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I nvention [0001] The present invention relates to
process inprovenents in the production of hydrogen
from hydrocarbon fuel and Lfs use in fuel cells. Mre
particularly, the invention relates to a process
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solid oxide fuel cell % ).%he cyclic reformng

process is herein referred to-as "Tenperature Sw ng
Ref ormi ng" or "TSR' for short. In tenperature sw ng
Figléfodrtine hoyentibe reformi ng step of the synthesis gas
production is followed by a regeneration step. The
hydrogen stream produced by TSR is particularly well
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gases that often acconpany the hydrogen fuel,
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The present invention . L. .\
fuel cell system, particularly useful for confined space applications such as "on

board" vehicle applications (e.g. passenger vehicles, trucks, buses or the like)

and distributed power systems.

Background of the Invention

[0002] Solid oxide fuel cells hold promise for a variety of power applications
including distributed power generation and vehicular use. Present SOFC systems
are capable of operating at substantially higher temperatures than polymer
electrolyte or direct alcohol fuel cell systems, being able to withstand
temperatures of as high as 1000°C. Moreover, SOFC are substantially more
tolerant of "contaminant" gases that often accompany the hydrogen fuel,

particularly when produced from a hydrocarbon source. The present invention
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tenperature swing reforming with a solid oxide fuel
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that can be fueled with comon hydrocarbon fuel.
[ 0003] Conventional synthesis gas generating processes
i nclude steam reform ng, gas phase partial oxidation
and autothermal reform ng. Each of these processes
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a hydrogeff-rich synthesis gas. The gener al
fuegt Oi chionetry, as illustrated for nethane, is: CH4 +
H20 ---> CO+ 3 H2 (1) Typically, an excess of steam
is used to drive the equilibriumto the right. As
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must wi thstand the high pressure of the produced
synthesis gas, while transmtting heat
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74% while the space velocity, (defined as St and?b?l
Cubi ¢ GHet- Hy§dr--H&f? +0% Hol- equi val ent feed / ft3
catal yst bed) is 1000 hr-1. Unfortunately, steam
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applied to hydrogen manufacture, excess steam also serves to increase the water

gas shift reaction:

CO + H,0 > CO, + H, (2)

[0005] Because of the high endothermicity of the reaction, steam reforming is
typically carried out in large furnaces, in which a reforming catalyst is packed
into tubes. The tubes must withstand the high pressure of the produced synthesis
gas, while transmitting heat at temperatures approaching 1000°C. As described
in Stanford Research Institute International Report No. 212 (1994), steam
reforming process efficiency, (defined as the heat of combustion of product
hydrogen divided by the heat of combustion of reforming feed and furnace fuel),
is approximately 74%, while the space velocity, (defined as Standard Cubic Feet
per Hour of C,-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 volune. This feature, and the

relatively low efficiency, conbine to severely limt
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fuel <cells and would likely be unfeasible for

on-board vehicle applications or distributed power
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Summary of Invention

[0008] The present invention provides an improvement in the process of
producing electricity from fuel cells where the fuel cell is fueled with a
hydrocarbon containing synthesis gas. A cyclic reforming process, referred to as
temperature swing reforming, provides an efficient means for producing a
hydrogen containing synthesis gas for fuel cell applications. Temperature swing
reforming is integrated with a solid oxide fuel cell to achieve thermal and
material efficiencies relative to conventional fuel processor/fuel cell systems. In

one embodiment the temperature swing reforming process is physically



efficiency. Specific enbodinents are detailed
hereinafter. [0009] The process of tenperature sw ng

WO edoanmi2eq, detailed hereinafter, is general | RCT/US2004/016232
described as: (a) introducing a feed stream conpri sing
a hydrocarbon and steamat a space velocity greater
t han about 500hf-1 through-a_-first end of a first zone
cont ai ni ng bed packing materials and a steam reform ng
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tenperature fuel cell, typically a solid oxide fuel
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(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.

[0010] The feed stream space velocity (i.e. greater than about 500 hr') is

based upon the entire bed area. The temperature swing reforming process



anode, and an el ectrol yte sandwi ched between the two.

The anode in an SOFC is a solid which may conduct
wepaohane2oxygen or hydrogen ions, but nobst conP@IU$2004/016232

conducts oxygen ions. Oxygen fromair is dissociated

and then reduced at the cathode to W These ions

travel through the electrolyte to the anode, where

they react with fuel that has been delivered to the
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produces from 0.5 to 1.2V. The simple reaction for a hydrogen fueled oxide ion

conducting fuel cell may be expressed as follows:

Cathode 120,+2e” — O
Anode H + O — HO + 2¢
Overall 120, + H, - HO

[0012] The oxide ion is relatively large, of the order of 1.4 angstroms,

requiring sufficient thermal energy for efficient diffusion in the solid electrolyte.
Oxide ion SOFCs typically operate at temperatures above 600°C, most typically
between 700°C and 1000°C. The present invention is directed to a TSR

integrated with a oxide ion conducting SOFC.

[0013] The illustrative embodiments of the invention are set forth in the

detailed description hereinafter.



[0016] Figure 3 is a diagrammatic illustration of a
process design using tenperature swing reformng for
wa@2@aliva2oxi de fuel cell application. [0017] FPQUUS2044/016232
is a diagrammatic illustration of an alternative
process design using tenperature swing reformng for
a solid oxide fuel cell appkiLcation. [0018] Figure 5
is a diagranmatic illustration of a process design
using tenperature swing reformng for a solid oxide
fuel cell application including co- generation neans.
Bride Dust86tiERSE DN [0019] The basic two-step cycle
enperature swng refornming is depicted in Figure
1. Referring nowto Figures la and 1lb, there is
illustrated a first zone, or reformng zone } al so
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hydr ocar bon may be any material that undergoes an
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Detailed Description

[0019] The basic two-step cycle of temperature swing reforming is depicted
in Figure 1. Referring now to Figures 1a and 1b, there is illustrated a first zone,
or reforming zone (1), also called a swing bed reformer, and a second zone, or
recuperating zone, also called a synthesis gas heat recuperator (7). The beds of
both zones will include packing material, while the reforming zone (1) bed will
include catalyst for steam reforming. Though illustrated as separate reforming

and recuperating zones, it is to be recognized that the temperature swing
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hydrocarbon will be a gaseous material or one which
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reform ng zone (1). Preferably, the steamw || be
present in proportion to the hydrocarbon in an anount
that results in a steamto_garbon ratio between about
and about 3 (considering onIy carbon in the
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[0021] This feed stream is heated (i.e. picks up heat from) the bed and is
cortverted over the catalyst to synthesis gas. As this step proceeds, a temperature
profile (23) is created based on the heat transfer properties of the system. This
temperature profile typically comprises a gradient from the lower temperature of
the reformer inlet that ranges from 100-700° C, to the teforming bed temperature
that ranges from about 800°C to about 1600°C. 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.



the recuperating zone (7) during this step. [0023] At

the point between steps, the tenperature gradients
whawe/10022€d substantially across the reform nBCRUR®04/016232

(1) and the recuperating zone (7). The zones are

sized so that the gradients nove across both in

conparable tinme during thegabove reform ng step. The

recuperating zone (7) is now at the high tenperature
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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) (i.e. at temperatures ranging from about

100°C to about 700°C preferably from about 200° to about 600°C and most
preferably from about 300°C to about 500°C).

[0024] In the practice of temperature swing reforming, there are alternative
means for determining the end of the reforming step. Toward the end of the
reforming step, the temperature at end (5) of the reforming zone is reduced and
consequently the reforming performance deteriorates below acceptable

conversion efficiencies. Reforming performance, as used herein, refers to the



synthesis gas utilization process will dictate a

desired, tine-averaged |evel of reform ng conversion.
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typically greater than 80% preferably greater than

90% and nost preferably greater than 95% [0025] The

point intime at which the.peform ng step i s ended,

and thus the duration of the reformng step, may be
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I n one enbodi nent the present invention
reforming step duration, or a combination thereof. In embodiment (a), at least
one feature of the operation is monitored that is correlated to the reforming
performance. This feature may be a composition such as CH,, Hy, 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 CHy, Hy, or CO. In an alternate

embodiment of the present invention, the reforming step duration is adjusted

based on the time-averaged concentration of CHy in the product, using control



the reformng step duration is fixed at a duration

bet ween about 0.1 sec and I ess than about 60 seconds
ware4poeber abl y bet ween about 1.0 and 30 sSeconPBGT/US2004/016232

[0026] After the synthesis gas is collected via an

exit conduit (17) at the second end (9) of the

recuperating zone (7), the gecond step of the cycle,

also called the regeneration step begins. The

r.e r o} QW .
st GRS RPYLE (B Fflynshiteh LEMER AR BBt uslipy to pchicve o
pred8iRiiRdd Reskt(dDl, alBufe In qurﬁ&rrédrtﬁtetrﬁﬁﬁ%r@ﬂt%[ﬁembodlment
gradients 25 and 26 nove across the beds simlar to

thehatget H oqposittie seli atent dmosnt thagreadisentsshe?@eanab@xn 1% and

during reformng. In a preferred enbodi nent, ?
abcmzy‘lé P OF dft wwﬁgb@agcw feerbrarkpn. Inrtase dek die TAigrmaing step
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|nter two zones (1)

thecefdrughp @fbpﬂitﬁ‘ﬁﬁbl@ﬁﬁ fixed et uaition Hee\ge@nab@nﬂl sat end tess
the interface (13) of the recuperation zone (7) and

thantabone 60 sedangls andmeeferybly eeween apoutrlelpath 3Psesendst e
in the present invention, neans the region of the TSR
beds in which regeneration step conbustion wll

[0026hi evefteiihe shothesisigag i vollah¢@eia aresxit (:«an)dmhemaathmg
of the reformng zone such that end (5) of
secoafl endi(AYof Breereraperating zenpEathe second step) @atb@ Csd@calso

calfeglg(gﬁ rég %qer{eg%(é} %Bp bggﬁgt %tq"%ge%%aflgﬁ é'%Bf 1lfq§gape%l in Figure
1b rt?ﬁtél?&rs %h@f} AR réam%]gétk&? beg é?ﬁfo e g Patq '(I). Mo

ormits unct Ion o acceptilng synthesi s gas

doﬁ@%‘lehbﬁmbﬁﬁhrd Fratifeats2haed 26nhoveianss thg teideimilar to but
Dependi ng on specific regeneration enbodi nments
in opnsite sértchensingratdivaty 23 and 24pimgmf@m1@bt Ae a preferred
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acrBs£fhereeghea MR i omN{7) (ﬁfndtdmlws@ﬁ arﬁstamtaﬁmat dire 1nterface ( 13)
greater than 90% of the regeneration step conbustion

of thedwoszanes 41 &yl 61 Theadmbussionprefrsablytaschesca 2 regon
pro\)/ﬂrlnlejltrerte tootLe 1nterga1lce ? I%) or% thg %écl{l%gﬁat{o%szs’ogeqa}? an(? ?he reforming
zone (1). The term, "region proximate”, in the present invention, means the
region of the TSR 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



20% t he vol une of the recuperating zone (7) and | ess
t han about 20% the volune of reform ng zone (1).
wQ 0@2/19623ke | ocati on of conbustion may be fi xePCDYS2004/016232
i ntroduction of one of the conbustion conponents,
e.g., the fuel, at or substantially at, the interface
of the two zones (13), whillle the other conponent,
t he oxygen-containing gas nmay be introduced at

e.g.,
of tklgtprefdrﬁﬁho SPfe (tﬂ% 18fa ﬂl@{%ﬁ&ﬁé&ﬂﬁ&ﬁﬁé’fﬁ of Mepieddnt invention,

érnatively, e fuel and oxygen-contaihi ng gas
oreafed xhat 9eA sl theyegmendticadcstep comdbuspemeends (1D regibnt he
recuperating zone (7) and travel through the zone and
progompigsto the inthacattee Falbnene! whichasgian inebydes flepstthas about
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cat T and oxygen conventionally require
VOIE enpe?éﬁ?g-zgggggdent autoignition tine to conbust.

I'n one enbodinent, the flow of a non-conbusting
0035} ¢ afseaftipnof i aR e e At eton oL B pf the
co fgﬂh mé&?erﬁso %?5' He k1 BPby ?lf&‘t'agﬁ'atll?f At IRk ifteAE lof the
€ mxture reach the Interface o} he  zones.

twd 2O28](13hevpilesrRRercdompddny Sé.gl, the bey getf corthingng gaemay
can also be used to initiate conmbustion at that
be inticatiicod at thedfitat eph(D dfdhevwempetasingstaneri/ hg Adiednatively, the
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intdrefcRt dfafe @bn&OMIBYS I s bmbodifenhyhe MR&HEMbE abmbasti @is
of the recuperating zone. In this design, the fuel and

compollpdrby & oombimitiog afdsmaemtyreatisid, flwgd dynamejrsramdecatalysis.
channel s (not sh,ovvnl , Which prevent conbustion untjl
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ﬁrsl-t %Eé[t 0%9] he cllgnbulst ion of the f ue? and p ne
zomeXJysuck tiat dhenzong igast hoeataghaotignite until the mixture reaches

the interface of the zones.

[0028] 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 to the area proximate to the above described
interface. In yet another embodiment, the location of combustion is fixed by
mechanical design of the recuperating zone. In this design, the fuel and oxygen-
containing gas are travelling in separate channels (not shown), which prevent
combustion until the feeds combine at the interface of the zones (13). Atthat
location, flame holders (not shown) or a catalyst in the reforming zone may be

used to initiate combustion.



fluegas that heats the reform ng zone (1) as the flue
gas travels across that zone. The fluegas then exits

wao booangd226 he first end of the reform ng zone (B)T/VEZ0&016232
conduit (27). The conposition of the oxygen-containing
gas/fuel mxture is adjusted to provide the desired
tenperature of the reform.ong zone. The conposition
and hence tenperature is adjusted by nmeans of the
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the m xture conbust Pl 6 gases
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reduce combustion t enperature. In a preferred
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of steam flue gas, ygen-depl et.ed air as one

congiibiGHan ThEFORROSHHOR of e wwgﬁnr%at%wgfgaﬁéfaalsm@%gs

o RS o PR A N AR T,
cor%@giﬁﬁﬁﬁtaﬁﬂ hefite Eé?ﬁpérhﬂﬁ%@ ?ssadjhétledlb%/ BRSS! @fnthb Proyoréieualt

e tenperature of the reform ng zone (1) near the
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ecedl n
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mperature ent reac can
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by the end of the step. [0030] The reform ng zone is
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the carrying out of the reformng step. The point in
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[0030] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

[0031] In the practice of pressure swing reforming, there are alternative
means for determining the end of the regeneration step. The regeneration step
ends when sufficient heat has been supplied or conveyed to the reforming bed to
enable the carrying out of the reforming step. The point in 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



- 13 system or (c) fixed as a constant regeneration
step duration. In enbodinent (a), sone feature of the
wop@rani2oc i s nonitored that is related to thePCT/US2004/016232
regeneration performance. This feature could be a
conposition such as 02, CH4, H2, or CO or could be a
tenperature such as the teniderature at the end (3) of
the reformng bed. In one enbodi ment of the present

syété‘rYler [OTixdd'® d ESRAEH b é?iér@ti(ﬁpstéﬁ dendreh. Iﬂ\féﬁﬂboﬂﬁﬁent (),
tenperature at the end (3) of the reforming bed ha

somp deaased the apepatpn is ehawtadd ttlmtpereslan@deto bhﬁ: vmnemm@ut
200C and about 800C. In enbodi nent (b),
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or so system neasur enent. In

whefiehe rangirarnt aofhetdiel (3) e el refoneinigi tad, hashacreased to a pre-
regeneration step duration is adjusted based on the
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carbon.” I'n enbodi nent (c), the regeneration step
sydemaneasurérment Iif bre dmbedinént cftthe preseneinvieationsthe

predet erm ngd to he gccept abl e for the space vel ocit
remetam@no%@ wiagan 1 adiysied an %fmt%veaﬁ%%%ﬁ?ncem ation
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ese cases but parti cul y in enbodiment (c), it is
empodimembhiie tatget Gl camaimisis seha aregaoemtdhabnepr¢sam8rlmtwsen
to i ncrease or _decrease the anpunt t added to

abeufel aadgherhyd ol the @ﬁdfoqaﬁb%l%ﬂ%&egl%f oft- In gmbpgliment

scribed with r ectt n r nin
O TherEtetion SerBRRTsH is ot A RRIRD b Rl aflU @R R0 1 1
?érgﬂﬁ d hd@Bablid for tBE RPSLeAYd 166t P bEthebifcthiion IS
préfa;{exe a% iZ;Ib\/ﬁé]dura?lalon betvveeg about }Ssecon anél abou(t)ne
embodireniitils presemt inventiegehe reganermtidnl siep datagiansis fixed at a
adj usted over tinme so that the time-aver

dugasivndstween apowf0. Cppcang and about 60 seconds an% preferably 1.0-30
seconds. In all of these cases, but particularly in embodiment (c), it is preferable

to also adjust the regeneration flow rates to increase or decrease the amount of
heat added to the bed during the step - in a manner similar to that described with
respect to adjustment of duration in embodiment (b), above. In a further
embodiment of the present invention, the regeneration step duration is fixed at a
duration between about 1 second and about 60 seconds, and the regeneration
flow rate is adjusted over time so that the time-average concentration of CH4 in

the reforming product approaches a target CH, amount that is set at an amount



the reform ng product approaches a target CH4 anount
that is set at an anmobunt WO 2004/ 106226

wERIMWE2004/ 016232 -14 that represents bet weePCHDS2004/016232
| % and about 15% of the hydrocarbonaceous feed
carbon. [0032] The space velocity of a systemis
typically expressed on an_lhgurly basis as the
standard volunetric gas flow rate of feed divided by

tha{grgfg%gtgf%Lbengl é;/nng%oﬁfl %%ﬁaala\é?%t P%‘g)(ﬁf)ép&@gfﬁ%c%glg%ﬁea%eﬁs feed

our ace 'vel ocCi
car¥gl ocity can also be defined in terms of the
ydrocar bon conponent of feed. As so defined, the
GHSV for a nethane feed would be the standard hourly
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[0033] In temperature 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.

[0034] In a preferred embodiment temperature swing reforming is conducted
under bed packing and space velocity conditions that provide adequate heat
transfer rates, as characterized by a heat transfer parameter, ATyr, of between
about 0.1°C to about 500°C, and more preferably between about 0.5°C and
40°C. The parameter ATy is the ratio of the bed—a\}erage volumetric heat
transfer rate that is needed for reforming, H, to the volumetric heat transfer

coefficient of the bed, h,. The volumetric heat transfer rate that is needed for



transfer rate that is needed for reformng, H to the

volunetric heat transfer coefficient of the bed, h,,.
wab@4uad2eeret ri ¢ heat transfer rate that i s neeperUbzN4/016232

WD 2004/ 106226 PCT/ US2004/ 016232 - 15 reformng is

cal cul ated as the product of the space velocity with

the heat of reformng (on|seat per Cl vol une basis).

For exanple, H=4.9 cal/cc/s = 2.2 <cal/cc * 8000 hr-1
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hane per sta vol une
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referred to as the wetted area of the packing. [0035]

of th8Redshy, yiné detbirgimatiod udtveldchtis knessun dse adngidi thpicaily
about zero to about twenty atnpspheres. The,cycli c
cal@ﬂé&e@hasdhe §rodpsROf agiga-Based qogfﬁe)@@aﬂ (e. &nqa%/é%ﬁ&e) and a

spefyfiG STk e O Hegb HORSer tv BpePR SO feF 28 the
weﬁ@@ﬁ?eta'&rih@ a&lﬁﬁ‘%r eform ng step at pr essure d| fferent

omthe regeneration step. In a preferred enbodi nent,
the reformng step is preferred at pressures ranging
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preferred to performthe reformng step at a Rer
differ@sey prefeably tehiporalgseolatiahj betwees phevrdformireg woés sod ée
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ration ans 6] The bed packing material i’'s
andtkeegatbraiod dtap ig pafdmemtd atr@esfuee ranging from about zero to
about four atmospheres. It is also preferred to perform the reforming step at a
higher pressure than the regeneration step with the pressure differential between
the two steps preferably less than five atmospheres and more preferably less than
one atmosphere. Use of higher pressure may be advantageous, for example,
when the fuel cell TSR system is coupled with turbine or other such power

generation means.

[0036] The bed packing material is selected so that its heat transfer
characteristics enable high space velocity. It is known in the art that bed packing
can be characterized for heat transfer coefficient (h) and characterized for heat

transfer surface area (often referred to as wetted area, ay). Correlations for these



characteristics enable high space velocity. It is
known in the art that bed packing can be

w@b@naci2es i zed for heat transfer coefficient (PQT/EZN04/016232
characterized for heat transfer surface area (often
referred to as wetted area, av). Correlations for
t hese WO 2004/ 106226 PCT/ U38004/ 016232 - 16
paraneters based on gas and solid properties, are
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heat transfer coefficients are sensitive to a variety
uding flow rate and
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ref orm ng Ipxqause the hydrogksali n the gas has very

highFWuc‘tlw e ients are typically
I ncr eased y)%le asi ng tq &ﬁhgi(agterl stic size of
the packing (e.g., hence 1/8" beads wi |l have higher
hv than 1/2" beads) [0038] Determ ning the heat of
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cha@tdmﬁffstlc @7¢Jof thecpdckinB 609, hemceh]r/8( peadswil] haye b);gher hv than
%(ijsé(s) [0039] In this equation, GHSV and OHREF have
1/23@5 ntially identical units of feed anmount. Thus,
if the units of GHSV are as NL/hr of Cl per L bed,

then the wunits of AHREF are heat of reaction per
[0038] C Det¢rounulg thethsat of refpening ofdnidsosahpay ek kmm and

cangle CHTEHEIRErbhH® Ot & AR PsEahapEl ToRE R dERagbon

gas. The heat transfer requirement for this TSR 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-MH,. _  BIU or = kcal
3600s/ hr (ft Bed)(s) (L Bed)(s)

| [0039] In this equation, GHSV and AHggr have substantially identical units of
feed amount. Thus, if the units of GHSV are as NL/hr of C; per L bed, then the

units of AHggr are heat of reaction per NL of C,.

[0040] A heat transfer delta-temperature ATy is also used herein to
characterize the TSR system, as taught herein. ATyr is defined herein as the ratio

of volumetric heat transfer requirement to volumetric heat transfer coefficient.



of volunetric heat transfer requirenent to volunetric

heat transfer coefficient. W 2004/ 106226
wWEOMWE2004/ 016232 -17 Characteristic heat treeBEU82004/016232

ATHT = Y17V . [0041] This characteristic ATHT

descri bes the bal ance between heat transfer supply

and demand. As used herein,7the ATHT is cal cul ated

usi ng heat transfer coefficients based on typical

ener. a;%eon co 'ons_. gihe characteristic ATHT is a

Ch%fé fegip Aeahie HT He fkesent invention. Packing or

space vel ocity are chosen to satisfy characteristic

ATHT requirenments of this invention. [0042] ATHT for
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regeneratton
foahPSABh oni‘tpnioﬁﬁhf@ thieliRelent TSR @nthe bperhted at high
preferred that the naferial has hi gh bul kK heat
efficeemayiat y specgvelacity 11 to abpent 000000 dr | preferably > 0.20
cal /cnBC). Additionally, the bed packing materi al
Wi Il provide sufficient support for the reformng
[00%% al yat prerehlfaﬁl disbadifiengttesstd Javkeey hegesidlemdliis edeecral
met via contro
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 (e.g. = 6
cm’') and volumetric heat transfer coefficient (e.g. > 0.02 cal/cm’s°C, preferably
> (.05 cal/cm’-°C, and most preferably >0.10 cal/cm’s°C), have low resistance
to flow (i.e., low pressure-drop), have operating temperature consistent with the
highest temperatures encountered during regeneration, and have high resistance
to thermal shock. Furthermore, it is preferred that the material has high bulk
heat capacity (e.g. 20.10 cal/cm’-°C and preferably >0.20 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.



of the shape, size, and conposition of the bed packing
materials. WD 2004/ 106226 PCT/ US2004/ 016232 -18
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i npact the beds heat transfer capability and flow
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i mpact how the fluid flows ghrough the packing,
i ncluding, the size and turbulence in the fluid
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i.e. 6 - %OO cm ). [0046] The conposition of the bed
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ma¥ beReFHSyéd.CPraTefRed 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
packing with wetted surface area that range from about 180 ft"' to about 3000 ft™'

(.e.6-100cm™).

[0046] The composition of the bed packing material is selected for
operating temperature and thermal shock resistance. Thermal shock resistance is
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 that are
resistant to combustion temperatures and thermal shock are preferred. Cordierite

materials (magnesium aluminum silicates) are preferred for their very low



when tenperatures are changi ng due to cycling. Ceramc
materials that are resistant to conmbustion

wo eowpao@ear es and thernmal shock are preferred. PCT/US2004/016232
Cordierite materials (magnesium alum num silicates)
are preferred for their very | ow WO 2004/ 106226
PCT/ US2004/ 016232 - 19 coebticients of thernal
expansi on. Additional preferred materials of
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Preferred catal yst systens include Ni, NNO Rh, Pt,

and caonbi nati gns .t her eof . erials.my he
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combinations thereof, as well as other metal and non—metal materials 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.

[0049] Figure 2 illustrates an embodiment of the temperature swing
reforming diagrammatically illustrating the cyclic reforming and regeneration
process. In this embodiment, two temperature swing reforming bed systems are
used simultaneously such that one system is reforming while the other is

regenerating. The use of multiple beds can provide a substantially continuous



reform ng diagrammatically illustrating the cyclic
reform ng and regeneration process. In this
weniadidrent , two tenperature swing reform ng brdI/US2004/016232
systens are used sinmultaneously such that one system
is reformng while the other is regenerating. The use
of multiple beds can providm.a substantially
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o BSFABp PRI IOL gt SR RN S Geloch b
Fi gDu%e engagethdd(20bPissdiRged it egedep of repenemdfione wazureewmdnd
(230) is engaged 1n the step of reform ng. Each

bed2B(Y) A8 6ngagtdiadhe steplafdetornting hEadli bedri(2i2) amdi230) includes
recuperating zones. In this e odi nenj., several _sets
bo@xfref%wg@n FECURSERIInSZRH: r1BItsiFankRginsns S§Y‘Ffé£ s of

valysg e stk AR NS Rt f B o 3Rl Rim R B A
fir@Ree Sf GATEs fﬁﬁdarfd%ﬁ')‘i‘:o%ﬁ% thefdwe o@ h§§€d&ﬁﬁ)0§ﬁfeeﬁfand steam

valves (252 and 254) "control the flow of the product

feedftotthe bedy, avhilengsatond sexof valyes (52 aelip®t)atcntiopl thﬁsw of
The third set of valves (251 and 253) regulate th

thef produesf ofahy gelormoig step |emgt1rgaa§1ﬁfr9@npeawwg ophasoAle third set of
mbu d d the.fourth

e L e o

or LA S AL 8 s LS ncpesetiioh b

258p¢ottfol (RS Bbw §f2hedgas € oTig ai&drefc&ﬁﬁhg aogecl osed. Wth

these val ve states, oxygen containing gas and fue
(219) enter the bed (220) through valve (251) while

[od&o;egqﬁ dr?%ﬁaﬂone%\}ﬂeﬁ Jaieesed 1§, ?@92;) (hseughd @599%@ %?@h

curre hy drocar bon and ‘st éam f eed

valeBs E22)t (25533 @6y atd de(&Ea@é: cidsedu ¥iith dhase Vall%ﬁ)ttasha))t}gen
the product of reformng (217) exits this

conthinjug gas/amd@el (2E)entay Fihehedd3ae) soegh valve KZél)sWLBe

luggg @27} 53 %fhe(bfai 202 636)e8 R E2899) noupeR By’ M
hy&x%?aﬁ%fﬁl a%drsﬁé/a%? ?@egl (a2 lg’) teEtetré1 fhd éeﬁ%ﬁd 3@@ éﬁ?@q}uough valve

ormng t e secon
(2399 SRy @heipr@dudt g réfeeining (DBMD]exfis ghnrsebea (230) through valve
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(2549t dxtrihagonclusion 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.

[0051] Figure 3 diagrammatically illustrates the temperature swing reforming
process described above to supply hydrogen fuel to a solid oxide fuel cell. The
TSR unit (300) may include a single bed or preferably, multiple beds. In the
optional embodiment of multiple beds the valving and flow controls are ‘
contained within the unit (300) and not illustrated in this Figure. Their form and
function are as described above in reference to Figure 2. Referring to Figure 3,

a hydrocarbon containing feed (301) such as gasoline, and steam (305) are



process described above to supply hydrogen fuel to a
solid oxide fuel cell. The TSR unit (300) may include
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means a syngas having additional hydrogen content, which in this embodiment is
produced by the additional reforming of steam and CO, CO2 residual
hydrocarbons, or mixtures thereof that occurs in the anode region of the SOFC.
Oxygen containing gas (306), typically supplied as air, is fed to the cathode of
the SOFC (310). The hydrogen enriched syngas "fuels" the SOFC
electrochemical reaction. SOFC oxygen ions are transported across the dense
electrolyte to combine with protons at the anode. As the negatively charged
oxygen ion combine with hydrogen to produce H20, the oxygen ions at the
anode supply electrons that return through the external load to the electron
deficient cathode. The effluent from the anode, (303), comprises CO, CO2,

water (or steam) produced in the reaction, along with any residual hydrogen not
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[00%52 %in a ergféﬂr%egﬁfv@ﬁﬁletn@ thBeathdde S#10685307) RQRAizel Tor

err ment, the cathode effluent” (307) is

theUlSR irg@shek@ion pleeessSthy fig énesdiidedrintor txhee:'aﬁ}odbl’telm sufficient
introduced into the cathode bei ng sufficient
to spply thet dwey gsxyrgeuireragni ofdhe SOIE calwdsare st h @éi éhe @rdant

N
TS IS s

abdR 112 ko 210 dﬂtﬁpr@f&@al@/&l begle .5 at the SMBUtcatliiftet(De. :ahmmzo% to
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abothdOgHe ekdass oragenisepphsdyaitbarathodepar ated, in a
preferred enbodi nent TSR (300) and the SOFC (310)
conprise a physically integrated apparatus.

[OOSQW antpgeghdflustiaed as physitsty sgraatetym a prifedted embodiment
roved heat int eqr ation, reduction or elimnation
TSRf(3DD)q andi theaS OF G0 eomprisa APhysisially dniegaried appayatus.

Advarg)tages of the integrated apparatus include improved heat integration,
reduction or elimination of liquid water collection and storage means, and rapid
initial heat up of the SOFC to suitable operating temperature. In a physically
integrated system, the inputs and outputs from the TSR reactor and the SOFC are
directly coupled with the use of no processes other than heat exchange among
these streams. The oxygen source for the TSR is delivered by the cathode
exhaust gas (stream 307). The TSR reforming effluent is used directly, without
further processing, by the SOFC anode. The anode effluent (303) is used
directly as the source of steam (305) from the reformer and as the source of fuel
(304) for the TSR regeneration step. intennediate processes other than optionally
heat exchange are not required when the two processes are so integrated. This

avoids the complexity of other processes such as water condensation, water gas
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TABLE 1

Stream | 301 302 303 305 304 307 308
gmols | Ref- | Ref-out | SOFC- | FC-H2- Rfm-Rcy | Rgn- | Cathode | Regen

Fd out X Fuel | Effluent | Effluent
Temp C | 500 542 527 504
P 0.5 0.3 0.2 0.2 0.2 0.2 0.1
AtmGa
CH4 4.07 |0.12 0.12 0 0.05 0.07 0
H20 0 2.73 13.05 |0 6.19 6.86 8.46
H2 0 12.9 2.58 12.73 1.22 1.36 0
CO 0 6.13 3.72 0 1.76 1.96 0
CO2 0 1.41 3.83 0 1.82 201 3.97
N2 0 0.15 0.15 0 0.07 0.08 | 30.75 30.73
02 0 0 0 0 0 0 1.79 0.01
(in
mols)

4.07 |23.44 23.45 | 12.73 12.34 | 32.54 43.17




operating and process paraneters are identified in the
follow ng Table 1. TABLE 1 Stream 301 302 303 305 304
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Cat hode Regen Fd out rx Fuel Effluent Effluent Tenp C
500 542 527 504 P 0.5 0.3 0.20.20.20.20.1 Atnta
CH4 4. 7 -0.12 0.12 0 0.0529.07 0 H20 0 2.73 13.05 0
6.19 6.86 8.46 H2 0 12.9 2.58 12.73 1.22 1.36 0 COO
6.13 3.72 0 1.76 1.96 0 C02 0 1.41 3.83 0 1.82 2.01
3.97 N2 0 0.15 0.15 0 0.07 0.08 30.75 30.73 02000
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[0057]  An alternative embodiment of the present invention is illustrated in
Figure 4. The embodiment illustrated in this figure may be advantageous where
the SOFC anode effluent does not contain adequate fuel to effectively supply the
regeneration for TSR as described hereinabove. In this embodiment, the TSR
reformer effluent (402) is split between supplying hydrogen enriched fuel gas
(404) to the anode of the SOFC, and supplying a sufficient amount of fuel (403)
for TSR regeneration. Anode exhaust (405) comprising residual CO, CO,,
produced water, and any residual fuel not consumed by the SOFC, is returned to

the reforming zone as feed to the reforming step of TSR as described above.

[0058] As described in respect of Figure 3, oxygen containing gas (4006),
typically supplied as air, is fed to the cathode of the SOFC. Ina preferred
embodiment, cathode effluent (407) is utilized for the TSR regeneration process,
the oxygen containing supply (406) introduced into the cathode being sufficient
to supply the oxygen requirement of the SOFC cathode and serve as the oxidant

in the TSR regeneration cycle.

[0059]  As described in respect of the embodiment illustrated in Figure 3, a

water condensing means and reservoir (411) may be optionally used to capture



[0057] An alternative enbodi ment of the present
invention is illustrated in Figure 4. The enbodi nent
WO bdowgoa2aé ed in this figure may be advant ageoUBCTMIS2084/016232
the SOFC anode effluent does not contain adequate fue
to effectively supply the regeneration for TSR as
descri bed herei nabove. In2his enbodi nent, the TSR
reformer effluent (402) is split between supplying
I I ;
and Qe BB AL Rk Ele AR recd Rl e nFORRg 0 sha
or sﬁﬁ;sleﬁféﬁt ﬂ@%ﬁt@f gétdaaﬁﬂ) rejid@encandatitic TIRFI0LNPri si ng
residual CO CO produced water, and any residua
fuel not consuned by the SOFC, is returned to the

reform@gtzone a eed toﬁéhe reform ng step of TSR as
[006ftls c r ABSHCHIG 8M H@%‘%ﬁo © PESER} BYEHAN PR SIER yristre

5, v pedes BEARIO AR Wl Vi AR uaRlih gyt B il aberivg
her&oﬁ{r@fﬁ ofrgomﬁﬁmp%ﬂﬁea{ﬂdm@ﬂ hesler gkhbtaeioh hdihk) typically

r the TSR regeneration process, the oxygen
turbégat Rieferfigg sol pipd Elg(lm&ahe ek cﬁﬂibardfqmnmg stwp i6 ficdh vy

bei ng sufficient supply the oxygen require t of _ _
streqing csma@matlfyda@aaw @ﬁ\) GNg 1R (I B L PR ERepRS0T)

o P BCTs he, PSSAF R Py GRS o

cath%%@%e?ﬁﬁérﬁ%?%)aﬁsfv% 61%@?§R‘&@gé ndrdddn sﬂ%‘g}éaﬁ’& tHhOSOP@éﬂdde

0 cap 106226 PCT/ US2004/ 016232
efflaést (S0P § used foicie eﬂﬂhﬁbnﬁnﬂ(ﬁﬂhbaffﬁﬁ%deagdmdrmtvmmsly in
ef fl uent (408) an pply or supplenment the water

resp(m;t eﬁl‘?jgwr@auﬂn elnemrgv imenk attdriqnabpywer sogaieraigd from the

waste e ee TR AT S SRe a0 T et e Fring AR

waséé h%eﬁ”l to‘ﬁg eh{b({gﬁﬁggfs t11% e JRSETd IP@§ tHaep&dehehes 1 n

I on onal powe gener ation neans,

coutaafﬂéu%?# dablinkUndhnede aietahoiegifleentdim FegurtmilerhS2USR28),
(500) 'reformng step is fed with streans_containing

resmdwekyardsuhn(gamproam s@maﬁé@oe@ther pmbodimenisdnet &korwn)
(507) .is fed to the

may; a0l BeRIFGEINAF oW i S QG0 He RIS b6 5 P PIRIESTPT
(5 lé%%@ %)fpaéad&d(Stl%) 188 6r895%?ﬁ%%'iﬂ @145 5B th& RethodEs feed
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needed for reforming, can be added to the regenerator effluent (508) to increase

expander power.
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the waste heat of the TSR SOFC system Steam (505) is
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process steam (505). O her enbodi nents (not shown)
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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.

(b) Supplying said reform product from step iii to an anode of a solid oxide fuel

cell to produce electricity.

2. The method of claim 1 wherein the cyclic reforming process apparatus and the

solid oxide fuel cell are commonly contained.

3. The method of claim 1, wherein the cyclic process has a characteristic ATyy

ranging from about 0.1°C to about 500°C.
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4.

5.

6.

7.

8.

renmovi ng substantially all of the conbustion product
fromthe first zone. (b) Supplying said reform

product fromstep iii to anpanode of a solid oxide

fuel <cell to produce electricity. 2. The nmethod of
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3. 4hpe nethod of claim1, wherein the cyclic process

has a characteristic ATHT ranging fromabout 0.1C to
about 500C. WD 2004/ 106226 PCT/ US2004/ 016232 -27 4.

The nethod of claim1 wherein ATHT ranges from about
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space velocity ranges from about 2,000 to about
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second zone or both are conposed of a materi al
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al Wivemoethed [of claims] whktain thmpadling aagerial is a honeycomb

monolith having channel densities ranging from about 15 channels/cm? to

about 500 channels/cm?.

The method of claim 5 wherein the packing material provides a wetted area

greater than about 6 cm?/cm’.

10. The method of claim 5, wherein the packing materials of said first zone or

11.

said second zone or both are composed of a material selected from
stabilized or unstabilized magnesium aluminum silicates, aluminum silicate

clays, mullite, alumina, silica-alumina, zirconia, and mixtures thereof.

The method of claim 1, wherein the catalyst is selected from the group
consisting of noble metal components, Group VIII metal components, Ag,
Ce, Cu, La, Mo, Mg, Sn, Ti, Y, and Zn.
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portion of the fuel and oxygen containing gas to step

iv of the process. 16. The nethod of claim 15 wherein
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of the steamof step i of the process. 17. The net hod
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a rti t he containing gas to the region
pﬁggﬁﬁﬂfgo?gfthxrﬁéiﬁﬁQEe between the first and
second zone for step iv of the process. 18. The nethod
of claim2 wherein step Bis further characterized as
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17. The method of claim 15 wherein cathode effluent supplies at least a portion
of the oxygen containing gas to the region proximate to the interface

between the first and second zone for step iv of the process.

18. The method of claim 2 wherein step B is further characterized as supplying
a reform product comprising hydrogen, CO, CO,, hydrocarbons, and steam
to the fuel cell anode at a temperature of greater than about 200°C whereby
the reform product is further reformed to supply a hydrogen enriched

syngas to the anode of the fuel cell.

19. The method of claim 1 wherein the fuel of step iv of the process is supplied

by at least a portion of the syngas of step iii of the process.
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the tenperature at or substantially at the interface
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reaching a pre-determned first tenperature, the

oxygen- containing gas is introduced to said second

zone; and neasuring the tegperature at about the

first end of said first zone and, upon reaching a

pre-d r i .S e erature, the hydrocarbon,
20'cgﬁegﬁ%tﬁﬁgoggg%&ag’gﬂgltutgg%f eed is introduced to said

f 'n'ia&fsuﬁﬁg 8 texddaturd & or AvReantidlly af biee Meédias inftwebmband
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egun. 22. The nethod of claim1 wherein
t wongiinifgrfeed aad seam feed ioperatvedd o sad! fimnewdisf gaid first
such that steps i, ii, and iii are in progress on at
| g@se. one reactor while steps iv, and v are in
progress on at |east one other reactor providing a
substantially uninterrupted stream of reform product
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t YrdisAEing A Eaaipanet acibowtithy interface between said first and
second zones and, upon reaching a pre-determined temperature,
regeneration step (iv) is begun, and measuring the temperature at about the
first end of said first zone and, upon reaching a pre-determined second

temperature, reforming and recovery steps (1), (ii), and (iii) are begun.

22. The method of claim 1 wherein two or more reactors are operated
simultaneously, such that steps i, ii, and iii are in progress on at least one
reactor while steps iv, and v are in progress on at least one other reactor

providing a substantially uninterrupted stream of reform product to the fuel

cell.

23. The method of claim 1 wherein effluent from the regeneration process

powers a turbine to produce electricity.



