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5 The present invention relates to hydrogen production,

particularly to hydrogen production by high temperature steam

electrolysis, and more particularly to natural gas-assisted high

temperature steam electrolyzers that will lower the electricity

conswmption to at least an estimated 35 percent of conventional steam
10 electrolyzers.

Hydrogen is a reactant in many industrial processes and is
envisaged to become even more important in the future as a chemical
reactant, as well as a premium fuel. Presently, most of the total
hydrogen demand is met by hydrogen production from fossil fuels; i.e.,

15 by steam reforming of natural gas and by coal gasification. Hydrogen
produced from water electrolysis is much simpler and has no adverse
localized environmental consequences. However, up to the present
time, water electrolysis has no significant commercial application
because the process requires the use of large amounts of electricity,

20 which results in a high production cost.

From the thermodynamic viewpoint, it is more
advantageous to electrolyze water at high temperature (800°C to

1000°C) because the energy is supplied in mixed form of electricity and
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electrolysis competitive with steam-reformed hydrogen, the electricity
consumption of the electrolyzer must be reduced to at least 50 percent
for any current system. However, there is no obvious solution to this
problem because high electricity consumption is mandated by

20 thermodynamic requirements for the decomposition of water.

The present invention provides a solution to the above-
mentioned high electricity consumption in high temperature steam
electrolyzers. The invention provides an approach to high
temperature steam electrolysis that will lower the electricity

25 consumption to at least 65 percent lower than has been achieved with
previous steam electrolyzer systems. The invention involves a natural
gas-assisted steam electrolyzer for hydrogen production. The resulting
hydrogen production cost is expected to be competitive with the steam-
reforming process. Because of its modular characteristics, the system of

30 the present invention provides a solution to distributed hydrogen



production for |ocal hydrogen refueling stations, hone appliances, and
on-board hydrogen generators. SUMMARY OF THE I NVENTION It is an object of
the present invention to efficiently produce hydrogen by high tenperature
st eam el ectr ohy§hsrad A further object of the invention is rorI/pssAssde a
hydrogen produci ng high tenperature steagmelectrolyzer that will |ower the

electricity consunption by at |east 50 td¢ 90 percent relative to current.
steam el ectrol yzglo'ﬂucﬁoﬁ Wt 1Bedt Bkdeh refuelihg stafivasttionme appliaoces; endde a
nat ural gas- 10 ‘assisted steam él ectrol yzer. Another object of the
invention is to PrBoRMehdrpEHLBIEIHBS- produci ng hydrogen by nat ur al
gas- assi sted steam el ectrol ysMWMpn cost is conpetitive
with the steamreform ng hydr ogen roduci ng process...15 Anot her object of
the invention is to proltiigian gbiertgef-the preseRENVRRAAY OSHAEFRYY PEISFSPs system
for | arge-scale J sisocal hydrogen refueling
stations, hone g%‘gﬁégﬁggﬁél?ra s%%?%ea?i?%rﬁ?&%ﬁg@on- boayd gy%ro en
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el ectrol yzer as atghi g% e%fgli ceirsency source for clean energy 25 fuel. Another
obj ect of the i n¥&AY ﬁ:fsyﬁo'provide a natural gas- assisted high
t enperat ure st eam el ect Aofuyther object girtberistvientjon krctoppipvidel 2 nyr &fon of
natural gas_to CO and, hydrogen (i.e., produce Syn-Gas), and wherein the CO
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Another object of the invention is to provide a process for

producing hydrogen by natural gas-assisted steam electrolysis wherein
the production cost is competitive with the steam-reforming hydrogen
producing process.

15 Another object of the invention is to provide a high-
temperature steam electrolysis system for large-scale hydrogen
production, as well as local hydrogen refueling stations, home
appliances, transportation, and on-board hydrogen generators.

Another object of the invention is to provide a natural gas-

20 assisted steam electrolyzer for efficient hydrogen production and
simultaneous production of Syn-Gas (CO+H?2) useful for chemical
syntheses.

Another object of the invention is to provide a natural gas-
assisted steam electrolyzer as a high efficiency source for clean energy

25 fuel.

Another object of the invention is to provide a natural gas-
assisted high temperature steam electrolyzer for promoting the partial
oxidation of natural gas to CO and hydrogen (i.e., produce Syn-Gas),
and wherein the CO can also be shifted to CO? to yield additional

30 hydrogen.
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lower than that achieved with the above-referenced German Hot Elly
15 system, which is known to be the most advanced high temperature
stream electrolyzer designed to date. Since it has been estimated that
about 80 percent of the total hydrogen production cost comes from the
cost of electricity used, a reduction of 65 percent in electricity usage
results in a significantly lower overall production cost. Since natural
20 gas is about one-quarter the cost of electricity (in the United States), it is
additionally obvious that the hydrogen production cost will be greatly
lowered. In one approach of the invention, by use of an appropriate
catalyst (Ni cermet) on the anode side of the electrolyzer, partial
oxidation of natural gas to CO and hydrogen will be produced (a gas
25 mixture known as Syn-Gas), and the CO can also be shifted to COz2to
give additional hydrogen. In this approach, hydrogen is produced on
both sides of the steam electrolyzer. In yet another approach of the
invention, natural gas is used in the anode side of the electrolyzer to
burn out the oxygen resulting from electrolysis on the anode side,
30 thereby reducing or eliminating the potential difference across the

electrolyzer membrane. This latter approach replaces one unit of



both sides of the steamelectrolyzer. In yet another approach of the

I nvention, natural gas is used in the anode side of the electrolyzer to
burn out the oxygen resulting fromelectrolysis on the anode side, 30
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current-voltage curve.
Figure 3 schematically illustrates an approach or embodiment

of a natural gas-assisted steam electrolyzer made in accordance with the
present invention which involves partial oxidation of the natural gas.
15 Figure 4 graphically illustrates the energy consumption of the
Figure 3 embodiment, with a significant reduction in open-circuit
voitage.
Figure 5 schematically illustrates another approach or
embodiment of the invention which involves total oxidation of the
20 natural gas.
Figure 6 graphically illustrates the energy consumption of the
Figure 5 embodiment.
ILED DE E NTION
The present invention is directed to a natural gas-assisted
high temperature steam electrolyzer for producing hydrogen. The
25 novel approach to high temperature steam electrolysis provided by the
present invention will lower the electricity consumption for hydrogen
production by at least an estimated 65 percent relative to that which has
been achievable with previous steam electrolyzer systems. The

resulting hydrogen product cost will then be competitive with



The present invention is directed to a natural gas-assisted high
tenperature steam el ectrol yzer for produci ng hydrogen. The 25 novel
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it is nore adhepresgapinventioreisec highl efficiemayt soured foniagtieareeneegmfurle (800C to
1000C) because thq e}rﬂi‘{ﬁé Is supplied in mxed formof electricity and
heat. In addi 15 Y1 WEREYN t enperature accel erates the reaction kinetics,
reduci ngot he energy |Aspoitite] dut sHowe] fromea fadrmodyasmanviawgointSitiisicr easi ng
the overall systemefficiency. -The.thernpdynam.,cs require a mni num
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15 increasing the overall system efficiency.
The thermodynamics require that a minimum amount of
energy needs to be supplied in order to break down water molecules.
Up to now, this energy is supplied as electricity for low temperature
water electrolyzers and as electricity and heat for high temperature
20 (800°C to 1000°C) steam electrolyzers. The approach used in the
present invention is to reduce energy losses by introducing natural gas
on the anode side of the electrolyzer. Since natural gas is about one-
quarter the cost of electricity, by replacing one unit of electrical energy
by one unit of chemical energy stored in natural gas, the hydrogen
25 production cost will be lowered.
The present invention combines four known phenomena in
one device:
1. Solid oxide membranes can separate oxygen from any gas
mixture by only allowing oxygen to penetrate the membrane (in the

30 form of oxygen ions).



on the anode side of the electrolyzer. Since natural gas is about one-
quarter the cost of electricity, by replacing one unit of electrical energy
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chemical potential of the anode thus lowering necessary voltage for

achieving water decomposition at the cathode by lowering the over-

15 potential for pumping oxygen ions through the membrane.
In addition to combining phenomena 1-4, one embodiment
of the invention prescribes the use of a partial oxidation anode catalyst

together with natural gas, resulting in H2+CO (Syn-Gas}) production at

the anode. This embodiment hence provides for hydrogen production
20 at both sides of the membrane with the synergism of much-reduced

electricity consumption. A further embodiment prescribes the addition

of a CO-t0-CO7 shift converter (known technology) resulting in even
more production of hydrogen (CO+H20 ~» H2+CO3). This addition

also has the synergistic effect of producing heat for steam production
25 necessary for the cathode feed.
In previous steam electrolyzers, such as the above-referenced
German Hot Elly, the cathode gas, located on one side of the
electrolyzer membrane, is usually a mixture of steam (as the resuit of

heating the water to produce steam) and hydrogen, because of the

30 reaction HoO — H+02- at the cathode surface. The anode gas, located
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Two approaches of the present T nvention are i1lTustrated I'n

assisted steam electrolyzer is utilized, 60 to 70 percent of the electrical

energy of the conventional system of Figures 1 and 2 is significantly

reduced. Two approaches of the present invention are illustrated in

Figures 34 and in Figures 5-6, and are described in detail hereinafter.

20 In the first approach shown by Figures 3-4 embodiment, an
appropriate catalyst, such as an Ni cermet, on the anode side of the

electrolyzer, will promote the partial oxidation of natural gas (CH4) to
CO and hydrogen by means of molecular oxygen evolving from the
anode. The resulting gas mixture (CO + 2H3?), also known as Syn-Gas,

25 can be used in important industrial processes, such as the synthesis of
methanol and liquid fuels. The CO can also be shifted to CO2 to yield

additional hydrogen by conventional processing. In this process,
hydrogen is produced at both sides of the steam electrolyzer. The
overall reaction is equivalent to the steam reforming of natural gas. In

30 the steam reforming process, the heat necessary for the endothermic



Figures 3-4 and in Figures 5-6, and are described in detail hereinafter. 20
In the first approach shown by Figures 3-4 enbodi irent, an appropriate

catal yst, suc Ni cermet, on the anode side of the e rol r,

will pronote [\Hgﬁ?@gﬁ al oxidation of natural gas (CH4) to l"%%‘@??ﬂg‘@dr ogen
by means of nol ecul ar oxygen evolving frefrthe anode. The resulting gas

m xture (CO + 2H2)_ .. 0, 0 Syn- Gas ca e_us in | pportant -

i ndustri al procegt)'saedslsll‘ is&éé@%@ﬂ}?”éé‘ﬁ\gw&ﬁ %fztgf naﬁgmbﬁ%gﬁaep qui d fuel s.
The CO can al so blectsiitytiethd ele@iilyter appmiath withdaliriosh 200 perderagarrehy
conventional procgssing. ln thi rpcess drogep. .S _produced. at both

si des of the stegﬁ: ggfsr%‘lp ?8‘?.?0%ﬁgfmbe%efﬁ}wysf%g@&f%ﬁ?c?§%éﬁfﬁ lent to the
steam ref orm ng eptreonat whité tigasf tHelstalth kdfernsing Prodeed 68 I5Peoass, the heat

necessary for the,.endothermc WO 00117418 PCTI US99] 19661 9 reactionis
r ov dod” by bur n PSR f9,8 WAy GHHARAG SecraiEer e B BMOBRY Poi ty i the

el ectrol yzer appelagf dtfeht il feSippidiRhRESHANK FiHiEEBY will proguefoxiri S
expected to yield an overal|l systemefficiency close to 90 percent while
that of the steabHeEFRIEiNNErogesc Mereperghecqaysermost-oithe enetgy\ilen conpared to

a conventional ekg@tngwate is EHSM_Qd&ﬁB?nQﬂQM asOhe R8BS @nSMhpEEH isl N the
approach shown in Figures 3-4 will produce Tour _tinmes nore hydrogen.

Mbr eover, becauswenydew, afid itfie estiimaated td be 0.3k Pihi/mIHy abatteone erdpr ofvi ded by
natural gas, the elegtricit onsunption is ,very low and,it ig estinmated
to be 0.3k¥h neH328RHBUT f‘ﬁ’ﬁ% %?‘ai’?e"g‘rm%t Wﬁﬂﬁﬁ‘?t’%éhq \é\f\’lﬁé’l‘e‘r?f?éﬁmf e anount
required in the dceaven Hot Blgpecdss. Garaddridriob anl Nycapmet 8Sthe chfalyggdi tion to
an Ni cermet as tfg\; catfll %st, Hgéngjr cgt al yst.s y. i ncl yude rhodi ym and
rutheni um Fi gur 8t }'C%ﬁ YeR mgh Lﬁhtc mmxﬁaﬁtrag%%r é:bg_‘gFi‘-"sf"’l , clearly
il lustrates the gRAWCEHIrshtivdltagd BGiridtedticENeadly iB0SAtBLHNGHEARS inn usef ul
energy of the Fi %Ere 15 enbodi nent, when conpared tq that shown in Figure

. 3 : ) )
2 for the conveREfriEnalengtgyandoihe dnsrepse i usefil enegy of the Bigwigr®: 3 i ncl udes a
CH4 15 embodiment, when compared to that shown in Figure 2 for the

conventional steam electrolyzer of Figure 1. Figure 3 includes a CHy
gas supply 10 and a control therefore indicated at 11, as well as a control
12 for the electric power supply 13.
Depending on the conditions (temperature, hydrogen to
20 steam ratio), the potential on the anode side (natural gas side) may be
lower than the potential of the cathode (steam side), in which case, the
electrolysis can be spontaneous; no electricity is needed to split water.
The system operates in a similar way to a fuel cell. By using a mixed
ionic-electronic conductor as electrolyte instead of the conventional
25 pure fonic conductor made of yttria-stabilized-zirconia, no external
electrical circuit is required, simplifying considerably the system. The
mixed conductor can be made of doped-ceria or of the family (La,
Sr)}{Co, Fe, Mn) O3.
In the second approach shown by the Figures 5-6

30 embodiment, natural gas is used in the anode side of the electrolyzer to



gas supply 10 and a control therefore indicated.at 11, as well as a control
12 for the electric power supply 13. Depending on the conditions
(tenper at ur ¢o doyeegen to 20 steamrati o), the potential egriieregede side
(natural gas side) may be |ower than 286 potential of the cathode (steam
side), in which case, the el ectrol ysi's can be spontaneous; no electricity
i s needed to smﬂrntoutvalliéaoxygeﬁhatﬁ&ﬁ(ﬁmtl@epéléa&'d?mb At theSdathdl sig@y to a fuel

cell". By usin ic-electronic conduyctor as electrolyte instead
of the sonventhnBdSine,of BRRHEE the RrterGal Hiiipeense seross the

yttria-stabil lezetckozyzreﬁmxﬂbraﬁa Thié QledBlcityadodsiumptiah f6¢ fiislappicach equi red,
stem The m xed conductor ¢can be made of

simplifying co |der

doped- ceri a oMigbelg “F qfi?’of'{és Perspnt i preyigus gypternsy Theydirpet usecond

appr oachsshokubmﬁxhe &S 4feBS o eRcBRit9E WerBRiie thedhbidla lgﬁﬁm'hﬁl used in the
anode si de of e el ectrol zer o, WO 00/ 17418 PCT/ US99/ 19661 -10 burn out
the oxygen re ?@nF?WFHYW iclenry s Bighyast6Qcpeseant vith xespect to t hus

reduci ng or el Iﬂ1 hﬁumogﬁtﬁi diidi&hs % Lectrol yzer
menbr ane. Theﬁerl eciri c?%)x consunp tIOI’?af ofr, th |E£§bﬁ%{gg§ﬁ rf&Le reduced to
about 35 perc@ffﬂ“@?c}’pfﬁmﬁg a§§§?‘@8ﬁ efflﬁlﬂftcmqféetpemset@rdhe natural gas
instead of el Q:Sﬁ&érﬁio%flﬁx L ) tbhﬁ‘ec?ﬁﬁ\ix E}.aaafﬁ%ﬁtb@éauséim‘fefence Wl
yield an efficiency as P{g percent respect to primary energy,
whi | e cdBvent NEWaProsgsstrepaces,qiiesmit %ftelﬁfé@@almemrhyme ugit pf enezgyy (assuni ng
an average ef fehfleRP &Y nHurdGaB &t SR@Huéx‘?ér ﬁmg‘%ogtOBYeelli gerpép(flfdcﬂgﬁy energy to

electricity). In addition, Dbecause new pr aces one unit of
el ectri cal enépgwﬁybmm@ﬁmﬂymdem glyl adsiemremuh ﬂ\erﬁngaIS fas at

one-quarter t r gnificantly
reduced. In agg}bﬁlﬁ?%\emt i e Ee)ﬂg?%t}?eﬁqg?% &q}ﬁ%ﬁgﬁ& ag&ﬂﬁe controls
11' and 12 ofeletctre:al?bﬂb;@yx%lﬁwpmhbl@& valyebe Iratﬁabetmpﬂltb(e 13", it is

possi bl ?St 0 V%{e\étrgcrl]tei' 1;1?){1 é) ?he naeiuratl gas input in response to fluctuations in

relative prices for natural gas and electricity. For example, during

electricity off-peak hours, the amount of natural gas can be reduced.

The gain in useful energy and the reduction in wasted energy of the

Figure 5 embodiment is clearly illustrated by a comparison of Figure 6
20 with Figure 2.

It has thus been shown that the natural gas-assisted high
temperature steam electrolyzer of the present invention lowers the
electricity consumption to below the necessary 50 percent reduction to
make electrolysis competitive with steam reforming for the production

25 of hydrogen; and thus the electricity consumption is 65 percent lower
than was achieved with previous steam electrolyzer systems, such as
the German Hot Elly system. Since hydrogen can now be produced
from water electrolysis, which is a much simpler process than steam
reforming of natural gas or by coal gasification, hydrogen production by

30 water electrolysis will become commercially competitive with the

other processes and will be viewed as environmentally friendly.



15 electricity input and the natural gas input in response to fluctuations

in relative prices for natural gas and electricity. For exanple, during

el ectricity off- k _hours, the amount of natural gas can b . The

gain in usef ulfw%ﬁ)Z’?w and the reduction in wasted energy ofﬁf'{]’gﬂb@%glure 5

enbodiment is clearly illustrated by a cdhparison of Figure 6 20 with

Figure 2. It has,thus been_sho hat, t.he [ 3Lk 18SS| d high

t emperature stea?ﬁcéfz%ec?&gﬁ WgPﬂgfﬁﬁrﬁgﬂﬁ%&&%‘% ot ve%{%? (t)l% )? llg\gxéen(r%s t he

el ectricity consimptiicm ptavideh colutibe toelissbatey Herpgrcpmtduciatubixi on to

make el ectrol ysi titiv i th,steam reform.ng faqr. the. ptoduction 25 of

hydr ogen; and thf?§§1t%8$eé’(:feﬁe\ﬁqgf@f?ﬁ§u fgﬁﬁ%gggqb@ge%rﬁ&%%? t han

was achi eved w t énpoerd louRogdreganenites! Dwhyditionsthetsgstems ofi te pesertthe Ger nman

Hot Elly system, Since hydrogen .can_now oduced,, f ,om wat er

el ectrol ysi%, whfVRAHQQ ﬁ’}/‘ﬁll&ﬂsegif%r e’?ff“%??ép OBPAN YL K% or i ng of

natural gas or byrogRetion &siihd@atidlolantd v fRoSRmiad dyitthedls) d8ywealDaswat er

el ectrolysis w Iv\ii(ggg‘gpme comer c¢i al | con%eti tive Wt hllt e other processes
IGPRAY SEHTRR HeLR Fipan pRETRY IFYel RInelyy AydFegebCTI US99/ 19661

and will be vie

Because of its nodul ar wiaegatenlstdiodiRatsS whi@ s, Pardhetel), @&ENt
i nvention provide a solution to djstr.ibuted hydrogen production for | ocal

hydr ogen ref uel i hyedegnillbtratadand/gpgescainedsuch apaotdrterded o band  on- boar d

hydrogen ggner at Bigind. MREHichi O arld@rad¥sd REP bBéorhd BpPrE®OBlthose | NVeNti on
can be used for | arge-scale hydrogen and/ or n- Gas 'production for

i ndustrial plant$killgd iotheasb ppd dl isdpienped that the ingeption de Aimitgd®pls £ i ci ency
source for a cl e@yﬂﬁrg%ﬁyoﬁ&[gla'pmlcmmgydrogen. Wil e particul ar

enbodi ments, materials,” paraneters, etc., have been illustrated and/or
descri bed, such are not intended to be 10 limting. Mdifications and
changes may becone apparent to those skilled in the art, and it is
intended that the invention be Ilimted only by the scope of the appended
cl ai nms.




WO 00/ 17418 PCT/ US99/ 19661 -12 THE I NVENTION CLAIMED IS 1. In a process
for producing hydrogen by steamelectrolysis using a steamelectrolyzer
havi ng a camwmmarasde and an anode side, the inprovenent pepkRdsSéenO:
supplying natural gas to the anode si dﬁ of the steam 5 electrolyzer to
reduce the consunption of electrical %rgy. 2. The i nprovenent of Claiml1,
additionally including positioning an appropriate catal yst on the anade
side to pronote the partial oxidation of the natural gas to CO and
hydrogen, thereby producing a Syn-Gas m xture. 10 3. The inprovement of
Caim?2, additionally including shifting the COto C02 to produce

addi tional hydrogen. 4. The inprovenent of Claim2, wherein addition of the
natural gas results in a reduction in electricity consunption. 5. The

i nprovenent of Claim 1, additionally including 15 varying the ratio

bet ween the natural gas and electricity inputs in response to fluctuations
in relative costs of the natural gas and el ectr|C|ty 6. The i nprovenent
of Claim1l, wherein the nat vy n out the oxygen
resulting fromelectrolysis at 0 st de, thereby reducing or
elimnating the potedtIBp R!P‘feﬁ%f%rl’é@d%ﬁlﬁ)b}édloﬁén by isteenry elegtedysisrenbr ane. 7.

I'n a high tem@fn%td%t@axﬁte?&fﬂoﬁ}z%h&\ﬂn%%‘iraﬂ{ya\é's'fl:fb a4 aﬁ%ﬁ Gdd Quy4RE menbrane,

a gas on the cathode side of 't he nmenbrane e anode Si de of the
menmbr ane, and iBPERYEMeNE| camRmsingor | 11111 | IIIIII I I 1/ I e I B B I Y10
00/ 17418 PCTI US99/ 19§§§plym1g3namral gas to the anode side of the steam

5 electrolyzer to reduce the consumption of electrical energy.

2. The improvement of Claim 1, additionally including
positioning an appropriate catalyst on the anode side to promote the
partial oxidation of the natural gas to CO and hydrogen, thereby
producing a Syn-Gas mixture.

10 3. The improvement of Claim 2, additionally including
shifting the CO to CO2 to produce additional hydrogen.

4. The improvement of Claim 2, wherein addition of the
natural gas results in a reduction in electricity consumption.

5. The improvement of Claim 1, additionally including

15 varying the ratio between the natural gas and electricity inputs in
response to fluctuations in relative costs of the natural gas and
electricity.

6. The improvement of Claim 1, wherein the natural gas is
used to burn out the oxygen resulting from electrolysis at the cathode

20 side, thereby reducing or eliminating the potential difference across the
electrolyzer membrane.

7. In a high temperature steam electrolyzer having an
electrolyzer membrane, a gas on the cathode side of the membrane, a

gas on the anode side of the membrane, and electrical means for

* C L M 5 *



heati ng the cathode side gas and the anode side gas, whereby hydrogen is
produced, the inprovenent conprising: nmeans for supplying natural gas to

t he anode gas _to rn out oxygen resulting fromelectrolysis, thereby
reduci ng or eﬁ%%?ﬁzfﬁng the 5 electrical potential differctCeUSIUIBES ¢ he
el ectrol yzer nenbrane, thereby reducinglBhe electrical consunption of the

steam el ectrolyzer.. 8., The.inpravenent., of G aim,7, wherei,n {he cathode side
gas is.conposed g?ahélgrﬁ‘%tcﬁ%fq%fﬁgtgg% %ﬁ‘@ Wg? 8188&“@&3%@ fl}(r%lgg%nent of
Cl ai m 7, wher ei nist predanatahs imprayementl Gomprisingposed of natural gas. 10. The
I mprovenent of Claim 7, _additionally includin catal yst _qn the anode
side of the nenbrane. 1&‘.93%}(? FHB?QS%’@&E%‘(“%@%‘%PWT@‘% éﬁetf’gﬁ“ﬁ“?h‘rd
catalyst is conpogea reultng Glone bleaedlgsis, atiedeb Fedieng boHimGRfiag Ihé ng of N
cernets, rhod]iﬁum nd ruéé%m 12. The mgtréoverrent f CI@; m, 10,

addi ti onal |1§ i ncf EF\‘?SI PofeRy rgugeactoss the glegiuelyzermembrane; ef")PYi nput and
nat ural gas i npufedding!ihe ehitaetal sor@mplidn of tRe biERMOM zef Claim7,

additionally including a _20_m xed ionic-electraonic conductor as an
el ectrolyte. 14. The i n$r d0eiBRIovSMent af Glaim 7, whereinthe pthpdscgide conduct or

I s conposed of S5k Icain die&taeﬂi,&ﬁﬁrafts&gnggzwpy&gga_sti ng of doped-ceria,
and the famly (La, Sr)(Co, Fe, Mh) 03. 15. A natural_ gas-assisted steam

el ectrol yzer for producinghe imprayamenkef Claim 7y #ihetein therrader i 23 nenbr ane

having a cgi hodeis%gﬁ,o@gmo%tumggge_ side, nmeans for supplying a gas to the
cat hode side, neans for supplying a gas to the anode side, 30 neans for
g

suppl yi ng el ectrical entk anpresementf delaim deadgitionally including a
catalyst on the anode side of the membrane.

11. The improvement of Claim 10, wherein said catalyst is
composed of material selected from the group consisting of Ni cermets,

15 rhodium and ruthenium.

12. The improvement of Claim 10, additionally including
means to vary a ratio between electricity input and natural gas input on
the anode side.

13. The improvement of Claim 7, additionally including a

20 mixed ionic-electronic conductor as an electrolyte.

14. The improvement of Claim 13, wherein the mixed
conductor is composed of material selected from the group consisting
of doped-ceria, and the family (La, Sr){(Co, Fe, Mn) O3.

15. A natural gas-assisted steam electrolyzer for producing

25 hydrogen, including:

an electrolyzer membrane having a cathode side and an
anode side,

means for supplying a gas to the cathode side,

means for supplying a gas to the anode side,

30 means for supplying electrical energy to the cathode side and
the anode side for heating the supplied gas, and

R N



t he anode side for heating the supplied gas, and |1 1111111112FIT1T1till
111111 CL MWD 00/17418 PCT/ US99/ 19661 -14 neans for supplying natural
gas to the aondargsde. 16. The steam el ectrol yzer of C ai pribsecaskditi onally
including a catalyst on the anode si d 17. The steam el ectrol yzer of
Claim 16, wherein said catalyst 5 is s«gl ected fromthe group consisti ng of
Ni cernets, rhodium a:ndansmrbapplgrmg ddftural lges &iﬂammue@ideol yzer of O ai'm 16,

S o1 gor U, R o ekl il ool Rt "

gas- assi st ed sj estalyst &¢thetdnpdeside! C ai m 15, add| tional y i ncI udi ng an
el ectrol yte conposed m xed FGFI c- el ectronic conductor The

nat ural gas-assisted Yt ethf BeHRe 9]2'5?"%C@%llﬁawbe’elmgéﬁﬁ*}l)@él d m xed

conduct o5 i s cirpReRd fﬁfmf‘fﬁégfdtqi cc&eisaﬁg%dmr&fmeé&ﬂ&aﬁuﬂr&up consi sting of
doped-ceria and bhefamly( Sr) (Co, Fe, M) I TUNTT 111212 1111
11111 11 1111 Retpegjusn.

18. The steam electrolyzer of Claim 16, additionally including
means for varying the electricity supply thereto and natural gas
supplied to the anode side.

10 19. The natural gas-assisted steam electrolyzer of Claim 15,
additionally including an electrolyte composed of a mixed ionic-
electronic conductor.

20. The natural gas-assisted steam electrolyzer of Claim 19,
wherein said mixed conductor is composed of material selected from

15 the group consisting of doped-ceria and the family (La, Sr)(Co, Fe, Mn)
O3.
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