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process i nprovenents in the production of hydrogen
from hydrocarbons. Mre particularly, the invention
relates to a process schene Y\Ajerei n synthesis gas is
produced in a cyclic reform ng process in which the
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a source of hydrogen fuel in applications such as

f_@% dpﬂglﬂb@_ﬂ\w@nt i nvention provides an
or producing a hydrogen fuel from
hydr ocar bons, particularly useful for confined space

appl i cations such as_"on_board" vehicle applications
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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; (D



CO+ HO---> CO2 + H2 (2) [0004] Because of the high
endothermcity of the reaction, steamreformng is

wo yuoekey carried out in |arge furnaces, in WCTOSHE04/004265
reform ng catal yst is packed into tubes. The tubes
must wi thstand the high pressure of the produced
synthesis gas, while transpptting heat at
t enper atures approachi ng 1000C. As described in
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catal yst bed) is 1000 hr-1. Unfortunately, steam
reform ng furnaces occupy a very |l arge vol une of
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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:

CH,+% O, > CO+2 H; 3)



steamreform ng catalyst to the gas phase parti al

oxi dati on reactor vessel. This conbination of gas
wpbagm7gsas t i al oxi dati on and steam reform ng i BCab10e4004265

-autothermal reformng. A fully catalytic version of

autothermal reformng, typically using platinumor

rhodiumto catal yze the oxidation, is known in the

art. However, autothermal reformng reqU| res a source
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E‘OP %(?JPB]E’P ¥ herein as "pressure swing

reform ng"” or "PSR'. The reform ng step invol ves
. introduci ng a hydrocarbon- containing feed, along with
[00073m SBderdiedUNByPatl Mosi 420008208 2405805, 4,293,315, 4,642,272

and 4,816,353) teaches a steam reforming process in which the heat of reforming
is provided within the bed by cycling between combustion and reforming stages
of a cycle. As described by Sederquist, the high quality of heat recovery within
the reforming bed results in a theoretical efficiency of about 97%. However,
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

WO edoaordomg cat al yst. During the reform ng stepP@I/US2004/004265
tenperature gradient across the reform ng catal yst
has a peak tenperature that ranges from about 700C to
2000C. Upon introduction of_jhe reactants, the
hydrocarbon is reformed into synthesis gas over a
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synthesi's gas adjustnment processes where the fuel

tefifjeratufai€los®to tHeyinlet qempersantofdhe regenerdtionestep feed by
enbodi ment the PSR process js integrated with a water

tragsfersingfits hesd ¢o pepkiaganaterpbinetheAecUnCIaioR 40R%n
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to convert COto CO2. In an alternate enbodi nent, a
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the recuperation zone. Additionally, an oxygen-containing gas and fuel 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 again.

[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

hydr ocarbon contai ning gases). In an alternate
wenivaissrnt , a pressure sw ng adsorption step PGI/US2004/004265

substituted for the nenbrane separation step to

renmove the other synthesis gas conponents from

hydrogen. [0011] The presentsi.nvention is advantageous

in efficiency and in producing relatively high
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seferred to as pressure sw ng reformng,
frgﬁg@ gegean efficient nmeans for producing a hydrogen

cont ai ni ng synthesis gas for fuel cell applications.
Pressure swing reformng may be integrated with shift |
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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 steam at a space velocity greater than about
wGO@h078b46 hr ough a first end of a first zone PCT/US2004/004265

cont ai ni ng bed packing materials and a steam reform ng

catal yst that are heated to a reform ng tenperature

to produce a synthesis gas sgream containing H2, CO

and CQ2. (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

sferring the e3d+S; : 0
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fromsaid second zone via the second
geglfﬁléélgfd%glgggtﬁg; (d) introducing an oxygen-contai ni ng
gas into the second end of said second zone; (e)

contacting sai d oxygen-containing gas with a fuel and
conbus (@niptraduicing)a deethsireame cORPLISIME 3 BYdrosgrhon and steam at
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to fuel a fuel cell. 2004/ 078646 PCT/ US2004/ 004265
and/C(Q015] The enbodi nents of the invention are set

forth in the detailed description hereinafter. BRI EF
DESCRI PTI ON OF DRAW NGS-[ 0016] Figures la and | b are
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swing re sing a dual bed, valved system
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 swng reformng for a

wo p@k/ozsshé application. [0019] Figure 4 is a PCT/US2004/004265
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
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d‘?SﬁPB‘é‘gg?“F%%ﬁ%Al LED DESCRI PTI ON [0021] The basic
two-step cycle of pressure swing reformng is depicted

in Figure 1. Referring nowto Figures 1 a and 1 b, a
BRIEBtDESGRIPFIONOEDRANVINGS (1), called a sw ng bed

reformer, and a second zone, or recuperating zone,

called a synthesis gas heat recuperator (7). The beds

f both.zones wil.l..include packin erj ' .
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PCT/ US2004/ 004265 -8 recogni zed that the pressure

sw ng reform ng apparatus may conprise a single .
[00d5%t oFighe2iz]a disgevonmtic dllwtiion af presywe spidng reforming

begi npi n f the first step of the cycle, also called
u&m&ar@@bgﬁgﬂ‘@lﬁdeﬁfsﬁme reforming zone (1) is at an

el evated tenperature and the recuperating zone (7) is

at a |ower tenperature than the reformng zone (1). A
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mat eri al that undergoes the endotherm c steam

reform ng reaction including nethane, petroleum gases,
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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 wll be a gaseous materi al

or one which will rapidly becone substantially
w@aweot4apon i ntroduction into the reform ng RPONESL00)/004265

Preferably, the steamw || be present in proportion to

t he hydrocarbon in an anount that results in a steam

to carbon ratio between aboug 1 and about 3

(cogsidering only carbon in the hydrocarbon, not

carhon_in. CO or CO2 specigs .that may be present). ..
rep@gpad it $he REESEP suihe BHOKSURE ittty F%PH&% a Single
Ieiézgonvertgd over the catalyst and heat to synthesis

a & As this step proceeds, a tenperature profile

(23) is created based on the heat transfer properties
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[0023] 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 system. When the bed
is designed with adequate heat transfer capability, as described herein, this
profile has a relatively sharp temperature gradient, which gradient will move

across the reforming zone (1) as the step proceeds

[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 tine during the above reform ng step.
wQab@4essuwper at i ng zone (7) is now at the high PCT/US2004/004265

tenperature and the reformng zone (1) is at |ow

tenperature, except for the tenperature gradient that

exi sts near the exits of thegrespective zones. The

tenperature of the reform ng zone (1) near the inlet
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etermning the end of the reformng step. Towar
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of feed hydrocarbons into synthesis gas conponents of
H2, CO and CO2. The term percent conversion, as used
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tempdratasy fmhtheawforniieg oac ki hig gslowemperstureg ggcept for the
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[092%] In the practice of pressure swing reforming, there are alternative
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conversion is typically greater than 80% preferably

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 ac‘ceptable
conversion efficiencies. Reforming performance, as used herein, refers to the
conversion of feed hydrocarbons into synthesis gas components of Hp, 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 Hy, 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 tinme at which the reform ng step
is ended, and thus the duration of the reformng
wat@p/ o786y be chosen (a) as a response to the PCTES2004/004265
varyi ng performance of the reformer during each
reformng step; or (b) based on overall
(tinme-averaged) performance qf_the system or (c)
fixed as a constant reform ng step duration.
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reformng bed. In one enbodi nent of the present

typhedyt greater thwen 8@%0 préferptdy gpeater than 80 %teend mbst preferably
tenperature at the end (5) of the reform ng has
grpaterdbae 859 a pre-sel ected tenperature between about
700C and about 1200C. In enbodi ment (b), the reformng
step duration is adjusted based on a neasured feature
[002F] r ef | ¥he poirtendirae at whidh the-refermagg diep ipenflod rrndcthus
or the system This may be an average product )
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_preferred enbodinent, the target CH4 anount is set at
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Space veloclty of the operation.<ln one embodi nent the

pREERaRven e Thé Tortafify §t6p & shded whep titteaipepaturs at the end
fixed at a duration between about 0.1 sec and | ess

(9 dnheteformBE bascdavdeased do prpse-selestad teapasatire belvteen. about
750620 2k AHE s JriRaeedmgat (s tiiorggning Seiacuption is
ac%)ﬁgtted %ggeqijbﬁ aiddsufdd Fdifure that reflects the overall (time-averaged)
performance or the system. This may be an average product composition such as
CHy, 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

WO e@a/0e863d | on st ep begi ns. The regenerati on stRPEI/US2004/004265
illustrated in Figure 1b, basically invol ves
transferring the heat fromthe recuperator bed (7) to
the reformer bed (1). In sqgqdoing, the tenperature
gradi ents 25 and 26 nove across the beds simlar to
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regeneration enbodi ments described herein, the region

proxiratetitia the présent inventieanemeans thegegim of tﬂl@rﬁSﬂ/&)@@s in which
about 50% of the vol ung of .the recuperation zon )
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AR e R R
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oximate to the interface, the volume of which
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eriBOSihRRt dLdcYibdl hetdlf, M&tr@éfoﬁcﬁoﬁfméﬁ% 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

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

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

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-cont ai ni ng gas nmay WO 2004/ 078646

w004/ 004265 -12 be introduced at the fPECHUSHNH004265
(9) of the recuperating zone (7). Alternatively, the
fuel and oxygen-containing gas (19) streams may be
m xed at the open-end (9) ofpthe recuperating zone
(7) and travel through the zone and conbust at the
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further stabilize the conbustion process and canfine

zote( P suoh shatdhe zone isencirhed eppugh faignitedntt dhe pyiure reaches
described . jnterface. In yet another enbodi nent, the

thegatrfass rthe gABestion is fixed by mnechanical design
of the recuperating zone. In this design, the fuel and

oxygen- containing gas are travelling in separate
[ nel Bhg preserdeovirgatalyp iathe refosming zoRfeat ?aﬂéﬂ ﬂl?rﬁsrvfi to
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heats the reformng zone (1) as the flue gas travels
ir?ﬂfg?ss e&hwgfan?tm reg?bf;]meu@ dos lqoﬁgﬁn &k icpmqm’-i?l@{}gﬁ fixgd by
neshpica RSN B PEHPB RN 2085 Gtz I By B Uel And oxygen-
cgr?t%{rflﬁg lga_maf%t Hﬁ@eﬂiﬁg 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 HO, 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
WO 200a07843¢ ed by neans of the proportion of cobP@GIrEs1004/604265

to non-conbusti bl e portions of the m xture. For

exanpl e, non- conbusti bl e gases such as H20, C02, and

N2 can be added to the m xt U to WO 2004/ 078646

PCT/ US2004/ 004265 -13 reduc€ conbustion tenperature.
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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,, CHy, Hy, 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,, Hy, or CO, or some other

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



or could be a tenperature such as the tenperature at

the end (3) of the reformng bed. In one enbodi nent
wo@boosleseps esent i nvention, the regenerati on stRPEI/US2004/004265

ended when the tenperature at the end (3) of the

reform ng bed has increased to a pre- selected
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enbodi mrent (b), the regeneration step duration is
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[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



that represents between about 1% and about 15% of the
hydr ocar bonaceous feed carbon [0033] The reform ng

waQ e/ 0746 10w, once agai n, at reform ng tenper aPCr/E52004/004265
suitable for catalytic reform ng. [0034] For fuel cell
applications, it is particularly advantageous to
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hydracsrbondted ptaged anbr €y batied AssuchGHe\hydredasben feed e is
casicplﬁlgfedvail aofniotlgr rgIe gfng/mbon 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 ocar bon feed placed on a Cl basis. As such, the

hydrocarbon feed rate is calculated as a nolar rate
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aboat 600%C, enidgwrefdreblyrfoatncbout 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. 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 about twenty five (25)
atmospheres, and preferably from about four (4) atmospheres to about fifteen

(15) atmospheres. Regeneration step pressures range from about zero

-atmosphere to about ten (10) atmospheres, and preferably from about zero (0)



area-based coefficient (e.g. cal/cn2sC) and a specific
surface area for heat transfer (a,,, e.g. cn2/cm,
wotdoe786eé erred to as the wetted area of the pRCRUSY04/004265
[0038] For PSR, reformng 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 about _600C and preferably from about .
atrBSphers taisbeut HEBEY) Bresahers: dbleH AukruiseRiied pressure is
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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 conclusion of this
step, valves 252, 253, 257 and 259 now open and valves 251, 254, 256 and 257
now close, and the cycle reverses, with the first bed (220) reforming the feed and

the second bed (230) regenerating the heat.



step of reform ng. Each bed (220 and 230) i ncl udes

both reform ng and recuperating zones. In this
werdvaissent , several sets of valves are used tPBPCT/US2004/004265

control the various streans flowng to and fromthe
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characteristics of the bed packing nmaterial are set
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[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.

Volumetric heat transfer requirements of the system are expressed as:

_GHSV-AH,,, __ BIU or = kcal
36005/ hr (ft> Bed)(s) (L Bed)(s)




Vol unmetric heat transfer coefficient: _ BTU kcal h''
(ft3 Bed)(F)(s) or = (LBed)(C)(s) [0043] The heat

w0 ecansfssrne coef ficients are sensitive to a variRPCHUSL004/004265
gas properties, including flow rate and conposition.
Coefficients are typically higher during reformng
because the hydrogen in the jgas has very high thernal
conductivity. Coefficients are typically increased by
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er requi r enent or this PSR system can
be expressed as the product of volunetric heat of

N e
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if the unlts of GHSV are E/NL/N of Cl1 per L bed,

Chéraotetistic heat tsansferMMBEF af%e) heat of reaction per NL of
Cl. [0046] A heat transfe eI ta-tenperature ATHT, is
al so used herein to characterize the PSR system as
taught herein. ATHT is defined herein as the ratio of

[00d71inet r i ThisehpractenisiceA Tiredescribee the baanes befstacndieat
heat transfer coefficient, Characteristic h

transferstuppl g demagg. Aowagd hawein, the ArTaxrtlé Pﬁ@f%e‘i\vﬁﬁg heat

de cribes the bal ance between heat ster I ‘e
RN R AT PPN CEERE SR PR oG, JRd R Bitacteristic
AJIlSv} 1% gamé design parameter for the present invention. Packing or space

velocity are chosen to satisfy characteristic ATyy 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/fts°F, then given a methane heat of reforming of 248 BTU/scf the
C,GHSV achievable at a characteristic ATgy of 40°C, would be ~1.5x10* hr™".
Given bed-packing materials that are presently known in the art, including
particulate packing, and foam and honeycomb monoliths, the present invention

can be operated at high efficiency at a space velocity up to about 100,000 hr.

[0050] In a preferred embodiment the bed packing material will have
several characteristics. It will have the ability to cycle repeatedly between high
(e.g. > 1000°C) and low (e.g. < 600°C) temperatures, provide high wetted area



transfer coefficients based on typical regeneration

conditions. The characteristic ATHT is a basic design
w@anoaeseas for the present invention. Packing BCT/ERRO€004265

velocity are chosen to satisfy characteristic ATHT

requirenments of this invention. [0048] In the

practice of this enbodinent,pghe characteristic ATHT

should be between about 0.1 C and about 500C. More
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heat transfer coefficient (e.g. > 0.02 cal/cnBsC,
preferably > 0.05 cal/cnB-C, and nost preferably
710 ca b Qi i the€bed
(0831 57 e PE SR and H1E of B biPARAE Kiubal lnhcl thebeds
hé&R MEnsted Wapibility dfeflohaReitatcenPhisis beesusenmaekingstege and
during regeneration, and have high resistance to
sizh empadt lehvo the flwdrflons tmoeghithe packings wechwing.aost he
.material has high bul k heat capaci . > 0,.1
B Eahae RAFEPaP I s B, bfpridee? dggent il are the
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Fﬁﬁﬁ&&ﬁ@lﬁﬁﬂﬁ%@ze Jih@senateftis Bseithfadis eherfrel shock eidtame of
of the shape, size, and conposition of the bed packin

theetieel, be¢ase 1§1@ebst ucTivnes shia pypiaallly susceptblet thdhpagal shocg. The

acking material i ct_the _ beds . . . .
shpape impga,cts bed heat caprta%?ty 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.

[0052] Examples of suitable packing materials include honeycomb
monoliths and wall-flow monoliths, which have straight channels to minimize
pressure drop and enable greater reactor length. Preferred honeycomb monoliths
for the present invention will have channel densities that range from about 100
channels/in® to about 3200 channels/in® (15 - 500 channels/cm?). In an alternate
embodiment more tortuous packing, such as foam monoliths and packed beds
may be employed. Preferred foam monoliths for the present invention will have
pore densities that range from about 10 ppi (pores per inch) to about 100 ppi (i.e.

4-40 pore/cm). Preferred packed beds for the present invention will have



heat transfer capability and flow resistance. This is
because packi ng shape and size inpact how the fluid

wo b@m®786l¢ ough t he packi ng, including, nost PCT/US2004/004265
i mportantly, the size and turbulence in the fluid
boundary | ayers that are the primary resistance to
heat, mass and nomentum trangfer between fluid and
solid. Furthernore, the size of the materials also

I mpacts thermal shock resistance of . th d, beca -1
parkingewithtwettad sustacs agea thet £ange,re 5@8& | 9 2ipoait PO f
. Shoc The;, shape inpacts bed heat capacity through
(1'?t§'59pmc}nshi p on bed void volume. The design of
advant ageous packi ng shapes to achi eve these aspects

of the invention is well knowin the art. . [0052
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conmponent when tenperatures are changing due to
matprialser, ofber materiatstebledpat easé 198Q7C.” 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 regenerating zone
can either be the same or different from the packing materials of the reforming

zone.

[0054] The configuration of the beds within the reforming and
recuperating zones may take the many forms that are known in the art.
Acceptable configurations include horizontal beds, vertical beds, radial beds, and
co-annular beds. Packing may be monolithic or particulate in design.

Particulate packing may become fluidized during some steps of the present
invention. In a preferred embodiment, bed packing is maintained in a fixed

arrangement.



devel oped that are resistant to conbustion
tenperatures and thermal shock, particularly for
wWa@ppkiozssté on i n engi ne exhaust filters and regPOEUS100v@04265
thermal oxidizers. Cordierite materials (magnesi um
alum numsilicates) are preferred for their very |ow
coefficients of thermal expamsion. Preferred materials
construct| on include alumnumsilicate clays, such
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catal ytic performance. As used herein above, the term
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cg)rLSLSersr(%g) ¢ ta i—I Sntderes1dual 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.

[0057] There are several different types of fuel cells known in the art, and
each imposes different restrictions on the fuel properties. The synthesis gas from
the PSR reactor may be used as the fuel for a fuel cell, or may be subject to
additional processes that may be needed to adjust the effluent composition to
those of the fuel cell input. For example, a low temperature Polymer Electrolyte
Fuel Cell (PEFC), common in vehicle applications, requires a hydrogen stream
that contains very small concentrations of CO (typically <100 ppm), but may
contain large concentrations of inert gases such as nitrogen and CO2. The CO

content of the PSR effluent would be reduced through either chemical



include NN, NNO Rh, Pt, and comnbi nati ons thereof.
These materials may be deposited or coated on, or in,

W@ a60aloyste supports wel | known in the art. [ 005B(T/BS1p04/€04265
3 diagrammatically illustrates the pressure sw ng
reform ng process described above to supply hydrogen
fuel to a fuel cell. The PSRgunit (300) nay include
single or nultiple beds, with the details of valving
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known in the art.

[0059] The regeneration step of the PSR, as described previously, is
accomplished using an oxygen-containing stream (330) and a fuel stream (329),
and producing a fluegas stream (327). Operation of the fuel cell results in

exhaust of O,-depleted air (312) from the cathode and H,-depleted syngas (318)

from the anode.

[0060] Figure 4 illustrates the pressure swing reforming process described
previously with a water-gas shift reaction followed by hydrogen separation.
Referring to the figure, a hydrocarbon containing feed (401) and steam (403) are
supplied to the reforming step of the PSR reactor (400), where the feed gases are



require these processes, and the PSR effluent could be

used without further nodification directly in the
wa@edos/o7seskher fuel cells that may be used w t h RSRUS2004/004265

i nclude al kaline fuel cells, nolten carbonate fue

cells, and phosphoric acid fuel cells. [0058] The
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ol  owed by hydrogen separation. Referring to the
figure, a hydrocarbon containing feed (401) and steam

e A e A
£fed@d/AIRRROSE P SR8 Ror (438), 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 to
hydrogen and low permeance to synthesis gas components other than hydrogen.
The separator results in a hydrogen concentrate (409) that is fed to the fuel cell
(410) and a purge stream (411). Alternative separation technologies may be used
for separating hydrogen from the other constituents of the synthesis gas.
Membrane separation, pressure and temperature swing adsorption, and
absorption systems provide suitable hydrogen separation and are generally
known in the art. In fuel cell applications, membrane separation systems and

 pressure swing adsorption systems are preferred. In one preferred embodiment,
the hydrogen separator (408) is a membrane system comprising a metallic

membrane such as palladium or vanadium.



converted to synthesis gas (405) generally conprising

CO (€02, H2, H20 and residual hydrocarbon gases. In
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a shift reactor (406) where CO |l evels are reduced by

conversion to CO2 and additional hydrogen is

produced. An excess anount _ofs steam may be provided to

the PSR reform ng step to satisfy steamrequirenents
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high temperature. Metallic membranes are most commonly comprised of

palladium, but other metals, such as tantalum, vanadium, zirconium, and
niobium are known to have high and selective hydrogen permeance. Metallic
membranes typically have a temperature- and Hp-pressure-dependent phase
transformation that limits operation to either high or low temperature, but
alloying (e.g. with Cu) is employed to control the extent and temperature of the

transition. Most typically, metallic membranes are used between about 200°C

and about 500°C.

[0063] In preferred embodiments, the PSR process produces relatively high-
pressure syngas that is particularly well suited to a membrane separation system.

The rate of hydrogen permeation of the membrane is increased directly with
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and generally conprise inorganic nmenbranes, polyner
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ransformati'on that limts operation to either high or
diceited Bynpes kingties obtie stedthayformigereactiont Thisijs because, during
enpl oyed to control the extent and tenperature of, the
the reforming step, reaction will consume heat until the temperature is too low
for the kinetics, and then heat will no longer be consumed. Typically, this results
in an average flue gas stream (427) temperature of about 400 to 500C. In the
embodiment shown in Figure 4, the heat content of this fluegas stream is used to
provide the enthalpy of vaporization for the water (421) that is used to make the
reforming feed steam (403). A heat exchanger, also called a steam boiler (402),
is used to transfer the heat of the fluegas into the H,O stream. In a preferred
embodiment, a vapor recovery device (not shown) coupled to the cathode

exhaust (412) of the fuel cell, supplies water to steam boiler 402).

- [0065] In one embodiment of the present invention, at least part of the
function of the steam boiler (402) is performed in-situ in the PSR reactor (400).
In this embodiment, the H,O feed to the reforming step of PSR is fed, in part, as
liquid water. When liquid water is fed to the reforming step, the enthalpy of
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Tg%ﬁgghyﬁﬁ B drfifodipRRArthe ifRiR gud(@e7) will havé u”lyckehverage

e  exhaust (418), or a conbination thereof. The

tehipepatgss of ib@arh504C ) absunB5@PG.enperature that is
conparable to the tenperature remaining in the

reform ng zone of the PSR at the end of the reformng
0V66P f@HH@?ﬁé@%ﬁ 15, Werd @S Showadin diakiagunatié form, a
[V\:hi!(i:)ht e eorrring%ggd H20isintroduce%tas stearrI;m’
fuirtiet efdiodimengofzmmessure speng tafoaming calipdedmdth wptertgas shift
ki netics_of the steam reforrrriﬂag_ reac&i on.

) ! Thi s i

repeidonged hydrages sepa@tioprier AYRRI Ve fpg%f‘ilﬁ‘ghgxﬁn!ﬁlfﬂ cell. In
consune. heat .until t.he t ' I :

o PRRBShE R, T hblolg, AT R D Bt oo,

B A blich b8 U ity SIS Bgeidl g, Retamg

F%ﬁﬁb@s,i araptiroeheun ¢ontdingngy feed, (50 hpamdsteann(®i03nis fefd torthe

uegas streamis used to rovide the enthal py of .
refopuingstep ofPSBireasier (340 Hrassuye SYHE Tedoamg. £ drtailed

th .
here?nabove, produces a relatively high-pressure synthesis gas (505). The

synthesis gas generally comprises H,, CO, CO,, H,0 and residual hydrocarbon
gases. The synthesis gas then undergoes a water-gas shift reaction (506)
producing a hydrogen enriched gas (507) having a temperature ranging from
about 300°C to abut 600°C. The gas stream (507) is passed through heat
exchange means (504). The extracted heat is used to heat the hydrocarbon and
steam feed to the PSR reactor. The cooled synthesis gas is then fed to hydrogen
separation means (508) where gases other than hydrogen are substantially
separated from the feed gas stream. In a preferred embodiment, hydrogen
separation means 508 comprises a membrane that is permeable to 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 example. PSR produced synthesis gas is



reform ng feed steam (403). A heat exchanger, also

called a steamboiler (402), 1is used to transfer the
wheatt/ 0646 he fl uegas into the H2O stream | n aPCT/US2004/004265

preferred enbodinment, a vapor recovery device (not

shown) coupled to the cathode exhaust (412) of the

fuel cell, supplies water t Eitean1b0|ler (402).

[ 0065] In one embodi ment of e present invention,

| east part of the  function H:)ro eam boj | er ‘5402

pargcplarly o&d’r’@ﬂtﬂgﬁo'éﬁ ity Hrqfﬁ@egsm ggEFBerIM%t})PIO
re@}-\vqlg rég?ﬁrs,alﬁgﬁ sglé ce V&?g}tg%%}é grsfseg&% I'FQII?I[USH ifdreases
thg%gf ;165}3% Eg Q@C#l)emﬁaﬂ@ TRELHiIRG UdtSRorel RIS Qéx’ﬂ Wlﬂ){)eﬁfleé‘t@the

US2004/ 004265 -27- vapori zation of the

meaiHhand forai¥eads kel filgl ealltfuel. packi ng and catalyst in the
reform ng zone of the PSR reactor, such that the

reform ng zone will be cooled, over the course of the

[thet& ft'i'?l ﬁ@g?@ A gﬁ;}n H@%ﬁﬁﬁhﬁﬁaﬂiﬂ Ry8RigehNB fe@itdthe

ng-pressure (for exarrple 180C:

arffdeldt kel 306, Thoecrgasubytamialishes nlegda mﬂmtelspentsto ¢lpe feed
of this enbodinent will energe at a tenperature t
h%‘é;@d gas 1is

gass(509pnpeansd bydrogen éon@np of gremt@r thnatabput %%r ol
b led to.if,the f
sbechani o o Sl ) et

T LS it s 9
ty@aﬁ&@gﬂ &ﬁﬁﬁ%yd@&%oﬂi@ Q66) CBsf HLOI agd B@Wetfmo‘ﬁb@wfahé PSR—

I's shown, in |agrammt|cform a further

piiboed Farogdn. pFies purge gase gontafoa sitbsjantial pnmwnmf theat of
wat er gas_ shift _reacti o and 5 8_]1 gen se ara P fl?§29 £
corupp$tiam glnnihe eaasiimgat o Bigure $ qrpamp usg ?.% ue ) for

odi nment r ng, shift, separation and fue
ﬂ@@pge%?pf9gg&pé§tﬁe?§g}’ and air integration to
I mprove the eff|C|ency of the overall process.
Referrlng to Figuyre rocar bon co f eed

h
[00561)  dhdh loncoshixt Sy ihal pERREEiOrs RECRGR BARPoly FEP RS
PSR t
sed)g{ao{rpf gi%e % gﬁ(ug %gécgg LRSS st gu{;@f g{ IItE\S:glgialry‘?‘sI‘ he use of fuel

pr oduces

i 8 e PR RGE s Y '%if'ﬁ@éPSR%ﬂu(e’éQﬁﬁ-rech@red H, in the separator

purge stream (511), which in turn reduces the recovery demands on the separator

and enables a more compact separator size. This represents an advantage over

ATR-based hydrogen generators.

[0069] A further integration is accomplished by using the fuel cell cathode
exhaust (512) (typically ranging in oxygen content from about 4% to about 10%)
as the oxygen-containing gas stream (530) used in the regeneration step of the
PSR reactor (500). Heat exchange means (513) utilizes a high temperature flue

- gas (527) from the PSR reactor to heat the cathode exhaust(512), prior to its

introduction into the PSR regeneration step.



synthesis gas generally conprises H2, CO CO2, H20 and

resi dual hydrocarbon gases. The synthesis gas then
wanaengses a wat er-gas shift reaction (506) prOTUSI004004265

a hydrogen enriched gas (507) having a tenperature

rangi ng from about 300C to abut 600C. The gas stream

(507) is passed through heatyg exchange neans (504).

The extracted heat is used to heat the hydrocarbon and

f eed S I . [
o8 s heeer el CubagiaPBgess 1> upaly PoviS e ieiepsdhone
ek.e 0 t. i
SRR S MR P B BEL (5A0) gy o o
toeﬂégg&*éﬂwa%r OV IRASRho&eRe G Rt UFean sndedih B ahdRS shift
nmenprane that 1s perneable to hydrogen, but

reavtion srRhiratequirereats dnraepdtanate anbedimopntthe siaerygsovery
conmponents such as CO2 an CO As detaile aSove, .
&gg , after its

.

d
dexfiee 6130) anapebod pasiioned enihe PSRotlgegasstregs

carbopn, and . netallic nmenbranes, .t exanpl e. PSR
PSSR auélyﬁ@@fgxsé@gﬁgn%@%é%-o7se4e

PCT/ US2004/ 004265 -28 particularly advantageous in

its preferred enbodi nent sjince it produces_a

[0051LAt i Vs deseribpd pr detatlmaeviaugly Wstaenes B)C]ﬁitgyrg 4,. the PSR
fiageasrercaBrondh e ey berse oAy gt AP € 6 Hbout
t h ;

L
V{HO(HZ%QS ’f{drﬁ ARG ;l‘ﬁ 3 é‘&feﬁ@@ gmibRlihes thedtdany ﬂsovap-g(i;%ed

ermsubstanti a as used wth respect to the f

udlas thERGY of MR PSR Llvpds 49 steagobbiart (502) drefatecthat flaegas is
about 90% The feed gas is also characterized as

inedined 00 honicershangé oreans<S13)ndn thaotaseqthg;ffuegas entering the
b ex ey aEssRSepAs A BRaE dheh Fagsy ayepRryre St
N e T eI
TR FBhust e op ot 1C i
efhB3@mdmy othehwastedraesmédmns aseptooprovide thSReat of vaporization
of the steam. For example, the fuel cell typically creates waste heat in an amount
that is 20%-70% of the heat value of its feed hydrogen, an amount that is
substantially greater than the heat of vaporization of the steam. When the steam
is raised via a heat source that is not tied to the regeneration effluent, the PSR
fluegas (527) entering heat exchange means (513) will be at a temperature of

about 400 to about 500°C, and can heat the cathode effluent (512) to a
temperature of about 300 to about 450°C.

[0072]  Alternate embodiments of the present invention integrate heat by
locating the heat exchange means (502, 504, 513) in different positions, to match
the temperature requirements of the various 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



[0068] It is known in the art that separators present
a tradeoff between separator size versus

wa@p@giofdea@t i ons of streampurity & recovery. TPET/USE00604265
fuel in the regeneration step of the PSR utilizes
un-recovered H2 in the separator purge stream (511),
which in turn reduces the r gqvery demands on the
separator and enables a nb conpact separator size.

This represents an advant a%% over ATR-based h drogﬂ
inigeduged:torreforhing dpednafitery thadicat echignae Means £504), which lowers

T
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hi ll?gcﬁﬁgéraﬁﬁg%ood@asoewﬁms@ sadiBi3dasetithémbsan, for

enperature flue "gas (527) fromthe PSR reactor

exhpEahei fg et kadrareych ansns§302) cquld be appliedgo the separated
infroduction into the PSR regeneration ste

. WO
hyApOZHOstB6uE (F85)/insead of dexsigBed synthesis 2op Sﬁ'ﬁ@mf@gf/). Ina
fugther caROgHTRErGSRe P T UBERE CHToriTan” 21 Ry Bebsed in

recover ' . : . t
a feB G LM et P e Qe 8 o w oA RCAURIQHRE Rher o
mélg'oﬁteamff%ﬁ fid RBoRhR@ VS aHtd ARRAtSe vAoratidhtfatrecarbon
enbodi nent, the watéer recovery device (520) may be _
fepd sl bibhre dnbodithen®®Shefiaat gachange cachinB2rytiomshawn in Figures

passage t hrough the heat_ exchange ans _(513). [0071
4 aad Jeer bermpplied to gdlaw1schemgisBel py %f%PrFéfngEﬁ%J pQjusca

Figure 4 he PSR .fluegas stream (527) will typically
Shﬁfég%qc‘%%‘?réh’&esryé'ﬁlﬁsés%?s‘about 400C to about 500C, and

the steamfeed to PSR (503) requires a source of heat

for its wvaporization fromwater. In a preferred

ilient the steamis vapori zed wusing the heat of

the PSR fluegas in steam boiler (502), before that

fluegas is introduced into heat exchange neans (513).
[0073} haTlodHsstrate omefenuleatimesh of Hhepresent INyeion g Rt of

means (513) will _have been cooled.to teI}Peraturs%ll%trated

isaegtane was processed using the pressure swing reforming proces
in Figure 4. The hydrogen separation means in this example is a supported
palladium membrane, operating at a temperature of about 350°C. Key system

parameters are identified in Table 1 below:

Table 1
Stream 401+403 407 409 411, 429 430 427
Identity Reform Shift H2 Recycle Depleted Flue
Feed Outlet Product Purge Air Gas
T,°C 200 360 350 350 200 420
P, Atm ga 9 9 0 91t00.5 0.5 0
gmol./min
IC8 1.70
CH, . 0.408 408 .
H,0 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
Cco 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




150C to about 250C, and the heat exchange neans (513)

wi Il heat the cathode effluent (512) to a tenperature
w@tooalorsste 100 t o about 250C. In an alternate PCT/US2004/004265

enbodi nment, other waste heat streamis used to provide

t he heat of vaporization of the steam For exanpl e,

the fuel cell typically creatjes waste heat in an

amount that is 20% 70% of the heat val ue of its feed

R 9B R @&9% PR RTS8 g v
Sl 2 B0t AR e g rothdome

cyRl¥ Ghlens ab6at 1§§é‘d@ﬁf@1§ ewitRabgercrdi?on wid kefoemaig @ach operating
tenperature of about 400 to about 500C, and can heat

abonehalitthe declef fDurdmg theGeM)rming atep, @mﬁw&ﬂwmsdﬁrmm
300 to about 450C. [0072] Alternate errb ts_of
aboub8 &t seicrivederd tbe sigrmage @111@%@51@31891% PO ng‘?t ﬂBSh?égﬁom
504,, 513
e e T L e
I
loa%%&q?ﬁgﬁ%%ggp%@ng G0 8iafXAEP! Bhe rd g@fht@l’m%ﬁ?ﬁ‘edb Bection

n neans is a polymer nenbrane

ofStH8 bedis 1 Finch 3 ap@hmcmg apaomgm 4 ei8feneh (Bmn()at tesign
150C), the steam (503) be WD 2004/ 078646

reg’l?;ﬁhrgﬁtﬁ ﬁgﬁde)gtfiﬂgﬁac‘tm&(})fl ar?ggﬁg{jc ecatalystdiedrweiteyl arsapf about
AR 1 600 D Bnd ErbalE BRA PRt Gmarie at abtt G27 ﬁa”e%"&“er’fﬁe
refrBE At tt1S fruddiE s cofifind M Abat WG500 b Hnd the AT
et 13 C PRSI A ecneRon i GPAL LI UG O35 Rallom™s 0. ea

exchanger neans (504) could be applied to the
sep ed hydrogen stream (509) instead of the
ESHPRE

synthesis gas stream (507). In a further
enbodi nent, excess heat in streans (505, 507, 5009,

12 bt S e PR ey B o

ofilas@w% SsiSeh SRR PRl P b proces ustrted
Sl Syith AR (hE HeafXBHRRYS02)) TH HRHOpéN Sepaaidmnmeans

|n i gur es
in this example is a polymer membrane, operating at a temperature of about

100°C. Key system parameters are identified in Table 2 below:



4 and 5 can be applied to a fl owschene such as Figure

3 that does not use a shift reactor on the synthesis
w@aw4/0Beaepl e 1: [0073] To illustrate one enmboPCTERL000604265

the present invention, an anmount of iso-octane was

processed using the pressure sw ng reformng process

illustrated in Figure 4. Thg hydrogen separation

nmeans in this exanple is a upported pal | adi um

menbr ane, operating at a tqu a&ure of about 350C.

Key system paraneters are i frfied in Table 1

haol oz I hlaoa 1 C+ A O A OO A=
<

inemn y R rIon  { B0MD Fooy D Dopl el B Flue fbed 27
Qdentity Pr oRefornPur geSWify Gas™ HC 2oo Respcleso Dspletesy  Flue

420 P, AtmBgad9 9 ©flleto 0.Pro@u& 0 Bm:ge/m n A8 Gas
TdU CA U208, gua qujgg 406 314t o33 12. 1200 530
2004 H2 0.00 59 32 8 2. 33 CO
PAGB 28 00 7 32 0700 000 2002 0 005 CLQE(QBSnn J;Oogcb5 0

gioBOmirD. 30 I\I2000007000OOO79967996 02
C P400 0.00 0. 0028700 5. @p3HHc, kW 143 1780136 49 WO

?,04/ 078646 PyJh§S2004/894265 - 31-0 [ 00748 3hi s exarmBe 21.89
HE lizes two PSROreactgqj@_ opersayt@pl as desggibed with

0 8.21 0 8.21
C02 0 3.77 0 3.77 12.35
N2 0 0.07 0 0.07 934 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) long by 3 inches (7.7
cm) in diameter. The recuperator (uncatalysed) section of the bed is 1.5 inch
(3.7 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’l),
and a bulk bed heat capacity of about 0.22 cal/ cm’>°C. The reforming C;GHSV
under these conditions 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




respect to Figure 2 to provide a substantially

conti nuous stream of product. The <cycle tine is about
wa200getcsenels, with regeneration and reform ng eBCHUS2004/004265

operating about half the cycle. During the reformng

step, the fuel flowis termnated about 0.25 sec

before the steam to allow pgmaining product to be

flushed from the reactor fﬁsd the product lines. The

reactors are each about 6. 3 .i nches 8160

inZFigurei nchethiy example; thediugheelbts a PFRIORSER ettt oI oxide fuel
e SO bl Bt R0 PR hinde o BBl
(sﬁ'girg# 18% 3302 REGk s IR AdnRfatiin RBA s 329 & 330)

area o bout 480 ft 1 (16 cm1),

w%@t@ lﬁaapﬁ'oh’n BRISOFE abrGEEdne@htiab offludht Z32’b)adrb ws&l to make
reform ng Cl GHSV under these conditions is about

stéaﬁn 200 phovitle paeltbat Keoti stiaWn) of PRband 887G dtedsgagneeded.

regeneration step by of about 35 cal /cn8B )
Wzter[foosts]anm@ comibaAdremanroies reansetRtAT T gent (REHR 527

esent, i nvention, any ed
el a@wwgﬁwﬁmgn&;‘w SYSiEEPRAAES o RERRAEY in
% &5, but without the steam boiler (502). The
ydrogen separation neans in this exanple is a
pol ymer menbrane, operating at a tenperature of about
100C. Key system par aneter%g%g identified in Table 2
bel ow. WO 2004/ 078646 PCT/ 4/ 004265 -32 Table 2

P! o11 530 527 BP@WBQW Bed 98D 327
%FE;HZ ecyc e Depleted Flu Feed Qutl et Product
Alr Gas T, -C4OO 500.1 100 4

ga. 99 19t00.50.50 G&RASEMER n %ﬂ@a?‘cz 3/3%?.@%&)@0 Regen

0. 37 Reform in Reform out 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
CO2 0.50 1.52 4.12
N2 0.07 0.07 31.21 31.21
02 1.49
AHc, kW 53.3 66.6 52.9 12.9

* pressure in gauge units (0 = atmospheric pressure)

[0078] 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 3 seconds, with regeneration and reforming each operating half
the cycle. During the reforming step, the fuel flow is terminated about 0.02 sec
before the steam, to allow 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




H20 20.25 3.39 0 3.39 18.3 21.89 H2 0 39.92 37.07
2.85 CO08.21 08.21 C02 0 3.77 0 3.77 12.35 N O

WO 24/0®6@ 07 93.4 93.4 02 0 0 0 0 6.26 M, RAN/LSDH04/004265
199 145 54 [0076] This exanpl e nakes use of two PSR
reactors, operated as described wth respect to
Figure 2 to provide a substqﬂflally conti nuous stream

of product. The cycle tineis 6 seconds, with
n@%&&%ﬂa%i&&%ﬁé‘% @ﬁﬁéfwr 2 Q&ﬁﬁ‘%&y"nﬁ’ﬁ ol depign widh 7 mil
BB B ORI b sl P e
Wt(egtgd Bfrs%d(?i‘zibéub 'i%§0 fEF h 1 &?‘;5 %%l @Blﬂk%me@t %ape{l‘iﬂ%eéf about

I'n di aneter
02 ApeAtoer. TH@ @ﬁbﬁh&iﬁ@mm undilenﬂlesmeortthtion$1slab©ut 15,700
inch (3.7 cm |ong e packing is a 1200
hehandehs ATh2 i€ AB6utc22oh eviticaRygenhsiap hewfinbouh0i4lt¢al/ cm 3s°C.
deS|gn with 7 ml (0.18m) wall thickness, resulting
in a bed void fraction of about 0.57, a bed wet t ed
area of about 1260 ft -1 (41 cm1l), and a bulk bed
heat capacity of about 0.22 cal/ cnBoC. The reform ng
Cl GASV under these conditions is about 22,300 hr- 1,
and the OTITT is about 27C, having regeneration step
hv of about 0.52 call cnBsC. Exanple 3: [0077] To
illustrate another enbodi nent of the present
i nvention, an amobunt of nethane was processed using

the pressure swing reformng process illustrated WO
2004/ 078646 PCT/ US2004/ 004265 -33 in Figure 3. In
this exanple, the fuel cell is a proton conducting

solid oxide fuel «cell ("SOFC') operating at about
500C. SOFC anode and cat hode effluents



(streanms 318 & 312) are used as PSR regeneration feed

(streans 329 & 330). Waste heat fromthe SOFC and the
WO e@afessad i on ef fl uent (327) are used to nmake PGI/E82004/004265

and provi de preheat (not showg}.of PSR and SOFC f eeds,

as needed. Water for steamis condensed froma cool ed

regeneration effluent (stream 327; cooling and

condensati on not shown). Key system paraneters are

i(ggﬂ%Mg":ed in Table 3 below Table 3 Stream 301+303

3 18 / 329 312 / 330 327 ldentity H2 Consuned

Anode Cat hode Regen Reformin Reformout In SOFC

Effl uent Effluent Effluent Tenp, C 500 511 500 500

459 1Pr ed prarcess forproduciog a foelifop a faabeell eompiisings. 12

0.12 0.12 H2O 6.33 1.75 0.74 13.57 14.55 H2 12.56

13.57 COr &> ; ;

a1 21 31031 g g RO lod soneiing fedFyRh ot Al a cyclic

ReRgAUNE ahd regergeativ process comptisiagheri c pressure)

[0078] This exanpl e nakes use of two PSR reactors,

operated as described wth respect to Figure 2 to

P eyt < e W R Bnh U PR AR RAB A renctr
The cycle’ti _ : :
refor M N9 GREln AR il Alyerldind Wk formPHE BB} G1 4 space

reformng s he fue I's term nat bout
sec velocity of at least 500 under reforming conditions;

ii. passing at least a portion of the product of step i through a second zon
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.



before the steam to allow remaining product to be
flushed fromthe reactor into the product lines. The
WO e@aimsede ar e each 15 cmlong by 5.6 cmin di aP€r/862004/004265
The recuperator (uncatal ysed) section of the bed is
3.5 cmlong. The packing is a WO 2004/ 078646
PCT/ US2004/ 004265 -34 1200-8fannel s/in2 (186
channel | cn2) honeyconb nonolith design with 7 m |
(0.28 ' , [ting in a bed void
fra%tngh%?kgg%g?Pg@§§ﬁ g£E§% wetted area of about
1260 ft-' (41 cm 1), and a bul k bed heat capacity of
about 0.22 call cnBoC. The reform ng Cl GHSV under
t hese clWditheé faed and stdzomin step,i 10 Mntradukedahrbughes FHENd of the first
S ab%ut 22C, with a regen-step by of about 0.41 cal
ZeBEBS WD 2004/ 078646 PCT/ US2004/ 004265 - 35- CLAI MS:
1. A process for producing a fuel for a fuel cel
conprising: (A reform ng a hydrocarbon contai ni ng
feed wi i l; s ' .
rgener et cad B B S 1 15 pssEl Ml XeBiiiond of the first zone and
iMteadiratend bareddirdrugie, andi r st zone of a reactor
cont ai ni ng bed packing material and a reform ng
catal yst at a space velocity of at |east 500 under
reform ﬁﬁnd%tions; i, passia% at | east a portion
of the (5350 JEIEM RHOEHCY ISTRMOYGH TEoBecsssand 6ad oftthe sreond zone,
gactor containing bed packing naterial and
transferring heat from the product to the packing
material; 1ii. renoving substantially all the product
fromthe second zone said product conprising a reform
pr oduc (Dgnihesixygeneohtainingegas is introduced dhiiugh the second end of the
oxygen containing gas into the second zone and
SeEB%@ﬁQ??wﬂ?d?he gas and a fuel in a region proximate to
an interface between the first and second zone to
produce heat and a conbusti on

(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, ii, 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 ATyy ranging

from about 0.1°C to about 500°C.
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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) a 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.
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of claim1l wherein the reactor bed packing nateri al
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process of claim1l or claim9 wherein said reform

product or. synthesis gas is supplied to a hydrogen
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havi ng i ncreased hydrogen concentration and a purge
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The process of claim 10 wherein said hydrogen

separation nmeans is selected fromthe group
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The process of claim9, wherein the feed, the steam

or both are heat exchanged with the synthesis gas

prodyct ffe LhgWebPLagas , Sithingat al yst.

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 1, 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



14. The process of claim1 wherein a water recovery

device is used to extract water fromfuel cel
waeathodss4exhaust gas, said water being used t oPCLIPPLOY4/004265

steamto the pressure swing reformng process. 15. The

process of claim1l wherein cathode exhaust gas from

the fuel cell supplies at lsgpst a portion of the

oxygen containing gas of step iv. 16. The process of
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between said first and second zones and, upon
reaching a pre-determned first tenperature, the
oxygen- containing gas is introduced to said second
zone; and neasuring the tenperature at or
substantially at the first end of said first zone
and, upon reaching a pre-determ ned second
tenperature, the hydrocarbon, containing feed and
steamfeed is introduced to said first end of said
first zone. 18. The process of claim1, including:
nmeasuring the tenperature at or substantially at the
interface between said first and second zones and,
upon reaching a pre-determ ned tenperature, the
regeneration step (iv) is begun, and WO 2004/ 078646
PCT/ US2004/ 004265 -39- neasuring the tenperature at or
substantially at the first end of said first zone
and, upon reaching a pre-determ ned second
tenperature, the reformng and recovery steps (i),
(ii), and (iii) are begun.



