuch an embodiment, the regeneration fresh air (142) is provided as

air that is extracted from a gas turbine, and a fraction of the regeneration flue gas



and then expandi ng the conbined streamin a turbine resulting in nechani cal

- power sufficient to drive the conpressor and have residual power that nay be

used for jeity manufacture or other purposes. It i in.the art
t hat hot w(g%%;lg‘éyé‘d air can be withdrawn fromgas tur bi'f%@%\@é@q(’% out si de

-~ processes, and returned with sonme conposition and condition changes to the

turbine to fulfil its role as conbustion diluent and expansion fl uid.
[0051] In such an enbodiment, the regerdration fresh air (142) is provided
as air that is. extracted froma gas turbine, and a fraction of the
regeneration flue gas WO 2004/ 078644 PCT/ US2004/ 004269 -21 is returned to
the gas tuhepgnéd@td e gds diling a6 Al B easnasine meeds Rifiomith@fondi | uent and
expansion fluid. In this enbodi nent, the pressure of regeneration in PSR
wi || pref edikidnt and dxpansiahdiuid.7 Imthis efbodiment, #ke ptessurealiveferieedtiondm shown
in Figure 4, the regeneration flue glas may be cooled prior to its return to
the t ur bi nRSRswidl predenablinbe frosm albeh/ atnp)Lo abeuir A hatmv.dpbsoluted.r 46t i on of
stream (1 78 may._be returned to t.he_turbine
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the steanncgeyeledt(@41§.138} gas turbimeqpaver(didpht tnaythecusetdas soproduéeng
reformer (128). This recycling of sonme flue gas w || reduce the anount of

fresh air ¢leesityaordo poyerrdhe elestial eng geiver needscobibe. ovieodbpioctste Thae egoi ng

di tg h b i bed i ti i th i mpl e, |
e or mor - CRsiek GF 5% PorbimecteRtls GrRas: of Sl PEpss SRR RIS or ot
beds are usasred FUPSATNIR G powetih nyBfgel Produst €M ! S

[0052] In another embodiment shown in Figure 4, Flue gas (140) from the
steam regenerator (138) is recycled (141) to the pressure swing reformer (128).
This recycling of some flue gas will reduce the amount of fresh air needed and

reduce excess oxygen in the bed.

[0053] The foregoing embodiments have been described in connection with a
simple pressure swing reformer; however, in alternate embodiments two

(. pressure swing reformer beds are used simultaneously such that one system is
reforming while the other is regenerating. This use of multiple beds provides a
continuous flow of reformed product to the shift reactor notwithstanding the
cyclical operation of each bed. Appropriate valving is used to control the

various streams flowing to and from the beds.

[0054] To further illustrate the invention the calculated heat and material
balance for the embodiment shown in Figure 4 is given in Table 1. This pressure
swing reformer system is operated as two cylindrical reactors, with internal
dimensions of 7 {t (2.1M) diameter and 4 ft (1.2M) length. The reactors are

positioned with cylindrical axis in a vertical orientation, and reforming is carried



reformng while the other is regenerating. This use of nmultiple beds
provides a continuous flow of reformed product to the shift reactor

not wi t hst ang h&dobdsgs cyclical operation of each bed. App i ing is
used to control the various streans flowing to and fromi:teﬁgjsg&eog@t.{ﬁk%%q To
further illustrate the invention the cal cul ated heat and material bal ance
for the enbodi nent shown in Figure 4 is gi ven in Table 1. This pressure
swing reformer systemis operated as t "o Cylindrical reactors, with internal
di nensions of 7 ft (2.1M diameter and 4 ft (1.2M length. The reactors are
positioned with cylindrical axis in a vertical orientation, and reformng is
carried WOotd@dupTiottde G kiiRDaMdONAR6w. Thedaoktingis copiposed of d@@ner ati on as
downf | ow. The packing is conposed of 400 cel]l/i n2@i62 cel /cnﬂé oneyconb
nonol i t h haellfig” §6Dael/caehbprgycomizmanglith Bayings bujkdensityoé S0dbAH 0

%0 igioﬁésfgr)g@%ﬁéﬁgﬁfﬁ%gr&ég g ﬁ%ﬁ%%%@?eﬁéﬁ%@ﬁ fveRd or mi ng
step. A brigf,stea i S, ef or.m p. WO

RIS HBRI B Ehrohet B A0 i hedetrdiin Gip g8 13300 Bor h
e i, £ 0 A5 it P B i
25.0 24.3 21. . @éam & e A Prggi.] g%rge_ gnBl es/ hr
H 0 0 2,533 2,932 2,492 440 N2 001101 0200. 0000 CO0O0 718
317 0 317



CH4 0 834 20 20 0 20 CO2 0 O 95 490 0 490 H20 1,671 0 746 360 0 14 AHc, MW
-0 186 230 225 167 58 Stream No. on Fig. 4 135 142 141 136 137 140 Tenp. C
108 204 2%%@@0@%260 Pressure, atmabs 3.4 3.4 3.4 3.4 3.2 3.1 Reg

Fuel - Ox Hot FG Cool -PG kgnol es/ hr H2 4RETESHOGOG2E N2 1

- 1,839 2 489 4 328 4,328 4,328 02 0 460 2 462 43 43 CO317 00000 CH4
200000 OC2 490 O 1,224 1,224 2,051 2,051 H20 14 0 710 710 1,203 1, 203
AHc, MW58 0 0 0 00 1 -24 WHAT IS CL2Z8¥ED CLAIMIS, 1. A steamreform ng
and high tenperature water gas shift process nethod for producing high
pressure hydrogen conprising: steamreform ng a hydrocarbon during the

ref orm ng ‘i‘ﬁl .in a pressure swng refornmer, the reform ng being conducted
at high pressuré and under tenperature conditions sufficient to provide a

synt hesi s |[gasassNoamRi@i4 a te@peratuee subgbanti ably in1ghe ram of
t enper at url@smpised i n the hi gied t enspat ur e9@at er 4g4s shi 83 reacd3{on;
subj ect i ngPtdasursyarhlaesi s gag7izo a kEgh t eaper at uge3wat ezt.gas shid|t
Steam NG Feed RawSG HTSEff. H2 Prod. Purge
kgmoles/hr H2 o 0 2,533 2,932 2,492 440
N2 0 0 1 1 0 1
02 . 0 0 . 0 0 0 of
CO 0 0 718 317 0 317
CH4 0 834 20 20 0 20
co2 0 0 95 490 0 490
H20 1,671 0 748 360 0 14
( AHc, MW 0 186 230 225 167 58
Stream No. on Fig. 4 135 142 141 136 137 140
Temp. °C 108 204 273 255 454 260H
Pressure, atm abs 3.4 3.4 3.4 3.4 3.2 3.1
Reg. Fuel Air ReyFG Comb.Ox HotFG CoolFG}
kgmoles/hr H2 440 0 0 0 0 o
N2 1 1,839 2,489 4,328 4,328 4,328
02 0 460 2 462 43 43
CcO 317 0 0 0 0 0
CH4 20 0 0 0 0 0
coz 490 0 1,224 1,224 2,051 2,051
H20 14 0 710 710 1,203 1,203
AHc, MW 58 0 0 0 0 0|




reaction to provide a nulti conmponent product gas streamenriched in

hydr ogen; separating-hi gh pressure hydrogen fromthe nulti-conponent
product gas steam conbusting a fuel and oxygen in the pressure sw ng
reformer during the regeneration cycle of the pressure swing reforner at a
pressure lower than that used in the reformng cycle thereby providing
tenperature conditions sufficient f the reform ng cycle and generating a
flue gas exiting the refornmer. 2. Thg‘{'mathod of claim1l wherein reformng
pressure is in the range of 10 to 100 bar. 3. The nethod of claim2 wherein
suffici enévlf#ﬁl Wﬁﬂ{{ﬁé conbusted in the regeneration cycle to
generate és as exlt “reformer at a tenperature in the range of
about 300C to about 600C. WD 2004/ 078644 PCT/ US2004/ 004269 -25 4. The

met hod of claim 3 wherein high ores‘igﬁﬁ hydrogen is separated fromthe
mul ti conponent g Wﬂg"‘%‘&gﬁﬁ “pga WF‘“’"&S dRPCe§Rs streamto

a pressur Fb?%ﬂ onents ot her than hydrogen
are substglntla y'a sorggﬁtﬁkreby provi din r%i 1 pressure hydrogen. 5. The
met hod of claim 3 wherein reformng terrper ature conditions provide a
synthesis gas in the at 400C. 6. The
met hod of claim 3 wher e"‘?ﬁ‘d{ gas bop @QW@%@%@Q & about 400C to
about SOOﬁamkmmmngfmgbmmcbmhmdﬂgamsMQﬁdn ng cycle. 7.
The nmet hod f claim®6 inc) Udl n ecoverl n absor bed conponents fromthe
oo 3 SEpm at 8

" pressure “PQ?IBWH%F :
temperature substantlally in tbe range of temperatures used in the high

temperature water-gas shift reaction;

subjecting the synthesis gas to a high temperature water-gas shift
reaction to provide a multi component product gas stream enriched in hydrogen;

scparating high pressure hydrogen-from-the multi component
product gas stream;

combusting a fuel and oxygen in the pressure swing reformer
during the regeneration cycle of the pressure swing reformer at a pressure lower
than that used in the reforming cycle thereby providing temperature conditions
sufficient for the reforming cycle and generating a flue gas exiting the reformer.

2. The method of claim 1 wherein reforming pressure is in the
range of 10 to 100 bar.

3. The method of claim 2 wherein sufficient fuel and oxygen are
combusted in the regeneration cycle to generate a flue gas exiting the reformer at
a temperature in the range of about 300°C to about 600°C.



as fuel into the pressure swing reformer during the regeneration cycle. ( 8.
The nmethod of claim7 including recycling a portion of the flue gas to the

pressure swing reformer during the regeneration cycle. of
claim1 Mé’rz@&ﬁ“"?q{é oxygen in the regeneration cycle i %Cgﬁ%\??@@gﬂgg

conpressed air froma gas turbine. 10. A nethod for producing high pressure
hydrogen conprising: (a) passing a feed stream under high pressure
conditions and conprising a hydrocar bdr “and streamthrough a first zone
cont ai ni ng packi ng WO 2001/ 078611 PCT/ US2004/ 004269 -26 materials and a
steamreform ng catal yst at an el evated tenperature to produce a high

pressure synthesis gasTigs methnd dfftlaipes svirgeimthichastssardRydiopen s t he
synthesis gas streamof step (a) through the first end of a second zone

cont ai ni ngsdpatatpd ficm ghemendti camponentgastsenepay by oubjectme the tmatti t he first zone
thereby transferring sensible heat fromth pr.oduct to the packing materi al
in the sectBPORAY 82H GUBABMPO Pf&s%lrﬁﬁﬂhﬂgﬁ&’éﬂ?@n PEQGeSHadIeEeas at a

hi h f th ki ng. ial d end;
sai d st eps PRPIHRE SR shatthy Boatl BrL i RY Fsbke hetetS AT orovi ae
a synt hesi -uﬂ%%&h{égggrgz%?ond end of said second zone in the range of

about 220C f°o *abou c) renoving substantially all of the high
pressure synthesis gas fromthe second zone and introducing said gas into a
hi gh tenperature water-gas shift reaction zone to provide a gas stream
enriched i n hydrogen; Tie)mpthediofglaiie3 whireigaefemingttenhpgesturet r eam t hr ough a
hydr ogen separation zone to separate high pressure hydrogen; (e)_ renoving
hi gh pr essefnsliiges Biyvide a symthess sap i teitemperrtare range of about 220°C to

( about 400°C.

6. The method of claim 3 wherein the flue gas is at a temperature
of about 400°C to about 500°C and 1s used to generate steam for the steam
-reformingcycle.

7. The method of claim 6 including recovering absorbed
components from the pressure swing reformer and introducing at least a portion

as fuel into the pressure swing reformer during the regeneration cycle.

( 8. The method of claim 7 including recycling a portion of the flue

gas to the pressure swing reformer during the regeneration cycle.

9. The method of claim 1 wherein the oxygen in the regeneration

cycle is provided as compressed air from a gas turbine.
10. A method for producing high pressure hydrogen comprising:

(a) passing a feed stream under high pressure conditions and

comprising a hydrocarbon and stream through a first zone containing packing



(f) introducing a fuel and—an oxygen containing gas at a pressure |ower
than in step (a) into the second end of the second zone for conbustion and

passage tlwou@l/Iss§ second and first zone thereby heati pgrhiRSnsfobizsd zoOne
to reform ng tenperatures and creating a flue gas which exits throug t he

first end of the first zone. WD 2004/ 078644 PCT/ US2004/ 004269 -27 11. The
nmet hod of claim 10 wherein the hydrogen _separation zone isS a pressure sw ng
adsorption zone whereby substantially a4 of the conponents of the product
gas stream ot her than hydrogen are adsorbed. 12. The nmethod of claim 11
wherein the high pressure conditions are in the range of about 10 to about

100 bar. 13natéhalswidwsieai refamming2atalgsiudianglouated ranpéranpees producew ng  (
adsorption zone to provide_ a purge gas streamand introducing at |east a
portion ofhighpressurgesygubesss gasstreant he fuel in step (e). 14. The nethod of
claim 13 wherein the regeneration is conducted under conditions
sufficient-to provide a flue gas having tine average tenperature range of

258%32?% o generat o WodivFne 2T atRGtbT o B it %ﬁ%%%”%ﬁtwhcl ai m
s Tocycl ode] SHOAE CRAE Pad R sctif 338 oM AR bl P Rl S e

The pr oces Se@befdtadeTohr dhar mbffh*sh@ow(ﬂﬁ%b)ﬁﬁﬁhﬁﬁéﬁiﬂ_ﬁseﬂﬁﬂﬂ@fheaﬁ’r@m the) is
provi ded as conpressed air froma gas turbine. 17. e nmethod of claim 10

wher ei n - t herpdudtitogherpaddng maiérishinthe secand zomt awtprovidingeshigheressuppsed of
materials selected fromthe group consisting of nmagnesi um al um num
silicates, SyRthesisgasat ptemperaes appraaghing ghat of the packing material at the

second end; -

said steps (a) and (b) being conducted at conditions sufficient to
provide a synthesis gas at said second end of said second zone in the range of
about 220°C to about 400°C;

(c) removing substantially all of the high pressure synthesis gas
from the second zone and introducing said gas into a high temperature water-gas

shift reaction zone to provide a gas stream enriched in hydrogen;

(d) passing the hydrogen enriched gas stream through a

hydrogen separation zone to separate high pressure hydrogen;
(e) removing high pressure hydrogen from the separation zone;

(f) introducing a fuel and an oxygen containing gas ata
pressure lower than in step (a) into the second end of the second zone for
- combustion and passage through said second and first zone thereby heating the
first zone to reforming temperatures and creating a flue gas which exits through

the first end of the first zone.



alum na, silica-alum na, zirconia and ni xtures thereof.

WO 2004/078644 PCT/US2004/004269
-7 -

11. The method of claim 10 wherein the hydrogen separation zone
is a pressure swing adsorption zone whereby substantially all of the components

of the product gas stream other than hydrogen are adsorbed.

12. The method of claim 11 wherein the high pressure conditions

are in the range of about 10 to about 100 bar.

13. The method of claim 12 including purging the pressure swing
( adsorption zone to provide a purge gas stream and introducing at least a portion

of the purge gas stream as the fuel in step (e).

14. The method of claim 13 wherein the regeneration is conducted
under conditions sufficient to provide a flue gas having timeé-average
temperature range of about 400°C to about 500°C and the flue gas is passed

through a heat exchanger to generate steam for reforming step (a).

15. The method of claim 14 wherein at least part of the flue gas
passed through the heat exchanger is recycled to the second end of the second

{ zone during regeneration.

16. The process of claim 10 wherein the oxygen containing gas of

step (f) is provided as compressed air from a gas turbine.

17. The method of claim 10 wherein the packing material of said
first and second zones are composed of materials selected from the group
consisting of magnesium aluminum silicates, aluminum silicate clays, millite,

alumina, silica-alumina, zirconia and mixtures thereof.





