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1 DIESEL STEAM REFORM NG-W TH CO2 FI XI NG BACKGROUND
OF THE INVENTION 5 Fuel cel{s provide electricity
from chem cal oxidation-reduction reactions and
possess significant advantages over other forns of
power generation in terns of cleanllness and
efficienlc::)i;E TE)&Jicalllé, fuel cells e dro en as
t he fuel DHRSEISIEA SREF@RMIN(ile gé@t ower
10 generation is generally proport| onal to the
consunption rate of the reactants. A S|8ni ficant
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Fuel re steam reform
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hyairdbesibarb fieeld yqurently tussdnpoomud avedr gsneratiobsystems. One
m%gg’éd gsveqeatn@atmnd.mﬂ h%e tﬁ{:e %é’%“d rét’&r@l%?s R{nog&ﬁ\‘ren the

uses on exc
h%rﬁ@aehfm( toemhyéirogﬁncach g@st efegam dhat §an tieceeed as a feed for
fue9Rbpgn nants reduce the value of the product gas in
part due to 25 the sensitivit f PEM fuel cells to
car bEHERERTENEE BiRGeSsRS, duch) a8 stean el patighsyidation,
andfamtmthegnar referating acdrybe asadhooheed hydrsdarb@s fuels such as

BB 1953k o 501 3 o 2, yfcction

tcnt}rm desised produst drydiogen atnalegirabieTihyprodyclr ¢cappowtidg kech as
%1 th (ﬁ]%glﬂgcarcggén}bgé hiGRYGASL G %h Cart@%ﬁir@d&& gas. Eor many

rogen nonoxi de, I OXI

UPRS.oBHTh @spfugdjet paeteni excttwstg@ameyﬂbr@aet FEM) it alkalipss fuel
célly, fthe@é?@ohféan‘ﬂﬂhﬁi% radeibe Qhe W2RUE BF BN pRENRX IR ihSpart due to

ARS8 R %raéﬁé’ri‘hto%xﬁf@geﬁmd S 0 be

| ar gin ammt\entuumltsteaﬂmatef@mngymbc&é Ya hgﬂmdarbmn feed, such

2 shotnete NElugal R Ao st oA of Bose. s vaporizea,

mixad witbaateam, andpasaed aveedestcam tafonngng roataliigtd r Dloge majority
opqhétﬂéehohkq&%cgﬂ:?drf & é(ﬁn‘(f%t'ted-rﬁ?sae JQ{"?‘Q‘% bf'ﬂly'd%%erput:arbon

ecttve oxi
moswide, aedcaarbem diexidsi e refosnintpsisigst gas is typically fed to a

water-gas shift bed in which much of the carbon monoxide is reacted with
steam to form carbon dioxide and hydrogen. However, water-gas shift beds
tend to be large complex units that are typically sensitive to air, further
complicating their startup and operation.

After the shift step, additional purification steps are needed to bring the
hydrogen purity to the desired level. These steps include, but are not limited
to, selective oxidation to remove remaining carbon monoxide, flow through a
hydrogen permeable membrane, and pressure swing absorption. However,
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hydr ogen per nmeabl e nmenbrane, and pressure sw ng

absorption. However, 2 evemn selective oxidizers that
are intended to clean up carbon nonoxide, are often
not sufficiently selective. Typ| cally, even the nost
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refe @gwgﬁz
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desul phuri zation unit for reducing the sul fur content

of the hydrocarbon fuel, a pre-reforner for

catalytically CCSNMMARU ORFHEMVENTION fuel to a .

m xt

ret of nEPresert BUenich BURR R I 8 feChERbsec or steam
refoanivg bulﬁy-qcmt@nr@f i@ydracerb@mrf@am Thenpiepedted fuel processor
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5\?ea%1bou{ %bal’egand more preferably above about 550°C. The carbon
dioxide fixing material is preferably an alkaline earth oxide, a doped alkaline
earth oxide or mixtures thereof. The carbon dioxide fixing material is capable

of being regenerated by heating at a temperature above the steam reforming

temperature, but preferably above 550°C and more preferably above about

600°C. The carbon dioxide fixing material may be heated by flowing a gas



10

15

20

25

30

35

tenperature, but preferably above 550C and nore
preferably above about 600G The carbon dioxide
fixing material may be heated by flowing a gas 3
stream t hrough t he materl al such as a stream of heated
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_ reactor for removing carbon monoxide, carbon dioxide or mixtures thereof

from the reformate.

In a process aspect, the present invention provides a method for steam
reforming a sulfur-containing hydrocarbon fuel. The process comprises the
steps of reducing the sulfur content of the sulfur-containing hydrocarbon fuel
to produce a reduced-sulfur hydrocarbon fuel, catalytically converting the
reduced-sulfur hydrocarbon fuel to a mixture of C; and C, hydrocarbons,
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In a process aspect, the present invention provides a
met hod for steam 35 reformpg a sul fur-containing
hydrocar bon fuel. The process conprises the steps of
reduci ng the sulfur content of the sul fur-containing
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mate, reno rogen-r
mosEEidentcarbem dii%qa\@\nmb n@aﬁum] th\eneofu @an beo reyapisedth from the
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o8Bt 274 bl FAS! BT Blpefitie aboe e
steatrodéfoeming tevepematiredicofelehsed fizee rdarbon edioxide whild steam
reffblfrﬁlpgrthgaw %l%!@ bk 8§ a'i'nﬁe(};a@)z&o%rb%%@tlh %gseacondr(?atta!yst bed.
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reformate, and feeding the hydrogen-rich reformate to an anode of a fuel cell,
wherein the fuel cell consumes a portion of the hydrogen-rich reformate and
produces electricity, an anode tail gas and a cathode tail gas. The method
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hydrocarbon fuel to a mxture of Cl1 and C2
hydrocarbons, steamreformng the mxture of C and
C2 hydrocarbons at a steamreformng tenperature in a
catal yst bed to produce a reformate conprising
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30 oxide(s), a doped al kaline earth oxide(s) or
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It is envisioned that the system will have two or more steam reforming
beds such that one or more beds may be generating reformate while the
remaining beds are being regenerated. An integrated system in which tail gas
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illustrative exanple the heating is acconplished by

electrically resistant heating coils. Alternatively,
a heat exchanger may be incorporated into the design
of the reactor such that steam exhaust or other heat
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The methane produced within pre-reformer 50 is directed via line 52 to
a steam reformer 60. Within steam reformer 60 is at least one catalyst bed.
As illustrated in FIG. 2, steam reformer 60 will preferably have plurality of
catalyst beds 64 and 66 with flow control elements 61 and 63. Reforming
catalyst beds 64 and 66 are comprised of a mixture of catalyst(s) and carbon

 dinasiigxthdrigh vaporizer 40.
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car bon di oxi de, hydrogen and potentially other

contam nants. |If there is 25 residual sulfur in the
fuel stream the sulfur conpounds will pass through
pre- reformer 50 and be fixed in the carbon dioxide
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The purified reformate stream (hydrogen-rich reformate) is optionally

- cooled and then flows to the anode of fuel cell. The fuel cell typically uses 70

to 80% of the hydrogen to produce electricity while the methane flows through
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used in nost fuel processors. As noted above, and
where addi tional reductionsyin carbon nonoxide are
desired, water gas shift catalyst can be included in
the catalyst bed or a separate shift reactor may be
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reactor such that steam, exhaust or other heat sources such as heat pipes
can be used heat the reactor. Another altemative is to heat the carbon
dioxide fixing material by flowing a gas through the bed under conditions in
which carbon dioxide is released. More specifically, where the carbon dioxide
has been converted in the bed to a different chemical species, regeneration
can be achieved by flowing heated gas through the bed so that calcium
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a tenperature above the steamreform ng tenperature.
As noted el sewhere 20 hereij, steamreform ng may be
carried out at tenperatures between about 400 C and
about 800 C and preferably above 500C and nore
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hydroxide, or any combination thereof. The carbon dioxide fixing material can
be regenerated by heating at a temperature above the steam reforming
temperature, but preferably above 550°C and more preferably above about
600°C. The reforming catalyst can be any reforming catalyst known to those
of skill in the art, such as nickel, platinum, rhodium, palladium, ruthenium, or
any combination thereof. Furthermore, the reforming catalyst can be
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A skilled person in the art should al so appreciate
that the present inventionjal so enconpasses the
following illustrative enbodi ments. One such
illustrative enbodi nent includes a nethod for
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Optionally, but preferably, the method further includes the step of reducing the
amount of carbon monoxide and/or carbon dioxide in the hydrogen-rich
reformate by subjecting the hydrogen-rich reformate to one or more of a water
gas shift reaction, methanation and selective oxidation. It is expected that the
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reformate, and feeding the hydrogen-rich reformate to
an anode of a fuel cell, wherein the fuel cel
consunes a portion of the hydrogen-rich refornmate and
15 produces electricity, an anode tail gas and a
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10 bed effluent between the reactor and exhaust. The

apparatus can include a reggtor, such as a

nmet hanati on reactor or selective oxidation reactor,

capabl e of reducing the carbon nonoxi de concentration

qg%mhf:effluent of at least one of the catal yst beds.
uel cell is also envisioned operably connected to

the apparatus for producing electricity and
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rege QN [ er. preheater can be
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regeneration. Wiile the apparatus and nethods of this
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i n t RRMAYNICHGN With the PsaEsiorpen andias Galalveigbed for producing
pr ocadwatkx exhdned gasr ei n wi t hout departing fromthe
concept and scope of the invention. Al such simlar
substitutes and nodifications apparent to those
3ski | Adtethadifnegenerating elerdeit the ntathod chimprising theapieps of:
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carbon dioxide fixing material Tor f1xing at east a
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pr odkwxfrogen-rich reformate and produces electricity, an anode tail gas,
and a cathode tail gas.

4, The method of claim 3, further comprising the step of feeding the

anode tail gas and/or the cathode tail gas to an anode tail gas oxidizer
to produce an exhaust gas. '



hydrogen-rich reformate; and a fuel cell configured to
receive the hydrogen-rich ngformate fromthe fue
processor and wherein the fuel cell consunes a
portion of the hydrogen-rich reformate and produces

5 ehect (1 GLLY, e ' . C 0 tai.
Tas. 150 piahdY e bPniter SifondRd, fe” HtioBF sisfg the
conb@athan idioxidei tiking omalerialatd en teinpleratbee above the steam
pr e- FefoRhirRy tewiskra bng a
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el ectricity, the nethod conprising the steps of:
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reformate Conprising hydrogen and’ car bon di oxi de; and
fixing at |least a portion of the carbon dioxide in the
reformate with a carbon dioxide fixing material in
the catalyst bed to produce a hydrogen-rich
reformate; and feeding the hydrogen-rich reformate to
an 30 anode of a fuel cell, wherein the fuel cel
consunes a portion of the hydrogen-rich refornmate and
produces electricity, an anode tail gas, and a
cathode tail gas. 4. The nethod of claim3, further
conprising the step -of feeding the 35 anode tail gas
and/or the cathode tail gas to-an anode tail gas
oxi di zer to produce an exhaust gas. 14 5. The nethod
of claim3, further conprising the step of heating the
carbon dioxide fixing material to a tenperature above
the steam reformng tenperature to rel ease fixed
carbon dioxide. 5 6. The nmethod of claim4, further
conprising the step of reducing the anount of carbon
nonoxi de and/ or carbon di oxide in the hydrogen-rich
reformate by subjecting the hydrogen-rich reformate to
one or nore of a water gas shift reaction,

nmet hanati on, and sel ective oxi dati on.



