-, {| e3edXa|] 46TXAl /21 March 2003 NATURAL GAS- ASSI STED STEAM ELECTROLYZER
. The United States Governnent has rights in this invention pursuant to
Contract No. W 7405- ENG 48 between the United States ar t of Energy
and the University of California for the operation oizqﬁgﬂfghn?@b%l ver nor e
* National Laboratory. BACKGROUND OF THE I NVENTION 5 The present invention

rel ates roduction, particularly to hydrogen production by high
tenperatumHWMHMMﬁmmmEctroIysis, and nore particularly to natura

" gas-assisted, i gh tenperature steamelectrolyzers that will |ower e
electricity consunption to at |east an estimated 35 percﬁmwuwwmwmmmﬁﬁtional
steam 10 el ectrolyzers. Hydrogen is a feactant in many i I cesses
and is envisaged to becone even nore ifportant in the future*ésifa chem cal
reactant, as well as a premumfuel. Presently, nost of the total hydrogen
demand is net by hydrogen production fromfossil fuels; i.e., 15 by steam
reform ng of natural gas and by coal gasification. Hydrogen produced from
wat er electrolysis is nmuch sinpler and has no adverse | ocalized

envi ronnment al consequences. |-lowever, up to the present tinme, water
el ectrolysis has no significant conmmercial application because the process

requires the use of hNXPORAIDEASAGKISTESS STEANORLIROTROL G IES I LS Tn 2

hi gh production cost. Fromthe thernodynam c viewpoint, 1t 1S nore

advant ageous to el ect TBe Hteghblatessboregment has eighisein Hosinveniornoo' )

because the ensiQyahsioocBRlch@IND WITABUEIIOLAB BltwileRCink (G 21 March

2003 -2 heat.q%%[g eN boéréﬁn'?zr et al., "High Terrpéer“géteﬁre éﬁ%%%?gwgsls of Water

\I_/I;lgor - St a’ltE us oﬁ)emrglgll)ppfiggergamh@émgpewmy tbbCzl_MmhiacMitbatl nt. 1.1.
rogen Ener . . in | n. | enperature

accel erates t%;é)e} g%% ioé al‘("frgéﬁ %‘s",‘“—?’%qgﬁéulc“%ﬁé’“%ﬂga%" Pogfy'loss due to 5

el ectrode pol ari zati on andBAQKCIRQUN : [EINNVENTISINmM ef fi ci ency.

Typi cal high tenperatyre electrolyzers uc s ,the Gernpn Hot Elly system

achi eved?92 per cent ejlllé%tplr?sl?é‘} "é‘f%\%@“e’;‘?@e%\ﬁﬁ ?‘_é!df‘?ﬁ@“t BFPEE’P‘%SH&\'e

el ectrolyzers gaticiReltodhydiegtn Prodedtioarby Bigh Gingpéituredgeaove referenced

br 0dUGes  hydr AUSHTATIBLEA MUF PArEEATD & NS hBASHGIRed BIgh mod. hydl oger

produces hydr : med hydrogen.

To pronote w It B1eP8 @t it -4 C hydrogen, the

hydr ogen prodﬂ%?ﬁ%ﬁggggg&%gggegg ﬁgagreafQ&ccgggfhggg%eﬁﬁngErnan anal ysi s

of the Hot 1; ldonsegygitam toablolenstsh pstitcaied 35f perient oft ednviepdiongkstepmoduct i on

cost caqq‘be at%éép&&g&%’;o the 15 cost of electricity needed to run the

system “Ther ef ) ke el ectrolysis conpetitive with steamreforned

hydrogen, the el ectri Blydrogansunpihcant &f nlahg iabastiadlpydessdsusid e reduced

to at | east 50 percent fé):r %kn}%/ current . system, I-iomaver, there.ig no

obvi ous sol ut i G BERCs PEY erfifpRCauLE Aitgnt 1 He futere §° et on i s

nmandat ed by 20rehPRREREYNETRS alfiamitAReL SPfe@éntly)emeacsmmpesbtdlon of water.

The present invention provides a solution to the above nentioned high

el ectricity cordregen mw%;%ﬂr;&l@gﬁéiafan@r@@fawég& ffaﬁ;gl}zféels,s,';%g .

i nventi pr ov E-Teleld fudi SIBeAlIWRishLEam fd:,tnﬁg ysi s a

wil | Ioagr the$€F%g§?€C|tfggS consungyhon tgcqt%feést %5 percert | ower than

has been achi eprdluted Hrqmevateuslestrelysisdb aradtosipyder spd thesmo adnersevent i on

[ I t l - i sked, st | ect rQl f hy,d ducti on.
The resul ti ng FHAREFRBFRMERb FORSHENSe JIRVEEEr. 4P I e RBRT | ve with

the steant ef or fjinkd witeiC@e&trolBes dis raddighifieaiPedinaiereinbappliedtici i cs, the

system of 30 the present inveéntion Pr ovides a solution (i) distributed
hydr ogen 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



21 March 2003 -3 production for |ocal hydrogen refueling stations, hone
-appl i ances, and on-board hydrogen generators. SUMMARY OF THE | NVENTION It

is an object of the present invention to efficiently Rrqduc drogen by
,high tenperature steamelectrolysis. 5 A further obj e?ﬂ%&?“‘ﬁhg&ﬁwenti on is

-to provide a hydrogen producing high tenperature steam el ectrol yzes that
will lower the electricity consunption by at |east 50 to 90 percent
.relative to current steamelectrolyzers.. A further object of the invention
"is to provide a natural gas 10 assisted steam el ectrolyzes. Another object
of the inventi ohedts See Wr Quirdtz et dr,0dEsk FampeprtuvuElastyolysiir ofdVaty nat ur al
gas-assisted stgam electrolysi s, wherein tge pr. dlég} iro;l{ c cst". i S etitive
with the steamre&fSrm ng rogeﬁ produci ng B‘F 0C6gs gpAnaéfoﬁ’erf“g'g?ect of

the i nvention iﬁﬁummmaudﬂggmgwypenaamtmmumm@{ Ethp@laysdes system
for | arge-scale roge roduyction,. as |l as |ocal drogen refueling
stations, hone %l%%tjef%ltﬁfjgéé) ret‘"‘Fﬂ?l’%B&%‘&fﬁ%ﬁf‘“&ﬁcﬁ‘ﬁﬁpﬁbﬁ? B;gﬁ dfen
generators. AnoglRewkodipBhirizafioh hadi in¥@ALIn@NtheSovePalPE PitbAiteMicliaicyr al gas 20
assisted steam el ectrolyzes for efficient hydrqogen productiqn and

si mul t aneous pr bypical bighdemperatage electenlypsrsy seshins the Gerpan &4et BNint heses.
Aot h ous ! . AL Ut : t
not her ~obj ec wast éﬂél{g?ﬁ& Q’PEefcﬁnf QIePtrrﬂ%ﬂ Qﬁlcf’eedggt‘b'ﬁﬁé l&gﬁgﬁﬁgﬁp?g steam

el ectrol yzes as ciency source tor clean energy 2 Anot her
obj ect of the ielectuolysersicantreagly ahvinget & percentgffigigncysSeenbaveri gh

tenperature ste I I i t. Ayl xi-dation of
natural gas to %@%ﬁgg%%r%é’gﬁz %?gléwg%?%d‘lﬁ}gemgﬁﬁ?@i%@’éﬁ%tbdeﬁwgi n the CO
can al so 1ge shi fjstemtstiliGoduces/hypdrdgeanldt Ab@utavicdthvycisogethe stezth March 2003

(4 Anot her object of the inventjon is to provide a natural gasassisted high
t enper at ure ste’éﬁﬁePEP%‘it}WGF?&eé’s t@m@f’%‘?‘ﬁtet‘l’fgieﬁ&fiﬂda?“'éﬁg predy¢tion skthe o burn

out the oxygen éﬁﬁbejti’&Q\}fdrﬁgérﬁ|tﬁ@h!’yﬂ}dg%' Spt%ﬂ_uEhén 0998 ust Be ok beaeby
reducing or elimnati'ng t'the el ectrital potential difference 5 across the
el ectrol yzes nefseendéng to thecermpiy) aralysian theilih Gy ey steim tdboub B8s ent
invention wll { : i CLh Pt |

acconpanyi ng drggm&gg§9 g‘la%??glglt}\ygwépﬁ‘ﬁ g&z&%&%&%ﬁggﬁv%%g%u%gttﬁgg

gas- assi stbed st esshoflebmtridly nesietloo redftheisgstehy Pheadémientp makeogen. The

el Sct 1 ci Ly contlihgeRan upHan BB Beabiiy N Bitore B PRI er e by
at |east 65 pere@umptioRsf thcelb@folyidtemabelsd Fddiickdl 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



consunption of the natural gas-assisted steamelectrolyzes is 65 percent
Fower than that achieved with the above-referenced Gernman Hot Elly 15
system which is known to be the nost advanced high te ature stream
el ectrol yzes designed to date. Since it has been esti rfgijgéarﬁﬁafo%out 80
.percent of the total hydrogen production cost conmes fromthe cost of
electricity used, a reduction of 65 percent in electricity usage results in
a significantly | ower overall production_gqst. Since natural 20 gas is
about one-quarter the cost of electricity (in the United States), it is
addi tional 'y obypredsctidiafortibéal ydirogen refuelitie siabidns ORbmei dpplidacey, aatll v
| onered. I n one approach of the invention, by use of an appropriate
catal yst (N cePRgHO?r ﬁ‘)’tdr‘i%g%{hgﬁéer%ﬁod% of the electrolyzes, partial

oxi dation of natural gas to (?mﬁgé%mggﬂmgml@gduced (a gas 25

m xture known as Syn-Gas), and the can al so be shifted to CO2 to give
addi tional hydrogen. | dtihen objegt ebtie plegentogeentien to effirientyoprasbice si des
of the steam el T .of the invention,
natural gas is S\&tgé%éétzﬁig;éﬁng%ﬁﬁ%@ggﬁgféatnﬂg%ﬁgg@%l yzes to burn out the
oxygen reshl ting from ehdatthet phjest ointhehiavamiole iss tadprovd@e tahleydrogen educi ng
or elimnating the ﬁot ent.i @I di ffc—gren(ie acrlocgs lt he ﬁ\l gct.goll é’zez menbr ane.
This latter appPSRBHCPESTERAETBRETYS Feyp elegiolyger thab gl logrer the, ¢\ ¢4
energy by one umridctidfityeo@isgynmiort byt leasnsa w o pgaenbtelatiedunchgent he cost,

t hus reducing the overall h%dr ogen production cost. BRI EF DESCRI PTI ON O THE
| NVENTI ON The aé&%ﬁ‘b&iﬁﬁr W4§FSwi ngs, which are incorporated into and form a

part of the disclosure, Aifhmes bﬁfe&m\@dh%ﬁ'ﬁé‘miﬁtdbﬁ)\ﬁdéﬁ%ﬁﬂi&é)?ga@ﬂd,
together with the description, serve to explain the principles of the

i nventi onlOFi guraésiiteslcﬂi@amtﬁl@éﬂoﬂ);@eﬂ lustrates a conventional high
temper ature steam el ect gbygesyd gHie: AVIRABRICR biodibkbUshatasikhe ener gy
I'C O S n Flrgur

consunption 10 characteris e system shown repr esent ed
in terms of currpotuviogtiggiogen by naRirglgas-3ssistéd sehircealeklyolysisusheires an

h nbaqdi t, of t, | - J d st | ectrol de i
o dance w t nnkhdrpruiet e someRalKe shf o GaB RPrTae BidfsEron o
t he nat ur al gas.prbauaingtp@céksgraphi cal ly illustrates the energy consunpt-i on

of the Figure 3 enbodinent, with a EI gnj ficant reduction in open-circuit
vol tage. FPgure 5 schenﬁf‘P@&Fl"@’lqcFP LhG ventignde e Pragisieoa il enbodi ment

of the inventiOﬂeﬂﬁﬂf?ﬁﬁé‘y@hx\ﬂeéeétﬁﬂ%is@yét@ﬁ\tfd?'la e-4cAf R@aa&g@wal gas.

Figure 6 graphical i I'Tustrates the energy consunption of t'he Figure 5
enbodi ment . DETAMoEDchasGRI wall as lar] hygrogeverefuaingrsiatipneshemei nvention i s

directed to a n I - i i o t t trolyzes for
pr oduci ng hydr og“ﬂﬂ?ﬁ%@é‘%ﬁé@@%@%ﬁ&“ ga%’ﬁ]ﬁgg&{]ﬁgﬁ%%gwg}‘ﬁ%g&st eam

el ectrol ysis provided bjnbtiermbgsent theirsention isitd lprbvidera nhwirel gastricity
consunptign for hydrogen production by at.least, an estimated 65, percent
relative £8 t hata%ﬁf‘ﬁﬁ“ﬁ%‘g‘ GE%CSWHW#B%;E&%B@?}WW%%‘\‘/PB UL | ect r ol yzes
systens. The resdiinkilRAdebys pRARRIBHASIBYIN-Gas (CO+H, )t {xRfulbfor chepedalt i ve with

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 CO2 to yield additional

30 hydrogen.



21 March 2003 -b conventional steamreform ng processes. Because of the
hodul ar characteristics of the steametectrol yxer of the Present invention,
it can be utilized for large scal e hydrogen productio { i ndustri al

pl ants, for hydrogen refueling stations, or for snaIIQ? &bgFB#@Oﬂor hone
use, 5 transportation, etc. In addition, the steamel ectrolyzer of the
present invention can be utilized to produce Syn-Gas, which is useful for
chem cal synthesis. Al so, the natural gas;assisted steam el ectrolyzer of
the present invention is a high efficiency source for a clean energy fuel:

nanel'y, hydrogen. 10 ApRahet 8SicQUSS thEAHEentidiPlY B pbitAd@ YNt A eg\éis,ﬁwpoi_nt,
it is nore advantageous to el ectrolyze water at high tenperature (800'C to

1000' C) becauseassiged héglyyemnperatipgl Stean jelechiokyser folherelst the arturalcgasyisand

heat. In additi . L e e Lon. ki peti cs,
reduci ng the enEFl 8%’5‘?@%? b%gh? c@)ﬁgf’?ﬁngrgg&%ﬁga%%a?%%&géﬁa(%Sh}en%r}ded;esi ng
the overal | sysside didrely eeducingbe eliménating thanelestricaljpoteatinhdifferenteni num

anount of energy _nee t e, supplied_in order to break down wat er
nol ecul es.5eUp t crr?(ﬁ@v?ﬁ‘f ﬁ@%gﬁa}’é?gﬁ“’i '¥plied as electricity for |ow

tenperature water el ectOtbley pbjestsardl advaitagdsr dfcihieyprasehtiagtnfion wiilgh
tenperature 20 (800C to 1000' C e el ectrol yzers. The approach used in
the present inv ﬁf?rBﬁaPQafed‘?rfé%ﬁiéeZ%ng‘ifé‘gégt‘ﬁ? angh 3SR Mat ural  gas
on the anode si deawingsheBasiadlyy teyirwentitn imwolned b rakuGd gab-assbedt
onequarter the cost o ctricit

el .,. by replacing one unif, of . electrical
energy by one uﬁf"?“bflfeﬁ'ﬁg ZE'éfore‘?{éF’aﬂ}M%Fé&é‘(ﬂc‘f‘ﬁq\ﬁ'gﬂ'%e&}' gag,h‘fiﬁhe hydr ogen
25 productg on ceshpétdthreddfehv@sashblydétcoditRsgiRtedtivOBAiiON wilinwgs four
known phenonena in one device: 1. Solid oxide nenbranes can separate oxygen

fromany gas ni RlegHéciby CORAUNRHOD POMPBRY de SurEnirkngvr ste¥e menbrane (in
the 30 form of Qk\é%?}d{epﬁﬁ} at leadt’s rEﬂ\t?QQ%ar@culg,g}géb@@ﬁ&gtgoxygen i ons

from nol ecul ar oxyge or ‘oxygen cantal ni ng-conpoun suc wat er) at one
si de of the nenppsienptianwddled nandal gorasaistashsteimnaleacellyaer iBXéigpercatt t he

ot her side (anode n be acconplishad (nel udi ng b a _catal yhic and a
conductive 5 ma?% ?‘gﬂ‘“&ﬁwgﬁ EQQG? ‘C’l‘ke?“o tl?%%ﬁo%gﬁ%?%ﬁg?eéﬁérggﬁﬁgg{ ?fh(\j t he
cat hode t15the Begair, wehiphlie kaodnttocbeathedtosttadin@cpd high v@npeiguef a DC

power supply. 3. The cathode catal yst apd the DC voltage can b el ected so
as to deconpose SHSRREyeletFIVFE ‘istg‘%ﬁe‘oc‘g}tﬁo mep it pafebe ?ﬁtﬁ?atgﬁéﬁ?ﬁ to 10

nol ecul ar hydr oggBuaBE pexctae Bf it&ﬂt%fa!%yd'?@ﬁ@i’%ﬂﬂidch%n%ls?%@ﬁ froecngen from
t he anode surface by reaction (wth hydrocarbons, for exanple), |lowers the

oxygen cheni cal cpeh@frlecricigy userh axigduetionos63 pekcenhio ¢leetsisyyypagel t age f or
I L S T e
combi ni ng2phenorganas dbalt aneequartardhecost affelackrcifyn(inthe ﬁmitﬁd@@tdsbési-%t he use
of a partial OXia%%‘itiic(?zpal@/n(%jvelogs? hlaalt ¥ré 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 CO2 to
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



together with natural gas, resulting in H2+CO (Syn-Gas) production at the
anode. 'Plus enbodi nent hence provides for hydrogen production 20 at both
si des of the nmenbrane with the synergi sm of nuch-redu§$3ﬂel céﬁ'city
_consunption. A further enbodi ment prescribes the addi ' fiak t 0- C02

shift converter (known technol ogy) resulting in even nore production of

hydr ogen (CO+H20 [|-12+C02). This addition also has the synergistic effect

. of producing heat for steam production 2%.necessary for the cathode feed.

In previous steam el ectrolyzers, such as the above-referenced Gernman Hot

El ly; the cat hedectrien enprgyabydanemnitnd eniedgy odnteheireh®otalggaszdroreenbr ane, is

usual ly a m xt a g |t of ating the ter tgo produce
ueargi' l@é e&dh ‘hu% &?ﬁcmgé}%e ove allf(; ﬁycﬁ_ﬁ@gnmge&%x%? c?ﬁe cat hode

e

stean) and hydrbgen, because of reac

surface. The anode gas, |BREed RN IO TDHEE [ ABINK opposi te side of
the el ectrol yzes rrenbrg&ﬁe S usuaII\é air, as.,dis Ia¥\ed in Figure 1. At
zero current, the systen ASOMBANYINGE, drqwiips, Whigh diganeeragsted e v,

dependi ng on t hedhfwdrog @ariséfem digdlbsuranidl udttaten@nb SRS s WF @he | N Order to
el ectrolyze water, a voltage higher than 5 the open circuit valtage nust be
appl i ed t9 punpg¥Rhandofpgether widh the desasiriion, sexe tapexplainathe (anode)
side. Cearl y,sr;pim RE dfipegh6hfidgi ty, or 60 to 70 percent of the total
electricity, i vvas?ed I'n forcing the el ectrolyzes to operate against the
hi gh chenical pot enti aFigyradisshematigallyr Blustratas) a/ convandionad ddghn Fi gure 2.

| f a reduci ng g4agmesitale Qﬁapﬁﬁf&%l Qrgas, is used at the anode side
instead of air, the chemcal potential gradient across the electrolyzes can
be reduced close to zeFiguoe 2egraphigallye Jhtstrates/tdlemnergh eosftonptionxygen can
nor e eas'{,y be hun Cglr.ghr onphheS ctath de si.di.to tlhe anodﬁecgid at | ower
electrical energy TORATHETY 05)5Y2IFM OV ML A1GER 1P resraieb it frs<Hont aneous
for splitting afurr@iteroltak®e ditveuant to the present invention wherein a

nat ural gas assisted sfeam el ectrol_y%es, is utilized, 60 to 70 percent of
the el ectrical energy bBurhe scBematicallynitlustptosayn ppioaglhyos embediment s

significantly r&%ﬁa@ra@g-@a@r@a&&ﬁﬁ oRctdollez P MERENN e’.&\s&mﬂc@mgﬁm

illustrated in Figures and in Figures 5-6, and are described i

in detail
herei nafter. 20ptesenthiaventien vwipph dadivehpartiabyoxidagioresf thetnetyolgasnt, an

appropriate catal yst, su s .an. N on th n i.de of e

el ectrol éges, wll pr orﬁrﬁ%ge ?rﬁgg]ﬁlélrcﬁl)gﬁi%%masttlhgnenof&ﬁggﬁsru;rppggg O{fgq%\) to CO
and hydrogen byFigesn3 eaibodiineat)| with axsigeificenvteduegofiriarpdmeciandde. The
resul ting gas m'>i}ure (CO + 2H2), also known as Syn-Gas, 25 can be used in
i mportant i ndusYfF 3% processes, such as the synthesis of nethanol and
liquid fuels. The CO cRiguaé Sachematitdllyeillusirald@riothat pptoadlioki onal

hydr ogen by conventi onal acﬁ.rgce,ssi n?. ‘Igg],t hi s ‘ﬁrocess hydr ogen_i s produced
at both sides dfmbadimgn YedaypRiign sehickiavelyes igtal pidatiognof theaqui val ent
to the spgam re,m{lfgl(rﬁspf natural gas. hi 30 the steamreform ng process,
the heat necessary f the endothermic 21 March 2003 -9 reaction is

provi ded by burning paFiguse 6tgraphiselly dlusgeases theeenesgy eonaymptiensiftthein t he
el ectrol yzes a i . st 100 percent current efficiency is
expected to vyi %gag‘glgoe\yéégaﬁflﬁl@'st emefficiency close to 90 percent while

t hat of the steam refor GETAIDESCBES FON QI PHICINEE NWhen conpared to
a conventional electrolyzes, the same amgunt of electric current,.in the
approach shown in 'Fi gt%%é’r%ﬁeﬂpéﬁ‘felnnﬁpdggiggq‘e P 4 Fﬂtégaﬁ% Se'aﬁ’?iﬁ(ﬁ?%gen.

Mor eover, becausighnesipepiturd steaeslgptrél9zersior iprbdagingatrirogen.pMbei ded by
natural gas, the electricity copsunption is very low, and i}, is estimated
to be 0.3Rw/ nerevel appreachn® lagGé?mﬁﬁraiererﬁswm erdralysie prownided; e thenount

required int hepl%@@ﬁtefn%;lﬁéﬁ%@ldlow'er 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



German Hot Elly process. In addition to an NI cernet as the catal yst, other
catal ysts may include rhodium and ruthenium Figure 4 which shows current
vol tage characteristics, clearly illustrates the redti,‘t &Pn hmgectri cal
energy and the increase in useful energy of the Figur afg di nment

" when conpared to that shown in Figure 2 for the conventional steam

- electrolyzer of Figure 1. Figure 3 includes a CH4 gas supply 10 and a
control therefore indicated at 11, as wefl as a control 12 for the electric
power supply 13. Depending on the conditions (tenperature, hydrogen to 20
steamrati o), tdrevepdivent stehmereformingrprdcessesie Benatserafl thgamodutte) may be

| ower than the pot etnt.i tal otfuthg cat po?el stean Si de%, i, N V\/Qi ch,case, the

el ectrol ysis caif Be SRt AndSTss* NS SHEXTT & {Tbe PEEHBLELETE s B FF wat er .
The system opebau€isized fér Bigd $cale Wpdrogen prédetticieidr. inBMstyRil Pphrds,foxed

i onic-el ectronhc conduc%}ger, as electrolyte instead of the conventional 25
pure ionic conBYdiagenFaHeling sjations, o8 famsmplerysystems fprahoms use; er nal
electrical cirgyhl d&.«tr&\qut&eﬂm&ammJr%!sm&xﬁqr&&x%ﬁyﬁ@ldf_th@?;réééﬁem The
m xed conduct or ca% be made of doped-ceria or of the fam IR/ (La, Sr)(Co,
Fe, M) 03. | ninveatisacondeapiilizesicle pivcgmee SyntGas, Frhjoh és usefipl or enbodi ment ,
natural gas is_uysed {n the.anqde side of the electrolyzes to 21 rch
2003 - 10 bur n° SRR DGR AR, e Sl o B RtV Brt o -fref ot hode
side, thus redtld pegesent iplventioais aighheffignentsoatcediot facelent enagydael:t he

el ectrol yzes nenbrane. The electricity consunption for this approach wll
be reduced to aﬁmfyéydﬁeg%‘bm of previous systens. The direct use 5 of
natural @as instead ofaspéintdd 6il ¥bdve, ORI QONRrhbay RAYBI GRWRAKE R isal
difference will yield an efficiency as high a5 GO percent with respect to
primary ener gymafRiadyapiagoent foelgriralyge avaternahhigh tempasatire AB0QGErtoent

ef ficiency (a%m-egb@&@m@,g&rgpfis GhsRed B R PRIGEDE clediricifyearkpnver si on
of primary energy to electricity). In‘addition, because the 10 new process
repl aces one uhgat. din addition; dwl highdegpetmurenaccalviratepthe nerctipncont ent in

nat ural gas at,Qne-guanter tji t h r ict.i on.cast wll be
significantly Fé%glggd N dFﬁ“ﬁdh{* t% Pg%i' ]\t/)ms% ﬁs? r%%g[f?g@?%g’ Ogaijryfcaé'r%‘o%ﬁ{ﬁent , Vvia
the contysol s lincramnting Bhe oferhlleyfidn gikickRy. and the el ectrical supply 13",
it is possible to var){rth'g rati,o between the 15 electricity ingu} and the
natural gas input in rié€pdwEBodynamigsIGaLIEHbat A PENRYHAPPIRES! f o
natural gas an@n@lp§Cideds itd Ve sppli@k aBERr 16 BEedlIdSWAGH Ale ntdle&lbs. Peak
hours, the amount "0f natural gas can be reduced, The gain in useful energy
and the reduct Hta fowebieaneByigsuppliaches deguicdy S0l demeRtatue cl early
i11ustrated byv@at&oﬂpf’ﬂ%lzi’&s%%dﬁis%é«ﬁri@irt])zgn&‘ﬂegt F3rauGR @mﬁb}amﬁé thus been

shown that the natura s-assi sted high tenperature-stearn el ectrol yzes of

t he presht in@Cda 10006N) staame clecrolyzers: t The apptaaphiusadtio thel ow t he

necessary 50 percent.reducti.on to, nak |.ectrolvsis.c titiv ith steam
reformng for P ﬁ(éseﬂi BH’SSFIPSHS reodfucﬁy"‘g're i eﬁ’;sgcaf'n%ﬂrﬁﬁ%d)tﬁlgg é‘Haucr? lr \é\g(’:slt ty
consunption i sof%hpanodasidemiahe elwtrolyrer.abiticevatunal ghs pr evoudumest eam

el ectrol yzes systens, such as the German Hot Elly system Since hydrogen
can now be prodYBEE" %hed?ﬂst/\ﬁfl glectaicity by repiadng \RﬁFé’iﬁ“‘%/%ft"je%Eﬂ %‘1‘3%‘?[ er
process than s r&lie et f tor8@$n Pht¥l £ th@RSHEdgeRt | ON,

hydr ogen produ}:) ?dcl)qﬁ %ng}:ﬁu&?grlg%ggr@&rysi% vmtl I gecome ?orm%?lci ally
conpeti t2%e w phodingiont test will bedeweredand wi || be vi ewed as environnental |y
friendly. 21 March 3. - [P r LSLics, the
systens of the pr esenflq‘l%n ree%%xﬁgﬁ%%?@\?ﬁ g@ﬁ?%ﬁﬁ%&“@%d?@%ﬁ%ﬁ%%?hydr ogen
producti on for ohealdvideydr ogen refueling stations, hone appliances,

transportation, and on- rd hydrogen generators., In addiition,  the systens
of " he present 5 1 nverk iSRG oRY BIGATFD T Mrsete i BER S g Hia
Syn- Gas productiiQfure®y bmgusiowial di'[ygéﬁwpénét@itth@ﬂi\@rﬂbr:ﬁWﬁQBé s) as well
as a high efficiency source far a clean energy fuel: nanely, hydrogen.

Whi | e patdi cul 4Prme B OVEEhiAS) -t erial s, paranmeters, etc., have been
illustrated and/ or described, such are not intended to be 10 limting.

Modi fications and changes may becone apparent to those skilled in the art,

and it is intended that the invention be limted only by the scope of the
appended cl ai s.



21 March 2003 ~12 THE I NVENTION CLAIMED IS: 1. In a process for producing
hydr ogen by steam el ectrolysis using a steam el ectrolyzes having a cat hode

si'de and an anode side, the inprovenment conpri sing: | yi nat ural gas
to the anode side of the steamelectrolyzes to reduc@f@ﬁ%r@ﬁﬁpti on of

el éctrical energy. 2. The inprovenent of claiml1, additionally including
positioning an appropriate catal yst on the anode side to pronote the
_partial oxidation of the natural gas t o @0 and hydrogen, thereby producing

a Syn-Gas m xture. 1025). Thq. i n@roverrent So{ cl ai 371 2, additi ﬂnal |l y_including
shifting the COto 022t S SR IGHN PBREPTHPRISHIN O BERHET PREEDY erent
of claim1, addionhtdifflg sorhpehnds aghvar whteg) hhend sidecofoiewaembidie nat ur al

gas and electricity .inputs in response to fluctuations in relative costs of
the natural gad3} ‘Gdélg‘ééf?‘%f??twn &o Ogécu%‘ié)xi)’ﬁﬁPé\t/é%ﬁfheémeq @nede) wherein

the natural gasanSdfREmiplished By hdludhg mugleé_mm?ﬁe”aharwc&r&w%ectrol ysis
at the cathode side, thereby reducing or elimnating the potenti al

di ff erenc®s acrdaterishendiatbisidssyidhe mambrme. awl cpngeting twermthedofo cl ai m
L, additi O“a"yth'e%kgﬂﬁbgggfb%{&t MHrtedd tﬁﬁ@fo%weaﬁacﬁe%%%@f%(%%got he anode

side to pronote the“par oxl dation o nat ur gas to and
hydr ogen, ther etwppby.oduci ng a gas mni xture of CO and F12. 7. The inprovenent

of claim G additionall y,includi iftin to t r pduce
addi ti onal hydrogen. 8‘1.3' #ch?urr‘ﬁrggegtﬁ@r% L%#“c %%’%@%enseg%c?e ¥t eam

el ectrol yzes coispol deednepose vaitansugiiddt toethoahthoale igabe ifsr $Edtdagn bur n out
t he oxygen resul tiﬁgg from 25 el eﬁt r ol gsl s at the cathode side, thereby
reduci ng 18r el i BPIEPIAPHATBHYL ABACXEBEYIMBer ence across the el ectrol yzes

membrane. 9. In a highs! qEResahgiRe slam@ 6fdedl ff8RStHEMAHE Altface
el ectrol yzes nenbrane, a gas on the cat hode side of the nmenbrane, a gas on

the anode side Ry reastiondwithaiedrogarhors, dex exarapleldaners die oygenng t he
cathode side 0agmddai fieAAAC e AholdIhudMALERNg ABcdullPIsR SR 0duced,
onpri'si ng: mea plying 583 1

t he inprovenent ¢ means for sup atura the anode
gas to burn outadmwsyisg wat2d ddeorcpostOB at 18 cadbade bydofveoimgetheaiveo! ysi s,

t hereby reducing or..elimnating the electrical petential difference across
the el ect!Pol yzegc’{rerBHBir gﬁe‘?“’f‘ﬁgﬁ'e%vgreé‘cfﬁgf r!i%"{ut%‘ ee'@fem%éﬁf‘e'consunpti on of
the steam el ectrol yzesin ddditloh B bbgbirtiegpheabineaast-¢ashe eatiodimyaes havi ng
an electrol yzes nﬁ)gbr ane, rreans._g fox providi nrg, E gas on the cat qode si de
of the menbranedf WER¥CRIN Brese! ?%@"ed‘sgaféf PR oxitgdensAnpdeatalpgt
menbrane, and e BetHdr GRith MRARA! §4) rdefiAdth HH’CeRtdIRAGas) 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-to-CO2 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 result of

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

30 reaction H20O — H2+0O2- at the cathode surface. The anode gas, located



si de gas and the anode side gas, to produce hydrogen, the inprovenent

_ conprising: neans for supplying natural gas to the anode gas side to bum
out oxygen resulting fromelectrolysis) thereby redu nating the

el ectrical 10 potential difference across the el ectrghﬁggéhng%?ane

. thereby reducing the electrical consunption o the steam el ectrolyzes, 11.

The i nprovenent of claim9 or 10, wherein the cathode side gas is conposed

of a mxture of steamand hydrogen. 12.-8&he inprovenent of claim9 or 10,

" wherein the anode side gas .is nposed of 15 natural, gas. 13, The

i nprovenent ofor kg Apposie side Og&ﬁﬁ elegralypsr mgmbraneds a‘sﬁﬁlﬂhF‘Vs?S on the

anode si de of MRBIAFERATRFAGwele) ATHE SREAHSIRENY O, FhabMobdn JGRET N s2l d

catal yst is conpos erial selected fro roup consisting of Ni
cenent s, rhodi vottagedofrabom i%u¥h deperding ohdhe ﬂfwdmﬂ’dateam raticaamd on,

addi i onal |y 1 el gl gy EEN T LAk e Bt R RREYE SR b | TPUC a0

natural gas in anode si claim9 or 10,
addi tionél |y iel epimgrazinivol¢ae moscbehppliabto punqndxygeorfram the

s conposed of Stoamiaatioar SEEE thairipShdD i CREFToRuicBiarThe of conduct or
doped-ceri a, aél@cttri&ﬂ?'f 860 Yo 10-percahp 4f(e E@tat‘@l)ecl@ﬁit 18 wéstB@iNfercing

gas-assi sted steam e ectrol yzes for producin rogen, including
el ectrol yzes niorlagieolyzes W%@re@tw@ﬁ éheg%mlcahaatensmhemd@ans for

supplying a gagg gP\ i ugghtl%’%eahﬁ?l e ZnﬁFQ%e&Q&nggﬁpléﬂcﬁgas%%}a? the

anode side, nean plying el ec rical energy cat hode si de and
t he anodd si degas, 39 used ahthego®de side m@treaﬁezitamgh@ neermigabppteattighs, and nmeans

for. Suppl yi ng. BRKHEA 2903 610 I oRBNEPLEFeakly G BLEAEM BlAT O Vzes of

claim 18, addi Pronally i he ano 20. The

st eam el ect r ol yegsivaf vzdha; mel'éIore\;\/oey mcaand)re@halyybé puinp&l éehethd rom t he
group consi sti n of Ni nt s, rhodi mlland rut henium 21. The steam
el ectrol yzes oF bpde FﬁdPQ“’ Wers s qG‘ PILURIEFIEICRESRREBY SPRSPPHAD) t he

el ectricity supphie sib@itRIrPmaYtevRalBEcamedpontditBUL §6r 5Nttt sMQARrsi de. 22.
The natural gas-assisted steamelectrolyzes of claiml18, additionally

includi "$ an 14 el ect Forrguantdorthe feesest "a"(fﬁt%tlwlhérﬁl@-ﬂené*@tf?logﬁsc conduct or .
23) The nat ur ah,acadnsintLathisheer Sl AHEOKY KPS0 BhrEhabiRZchenei n sal ¢

m xed conductor s conpose material selected'fromt group consi sting
of dopedceri a energyhef tharphyerticnal Syst¢momffEigives 108nd 2As8igaificantly
reduced. Two approaches of the present invention are illustrated in
Figures 3-4 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 (CHg) 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
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tQ S*#A~L\ | n*{vql gb] X] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]c
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q** @+, , - A- - - redctio® ik/ Ovﬂi&d]lﬂ;@lﬁm]mmgmaﬂ\df]thahaa]magm] Tlhd aed of] ca] ca] ca] ca

].)g?:].)ggl Sabo badAly he e abaRdiS A M Bh TR SSR 106 TPeRlert chfrenf ™' 2233
. <D=R=V==?? QefGAHESRRXPLxeAIE yidid haalverd I alstah el Gah&aead gpdgal cal cal ca]

ca] ca] cal ca] ca] ca] cg]ggla] caj ca] ca] ca] ca] ca] cd] ca] ca] ca%ca ca! DDD' EOESEEFFHUJ

JJqM\/I\ICPPPPQ)(wl‘R] ibsptibal OEe, st aH] sza}laa]nraq@a]ns:é ue) éﬂewma] ca] ca] ca]

Sicaele wiesbn i sl
] ca] ca] ca] ca] @zk]cxtﬁ] cajrea} oujleadmpedi slac]wa]mcﬁgm]; Ga] wa]lqn])da]ec&]ma] calf _x_

h
bb<cd=\\\\ ?]( a]tv]‘f"\ gote fhyfj\’f\?&ﬁ?c Mpreaver.hecapsemest ebihes1eip¥ 4Pt a] ca] cal ca ca

] ca] ca] ca] ca] (s@]lmr]g:a]acali]sqﬁ]aeﬁi]eda:])cmu]mﬂ]gaa] the] dedideaitg @baafnBaah 19% u&' () -
10% u& ()- 910% u& ()- . @OYuUMI& () -
910%iu& () - Fs MWy baw( dndizis esfimatwh toddq §.3kWh/m3Hp, about one order of

$:10% -11:110% & OCV u& Ls: 10%, u& nL0% -hJz[ 9
Toudt 7180 (FRELGE B A e pading atgton b oS rrbliveRied) | o

10%iu& ()- @IWH&QIIWS( Xn 3daRf6R&o(ar X8 cermet as the cata]x
@O0%Ix& ()-9Y109%d& ()-s10 - 10uu 10uu CGa3  }[9E 1Quu!! O-'e

10%& () -! @ 109%8thet @te )'ﬁtSalmzoo)@uéyr podizmoomg: Mbg\lgm@%‘&\w-‘l aahlthH:oUw
10T 10T 10T) ! IQ4& & rrent@ol%%&“%h@acter s!txl"p,%fba(r)y illustrates the reduction in
electrical energy and the increase in useful energy of the Figure 3
15 embodiment, when compared to that shown in Figure 2 for the
conventional steam electrolyzer of Figure 1. Figure 3 includes a CH4
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 ionic 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
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r S10! Y109&' () -, 109%& () - 10L} . _
electrolyzer membrane. The electricity consumption for this approach
will be reduced to about 35 percent of previous systems. The direct use
5 of natural gas instead of electricity to overcome the chemical potential
difference will yield an efficiency as high as 60 percent with respect to
primary energy, while conventional systems exhibit at best 40 percent
efficiency (assuming an average efficiency of 40 percent for the
conversion of primary energy to electricity). In addition, because the
10 new process replaces one unit of electrical energy by one unit of energy
content in natural gas at one-quarter the cost, the hydrogen production
cost will be significantly reduced. In addition, with the Figures 5-6
embodiment, via the controls 11' and 12’ of the CH4 gas 10' and the

electrical supply 13', it is possible to vary the ratio between the
15 electricity input and the natural gas input in response to fluctuations in
relative prices for natural gas and electricity. For example, during
electricity off-peak hours, the amount of natufal 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 steamn 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.
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production for industrial plants or for chemical synthesis, as well as a
high efficiency source for a clean energy fuel: namely, hydrogen.
While particular embodiments, materials, parameters, etc.,
have been illustrated and/or described, such are not intended to be
10 limiting. Modifications and changes may become apparent to those
skilled in the art, and it is intended that the invention be limited only

by the scope of the appcnded claims.
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KLanNquM [MP10 10 supplying natural gas to the anode side of the steam clectrolyzer 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 CO; to
produce additional hydrogen.

4, The improvement of claim 1, additionally including varying the ratio between the
natural gas and elcctricity inputs in response to fluctuations in relative costs of the
natural gas and electricity.

15 5. The improvement of claim 1, wherein the natural gas is used to burn out the oxygen
resulting from electrolysis at the cathode side, thercby reducing or eliminating the
potential differences across the electrolyzer membrane.

6. 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

20 and hydrogen, thereby producing a gas mixture of CO and H,.

7. The improvement of claim 6, additionally including shifting the CO to CO; to
produce additional hydrogen.

8. The improvement of claim 1, wherein said steam electrolyzer comprises a
membrane and the natural gas is used to bum out the oxygen resulting from

25 electrolysis at the cathode side, thereby reducing or eliminating the potential

difference across the electrolyzer membrane.

9, Int 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 heating the cathode side gas and the anode side gas, whereby

30 hydrogen is produced, the improvement comprising:

means for supplying natural gas to the anode gas to bum out oxygen
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electrical consumption of the steam electrolyzer.

10.  In a high temperature steam electrolyzer having an electrolyzer membrane, means
for providing a gas on the cathode sidc of the membrane, means for providing a gas

on the anode side of the membrane, and electrical means for heating the cathode

Un

side gas and the anode side gas, to produce hydrogen, the improvement comprising:

means for supplying natural gas to the anode gas side to burn out oxygen

resulting from electrolysis, thereby reducing or eliminating the electrical

10 potential difference across the electrolyzer membrane, thereby reducing the
electrical consumption of the steam electrolyzer,

11.  The improvement of claim 9 or 10, wherein the cathode side gas is composed of a

mixture of steam and hydrogen.

12.  The improvement of claim 9 or 10, wherein the anode side gas is composed of
15 natural gas.

13.  The improvement of ¢laim 9 or 10, additionally including a catalyst on the anode
side of the membrane,
14.  The improvement of claim 13, wherein said catalyst is composed of material
selected from the group consisting of Ni cements, rhodium and ruthenium.
20 15.  The improvement of claim 14, additionally including means to vary a ratio between
electricity input and natural gas input on the anode side.
16.  The improvement of claim 9 or 10, additionally including a mixed ionic-electronic
conductor as an electrolyte.
17.  The improvement of claim 16, wherein the mixed conductor is composed of
25 material selected from the group consisting of doped-ceria, and the family (La,
Sr)(Co,Fe,Mn) Os.
18. A natural gas-assisted steam electrolyzer for producing hydrogen, including:
an electrolyzer membranc having a cathode side and an anode side,
means for supplying a gas to the cathode side,

30 means for supplying gas to the anode side,

means for supplying electrical energy to the cathode side and the anode side
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5 20.  The steam clectrolyzer of claim 19, wherein said catalyst is selected from the group

consisting of Ni cements, rhodium and ruthenium.

21.  The steam electrolyzer of claim 19, additionally including means for varying the
electricity supply thereto and patural gas supplied to the anode side.

22.  The natural gas-assisted steam electrolyzer of claim 18, additionally including an

10 electrolyte composed of a mixed ionic-electronic conductor.

23.  The natural gas-assisted steam electrolyzer of claim 22, wherein said mixed
conductor is composed of material selected from the group consisting of doped-
ceria and the family (La, St)(Co,Fe,Mn) O;, |



