WO 2004/ 106226 PCT/ US2004/ 016232 -1 METHOD FOR PRODUCI NG ELECTRI CI TY USI NG
TEMPERATURE SW NG REFORM NG AND SOLI D OXIDE FUEL.CELL Field of the

| nvention [0001] The present invention relates to process inprovenents in

t he produeto moyefs2iydr ogen from hydrocarbon fuel and it spaisesonydive: cel | s.
More particularly, the invention relates to a process schene wherein
synthesis gas produced in a cyclic reform ng process is integrated with and
used in a solid oxide fuel cell ("SOFC'). The cyclic reform ng process is
herein referred to as "Tenperature Swihg Reform ng" or "TSR' for short. In
tenperature swing reformng, the reform ng step of the synthesis gas
product | BFFHOBR FQR PRURE IS EXECTRIGERE CATN® TEYPRRTURT SR r@é‘é‘ﬁ“@? rid@nPPrBduced
by TSR is particularly well suitdI3FUHsEELR a SOFC being at tenperatures
conducive to efficient use by that type of fuel cell. In a preferred

enbodi ment, TSR is integrated physically with the SOFC to increase the
overal | eflf;iiefd SPHE Biefiis, system The present invention provides an

ef ficient process for- produci ng energy froma hydrocarbon fueled fuel cell
system particularly useful for confined space applications such as "on

board" vehicle applications (e.g. passenger vehicles, trucks, buses or the
| i ke) C an@08iLkt r Thetperdsepnoverenspa trelates toBaoksys dmpooafmdrtieid theent i on [ 0002)
Sol i d oxide fuel cells hold promse for a variety of power applications
i ncl udi ng rredeetioueblydrogen fpombydiocerbamidel and danae inifel cellsshare SOFC

systens are.c ble aof operating at substantially. higher tenperatures than
oy EHCNa Yy Begrvatisie APy B PGS SKETTe YPSrUneynBETngaabl ¢ & o

i t hst d t . -hi )

substant 1 AFPGTRE B 4 ETicHer Rl Bods I RGN B0 S 881 288 company ¢ e
hy@ir ogen Totgho fudl@elli(CSORCHY. MRSSy Bt QLr e pARcas VKN oRARRGRBRILCE. The

present invention
"Temperature Swing Reforming" or "TSR" for short. In temperature swing

reforming, the reforming step of the synthesis gas production is followed by a
regeneration step. The hydrogen stream produced by TSR is particularly well
suited for use in a SOFC being at temperatures conducive to efficient use by that
type of fuel cell. In a preferred embodiment, TSR is integrated physically with
the SOFC to increase the overall efficiency of the system. The present invention
provides an efficient process for producing energy from a hydrocarbon fueled
fuel cell system, particularly useful for confined space applications such as "on
board” vehicle applications (e.g. passenger vehicles, trucks, buses or the like)

C 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



4 WD 2004/ 106226 PCT/ US2004/016232 ¢ -2 integrates tenperature sw ng
reforming with a solid oxide fuel cell to provide an efficient power
generat i or\zﬁrzg Z’?’%@t hat can be fueled with comon hydrocarbon fuel. [0003]
Conventi on ‘ff §i s gas generating processes include PCIAHONSES3N ng,
gas phase partial oxidation and autothermal reform ng. Each of these
processes has advant ages and di sadvant ages when conpared to each ot her.
[0004] In a steamreform ng process, sfeamis reacted with a hydrocarbon
containing feed to produce a hydrogen-rich synthesis gas. The general

st oi chi onpieyrat@Stdrhpétatur@b ®thd RFoARINBANERR ol Dlidd#Hde i Qellto Hr&dg a3 H2 (1)

Typically, an excess of steamis usedto drive the equilibriumto the right.
As appl i effidientpodrerggenerauwonf motessahatoesshislabwithl coensentssirécarbsicr ease

t he water as shift reaction: CO+ HO---> CO2 + H2 (2) [0005] Because of
t he hi gh othermcity of the reaction, steamreformng is typically
carried out in large furnaces, in which a reformng catalyst is packed into
tubes. The tubes nust withstand the high pressure of the produced synthesis

gas, whil nsrg-1 10 Na: L eppe . r hi As descri bed
in Stanf ofoa[; q@sea@éﬁvﬁgp ?‘f&ﬁ’tﬂgﬁqsﬁﬁ é?sn%%feg{@?b %@8?@8%&99%29%94), st eam
ref orm ng ﬂﬁﬁ? h&d I Ecﬁ’l?e freRerd j pr oduct
hydr ogen I(SI%I e ’§3§ Pﬂ?eﬁ%ﬁ?alﬁﬂ@%ﬂ%ﬁg??gﬁ o} 1?&%?3?% ng ?'eggEPéﬁgﬂ%E?nace
fuel), i praRpsedtiasaidehyageddandiishévimessspatien vehpsaicdto dadifdtingd as Standard
Cubi c Feet per Hour of C) -equivalent feed / ft3 of catal yst bed) is 1000

hf 1. Unfortunately, steamreform ng furnaces occupy a very |arge vol une of

space, substanti all ) ) )
P F0004] n aysteam reforming process, steam is reacted with a hydrocarbon ;o
L
containing feed to produce a hydrogen-rich synthesis gas. The general o

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

Typically, an excess of steam is used to drive the equilibrium to the right. As
applied to hydrogen manufacture, excess steam also serves to increase the water
gas shift reaction:

CO +H,0--->C0O,+ H; 2)
[0005] Because of the high endothermicity of the reaction, steam reforming is L)
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



WO 2003/ 106226 PCT/ 1JS2004/ 016232 -3 greater than the tube volune. This
sfeature, and the relatively low efficiency, conbine to severely limt its
utility in point-of-use fuel applications such as fuel cells and would
likely be u 44/ H16826f or on- board vehicle applications or Pai/gsmiussd power
“applications. [0006] Sederquist (U S. Pat. Nos. 4,200,682, 4,240, 805,
4,293,315, 4,642,272 and 4,816, 353) teaches a steamreform ng process in
which the heat of reforming is provided&zwithin the bed by cycling between
conmbustion and reform ng stages C of a cycle. As noted by Sederquist, high

qual ity heal, Lecauer WEDLBERS OEiligbed,a3n. pHoduas GSIRERILD @

t heoretical®é ency o ese patents desc

process t halQRaE ab 88vatlVighit i{s%ilﬁ&qﬂgfoﬁhﬂ$ﬂase ftde! BoiRaE®ns YEIPE] feps Of
around 100 hr-' (as C,-equivalent). Onée consequence of Sederquist's |ow

space vel ocgellly and winalt like$wbt unfrabibdd fdresd-bbasiseshiclspediicitigisrorabi ity to
achi eve high efficiency. The present invention solves this problem [0007]
The i nvent ofistributasl pawer appdisaliensd a process for produci ng hydrogen from a
hydr ocarbon containing fuel integrated with a solid oxide fuel cell that
produces a highly efficient power generating system Sunmmary of |nvention

[ 0008] The nt gl I VI f o) i r f
produci ng. dOR0ET 1 coPiR PSPANTE GRepBRert2FRaDs Brp s BEeR R i1 a
hydr ocar bo rhrﬂcm,g196,95apteﬁyﬁﬁs@mm%ﬁomﬁngéﬁbéé‘ssﬁﬁmﬁeﬁ fHe RGP BEBFormhfieer r ed
to as tenperature swng reformng, provides an efficient means for
produci ng das phyddedenthioticbatl g c gsinighbstvecegapnitarstibuendeefdrnappkiagad i ons.
Tenperature swng reformng is integrated with a solid oxide fuel cell to
ac k(‘geve t herreatyclmdAs matest babeddrnst.dighepiabisl hedtvecavsry snthenréfonaing uel
processor/fuel cell syst

ens..ln, one. e i.ment et rafure swn
P orm g rOCasPTPASrSTE N § AglSise FHoEone PCArRsIigs) Biogieysr, thesk
patents describe a process that operates at very low productivity, with space
velocities of around 100 hr' (as C,-equivalent). One consequence of Sederquist’s
low space velocity is that resulting high heat losses impede their ability to

achieve high efficiency. The present invention solves this problem.
[0007]  The inventors here have discovered a process for producing hydrogen
from a hydrocarbon containing fuel integrated with a solid oxide fuel cell that

produces a highly efficient power generating system.

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



-4 integrated with the SOFC. The integrated design results in high system
efficiency. Specific enbodifents are detailed hereinafter. [0009] The
process of ée erature swing reformng, detailed hereinafter, is generally
descri bed ¥&:2M%42:¢ r oduci ng a feed stream conprising a RGJEIBEHBE2 and
steam at a space velocity greater than about 500hf 1 through a first end of
a first zone containing bed packing materials and a steam reform ng
catalyst that are heated to a reform-rdg tenperature to produce a synthesis
gas streamcontaining H2, CO and COQ2. (b) passing at |east a portion of the

product ofintgbeied dhthtthe BGRCOTHe i@ st MRl edhpaciisignmat eri al s via
the first end of 2nd zone, and transferring the heat Fromthe synt hesi s gas

st r eam t o effi@epac k bperi1frateerbalisen(scire detanled hgrainblierant i al [y all of the
product from said second zone via the second end of 2nd zone; (d)
i ntroduci ng an oxygen-containing gas into the second end of said second

zone; (e) act said o en-cont ai ni n as. W t.h f,yel .an conbusti ng
said gas a{ﬁ@ﬁ]uelfaﬁgf)ﬁqcﬁ%gfg&%ﬁ@ TC PR ggxg{q%g?gaﬁadglﬁgn?-?rsfs zone to
reform ng u creating a fluegas which exits through the first
end of saiggﬁ%?gﬁez%ﬁ%@f%om] The feed stream space velocity (i.e. greater

t han about 500 hr-1) is based upon the entire bed area. The tenperature

swi ng reform ng process WO 20111/106226 PCT/ 1j S2004/ 016232 -5 efficiently
produces a hydrogen aotrodicingg fegdtshresinscogamisihgt Hyslrosaton and aelarpat hi gh
tenperature fuel cell, typically a solid oxide fuel cell. [0011] Solid-oxide

fuel cell § SpaerEelpchy greasan &anianeat PYOhm darquesn Bisitiegd of a first zone

containing bed packing materials and a steamn reforming catalyst that are heated
to a reforming temperature to produce a synthesis gas stream containing H,, CO

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

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

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

via the second end of 2nd zone;

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

second zone;

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

end of said first zone.

[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



state materials, with electrolytes generally conprising an ion conducting
ceramc oxide. As in other fuel cells, SOFCs consikst of three conponents: a
cat hode, an anode, and an el ectrol yte sandw ched between the twod. The anode
in an SOFC W0/ ¥626d whi ch may conduct either oxygen or Paydisogeniézens, but
nost comonly conducts oxygen ions. Oxygen fromair is dissociated and then
C reduced at the cathode to O. These ions travel through the electrolyte to
the anode, where they react with fuel -tshat has been delivered to the anode.
The fuel (e.g. hydrogen) is oxidized by the oxygen ions and rel eases

el ectrons - 2 i I b G| The

ol ectrons CragepdfpHENIES A LR SRIBCHS EROIA Rl e o

el ectri ci t yrigleeehpdrafige ¢yellcell, iypiéaliyugdlidekide faalncdle  stacked together in
series to generate higher voltages as each cell typically produces fromO.5
to 1.2V. The sinple reaction for a hydrogen fuel ed oxide ion conducting
fuel cell MAY1ke ekphdoxidr hxl oy bﬁéFCMﬁ@@évqmor@lyﬂnad@from ®1g-Anode H2
+ O -+ H20 + 2e" ? O/e{:lghl 1/2 02 + Hﬁ -a H20.]10012] The, oxide ion is

rel ativel y SI3if GRtenipls o Wigh Slertolges generally SOMEHEINS RRYN FORMPCENS CRETYSL

t hermal eney, far: efflc | fdus [ Lt | i .ql ! ide ion
SOFCs typi c;%a ey ’%grgatﬁéélcélt%%%l?rgpgr%%?g%ﬂsa t&@?@%&&%ﬁ%ﬁ E%‘;2/‘pcl)‘llchédley%(bet ween

700C and 1Q@8Ee, ableurPies®ilytd SRNMLIEN bawdkh €6d Bflot Th ahshe imbegEd With a
oxi de ion conducting SOFC. "[0013] The illustrative enbodi nents of the

i nvention as e sekd winch mayrcdodact eldicridxggden es ydpigeanohsbait nadst er . WO

2004/ 106226 PCT/ US2004/ 016232 -6- Brief Description of Draw ngs [0014]

Fi gures | acapunoysoadacta@xagamtons. Oxygen fwm otgs gissopatedednst thany and

' eg@ner at| ?Qdusctegpa% tl?e;c ceEt}excr)TEee troabg.r"lehess\é“igl?s {rgiﬁrtgom%h the electrolyte to the
anode, where they react with fuel that has been delivered to the anode. The fuel
(e.g. hydrogen) is oxidized by the oxygen ions and releases electrons to an
external circuit, thereby producing electricity. The electrons then retumn to the
cathode, thus continuing the electricity-generating cycle. Individual cells can be
stacked together in series to generate higher voltages as each cell typically
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 1”20,+2e” — O
Anode H + O — HO + 2¢
C A Overall 1720, + H, —» H,O

[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.



[0015] Figure 2 is a diagrammatic illustration of tenperature sw ng

reform ng using a dual bed, val ved system [0016] Figure 3 is a
diagrammatjc illustration of a process design using tenperature sw ng
reforning Y6H24YY8F3% oxi de fuel cell application. [0017]Pcﬁ’/€:i?f"é”%(’?3§ a
diagrammatic illustration of an alternative process design using
tenperature swng reformng for a solid oxide fuel cell application. [0018]
Figure 5 is a diagrammatic illustrati orbeof a process design using
tenperature swing reformng for a solid oxide fuel cell application

i ncludi ng co- generation neans. Detail ed Description [0019] The basic
two-step cycle of tenperature swng reforming is depicted in Figure 1.
Ref er ri ng Boef Desdripguones Deavaings| b, there is illustrated a first zone, or
reform ng zone (1), also called a swng bed refornmer, and a second zone, or
recuperating zone, also called a synthesis gas heat recuperator (7). The

(1) bed wilOP14f noFomier e RGP e AEGF et it DhafriotwioRs Rerri PR od as

separate r is to be recogni zed that the
t enper aturlgggé\n&hg%ggfggfé%ﬁ@%@E%}@%WB{EZSZ -7 reform ng apparatus
may conprise a single reactor, and further, that the apparatus my be
physically integrated with the solid oxide fuel cell apparatus. [00201 As
shown in HO§dsE | Eigwe 2tike diegiannhage diustdadohiof s¢mpempurefswihg refpehieng al so
called the reform ng ste the reform ng zone (1) is at an el evated
terrperaturllé;llii&héllﬁ]g g, Y VEHYSIemO to about 1600C and t he recuperating zone
(7) is at a lower tenperature than the reform ng zone (1). A hydrocarbon-
containing feed is introduced via a conduit (15), into a first end (3) of

e er| o BoRE) ZoBEnkd b 18 a0ttt ARMra A dPYHOGAL RN IYRE 20

mat eri al goes an € steamre i ncl udi ng
net hane, temperature swing refonmng for a sohd oxide fuel cell application.

[0017] TFigure 4 is a diagrammatic illustration of an alternative process design

using temperature swing reforming for a solid oxide fuel cell application.
[0018] Figure 5 is a diagrammatic illustration of a process design using
temperature swing reforming for a solid oxide fuel cell application including co-

generation means.

Detailed Description

[0019] The basic two-step cycle of témperature swing refbrming 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



petrol eum gases, petroleumdistillates, kerosene, jet fuel, fuel oil,

heating oil, diesel fuel, gas oil and gasoline. The feed material may al so
conprise al cohols such as nethanol, ethanol and the like. Preferably the
hydr ocar boWQi2pQ4/19e226 gaseous material or one which w || pcapstioyoicagpori ze
upon introduction into the reformng zone (1). Preferably, the steamw ||
be present in proportion to the hydrocarbon in an anount that results in a
steamto carbon ratio between about 1 _and about 3 (considering only carbon
in the hydrocarbon, not carbon in COor CO species that my be present). C
[0021] This feed streamis heated.(i.e., picks up heat fro he bed and is
converted 6?;1@@%5%¥3ﬁ“§§?a g”&?ﬂ%%%é?@%’é?a%a ‘ﬁ?‘gt%etreg?abh?ceeds, a

t enper at ur i L perties

of the syst% B%al%T sirglﬁygo é%g!rs%? giﬁg‘g‘%ﬁgﬁ@yﬁ?égpﬁfa gfgérrfp"ﬁeli géequdgﬁagrregl ient from
the | ower tenperature of the refornmer inlet that ranges from 100-700 C, to

h f ' d . fr. . 800C b 1600C.
wien' the boI0R AT SREYR IR FRews dd,ab P8 e B ol IR e RRR At pf el
descti bed BRbelaed il RrBAlld Gehafic Fefofinfid x&keygr%g?a{% tRyBgpature gradient,

whi ch gradient w nove across reforfing z as the step

proceeds.  WehgSA At HIGARE RIETLHSR0NI036B32; 1680108R IneHBhPASling GBRe o LS
the reform ng bed (1) through a second end (5) at an elevated tenperature

and passes (Tihs aughowbeteneearpmirathanghz cofrining zemd €Nl g hytikvcattgh-a first end
(11) and exiting at a second end (9). The recuperating zone (7) is
initially gentgimpgéged srnpepdacadevia Bendhy (18}.onid afirsiend (B1pf thas t he

synt hesi s asses through the recupgrati zone (7), the synthesis gas is
cogred to i e ) Blifhectalf clrgti hong bdh Rl b terad, nal that
substanti a . Al [ ' he sane
terrperaturléh%%rgbﬁse%]rg%%(gtﬁgrac:a%%aéz%%’%é‘: gb S@ggqgﬁﬁﬁiﬁ‘?@ gg%gé’cond step of
the cycle gét@oléﬁﬂﬁgds'fes,(ﬁeg.?ole&ﬁl-cﬁstil?étest,%@ﬁﬁs@ﬁé,bﬁ'éﬁﬁudl,aﬂﬁi 1, he@meaiput 200C to

about 1, 000C and prefera
diesel fuel, gas oil and gasoline. The feed material may also comprise alcohols
such as methanol, ethanol and the like. Preferably the hydrocarbon will be a
gaseous material or one which will rapidly vaporize upon introduction into the
reforming zone (1). Preferably, the steam will be present in proportion to the
hydrocarbon in an amount that results in a steam to carbon ratio between about 1

and about 3 (considering only carbon in the hydrocarbon, not carbon in CO or

CO; species that may be present).

C. [0021]  This feed stream is heated (i.e. picks up heat from) the bed and is
converted 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 reforming 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.



from about 400C to about 600C). As the synthesis gas is cooled in the
recuperating zone (7), a tenperature gradient (24) is created and noves
across the recuperating zone (7) during this step. [0023] At the point

bet ween st¥PSNHIE26enper at ure gradi ents have noved subgicarus:abloyemer oss
the reformng zone (1) and the recuperating zone (7). The zones are sized
so that the gradients nove across both in conparable tine during the above
reform ng step. The recuperating zone-R7Z) is now at the high tenperature
and the reformng zone (1) is at |ow tenperature, except for the

L omper at uf VB RS e L BB E P bl SR R B A e

cool ed t @naidvaraelealiptreni®ahd PR RGRASH terdcampriibWoheq7) tdhterihedr ocar bon
feed that has been entering via condui (15) (i.e. at tenperatures ranging

f r om abouthrot@h@ first ebad (1 1)7ZeRCxtied er @btoonbram @hoTthe280uparatibpeonb00C and
nost preferably from about 300C to about 500C). [0024] In the practice of
t enper at ulé) Bupiig!lyeat orlowey tempetagirg thanaihede g zope bl Aotedet er ni ni ng

the end of the reform ng step, JToward the end ot7t e reformng step, the
t enper at ursén@?méﬁ&s Pgﬁsegftﬁliwghrt_@? BrRPRGIRSFOnES P’JEEEEHS’QH’C? gaég%jsequent ly
the refor %Bgdﬁglﬁaftgﬁ{ﬁé%ﬁréjfﬁﬁﬁhﬁ{iﬂé B t%ﬁlspééga@% SPH?eb;lo‘e%fe ﬁ%@tﬁgh@ﬂg 'ﬁ{/\o

ef ficiencies. orm‘ng per mances as u erern, refers

2004/ 106226 SebhieA8Q9) OhRicB3s ap%g&ﬁﬂ%@[}sﬁfé“sa@ﬁe fepgsbringle @ adbons into
an

synt hesi s gas conponents of HZ, CO»2. The term percent conversion, as
used her eiregenemtonl feat aneddezdt dhringethe satond step e shooyde videomdmnbd®)i n f eed
hydr ocar bonaceous species into synthesis gas species of CO and CQ2. The

t er m uncofverd E&mpeiglires ranaRg fnbabrut 200" (slerbone A 1097 Grasdeptstarablyr oduct :
and O0p. s aovyRER  pek 608G oltke PeReNS 005 CITT TR ced
hydrocar bens, Ang; fofor% 35K RS b dRdnd (887 MR AnAMSves Mioss

the recuperating zone (7) during this step.

[0023] At the point between steps, the temperature gradients have moved
substantially across the reforming zone (1) and the recuperating zone (7). The
zones are sized so that the gradients move across both in comparable time during
the above reforming step. The recuperating zone (7) is now at the high
temperature and the reforming zone (1) is at low temperature, except for the
temperature gradient that exists near the exits of the respective zones. The
temperature of the reforming zone (1) near the inlet end (3) has now been cooled (
to a temperature that approaches the temperature of the hydrocarboen 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



reform ng step ends when the reform ng performance deteriorates to a |evel
that 1is below acceptable limts. In practice, opttrm zation of the overall
reform ng and synthesis gas utilization process will dictate a desired,

ti me-aver aé\é‘llz‘f“éé%ftz%f reform ng conversion. That tine-aPETAGaM4IERE of
reform ng conversion is typically greater than 80% preferably greater than
90% and nost preferably greater than 95% [0025] The point in tinme at
which the reform ng step is ended, and-Phus the duration of the reformng
step, may be chosen (a) as a response to the tine- varying perfornmance of

the ref or nBEnEIADIFREN hy8FRAFEJNE 18l nti¥sid Q(sccglﬁfﬁﬁ&aé?ﬁs oPMer@dland

(time-averaged) performante or the systeny or xed as a const ant
reform ng €Xp The @hingercart caneeniimat ueed hbeigdf calonlaedadihegircdm) , at

| east one feature of the operation is nonitored that is correlated to the
ref orning cpeeropmreddbe carion indaedihedroagrtivnaccwsmpssicsiinie WudleswsgasHs, H2,

CO, | t | | t t . h t he t t t . th d
(5) of theSPHRar RGO 161G BNBGOR VS BocCh HBEsent risahetion. ¢ he
) of _ _
ot orm ng haemysbRrEIPRRANER Kot SRRCIEL PR AR E R B, 7000

and about 22086nedtd of eLOD ARD A D)ThekO @ypihy EEledéFﬁﬁdéyhﬂ:&mré, h$ adj usted
based on a neasured feature that reflect's the overall (tinme-averaged)

per f or mancwelrastfbed hydtoearbomiand thayraekirgnpmdacegef faeddiydtocadhypesiTtieon such
as CH4, H2, or CO In an alternate enbodi ment of the present invention, the
ref or mi ng Efepniamgrsen ends whaathesredermipg waf gmange defaroraigs tagdeyel that

tratign of CHA in the product . usi trol WO 2001/ 106226
POy US20041 PR 20 CaiabIe A S o BTACHEhe PHHRAABORAL B0 S TEIPTONE Rt hen

the step dhd ek OuREM R RNHIPERIAL ARshBl UFhe AR i 2

r
preferred ternative o odl ment, e targe unt 1s set at

an anmount fdietmih@ioesenicn bEhueene abetigeld%e A1l RAgtind 2Unoérsiohes
hydr ocar bonaceous feed carbon. In case (c), the reformng st etp
typically greater than 80%, preferably greater than 90%, and most preferably

greater than 95%.

[0025)  The point in time at which the reforming step is ended, and thus the
duration of the reforming step, may be chosen (a) as a response to the time-
varying performance of the reformer during each reforming step; or (b) based on
overall (time-averaged) performance or the system; or (c) fixed as a constant
reforming step duration, or a combination thereof. In embodiment (a), at least
C. 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 témperature 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 r(b), the reforming step duration is adjusted based on a measured
feature that reflects the overall (time-averaged) performance or the sysiem. This
may be an average product composition such as CHy, H, or CO. In an alternate
embodiment of the present invention, the reforming step duration is adjusted

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



duration is of fixed length, at a value that is predeterm ned to be
acceptable for the space vélocity of the operation. In one enbodi nent the
present invention  the refornmng step duration is fixed at a duration

bet ween ab8B'OVHWS¥Ec and 1 ess than about 60 seconds andGlVeF844HF3A2hbet ween
about 1.0 and 30 seconds. [0026] After the synthesis gas is collected via an

exit conduit (17) at the -' second end (9) of the recuperating zone (7),
the second step of the cycle, also callléd the regeneration step begins. The
regeneration step, illustrated in Figure |Ib, transfers heat fromthe

recuper at @fraleetes(Know®id he drefidsiteterdedendthen!the s@p dRAitéh td Aguéwper ature
gradients 25 and 26 nove across the beds Simlar to but in opposite

di r ect i onpredetgmacicdnarge2GHarmn@mtdlr & pefertdnitengtive of ahisreahtsydimdnt,
enbodi ment, an oxygen-cont ai ni ng gas and fuel are introduced via a conduit
#

(19) int o tRhErg At o) sepal g amaaay et Aeprsseits hetveen abewit d %mnd ur e
fl ti t t tiall t th
| ntert ace 2008 5% R RSUESGERRey Gha BT TR RS (R B pRe Sk
t . . ot Vo .
09y ana "t (RrAEg LML RALS, bPs vAfie BLCE CScrkined o bRRCLERUBRIRE! DT 20N

present i Avegpdcenvels@anst theopeedict) Bf odd@nboRikadshé Pré@ﬁhﬁimvéﬁ@@mer ation
step conbustion will achieve the following two objectives: (a) the heating

of the rethe rfognmgwiess dotationas fed at 3)duration betweshaahoun §. Izsavearidsless a

tenperature of at | east 800C, and %referably at |least 1000C at the end of
the regendhan peANtHlesscondyand praferabkobeivegnaboph .0 ansk 3 seeandsn zone to a

sufficient degree that it can performits function of accepting synthesis
gas sensible heat in the subsequent reform ng step. Depending on specific
r egener at i[M02&Enbodifire thessyiebesis padishmllecred tihenreadi amdupr(@X) anthe t o t he ’
interface can jnclude fromO0%to about 50% of the volune of _the

r ecuper at Se¢PERRA (92)0f the EEARRTNG 200 (/).oheossens ssp ol thpoyde. alske vol ume WO

g%gé}gﬁﬁ%@g&#&%@gg@éﬁ%g% z ethegg}%%? ! peegern%fra Eorrq squ,ziﬂﬂgtrfgt%()l in LEri]guarelor eferred
1b, transfers heat from the recuperator bed (7) to the reformer bed (1). In so
doing, the temperature gradients 25 and 26 move across the beds similar to but
in opposite directions to gradients 23 and 24 during reforming. In a preferred
embodiment, an oxygen-containing gas and fuel are introduced via a conduit
(19) into the second end (9) of the recuperating zone (7). This mixture flows
across the recuperating zone (7) and combusts substantially at the interface (13)
of the two zones (1) and (7). The combustion preferably occurs at a region
proximate to the interface (13) of the recuperation zone (7) and the reforming (.
zone (1). The term, "region proximate", in the present invention, means the
region of the 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



greater than 90% of the regeneration step conbustion occurs in a region
proximate to the interface, the volunme of which region includes | ess than
about 20%the volune of the recuperating zone (7) and |less than about 20%
the vol unW@iogi@d@edi ng zone (1). [0027] The | ocati on ofrcorokussisiersznay be
fixed by introduction of one of the conbustion conponents, e.g., the fuel,
at or substantially at, the interface of the tw zones (13), while the

ot her conponent, e.g., the oxygen-contdiining gas nay be introduced at the
first end (9) of the recuperating zone (7). Alternatively, the fuel and

OXygen- COgfahlkéforaate ¢4 (Bl N8 APreftRedEnPbdiatnebf RepRR&Ti80¢htad), of the
recuperating zone (7) and travel through the zone and ‘conbust at the

i nt er f ace gréatehehanoP@% ¢fitBy redenetahion seepodiinbastion ddmirs acarggionof conbusti on
is controlled by a conmbination of tenperature, tinme, fluid dynam cs and
cat al ysi s.Propuedte dadheiigdace i/ ertnsnel Whichaggionengludesirss 4bar ebadpendent
autoigniti ftlimeto c?ﬁ]bust. In.one e di nent, thefl%%}‘ a

non- combusti RGN RRUG OF HiFeCrReraing (94 b a5 IFSgbABARPFOA G tPF set the

t enper at ur, ficl grin -1 h perating zone (7) such that the zone is not
hot enougrﬁhgﬁ]?éirfirtgfedrgﬁ%‘??Oﬁﬁgﬂm xture reaches the interface of the zones.

C [0028] The presence of catalyst in the reform ng zone can al so be used to
initiate ti t that locatian, and a_space between the reformng and
Fecuper at T2 Eoned B dhetb el B i on B G RE B8 U ERERCRRR Bl phS el ke
combusti o : flLne o] j - | e to the
combust OtonfREREAMERE! LS HORACIUSHOR AN BEFRCAREKbITE 1o !
conbust i ofwSzdnkex €3 N WwhilE®b e oniRmedn <0f | tReoxyeHROLihG ZRNBRay | N this
degign, the fuel and oxygen- containing gas are travelling in Separate
channel s (beattretiovey) at thhifobt qudePenf thecreobpetatiop zone (7). t Alefmadidsly trbi ne at
the interface of the zones (13). At that |location, flanme holders (not

shown) or feelandexygen-epntpaingegas (AP hsfroasne maybomixghkadhe pepienddPe

conbust | Ot the recuperating zone (7) and travel through the zone and combust at the

interface of the zones (13). In this embodiment, the location of combustion is
controlled by a combination of temperature, time, fluid dynamics and catalysis.
Fuel and oxygen conventionally require a temperature-dependent autoignition
time to combust. In one embodiment, the flow of a non-combusting mixture in a
first substep of regeneration will set the temperature profile in the recuperating
zone (7} such that the zone 1s not hot enough to ignite 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 interfac_e of the zones (13). At that
location, flame holders (not shown) or a catalyst in the reforming zone may be

used to imtiate combustion.



WD 2004/ 106226 PCT/ US200-4/016232 -12 [0029] The conbustion of the fuel and
oxygen-contai ning gas creatés a hot fluegas that heats the reform ng zone
(1) as the flue gas travels across that zone. The fluegas then exits

t hr ough th%fof%"?*élg'%?ﬁd of the reforning zone (3) via a cAEIRLOEAT§232The
conposition of the oxygen-containing gas/fuel mxture is adjusted to
provide the desired tenperature of the reform ng zone. The conposition and
hence tenperature is adjusted by neansldf the proportion of conbustible to
non- conbusti bl e portions of the m xture. For exanple, non- conbustible gases

such as HpED29302, ThadomMBusiash bethrddelaf® ok PeerTtaritdifing @as tRMAUEE RGNDUSE i on
tenperature. In a preferred enbodi nent, non-conbustible gases are obtained

by use of fhieganthat haats gasreformurgyzyer-dept dicefiuaiges aavelsacrastharmme. of t he
m xture. \VWen_the hot fluegas reaches the tenperature gradient within the
ref or ner, Tthedlypgagitiasn e ugly hedirsherdekthesfosangmeae (uviaed t enperature

of the fluegas., w I@isubstatialfl equal to the te rgture of. the

ref or m ng_cgﬂﬁ'élt&b'n At “UHBOSHPR O élﬁ%o%]@?n"%?“@%“%ég&ﬁ‘m g5t e

" egener at Mty prlolide Ak deSed 1BhiE B e lefBimANANITRl | v equal 1o
the inlet errpera‘%ure of the reformng feed of fhe preceding, reformng,

step. As tbgposRusnaldlidnes tempprapieaeedfustdd by ntiahk &F the pR:portion of W | |
increase slowy and then rapidly as the tenperature gradient reaches end

(3), and cambstible-tB0OG-ahobestitlhpotterserfahars xofret horreatomplé,npnf eed by t he

end of the step. | [0030]ht TISII(?I reform ng_zone i s now, once again, at
r ef or mi ng CPBHpEHBleLEAsSES il aeOf 6P2cardNpcab beardgeditadhe posBg 19 n t he

et or mi i A SRR Ao B eC 1 wiet e Snbaon e Rop PmEPE, “enas,
enabl o hE Ear TS Py PE R SRR, TR 5 PO TR S PR 20 Which
t he component of the mixture. When the hot fluegas reaches the temperature

gradient within the reformer, the gradient moves further across the bed. The

outlet temperature of the fluegas will be substantially equal to the temperature of

the reforming zone (1) near the inlet end (3). At the beginning of the

regeneration step, this outlet temperature will be substantially equal to the inlet

temperature of the reforming feed of the preceding, reforming, step. As the

regeneration step proceeds, this outlet temperature will increase slowly and then

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

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

[0030] The reforming zone is now, once again, at reforming temperatures

suitable for catalytic reforming.

[0031] In the practice of pressure swing reformung, 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 i‘s 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



regeneration step is ended, and thus the duration of the regeneration step,
may be chosen (a) as a response to the tine-varying performance of the PSR
during each regeneration step; or (b) based on overall (tinme-averaged)
per f or manc VQRVHHBRO 2004/ 106226 PCT/ US20041016232 - 13PCEESWHI16332 ( C)
fixed as a constant regeneration step duration. In enbodinent (a), sone
feature of the operation is nonitored that is related to the regeneration
performance. This feature could be a colposition such as @, CH4, H2, or CO
or could be a tenperature such as the tenperature at the end (3) of the
reform ng sysen; bn(Onfexeiixode rresndnt ot gdreatioresiep duraticen in embodieene@gner at i on
step is ended when the tenperature at the end (3) of the reform ng bed has
i ncreased @4 fpature gbtheapsmtiamisanenitored peatvie s¢lateddatth orrRENgRRlicabout  800C.

I e O e
the systemy, Ifyg ﬂeezﬁgﬁ&l‘ﬁe;‘;‘er%}‘e gn?& Es"th@‘f&hﬂgﬁttﬁeoﬂ Y eff@ @8@1 %E@oo ahgs CH,

H2, or CO, or sone o system neasur e I'n one e

present i npedt (1PBne taﬁfbodgrﬁ@ﬁrtﬁrta%:lﬁspﬁttmeﬂﬁmtth@rﬂege&leaﬂiwﬁte iPaskd on the
ti me-averaged concentration of in the product, using control strategies

known i n t kéearthe taonpdratureat te ernlde3y ofi e tefiermiimgadicddmstincmabideioea piee t ar get
CH4 anount. In a preferred enbodinent, the target CH4 anmount is set at an

amount t haseleepd sepemtwethreueen asii0R86 and abostB04Hd, & empediment

hyd b feed. | n enbodi th ti t

o at on | Blof i SREREPURG e eraor BBt R paseslonkp aoksliy RBbCE S o

accept abl erdilers e RRARP(HAL ALY 8] pd LA B0 syt This RANRELIRNL L he
tep i ixed at a dura

prgSent invention, the regeneration uration tion

bet'ween abbeitin @véragegesduandngritiontiches @S 1)) obr 0@ & flphy othep- 30
seconds. In all of these cases, but particularly in enbodinent (c), it is

pr ef er abl esystemaneasurainenst Int bec embedenertiodnhé prasenaineention, ther ease or

decrease the anmount of _heat addée.d t8 t he bectihduri ng the step - in a manner
sinmlar toretgﬁg@ragggéf;qpo%agp@hs adjusted based on the time-dveraged concentration

of CH, in the product, using control strategies known in the art to shorten or
lengthen the duration to échieve the 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 embodiment
(c), the regeneration step duration is of fixed length, at a value that 1s
predetermined to be acceptable for the space velocity of the operation. In one
‘ embodiment the present invention, the regeneration step duration is fixed at a

(L duration between about 0.1 second and about 60 seconds and preferably 1.0-30
seconds. In all of these cases, but particularly in embodiment (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



respect to adjustnent of duration in enbodinent (b), above. In a further
enbodi nent of the present invention, the regeneration step duration is fixed
at a duration between about 1 second and about 60 seconds, and the

regener at i8R 2044180826 at e i s adj usted over time so that th@CHTURSOENIREEYe
concentration of CH4 in the reform ng product approaches a target CH4
anount that is set at an anmount WD 2004/ 106226 PCT/ US20041016232 - 14 that
represents between about 1 % and aboutl4l5% of the hydrocarbonaceous feed
carbon. [0032] The space velocity of a systemis typically expressed on an
hourly — basgt g@éseh@b&m@fi%euwg%@ iy 489 bF A BB Aboha&budinddled by
the total volune of catalyst bed(s), referred to das gaseous hourly space
vel ocity,caaboniGHSV." Space velocity can also be defined in ternms of the
hydr ocar bon conponent of feed. As so defined, the GHSV for a nethane feed
woul d be the standard hourly volunetric gas flow rate of methane divided by

the bed v . do by k), d i i, ated as
CIGHSY, rgifdg’rqz tgq{eh%%s%agre&\ﬁ} Iogcalt %&tﬁﬁﬂﬁﬁfydﬁga%gﬁ ee &grﬁéced on a Cl1
basis. Ashasichs tHeheahilogld eohimenicf @edldwt e of fecdlipuded By tastotal]@mer at e of
carbon feed, and standard volune rate calculated as if carbon is a gaseous

speci es. ¢heatalyaniptdis), acigazditons gaesmistomurlygspane valesityger CaGHEM."nunber  of
7.0 that is flow n_g)(/at a gaseous flow rate of = 1,000NL/hr into a 1.OL bed
woul d be B3 YBOHEX eamalsp beciebimeddn tgroys ofthg dydragarory epmperpediPli s based on

feed fl duyri he. r ef j wh i hed | i | ud |1
cat al yst ot Hoan O P CREYY 6P 7 AthNeCsRy Mol oG sBeRERSP g sones.
[0033] I ny4iaiRehabys BoSMadof Rlcpidie vi&eh%ggtﬁgg%dv\%lﬁﬁgg ;ﬂ%si %ﬁ?ﬁé@béu{

1 1 ( !

typically ranges from about 5 to about 1 pre
1,000 to weasim $Psecdocienchbistiardekel @MV refersatoatit sadideibeitpabout

50,000. [0034] In a preferred enbodi nent tenperature swng reformng is
conduct edany hydrocarbon feed placed on a C, basis. As such, the hydrocarbon feed rate

is calculated as a molar rate of carbon feed, and standard volume rate calculated

as if carbon is a gaseous species. For example, a gasoline feed having‘ an

average carbon number of 7.0 that is flowing at a gaseous flow rate of

1,000NL/hr into a 1.0L bed would be said to have a space velocity of 7,000.

This definition 1s based on feed flow during the reforming step and wherein the

bed volume inciudes all catalysts and heat transfer solids in the reforming and

. recuperating zones.

R—

[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 6.5°C and
40°C. The parameter ATyy is the ratio of the bed-average 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



under bed packi ng and space velocity conditions that provi de adequate heat
transfer rates, as characterized by a heat transfer paraneter, ATHT, of

bet ween about 1C t 0. about 500C, and nore pref erably between about 0.5C
and 40C. ‘Vrﬁ’ez"ﬁé{r‘!?ﬁ%!’t er ATHT is the ratio of the bed- aver®JeUS2804HeiR2i ¢ heat
transfer rate that is needed for reformng, H to the volunetric heat
transfer coefficient of the bed, h,,. The volunetric heat transfer rate
that is needed for WD 2904/ 106226 PCTFUS2004/016232 15 reforming is

cal cul ated as the product of the space velocity with the heat of reformng
(on heat peforfiing ¢4 cateulbedias)the Poodex afithespade4etboigl with/the Re2.0f cal /cc *
8000 hr-1 / 3600 s/hr, where 2.2 cal/cc is the heat of reform ng of nethane
per st andaeiPrmong fen beatper faneumadagopoFpsexareplel BHg\0 oal/eads Hane.  When t he

d f , th I f H

Wl e conbr AnDOR/HEOPRGS pubee SRR e e cheslormimnet o
ff th t,

and i tynrei bOFsRbnd Polb SRR BN sOPo Tt RIS SEREME, ot

(e.g. cal AvpeR#ife d@iatod of $6rfin drdl BeEh@E80RKRYs 68 chRBhrdblAnES Ohlutdf, . €. 0.
cmZ/cm) often referred to as the wetted area of the packi ng. [0035] TSR

is typi caH yill bedwotpialble iptes buo eeps aiye nglimeuicdisan tranefen coefficadmut  t went 'y

at m)spheres The cyclic operation of TSR results in tenporal difference,

pr ef er abl ¥ tharpestdi. W&E&wnatlmpﬁe@rph wémoérﬂbmﬁh%arb@@riés émcalhe

regeneratio Thi s ts of e ref p at pressure

di fferent© ?EB%?G&]@S IEQRJHQ cﬁ f‘ﬁﬂf‘érIZ? Peﬁalzcrm&dg 4 the

reform ngg I t r o0 about
FABE shitalt S éﬁfﬂa%rrea?{g?ﬁﬁ g BT00, PO ERA t??é?%%e rangi ng

gen at m)s

fr abouma@ﬁm@@of&j@q\mkj‘r@ur at nospheres. It is also pref erred to perform
the reformng step at a higher pressure than the regeneration step with the
pressure differential between the two steps preferably less than five

at mospher ggo391d  MPSR iPHFiENAPE SRS 4R Bssures ranging from about zero to

about twenty atmospheres. The cyclic operation of TSR results in teniporal
difference, preferably temporal isolation, between the reforming cycle and the
regeneration cycle. This permits operation of the reforming step at pressure
different from the regeneration step. In a preferred embodiment, the reforming
step 1s preferred at pressures ranging from about zero to about five atmospheres
and the regeneration step is performed at pressure 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



one at nosphere. Use of higher pressure may be advant ageous, for exanple,
when the fuel cell TSR systemis coupled with turbine or other such power
generati on 0036] The bed packing material is selected so that its
heat trans?gﬁﬁngHgggcteristics enabl e hi gh space vel oci t WCTYST0&436d%n i n
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, av). Correlations for t hes@- WD 2004/ 106226 PCT/ US2004/ 016232
16 paraneters, based on gas and solid properties, are well known. The
product ofpardrhess, bakedpen gaesmd solid ptdpertmsd ae WeltknbmansTles prokekct bEi ent on a
bed vol ung basis: Volunetric heat transfer coefficient: BTU kcal (ft,
Bed) ( F) ( sfhese twomasapiery Bsthebed3Ajearransfentoaiiigirat on aclrd volumambasisir e
sensitive to a variety of gas properties, including flowrate and
conposition. Coefficients are typically higher during reform ng because the
hydr ogen iVoltuhetrgabedtasmangfarycobffgdiehher mal  conductivity. Coefficients are
typically increased by decreasing the characteristic size of the packing
(e.g., hence 1/;8"_ bead8T¥i || haye hi gherkcal than 1/2" beads). [0038]
Det er mi ni ng t he'heaf® Bk4y(&F gEM Ng of (hpdneaarbons is well known, and can be
expressed on a basis of units of heat per standard vol unme of hydrocarbon
gas. The heat transfer requirenment for this TSR system can be expressed as

t he .GHSV. of the feed.

i N B L T
GHSV  AH Py 0 ar . Tssed as _
o PR SR LR B g 1 17

higher during reforming because the hydrogen in the gas has very high thermal (

oA

conductivity. Coefficients are typically increased by decreasing the
characteristic size of the packing (e.g., hence 1/8" beads will have higher Ay than

172" beads).

[0038] Determining 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 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-AH,, _ _ BIU kel ()
3600s/hr  (fF Bed)s) (LBed)(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 deita-temperature ATyr is also used herein to
characterize the TSR system, as taught herein. ATyr 18 defined herein as the ratio

of volumetric heat transfer requirement to volumetric heat transfer coefficient.



feed anmount. Thus, if the units of GHSV are as NL/hr of G per L bed, then
the units of AH F are heat of reaction per NL of TI. [0040] A heat transfer

delta-tenp t HT, is also used herein to characterize the TSR system
as taught ﬁgﬁéﬁ(if%“@%—rr is defined herein as the ratio of GB’IULS!FI‘E’E’I"F(B%eat

transfer requirenment to volunetric heat transfer coefficient. WO 2004/ 106226
PCT/ US2004/ 016232 -17- Characteristic heat transfer ATHT = Y11V [0041] This
characteristic ATHT describes the bal ande between heat transfer supply and
demand. As used herein, the ATHT is cal cul ated using heat transfer

coeffici encﬁa]k%@&@p},t@metayghﬁgbr [\qgﬁngé?(l on conditions. The characteristic
ATHT is a design paraneter for the Bsent invention. Packi ng or space

velocity are chosen to satisfy characteristic ATHT requirenents of this
i nvention. [0042] ATHT for the present invention is between about 0.1C and

about 500@04‘1@” e ”IFlﬁ?EBéJ%EiehstlE Mﬁhﬁ%&%@ﬁhé bafantd bebvis] Heffraadfyt 0.5C

and 40C. or exanple, if a packing has a heat transfer coefficient of 10

BTU f t 3sF, siippgy an@ideaiand. ABtiRad dehteatthoNTrehotamcomed uga8 itk asdfet he Cl GHSV
achi evable at a characteristic ATHT of 40C, would be 1.5x104 hr-1. G ven

bed- packi nepaffitentsabssetl vat typical preeaenitiop condistonisnThb eharacieristic|ATig
particul ate packing, and_ foam and honeyconb monoliths, the present

i nvent i on @desipe pepneter forahe present vEndonBeclking £ spaceveletiBE Aty up t o
about 100,000 hr'. [0043] In a preferred enbodi nent the bed packing materi al
Wi ll have GEGER 4P SAESTEIARRELETSISIA e TeRUITGIPRLSIRABISIRECBIBA. ty to cycle
repeatedly between high (e.g. 1000C) and low (e.g. <_ 600C) tenperatures,
provide high wetted area (e.g. > 6 cm-1) volumetric heat transfer

codf fi ci enoode] g. AT.@.for t}wibitkﬁhﬂ(inv@‘rtﬁfnas dbhwyeer?ao D). tal hﬁdifﬁbéiat and nost

preferably > 0.10 cal/cm 3sC), have low resistance to flow (i.e., |ow
pressur e- dFHPC. Mave pmferaé)ﬁy,rtbe thapeteasuc ATc r’cmtwbamabwlumii?(h and H0gCest
t emper atures encountered during regeneration, and have %h Lesi stance
For example, if a packing has a heat transfer coefficient of 10 BTU/ft’s°F, then
given a methane heat of reforming of 248 BTU/scf the C;GHSV achievable at a
characteristic ATy 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™'.

[0043] In a preferred embodiment the bed packing matenal will have several
C characteristics. It will have the ability to cycle repeatedly between high (e.g. 2
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/em’-°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 20.20 cal/em’-°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.



to thermal shock. Furthernore, it is preferred that the material has high
bul k heat capacity (e.g. > 0.10 cal/cmi C and preferably > 0.20 cal/cm 3 C).
Addi ti onal ], d packing material wll provide sufficient support for

t he refor%%%ﬂhggwgﬁyst in the reformng bed. These requi*EeYHPB2net via
control of the shape, size, and conposition of the bed packing material s.
WO 2004/ 106226 PCT/ US20041016232 -18 [0044] The shape and size of the bed
packi ng material inpact the beds heat-1§ransfer capability and fl ow

resi stance. This is because packing shape and size inpact how the fluid

fl ows thr¢0gdd]t heThackipegand siet vfittiegbed ferksn Z eaddrth] itrpabiiherteds heat he fl uid
boundary | ayers that are the prinmary resistance to heat, mass _and nonmentum
transfer bensksesapability andiflonl tegistanget Rhisipbecaush@asking dfape ahé sirat eri al s

e typ camPgediRe B NIRCH oS ThBkARIne RUkRE TRE B aLF AGACHE bed heat
cavant apeotib bty ihind RLELOSPRAR AR D8R KR e LA o REREERIRAT on 1 <

known i n i aafltmol@RdRh tenerPIbesvQn Hidl Al & R ARk IREE thakFeldfc! ude
honeyconb nonoliths and wall-flow nonoliths, which have straight channels

to m ni m zke praesils elsodmppcantieenalheck reditencs efgiedred, bogiuse 1dteef erred
honeyconb nonoliths for the present invention will have channel densities
t hat rangétewmsaedypicelly suseephiblesto theanalshaiskultexbape mpaes edn2 (15 -

500 ch | s/cn®). | | t te . enbodj nent t uo. ki ng, h

251 oam niKiel PRI HToDRR ASqCHBASShiRgy e B U BRe- BREFEREBAT oam nbnol |  hs
f th ' ' 1L : | Ld bout 10
opi  ( por ceonanego KAk Mapes AFKG e PORE ARt BEHEARNeh PR Mol "D cea

beds for thendsesent invention will have ( j packing with wetted surface
area that range fromabout 180 ft' to about 3000 ft -1 (i.e. 6 - 100 cm).

[0045] 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.
4-4(0 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'
(i.e.6-100 cm™).

{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

‘.



[ 0046] The conposition of the bed packing material is selected for

operating tenperature and thermal shock resistance: Thermal shock resistance
is generally greatest for materials having | ow coefficients of thermnal
expansi on, WOaWA{18@2¢t is the tenperature-induced change POTABZS4/MTAL2
stresses a conponent when tenperatures are changing due to cycling. Ceramc
materials that are resistant to conbustion tenperatures and thermal shock
are preferred. Cordierite naterials (-ri@gnesium alum num silicates) are
preferred for their very | ow WD 2004/ 106226 PCT/ US2004/ 036232 - 19

coef fi ci endeefRtichRUMBETRNRADIhABN, AdtHitibPd PreRHRUSHARE alBfondrict®dn
construction include alum numsilicate clays, such as kaolin, alum num

si |l i cat e analpdeiahedinumn tHicatauoikps,suoh aakaoiimurhnsiihuimatilécatd elpyanckedl um na
mxed with silica and optionally zeolites. Qher suitable materials of
const r uct | HhiahEninde oFaluNnEM SiHCaigichy ard plusdnamineaavitysiticeand, and

Peast - 1000 tomlS RIS . REhRES MR aletito aL CopTrusiopameAEFRORE and may
have thei ryghs $e LIS RhARL |8t bR RHATR SMnlSe ! ok 86 S BAER s

addi tives. packi ng material’s the’regenerating zone can elther be

the sane ajthéd mherRl sthblenbtal ¢RACHOTRT. "RhE friadér3al® mdhbe 1&fdodlGhe or zPNE.
[ 0047] The configuration of the beds within the reform ng and recuperating

zones nmay doakiEnatien, redymbp hage theat starcsutenctabilized, fier ewampladyepealfirare
configurations jnclude horizontal beds, vertical beds, radial beds, and
co- annul arearfedigitiyese KFhegberhpadkansBrégmaln ot the rogaReTAHNE 208S PN ABBIRE

Parti cul at acki ng...my. beco fluidized duri SQ steps._of the present
gent | on F R 5F it HEET BB bt AR e e bR a e i 11 weo
arrangenment. [0048] Suitable reform ng catal ysts include noble, transition,
and G ou I C onepts, as as Ag,.Ce, Cy, La, M, , on, Ti, Y,
d 20, of0bGonoihe he byt bR
and zn, ofl nbi RaEPBHEMEREP&Tthe hedswthinibegeuming ad TaPeRMaet al
meterial s added {9 ShANLLS oAl aRIRARGS P Al AGcBRALR! mance. As used
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.

[0048]  Suitable reforming catalysts include noble, transition, and Group VIII
components, as well as Ag, Ce, Cu, La, Mo, Mg, Sn, T1, Y, and Zn, or |
( combinations thereof, as well as other metal and non-metal matenals 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, NiQ, 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



conponent relates to a netal or netal oxide thereof. Preferred catal yst
systens include Ni, NNO Rh, Pt, and conbinations thereof. These materials
may be deposited or coated on, or in, catalyst supports well known in the
art. [0049YOR VI'&2% || ustrates an embodi nent of the temSarER20MI63Rng
reformng diagranmatically illustrating the cyclic reform ng and
regeneration process. In this enbodi nent, two tenperature swing reformng
bed systens are used sinultaneously sd@h that one systemis reformng while
the other is regenerating. The use of nultiple beds can provide a

subst ant i dldw of egforined womt&aeﬁitﬂﬁﬁﬁ&ﬁgﬁﬁab?@m%@ﬂa@%a?of eadh betiom of
ref ormed product notw thstanding the cyclical operation of each bed. In

Fi gure 2, faghierdta festibe22)0)iis enpazeged the stepeofsiegpnarhtiorgehde atseornd whil e a
d bed ; in the step. of reformng. Each bed (220 and
230) i ol G8ES2I0biHFNERRER T i SoRIOF EaaPBIngS | e L0k H (eI man
I t t l. th I t I i t
and T 1 om tiin felautitie SR RLRodaRRgREE L Fs kB olRhb8oSe BT S the 1 ow of
hydrocar bap{Red. 386 & EtoltBEdakiud HeeledBowihld taid BREONRE i&ls, A val ves

(252 and 254) control the flow of the product of the reformng step exiting

t he recupdirst sa@f zahes (2Thand B6DHcsmtolofthe lalwelh{dbiarbod f268ind eguhnt e t he
fl ow of oxfygen-cont ai ni ng gas/fuel and optional non-conmbusting gas to the
beds and tfhed tothethedsewhoe asarord s¢tage advas (238@ndcdd cohtrohdefflowodf f1 uegas

55t ande L bRl {Bag SR DA 0ba s 2 ke
Wth th I A . t t he bed
(220) " the a2l 255) RRHERE e PRLELEORA Sty R hER950) e ougn
val ve (25@)ptioRansei-t8mbhuyting Bes tdiheneas kR harshrs Samrihvadks((@36hnanters the
second bed (230) through val ve (259) while the product of reformng (217)

exi ts thi 238¢don28Dthetflovo of) flueghyexitio2 5de refAtminezarencl usi on of this step,
val ves (252), (253), (257) and (259) now

[0050]  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.

[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



open and val ves (251), (254), (256) and (257) now cl ose, and the cycle
reverses, ( with the first bed (220) reformng the feed and the second bed
(230) regenerating the heat. [0051] Figure 3 diagranmatically illustrates

t he tenper &%F‘@*’égﬁzﬁ@ reforming process described above POTA&aMOYI6R32dr ogen
fuel to a solid oxide fuel cell. The TSR unit (300) may include a single
bed or preferably, nultiple beds. In the optional enbodinent of nultiple
beds the valving and flow controls are 2icontained within the unit (300) and
not illustrated in this Figure. Their formand function are as descri bed

above inr ﬁfpgﬂi%ﬂ% thOrdfofiif ZondR6f BETIN rdR1dT BBDF The h i B¥&LBEAr bON
containing feed (301) such as gasoline, and steam (305) are WO 2004/ 106226

PCT/ US2004¢¢ritdm2aP feed2hsssippd sednt aretdoaveréd ok sgnthesie cak ddigg TBR react or
(300). The hydrocarbon containing feed gases and steam are converted to a

synt hesi s @apanaiury sV refermpaanrocessqubviguslyrdssarihed. pl be éyathesiegasus| y
descri bed. synt hesi s _gas 0 generally conprises CO C02, H2, H20 and
resi dual h@géﬁ%@ﬂyﬁg _sesfﬁé, é@pgﬁiﬂ&g@ d6?5qﬁﬂ%ls@@r’iﬁ%f§b8? &dtfSed by TSR
ranges fr Q 0 ferably from 00C to
about 6008?}@%2&%6&% 812% 5;@}'1%8:53@1%%3 ﬁ?"@ﬁﬁ@@g ﬁ%&%@g f W?%’ﬁ“?%@i‘%% rom about
zero (0) £0S yf , and

pr ef er abl 35 @%nggh%n(g@ég&(a E}?y ﬁgﬁ{’ n%%%ﬁgpgs_cttg\égggﬁ@qc?%g? ?Q?’%Q? trsmspher es
gauge presgigssire bPQORIasTHOINYEH BYISIC PlHeat Biog aBYYAS0 (§P2ndsphERd to the
fuel cell ‘anode. In” a preferred enbodi ment the SOFC, and in particul ar the
anode r egi gaugafto tabeurednty-foye(23) asnaspheray ahd ¢réfengidy dtam edbput 3qp0€@) |y from
about 600C to about 1200C. . The syngas (302) undergoes additional reform ng
of (CO and #E¥ISERRES Ky dp@etdi v )aAtoERha A ARLZERCs#IT6f t he SOFC to furt her
enrich the hydrogen content of the fuel. The hydrogen enriched syngas is

supplied to the fuel cell anode where its hydrogen content serves as fuel
for the he0@5R] dedheityddogen containing syngas (302) is fed to the fuel cell anode. In

a preferred embodiment the SOFC, and in particular the anode region of the cell,
operates at elevated temperatures, typically from about 600°C to about 1200°C.
The syngas (302) undergoes additional reforming of CO and residual
hydrocarbon at the anode region of the SOFC to further enrich the hydrogen
content of the fuel. The hydrogen enriched syngas is supplied to the fuel cell
anode where its hydrogen content serves as fuel for the herein described
electrochemical reaction to generate electricity. The term hydrogen enriched
means a syngas having additional hydrogen content, which in this embodiment is
produced by the additional reforming of steam and CO, COZ2 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



el ectrochenical reaction to generate electricity. The term hydrogen enriched
means a syngas havi ng additional hydrogen content, which in this enbodi nent
is produ%fi@zb% t he additional reform ng of steamand CO CO2 residual

hydr ocar boiS, 2" 1% %t ures thereof that occurs in the anodCTeF OMI6332t he
SOFC. Oxygen containing gas (306), typically supplied as air, is fed to the
cat hode of the SOFC (310). The hydrogen enriched syngas "fuel s" the SOFC

el ectrocheni cal reaction. SOFC oxygen-?dns are transported across the dense
el ectrolyte to conbine with protons at the anode. As the negatively charged

oxygen i ogoffifédBywhé fudlvdliogen grefepreddiitiBodiziont  the rexdggnfuebasniaght t he
anode supply electrons that return through the external |oad to the electron

defi ci ent of sitinetfducistreeffisweead td fuahthdieeganenion([3089ss afohpk idsesited, CO2,
wat er (or steam produced. in tegﬁ reaction,_ along with any residual hydrogen
B

not WO 20027eiR8mys- pragausmgby, chiluenistreany Qc@aa*sam@dnwa&%@stftwstv@éms In a
f d di t i | | cont . . of & hi ffl t i
et o SRR s IR (o4 S8imptO& Silticidtl fhd Dchrilshofe o™ 'S
Al di | : 1.S: | i ; | 304
Ol Soby c¥mbEston St of hE RN AhthelRiohRier ad Brctribed oBBRE, ddPumbipard 1904

conbust i o3B3)ERclidet befflciEhtnegenes@bho sipphy AfofaER dtbad ey ESRand stream
(305) includes sufficient water content to supply reformng steamto the TSR

process. po@583. In a preferred enbodi nent, the cathode effluent (307) is
utilized for the TSR regeneration process, the air introduced into the
cat hode being sufficient to supply the oxygen requirenent of the SOFC

cat hode, @EXer via @prdfbgedsirhddiment) theheathegeaffTrnt CFOYS heliked fISR as
descri bed above. Typically, oxygen containing supply (306) conprises a gas,

havi ng an thexy§Brregentrehpo peegeps,che aghotoduce! oo 2hdcathddpbeingrsaffigient 2 t o
1.5 at the SOFC cat hode (i.e, about 2hOfV§61g abouct1 100% exces oxy(?en
suppl i ed & S¥RRIY dhe REYgsn requirement of the C cathode, and serve as the oxidant

in the regeneration cycle for TSR as described above. Typically, oxygen
containing supply (306) comprises a gas having an oxygen stoichiometry of
about 1.2 to 2.0 and preferably 1.2 to 1.5 at the SOFC cathode (i.e. about 20% to

about 100% excess oxygen supplied at the cathode).

10054]  Though illustrated as physically separated, in a preferred embodiment
TSR (300) and the SOFC (310) comprise a physically integrated apparatus.
Advantages of the integrated apparatus include improved heat integration,
reduction or elimination of liquid water collection and storage means, and rapid { y
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. intermediate 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



[ 0054] Though illustrated as physically separated, in a preferred enbodi nent
~ TSR (300) and the SOFC (310) conprise a physically.integrated apparatus.
Advant ages of the integrated apparatus include inproved heat integration,
reducti on d¥Oebimioszbi on of liquid water collection and sthperag8yIRafs: and
~rapid initial heat up of the SOFC to suitable operating tenperature. In a
physically integrated system the inputs and outputs fromthe TSR reactor
and the SOFC are directly coupled w thsthe use of no processes other than
heat exchange anong these streans. The oxygen source for the TSR is
del i vered t.he hode _exhaust ,gas (str.eam 307), Jhe TSR.reform ng
ef fl uent isg‘yfa’s dirﬁé%régqqega}u%,t%gﬁ IHPERE, eﬁ?%&@m‘ﬁ&}l‘%&ﬁﬁﬁf “anode.
The anode loHeHd; =F i [ : : 05) from
the refor nSSIFBaend aé&?ﬁg%g%E;rgiﬁ)g%:o@dgc?q@g)gg‘i@,%ﬂ?% hgz%%q?eeaggﬁ%@g igon st ep.
| nt er medi atoe showaesRrsplofsivad itbgntioptofahaptacesdigatsiancinangenas eldaret required
when the two processes are so integrated. This avoids the conplexity of
ot her prockdbiasths gamedbenmaally insulatishsysteronminiatisingghs sine 0411208226

PCT/ US2004/.016232, -23 shift, hydrogen separation, or car nonoxi de
Comovar it avalztiqiad etk comeondisn Le Mo aMhoNimart Shiil Bt pgesBu sl ed
TSR- SOFC, a‘%htfhgtoﬁt@o%"ﬁ]tx mépﬁég@%{%gﬁhe 1:éhown. The physical integration

- E . .
of the processes results™ 1 n pfaced within the same thermally
insul ated system mnimzing the size of auxiliary pipes, insulation and

ot her co nents.. In this enbodi nent, the TSR processes are run at about
t he samnﬁm}ﬁé as the SOFC. Exanple 1 [0055] The followi ng exanple is

i ncl uded t tedy at - t [ 1 Ol An anmount
7t uted iodet oy AL S R Rl o BEPTENBRE T et
i nFi gur e pResehPghve@SiBh! SAShRWInPSEmEManERI-RANRGd ok a6@ed ko AROMeSHREACL GHSV
and a 3-second TSR cycle tine. The steamcarbon ratio into the reformng
side i s allER/SOEC sytedmadiastrated hn Fagurer3. i The fesuftsishowrlake for methane

feed at about 8000C1 GHSV and a 3-second TSR cycle time. The steam/carbon

ratio into the reforming side is about 1.5. Hydrogen utilization 1 the fuel cell

stack is about 0.8, CO utilization is about 0.39. In typical operations, the

hydrogen utilization and relative reaction rate/utilization of H2 and CO will vary

with fuel cell type membrane chemistry, temperature and other cell parameters.

The split of stream (303) is about 53% into (305) and about 47% into (104). Key

operating and process parameters are identified in the following Table 1.

C 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 407 |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 6.13 372 0 1.76 1.96 0
Cco2 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
02 0 0 0 0 0 0 1.79 0.01
(in
mols)
4.07 {2344 2345 11273 12.34 | 32.54 43.17



stack is about 0.8, COutilization is about 0.39. In typical operations, the
hydrogen utilization and relative reaction rate/utilization of H2 and CO
will vary ﬁ)nnfok'zeliﬁ cell type nenbrane chem stry, tenperature and ot her
cell par anete e split of stream (303) is about 53%RGIS20BYEE233Nnd
about 47%into (104). Key operating and process paraneters are identified
in the followng Table 1. TABLE 1 Stream 301 302 303 305 304 307 308 gnols
Ref- Ref-out SOFC- FC-H2- Rfm Rcy Rgn-24Cat hode Regen Fd out rx Fuel

Ef fl uent Effluent Tenp C 500 542 527 504 P 0.5 0.3 0.2 0.20.20.20.1
AtnGa 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 COO0 6.13 3.72 0 1.76 1.96 0 C02 0 1.41
3.83 0 1.HW3%]01 Bnder cenairofuel all @peatigGuod@itinis 80wk 30nZst of)ﬂleo 0000
0 1.79 0.01 m)ls)407234423451273123432544317

2004/ 1062?160@(51{?}3 Dh¥Egam FiEyobe isutiigonidp saHehr theayatar pegdse tB%IF}:ISPOperatl ng

TR T B AR s T T R R

1 st r at 06 ohy o R pclt e bed JRES o RO e tol M o PRfeppd oo o
embodiment of the present invention, an optional condenser and water reservoir
(311) are utilized to collect and store water from the TSR regeneration effluent
(308). This water can be injected into the TSR reformer cycle along with fuel

(301) and anode effluent residual fuel (305), as required.

[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 (406),
typically supplied as air, is fed to the cathode of the SOFC. In a 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



enbodi nrent of the present invention, an optional condenser and water
reservoir (311) are utilized to collect and store-water fromthe TSR
regeneration effluent (308). This water can be injected into the TSR
reformer cy¥PEY186d%with fuel (301) and anode effluent PETitGewH/ iz
(305), as required. [0057] An alternative enbodi ment of the present
invention is illustrated in Figure 4. The enbodinent illustrated in this
figure may be advant ageous where the-%9FC anode effluent does not contain
adequate fuel to effectively supply the regeneration for TSR as descri bed
her ei nabowgd stdtetphbuceabogier B (HITESRIBenehsieffhait (4@Dtand4®3piy s split
bet ween suppl yi ng hydrogen enriched fuel gas (404) to the anode of the
SOFC, and asusppblpimegt theswhfer ¢steam) apmpurarnafts blidle T3RIW09J.or TSR regener ati on
Anode exhaust (405) conprising residual CO CO2, produced water, and any
residual fuel not consuned by the SOFC, is returned to the reform ng zone
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enbodi nent, cat hode effluent (407) i's utilized for The TSR regeneration
process, hehgoforydaroaihaict ngthsaduiliyndl406)er iceheedivpateint oypitdlycat hode
being sufficient_ to supply the oxygen requirement of the SOFC cathode and
serve as tdiessi Bafarnng mo theeFpore.rtbg drdt éﬁ%tbmef@ymg sfep059¢d withdescri bed in
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the TSR (48fbde GOSN (F02)ak fed Bt ORGSR stePeakd BRESOFCHRAEI ON i'S

shown in Figure 5, which utilizes the TSR fuel cefl systemillustrated in
figure 3 afftuahe$s03)hedsedhbretgtmaration ual ¢hdd rall andesvribedgatevibizsiyah power
generat| O?esgggtngf Fisgl){rpei 39.a|1r|1 this embodiment, additional power is generated from the
waste heat of the TSR-SOFC system. Steam (505) is generated using SOFC

waste heat. In one embodiment, illustrated in Figure 5, the waste heat is

collected by cooling the anode and cathode effluents in steam boilers (527, 528),
respectively, resulting in process steam (505). Other embodiments (not shown)

may collect heat directly from the SOFC. The combination of a compressor

(515) and expander (516) is used to pressurize air (514) into the cathode feed

(506) and to generate power (518) from the regenerator effluent (508), as it is
depressurized to become flue gas (517). Surplus steam (505), beyond what is

needed for reforming, can be added to the regenerator effluent (508) to increase

expander power.



turbines. Referring to the Figure, the TSR (500) reformng step is fed with
streans contai ni ng hydrocarbon (501) and steam (505); the reform effluent
(507) is fed to the SOFC (510) anode; the SOFC cathode is fed with air
(506); the cathode effluent (502) is fed to the TSR regeneration step; and
the SOFC anode effluent (503) is used for regeneration fuel (504) all as
descri bed previously in respect of Figure 3. In this enbodi nent, additional
power is generated fromthe waste heatbof the TSR-SOFC system Steam (505)
is generated using SOFC waste heat. In one enbodinent, illustrated in
Figure 5, the waste heat is collected by cooling the anode and cat hode
ef fluents ¢pAInvesam boilers (527, 528), respectively, resulting.in process
steam (505). O her enbodi nents (not shown) may collect heat directly from
the SOFC. The conbi nation of a conpressor (515) and expander (516) is used
to pressurjze air (514) into the cathode feed (506) and to generate power
(518) from-thed fQr producmg RIgetricad gRergy<COmprs&nggepr essuri zed to become
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-26- CLAI MVs: Ja.clj'l g@% Qﬂoﬁ ;o&rsgggw .ectrical energy conprising: (a)
ydroc ee

reformng a h on cotalnln th steamin a cyclic reformng

and regeneration pro¢ReESdEEINEthe fed and stedin hilowsin g firbezdRe6f apehctdream
through a first zone of a reactor containing bed packing naterial and a

ref ormi ng cat aioptiniag becbpm:kmg/matmal;anﬂ%ﬁnnig aatal)esaat aSpacawelbcitpder

reform ng conditions wherein is the space velocity of hydrocarbon

fuel on a cartﬁlﬁil@ﬁgQfa%t|1§35t|5i°01'ﬁas‘§1%fﬁft°m7ébgﬁoa Wl gin ChoHY Vit of

st p i through a secorég of th eP ior conhal ni_n ed packi ng materi al
~transf erri-nyS¥EEY ?‘6‘ qe OffeC BRPHS Beri al ;

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

iii. removing substantially all the product from the second zone said
product comprising a syngas 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.

(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.



iii. renmoving substantially all the product fromthe second zone said
product conprising a syngas enriched in hydrogen, iv. introducing an oxygen
containing gas into the second zone and conbusting the gas and a fuel in a
region proximte to an interface between the first and second zone to
produce heat and a conbustion product and transferring heat of the
conbusting to the bed packing material qof the first C zone, v. renoving
substantially all of the conbustion proddct fromthe first zone. (b)
Suppl ying said reform product fromstep iii to an anode of a solid oxide
fuel cell to produce electricity. 2. The nethod of claim| wherein the
cyclic refarmTge metwebssf dpmarawhereindhe gy clis@grocesstiade ¢haehcterkiicar e
comonly contained. -27- 3. The nmethod of claim1, wherein the cyclic
process has a hesairansfer delta temperatureaAdlier ranging framabeut 04eC tamhout rangi ng
I.o. of valunetric heat

from about O. about. 0C, wherein ATE is the rat

transferurequi nw?xefedn\ﬁgﬁumgmq Eatﬁieﬁfv? I%‘?’@H‘%&@?@&ﬂ‘!‘r@eﬁ{he net hod
f claim1l wh j 0.5C t bout 40C. C5. Th

(r)ret ﬁogl g} cl aﬁ#q’fihvﬁg% lﬁleaaifﬁgﬁg{aeg%?e\?/@&g%hy rangeg ?Eom about 1, oooet o]

about 100, 000hf1. 6. The nethod of claim5 wherein the space velocity ranges
fromabout 2,000 to about 50,000 hf 1. 7. The nethod of claim5 wherein the
react or betl pddie mgthvdtafrdlaim Aashereiy ATyraanges froat abowtrGS¥C toabbhi ci ent  of
greater than about 0.05cal/cm 3sC. 8. The nethod of claim?7 wherein the
packi ng materi4f°Cis a honeyconb nonolith having channel densities ranging
from about 15 channels/cnR to

(_- 5. The method of claim 1 wherein the space velocity ranges from about
1,000 to about 100,000hr ™.

6. The method of claim S wherein the space velocity ranges from about
2,000 to about 50,000 hr'.

7. The method of claim 5 wherein the reactor bed packing material has a

volumetric heat transfer coefficient of greater than about 0.05cal/cm *s°C.

8. The method of claim 7 wherein the packing material is a honeycomb
( monolith having channel densities ranging from about 15 channels/cm? to

about 500 channels/cm®.

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

area greater than about 6 cm/em’.

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



about 500 channel s/cn2. 9. The nethod of claim5 wherein the packing
material provides a wetted area greater than about 6 cnZ/ cnB8. 10. The

met hod of claimb5, wherein the packing materials of said first zone or said
second zone or both are conposed of a material selected from stabilized or
unstabilized magnesium al um num silicates, alumnum silicate clays,

mul lite, alumna, silica-alum na, Z|rc§%|a and m xtures thereof. -28- 11
The nethod of claim 1, wherein the catal'yst is selected fromthe group

consi sting of noble metal conponents, Goup VIII nmetal conponents, Ag, Ce,
Cu, La, Mo, My, Sn, Ti, Y, and Zn. 12. The nethod of claim 1, wherein the
hydr ocar bon containing feed with stean1has an inIet t enperature ranging

f rom about 0 t 1000C. . .The net hod of 12, wherein the
hydr ocar bo Bwé@ aimpily py. @‘é‘n&ﬁé@f Msﬁlﬁlsé %{?ﬁé’% El'quf&hgl ng from
condi tfons ES&%%?@L}&%%&#%#%@%?% Gt TR EBblndfts. A her sor

heated to a tqf@qf@t]_%r M?%gwth??oﬁna pbout 2000C. 15. The net hoq of
C u

claim 1 wherein fuél éel ’hode & ent ‘supplies at |east a portion of
the fuel and oxygen containing gas to step iv of the process. 16. The
met hod of claim 15 wherein fuel cell anode effluent supplies at |east a

portion ofl% hdhs mathodfofselaimil, sthereia thedyesecarbon containingfe¢dorith| ai m 15

wherei n cat hode eff{luent supplies at Iea,st rti f the ox
cont ai ni ng ga$teasn NALan iple %rapmnwﬁtrenwgt H%m?ﬂ?ﬂ %Baé éégg‘?% first

and second zone for step iv of the process. 18. The nethod of claim?2
wherein step Bis further characterized as supplying a reform product

CO'@V | si gAY A ROBBIhoHdf (8itn 12, wherein the hydrocarbon containing feed with
steam has an inlet temperature ranging from about 200°C to about 600°C

14. The method of claim 1, wherein the reforming conditions comprises a
reforming catalyst having at least a portion thereof heated to a temperature
of about 700°C to about 2000°C.

15. The method of claim 1 wherein fuel cell cathode effluent supplies at least

a portion of the fuel and oxygen containing gas to step iv of the process.

( 16. The method of claim 15 wherein fuel cell anode effluent supplies at least a

portion of the steam of step i of the process.

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



hydr ocarbons, and steamto the fuel cell anode at a tenperature of greater
-29- than about 200C whereby the reformproduct is further reforned to

supply a hydrogen enriched syngas to the anode of the fuel cell. 19. The
met hod of claim1 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. 20. The nethod

of claim1, including: neasuring the t erature at or substantially at the
interface between said first and secofid zones and, upon reaching a
pre-determned first tenperature, the oxygen- containing gas is introduced
to said second zone; and neasuring the tenperature at about the first end
of said first tzansban@00°Cpeherebynthe nefornppmdiet & furthed reforomed tbenper at ur e,

t he hydrocarbon, containing feed and steamfeed is introduced to said first
end of said fsupply abydrogen entipkedymgas tofthelamode of thefneldelly: neasuring the
tenperature at about the interface between said first and second zones and,
upon reaching a pre-determ ned tenperature, C regeneration step (iv) is

begun, and e ri I t ' said first
zone and, q@pﬂﬁé@%@?ﬁ%@&@%ﬁeﬂ ﬁ’gﬁggggﬁtc?hn?e#pté??{ﬁ&gsﬁ ef orm ng and
recovery 5tep§ué%ﬂ@$ihi 1ea§f‘£'gbftidﬂoﬁﬂi% 9 .of 3fep i16f MRiftBEeq! claim 1
wherein two or re reactors are operate si mul t aneousl y,” such that steps
i, 1i, and iii are in progress on at |east one reactor while steps iv, and
v are in progress on at |east one other reactor providing a substantially
uni nt er r uROed Themethodfofrcddior b wcbuliog: to the fuel cell. -30- 23. The

t hod of cl ai | wh ' ffl t f t he., ti )
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(_ 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 about 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.

21. The method of claim 1, including:
measuring the temperature at about the 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 (i), (ii), and (iii) are begumn.

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

powers a turbine to produce electricity.





