WO 01/ 72632 PCT/ US01/ 10007 " MJLTI - STAGE COVBUSTI ON FOR FUEL PROCESSI NG FOR
USE WTH FUEL CELL" BACKGROUND OF THE | NVENTI ON The invention relates to a
process fwoorvewexreri ng heat fromthe conbustion of anodePeBISE/ YO
produced in fuel cells. Mrre specifically, the invention relates to a
process for the nulti-stage conbustion of anode waste gas in fuel

processors to supply heat to a fuel processor for converting a conbustible
fuel such as nethane into a hydrogen-rich fuel for use in a fuel cell. The
operation of fuel cell power generators for stationary and nobil e use
conprises a fuel processor and a fuel cell which are integrated to

efficiently convert a ‘MUESESTAGE SOMBIEHOON EQRFUEL i nto a
hydrogen-rich fuel. Ty f @edstock occurs in a
fuel processor wherei nﬁh% gs'*@%@ﬁﬂ%%@?&f% QEELA' partial oxidation
reaction takes place in the presence of steamto produce hydrogen and
carbon oxides. The refor nBACKGROIIND OFTHE INVEATIONcam reform ng, is an
endot her m c chemi cal reaction which requires a signifi cant am)unt of heat

to drive r ef or reaction toward the praduct dro en.,
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cel |, randecatdomn olagles. The reforming process, often called steam reforming, is an

endothermic chemical reaction which requires a significant amount of heat to drive
the reforming reaction toward the production of hydrogen. The partial oxidation
reaction is an exothermic reaction which requires the removal of heat for the
) equilibrium reaction to favor the production of the hydrogen-rich fuel for the fuel cell.
Often a fuel processor will employ some combination of the steam reforming reaction
and the partial oxidation reaction to provide heat to the steam reforming reaction from
the heat released in the partial oxidation reaction. The partial oxidation reaction is
typically carried out in the presence of an oxygen-containing gas and an oxidation
; catalyst selective for the production of hydrogen and carbon oxides.

Fuel cells are chemical power sources in which electrical power is generated
in a chemical reaction. The most common fuel cell is based on the chemical reaction
between a reducing agent such as hydrogen and an oxidizing agent such as oxygen.
The consumption of these agents is proportional to the power load. Because

) hydrogen is difficult to store and distribute and because hydrogen has a low

volumetric energy density compared to fuels such as gasoline, hydrogen for use in
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produced in a centralized refining facility and distributed |ike gasoline.
Pol ymers with high protonic conductivities are useful as proton exchange
menbr anesvoni/faset cells. Anong the earliest proton exchargeUSErdn@Enes wer e
sul fonat ed, crosslinked polystyrenes. Mre recently sulfonated

fl uor ocarbon pol yners have been considered. Such proton exchange nenbranes
are described in an article entitled, "New Hydrocarbon Proton Exchange
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addi ti oRer &dtAbuiNO:D §brdede hBEH fd#3Ad/1dfIng process. The efficient operation of
a fuel cell system requires the balance of the overall energy demands of the fuel
processor. The cathode waste gas is generally oxygen-lean and is often employed to
moderate combustion.

In a fuel cell system, the operation of the fuel cell is dependent upon the
external demand for electric power. When the demand for power is high, the fuel
processor must supply hydrogen-rich fuel to the fuel cell. The fuel cell, in turn,
produces the anode waste gas which in the most basic scheme is burned to provide
heat for the fuel processor. As the electric power demand on the fuel cell varies,
variations in the hydrogen content, and hence the heating value of the anode waste
gas occur. The response of the fuel cell is relatively rapid to a reduction in the supply
of the hydrogen-rich fuel. However, the fuel processor does not respond as quickly to
variations in electric power demand. A variation in the heating value of the anode
waste gas can reduce the efficiency of the fuel processor and significantly increase

the overall energy cost of producing the electricity from the fuel cell. In addition, the
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variation in electric power demand results in |arge tenperature sw ngs
within the fuel processor which can create thernal stress on heat exchange
equi pnrentw@nd7deend to premature failure or fire. In an aPCEURL/10007s0l ve

t he two-sided problem of varying anode gas quality and the need to recover
t he energy of the anode waste gas, others have enployed special conbustion
zones. These conbustion zones operate in intimate thermal contact with the
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combust inn@ORBIcH tsheutrolnasts ibydam dnalle reforming zone to obtain the maximum
amount of energy from the combustion process. Examples of such arrangements
may be found in US-A 5,110,559, US-A 4,925,456, US-A 5,181,937, and US-A
4,861,348. Exotic metallurgy is employed in the combustion zone where heat transfer
takes place at temperatures above 800°C.

US-A 5,609,834 attempts to minimize the amount of excess air passed to the
combustion zone by balancing and directing the heat provided to the reforming zone
by means of an internal combustion zone which can adjust the magnitude and
location of the combustion temperature within the combustion zone. The result is a
more efficient operation wherein more useful heat is transferred to the reforming zone
and the amount of excess air in the combustion zone is reduced. However, in
practice, it is difficult to balance the heat input with the heat exchange because the
location and magnitude of the peak temperature within the reforming zone varies with
the plant capacity or electric power demand. Furthermore, it is difficult to direct the

anode waste gas to this exact point in the combustion zone without imposing a large
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WO 01/ 72632 PCT/ USO01/ 10007 pressure drop in the anode waste distribution.
In this schene, the excess air stream is enployed to control the flue gas
t enper at we ol/za9i ng the reformer rather than the tenperarar@safiovive fl ue
gas entering the reform ng zone. A conplex, advanced control schene, al ong
with a plurality of exotic tenperature sensing elenments in the conbustion
zone are required to identify the maxi numtenperature in the reformng
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tenperature sw ngs | rocessor. It I's an objéctive of
pr esent anodengasmn USSAnbivi7d, 421 rretogmized thenpifficudiyr s controlliagr theovestiliing heat

fromthe comqusti on of an waste gas. SUMVARY OF THE | NVENT] ON The.
oper at  SHETRE AEeS gro st do Tadacs: kel SHEss DN ATAIGaRA N HRdPERNGe
anode Wasi&oPasd beirditiReen4e. provide a portion of the heat to produce
hydrogen, 1s subject to wde swings in tenperature as a result of
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el ectric_power demand., The esent . invention_provides i mple. solution to
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reformng zone to cope with high reformng tenperatures and 4 WO 01/ 72632
PCT/ US0tha dael7processor for the conversion of hydrocarbons and oxygenate compounds
such as alcohols, ketones, ethers, and the like.
It is an objective of the present invention to provide a process for the
combustion of anode waste gas which moderates temperature swings in the fuel
" processor. .
It is an objective of the present invention to minimize reforming temperatures

while recovering heat from the combustion of anode waste gas.

SUMMARY OF THE INVENTION

The operation of fuel processors in conjunction with fuel cells, wherein the
anode waste gas is burned to provide a portion of the heat to produce hydrogen, is
subject to wide swings in temperature as a result of variations in anode waste gas
heat content which varies in response to electric power demand. The present
invention provides a simple solution to the problem of balancing energy demand with
fluctuating anode waste gas heating value without requiring exotic materials of

construction in the reforming zone to cope with high reforming temperatures and



rapid tenperature sw ngs. The invention further provides a sinple, direct
control systemfor adjusting the reform ng tenperature which is based on
t he rat e v oa72632 supplied to the conbusti on zone. The preB€NUSIIMIBIT i ON
does not require advanced control nethods or exotic flane tenperature
measur enent nethods. The resulting process represents an econom cal and
reliable integration schenme for operating a fuel processor in conbination
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conmbustion effluen stream Essentially a an anode waste gas stream
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with a fuel cell. The process comprises passing the feedstock comprising a
hydrocarbon or an oxygenate and steam at effective reforming conditions to a
reforming zone containing a steam reforming catalyst to produce a reformate siream
comprising hydrogen. The reforming zone is heated by indirect heat exchange with a
first combustion effluent stream to provide a cooled first combustion effluent stream.
The cooled first combustion effluent stream is reheated by recombusting the cooled
first combustion effluent stream with an auxiliary fuel stream to provide a second
combustion effluent stream at a second combustion temperature. The reforming zone
is further heated by indirect heat exchange with the second combustion effluent
stream. Essentially all of an anode waste gas stream withdrawn from the fuel cell is
combusted with an excess air stream to provide the first combustion effluent stream
at a first combustion effluent temperature essentially equal to the second combustion
temperature.

In a still further embodiment, the present invention provides a process for
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WO 01/ 72632 PCT/ US01/ 10007 controlling a fuel processor used in
conjunction with a fuel cell wherein said fuel processor conprising at

| east twwa@omnmesti on zones and a reform ng zone, wherei n BCT/PS61710007 of an
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excess air streamat an excess air rate in a first conmbustion zone to
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FIG 3 is a schematic process flow diagramof the multi-stage reheat
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fuel cel further reduction in carbon nonoxide | evels nmay be

acconpl i shed by preferential oxidation or separation. The present invention
relates to the use of BRIEF DES o TkE DRBAWIN reheat to
Integrate the operation of the fuel processor and the fuel cell by
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combustion scheme of the prior art.
FIG. 2 is a schematic process flow diagram illustrating a prior art reformer with
internal staged combustion.
FIG. 3 is a schematic process flow diagram of the mulli-stage reheat
combustion scheme of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Generally a fuel processor to produce synthesis gas, a mixture of hydrogen
and carbon oxides, comprises a feed preparation step to purify the feedstock; a
combination of reforming and partial oxidation steps to convert the fuel to synthesis
gas; and a series of shift converters to reduce the amount of carbon monoxide in the
synthesis gas. The synthesis gas may require further removal of carbon monoxide to
avoid poisoning the fuel cell. Such further reduction in carbon monoxide levels may
be accomplished by preferential oxidation or separation. The present invention
relates to the use of a mulli-stage combustion zone with reheat to integrate the
operation of the fuel processor and the fuel cell by providing an efficient method to



processor. More specifically, the present invention is directed to
providing a multi- stage conbustion zone with reheat to nore efficiently
provi de weani1/tw31he reform ng zone of a fuel processor. FOBRUSUE00@Tr ocessor
of the current invention uses a hydrocarbon-containing gas such as natural
gas as a feedstock. The feedstock nmay al so conprise al cohols or heavier
hydr ocar bons such as propane, or |iquefied petrol eum gas, naphtha, or
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reform ng process for use as a reactant. I'n tion, the hydrogen Broduct

must be indudingr eddeeulfuieatleel p@esureas)f abetweegaeboui 408i to apoyt iPQsuKPgr ot on
RN o B L e L LR A
7 WO 01/p&Réaén E@W#@%dﬂpﬁmreferably, the desulfurization operation is carried out at a
desulfurization temperature less than about 300°C, and more preferably, the
desulfurization operation is carried out at a desulfurization temperature between
about 502 and about 300°C. Preferably, the concentration of sulfur in the desulfurized
feedstock will be less than about 10 ppm-mol, and more preferably, the concentration
of sulfur in the desulfurized feedstock will be less than about 1 ppm-mol. The
feedstock may be divided into two separate streams, the reforming feedstream and a
burner fuel stream. The reforming feedstream is preferably desulfurized to provide a
desulfurized feedstream. Optionally, the entire feedstock is desulfurized prior to
dividing the feedstock into a desulfurized feedstream and a burner fuel stream which
is also desulfurized.
Water is required by the steam reforming process for use as a reactant. In
addition, the hydrogen product must be delivered to the fuel cell as a wet gas to avoid
drying out proton exchange membranes in the fuel cell. The water used in the steam

reforming process preferably will be deionized to remove dissolved metals including
7



sodi um cal cium |ead, copper, arsenic, and anions such as chloride ions to
prevent premature deactivation of the steamreform ng catal yst or other
catal yti ovoat/@ssal s contained in the fuel cell, the watePCTHaESIIZHDIT

catal yst, or the carbon nonoxi de oxidation catalyst. The deioni zation of
the water to be used in the process may be acconplished by any
conventional neans. The reform ng zone contains a steamreform ng catal yst.
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heat exqhefiegeblyr ke, sieach wermfrignsatalyst eapl ey edsingleemetdladyct as Mickahtozrd or
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exchange zone. annel § "ar orned "as stral g recti on
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forrred_im an offsg(%%gatt]erntocgreat an irrel%uﬁar tf ow.path . throu t he
r ef or mi FKEOREPPEIRG AR @R andhpramgied by An elkal metplyetihas PPiass Y- B r e
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catal yst pellets on a si the plate heat exchanger which has no fins,

whi | e pivéthimg compactdieat isxclopngss zore.sGCererally t $uchpexchanger zhees eantaix #ange
zones R RSBl L5, L25RRR SRS, R Tl eER o B BRI L0
cat al ystexprAh@drszome.t tracsefwallg age sgéi%r@q;pmd tay Bet ndteb! @wprdtedivatt he
reform ng zone and heat exchange zones. The fins on one
channels with fins on one or both sides. Fins are typically employed to extend the
heat exchange area, and when fins are employed, the catalyst is coated or deposited
on the finned surface of the exchanger zone. Granular catalyst also may be
incorporated into the exchanger zone by disposing or packing the granular catalyst
into channels formed in the plates of the heat exchange zone. The channels are
formed as straight fins in a direction parallel to the flow through the reforming zone.
The channels can also be formed in an offset pattern to create an irregular flow path
through the reforming zone. Because the reforming catalyst can increase the
pressure drop through the reforming zone, it is preferred to dispose the reforming
catalyst pellets on a side of the plate heat exchanger which has no fins, while placing
fins on the opposite side of the plate in the heat exchange zones through which are
passed combustion gases to heat the reforming zone. The offset pattern of the fins
on the combustion side and the catalyst pellets on the reforming side promote

turbulent flow within the reforming zone and heat exchange zones. The fins on one
8



WO 01/ 72632 PCT/ USO01/ 10007 side of the exchange surface provide additional
strength to the plate and extend the pressure range of operation of the
exchangewO Pr/&foe8z abl y, the reform ng zone is operated atPefASeiI00&
reform ng conditions including a reform ng tenperature of between about
6002 and about 950C and a reform ng pressure of between about 100 and 350
kPa. When-a partial- oxtdation-zone-is enployed, the effluent fromthe

reform Rie GOMR dahRgeeshiceshrotki! é{cﬁjm@rrérls%ren@m @lﬂn@praqeraﬁutémﬁd tife @
partial oxidation zone wherein the effluent streamfromthe refornng zone
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oxi dation catalyst is disposed in the partial oxidation gz'(gne as a fixed
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S hereby I ncor por at’e erence eferred catal ysts or use’in the
parti al pooautst acparﬂaimrdﬂtrort pmdrucleslfeme effluent siveamaingmi the rafortriieg zone is

catal ytically ctrvec onhen sel ected fro Grou VI LI I
metal | ROBARIGOUNE maTlial gxga O@C@@g'troas S0pf s uing b StBupett wa et o o
of the 'r@é@%b? VAR 8Rdrbed. IHQUﬁCI@ﬁE ?ueICR‘)r ¥Se BHRRES FondNE R thé NBISTHIRT ¢
corrprr ses a ceriumcontaining alumna. The alum na can be al pha- alumha or
a m xt urzenef thal r]ehzrrrwe rstneanaaad ﬁhmbmygﬁrumrntarmmg efreambaryé ignited ochegimthe

pr esent t he Czq,[um na i.n _an

e ont gatiliEidh PoacufndB B8 ia oudaion 2fnd Grhe SR ot Rt

the par tcbﬁrpreésd {/drre@encaéa@bdﬁtmbﬁoﬂd@obﬂaeomtdrbxrael %ﬁroecéorrr@mrrcbﬂv@rt@drp
consisting of platinum palladium and rhodi um Preferably, the Goup I VA

met al whiydrpdasbense st pariial hsideéionicatalysixis digpasedciat theyrartipsoxidatian éang r om
{he 91008 £ Bl RN, TR ok e g Chaa bRl
t he par tof ahydrstadionen agat e - inPief efrdblse USSAGAEB®!,0A1 owhichoi hdreby
netal is present in the partial oxidation catalyst and is selected fromthe
group incorporated by reference). Preferred catalysts for usé in the partial oxidation zone of
the present invention comprise as the catalytically active component, a metal
selected from Group VIl noble metal, a Group IVA metal and a Group IA or [IA metal
of the Periodic Table of the Elements composited on a metal oxide support, wherein
the support comprises a cerium-containing alumina. The alumina can be alpha-
alumina or a mixture of alpha-alumina and theta-alumina. Preferably, the cerium is
present in the alumina in an amount of about 0.01 to about 5.0 percent by weight of
the alumina support. Preferably, the Group VIl noble metal in the partial oxidation
catalyst is a noble metal selected from the group consisting of platinum, palladium,
and rhodium. Preferably, the Group IVA metal which is present on the partial
oxidation catalyst is selected from the group conéisting of germanium, lead, and tin
and the Group IVA metal is present in an amount of from about 0.01 to about 5
percent by weight of the partial oxidation catalyst. Preferably, the Group IA or Group

IIA metal is present in the partial oxidation catalyst and is selected from the group
9



9 WO 01/ 72632 PCT/ USO1/ 10007 consisting of sodium potassium I|ithium

rubi dium cesium beryllium magnesium calcium francium radium

stronti umwoanebari um and the Goup A or Goup IIA netaPCTES@r®wsEnt i n an
amount in the range of from about 0.01 to about 10 percent by weight of
the partial oxidation catalyst. The catalytically active netal may al so be
supported on suitable carrier materials well known in the art, including
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The reforming effluent, or reformate, comprises about 5 to about 15 mole

percent carbon monoxide. Because carbon monoxide can act as a poison to certain
fuel cells, particularly proton exchange membrane fuel cells, the carbon monoxide
concentration must be reduced to produce a hydrogen product gas. This is
accomplished by passing the effluent from the reformer or the partial oxidation zone
to a series of water gas shift reaction zones which exothermically react the carbon
monoxide over a shift catalyst in the presence of an excess amount of water to
produce carbon dioxide and hydrogen. Reforming effluent or partial oxidation zone
effluent is reduced in temperature to an effective high-temperature shift temperature
of between about 4002 to about 450°C and passed over a high-temperature shift
catalyst to produce a high-temperature shift effluent. The high-temperature shift
catalyst is selected from the group consisting of iron oxide, chromic oxide, and
mixtures thereof. The high-temperature shift effluent is cooled to a temperature of

between about 1802 and about 220°C to effective conditions for a low-temperature
10



bet ween about 1802 and about 220C to effective conditions for a

| ow-tenperature 10 WO 01/ 72632 PCT/ US01/ 10007 shift reaction. The cool ed
hi gh-t enpeo at/m6e2 shift effluent is passed to a | ow tenperar/usa/®m7rt zone
and contacted with a |owtenperature shift catalyst to further reduce the
carbon nonoxi de and produce a | owtenperature shift effluent. The | ow
tenperature shift catal yst conprises cupric oxide (CuO and zinc oxide
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pref er eruppbrioxsdeti i a8 zilice ot @lfed, \s&ipporedaplaiimuagndupponed arttenium,
contacted with an oxjdation catalyst to produce a h r oduct
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car bon nmonoxi and nore’ pr rogen product gas stream
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oxi dation produced in the  carhon oxi de oxidation zone is. ved. in,a
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Conventi%swn' . THeNoRStethidtafiréediit JifidrRicoripiising 1883 itk WBbaE 0.5
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fuel 1. 1pri Si t, | t. at T
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produced by the fuel cell when an oxygen-containing streamis contacted

wi th t héretarablieths ligdrogen pEogiaines stseaimagaPiresiRsaiban pOONE10 BR-MAP t hat
o et PRSI 05 O Rl TR o Do GBHL B0,
t he protlgss Bephansle NBPPL@bR: EErbBRIiMbabXIes. Rie AehEopetidatisrepteitsetiinnhe
carbon oxide oxidation zone is removed in a conventional manner by cooling the
carbon oxide oxidation zone in a conventional manner such as with a water jacket
and a cooling water stream.

The hydrogen product gas stream comprising water at saturation and at a
temperature less than about 100°C is passed to the anode side of a fuel cell zone
comprising at least one proton exchange membrane. The proton exchange
membrane has an anode side and a cathode side and is equipped with electrical
conductors which remove electrical energy produced by the fuel cell when an
oxygen-containing stream is contacted with the cathode side of the proton exchange
membrane. It is required that the proton exchange membrane be kept from drying out
by maintaining the hydrogen product stream at saturation conditions. It is also critical
that the proton exchange membrane be maintained at a temperature less than
1002C. The proton exchange membrane is only about 70-90 percent efficient in its

use of the hydrogen product stream and as a result, the fuel cell produces an anode
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1002C. The proton exchange nenbrane is only about 70-90 percent efficient
inits wuse of the hydrogen product streamand as a result, the fuel cel
produces vedoamsade 11 WO 01/ 72632 PCT/ US01/ 10007 waste gRET/@SMODE ng
hydrogen and a cat hode waste gas conprising oxygen. The anode waste gas
produced by the present invention conprises |ess than about 25 nole
percent hydrogen (on a dry basis), and the cathode waste gas conprises |ess

Lhan abgyserd BBOSmPASIAGIHy RSP Bnd T8 2aRRe B! GagRoriAmify BRYgdIRaThy

g
val ue of - bet'ween about 500 t0 about 3000 kJ per Standard cubic neter. The
use of anode wasieegampreducadf bielthe presand ipverdesscompises legsethapyal@it 25

4,746, 329 wh it ] ith air_.and d, t '

ref orm A0 Aee v fon e dy Hasido 5ol R BhEkoe BoBie gt Sobilsebdes ne
anode WagA® aBast 15 mdlI8perdBi Ry gEECHHE AnblE wared gas hatrPrst haxtingf vdlhe oanode
waste gas can be recovered; however, nore careful consideration of the

over al | bsitweer ebput $Q0 imakeut 3Pkl perssiaptard gid®maisl. The conbusti on of

anode vaste S g e ORY R Bes A0S O L e o LS A

flame tenp4s apangsert ftais rhbea With rHingné uWwmig@sted Wb girovideehéstmpea atforming t he
fl ame zone becones excessive, the process equi pnent can be dana

S ed. |
Conver se&oie. {(dieiher stifages i aRReArs dR ReRAVENREQUS toude e anede 6’@§?€ gae In
concent rat.i Ny n dr, L& redu e
qual ity tﬁ%nﬁénﬁfgéwén%%\%gl LHS] htg? ?tﬁeegﬁgggﬁ%s(?gﬁgagﬂggﬁ ng%cgggt Eéﬁfl?é;ne
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tenperature and the resulti variations in the heating rate proyided b
the. conti&ea/Broex6rl, PTPBIEAS s The CORBURION @y 8NP9R; YRS 19%6alf eabormbustion
equl pﬁ?%nfegjrbem@es |EE$ flﬁ%‘&r'e‘ﬂaﬁg? é}@ﬂ%ﬁ% trf‘e%ﬁ)rbél?,!b?tﬂ tiRé Bﬁﬁ‘rﬁ@g ok tﬁé‘ﬁn&ﬂése“t
invention surprisingly decreases 9 e anpbunt of air required for the
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the present invention does not require an advanced control systemwth
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conbust icomiAienekdhaledt burner. Variations in flame temperature and the resulting
variations in the heating rate provided by the combustion zone, results in thermal
cycling which can lead to equipment failure.

The multi-stage reheat combustion process of the present invention
surprisingly decreases the amount of air required for the combustion of the anode
waste gas stream to maintain the reforming zone at effective reforming conditions
over a wide variation in the hydrogen content, or net heating value, of the anode
waste gas stream. The control scheme required to operate the multi-stage reheat
combustion process of the present invention does not require an advanced control
system with combustion zone temperature sensors. Only one temperature sensor,
monitoring the temperature of the first combustion effluent is required to adjust an
excess air control valve or blower. Preferably, the first combustion zone effluent
temperature will range from about 600° to about 800°C. More preferably, the first
combustion zone effluent temperature will range from about 650° to about 700°C.

Preferably, the first combustion zone effluent temperature will be essentially equal to
12



tenperature will range from about 6002 to about 8002C. Mre preferably, the
first conbustion zone effluent tenperature wll range from about 6502 to
about 7002@o01/7988Ef erably, the first conbusti on zone effl| urar/us@mpesiat ur e
will be essentially equal to 12 WO 01/72632 PCT/US01/ 10007 the second
conmbusti on zone effluent tenperature, or noderated so that wide swings in
tenperature differences between the first and the second conbusti on
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utilization of the fuel cell (i.e., the percent of the hydrogen which is
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ref or m ngobduedd frel theyinghastiontofaa k@l gas stream; from the combustion of a mixture
of the fuel gas stream and a portion of the anode waste gas stream; and, from the
combustion of essentially only the anode waste gas stream.

The hydrogen efficiency of the overall fuel processor/fuel cell process is
defined as the lower heating value of the net hydrogen produced (i.e., hydrogen
produced minus hydrogen returned in the form of anode waste gas) divided by the
lower heating value of the fuel expressed as a percent, and multiplied by the
hydrogen utilization of the fuel cell (i.e., the percent of the hydrogen which is
converted in the fuel cell). Surprisingly, the muilti-stage combustion with reheat
scheme can provide more than 20 percent improvement in hydrogen efficiency over a
single-stage combustion scheme for a steam reforming/fuel cell system with a 50
percent reduction in the excess air required for combustion. For a fuel processor
comprising both a reforming zone and a partial oxidation zone, a two-stage
combustion with reheat scheme reduces the excess air requirement by about 50

percent and provides an additional 8 percent improvement in the reforming zone heat
13



percent reduction in the excess air required for conbustion. For a fuel
processor conprising both a reform ng zone and a partial oxidation zone, a
t wo- st agavooomsasti on wi th reheat schene reduces the exceBeT/akol/reaui r enent
by about 50 percent and provides an additional 8 percent inprovenent in
the reform ng zone heat 13 WO 01/72632 PCT/ US01/ 10007 recovery
efficiency. For a schene wherein essentially all of the anode waste gas is
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percent inprovenent ‘over the prior art single-stage conbusti on zohe schene
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a cold zshartup of the fuel processor. An igniter and an optional external
fuel streamare _provided for star_ti&% up the first conbustion zone, when
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assures a m ni nal anount of ther stress on the heat transfer equi pnent

because photitied fier $tarting apdhe tfingt caEobustionondnes twiven ehbtaevaste gasestegam és ar e
essential ly constant, Referring.to FIG .1 a single-stage conmpustion. prior
art sché"r%_%lv '?ilﬁ%\/\?ﬂq fru o%ﬂ?ﬁ""ﬂg"é( Pafhs ?Wﬂ@e ?%Wge Qé_ﬁf%g@a@ngﬁ%?mﬁ 6‘2 ssor
zone 10%aM i hgdfd¢Rin, G had BOow RBOWBAtIAPValURE t6QsTRHEEE QRe GirsPBORBUYESH €
gas in a conbuStion zone 100. In this prior art scheme, an anode waste gas
st r eam iefflueniat e tesiped festl combustor derpperateie. Theryesent invertiatopiovistasdh

cone L0 R g P esd B A0S R8s B85 ok RBEE88h ach4Fastli hovited o
for the essentially complete combustion of the anode waste gases, a rapid startup
response of the fuel processor system. The present invention assures a minimal
amount of thermal stress on the heat transfer equipment because both the first and
the second combustion effluent temperatures are essentially constant.

Referring to FIG. 1, a single-stage combustion prior art scheme is shown for
combining a reforming zone 104 of a fuel processor zone 102 with a fuel cell (not
shown) for the combustion of anode waste gas in a combustion zone 100. In this
prior art scheme, an anode waste gas stream in line 14 is passed to the combustion
zone 100. The combustion zone 100 has an igniter 105 and an external source of
fuel such as natural gas, light hydrocarbons, or alcohols is shown as a fuel stream in
line 16. The combustion zone 100 also accepts an excess air stream in line 18, which
enters the combustion zone 100 via line 18, control valve 108, and line 20.
Combustion of the anode waste gas stream in line 14 takes place in the combustion
zone 100 in the presence of the excess air stream in line 20 in order to produce a flue

gas stream in line 22. During startup of the fuel processor, it is required to introduce
14



line 16. The conbustion zone 100 al so accepts an excess air streamin |line
18, which enters the conbustion zone 100 via line 18, control valve 108,
and | i newoo/7568busti on of the anode waste gas stream i nPCT/801IW0G7akes

pl ace in the conbustion zone 100 in the presence of the excess air stream
inline 20 in order to produce a flue gas streamin |ine 22. During
startup of the fuel processor, it is required to introduce 14 WO 01/72632

PCT/ USO bh18@8aarfuex seeam viaUlhe 36 BatReY breddnee dfah nefidttiverafsnsteopthan
effective anobunt of the excess air streamin line 20 to Brow de the flue
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requires a large amount of the excess air streamin order to control the
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inline 16 is required to offset ‘deficiencies in e heating val ue of the
anode w&éthis gebeme aameasured hy tha enerabraraver® it Bie (aieinaes isrivpically low

hydrogen cont &Me g{n'g?éégtgg'%g&?ﬁmfoﬁ %%méh% N é‘l%ré@%]n%élurg?o?%é Id3geld om

variations rn ele emand. wTeterring a prror art
r epr eseniirasireamoin &iSioh 10, E6rd Ike idehgas templiceditoed. Altindugit idrectiaredlyatite

il tipl eref%lflrrn?negr Seffic?ensc}ye%rggaeseegség (’ffh(e rf?u)ét gljjerlse tér%pg?eﬁareed is increased, there are
equipment and material limitations in the heat exchange equipment and connecting
piping which limit the flue gas temperature. The external fuel gas stream in line 16 is
required to offset deficiencies in the heating value of the anode waste gas stream in
line 14 to compensate for variations in the hydrogen content of the anode waste gas
stream in line 14 resulting from variations in electric power demand.

Now referring to FIG. 2, a prior art representation of US-A 5,609,834 with an
internal combustion zone and multiple burners, a steam/feedstock mixture is passed
via line 201 to a reforming zone 211 of a fuel processor zone 200. The reforming
zone 211 contains a reforming cétalyst and is operated at effective reforming
conditions to convert the steam/feedstock mixture in line 201 to produce a reformer
effluent stream in line 202. The reformer effluent stream comprises hydrogen for use
in a fuel cell. Typically, the reformer effluent stream in line 202 will be further

processed in a conventional manner which may include a water gas shift reaction
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via line 201 to a reform ng zone 211 of a fuel processor zone 200. The
reformng zone 211 contains a reformng catalyst and is operated at

ef fecti vavoef/moai ng conditions to convert the steant f eedBCDUROWMORGTUr € | N
line 201 to produce a reformer effluent streamin line 202. The reforner
ef fl uent stream conprises hydrogen for use in a fuel cell. Typically, the
reformer effluent streamin line 202 will be further processed in a
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01/ 72632 PCT/ USO01/ 10007 and preferential oxidation to reduce the
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zones. erring to F 3, an air streamin line 305 1is introduced to

only a f0dst conbustlon zone 340 of at Ieast two conbustion zones (340 and

350). Anode ste 304 i C ti0
zones such th %%Pétm%'&@ ﬂug?ragz{d F g@#@’%«‘%&@gﬁ%g lﬂﬂ@éﬁflﬂrssﬁnd
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passed to the second conbustion zone 350 via line 308. In the first

conbust iStr0e tehead mpmipyrdion:. An dhe duasemthneentiels thasyafe waste gasdoslividgdess
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(340 and 350). Anode waste gas in line 304 is split between the two combustion

zones such that a first anode waste gas stream is passed to the first combustion
zone 340 via line 307 and a second anode waste gas stream is passed to the second
combustion zone 350 via line 308. In the first combustion zone 340, the air stream
which was passed via line 305, excess air control valve 370 and line 306 is combined
with the first anode waste gas stream in line 307 and combusted to provide a first
combustion effluent stream in line 309 at a first combustion temperature measured
downstream of the first combustion zone 340. An igniter 360 and an optional external
fuel stream in line 303 are provided for starting up the first combustion zone 340,
when anode waste gas stream in line 307 is not available, and for use potentially
when the anode waste gas stream in line 307 becomes too lean in hydrogen, or has
a low net heating value, to produce the first combustion effluent at the desired first
combustion temperature. The first combustion effluent in line 309 is passed to an

optional flue gas heat exchange zone 330 which provides for indirect heat exchange
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downstream of the first conmbustion zone 340. An igniter 360 and an opti onal
external fuel streamin |ine 303 are provided for starting up the first
conbust i omoaomB3B40, when anode waste gas streamin |i nePGDUSIIE10n@T

avai l abl e, and for use potentially when the anode waste gas streamin |ine
307 becones too lean in hydrogen, or has a |low net heating value, to
produce the first conbustion effluent at the desired first conbustion
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second portion of the a e waste gas streamin 08 to produce the
second cootads firdncahblsieam efftueshratiean iineviBtitawnsindline I3 16e dhehepeledabitsi e,

t he second .conbustjon effl uent . st min |i 11 is ssed to optio
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provides indirect heat transfer between the first and the second
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direction relative to the direction of the flow of the first conbustion
ef f | uentstregneifniine 312. The optional flue gas heat exchanger zone 330 provides indirect
heat transfer between the first and the second combustion effluent streams by
placing these streams in an apparatus which intimate thermal contact. Preferably, the
first and second combustion effluent streams 309 and 311 are separately passed to
the optional flue gas heat exchanger zone 330 in a cocurrent direction or a cross-flow
direction relative to the direction of the flow of the first combustion effluent stream.
The optional flue gas heat exchange zone provides a more stable operation of the
fuel processor zone 320 by moderating temperature variations between the first and
second combustion effluent streams prior to their introduction to the fuel processor
zone 320. The second combustion effluent stream or the second moderated
combustion effluent stream in line 312 is passed to the second combustion gas heat
exchange zone 324 to provide heat to the reforming zone 322 and produce a cooled
net combustion effluent stream in line 314 which is withdrawn from the fuel processor

zone 320. The multi-stage reheat combustion process of the present invention
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The optional flue gas heat exchange zone provides a nore stable operation
of the fuel processor zone 320 by noderating tenperature variations

bet ween tW@of/72631 and second conbustion effluent streansPQTUS61/10007 hei r

i ntroduction to the fuel processor zone 320. The second conbustion
effluent streamor the second noderated conbustion effluent streamin |ine
312 is passed to the second conbustion gas heat exchange zone 324 to
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and partial oxidation, or in a cold startup of the fuel processor.” In this
| i mi t ed coottration efsthenenateywaste gas.t Tiisawodld nastrewles the priegaimgveens i ne
307 to the first conbustion . zone 340 and th L flow Ln_ i [

i st e FoTRi5eRRIR nteebt Leipf RN, At conPlletoncd skl Baier fnd.e
first couatbadattdd, |dteint adoi@arartup bf fite 308 Hrocddsbrt n hikis IKitdRRgREME t h
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exchanged with the reforming zone 322 to provide the cooled first combustion
effluent stream in line 316. The cooled first combustion effluent stream in line 316 is
passed to the second combustion zone 350 wherein the cooled first combustion
effluent stream in line 316 is reheated by combustion of an auxiliary fuel stream (not
shown) such as natural gas, propane, other hydrocarbon fuel, alcohols, other
oxygenated compounds or any combination thereof. The amount of the auxiliary fuel
passed to the second combustion zone is controlled to obtain a constant temperature
of the second combustion effluent stream in line 312. As shown in FIG. 3, a portion of
the auxiliary fuel stream in line 303 is passed via line 303’, control valve 367 and line
369 to the second combustion zone 350. The second combustion zone temperature,
or second combustion effluent temperature, is measured in line 312 by temperature
indicator 366. A signal obtained from the temperature indicator 366 is passed to
control valve 367 to adjust the auxiliary fuel gas rate to maintain a uniform second

combustion effluent temperature. The control signal is passed from the temperature
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oxygenat ed conpounds or any conbi nation thereof. The anount of the
auxiliary fuel passed to the second conbustion zone is controlled to
obtain awonstmsl tenperature of the second conbustion eP€TwsNY10867r eam i n
line 312. As shown in FIG 3, a portion of the auxiliary fuel streamin
line 303 is passed via line 303", control valve 367 and line 369 to the
second conbustion zone 350. The second conbustion zone tenperature, or

second gRIkutet 388 Bf thdleBhvEsTBIRN ahbRfer ERNSEAREERH dMmaki part B¥2a®overall
tenperature indicator 366. A signal obtained fromthe tenperature
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of thermal stress on the heat transfer equi pnent, because both the first
and the second conbustion effluent tenperatures are essentially constant.
EXAMPLES EXAMPLE | (Prior Art) A fuel processor and proton exchange
menbrane fuel cell system enpl oyi ngexApprEal e-stage conbustion schene
shown in FIG 1 and described hereimabove Ttepresents a net hydrogen

ef ficiency of about 59.6 percent as determ ned fromthe anount of hydrogen
consuneEXAMPhE If (Riiorgity di vi ded by the net heating value of the fuel
passed to the fuel processor. The fuel cell capacity is 2.5 kW The fuel
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| nvention
co?nprises a steam reforming zone operating at about 620°C heated by a flue gas

stream at a flue gas temperature of about 670°C. The energy recovered for use in the
reforming zone can be measured by the percentage of the heating value of the fuel
fired in the combustion zone which is recovered in the reformer. In Example |, the net
heating value of the anode waste gas is about 14,550 kJ/hr and the energy recovered
in the reforming zone is 7810 kJ/hr. Thus, the reforming zone heat recovery efficiency

is about 53.7 percent.

EXAMPLE Il (Comparison to Present Invention)

The fuel processor/fuel cell system of Example | having a single-stage
combustor is modified to have a two-stage combustor as shown in FIG. 3. The
natural gas charge rate to the fuel processor and the hydrogen production rate are
the same as Example I. The exit temperatures of the first and second combustion
effluent stream is controlled to the same temperature, 670°C, as in Example 1. The
resulting air rate to combust the anode waste gas is about half that of Example I,
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The fuel processor/fuel cell system of Exanple | having a single-stage
conbustor is nodified to have a two-stage conbustor as shown in FIG 3. The
nat ural ge@ovhmsye rate to the fuel processor and the hydpohy@soprooafuct i on

rate are the sane as Exanple |I. The exit tenperatures of the first and
second conbustion effluent streamis controlled to the sane tenperature,
670C, as in Exanple |I. The resulting air rate to conbust the anode waste
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of the Hﬁ\féﬁugglhés ﬁég%érggnf ndhd &&&FB&@% é(%%upl%w Okﬁé’géfog?ﬁe?%‘é'i 3

kKW The covery éfficienc ercent,

based omecovepyrietfidié mﬂ/ 6DEﬁtaﬁ1p®é [l igegs. Be;mtrwg babe@ dmfambusllbnmekﬂfelhr
and about 7410 kJ/ hr enerqy recovered in he reform ng zone. Thi

r epr esefet haabng VQ@ep@er” r%%&éfﬁﬁﬁﬂdl%bquﬁg%%‘id@ye@f eraerrngme@ﬂnt he
steamr r r on
schome. ot {RanArckEone; AIEEPocHE ot oddtbdrlimErpl o B B e RRa 7
A fuel piffetessoroffinel stedrh Eejetmlmofuelhprqmessor duel \oefHreith thee meltiesstageng
zone conprises a conbi EI on of steamreform g .and partl al oxidation and
the sysCoMmP U@Hﬁ!‘@’?ge@eﬁaﬁ eﬂ%\?ﬁntd%‘(ﬁm@ﬂ%ré@e HBWA™i n FIG 1 represents
net hydrogen efficiency of about 69.1 percent, and the power output of the
fuel celdxAmplL st pwirag) kWat 2.89 kW with an air rate of alnost hal f
that of "Exanple IT. The flue gas tenperature of the conmbustion gases is
6502C. The fuel to the burner, or conbustion_ zone in Exanple Il is

si gni fi cant | A fushgroeesaoréuelhesl Ey@iﬁm ef theopripn agtwaewin tesgeformiythzonand

sone. 1 AR S0 nbtork 4F S B RLAMIAg RN RE P PRl el he BYSER D
Ll is eﬁipléy@%"@glaista@%\d?h@éﬁén(aénﬁl@dswmm FqGPmeSreputesbmeeWelt amydrégen
mul ti-sta (havi ng two conbustion stages) conbustion zone of the present

i nvent . ql%n%@fs@b(@u}t%1 fnﬁrcweaaﬁ Aae Lovies gty bei el %@'bﬁ jugt endeR? e

[l syl
percent |gcf’€|t 78 hg\ﬁ/ ryf %%%?W%Hh?% ?AEQEH@E cﬂr?%EFsutel n of
Exanpl e téMpemtuonmhar@mmmtﬁinygawsas EBORCoThe igeladorthe aiumem oExamblustibdn |

and the refornming zone heat recovery efficie
zone in Example ﬁl Is significantly lalwer than elﬂ‘ngr Example | or Il at about 6882

kJ/hr, and the energy transferred to the reforming zone portion of the fuel processor

zone is about 4208 kJ/hr. The reformer heat recovery efficiency for Example lll is

61.1 percent.

EXAMPLE IV (Comparison to Present Invention)

A multi-stage (having two combustion stages) combustion zone of the present
invention is substituted for the single-stage combustion step in Example lll. The
resulting net hydrogen efficiency is 70.4 percent, about 2 percent higher than
Example [ll. However, the air rate for combustion of Example [V is now approximately
one-half of the air rate of Example lll, and the reforming zone heat recovery efficiency
has increased to about 65.9 percent. This represents about an 8 percent
improvement in the use of energy from the anode waste gas for the reforming zone,
and a 53 percent reduction in the power to supply air to the combustion zone
compared to Example llI.
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has increased to about 65.9 percent. This represents about an 8 percent

i nprovenent in the use of energy fromthe anode waste gas for the reformng
zone, amdoalr/B8s3percent reduction in the power to supply BCT/US@/tobe
conbustion zone conpared to Exanple I11. 20 WD 01/ 72632 PCT/ US01/ 10007
EXAMPLE V (Prior Art) A fuel processor based on the conversion of propane,
or liquefied petroleum gas, is conbined with a fuel cell for the

pr oduct iR)AIIPLEDQUPrkMM)(4. 7 KW of electrical power. Essentially all of
t he anode waste gas is returned to the reform ng zone and an external fuel

stream provi des t he conbustion fuel. The fuel fpr ocessor n*‘)rl ses a

ref orning zodefURldraeesiprRassh omitha CP@Y&TéIOé‘tQ qupﬁ”@@?(ﬁq Ie¢h peiyoley@yt ed
by conb r n g i ne
and o SUPF] O SRR GREF duoodl B! e rbautidRObBoRES RATHUT. 49D oF

t enper atelgcricdl pmmrutEs%aﬁhllyTale of died agadelwamecgdsals raturaledneatherrgformlm@ of
about 15, 650 kJ/ hr and ?ellvers about, 10, 024 kJ/ Elfb ]e zone
for a r&PHPrANGRAEeINahfUsERAR Prowdes dhe cop t'QBJH? 91”&3 SOA
singl e- g |s%9”£’%?drﬁﬂn§%ebk5p@td?iﬂga§t ant iﬁ[é‘!aijempe?b!gﬁ’é HEBLGEC fV\'fI’ﬁ(I:h is
applies heat for the steamreformng-zone. The net hydrogen efficiency for
t hi s sclheaed byadmninus‘ztmnpgampcoomnddtmea prior adt single-ataget c@BbyStiarubdre

nmet ers per, hour fue rocessor/fuel

cel | @Mg%r?é‘mc'%? @EQHB 8f X %@M‘é r@%'giﬁﬁ‘ |3aF%'§‘bU§%%Ig@P SR

anode W%t‘bb@lt gased OTﬁé“ﬁ.lél@fa@rkSI]rﬁgd #218% hét RERERY 4l uidr ibdut w8658 lRBr and
conbustion schene of the present invention. The net hydrogen efficiency of

t he scheledverstabauid @2 dihir éo the refoaningzoner fes enteformingizoos heat seeamerys. 6

Pase of SEFRES b F BB i AR PR Y fusieh AP Sl oG skBRey ' °"
about 13upPleriartar f@é]da d;mrethdangorabwtstdé?n Odforkaingrzdre. tige rr@‘tomyuragerﬁ r om

t he nultl-stage reheat design of the present invention results in a

per cent efffégiency fey thisnechasee 1§ abevkry peécfemtca@ﬂébe ajthiede ﬂ%ﬁb@%ﬂ?é’f%%&i@ a

19 perc nt over the single-stage conbustion schene of Exanple

V. The ﬁ%h&?égﬁggr of Exanple VI is only 53 percent of Exanple V,

provi di ng about a 50 percent savings in air blower power consunption.
EXAMPLE VI (Comparative Example)

The fuel processor/fuel cell arrangement of Example V with the essentially
complete recycle of anode waste gas to the reforming zone is repeated with a two-
stage combustion scheme of the present invention. The net hydrogen efficiency of
the scheme with the combustion zone of the present invention is about 78.6 percent,
or about a 6 percent improvement over the single-stage combustion case of Example
V. The reformer heat recovery based on a fuel value of about 13,190 kJ/hr and
providing about 10,044 kJ/hr to the reforming from the multi-stage reheat design of
the present invention results in a 76.1 percent reforming zone heat recovery
efficiency. This represents about a 19 percent improvement over the single-stage
combustion scheme of Example V. The combustion air of Example VI is only 53
percent of Example V, providing about a 50 percent savings in air blower power

consumption.
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21 WO 01/72632 PCT/USO1/ 10007 CLAIMS: 1. A process for reformng a
feedstock in the presence of steamin a reformng zone in connection with
a fuel coavop/zmBd process conprising: a) passing the feedBCDTROIZNNNISt eam t O
the reform ng zone to produce a reformate stream conprising hydrogen; b)
at least partially heating the reform ng zone by indirect heat exchange
wth a first conbustion effluent streamto provide a cooled first
conmbustion effluent stream c¢) reheating the cooled first conbustion

ef fl uentcisamesym by conbusting at |east a portion of a conbustible gas
streamw th the cooled first conbustion effluent streamto provide a
second conbustion effluent stream d) further heating the reéorm’ ng. zone by

i ndi rect heat!- ekcREE§ES WA hrefermaingedofRedstnaiudl 1R BIGISNERt Ok iSiedH M o)
nbust i . f: . W thd f
cOmbUSt 0 i £33 ARG B, B ABBIEBscrys g, oo 7 om

st co effluent” str
t he cool ed conbusta) opasegisg thegfeedsRick EBmel stearevsthefrefdranimy Zond &r piaducke

first conbustion effluent stream E{/)(Irj'rl}éri ses conbustion effluent produced

fromthe conBRfOIMaIe SHeaMGOENPTII t'@8R: and/ or a portion of the anode
waste gas stream gpdy@lg ﬁaitart?allgohbhgrﬁq Ofhe! REFRMME zOMRSIR JAGIrSdtr @Bt | S

conbusted with the’cooled first Conbu on effluent” stream”™ 3. The process
of claim1 wesckamge Ivatlf iar §itstceorblogstionn eéifuenti stiteasn rtegpriolviste ancoolad efirst
tenperature ran ing f{q(ﬂfm 6(,20 to 800C. 4. The process of claim1 wherein the
inl et tenper SPOMMSHPN SN SEEATL onhustion effluent is essentially equal to

the inlet tenperalyr@nhiihfehseeord firsPoRHBLsith efflbHEstreahBABOMbusTNte
process of claim 1 further conprising passing the first conbustion

ef fl uent str @hinashad pordos et ereprobusiipie nas stpRMUWIh tee coaled firshcombusiing
oo RS A SRS cOBhs R HRa BrRED ! he et onc
the reform ng zong))i furthes Mesgiflgi theareforhfihg Z0Ae by indirect heat exchange with

the second combustion effluent stream; and

e) combusting at least a portion of an anode waste gas stream
withdrawn from the fuel cell to provide the first combustion effluent stream or

to reheat the cooled combustion waste gas.

2. The process of claim 1 wherein the first combustion effluent stream
comprises combustion effluent produced from the combustion of a fuel gas stream
and/or a portion of the anode waste gas stream and at least a portion of the anode
waste gas stream is combusted with the cooled first combustion effluent stream.

3. The process of claim 1 wherein the first combustion effluent stream has an
inlet temperature ranging from 6002 to 800°C.

4. The process of claim 1 wherein the inlet temperature of the first
combustion effluent is essentially equal to the inlet temperature of the second
combustion effluent stream.

5. The process of claim 1 further comprising passing the first combustion
effluent stream and the second combustion effluent stream to a flue gas heat
exchange zone to provide indirect heat exchange between the first and the second
combustion effluent streams.

6. The process of claim 1 wherein the reforming zone is disposed in a first
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WO 01/ 72632 PCT/ US01/ 10007 zone of a nultiple zone heat exchanger wherein
the first conbustion effluent stream is passed through a second zone of
sai d mul Ww@be7mene heat exchanger and the second conbust POUSET100@ENt
streamis passed through a third zone of said multiple zone heat exchanger
and wherein the first zone is in intimate thermal contact wwth the second
and third zones of said nultiple zone heat exchanger. 7. The process of

cl ai m 1zbHé tdher meRifns z6he hedassedhddravicrbi R firss toRdlistid efffuctit etieani de
of the fuel cell to %ener ate electric power and recovering the anode waste

gas stréapassed thioughoaesecasr zong @f 1saifhdneitinle: rene dplt exshapgrpransede a
hydr ocapog, pr oﬁ{bu%ﬁxﬁeé?ﬁﬁ&t%}?éarﬂﬁé ja%%s&ﬁ e §ttﬁﬁ8‘z§>‘hee$€ £5i4! Bitiple
reform ng congl I ons o areform ng one contarni ng a steamrerorm ng

cat al ystzoné hept egtiemdehandefiosreid thesirse2oneignplintiaie thednabesntathwitie ted ed
first conmbustion effluent streamis reheated by conbustion wth an
auxi | i af§cendand thiehzeres gt erifl qeultiple @@dﬂﬁﬁt@%ﬁ%g‘%n ef fluent stream at

a second conbust# . | al: +Qf gas
stream wi t hg?évaﬁ?cg}rglsg %e ?tglﬁﬁncﬁﬂﬂtﬁ%?@iﬁ)@g{ligé\%lpﬁ tg%h%&%@%géas}f@%gr eam
t o provitdantdmedei side of tmbfust icelh to gEhbraateladtrie powatr aadf receverranthesanade

ef fl uent ten‘gerat ure essentially equal to the second conbustion

t_enperaﬂ"(ﬂsé‘? 3% S¥R8Myr ocess of claim 8 wherein the reformng zone is
di sposed in @ fughg Ip%é@@@f%aiﬁ?ﬁ“@vf@?%ﬁhé'f@@dﬁoﬂk BbRiphis¥sof flat plates

separating the reformng zone roma tirst heat exchange zone through
whi ch said first edmurecaronedifanioryganatednat passesswiimdhe stseroad effeative

Card Tirst AfdoUBRNPILBTL R ble oGt oo bk a Slrary Pl e G BRE Sna
count ercurr e pF@d&Qh@?éﬁjrmt?&tr‘?m é@%ﬁi%hyﬁm h said reformng

zone. 10. The process of any of clainms 1-9 erein the anode waste gas
stream is combustls captad st erabiistian efiiuand Atieam i reheaied i eombustiom a

first conbusti.on. zope 10 Vi he f.i,r ti ; t at a
first combust'ond? 3%@?'&%%’%8" %@ t%)WiOX'SS?‘é‘a%\%EBﬁ@ C@ﬁﬁb&%@%%ﬁm&rﬁs&%ﬁ S
reconbust ed wt hisegbnt@asibustibAnémparatlird; a@d anode waste gas streamin a
second conbustion zone to provide a second conbustion effluent streamat a

second conbust i onegepipialyt @t ef thmanede wasie @ steeam withdrawn from the fuel
cell is combusted with an excess air stream to provide the first combustion

effluent stream at a first combustion effluent temperature essentially equal to

the second combustion temperature.

9. The process of claim 8 wherein the reforming zone is disposed in a fuel
processor zone comprising a plurality of flat plates separating the reforming zone
from a first heat exchange zone through which said first combustion effluent stream
passes and a second heat exchange zone through which said second combustion
effluent stream passes, said first and second combustion effluent streams passing in
paralle] and countercurrent to the passing of the feedstock through said reforming
zone.

10.  The process of any of claims 1-9 wherein the anode waste gas stream
is combusted with an excess air stream at an excess air rate in a first combustion
zone to provide the first combustion effluent stream at a first combustion temperature
and the cooled first combustion effluent is recombusted with at least a portion of the
anode waste gas stream in a second combustion zone to provide a second

combustion effluent stream at a second combustion temperature, and the process is
23



23 WO 01/72632 PCT/ USO1/ 10007 controlled by neasuring the first conbustion
tenperature and adjusting the excess air rate to naintain a uniformfirst
conmbusti omovemeer at ure. 11. The process of any of clains REPUSWIRIE N a
portion of the anode waste gas streamis conbusted with an excess air
stream at an excess air rate in a first conbustion zone to provide the
first conbustion effluent streamat a first conbustion tenperature and the

cool ed cohgbllsd®Byunbhoirig] thaléirdt donbRRioRbieshRstatute AarkE agjudting IS Wcbos
zone with a fuel gas streamintroduced at a fuel gas rate to provide the

second @§riBiRsiq BAINRIN & RO fiesh eobusticR demRCEiUBUSt i on tenperature, and

and ad usti -t n FUPcas 8 AT BF el 1 g e T AL <R HRe

t enper algasestredn is combusted with an excess air stream at an excess air rate in a first
combustion zone to provide the first combustion effluent stream at a first combustion
temperature and the cooled first combustion effluent is recombusted in a second
combustion zone with a fuel gas stream introduced at a fuel gas rate to provide the
second combustion effluent stream at a second combustion temperature, and the
process is controlled by measuring the second combustion temperature and

adjusting the fuel gas rate to maintain a uniform second combustion temperature.
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