WD 2004/ 078636 PCT/ US2004/ 004265 -1 PRESSURE SW NG REFORM NG FOR FUEL CELL
SYSTEMS FIELD OF THE | NVENTI ON [ 0001] The present invention relates to
process i in the production of hydrogen from hydrocarbons. Mre
particul ar 9?M?ﬁggéﬁvention relates to a process scheme "WMi8S2PH424T hesi s
gas is produced in a cyclic reformng process in which the reformng step
of the synthesis gas production is perfornmed at pressures greater than or
equal to the regeneration step. The hydrogen stream nmay be used as a source
of hydrogen fuel in applications such as fuel cells. The present invention
provides an effRESSURPSWING REFORMING$OR FUELOGEL L SYSTENS

hydr ocar bons, Tpartrcararty userul Tor contined space appticatrons such as
"on board" vehicle applications (e.g. passenger vehicles, trucks, buses or
the like) for fuel cell powered vehicles. BACKGROUND OF THE | NVENTI ON [ 0002]
Convent i onHIEIsRADRdHIE INAVENEHINat i ng processes include steam reforning
gas phase partial oxidation and autothernmal reform ng. Each of these
processes has advant ages and di sadvant ages when conpared to each ot her.
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to drive thgatesd 4 bhodewssélenid evhieralhisynthesisaaplis pebdueed ydaagelicmanuf act ur e,
excess steam al so serves to increase the water gas shift reaction:
reforming process in which the reforming step of the synthesis gas production is

performed at pressures greater than or equal to the regeneration step. The
hydrogen stream may be used as a source of hydrogen fuel in applications such
as fuel cells. The present invention provides an efficient process for producing a
hydrogen fuel from hydrocarbons, particularly useful for confined space
applications such as "on board" vehicle applications (e.g. passenger vehicies,

trucks, buses or the like) for fuel cell powered vehicles.

BACKGROUND OF THE INVENTION

[0002] Conventional synthesis gas generating processes include steam
reforming, gas phase partial oxidation and autothermal reforming. Each of these

processes has advantages and disadvantages when compared to each other.
{0003] In a steam reforming process, steam is reacted with a hydrocarbon

containing feed to produce a hydrogen-rich synthesis gas. The general

stoichiometry, as illustrated for methane, is:

CH;+H,0--->CO+3H, (N



CO+ H2O ---> Q02 + H2 (2) [0004] Because of the high endothermcity of the
reaction, steamreformng is typically carried out in large furnaces, in

whi ch a ref.qr.m talyst is packed into tubes. The tubes must withstand
the high 5&@5@#@8@? the produced synthesis gas, while ?’EF‘JH%"Pf”l"ﬁé’heat at
t enper at ures approachi ng 1000C. As described in Stanford Research Institute
I nternational Report No. 212 (1994), steam reform ng process efficiency,

(defined as the heat of conbustion of prZoduct hydrogen divided by the heat
of conbustion of reformng feed and furnace fuel), 1is approximately 74%

while the i@??c%ll‘y%ﬁ‘ékééés dfdedant esugsl Btdhaathe eguﬂimilﬁﬁ% th@gightions of
Cl-equivalent feéd / ft3 of catalyst bed) is 1000 hfl. Unfortunately, steam

ref ormi ng fppled eshpdrogey nsanndagtute eyeessciteae alsb sepeasdp inateasetie whtey
greater than the tube volune. This feature, and the relatively |ow
ef fi ci ency gas sljfibieastions severely limit its utility in point-of-use fuel

applications such fyuel  cel and would likely be unfeasib for on-board
vehicl e applicati O&é).+¥b6b5']'>é§§2 'blli'gse partial oxidation i nvo&o es the
partial oxidation of the hydrocarbon containing feed in the gas phase. The
feed conponents are introduced at a burner where they conbust with

sub-stoich'mri Qo ; ! ' eeal gas
phase partFa in ?g.?el%%glagg.@% }lﬂgri;l a?lé%l“%ls rﬁgtm eezre? gfriOﬁnr“egti %%g?fo}gﬁng?@
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gas- phase reaction kinetics tend to over-oxidize some of the feed,

resul ti ng imtodubess sSTheetubes tmuse mathstamhtherddgl phessaret dfzhe yireducedt symtlizsiC02,
and unreacted hydrocarbons_as soot. [0006] For these reasons,_ when dgas

phase part 2a$, While/rapamting hpat atlemperatpres iappraashi2 100 6e gAs describe

preferred tocadd ?f RAT Tifindid TheAndi A RRpBENS 212 (1994), steam
reforming process efficiency, (defined as the heat of combustion of product
hydrogen divided by the heat of combustion of reforming feed and furnace fuel),
is approximately 74%, while the space velocity, (defined as Standard Cubic Feet
per Hour of Cy-equivalent feed / ft’ of catalyst bed) is 1000 hr''. Unfortunately,
steam reforming furnaces occupy a very large volume of space, substantially
greater than the tube volume. This feature, and the relatively low efficiency,
combine to severely limit its utility in point-of-use fuel applications such as fuel

cells and would likely be unfeasible for on-board vehicle applications.

[0005] Gas phase partial oxidation involves the partial oxidation of the
hydrocarbon containing feed in the gas phase. The feed components are
introduced at a burner where they combust with sub-stoichiometric oxygen to
produce a synthesis gas mixture. The ideal gas phase partial oxidation reaction,

as illustrated for methane, is:

CH4 + 4 02 —->C0O+2 H2 (3)



steamreformng catal yst to the gas phase partial oxidation reactor vessel.
This conbi nation of gas phase partial oxidation and steamreformng is
called au | . reforming. Afully catalytic version of autothernal

ref or ni ng, &Q{{}E‘F/@ﬂ“y usi ng pl ati numor rhodi umto catal Y'Yt i on,
Is known in the art. However, autothermal reformng requires a source of
oxygen. In the fuel cell vehicle applications, this oxygen is typically
provi ded as conpressed air, which restiis in a nitrogen-diluted synthesis
gas that adversely effects the operating efficiency of the fuel supply/fuel
cel | and alfiswéna, 686 phadtdreacitn Riteti¥s tid BHEWGXidios sbmeRhe$eal,. [ 0007]
Sederqui st (U.S. Pat. Nos. 4,200, 682, 4,240,805, 4,293,315, 4,642,272 and
4, 816, 353) remdtihg in axsé¢ssive isat gensrajop and sabstantiathyiekl afild,Be@0,pdnd ef or m ng
is provided within the bed by cycling between conbustion and reform ng
stages of uareagtedbhydepcathonsiass@oby Seder qui st, the high quality of heat
recovery within the reformng bed results in a theoretical efficiency of
about 97% However, these patents describe a process that operates at very

| ow productgy, b theshBRSHY RG] EAESAL RIS bk
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the pr OQUCtagﬁliB& %El&n%édé,‘i’t,i@'p%‘f@h@ﬂ to RdasSE4nfto ﬁi@efe@@&ﬁﬁ%ﬁﬁ%q%d)&f ,
Sederqui st's | ow space velocity is that resulting high heat |osses inpede
t he abil it wteain téfosmime batalyspto the gas iphaseepariial bhielatioh ireadtor hesgbl. eThisci ency.
WO 200/ 078646 PCT/ US2004/ 004265 -4 [0008] The inventors here_ have
di scover ed comiinaign ef gasphase paraelxadation andstaem reborpringds sallest produci ng

hyd f h h t.ai ni fuel .. hi i S, lic, t
ot ep b oce BB IGH SR & Filkcaiuedirsion f AyfoRaRi e imife Y psr The
; ; : y . J e |
W th ot camiRaly SEip Rt bR 1 BARERHE BridaiBh i kil ifthe 21 ONO
art. However, autothermal reforming requires a source of oxygen. In the fuel

cell vehicle applications, this oxygen is typically provided as compressed air,
which results in a nitrogen-diluted synthesis gas that adversely effects the
operating efficiency of the fuel supply/fuel cell and adds the cost and complexity

of an additional compressor.

[0007)  Sederquist (U.S. Pat. Nos. 4,200,682, 4,240,805, 4,293,315, 4,642,272
and 4,816,353} teaches a steam reforming process in which the heat of reforming
1s provided within the bed by cycling between combustion and reforming stages
of acycle. As described by Sederquist, the high quality of heat recovery within
the reforming bed results in a theoretical efficiency of about 97%. However,
these patents describe a process that operates at very low productivity, with
space velocities of around 100 hr! (as C,-equivalent). Moreover, this process
requires a compressor to compress the product synthesis gas to elevated
pressure. One consequence of Sederquist’s low space velocity is that resulting
high heat losses impede the ability of this technology to achieve the theoretical
high efficiency.



optionally, other process gases. The feed is introduced to the inlet of the
first zone containing reformng catalyst. During the reformng step a

t enper at ur gyo 96@RbRNE across the reformng catalyst has a ” grature
that ranges from about 700C to 2000C. Upon introduction BE‘F’?’E‘SF" @%C‘t’:énts,

the hydrocarbon is reformed into synthesis gas over a catalyst in this
first zone. This reformng step of the cycle may be perforned at a
relatively high pressure. The synt hesi s"@)as is then passed fromthe first
zone to a second zone, where the gas is cooled to a tenperature close to
the inlet t[@op8] at Ube inbentbss hagdneedijcovesddephightyl effycieqr anbhighly ng its
heat to packing material in the recuperation zone. [0009] The regeneration
st ep begi nspratlactive pasessfarmrodeciogdydoogandrom abydrocarhon condainingfued. Thi s
gas is heated by the.stored heat of the arfki na rrﬁt erial ,of the
recuper at i ohil$ FRRCESAIRIR CYEHGI NP StﬁPlPB%‘?QgF?- EBR 4P AETRID 38 s PEGSEEE fYINg; o
conbust ed ng t-hew i pt ace.of the. 0. I: ' h gas that
ravel s achstobing pFrESRECTaR relcl g3 b oF Ry iBRoGh e AN olartBpat v o

hi gh enou £ f | STRE 8.4 S perfornmed
at a rel a?(%b \}%‘agfﬁﬁégjréelggﬁr@ﬂgﬁ%giheat %ﬁlﬁgﬁgtoﬁgﬁmia@ Gé%)zﬁ)@gt’ ed, the
cycle is copriunaliedothet pfedess hsed. Bw feed 2gRitroducd 16 thellidetRSIRhp thsESS
produces a relatively high pressure, %dﬂgogen- contai ning synthesis gas that
may be usedzane contdiniagineformuiag|cataipss. ng tearsforming step a tereperatwyd Wi t h

synt hesi s gas  adj ust ment processes ere the fuel cell fuel purit
requi rementgaﬁiegt agress {he isfrmaingsa thaﬁﬁd’qa%ﬁeﬂpﬁﬁﬁg? that T#’Eﬂeé ed with
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suppl enents, the CO conversi 8n reactl The nmenbrane functions
separ at e hysfrthgenclemay b perfoset e airslatively high pressure. The synthesis gas is

then passed from the first zone to a second zone, where the gas is cooled to a
temperature close to the inlet temperature of the regeneration-step feed by

transferring its heat to packing material in the recuperation zone.

[0009] 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 packing material of
the recuperation zone. Additionally, an oxygen-containing gas and fue] are
combusted 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 temperature high
enough to reform the feed. This second part of the cycle is performed at a
relatively low pressure. Once heat regeneration is completed, the cycle is

completed and reforming begins agatn.

[0010] The PSR process produces a relatively high pressure, hydrogen-
containing synthesis gas that may be used to fuel a fuel cell. The PSR process

| may be integrated with synthesis gas adjustment processes where the fuel cell
fuel purity requirements dictate. In one embodiment the PSR process is

integrated with a water gas shift reaction and a preferential oxidation ("PROX")



gas conponents (i.e. CO CO2 and any residual hydrocarbon containing gases).
In an alternate enbodi nent, a pressure swi ng adsorption step is substituted

for the rwg?[,@ﬂ'e,%@gpar ation step to remove the other sypphesis 4as . .
y

conmponent s rom rogen. [0011] The present invention i s advantageous in
efficiency and in producing relatively high partial pressures of hydrogen
fuel when conpared to air-blown auto thermal reform ng. The present

i nvention is advantageous in efficiency,”” conpactness, hydrocarbon
conversion, and reactor cost when conpared with other steamreformng

appr oaches readtien tosedvernt COfta€l0g elh anpiteinate embodirnent, himémbpaei al

vel ocities are advantageous to the efficiency of the fuel supply/fuel cells

system SUSRPRRSLIQE MOUEAF SUbNtiteiod AT, oK SUPPIEBIALS, g & FORVEISON des an

i nprovenent in the-praocess of roducj ng _hydr f .

hyelr o6ar boREACRnS: AR grenpEintRRBRE(d Sraith Rfeen Fom.atber pathssing 1o as
pressure s e : a

hydr ogen c\gﬁgg?%ﬁ?g&?syEgﬁ'e(gpgb%sé?%ﬁ%fﬁggP?dlﬁgﬁ%ﬁaﬁrgﬁgﬁgggggseggr e SW ng
refornng Maynhéteiiteambodimeht, A pbisute SWRRLAd30PLGH SEPrieibsdituted fbgat i on,
and nmenbrane separation, achieving thermal and nmaterial efficiencies

rel ative tthemembranoseparityoh stgprio pemdue theoothet synthesie igasdomponentat | east
some synthesis s which is first produced in the pressure swi ng reformng
process isﬁ%hﬁa@géﬂ-with air to provide the heat for the regeneration step
of the pressure swing reform ng process. Alternate enbodi nents enpl oyi ng
pressure swing ‘reformng are detailed hereinafter. CVO 2004/ 078646 PCT/ US2

R e
relatively high partial pressures of hydrogen fuel when compared to air-blown
auto thermal reforming. The present invention is advantageous in efficiency,
compactress, hydrocarbon conversion, and reactor cost when compared with
other steam reforming approaches. When used in a fuel cell application, the
high spatial velocities are advantageous to the efficiency of the fuel supply/fuel

cells system.
SUMMARY OF INVENTION

[0012] The present invention provides an improvement in the process of
producing hydrogen from hydrocarbon-containing streams. A cyclic reforming
process, referred to as pressure swing reforming, provides an efficient means for
producing a hydrogen containing synthesis gas for fuel cell applications.
Pressure swing reforming may be integrated with shift reactions, preferential
oxidation, and membrane separation, achieving thermal and material efficiencies
relative to conventional hydrogen production. In one embodiment, at least some
synthesis gas which is first produced in the pressure swing reforming process is
combusted with air to provide the heat for the regeneration step of the pressure
swing reforming process. Alternate embodiments employing pressure swing

reforming are detailed hereinafter.



(a) introducing a feed stream conprising a hydrocarbon and steamat a space
velocity greater than about 500hfl through a first end of a first zone

cont ai ni ng wedmpackispg materials and a steamreform ng capglrygbulgfsar €
heated to a reform ng tenperature to produce a synthesis gas stream

containing H2, CO and COX2. (b) passing at |east a portion of the product of
step (a) to a second zone containing bed packing materials via the first
end of 2nd zone, and transferring the heat fromthe synthesis gas streamto
t he packing materials; (c) renoving substantially all of the product from
sai d second zone via the second end of 2nd zone; (d) introducing an

oxygen- cont ai

ni s into t e second end f sald nd zo
contacting Qﬂéf FIEEFSL rﬁrﬁ§)s“§%§w\m& %\‘ﬁﬁ amg?f% S said gas
and fuel wthin n t hereby re- heatlng saldflrst zone to reformng
t enper at ur e%engnﬂffqgé’ﬁ%ﬁgaé fl uegas which exits through the first end of
said first zone. [0014] The pressure swing reform ng process efficiently
produces a hydrogen containing synthesis gas that nay be used to fuel a

fuel cell. WO 211114y intrGoutingaTesbeweuth @OdRising 4 hy@fiidaibohend sieant axent s of
the invention are set forth in the detailed description hereinafter. BRI EF

DESCRI PTI ON spracamwmx[eam sharrabomtsOhn - drough adirst andagf arfirat zane
illustrations Qf an enerati on steps essufe s
ref ormng. gl}'t’ﬁL ﬁaée’ag]éépg §1R TEIOILRE quafw ghatﬂrggggpén SW ng
reformng x%?o&u%ﬁ%m%%fiam%a{ovﬁ%dﬁgéﬁ §{thesis gas stream containing H,, CO

and COz.

(b) passing at least a portion of the product of step (a) to a second
zone containing bed packing materials via the first end of 2nd zone, and

transferring the heat from the synthesis gas stream to the packing materials;

(c) removing substantially all of the product from said second zone

via the second end of 2nd zone;

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

second zone;

(e) contacting said oxygen-containing gas with a fuel and combusting
said gas and fuel within said zones, thereby re-heating said first zone to
reforming temperatures and creating a fluegas which exits through the first end

of said first zone.

[0014] The pressure swing reforming process efficiently produces a hydrogen

containing synthesis gas that may be used to fuel a fuel cell.



[0018] Figure 3 is a diagrammatic illustration of a process design using
pressure swing reformng for a fuel cell application. [0019] Figure 4 is a
di agr ammat i 4 Jation of a process design using pre | .
reform ng mﬂ*'g@ ]if'?t reacti on and hydrogen separation fo ’gsﬁ'}t%&’gzﬁé’ell
application. [0020] Figure 5 is a diagrammatic illustration of a process
design using pressure swing reformng, with a shift reaction and hydrogen
separation for a fuel cell applicatiorm ‘havi ng heat, fuel, and air

i ntegration. DETAILED DESCRI PTI ON 10021] The basic two-step cycle of
pressure syDOLSY ef Theiemgbodimer(si afttbe inventiengare setlforfReinetheidegailedw t o Fi gur es
la and | b, a first zone, or reformng zone (1), <called a sw ng bed
reforner, #68cEApYeRbEEIRAIS, or recuperating zone, called a synthesis gas

heat recuperator (7). The beds of both zones will include packing nmaterial,
while the reforming bed (1) will include catalyst for steamreform ng.
Though il SCRIEPIARICSE D 8 'Nw@Sand recuperating zones, it is to be

WD 2004/ 07864 =8 recogni zed that the pressure sw ng
reform ng apparatus nay conprise a single reactor. [0022] As shown in
Figure la, at the beginning of the first step of the cycle, also called the
reform ng {08p6] t hFigweEsi atand 1bane didramsnaic illnserhions efithetrefqrating ané and
the recuperating zone (7) is at a lower tenperature than the reformng zone
(1). A hydregenesaiion stePsoh PHSHSSYING IFlIABAgced via a conduit (15), into a
first end (3) of the reformng zone (1) along with steam The hydrocarbon
may be any material that undergoes the endothermc steam reform ng reaction

el fua PP ERRRE % 8 B Rapa el RRHEh O Tt osh X Ehing EROARER" )

fuel, fuel ol l, u gas'orl and g
using a dual bed, valved system.

[0018] Figure 3 is a diagrammatic illustration of a process design using

pressure swing reforming for a fuel cell application.

[0019] Figure 4 is a diagrammatic illustration of a process design using
pressure swing reforming with a shift reaction and hydrogen separation for a fuel

cell application.

[0020] Figure 5 is a diagrammatic illustration of a process design using
pressure swing reforming, with a shift reaction and hydrogen separation for a

fuel cell application having heat, fuel, and air integration.

DETAILED DESCRIPTION

[0021] The basic two-step cycle of pressure swing reforming is depicted in
Figure 1. Referring now to Figures 1a 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



Preferably the hydrocarbon will be a gaseous material or one which wll
rapidly becone substantially gaseous upon introduction into the reform ng
zone (1). wiormbesabley, the steamw || be present in proposddEehehQudiNR
hydrocarbon in an anpunt that results in a steamto carbon ratio between
about 1 and about 3 (considering only carbon in the hydrocarbon, not carbon
in CO or CO2 species that nmay be preseq%). [ 0023] This feed stream picks up
heat fromthe bed and is converted over the catalyst and heat to synthesis
gas. As this step proceeds, a tenperature profile (23) is created_ based on
the heat twmwd&hab&nemre@um SWHRg EfOfBIAS ANRARAIUR Mayeepmprsejd singded wit h
adequat e heat transfer capability, as described herein, this profile has a
relatlvely 00 p tenperature gradi ent, which gradient will move across the
reform ng zone (1) as the step proceeds [0024] Synthesis gas exits the

ref orm ng bed 81) t hrough a second end (5) .at. an el evated tenperature and

passes t hr 40@#2lt heAs ébgwerlatﬁlg'grezkm at the) beginniang Qfdhe fustaigmohthis eyple.end (11)

Zn?o%'r“th cisDrcaliedhe Fefaming b bR ec“%@z%% Z%‘ﬁ@e%‘iﬂmie's?étégls' v
7

5004/ ilgs%%ﬂ%é%gf@ﬁﬁﬁﬁ%‘bgﬁ@%ﬂ(ﬁ@&% R ER R b M o (e
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approximately the same tenperature as the regeneration feed introduced

during the (s8;omd asfisspend (3hef thecbforuiing eonel (1) aloa with stegm. fTlgen about 20C
to about 600C). As the synthesis gas is cooled in the recuperating zone
(7), a tenﬁedmoar@rgmk@rﬁny(m;enaé that andergaes dbersndeshemnigsdeamhe

t d ih At th t t
e P emaor Aeteris teakufh ehdlond BeBne piralants Gises, TeRh ARIARD i o
zone (1) aﬁl@r&s@ﬁe, J@Pﬁféﬁrf%l 89 Heatifigof), didsaf fuel and gas oil and gasoline.

Preferably the hydrocarbon will be a gaseous material or one which will rapidly

become substantially gaseous upon introduction into the reforming zone (1).
Preferably, the steam will be present in proportion to the hydrocarbon in an
amount that results in a steam to carbon ratio between about 1 and about 3
(considering only carbon in the hydrocarbon, not carbon in.CO or CO, species

that may be present).

[0623] This feed stream picks up heat from the bed and is converted over the
catalyst and heat to synthesis gas. As this step proceeds, a temperature profile
(23) is created based on the heat transfer properties of the systern. 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

[0024] 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



zones are sized so that the gradients nove across both in conparable tinme
during the above reform ng step. The recuperating zone (7) is now at the
high te d begfdd the reforming zone (1) is at lowt ture, except
for the ngiyg?ﬁg gradi ent that exists near the exi ts%%%@”f”@é’ﬂéctlve
zones. The tenperature of the reformng zone (1) near the inlet end (3) has
now been cooled to a tenperature that approaches the tenperature of the
hydrocarbon feed that has been enterind via conduit (15) (e.g. from about
20C to about 600C). [0026] In the practice of pressure sw ng refornng,
there are gbblednatitemper@arnsapproaclihgihe tengeratnee oft theoforiehwmbsahdailyag st ep.
Toward the end of the reformng step, the tenperature at end (5) of the
ref or mi ng #msecpnd ﬁ@ddﬁhdwlmh is appmqmteﬂ}' yhe spang iemparatuge pethicor mance
deteriorates bel ow pt ab nversion efficie Ref or m
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and CO2. T erm unconverted p ocarbons, as used herein, refers
to product tlieycbcopaatinpaoae (?) dmeng dss ktept are not synthesis gas corrponents
of H2, CO and CQ2. These typically include product nethane, as well as feed
hydr ocar bons and the cracki ng products of feed hydrocarbons. The reformng
step ends pers]t Near BiidThiBe MRE QIMNAR ERIRHGIALANId Bateitthvelinal VIO
21114/ 0", ]PCT/ USZ%M 004265 Eé(ﬁ |ﬂis% beII%W acceptable I'1m ts‘E=
practice, epbitantrdly srosy thelrefarwdng lzone €1)oamd the racuperstimg bersd €7)9 éﬂle
utilization process will dictate a desired, tinme-averaged |evel of
reformng gonesarsistaed spthat thergradicatsamene aexass beth inceaspparalecamesiusingn i s
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temperature and the reforming zone (1) is at low temperature, except for the

temperature gradient that exists near the exits of the respective zones. The
temperature of the reforming zone (1) near the inlet end (3) has now been cooled
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).

[0026] 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 acbeptable
conversion efficiencies. Reforming performance, as used herein, refers to the
conversion of feed hydrocarbons into synthesis gas components of H,, CO and
CO,. The term percent conversion, as used herein, is calculated as the percent
conversion of the carbon in 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



[0027] The point in tine at which the reformng step is ended, and thus the
duration of the reform ng step, may be chosen (a) as a response to the tine-

varyi ng pewbausrersescof the reformer during each reform ngcateRioamilsd) based
on overall (tinme-averaged) perfornmance or the system or (c) fixed as a
constant reformng step duration. In enbodinment (a), at |east one feature
of the operation is nonitored that is_ti rrelated to the reformng
performance. This feature may be a conposition such as CH4, H2, or CO, or

alternativelé a tenperature,. such as . the _te_ngerat re at the end _(5) of the
ref ormi ng BeBelomnagasptable biamite nin RrACti¢R opHiruzaien PhsRYeall refaaring apdi ng
step is end

decr eased tséefgg'\ggﬁ &%&%&%ﬁgﬁ% [Pgﬁfl;eés é{% ]{l}r(é&%&eg\gg#g% ﬁc'taggﬁré%fgﬁévn%% u? ai 200C.
I'n enmbodi Megforidig cbﬂﬁrﬁﬁ%ﬁorﬂﬁ%ﬁ&%eﬁ'&ﬁﬁﬁ'm oﬁefoi‘ﬂﬁ%%%?ﬂv&?ﬁfxoso” a

measured feature That refl écts the over& time-avera pertornmance or
the syst emtygichlly geeatérethan S0%) meferablydiehtet ano30%i| ond swtssh paeferdBiid, H2, or
CO. I n one enbodi nent the present invention, the reformng step duration is
adj ust ed bggeatenthant®S%i me- aver aged concentration of CH4 in the product,
using control strategies known in the art to shorten or |engthen the
duration to achieve a predeterm ned target CH4 anount. In a preferred

erbodi ment ,[002H t ar geTheGpHinbiPlfe dtSvisieh dad reformimpuiep iéiddd BhA TR S
bet ween ab[out 1% and about 15% of the hydrocar bonace%us feed carbon. In

case (c), ttheduratioarofithe refioeminkistepi mayite cifosén ka)dasl regpbnseato thevahee t hat
I's predeterm ned to, be accg table for_ the sp%ce velocity of the operation.

In one enbo@ryiBgPeriosmapee ot Hie refiorapen ding eachIefming stais @5 (BLbasedgm i s

150,20 2 Gl s SSLHGED oSS It ©83) BEBATEbuBRnEoc om0
ESH Ufgggj{rt@%xgﬁg gt%f:{d%%ﬁ] I emBbdimiént (%)) laf §sf o0& fedtire st the JpRthtid? an
is monitored that is correlated to the reforming performance. This feature may
be a composition such as CH,, H,, 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,4, H,, 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.



second end (9) of the recuperating zone (7), the second step of the cycle,
also called the regeneration step begins. The regeneration step,

i I'lustrategydmoiosidie | b, basically involves transferrin fromthe
recuperator bed (7) to the reformer bed (1). In so doi ng?c?ﬂgmpg%é{sature
gradients 25 and 26 nove across the beds simlar to but in opposite
directions to gradients 23 and 24 during1 reformng. In a preferred

enbodi ment, an oxygen-contai ni ng gas and*fuel are introduced via a conduit
(19) into the second end (9) of the recuperating zone 7). This mxture

fl ows acrod8028E r &ditgrshasymifesis gas (s7gollacted viaransexit t GhDiadlithg at the

Lbftt(séé’%ﬁ%égﬁtﬁﬁgtewwé&m% évé? iptoRpd sRRe Pesyely dbpne
pr ox!omat e" ,capﬁagﬁ%ﬁeﬁ%eggéag%oqhsﬁ%ﬁ?é’lgg], %5%&[%%&?%&% hhg‘{sg%aﬁeé{ @%&%@é&ds I n
whi ch regefietaticanly %ﬁ@ave@m}trﬁieg el HeaPHBREUR: felfpéatdrid\d) t¥ehe

obj ectives: (a) the heating of reform ng zone such that end (5) of the
reform ng zefwrmes bet (2). Iespdonizy tiee RinperatiengtaddeiC25 amd 26 afoveabtossat
| east 1000C at the end of the regeneration step; and (b) the cooling of the

r ecuper at i dhe bedesinglar to(ut i pppesiteydinzations e gradients? Joand 24 during f uncti on
of accepting.synthesis gas sensiple heat in the subsequent reform ng step.
O pondi pe GREHBEE T 2 e R bR TR Heveea Ry Gat B FIEl A |+ oot on
roxi mate t. | nterf C | [ 7 %,.0f vol une
gf t he recdggbgﬁ?égge lgoanwgp]gﬁ éﬁ@s?t%)gﬁ l?&go@f)%%%g%cg%gé@%%@& of the
vol une of t(")?. Tefsontie: A6RS atross tﬂ)é‘r@ugéfa‘ﬁh?!icﬁi‘é @WHﬁdbGﬁiﬁus_&f the present

i nvention, greater than 90% of the regeneration step conbustion occurs in a
regi on pr oxubstaatizldy ahthe interfdcaq@3) ohehe twal zoresdll ) ahd €T). Ir ghopresewt! udes | ess
t han about 20%the volunme of the recuperating zone (7) and |ess than about

20% t he volinwentn, the spmbrgtiobaecyrs pt a regior groxumate ée the wterbacecddbott i on may

be fixed by,introduction of.-one.aof the conbustion.conponents, e.g., the
fuel . at orhgFRAPEFAHON ¥ape7) a5 dhe frtGrmpingczape (1t The tBrm, *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
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).

[0029] The location of combustion may be fixed by in&oduction of one of the
combustion components, e.g., the fuel, at or substantially at, the interface of the

two zones (13), while the other component, e.g., the oxygen-containing gas may



two zones (13), while the other conponent, e.g., the oxygen-containing gas
may WO 2004/ 078646 PCT/ US20114/ 004265 -12- be introduced at the first end
(9) of thew®dwpersasdi ng zone (7). Alternatively, the fuepceogrooyonres
oxygen-contai ning gas (19) streans nmay be m xed at the open-end (9) of the
recuperating zone (7) and travel through the zone and conbust at the
interface of the zones (13). In this enbedinent, the |ocation of conbustion
is controlled by a conbination of tenperature, tinme, fluid dynam cs and

ooy o HodBRE R O FOLEOR S Sl BTERGg ey oo
non- conbust ¢ ' ' s f L, t Ll he
termer at ur o 5¢ 5% PrYEéh-tinfinibe sk (PORSOnay S0ACR 4l Bpp e ('S |,
hot enough §theGBtiperating Lond ) End iR HigdaBRhe kbt aid e6idust Afthehe zones.
[ 0030] The presence of catalyst in the reformgg Tone can al so be used to

i nitiate comersddemf the zbhes (130 dnithis ensbudlimenpdbe ldnatineaf comsbustioarisi ng and
recuperating zones can be added and designed to further stabilize_ the

conbust i on cqnixsileddagombination elismusraiues, itspe.(find fyngmies prdgatalysis-t o t he

Conbust t on Te e doen SRBsihrly ZAGKEA R DEMPARASONAR: AJORIMEO n (i <

desi gn, theg y = i ni.Ng re tray i Gy

channel s (nipedh Bty e tic GARCALIDRT TP R 4 A Fombltin sRRRAET S,
the interf aggt elbstéeof fiRpefatidh will sétliaé terhpsrature profilediRhd pbdlefatinot
shown) or a catalyst inthe reformng zone wll ensure that the conbustion
occurs. [ 008 (Theuctothat the zoneas not dof emdughntd ignitg amtit thet mixiune repebesr eat es
a hot fluer%as t hat hgats the reform ng zone (1) as the flue gas travels
across t hattheanterfacqRbthe Zaess then exits through the first end of the
reformng zone (3) via a conduit (27). The conposition of the

oxygen-cont ai ni ng gas/fuel mxture is
[0030] The presence of catalyst in the reforming 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 fo 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.

[0031] 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
combustible to non-combustible portions of the mixture. For example, non-

combustible gases such as H,O, CO,, and N; can be added to the mixture to



adjusted to provide the desired tenperature of the reform ng zone. The
conposition and hence tenperature is adjusted by neans of the proportion of
conbust i bl - conbusti bl e portions of the m xture. Fgor._ exanple, non-
conbust i blg%%gggﬂg&gh as H20, 002, and N2 can be added t'&Y¥¥M¥WHFe to O
2004/ 078646 PCT/ US2004/ 004265 - 13 reduce conbustion tenperature. In a
preferred enbodi nent, non-conbustible gases are obtained by use of steam
flue gas, or oxygen-depleted air as onel3econponent of the m xture. Wen the
hot fluegas reaches the tenperature gradient within the reforner, the

gradi ent npydsce curhbesticiCleiperitife. PRfa prdferre® Biboiirenh abat dbngitibldre
fluegas will be substantially equal to the tenperature of the reformng
zone (1) neases dre abthiaed dydiseIf stowm, e pasgionokpgeetliepleted aiegeorpeat i on st ep,
this outlet tenperature will be_substantially equal to the inlet

t enper at ur €0BIPaNgat phihe mixEre. cWhenrthe het Hregasdeacnes the eMPHRIUIEt ep. As t he

hen 1 api GPAIEE! PRBST BB oot rafisn: SRRS UG Afross MR i pe. © o
50 500C abQyifier [dIRpAAHRELRIH fufastifl e LAHMBIAASHAPYo AR Je. Step.

[0032] In the pr I ce of pressure swng reformng,  there are’a rnative
nmeans for dpd gsfohminOzédee(19medaothetinfet ea@gBET At tHEb&difRing Idfahe egener at i on
step ends when sufficient heat has been supplied or conveyed to the

ref or mi ng Wegernerati@mstepethisheutdetrtemparptonet widl be bubstasitiallyi eqpal tethe et poi nt
in time at which the _regeneratigon step is ended, and.thus the duration of
t he regeneﬂ%mpéﬁt%ﬁeég,thﬁﬁﬁ%@m&m 8 preceding, & 22,t86eR-hAsthere- var yi ng

bver o 1 (¢ eriensbatiort SRp Bhedtls TR ud HHERBEARLR T Breddk sloyDiREReg"
constant regsass al iRNeipePatdi Sl rdAthefBRd (P ahd 8k be STRFBOYCabLVE of the
gﬁrrg*n tored tlﬁ'at ﬁ ?

operation i Is related to the r'egeneration performance.
Thi s f eat unke cabpetatuge af ditedoiniingfesd by ths efi@ of Giddstepl2, or CO,

[0032] 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 time 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 (c) 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
reflects the overall (time-avefaged) performance of the system. This feature may
be an average product composition such as CH,, Hz, or CO, or some other

system measurement. In one embodiment of the present invention, the



or could be a tenmperature such as the tenperature at the end (3) of the
reformng bed. In one enbodi nent of the present invention, the regeneration

step i s envdedhooyhmauet he tenperature at the end (3) of thepd{@hlsg-4ed has
increased to a pre- selected tenperature between about 200C and about 800C.

In enbodi ment (b), the regeneration step duration is adjusted based on a
nmeasured feature that reflects the oveﬁ Il (tinme-averaged) performance of
the system This feature nay be an average product conposition such as CH4,
H2, or CO or sone other system measurenent. |n_one enbodi nent of the
present i nvegenemiion step doratpnss rdpsterbbascy avsthgonnecweszed concerigiiem at i on

step duratigg}ésiestgj ust&?ﬁ based on the tine-averaged concentration of CH4
in the pro8tttis MSHIRPredhit, BHng CPATRLSEACEITS KROMT et o PoL§BTen or

| engt hen t | O ' t,. referred
enbodi nment WS}# ﬁdeg@rﬁ@ﬁ?%%@ﬁgyép‘ge @agHgﬁﬁlgﬁoﬁﬁgﬁ at%ljg?el?%%r esents

bet ween a@ﬁiﬂodﬁ%ﬂf}%@@%&t dRYakrloun s b AF 98 AR ERAYEpFRBAts BRIV | N
enbodi ment (c), the regeheration step duration is of fixed length, at a
val ue that abeut Ieextel #bout 166 vhthechyalroepbehheedus feed earboac bn embodimgntof t he

operation. In one enbodinent the present invention, the regeneration step
durati on i §c) theergganeration siep dwatipnisebfixed densth, at avaJuadhatng about 60

d d f er.abl . 0-30 . I f ,
seconds and plELSLabk . b a0 ieeands bl Lol dEse caite, R
[ I ' -0f: dded
gener 2| O Sk kDU, e 5548561 WU BB By 200e0 Lo

respect t o gagiton bEtWeeR Aboiil @1 isefondafdRBSiBNseconlls adBPreferdtilya .30t her
enbodi mrent of the present invention, the regeneration step duration is fixed

at a dur asecondse inadrofdhese cases, dnd partardarp o embodimenin@s, it anpreférable
regeneration _flowrate is adjusted over tinme so that the tine-average
concent r at f@AlseRdyst theregeperatign Slaw mafep to taeasgrdesesnse the amoyat o

amount haheétsadsd%}:l t8théBed Hﬁrlixrllé 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
flow rate is adjusted over time so that the time-average concentration of CH4 in
the reforming product approaches a target CH, amount that 1s set at an amount
that represents between about 1% and about 15% of the hydrocarbonaceous feed

carbon

[0033] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

[0034] For fuel cell applications, it is particularly advantageous to produce
hydrogen feed streams having relatively high hydrogen partial pressure, and at
relatively high space velocities. In pressure swing reforming the two steps of the
cycle may be conducted at different pressures, that is, the reforming step may be
carried out at higher pressures than the regeneration step. The reforming step
pressures range from about zero (0) atmospheres (gauge pressure) to about

twenty-five (25) atmospheres (gauge pressure). The term gauge pressure is



t hat represents between about 1% and about 15% of the hydrocarbonaceous feed
carbon [00331 The reform ng zone is now, once again, at reformng

t enper at ur g%, 20?{4],.}8@@ e for catalytic reform ng. (0034) FOJ%{;@%&@EM“

appl i cations, I's particularly advantageous to produce eed
streans having relatively high hydrogen partial pressure, and at relatively
hi gh space velocities. In pressure smﬁng reformng the two steps of the
cycle may be conducted at different pred8ures, that is, the refornming step
may be carried out at higher pressures than the regeneration step. The

reform ng sitepdedterdlice pressm@eabove muabsplieriepresfifif atheokihtorsf (gauge
pressure) to about twenty-five (25) atnospheres (gauge pressure). The term
gauge pr essopemtions\(©g2addleyTaousa /Ses2oEl/ erig pressureemagdeto ref | ect

pressure abqy spheric, pressure at the |pcation of operajions (e.g. at
el evati ons 1§B§S‘%53 %E@@tl,ogéﬁ%@ﬁﬁ%’rﬂ"% r%g@séﬁmeam ZERO thoggger@,a) .

Regener at i te S r er gauge
pressure) Kga%o@ﬂegéug‘gf tﬁlglgmg? %’é@ﬁ)@?‘?& %%é@ﬁ%ﬂ%gﬁ%&dﬁﬁ@gé ot herwi se
stated, pr Se sthfed, ﬁf‘é&%hlfek%id&nﬁﬁ'eﬁ%n%%it@%f%%u@%@?&éﬁﬁ. The pressure
swing is enabled in prinhciple part to the Iarge volUnetric heat capacity

di f f er ence poessureswingeis emabltdtiaprimeqiie partretthe laige anlumbeicteae sap4d§35] The
space velocity of a systemis typically expressed on an hourly asis as the
st andar d vdlifferenee betyeeerf thewolidtbed grackingdmateriad @ad the gasesvol ume of cat al yst
bed, called gaseous hourly space velocity, or GHSV. Space velocity can also

be defined in terns of the hydrocarbon conponent of feed. As so defi ned,

the GHSV f ¢p035]et Theephaevklocity of Heyitbm Sitgpidally elpruskyd vnlaneulyc gas flow
rat'e of nethane divided by the bed volune. As used herein, the term space

vel ocity, &esisasithe sandsrdatumerric gasflow rate abfesdativided yctheywoltmerof
catalyst bed, called gaseous hourly space velocity, or GHSV. Space velocity can
also be defined in terms of the hydrocarbon component of feed. As so defined,
the GHSYV 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,GHSV, 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 is 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.

[0036] In pressure swing reforming, the space velocity, C,GSHSV, typically
ranges from about 500 to about 150,000, preferably from about 1,000 to about
100,000, and most preferably from about 2,000 to about 50,000.

[0037] In a preferred embodiment pressure swing reforming is conducted

under bed packing and space velocity conditions that provide adequate heat



hydr ocarbon feed placed on a O basis. As such, the hydrocarbon feed rate is
calculated as a nolar rate of carbon feed, and standard vol une rate
calculated as if carbon is a gaseous species. For exanple, a gasoline feed
havi ng an average carbon nunber of 7.0 that is flowing at a gaseous fl ow
rate of 1, OOONUhr into a 1.COL bed woutt6be said to have a space velocity of
7,000. This definition is based on feed flow during the reform ng step and
wherein the bed volune includes all catalysts and heat transfer solids in
the reform ng and recuperating zones. [0036] In pressure sw ng reform ng,

t he space vel,0gi kY, pL.cal r bowut bout
150, 000, preftgérﬂggﬁ)‘iat% %’%lég%gﬁ M?%%%L%ﬁgatéﬁ%ﬁ%? p?&ﬁ%%t)&%’ig?ﬁ%%ﬁ%e%r ef erably
from about 2,400t 0.0°Ghe dborrG0080, anldGAcré|preferablpb&ieen aisbe0lzodiamant pressure

swing reform ng I s_conducted under bed packing and space velocity
condi tions t " CorBia resaraeter ddueisibaratiolaf the bechavasage wlemetrigdheghar act er i zed

by a heat transf ar ter HT, .of .betywee ahout 0..1C to about 500C,

and nore pre;} éarngg‘{vg éﬁ%ﬁ%ﬂedgﬁ@;f?f fﬁf%"é&lﬁﬁﬂg‘& V#H@eﬁﬁr@%?@s?%]’m is the
ratio of the heféidvaddke Y&, WIETHeG oGAdtric heatednefer kAt thak Nodeetisd fipeded for
reformng, H to the volunetric heat transfer coefficient of the bed, h,,.

The vol unet r i €ioTEERS isreptaated pathe product pEthesparedvelanity widh Seiealefi s

cal cul ated as - of the ;space .velocit 1 th t heat _ reform ng
(on heat per r@?&\%ﬁ%ﬁognuﬁﬁpgr)é‘ 15%111’"% %Sf‘hﬂ?el?orlflﬁr.n\éwecgll ﬁrcbg?aﬁ%%%z cal/cc *

8000 hr 1 / 3&0Qc3¥/000 WheBe0®s/Br,Galere2.2i @l/th R theRéat of réfefnginglong of net hane
per standard vol unme of nethane, and 8000 is the C GHSV of nethane. \Wen the

duration of rafhene asicstandgetheeymend nathans, and8Qhis hebi@SVidie val ue of H
il b lLe i h | . t f
Coet 11 ci ont apeitage Slekind YikabE BE rdidf Pt dlibdidh &R are OARSRBL:

cal cul at ed asthtRaluercfduetll 8t camphBleiasesitvdgatps. CTiRNolrGetéic head / cm 2sC) and
a

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/em’s°C) and a
specific surface area for heat transfer (a,, e.g. cm’/cm’), often referred to as the

wetted area of the packing.

{0038] For PSR, reforming step feed temperatures range from about 20°C to
about 600°C, and preferably from about 150°C to about 450°C. Regeneration
feed temperatures are substantially similar, ranging from about 20°C to about
600°C and preferably from about 150°C to about 450°C. At least a portion of

( the reforming catalyst is heated to a temperature of about 700 °C to about 2000
°C. Different embodiments for the integration of the PSR with a fuel cell and
optional synthesis gas modification and/or separation processes, detailed
hereinafter, will have different most-preferred temperatures for PSR feeds. The
temporal isolation of the reforming step from the regeneration step provides the
opportunity to operate these steps at substantially different pressures, in a way
that is advantageous to the PSR/Fuel Cell system. Thus, reforming step

pressures for PSR as taught herein range from about zero (0) atmosphere to



specific surface area for heat transfer (a,,, e.g. en2/cnB), often referred
to as the wetted area of the packing. [0038] For PSR, reform ng step feed
tenperatures range from about 20C to about 600C, and preferably from about
150C to about 450C. Regeneration feed tenperatures are substantially
simlar, ranging from about 20C to about17 600C and preferably from about
150C to about 450C. At least a portion of the reformng catalyst is heated
to a tenperature of about 700 C to about 2000 T. Different enbodinments for
the integrati ssowtweite fRER2YY dtthospHered, af@bleferably Rih kb\alfosy@y hesi s gas
modi fi cation and/or separatigon processes, detailed hereinafter, will have
di f ferent nostUsEhees ijehaskfHiieen (153 stmesphereR Regensratiphesteptagsoresl i sol ati on
of the reform he _rege at.ion st rovi,des th opportunity
to operate tﬂ}e@ge?{@g%’%ﬁ@%’fj ag{nggﬁfegﬁoyab I P*egr(zﬁlﬂgﬂgg%%ﬁ?seg?‘?i n a way that

i s advant ageoprférabllyfeorRabbitueto 09latmesphtRo abbutsfour @f) affidsplieb P pressures
for PSR as taught herein range from about zero (0) atnobsphere to -17- about

twenty five (2Blesapthssyisestated, Rrrgsye i epaessed My wiits o Gavge Rrgssufe)

at nospheres to about fifteen (15) atnospheres. Regeneration step pressures
range from about zerg_ atmsphere to about ten (10) atnospheres, and
preferably frB¥38boutiguss @ shows an gEbpdimeat phthgsessurcswing mefompings pher es.

Unl ess ot herw ; red ar i ' f ressure.
D05ST 2 o uBERTARAIBRNGE R 8RR BRLLBon 30405, T

di agr ammat i catHiyembbdisiengttivoprédiareaydhg ecforihiap ed gysidifls srrggBEr at i on process.
In this enbodi nent, two pressure swing reform ng bed systens are used

si mul t aneous| yaliRReeusdy sushidhahanesstem 15 EsfoRping g ith"eO%HEISot her is

regener ati ng. «JAgeiify OmEUkd bALE AR Seh BRI BRBL Rogur 1 ow of

refornmed produ not e cyclic peration of each bed. In
Figure 2, a téefoshedmado@ddyrwithstamtingthe dyolital epatatien of eachdedeinaligae, while a

second bed 2, a first bed (220) is engaged in the step of regeneration, while a second bed
(230) is engaged in the step of reforming. Each bed (220 and 230) includes
both reforming and recuperating zones. In this embodiment, several sets of
valves are used to control the various streams flowing to and from the beds. A
first set of valves (257 and 259) controls the flow of hydrocarbon feed and
steam feed to the beds, while a second set of valves (252 and 254) control the
flow of the product of the reforming step exiting the recuperating zones. The
third set of valves (251 and 253) regulate the flow of oxygen-containing
gas/fuel and optional non-combusting gas to the beds and the fourth set of

valves (256 and 258) control the flow of fluegas exiting the reforming zone.

(0040] In operation, when valves 251, 254, 256, and 259 are open, valves
252, 253, 257 and 258 are closed. With these valve states, oxygen containing
gas and fuel (219) enter the bed (220) through valve 251 while fluegas (227)
exits the bed (220) through valve 256. Concurrently, the hydrocarbon and
steam feed (215) enters the second bed (230) through valve 259 while the
product of reforming (217) exits this bed (230) through valve 254. At the



(230) is engaged in the step of reform ng. Each bed (220 and 230) i ncl udes
both reform ng and recuperating zones. In this enbodi nent, several sets of
val ves are used to control the various streanms flowng to and fromthe beds.
A first set of valves (257 and 259) controls the fl ow of hydrocarbon feed
and steamfeed to the beds, while a se¢®nd set of valves (252 and 254)
control the flow of the product of the reformng step exiting the
recuperating zones. The third set of valves (251 and 253) regulate the fl ow

of oxygen- condodichisiteh ofdRE/stepealpBh POLEINE! MAPSOUTISnBddAR el 951 he beds
and the fourth set of valves (256 and 258) control the flow of fluegas

exi ting the r&¥eRadaad 28hsow dlaeidid the cygle remerses, with the firal heds(228)1, 254, 256,
and 259 are open, .val.v 25 253 57 258 are osed. Wth these val ve
st at es, oxygelﬁ?ocrgﬁ?%lthﬁiet%@d arb‘i@eziﬁ%fj“fjfp@fi (?%éfgeé’ﬁfaéwgﬁheeﬁ?gd (220) through
val ve 251 while fluegas (227) exits the bed (220) through val ve 256.

(230)" 1 hr ougH 4Pl 0 ShE e #a8s B thar g &Rt SEfhe b aheiiRg P Al S ot i s bed
(230) thr Ougho\/aﬁhlamtﬂéﬂigh/ﬁba&dlﬂelo_cl@d_ conclusion of this step, valves 252,

253, 257 and 259 now open and val ves 251, 254, 256 and 257 now cl ose, and
the cycle reverses, with the first bed (220) reformng the feed and the

second bed (20427 egrnewallikhgwhlig tieat thaf EWddckipecaf@Rtchhfaofsized for
characteristics of the bed packing material are set to enable the high

space vel oci t jeat frgnsfer qutfﬁ‘iigmv(m andkeltararterized Her heat trensfer welacpateri ng can be
charact er | Zed%?ffﬁﬁ refdfidh {% g{gg{t&{ %ﬁ’,eefé(g'(?dr?é?ﬁtio(rlp)f?r:tggse(:ﬂm%%x)es? B%gg for heat

transfer surface area n rererr 0 as wet area, rrel ati ons

for these parangieasl solidg@6berties, gRswélhknda.i Thepodastidfeteseawe Wel | known.
The product of these two paraneters is the bed' s heat transfer coefficient
on a bed vol uREamgiersis thebedmhaat fransfergoefficiensfoara hegdofolyrae bagis:

Volumetric heat transfer coefficient:

_ BTU or = keal
(f* Bed )(°F)(s) (L Bed )(°C)(s)

hy

[0043] The heat transfer coefficients are sensitive to a variety of gas
properties, including flow rate and composition. Coefficients are typically
higher during reforming because the hydrogen in the gas has very high thermal
conductivity. Coefficients are typically increased by decreasing the
characteristic size of the packing (e.g., hence 1/8" beads will have higher 4,

than 1/2" beads).

{0044]  The heat of reforming of hydrocarbons is well known, and can be
expressed on a basis of units of heat per standard volume of hydrocarbon gas.
The heat transfer requirement for this PSR system can be expressed as the

product of volumetric heat of reforming with the GHSV of the feed.



BTU or = kcal hV (ft'Bed)(F)(s) (LBed)(C(s) [0043] The heat transfer
coefficients are sensitive to a variety of gas properties, including flow
rate and conposition. Coefficients are typically higher during reformng
because the hydrogen in the gas has very high thermal conductivity.
Coefficients are typically increased by 1#eereasing the characteristic size
of the packing (e.g., hence 1/8" beads will have higher by than 1/2"
beads). [0044] The heat of reform ng of hydrocarbons is well known, and can
be expressedVvoluraetbiadieat ednstirireguifindd@Adf the kystéra AfE:racotdiage of hydr ocar bon
gas. The heat transfer re uirement for this PSR system can be expressed as
the product of vol umet g &t Adtwert efor PR wi t f), t he @BV of the feed. _19_
Vol unetric heat transfer re(m{m.emnts Qi tBh&)(s)ystem AL BedXPr essed as: H
_GHISV 4H Er _ BTU or _ kcal 3600s/hr (ft'Bed)(s) (LBed)(s) [0045] In this
equation, GHSV and AHUF have substantially identical units of feed anount.
Thus, 1T the U} Ofin GiSWadiibnaSHSN id Rlte o nateubedflily liecal i uni € Of
AHUF are heat of rfeaction per Cl. heat transfer _

del t a-t enper abﬂfe@dmm i Thad, sfdhersanis hﬁGHiSNareasNia(hJa@ft@rpezi bewe tHRBR syst em
as taught herein. s defined_herein as_t ratio of volumetric heat
transfer requf e‘f'ﬂéﬁ t%&ﬂﬁﬁﬁ{ﬁrlﬁaﬁ’@eﬁ%‘é&nﬁqriﬂs g{:r coefficient.
Characteristic heat transfer ATHT = % r [0047] This characteristic ATHT
descri bes the bal ance between heat transfer supply and demand. As used
herein, the AT#9d6]s eﬁarlwar'a@rééer@ltﬁgerﬁwamﬁréﬁm éyalsepseihiersingr s based on

typical r egenefla?r%clzt%rng &%%éﬂ systém, as aughﬂlgr%}nefﬁ HFT |1scde§%-5|ég herein as the

ratio of volumetric heat transfer requirement to volumetric heat transfer

coefficient.

Characteristic heat transfer ATy = % .
V

{0047]  This characteristic ATyt describes the balance between heat transfer

supply and demand. As used herein, the ATyr is calculated using heat transfer

coefficients based on typical regeneration conditions. The characteristic ATyt

is a basic design parameter for the present invention. Packing or space velocity

are chosen to satisfy characteristic ATyt requirements of this invention.

{ [0048] In the practice of this embodiment, the characteristic ATy should be

between about 0.1°C and about 500°C. More preferably, the characteristic AT
should be between about 0.5°C and 40°C.

[0049]  As an example, if a packing has a heat transfer coefficient of 10
BTU/ft’s°F, then given a methane heat of reforming of 248 BTU/scf the
C,GHSV achievable at a characteristic ATyt of 40°C, would be ~1.5x10" hr™".

Given bed-packing materials that are presently known in the art, including



is a basic design paranmeter for the present invention. Packing or space

vel ocity are chosen to satisfy characteristic ATHT requirenents of this
invention. [0048] In the practice of this enbodiment, the characteristic
ATHT shoul d be between about 0.1C and about 500C. More preferably, the
characteristic AT should be between ab@ot 0.5C and 40C. [0049] As an
exanple, if a packing has a heat transfer coefficient of 10 BTU ft3sF, then
gi ven a net hane heat of reform ng of 248 BTU scf the ClGHSV achievable at a

charact eri st i garddititeplackilg, antbfobsh 49 hoheohib fibnelith€] tHe Pred@d iPARkbAY
materi al s t hat 3}1?1 presently known in the art, including -20- particulate

packi ng, and %3 %ﬁ?ﬂat%ﬁ‘e‘}l%ﬁgi%ﬁ’fwlaﬁ t’iﬁBacetW&)CWé’@émab@%ﬂ@ﬁtqoﬁﬁlr .can be
operated at high efficiency at a space velocity up to about 100,000 hf-1.
[0050] In a pr f&rred enbaodi nent_ t he bed %ackl ng material wll have several
char act eri st i@850) ¢ Tq 2 preferied embodimsent thy @@p@gl@%nm@pl@hwdhhwvebet ween hi gh

(e:9- > 1000Qeandch utCdts. R A% hETRANGLERA, BB ekt o0 re

(e.g. 2 6 cm a unetric ransfer 2 cal/cm

3sC, pref er afelg >>1000°0Pasdlohc (. g3@, 6008d) f@@krﬁﬁ@fs 35 bll)dx high W OugPdrbg MBS 0)
rop

have low resistance to flow (i.e., |ow pressure- have operating
tenperature @{3@ Gemn) andvﬁummmh@h&smﬁcmwp&icacmﬁeg 2 AdBumal/em&ICdur | ng

regeneration, hav, h re nce to _thermal shock, Furthernore, it is
preferred t hal?re qq@bly ﬁaqegg Pgll/ °‘?1a°:é [#g mastpreferally —@alrpa"cﬁuﬁ? §&)ghavedow o

cal /cn8. CC an@sﬁfaﬂf:@f@ﬁsj)ﬁé (% 7010%9;()1%@41&&% hd%g%hgrlaﬂﬂg erﬁtnfe bed packi ng

material will provide sufficient support for ere or ng catalyst in the
ref or m ng bedconfisese withahe highesnempemairesdncsidtecdrdutial redeneheiona@e, si ze,

The bed packi MY THELFRRACHHh BETTAGNSEHCF HEFmors ds PEREebaa] Rty and 11 ow
resistance. T&h&ﬂaﬁh&%@ffﬁﬁlkﬁ%ﬁ“ﬂ&cﬁy@g b Sak- °C and preferably

20.20 cal/cm’°C). Additionally, the bed packing material will provide

sufficient support for the reforming catalyst in the reforming bed. These

requirements are met via control of the shape, size, and composition of the bed

packing materials.

[0051] The shape and size of the bed packing material impact the beds heat
transfer capability and flow resistance. This is because packing shape and size
impact how the fluid flows through the packing, including, most importantly,
the size and turbulence in the fluid boundary layers that are the primary
resistance to heat, mass and momentum transfer between fluid and solid.
Furthermore, the size of the materials also impacts thermal shock resistance of
the bed, because larger structures are typically susceptible to thermal shock.
The shape impacts bed heat capacity through its relationship on bed void
volume. The design of advantageous packing shapes to achieve these aspects of

the invention is well know in the art.



i mpact how the fluid flows through the packing, including, nost inportantly,
the size and turbulence in the fluid boundary | ayers that are the primary
resi stance to heat, nmass and nmonmentum transfer between fluid and solid.
Furthernore, the size of the materials also inpacts thermal shock resistance
of the bed, because |larger structures-afe typically susceptible to thernal
shock. The shape inpacts bed heat capacity through its relationship on bed
void volune. The design of advantageous packi ng shapes to achi eve these
aspects of tﬂ@@szhveﬁkample's of switablkpeekingmmatesalaitcludefoney&0hl?] Exanpl es of

sui tabl e packin ter ncl ude, ho nonoJ i t hs and wal |l -fl ow
nonol i t hsp ﬂolﬁg Hb‘m' ﬂ‘é KF’B%‘F\F%‘S}@C @%E’r‘@“’ﬂ?’éﬁﬁ and
enabl e great r_egsﬁﬁéa :Jn%’lﬁ&ﬁ‘lhg'? % 146k 18R i ?ﬁa erredRORESRE fOr the

present invention WI have c enS|t| range rom about 100
channel s/ i n2 monalﬁthslforaﬁé)@rashannedmbnnﬂll(lﬁﬁe ehzﬁﬁel ddisitiee kimt eae frdmn  an

alternate enb Oft gh,as foam nopol it hs and
packed beds r&%ﬁ%ﬁﬁ? 331"8?1?&9 dllf’fﬁgof‘]@ﬁmt:ﬂ&nbzbegbnt

i nvention w | ?ﬂs”‘{% ores per
inch) to aboﬁggéggatgg?ﬁgﬁsg&t%ﬁgt%oref@?ré)]aﬁ%re erre Hl:)rgé%lgﬂtm(s for the
present i nvepadked bedd Mahbvenpwcdn@rw&nMMmRﬂnehm& forahapeaerithat range
from about 180 bout 3Q00.ft - 00, cni) 0053], .The
composi 11 on ofveRienytd! fkasens nituns it s yp btk g (Bt BEV Y
tenperature aﬁ@hﬂohsmmbpﬁ(h@c&m BoreRdrA)) e fe R ABLed S for (RS bRsafice 1S

general |y greatest for materials having |ow coefficients of thernal
expansi on,  bwyeusen will h&vetpaekmgnvp&r wetedsirfadeend thitamze fromsbee 180at

stresses a coppone np res.are changing due to cycling. Ceramc
materi al s havé $R8 O“t&é’ggr%‘o &g bbj&P’e )resistant to conmbustion t enper at ur es

and thernmal shock, parti cuI arly for application in engine exhaust filters
and regener at to\ﬁ%ﬁ hetfhe Icomposmon of the bed packing material is important to
operating temperature and thermal shock resistance. Thermal shock resistance
1s generally greatest for materials having low coefficients of thermal expansion,
because it is the temperature-induced change in size that stresses a component
when temperatures are changing due to cycling. Ceramic materials have been
developed that are resistant to combustion temperatures and thermal shock,
particularly for application in engine exhaust filters and regenerative thermal
oxidizers. Cordierite materials (magnesium aluminum silicates) are preferred
for their very low coefficients of thermal expansion. Preferred materials of
construction include aluminum silicate clays, such as kaolin, aluminum silicate
clay mixed with alumina, or aluminum silicate clay and alumina mixed with
silica and opticnally zeolites. Other candidate materials of construction include
mullite, alumina, silica-alumina, zirconia, and generally any inorganic oxide
materials or other materials stable to at least 1000°C. The materials may be

used alone or in combination, and may have their structures stabilized, for

example by use of rare earth additives. The bed packing materials of the



oxidizers. Cordierite materials (magnesium alum numsilicates) are preferred
for their very low coefficients of thermal expansion. Preferred materials of
construction include alum numsilicate clays, such as kaolin, alum num
silicate clay mxed with alumna, or alum numsilicate clay and al um na
mxed with silica and optionally zeol +t8s. O her candi date materials of
construction include nullite, alumna, silica-alumna, zirconia, and
generally any inorganic oxide materials or other materials stable to at

| east 1000C. rEgenarsting Zamesangithérebe the samabodiffersnt ifront thelpankingon, and nmay
have their structh tahili.zed, for exanple by use of rare earth
additives. ThB25E4 Sﬁ’i&ﬁ OTRIPBEPIs of the 22  regenerating zone can
either be the sane or different fromthe packing materials of the reformng

. [0054 | f ds.wi thin the reforni d
Fecuper at 1 ng (U9SAES" FhS EoShesPRied ohths brdr WD FAENRB AU HPERG G
Accept abl e  cayieh s AhkOMhS rhitf/ fd{siﬁs fak h&q&b@&. d@%ﬁ’éﬁ; VRetdgiale beds, radial

beds, and co- annul ar beds. Packing nay be nonolithic or partlcul ate in
desi gn. Part i canfigueatiopa dtdludsy hraizobtat beds, flérucailhpdsirddlalbn;issm(bccst eps of the

present invention. .l referred enb ment packi.ng [s maj ntained in
a fixed arran {oe ds. 666%5’]3 ‘@ﬁ-‘r’gﬁm"é‘oﬁl&’%f’wmc a‘FdW&ilgg' hﬁrt‘gallét%obl e,
transition, aﬁ%kﬁgof’dﬂy bé/édnlle ARPRA YRS s&%e‘éﬁ:bls oﬂﬁlc/ﬁﬁ’esegﬁmv%{aoﬂ-Qn aVb, My,
Sri, Ti, Y, and Zn, or onbi nati ons thereof, as well as other netal and
non- met al nmt prefextes mlmshmcm, bed papkingzie nmnthmﬁdanhéfmé agangenyanit.c
performance. As used herein above, the term conponent relates to a netal or

netal oxide thereof. Preferred catalyst systenms include Ni, NO Rh, Pt,
and conbi nat i (19851 heSEﬁable wfels@mma tatystd includy nolle, Mdmmewﬁromvoat ed on,

hir];ig(r::tn{arla%/isf:a ggﬁpﬁgﬂ I e((il]h‘aeg ‘%ﬁ’e(g% E”ZL \Mhogfgeh}’lr: tﬁgﬁ{g ang FBc¥ss descri bed
above to suppéymbefiigaRelett las wWelldasiongd neeeéllandmﬁ rheth tBetials added to

stabilize and/or enhance catalytic performance. As used herein above, the term

component relates to a metal or metal oxide thereof. Preferred catalyst 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.

[0056] Figure 3 diagrammatically illustrates the pressure swing reforming
process descrnibed above to supply hydrogen fuel to a fuel cell. The PSR unit
(300) may include single or multiple beds, with the details of valving and flow
( control all contained within the unit (300), and not further detailed in Figure 3.
| Referring to the figure, a hydrocarbon containing feed (301) such as gasoline,
and steam (303) are supplied to the reforming step of the PSR reactor (300),
where the feed gases are converted to a synthesis gas (305) using the pressure
swing reforming process previously described. The synthesis gas generally
comprises CO, CO,, H;, H;O and residual hydrocarbon gases. The synthesis
gas produced by PSR is at a relatively high pressure, typically ranging from
about zero (0) atmospheres gauge to about twenty five (25) atmospheres, and

preferably from about four (4) atmospheres to about fifteen (15} atmospheres.



(300) may include single or multiple beds, with the details of valving and
now control all contained within the unit (300), and not further detailed
in Figure 3. Referring to the figure, a hydrocarbon containing feed (301)
such as gasoline, and steam (303) are supplied to the reformng step of the
PSR reactor (300), where the feed gase23are converted to a synthesis gas
(305) using the pressure sw ng reform ng process previously described. The
synthesis gas generally conprises CO CO2, H2, H20 and residual hydrocarbon
gases. The sy[b@ki s Thgaarproaal diffbyntR$pes of fael cells khawn wethy alfd, gid pr essur e,

typically rangi from_gbout zero (O t nrospher es e to about twent
fiy\F/)e (2.531 at n‘%@BﬁW@%‘anA ﬁrenb’feéF@PS %“ﬁ?%lgm@mm%% %thgaﬁlﬁﬁgspheres %/o
about fift eenfréﬂﬁhes @EMQ&SF ﬁ‘ﬁ% besed L&Ot@lgﬂel-f&ea{ fuePE&L %‘?};ﬁ?"’h’e S‘AH{eE@ rent

types of fuel cell nown 1 n the art, an each 1 nposés fere
restricti ons wmadditenaliptocpsseptinat mag be Heedstotadpst thegdfuent campodigoPGR r eact or

may be used as the.fuel for .a fuel cell, or nmay be subject to additional
processes thaﬁmﬁﬁwtﬁs%ﬁﬂéﬁgd@‘ﬁ' iﬂfﬁ’éf’cmﬂlﬁé’m CHPRTAHEHO5E on to those of

the fuel cellEjRUtyte Fdl CARPRED) gongxgp L PBfER PP RabiBhy TeduireslaeCt ol yte

Fuel Cell (PEFC), common in vehi Ications, requires a hydrogen
stream t hat chydragemsstieanythatredritains neryrsimadlt donnentatioOof{ CQnigatdlly <1000 ppn)

but may contain L rge concentrations of jnert. gases such as. nitrogen and
Ocp. The 0O CBRTRET BAY{HETALISTen FaMSeniratipgs PSS §a3eh 50 o5 AHEEGH B4 ¢ her

chem cal convewdl ofhe COUonRAPIPIE PSR efRERWEAS b8 Reduked tHbugHEifep . _
separation for such tuel cell application. A high-tenperature solid-oxide

fuel cell (" S@EGE, convelstbnndior pxayuple oyt Wetee gpy ol s oe througldsdphmtiPER ef f | uent
could be used wi thout further nodifi.cation directly i h 1. O her fuel
cel'l s that  magprobeh Ebaelhpemiceart AdiEmerapeapr e b ol i o
carbonat e f ue(Sedy, waild nop AR Mdse pRedeskel Usld e PER. cf@QR8buliie embodi ment
illustrated in Figure 3 enploys a fuel cell (3102 t hat

used without further modification directly in the ceil. Other fuel celis that may

be used with PSR include alkaline fuel cells, molten carbonate fuel cells, and

phosphoric acid fuel cells.

[0058] The embodiment illustrated in Figure 3 employs a fuel cell (310) that
is tolerant of PSR-produced synthesis gas components that accompany the
hydrogen produced (such as CO, for example), and may utilize the synthesis
gas (305) as produced by the PSR reactor (300). Although not illustrated in the
figure, alternatively, a synthesis gas adjustment step (not shown) may be
integrated to convert one or more of the synthesis gases to gases used or
tolerated by fuel cell (310). For example, one or more water gas shift reaction
steps, known in the art, may be used to convert carbon monoxide in the
synthesis gas into carbon dioxide, which is more tolerable to conventional fuel
cells. Additionally, a preferential oxidation process step may be used to reduce
CO levels by oxidation to CO,. Suitably preferential oxidation processes are

also known in the art.



is tolerant of PSR-produced synthesis gas conponents that acconpany the

hydr ogen produced (such as CO, for exanple), and may utilize the synthesis
gas (305) as produced by the PSR reactor (300). Although not illustrated in
the figure, alternatively, a synthesis gas adjustnent step (not shown) nay
be integrated to convert one or nore oR4the synthesis gases to gases used
or tolerated by fuel cell (310). For exanple, one or nore water gas shift
reaction steps, known in the art, nay be used to convert carbon nonoxide in
the synthesi[808%s i Thoregandyetiordstex bfithe PSR, ah desribved pravaduslyald e t o
conventional fuel ..cells. Additionall

o f [ i dat i
step may be (FSEYTPUHEEAHIS a"dﬂgé’(}‘éP’é%Bg}f?&)%eggf {33%'9%1@%%‘1 Seeans gblp;ocess

preferential (@xodahd podiREashezadteeant|H9) kOBMADA of it ki cell e[ 00591 The
regeneration step of the PSR, as described previously, is acconplished

usi ng an oxydasxbaust of Gprdgplketedean{3( 2BHpmeahel cathbdeindts-depteted 399as and

producing a f s stream (327). Qperation of the fuel cell results in
exhaust of oz(bxg)gﬁa the (?ae(312) fromthe cathode and H2-depl et ed syngas

(318) fromthe anode. [0060] Figure 4 illustrates the pressure sw ng

f ' d ib i I i th ter- hift . ti
Fol I owed by HPGgent Gaped HisBAE VRGeS ieg RE Regares 4Ry BT boar bon
cont ai ni ng fqﬁév&ﬂ&lggwiﬁﬂmﬁ“&t@ cHi3kactRh FoROWR b Hydre gt Sephsiioh M Ng step of

the PSR reactor (40 ere the feed gases are converted to synthesis gas
(405) gener al Refegongpioithe Agueos hphwcarbign comaidingfted é4010and stegmir(483r bon gases.

| nmbodi t_th t hesi i ' | | d i ft t

(h00) Cuner o Pl B HE R nd e o s BN ERE YA Bphr B i ot

hydrogen is piRed&REonf&eashathes® Y (408) %&k@?mmramgxc@yt@,m 0 the PSR
S

reformng step to sati_sz st eam requi renen or the water-gas shift
reaction. Al tBrQand yesidual Bydraparhey gases.s Upend eobadimenicthe synthesis gas is

optionally fed to a shift reactor (406) where CO levels are reduced by
conversion to CO, and additional hydrogen is produced. An excess amount of
steam may be provided to the PSR reforming step to satisfy steam requirements
for the water-gas shift reaction. Alternatively, steam may be supplied to the
water-gas shift reaction to promote the reaction illustrated in formula 2. The
shift reaction is a process well known in the art, and as previously noted, may
be conducted in one or more steps. For example, a single stage shift reaction
may be conducted at temperatures of about 250°C to about 400 C. in the
presence of a shift catalyst, such as iron oxide-chromium oxide catalyst for
example. Notably, the shift reaction does not substantially alter the pressure of

the synthesis gas produced by PSR.

[0061] The synthesis gas 405, or optionally the shift reaction product (407)
is fed to a hydrogen separator (408), which may comprise alternative hydrogen
separation means. In one embodiment, the hydrogen separation means
comprises a membrane configured to withstand the temperatures and pressures

exhibited by the process gas stream, while having a relatively high permeance



wat er-gas shift reaction to pronote the reaction illustrated in formula 2.
The shift reaction is a process well known in the art, and as previously
noted, may be conducted in one or nore steps. For exanple, a single stage
shift reaction mnmay be conducted at tenperatures of about 250C to about 400
C. in the presence of a shift catal yst25such as iron oxide-chrom um oxi de
catalyst for exanple. Notably, the shift reaction does not substantially
alter the pressure of the synthesis gas produced by PSR [0061] The

synt hesi s gasto4fifdrogen a@diloeithyarich@o sftithésis @aCohPonaitoditet tHat07) is fed to
a hydrogen separ at or _1_55‘408), whi ch may conprise alternative hydrogen
separ ati on melyirogem Thsscparptonrasulis in 4 hdrpgety enpeenteatp (409D thet Isnfsdie conpri ses

a nenbrane COﬁl‘feifgarC%ﬁr(gg%vgn\tﬂ%sé@Q%S&% E‘ﬁweffﬁ%l'}ﬁt% S%ﬁiﬂaﬁ&gssures exhi bi ted

by the process gas s aving a refatively per neance -25- to

hydrogen and {eclngiegieeangdetised fitsbpahtinghgdre gapRaanks oehesnstii@Ats hydr ogen.
The separ at or sults in a Mgrogen concentrate (409) that is fed to the

fuel cell (410)thasyntaesieete Menans sepatation preasupend Emperanrs swRe _ _
t echnol ogi es mﬂﬁa&ﬁlﬁ;gﬁ%s‘ragptgo%psg&éh{s%mgEﬁ%i& ﬁ%&%@hﬁ%g%%ﬂgﬁ genstituents

of the synthesis ‘gas. ne separati on, pressur erature sw ng
adsorption, amn@ geheatlpknowndy siectic Jrfavl cbl spplitaine, mMyndbege Bepeanat i on and
are generally known in the art. In fuel cell applications, menbrane

separation st RIeHUESSVING adigration sstams 318 prefymed nin eneprpleaEérred. In
58

one preferred | r 4 | . ne system
conprising a erﬁet all1 gq ﬁ%%&gﬁﬁ?ﬁéﬁéﬁ&%@%@ﬁ?ﬁxﬁ%@;Q@ashégzIc%nmgﬁ %‘8@%2]

Al ternative nmerbbnmeatbpad swehts paliadiknoywaiadiirhose skilled in the art, and
general ly conprise inorganic nmenbranes, polyner nenbranes, carbon

menbr anes, netallic nenbranes, conposite nenbranes having nore than one

sel ecti ve | ayf062and Aleriative awyemibrays érabadimentsaye Rgovad fo thekesitillasdin
the art, and generally comprise inorganic membranes, polymer membranes,
carbon membranes, metallic membranes, composite membranes having more
than one selective layer, and multi-layer systems employing non-selective
supports with selective layer(s). Inorganic membranes may be comprised of
zeolites, preferably small pore zeolites, microporous zeolite-analogs such as
AIPO's and SAPO's, clays, exfoliated clays, silicas and doped silicas. Inorganic
membranes are typically employed at higher temperatures (e.g. > 150°C) to
minimize water adsorption. Polymeric membranes typically achieve hydrogen
selective molecular sieving via control of polymer free volume, and thus are
more typically effective at lower temperatures (e.g. < 200°C). Polymeric
membranes may be comprised, for example, of rubbers, epoxys, polysulfones,
polyimides, and other materials, and may include crosslinks and matrix fillers
of non-permeable (e.g. dense clay) and permeable (e.g. zeolites) varieties to
modify polymer properties. Carbon membranes are generally microporous and
substantially graphitic layers of carbon prepared by pyrolysis of polymer
membranes or hydrocarbon layers. Carbon membranes may include

carbonaceous or inorganic fillers, and are generally applicable at both low and



supports with selective layer(s). Inorganic nmenbranes may be conprised of
zeolites, preferably small pore zeolites, mcroporous zeolite-anal ogs such
as AlPO s and SAPO s, clays, exfoliated clays, silicas and doped silicas.
I norganic nenbranes are typically enployed at higher tenperatures (e.g. >
150C) to mnimze water adsorption. PeR§reric menbranes typically achieve
hydr ogen sel ective nol ecular sieving via control of polyner free vol une,
and thus are nore typically effective at | ower tenperatures (e.g. < 200C).
Pol yneri c rrdﬁbh&ampermtnye Hdemlirrqombmbchneﬁ are rassiRphenondy coniphissdsef epoxys,

pol ysul fones, . pqQlyim and ot h naterlals nd may include crosslinks
and matrix fil?“\uéag“){“g;l” ﬁ"ﬁ %éB‘F ag fgntg! “I’&e‘f@ IB%%"C%'éfnpmreabl e (e.qg.
zeol i tes) Varﬂl@Blhﬁ?arE%oWﬁ%thv@Hll ¥ SQE&W i I%en hﬁQ&a@EWP&a@SS are

generally m croporous and substarntially grap ers of carbon prepared
by pyrolysis mf:mptﬂnysrefplcarhlgr’rtawaaeernperaﬂuye}randdizlqnmssluaq#d«f;ﬁ:ndéiarﬁha& menbr anes

may i nclude car ona | norgani c fi S are general ly applicable
at both | ow ahgs oé'g’a IHPSIW 4i1oa to g %f lgllzo?afg’ﬁb‘tcg’rﬁ’égat‘éfﬁe PYpst commonl y

conpri sed of allb%ﬂgag g Wlﬂp@ﬁ) Rlefployalid |c§mtr§lg.ﬁ@ eftent Btt@ﬂipépgtuxégﬁﬂ'e um

zi rconium and Ium are kno t'™o have hi and sel ect ydr ogen

per meance. I\/etlrmSitlcm Muestypinally, nygsaltia inembranes ane tssdietwéan Zboun20D°C

H2- pressur e- depe deF%(E se transformation that limts operation to either
high or lowt QEC put alloying (e.g. with Cu) is enployed to control
the extent and tenperature of the transition. Mst typically, netallic

menbr anes are bot 200C an bout 50 0063] .preferred
enbodi nent s, w}giﬁSRﬁﬂ? g"@’é‘ &UB@?SW E? g§ﬁ\%9iﬁsﬁp’@ﬁuc%§rr8?§ﬁ?@q’é§'hgas t hat
i s particul arpysyied &w%u% Hﬁ@xst dﬁ@%ﬂ%nﬁ&p@rﬁhbﬁﬂrm&ééﬂa@&ﬁorﬂhe rate of

hydr ogen perrreatlon he menbrane “is increased directly wth hydrogen
partial pressusem. Theoetedifigtiogen peaméatioh pf thegnembtaps inincreased directly

with hydrogen partial pressures. Accordingly, relatively high rates of
permeation of hydrogen fuel (409) are accomplished through the use of PSR,
resulting in increased hydrogen fuel (409) produced for use by fuel ceil (410),
and resulting in decreased amounts of hydrogen rejected in the separation's

purge stream (411) with the non-hydrogen fraction of the synthesis gas.

[0064] The regeneration step of the PSR is fed with fuel (429) and oxygen-
containing (430) streams, and results in a fluegas stream (427). As detailed
earlier, at least a part of fuel (429) is supplied from PSR generated synthesis
gas. In a preferred embodiment, fuel (429} for the regeneration step is supplied
by the separation purge (411), fuel cell anode exhaust (418), or a combination
thereof. The flue gas stream (427) is at a temperature that is comparable to the
temperature remaining in the reforming zone of the PSR at the end of the
reforming step. In embodiments such as described in Figure 4, in which the
reforming feed H,O is introduced as steam, that reforming zone temperature is
dictated by the kinetics of the steam reforming reaction. This is because,

during the reforming step, reaction will consume heat until the temperature is



perneati on of hydrogen fuel (409) are acconplished through the use of PSR,
resulting in increased hydrogen fuel (409) produced for use by fuel cell
(410), and resulting in decreased anounts of hydrogen rejected in the
separation's purge stream (411) with the non-hydrogen fraction of the
synthesis gas. [0064] The regeneration-8{ep of the PSRis fed with fuel
(429) and oxygen- containing (430) streans, and results in a fluegas stream
(427). As detailed wearlier, at least a part of fuel (429) is supplied from
PSR gener at edos yow lersthe kirgéiss, ahd tizenpheaf wilt pol lamgbobkt cestimed UBYpi¢aB9) for the

regeneration step i.s .supplied _.by the se tion purge (411), fuel cell
angde exhausttﬁ'(szfg%ﬁlt,s “6FRE"%%%%ﬂﬁgﬁ%fﬁeaf'ﬁ@?z})?mp?%é"t%|‘i5%baa)s409tt? eam (427) is
at a tenper atygoe. tinahe EMbEAIARAT v IOFIEIR 4, HRIMAE BSHESR JrANBNLEE (N the

reform ng zone of the PSR at the end of "the reformng step. In enbodinents
such as descrstisen ik nsqd previde thenenthrlpy of Yaporizetiar for te ¥ ated (422 Dthas is

i ntrod d t hat f ] t ' di ct by th
i et o5 of - THES 5 Bt PRrSISHTRGE FEAcerBHA0Th & e SiEhineee IS IFRg The
reformng st egeant B@i@éri(ﬁ()?‘f\’gé Used 00 EiReFer i@ hedt B tle MllRal RIIDMAIMHE_IS -27- 100

| ow for the kinetics, an hen heat will no | onger be consunmed. Typically,
this resul ts stigamn Invagrefgeref leobodibmentt  eapor (4RVyrytdeniver(adtishewo) about 400 to

500C. Inth nbodi t sh in Fi h t content of this fl
Stream 1's UecRupEaIpatt ARGt (P Sohie Bl SR Pt or (450)
that is useddiRr (@9 the reformng feed steam (403). A heat exchanger, also

called a steamboiler (402), is used to transfer the heat of the fluegas
into the HHO stream 1In a preferred enbodi nent, a vapor recovery device

(not shown) [©ogs] edlxltaaetéi@bmhemqtﬁép&yéﬁix{‘ﬂeﬁ%n,%léahﬁgéru@ﬂthselI, suppl i es

water to steam boiler (402). [0065] In one enbodinent of the present
i nvention, atfunetigsn ofghie steam hdiker (402 i pesformied inreits ircthenPIS& feagtof @OQ). i s

performed i n_I%i t}u"é ém%otdﬁlr%erllat,s%er}?ﬁf%e%crl tcg ﬁl%orz:fonning step of PSR is fed, in part,
as liquid water. When liquid water is fed to the reforming step, the enthalpy of
vaporization of the water is obtained from the packing and catalyst in the
reforming zone of the PSR reactor, such that the reforming zone will be cooled,
over the course of the step, to a temperature approaching the boiling point of
the water at reforming pressure (for example, 180°C at 10 atm). The flue gas
from the regeneration step of this embodiment will emerge at a temperature
that is comparable to the temperature that it would have been cooled to if the
flue gas enthalpy had been used to perform the vaporization in the external
boiler (402). Typically, in this embodiment, the flue gas (427) will have a

cycle-average temperature of about 150°C to about 350°C.

[0066) Referring now to Figure 5, there is shown, in diagrammatic form, a
further embodiment of pressure swing reforming coupled with water gas shift
reaction and hydrogen separation for supplying hydrogen fuel to a fuel cell. In
this embodiment, the reforming, shift, separation and fuel cell utilize heat, fuel,

and air integration to improve the efficiency of the overall process. Referring



In this enbodinment, the H2O feed to the reform ng step of PSRis fed, in
part, as liquid water. Wien liquid water is fed to the reformng step, the
ent hal py of vaporization of the water is obtained fromthe packing and
catalyst in the reformng zone of the PSR reactor, such that the reformng
zone will be cooled, over the course of28-$he step, to a tenperature
approaching the boiling point of the water at reform ng pressure (for
exanple, 180C at 10 atm. The flue gas fromthe regeneration step of this

enbodi nent  wi kd Fiznees ea Ijdracdrberpermiitiing fed¢d@01) andaepni508)as fed tb g
tenperature th it woul d have been cooled to if the flue gas _enthal py had
been used to PEPTBING teRolEforaastor (D) Rrespere swing redormipg,asaletailed ) |

Typically, in | i i) axr.eycl e-aver age
Conporat i e of “abane R aneRe® 2t L RSt Sl aa CHE0 THEY O e,

t here i s showsynthesisgasggeaarailyi confpoises Ha COUCOhH,Ceaibdsidasit hydroqarems ur e
swing reform ng coypl ed \ﬁ/it.h Wa%er s shift react i_q?n and hydr ogen
separation fof %"ﬁpﬁ’ﬁis B3 BRL LA POd4TERs avpisEBaLh .r_eqcﬂondﬁé enbodi nent ,
the reformng e frlon i ; b : and air
i ntegration tgr(iﬁrarkpiﬂgvaeﬁ}t@ﬁgéﬁ#r?ghg&ngiggg l7)t ﬁ?lrggﬁégb &ﬁ?%g‘géé‘f’ EE@ erring -28-
to Figure 5, abtmdB00t@rtdabutddif@i Thagad sechn( G07T) isgadsedttbrmghh08) is fed to

the reformn tep of PSR reagctor (500). Pressuyre swing reformng, as
det ai | ed hergrﬁmgweam &ﬂﬁgei{'se’f cé?‘fl%FéFSF%FgFP-]b?aé YETQGARR QR dg gas
(505). The sx&%ﬂ@ﬁb&t&&%f%weraetu.yrﬁ%@lé&ﬁﬁlgg%is §Pis fitR fed 6O and resi dual

hydr ocarbon gases. The synthesis gas then goes a water-gas shift
reacti on (506hydmgon sepangficn tyaisd§es) weiere gheed offees t{adn®iddrdpeniang a t enperat ure

rangi ng from about. 300C to ut Q00C., The gas strea 507) .i s. passed
hrough heat SCRCHIALY eamed oo he fopbematats db ArdEPl eI H S heat ¢ he
hydr ocar bon a@n‘}dro%%ﬁ%éﬁérﬁ?d?; &Eaﬂs%s%ﬁﬁap(l’rﬁggééi Rlemblife A5 gaﬁeame%m S gas is

then fed to hydrogen separation nmeans ) where gases ot her than hydrogen
are hydrogen, but substantially less permeable to other synthesis gas components

such as CO; and CO. As detailed above, effective membranes include
inorganic, polymer, carbon, and metallic membranes for exampie. PSR
produced synthesis gas is particularly advantageous in its preferred
embodiment since it produces a relatively high pressure, high space velocity
synthesis gas. This in turn increases the efficiency of the membrane, meaning

that more hydrogen will permeate the membrane for use as the fuel cell fuel.

[0067] A fuel gas (509) comprising substantially hydrogen, is fed to the
anode of fuel cell 510. The term substantially, as used with respect to the feed
gas (509), means a hydrogen content of greater than about 90%. The feed gas
is also characterized as having CO concentration less than about 1%, preferably
less than 0.01%. Purge gases (511) from the hydrogen separation means (508)
typically contain hydrocarbons, CO, CO,, H,0, and some fraction of the PSR-
produced Hydrogen. The purge gases contain a substantial amount of heat of
combustion. In the embodiment of Figure 5, this stream is used as fuel (529)

for the regeneration step of the PSR.



substantially separated fromthe feed gas stream In a preferred enbodi nent,
hydr ogen separation nmeans 508 conprises a nenbrane that is perneable to

hydr ogen, but substantially | ess perneable to other synthesis gas conponents
such as CO2 and CO. As detail ed above, effective nmenbranes include

i norgani c, polyner, carbon, and netall r@%9menbranes for exanple. PSR
produced synthesis gas is particularly advantageous in its preferred

enbodi ment since it produces a relatively high pressure, high space velocity
synt hesi s gas[006B] s Iitris known iimtheasisthat separaafr§ presemteytrafeoffivetwesnbr ane,

meani ng that nore gg(dro%]_en Wi | | &errre te the nmenprane for_use as the fuel
cel | fuel. [ERPEAICISIFE ¥aTsysspegitg }°“é(?§ﬁ??a§{lﬁﬂﬂ Jeeienal The w¢®logen, is

fed Lo the  anats o ditekrfBh ich o POR LENALSUDRLBLLR Yy ugs used Wi L

respect to the feed , means a hydrogen content "of greater than
about 90% Theepaswer age streana(sld ). ohlacaat e resticessthh asdongry@Oncands ent r at i on

| ess t han abog{g 1% {‘)P'rgefgra%5 | ess than 0.01% F?urgﬁp,gases (511) fromthe
hydr ogen sepalStSEBH2IPE RS ¢ éamPVp?%%HqCEISQPGFﬂt%W%y ERFHGRS 2nco, cop,
H20, and sonmBadvaagdge QVeXA TRIBasEPRy dideaf baRearbedr ogen. The purge gases

contain a substantial anobunt of heat "of ~ conbustion. In the enbodi nent of
Figure 5, this streamis used as fuel (529) for the regeneration step of

the PSR -29-140g9$8] Al further Midﬂs%@&n@ﬁﬁsh&?ﬁ? u§ﬁg%@?u@[§eipémt a

tradeof f between “separator size versus specifications of streampurity &
recovery. Theexlwusofs12f (fgpically tahgingayenpgent dontens from afout A% BSRoutt i | i zes

un-recovered HZ in the separator purge str 511) .. which in turn reduces
the recovery E‘é(f’gﬁﬂg‘eo%ygf 'éogtélﬁ%ﬂggﬁgmﬁm (g@t}gsgé "Lﬁhﬁﬁf’%e“e’fﬂtr‘ﬁaéfepsepar at or
size. This repf &éﬁ’ﬂl@re%@to;@Sb@.”iﬁgﬁeﬁﬂﬁigeﬁ&nlé@ﬁ?}_diﬂfiéé)ﬁﬁi;ghgener ators.
[0069] A further integration is acconplished by using the fuel cell cathode
exhaust (512) tempepatord flye gas(§2 Agfrom tiox PSR meastortte heatftho pathddeut 4% t 0o about

exhaust(512), prior to its introduction into the PSR regeneration step.

[0070]  The fuel cell cathode fluegas is typically moisture laden. In one
embodiment of the present invention, a water recovery device (520) may be
used to recover water from the cathode exhaust for use in meeting PSR and/or
shift reaction steam requirements. In an alternate embodiment, the water
recovery device (520) may be positioned on the PSR fluegas stream (527), after
its passage through the heat exchange means (513).

[0071]  As described in detail previously in reference to Figure 4, the PSR
fluegas stream (527) will typically be at a temperature of about 400°C to about
500°C, and the steam feed to PSR (503) requires a source of heat for its
vaporization from water. In a preferred embodiment the steam is vaporized
using the heat of the PSR fluegas in steam boiler (502), before that fluegas is
introduced into heat exchange means (513). In that case, the fluegas entering
the heat exchange means (513) will have been cooled to a temperature of about

150°C to about 250°C, and the heat exchange means (513) will heat the



10% as the oxygen-containing gas stream (530) used in the regeneration step
of the PSR reactor (500). Heat exchange neans (513) utilizes a high
tenperature flue gas (527) fromthe PSR reactor to heat the cathode

exhaust (512), prior to its introduction into the PSR regeneration step.
[0070] The fuel cell cathode fluegas is3@ypically noisture |aden. In one
enbodi nent of the present invention, a water recovery device (520) nmay be
used to recover water fromthe cat hode exhaust for use in neeting PSR and/ or
shift reacti ontisideatfluen (5 12 ne attampdratuofdboat b3 & shoho2$0Pentin ahhe wat er
recovery dev;age (520) y be positioned on the PSR fl uegas, stream (527),
after its pdSEHte simbaMgens nther svasteheah strenen iweiad tqrrexide theheat pf As

described in dgbabliidy Sui i ' fl uegas

Stroam (527) WETTEYSR SHbPuews. Ebr CERIENRERLPol BHIRIT gl R pout

500C, and t héeat mean dreehtttioat RSEOY50B) of égilicaesalae shity feed afdlogen, ahor its

vapori zation from er. In g preferred epbodi r(r)gnt t he st egm i's vaporized
I

t
using the hedftMYmt{ ipaRsientiallsgreater havdhe peat obvapasgesion gEGSEEaPhat 1 uegas
i's introducegmitip: feah i©%5RAVEE g@ﬁ@@&ékﬁa} is dd? 1638 (HeABEencldfonf | UCDaS
513) w | have ]b 5

entering the heat exchange neans een coofed to a
t enper at ur e offflatrouthe PRROMu¢gas 4527 tenBIME, heanekchivegehredns éxtHamidicberarans (513)

w || heat the -30- cathode effluent (512) to a tenperature of about 100 to
about 250C. g oL e ?@,&W%ﬁtﬁe FoltpdefiuiB 1 's used 1o
provi de the heab) @fa tehipRAthedriaBBucfo0i b abste@opcFor exanpl e, the fuel cell
typically creates waste heat in an anount that is 20% 70% of the heat val ue

of its feed hydrogen, an anount that is substantially greater than the heat

ofi vapor | Zatima@][ thﬁeﬁﬁ%boﬂﬁ&st&gf resuRt iﬁeﬁﬁééﬁﬁegﬁéh@aﬂ%ﬁt sour ce

that is not tied to the regeneration uent, the PSR!I uegas "(527)
ent eri ng heatloextuigathg heatzanbangsBganai(502, 564,213 in diffepart ppsitienspfo about 400 to
about 500G a%gtcﬁatﬂe tr}:%%ergtgr% r%&t&ipé)nqgntse I)It tlhlé E\"fg}ious system components. For
example, in an embodiment in which the separation means is a polymer
membrane system that is operated at a low temperature (50°C to 150°C), the
steam (503) may be introduced to reforming feed after the heat exchange
means (504), which lowers the temperature of the separation feed due to the
lower temperature of the HC feed (501). In a further embodiment, if the
separations means 508 operates at a high temperature (300°C - 500°C) such as
a palladium-based membrane, for example, then the heat exchanger means
{504) could be applied to the separated hydrogen stream (509) instead of the
shifted synthesis gas stream (507). In a further embodiment, excess heat in
streams (505, 507, 509, 511) may be used in a heat exchanger means to assist
in preheat or to vaporize additional water to make steam for the reforming step
or to assist the vaporization of hydrocarbon feed. In other embodiments, the
heat exchange and integration shown in Figures 4 and 5 can be applied to a

flow-scheme such as Figure 3 that does not use a shift reactor on the synthesis

gas.



(512) to a tenperature of about 300 to about 450C.
enbodi nents of the present
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synthesis gas. -31- Exanple 1: [0073] To illustrate onegagpbodi mrent of the
present invention —an ampunt of iso-octane was processed using the pressure
swi ng refornj ngSrastess4011403sit r a4®d i h FOUr e |M411THRI Hydréifen sepdlati ¢
means in this ddentppye | Reformsuppdhifed pal HHi um RecgmieaneDepleerdal i nBluat a
tenperature pf about 3p0EeedKey Owdeten] pRrodudt ¢r SPwge ijdeniid i ed i Gadabl
bel ow. Tablel 1 T,°C 200 360 350 350 200 420
P, Atm ga 9 9 0 9t0 0.5 0.5 0
gmol./min
IC8 1.70
CH, 0.408 408 .
H,O 20.406 3.01 0.00 1.33 12.15 20.04
H, 0.00 33.59 32.228 2.33 0.00 0.00
CO 0.00 7.32 0.00 7.32 0.00 0.00
CO, 0.00 5.875 0.00 5.87 0.00 10.30
N2 0.00 0.07 0.00 0.00 79.96 79.96
02 0.00 0.00 0.00 0.00 5.65
AHc, kW 143 178 126 49

[0074]

This example utilizes two PSR reactors, operated as described with

respect to Figure 2 to provide a substantially continuous stream of product. The

cycle time is about 15 seconds, with regeneration and reforming each operating

about half the cycle. During the reforming step, the fuel flow is terminated

about 0.25 sec before the steam, to allow remaining product to be flushed from

the reactor into the product lines. The reactors are each about 6.3 inches

(16cm) long by 4.75 inches (12cm) in diameter. The recuperator (uncatalysed)

section of the bed is 1.5 inch (3.7 cm) long. Packing is a 1/8" inch (3mm) ring

design resulting in a bed void fraction of about 0.5, a catalyst bed wetted area

of about 480 ft' (16 cm™), and a bulk bed heat capacity of about 0.27 cal/cc°C.



Stream 401+403 407 409 411,429 430 427 Identity Reform Shift H2 Recycle
Depl eted Flue Feed Qutlet Product Purge Air Gas T,C 200 360 350 350 200 420
P, Atm a 9 9 0 9t00.5 0.5 0 gmol./mn IC8 1.70 CH4 0. 408 .408 H20 20. 406
3.01 0.00 1.33 12.15 20.04 H2 0.00 33.59 32.228 2.33 0.00 0.00 CO 0.00
7.32 0.00 7.32 0.00 0.00 CO2 0.00 5.8%3820-00 5.87 0.00 10.30 N2 0.00 0.07
0.00 0.00 79.96 79.96 02 0.00 0.00 0.00 0.00 5.65 AHc, kw143 178 126 49
[0074] This exanple utilizes two PSR reactors, operated as described with
respect to Fi GheeefdrhingCOHSY undsihsicaddhtiiony iscabdiut NO,S06 het he@meof product .
The cycle tine is about 15 seconds, with regeneration and reform ng each
operating abdurisatiout h3°C having aDeganergtioh stepdivarfmbogt G3Bpaleniis®Guel flow i s
term nated about 0.25 sec before the steam to allow renaining product to
be flushed from the reactor into the product lines. The reactors are each
about 6.3 i nclkemp{eidcm) |ong by 4.75 inches (12cn) in dianeter. The
recuperator (uncatalysed) section of the bed is 1.5 inch (3.7 cm |ong.
Packing is a 1/8 h inch (3mm ring design resulting in a bed void fraction
of about 0.5, (8075t alEesiflupeaie arethererabasimentfofdho preser8dn¥ention,(aGareennt 1), and
a bul k bed he [ f about .0.27 cal/ccC. -32- The reform ng C GiSV
%tf 81%%%8 “}Qééj?%‘(be(%fﬁ%u U_.LSB‘} ?56 pFﬁ,S§Lir,e Sgllﬂﬁ Eeﬁ%rmlng process

under these conditions i
illustrated in Figure 5, but without the steam boiler (502). The hydrogen
separation means in this example is a polymer membrane, operating at a

temperature of about 100°C. Key system parameters are identified in Table 2

below:
Table 2
Streamn 501+503 507 509 511 530 527
Identity Reform Shift H2 Recycle  Depleted Flue
Feed Outlet Product Purge Ailr Gas

T, °C 400 500 100 100 400 530
P, Atm ga. 9 9 1 9to0 0.5 0.5 0
Gmols/min
CH4 12.37 0.37 0 0.37
H20 20.25 3.39 0 3.39 18.3 21.89
H2 0 39.92 37.07 2.85
CcoO 0 8.21 0 8.21
CO2 0 3.77 0 3.77 12.35
N2 0 0.07 0 0.07 93.4 93.4
02 0 0 0 0 6.26
AHc, kW 160 199 145 54

(0076] This example makes use of two PSR reactors, operated as described
with respect to Figure 2 to provide a substantially continuous stream of
product. The cycle time is 6 seconds, with regeneration and reforming each
operating half the cycle. During the reforming step, the fuel flow is terminated
about 0.1 sec before the steam, to allow remaining product to be flushed from

the reactor into the product lines. The reactors are each 6.3 inches (16 cm)



ATHT i s about 13C having a regeneration step by of about 0.35 cal/cm 3sC).

Exanple 2: [0075] To illustrate another enbodi nent of the present invention,
an armount of nethane was processed using the pressure swi ng reformng
process illustrated in Figure 5, but wthout the steam boiler (502). The

hydrogen separation nmeans in this exam@d3e-is a polymer nenbrane, operating
at a tenperature of about 100C. Key system paraneters are identified in
Table 2 below Table 2 Stream 501+503 507 509 511 530 527 ldentity Reform

Shift H2 Recyhing @epimhaﬁ(ﬂ uﬁ) 1rF@ﬁﬂ1eQﬂt Taé rdduperator (Magiystll} sdelisn &f C 400
500 100 100 4Q0 530 _P, 9 to 0,5 0.5 0 Gmwls/mn CH4 12.37
0.37 0 0.37 Hi©bed isd. 53“1919(31373“13@0% ‘Bhepackmg isp 1@0@9hwet3fﬂno(718§ 85 CO 0

6 26 Ak, kWRGeHgE ) et oy Iy il dafntipp e © 0 °

reactors, operatiitgds adedooidfraction dffaboesReTa bed writgdrReof dbolt 2Ede a
substantial ly_gontinuous stream of product. The C¥C| e ti e IS 6 seconds,

with regener afti dA1 s7d )y @K bylk hed hent CaB?féWétflaﬁgu% 2 calhemfe | Bhe Duri ng t he
reformng st epefoxtrﬁﬂgf(',"@Hg\/% der%hé cong%lons is about 22,300 hr', and the ATy is

about 27°C, having regeneration step hy of about 0.52 cal/ cm’s°C.

Example 3:

[ [0077]  To illustrate another embodiment of the present invention, an amount
of methane was processed using the pressure swing reforming process
illustrated in Figure 3. In this example, the fuel cell is a proton conducting
solid oxide fuel cell ("SOFC") operating at about 500°C. SOFC anode and
cathode effluents (streams 318 & 312) are used as PSR regeneration feed
(streams 329 & 330). Waste heat from the SOFC and the regeneration effluent
(327) are used to make steam and provide preheat (not shown) of PSR and
SOFC feeds, as needed. Water for steam is condensed from a cooled
regeneration effluent (stream 327; cooling and condensation not shown). Key

system parameters are identified in Table 3 below:

; Table 3

Stream 301+303 305 318/329 312/330 327
Identity H2
Consumed  Anode Cathode Regen
Reform in Reformout In SOFC  Effluent  Effluent  Effluent

Temp, C 500 511 500 500 459
Pres. Atm* 0.2 0.2 0.1 0.1 0
Gmols/min

CH4 4.12 0.12 0.12

H20 6.33 1.75 0.74 13.57 14.55
H2 12.56 13.57

CO 3.50 2.48




about 0.1 sec before the steam to allow remaining product to be flushed
from the reactor into the product |lines. The reactors are each 6.3 inches
(16 cnm) -33- long by 3 inches (7.7 cn) in dianeter. The recuperator

(uncat al ysed) section of the bed is 1.5 inch (3.7 cm) long. The packing is
a 1200 channel s/in2 (186 channel/cnR)-¥bneyconb nonolith design with 7 mil
(0.18mm wall thickness, resulting in a bed void fraction of about 0.57, a
bed wetted area of about 1260 ft-1 (41 cm 1), and a bulk bed heat capacity
of about 0.2©2al/ cnBoC. The refobsdng Cl GHSV under.s2hese conditi ong12fs
about 22,300{Mz-1, and the ATHT is gabout 27C, havi nggyegeneanaty on sgepifhv
of about 0.5¥gal/ cnBsC. Exanple 3: [0077] To illustrate anqgtfier enbodijment
of the prese ) ~OTT; 0 5 ”M" TESSTEUUST T <
pressure sw B A - e e o= R Gt Bmtp thisg
the fuel cell’ PESSWIeHyBalgeuBis (L TiaHyRosPEsTic gressurak fuel cell (" SOFC')
operating at about 500C. SOFC anode and cathode effluents (streans 318 &

312) are use PSR regeneration feed sireanms 329 & 330). Waste heat from
the) SOFC and%ﬁislr eg %é?’l“B rE‘Fl'f'elslh‘é?let"éQSéél} TeACEOTE,QPETates ‘i)“ﬁefi@écrél?@am and
provi de prehegjy, (vé(}BIﬁtstQ‘F‘l\gﬁre 9o ﬁ%i@ég‘gsubggﬁalilfgﬁinuﬁﬁs &f‘egﬂ?@f Vater for

steamis condense om a cool e regenerati o uent tream 327; cooling
and condensatproduaioThstynMlimeKe§ seconds, enitlpsepganerhvsrsamt efordeng edched i n Tabl e
3 below. Table 3 Stre 301+303 305 318 / 329 312 / 3 327 ldentity H2
Consuned Anod&)etﬁt%dai{%géﬂeéw&tbwmm@mthf:r‘f.‘u% & BAPIYRHED EF 1 uent

Ef fluent  Tengyg, (028 Qecbdfordfhe 3An{t 8allow remaining product to be flushed from

{ the reactor into the product lines. The reactors are each 15 cm long by 5.6 cm

in diameter. The recuperator (uncatalysed) section of the bed is 3.5 cm long.
The packing is a 1200 channels/in® (186 channel/cm®) honeycomb monolith
design with 7 mil (0.18mm) wall thickness, resulting in a bed void fraction of
about 0.57, a bed wetted area of about 1260 ft”' (41 cm™), and a bulk bed heat
capacity of about 0.22 cal/ cm*°C. The reforming C,GHSYV under these
conditions is about 15,700 hr”', and the ATyr is about 22°C, with a regen-step
hy of about 0.41 cal/ cm’s°C.



Pres. Atntr 0.2 0.2 0.1 0.2 0 Gmls/nmnC#4 4.12 0.12 0.12 H0O 6.33 1.75
0.74 13.57 14.55 H2 12.56 13.57 CO 3.50 2.48 -34- C02 0.50 1.52 4.12 N2
0.07 0.07 31.21 31.21 02 1.49 DHc, kW53.3 66.6 52.9 12.9 * pressure in
gauge units (0 = atnospheric pressure) [0078] This exanpl e makes use of two
PSR reactors, operated as described w8bh-respect to Figure 2 to provide a
substantially continuous stream of product. The cycle tinme is 3 seconds,
with regeneration and reform ng each operating half the cycle. During the
reform ng step, the fuel flowis termnated about 0.02 sec before the
steam to allew rwi ning product to be flushed from the reactor into the
product |i nes: A eactors are each 15 cmlong by 5.6 cm in dianmeter. The
recuperator (uncatal ysed) section of the bed is 3.5 cmlong. The packing is
a 1200 channel s/in2 (186 channel/cnR) honeyconb nonolith design with 7 ml
(0.18mm wal | t hilcknagzoecasedor produringa fudddor a/fieticdll eotprisingf about 0.57, a
bed wetted area of about 1260 ft"' (41 cmli), and a bulk bed heat capacity

of about 0.22 cal/ cBfrefbhfiingef Wdtbdighdnlsdianmpdesd Wik sRanciandiyciions is
about 15,700 hr-1, and the ATHT is about 22C, wth a regen-step by of about

0. 41 call cnBeformiggandregenation process comprising:

1. introducing the feed and steam through a first zone of a reactor
containing bed packing material and a reforming catalyst at a space

velocity of at least 500 under reforming conditions;

1i. passing at least a portion of the product of step i through a second
zone of the reactor containing bed packing material and transferring heat

from the product to the packing material;

iii. removing substantially all the product from the second zone said

product comprising a reform product enriched in hydrogen,

iv. introducing an oxygen containing gas into the second zone and
combusting the gas and a fuel in a region proximate to an interface
between the first and second zone to produce heat and a combustion
product and transferring heat of the combusting to the bed packing

material of the first zone,

v. removing substantially all of the combustion product from the first

zone; and,

(B) Supplying said reform product from step iii to a fuel cell.



1. A process for producing a fuel for a fuel cell conmprising: . (A
reform ng a hydrocarbon containing feed with steamin a cyclic reformng
and regengifdnPihshicccess conprising: i. introducing the gepdsanieataam
through a first zone of a reactor containing bed packing material and a
reform ng catal yst at a space velocity of at |east 500 under reformng

conditions; ii. passing at |east a portggn of the product of step i through
a second zone of the reactor containing bed packing material and

transferring at romthe product to the packing material; iii. renoving
substantial l'y il T%%Pfﬁc&ﬁ%efcmg\lnw&??%econd zone said product conprising

a reform product enriched in hydrogen, iv. introducing an oxygen contai ning
gas into the second zone and conbusting the gas and a fuel in a region

proxi mate to an i nAy YRCfedRdWRRAN i Steb!if6 inttddhcedaRAh ghO N first @nBIATqHE Girfieat
and a conbustion product and transferring heat of the conbusting to the bed

packi ng naowms,iamd of the first zone, v. renoving substantially all of the
conmbustion product fromthe first zone; and, (B) Supplying said reform
product fromstep iii to a fuel cell. WD 2004/ 078646 PCT/ US2004/ 094265 - 36-

2. Th f iyn 1 - (A)..the feed and st [ t i
't roduced ¢ hr ougHER 1B BRI ObFIeplids PAreR o drkeconf Anf Ui, BF50200E andor
step i is Hﬁﬁ%%sge{’%?fa%&ﬁm}m gfqthe first zone and into a first end of

a second zone, an the reform product is renoved froma second end of
t he second zone,

(C) the reform product is removed from a second end of the second zone,

and

(D) the oxygen-containing gas is introduced through the second end of the

second zone, and
(E) the combustion product is removed from the first end of the first zone.

3. The process of claim 2 wherein heat is transferred from the second
zone to the first zone, after step iii but before step iv, by passing a gas through
the second zone, from second end to first end and then through the first zone,

from second end to first end.

4. The process of claim 1 wherein the reforming of steps i, 1, and iii is
carried out at a higher pressure than regenerating the heat of said first zone of

step iv.

5. The process of claim 1, wherein the cyclic process is conducted under
bed packing and space velocity conditions sufficient to provide a ATy ranging

from about 0.1°C to about 500°C.



and (D) the oxygen-containing gas is introduced through the second end of
the second zone, and (E) the conbustion product is renoved fromthe first
end of the first zone. 3. The process of claim 2 whereigei@dhodidhizes
transf er r 2§ FPEN*e second zone to the gjlrst zone, afte‘irt étegmimi%i4 (but
before step iv, by passing a gas through”’fhe second zone, from second end
to first end and then through the first zone, fromsecond end to first end.
4. The process 6f clThepracesmef elaimtlhwhersinthg iegcior bed pasking materimbbasai i s

carried out at a higher pressure than regenerating the heat of, said first
zone of sté’ﬁilim?h'!?gheﬁﬁé"aﬁﬁ Eggog;fﬁ@;ermogigwa}?r&aﬁg@gpﬂt 0.08cekemni " Gpr ocess i s
conducted under bed packing and space velocity conditions sufficient to
provide a AT ranging fromabout 0.1C to about 500C. WD 2084/ 078646

PCT/ US2004/ 004265 T8¢ pPocetd'6f Pt oS wheteif kit ]?'édkiﬂé‘%ga?éﬁhltipﬁ Ho?x%gl:&rn[bbed

packi ng material has a” volunetric ‘heat transter rcrent o reater than
about 0. 05c shémstitBHaving cHinacPd@ifis @bgilgafrolabiiven Sichahh€lsRackiobot er i al

is a honeyconb nonolith having channel densities rangi ng fromabout 15

channel s/ cn@00chaboelks/cns00 channel s/ cn2. 8. The process of claim1, wherein
t he hydrocarbon containing feed with steam has an inlet tenperature ranging
from about 20C to about 600C and wherein the reformng conditions conprises

a reformng catglys V] east or t i r.eof heated t.0 .
tenperature of gbouﬁhg%BW%ggﬁf&ﬂﬁzw%ﬁEmﬁe%&g}% I&%gorgtfmw%&?ﬁcﬁ?n%er ein
sai d ref or msploeiHas ah iisleR ﬁ:hgﬁrdthte faﬁﬁirgh?ﬁﬁh?&bcﬁif%"@ t¥absit 6P Chnd ¢
catal yst to produce a synthesis gas having

wherein the reforming conditions comprises a reforming catalyst having at least

a portion thereof heated to a temperature of about 700°C to about 2000°C.

9. The process of claim 1, wherein said reform product from step iii is
reacted over a water-gas shift catalyst to produce a synthesis gas having

increased hydrogen concentration.

10. The process of claim 1 or claim 9 wherein said reform product or
synthesis gas is supplied to a hydrogen separation means to produce a fuel cell
feed gas having increased hydrogen concentration and a purge stream having

depleted hydrogen concentration.

11. The process of claim 10 wherein said hydrogen separation means is
selected from the group comprising: (i) 2 membrane separation means, (ii)

pressure swing adsorption, and (iii) temperature swing adsorption.

12. The process of claim 10 wherein the purge stream supplies at least a

portion of the fuel of step iv.



I ncreased hydrogen concentration. 10. The process of claim1l or claim?9
wherein said reformproduct or synthesis gas is supplied to a hydrogen
separ at i onwiemnsoweepr oduce a fuel cell feed gas havi ng pawreacesrgdr ogen
concentration and a purge stream havi ng _gepl eted hydrogen concentrati on.
11. The process of claim 10 wherein said hydrogen separation nmeans is

selected fromt grQup conprising: ~(i ) a.nmenbgane,separati o ans, (ii)
pressure sw ng SOTT&EIHHF%TR}S c(lﬁ“%f 7> Wgﬁﬁé?nﬁfﬁas%erée%s%&%{?%fﬂ The
process of cl.ai rel | . portion of
the fuel of és}t%ggh é‘%/h W\?@@S%ﬁﬁ&é@%& &ﬁ&ﬁﬁyﬁﬁ%&f%g%%%%&ﬁe process
of claim9, wherein the feed, the steam or both are heat exchanged with
the synthesis gas product of the water gas shift catalyst. 14. The process
of claiml whereidn FThegirecesseafmlainy | delvirem a wateradcdvery adevicecs used ¢és from
fuel cell cathode exhaust gas, said water being used to supply steamto the
pressure swi HEract Mater ﬂ@mpg‘ﬁi%l& cathgde vxbayst gas sgidbyvatgriamg usgbicsupnd%t hode
exhaust gas fromttgﬁ fuel cell. suppli.es at |east a portion of the oxygen
cont ai ni ng gHEAPA0 LG BreSure SN IEIQMINR PLOCSES- .| aing 1, 9 or 10 wherein heat
fromthe reform product, the synthesis gas, the fuel cell feed gas, or a
conbi nation thereof is used to generate steam 17. The process of claiml1,

i ncl udi ng:  neasurs, ndHelyrot s cdind ¢ velierein cathsdeoaitiankt Yapfrohhthe fakpeélace
between said first and second zones and, upon reaching a pre-determ ned
first tenpesuppliceat least oporiomn- oftthatiygengontaining gasof sthpaed t o sai d second
zone; and neasuring the tenperature at or substantially at the first end of
sai d

16. The process of claims 1, 9 or 10 wherein heat from the reform
product, the synthesis gas, the fuel cell feed gas, or a combination thereof is used

to generate steam.

17. The process of claim 1, including;
measuring the temperature at or substantially at the interface between
said first and second zones and, upon reaching a pre-determined first

temperature, the oxygen- containing gas is introduced to said second zone; and

measuring the temperature at or substantially at the first end of said
first zone and, upon reaching a pre-determined second temperature, the
hydrocarbon, containing feed and steam feed is introduced to said first end of

said first zone.

18. The process of claim I, including:
measuring the temperature at or substantially at the interface between
said first and second zones and, upon reaching a pre-determined temperature, the

regeneration step (iv) is begun, and



first zone and, upon reaching a pre-determ ned second tenperature, the

hydr ocar bon, containing feed and steamfeed is introduced to said first end
of said f oflg, 18. The process of claim1, includingg: ring the

t enper atur\teéz{mé'r'ﬁgﬁbstanti ally at the interface bet \Aeenpggﬁgg‘%ﬁﬁvgf'sgand
second zones and, upon reaching a pre-determ ned tenperature, the
regeneration step (iv) is begun, and %40 20114/ 078646 PCT/ US2004/ 0114265
-39- neasuring the tenperature at or subdranti ally at the first end of said
first zone and, upon reaching a pre-determ ned second tenperature, the

ref orm ng and recomeasursigihe tempergtire)at carsubgtanfidllyatthedirsnend of said

first zone and, upon reaching a pre-determined second temperature, the

reforming and recovery steps (i), (ii), and (iii) are begun.





