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PROCESS FOR HEAT | NTEGRATI ON OF AN AUTOTHERMAL REFORVER AND COGENERATI ON
PONER PLANT The invention rel ates general ly to a process for reformng
hydr ocar bow® 902471r ef orming tnit, and nore particularly, to BOTAUSI2861
process for reform ng methane and | i ght hydrocarbons with an integrated -
autot hermal reforner and cogeneration power plant, resulting in the
production of synthesis gas, synt hesi s lgas by- products, 5 and power with
an inproved thermal efficiency. Processes for reformng of |ight

hydr ocarbons to produce vari ou;@gnt hesi s gases and s%/nt hesi s gas products

are well known in the E‘;ROC@S] HEATIMT 'ElaON@ ANorm ng of I|ight

‘hydr ocar bons l'i ght
hydr ocar bons& orere eH0 - pa L gs=lsRewWn i n
(1), is a wdely used connerC|aI process CH[err]+ H[err]O > CO + 3
H err] (1) [err]H = 49.3 KCAL/nol Due to the presence of excess

steam sone Thetinesntiortalatesigenetallytaiaprocess farceforming bydrocadbgnsiin a

L& o r et it il m8FS p&Riclgrhy 36 artinerBhen hepoassfor FeformirELmPHIA ni ng

is a mébrﬁﬁ SWih anyift tedPaQérn i) réfiMier 4na ane cojenerationt el y
90% of tbﬁa i%?gﬁogen fronm a hydrogéeygﬁpl ant is produced direct lé by sﬁam

r ef or ni poween plant; restiting v theproduction of synthesis:gas, synthesis gap bygiroducts; a
t he wat er - s shi. Lres CO produced in the 20 reformer.
St edm r@f’g ghﬁﬁ 5&?@%&3’?‘3[ Went i n met hanol production from
natural gas P%o@s%eéﬁr& rérammd%ﬁldmhyafwabnewem vaHousdyntRésis! I |

> CH err] OH (3) CO2H & 1/n (CHerr|) + Herrjo
(4) | n gasesand syothesis gas preduats aremedlrkmwmm&'erar& Comveotionald f or

i 1 oReroksges for FAOMARG orMght FABEERRSNS g SISBRTS i e aicdmdCes

resul ting ingteahqershin bﬂl drB8arbtnias fo phodiite Hd rb?éuaﬁe%a‘rboﬁfe

tinmely and attractive options. team ref or m ng is traditionally carried out
i n 18ul t monexide, aslsmwrbmﬁr)e@oa widslyser conampenialprogess.he outside in a

furnace. The di sa(aﬁnl@_pﬁs of trgdba 9% 1)
AH = 48.3 KCAUmol
Due to the presence of excess steam, some of the carbon monoxide and steam
react simultaneously as indicated by the water gas shift reaction (2).
15 CO + H,0 ————> CO, + H, ©
In the refining industry, steam reforming is a major component of most hydrogen
~ production complexes. Approximately 80% of the hydrogen from a hydrogen piant is
produced directly by steam reforming in a steam reformer reactor. The remaining
10% is produced via the water-gas shift process which requires CO produced in the
20 reformer. Steam reforming is also an integral component in methanol production

from natural gas (3) as well as in Fischer-Tropsch processes (4)

CO +2H, > CH,OH (3)

CO +2H, > 1/n (CH,), + H,0 (4)
In response to increasing environmental concerns, the demand for hydrogen and

25  methanol are expected to increass, leading to a need for additional reforming
capacity. Therefore, improved integrated processes, resulting in improved
efficiency and, hencs, lower utility costs, are timely and attractive options.
Steam reforming is traditionally carried out in muiltitubular fixed bed reactors

which are heated on the outside in a furnace. The disadvantages of traditional
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steamrefornming in nultitubular fixed bed reactors are described in U. S.

Pat ent No. 5, 624,964. One approach for elim nating sone of the :
di sadvant agwég%the mul titubular fixed bed reactors for stegprigds); 1%96
processes, i mnating costly heat 5 transfer surfaces, 1s through
the use of tvvo comuni cating fluid beds, either of which could be an upfl ow
or downflow fixed bed, a fast fl-uid bedzor a circulating fluid bed. In such
a design, reformng catalyst is heated directly, vi'a conbustion of fuel

gas, in one of the fluid beds in a conbustor-regenerator, and then the hot
cat al ystigidSmGaRHHiI Ibeidtela C i Whi ch
t he stetasrtn reform nﬁelﬁﬁ‘dr“gggtgfaggi&?{sj carrie r(b)%trédreﬁ t Ig?ir\‘/va['f;g ?ﬁ{eer%g&'

gai ned i5)624,864cd i n whi ch the conbustlon is carried out can be transferred

di tly to t f t d bl t d
ndot het mi o 1938 @PBIPAELIOT pYmIRAl 88@%#8@%.&@6 cvaBtages of th %Lmu Mieng of
th f Hbd rdlgetorst I tal yst
byebLfn:ﬂ%‘g of fd:any %%Egﬁgg?nﬁeﬁﬂfl H@ eg%es’;1 ﬁ ?g irrﬁeac I“on. gl ﬁcgst he
cont§ nudmsfmgmrﬁaces; mtmoughﬂmuse obt\mcammww@ﬂundhads @ither bfii | d- up
d, t t d tivat t t t,
can be. yduth BRURTYES A o of Hebt Swir&%g'b:é?q,ar‘éﬁfﬁ@ﬁﬁqi‘p 8 pulatiaig "
such a qagy oap ét.ﬁ:hté‘ﬁeé%ﬁt %ﬁhnnﬂ&%ﬁ‘x&?fﬂﬁéﬁt&& of; W dofnisdétiorFof fpst
and

under pressure. (150-40 refore r requir
conbust igas, imdne Ioétlmﬂumbb symta beabus@r-regenetatoc mﬂrtheadheﬂ'mt pauﬁtus t he

bal I I f
Fequ r oForupvedia i iia e in bapfpfidsireaeisf P which o8 slaett rebirintHa.
theyg rmrraaeﬁbmsaéarhéarﬁftern hﬁswéyf the Rbat ga".ﬁemntm@bbaqﬁwame nhon- cont act

heat transfer. A portion of the energy expended to conpress the external
gases s mnhustlones caried out carbert ered sirectiy to the refotmer sedtion ecover ed
by expandin hot | zed t he egener at or,
o vor s ampling e RirEeatib Bt HE eridithadt ‘FJ%F@?P”B 3 Brehs OThe

i nabi | i tr&fd?hiﬁé’?éﬁlﬁfo\’%?' The'recpéifng thhﬁ%ﬂirﬁu ttté@éérﬂbl:l&ﬁ@nz ne
(>1400[err]F) With entrained particul ates, o excessi ve turbi ne blade

er osi on,algn mgensratesdbenataliral by bpyming off amrsm formed during the refomminggases

i B BBt ingye depkiBol YEodfiralfa a8kt By CHRIRELES, o
medl um qipkaiBuildaup ahthRencs, petirizpent Batairst deactivation, Tower fam 8 cafope | ow
tenperatures very |i ttle net energy is_gained in
ratios can be used resulting in further utility savings.
One major obstacle to such a design is the fact that steam reforming is
normally carried out under pressure (150-400 psig) and, therefore, the air required
20 for combustion and, hence, catalyst heating, must be compressed to preserve the
pressure balancé in the catalyst circulation loop. The cost of energy required for
this compression is very high and, to some degree, oﬁ-séts the improved heat
transfer benefits relative to the traditional non-contact heat transfer. A portion of the
energy expended to compress the external gases sent to the combustor-regenerator
25  can potentially be recovered by expanding the hot, pressurized gases exiting the
combustor-regenerator, after separation from the solids, to a turbine to produce
power. The inability of conventional turbines to operate at high temperatures
(>1400°F) with entrained particulates, due to excessive turbine blade erosion,
provides a second major process obstacle. Filtration of hot gases is an option only
30 if the flue gas is first cooled to a temperature for which commercial catalyst filters
are available. Cooling via some external medium entails a further reduction in the
thermal efficiency. At these low temperatures very little net energy is gained in
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excess of the energy required for conpression which leads to a high

i nvestment cost and a loss in thermal efficiency. These obstacles were

over cone WO/@471Pat ent No. 5,624,964, by integration of a BCBES286Y mi ng
process, conposed of two conmunicating fluid beds, with a 5 cogeneration
power plant wherein a fluidized bed process unit is integrated with a

conbi ned cycle power plant. In U S. Patent No. 5,624,964 the int egration,
in part, involves drawing off a portion of conpressed air froma conpressed
air flow froma gas turbine power plant conpressor and this "borrowed" -
cohpr eexcass«ofitheenergy sequieed fariepnapressionswhichieads\to ahigh investmentim

reform.ng unj 0get ' 10 gas. In U S. Patent No. 5,624,964, a
smal | B%%ﬁ’@gé%ﬁﬁ@@@ﬂ%ﬁqﬁ‘lybmomd air may be used to conpensate for
pressure dr Thess obstaclesveré overcoe i b).S PRaTeMING. 50629064 S5f irtbgration al so

sone extra heat is |later returned to the power plant b¥| m Xi’ng hot,
)

conpr egka steam rgtoraing prosasse cemppsed of twe gommunicating fluid bedgwith apl ant

157" THahdaligh st e WietHih 3TBRRERR prbcheS JBRE IniBofilba SEEE
{1 ow | esAbinddeydie owver e, ah U2 Petérite 5 624/d6 A0 nserafion In it eoval

of catalyst fines filtration, W thout any thernodynamc | osses. At the

sane tinvelves-drawing off-a pedion-of ¢orprassed @ir from acompressedmir flowfoamma pl ant

Foct | ok tbild FowBh RiHr GOt 8ssdnd lnig rporawell cafardissl gl o s
Pat ent intfodueeliriic’d ¢ohibustoregeferaton of a.stearm Treftimirtg anit tégetheP withdaer

efficiency bg elimnation of the need for a large air conpressor for the

cdfbusgas.- InbeBcPatant No 644,964, aisenall beestee compreasos ferthehorrawed mir nal | y |

o111 1 Y 54 b 85 POl BFE ML i S A R B G e
t her nogympréssed dir ahdrlso soate extransatistiater Potumad & HeFowas plart Bynes, - (O

reduction of the need to maintain very |ow single pass coke production
si nce mixiagyot, gamprassed ailgases tganibecambustor-tagengrator withcthedpower excess

oL o bk R R4SE i B S A58 v B 5P st
cappr eThe inigirgrof thedvottfiue gases and the rabt lof the comprassied air flowi lowers\thes
desirable to increase efficiency and reduce : :
temperature of the off gases sufficiently to allow removal of catalyst fines by
filtration, without any thermodynamic losses. At the same time, the temperature and
pressure of the air flow to the power plant combustor in the integrated process of -
U.S. 5,624,964 are increased to facilitate combustion.
20 Although the integrated process of U.S. Patent No. 5,624,964 has many
" advantages, such as, e.g., (a) increased efficiency by elimination of the need for a
large air compressor for the combustor-regenerator section of the steam reforming
process, (b) thermally efficient utilization of the energy of hot combustion gases by
mixing with the excess cold air to permit filtration of the particulates with no
25 thermodynamic efficiency loss compared to non-integrated gas turbines, (c)
reduction of the need to maintain very low single pass coke production since
catalyst is continuously regenerated, allowing a reduction in excess steam to the
reformer, and (d) reduction in combined cycle pow_er plant compression and
combustion costs through the introduction of hot, compressed gases from the
30 fluidized bed regenerator, it is always desirable to increase efficiency and reduce

the cost of plants and processes which thermally reform hydrocarbons.



the cost of plants and processes which thermally reform hydrocarbons. WO
99/ 02471 PCT/ US98/ 12869 4 Oxygen
reform ng of |ight hydrocarbons, to produce hydrogen and carbon nonoxi de;

as shown w%‘, et reaction (5) is well known. CHerr] + Chetfskosnzges > CO
+ Herr] + err]O (5) [err]H=-8.5 KCAL/ ol 5 Water in.

the formof steamis generated in this process and reacts with carbon
nonoxi de as shown in (2) above, and ogygen reform ng can al so be an

i ntegral conponent in nethanol production as shown in (3) above and in the
Fi scher- Tropsch process as shown in (4) above. Traditionally, the

aut ot her nal ga@éeﬁ PRI 6f light HYdrbcarbvAs td Brodies hyHogérmbhttarissn  by-

co- f eedi ng oxygen to the reactor along with nethane or other
hydr ocmonoxidea asrsipowrt in thecetreaction (5)riawellknawn use of pure oxygen

requires the use g_an ital ing Y r enic units for,gir separation.
In fact, it has 9 "'g)gtl mat ea>mt+§@)/o t he cost of an(éut ot her mal
reformer is associ at edy&ty 5 KEALNABNSE of air separation. Alternatively,
if air is used as the source of oxygen in 15 traditional autothermal

r eSor "Water in theformafsteamiis geperated|in dhis process-ang rgacts with earbona

S MR e B 8 o B Bl SRR pbAg B Al oL o
ef f ect c5@BbnaHE indhetithot peatdudtion'ds shows 93 @)yaveandin tid Fischsey of the

synt hesi s" gas products and .by-yroducts. - The concept of utilizing
a met alrapsoiprocess asshawnin{d) Bhave: o yi el d syngas is disclosed by Lew's

(1039). 1n dreatotdly 16 shighBfal RRorniadBhtion Wit Soeifiesestt? oxide <o
aig@ i NchifedPolitty66-1Bedihg puréioxggen totid rsctonalohg ithmetisanslopotister from a

reservolr tube i'nto the gas stream which carried the powler intqQ the

r eact ohydracapsons aloagpvith steannc Usiertunately. e Usa of pure exygemequiras e oxi de
L EpS TR et BuPEET il 0Py dergtbn ., i R Rt 1 1
render astifpatdtbtndt 50% o tinhcostof zprdutotheriidl hefopnek s \assatiated. withnthecat e t hat
energy is released in tw stages ( 1? L he source of oxvaen in

expense of air separation. Altérnatively, if air is used as t . Xyg

15 traditional autothermal reforming, it ihtrodu_ces nitrogen diluent to the syngas. This
is a significant disadvantage because nitrogen diluents effect the synthesis gas
products and by-products, increase the size of plant équipment, adversely effect |

| heat duties and significantly reduce separation efficiency of the synthesis gas
products and by-products.

20 The concept of utilizing a metal oxide to react with methane to yield sy'ng'as is
diéclosed by Lewis et al. in Industrial and Engineering Chemistry, Vol. 41, No. 6,
1227-1237 (1949). In this study, Lewis et al. investigated the use of copper oxide to
aid in the autothermal reforming of methane and fed the solid powder from a
reservoir tube into the gas stream which carried the powder into the reactor. An

25 example of the overall reaction for reacting a metal oxide with methane to produce
syngas is shown in (6) below: | |

CH, + 2MO,,, > H, + CO +2MO, + H,0 (6)
where X is an integer which renders the metal oxide charge neutral.
Although Lewis et al. indicate that energy is released in two stages (1)

30 oxidation of the hydrocarbon by the metal oxide and (2) reoxidation of the metal
" oxide and that the metal oxide can be reoxidized by air, the process and apparatus
of Lewis et al. are disadvantageous because they underutilize the process and do



30 © oxidation of the hydrocarbon by the netal oxide and (2) reoxidation of
the nmetal oxide and that the netal oxide can be reoxidized by air, the
process and apparatus of Lewis ‘et al.  are di sadvant ageous because they
under ut i | MW@9 ’g?é’br ocess and do WD 99/ 02471 PCT/US98/12869

PCT/ US98/ 12869 not nake use of the economi c value of the heat, including-
the hot, conpressed off gas in a conbustor-regenerator. The foregoing

di sadvant ages have been overcone by imegration of. an autothernmal reforner
havi ng-two comuni cating fluid beds, with a cogeneration 5 power pl ant,
i.e., a fluidized bed autothernal- reforner unit_is integrated wth a

conbi nBat mpkedisavkiheRconomif ¥alue.af thedieatnincluding the heti compressed off
under ggQi | i.lized to oxidize hydrocarbon (and syngas) In
t he re@%%?@gﬁ%ﬁ%ﬂ%@?ﬁ{dﬁ ntegrati on, syngas, syngas products, e.g.,

Fi scher - Tr ofThelfopagoing isadvantages havebeen overcome by tioryef anand st eam
can be produced with aﬂggo iqgroved efficiency conpared tao non-jntegrated
pr oces gutotaermalreformeyhaving twe sammynicatingfl wittta cogenetione.  An

I NQr gapj i i anahl ' G | gd.in the

or 8coc BofyeF pisii, P4, SidRRH R aut oAl riionner Bl ¥ fitBarasq Wiy "

autCI ot hgonﬂr?]echb%memow_ f@amﬂwhh %ﬂeeam irmrgb aniognetw okidv@aba'Th b)ed:euagei%tﬁng
reduction there oxi di zi ng. rocar bop a yngas. T reduce

| nor gaPRAOXSYcles JsUklized to kidize Lidmacarben (and Sytigas) iadhe sefarmerieaster. n  he
conbus < f ' ' egh | cad 1 on pl ant
resul ti gheléﬁﬁ%\%gérﬁé:rgMé?é’?ygpsasaﬁrﬁgug%‘?gﬁbrﬁﬁ%ﬁé{ﬁ?or nmer ,%t ot hgr mal

r ef or neethanol, and olhér oxyhemates) powverpand steamscanbeproduced withrgn f |'ui d beds
such that the inorganic netal oxide,{a 20 . redox "o%%g_‘en" carrier) exits

t 48 1 i iapraveg; effigieficy compased & RePrategratast rrocessas Poine intagrated stegm
e P rdiBrbinid frocles HosEAbEY AbU6. Pn ibFadric fital ofide BpaBieGP 2" a1 on Trom

the re as pro ucts, enters a sec
conbus undergairg cedox cyclee issused) irnthecproesps ofithe presient inventibnt Hatthd2 i s

ot oaugas Eactnr, . 4b8 alePermALE o rRpcke. the jFOrGnIG Mot AKESr | “as an
oEit g ROAoSPY RS, dRE 18k OBLBAS it tHOR A i Té ot o2
cdsbus inorganigcoxide isthencednvertedhack: its oxidizedi formith airie the combdstornd t he
L onrx  bogenerator. This oBVIaigd the Re8d foran Sir Separation Blant resutting it fower ' ©~ ' ©
* capital costs.
The autothermal reformer, or autothermal reformer unit, as defined and used
herein, has two communicating fluid beds such that the inorganic metal oxide (a
- 20  redox “oxygen’ carrier) exits the first fluid bed in an autothermal reformer reactor in
a reduced oxidation state, at a temperature of T, and, following separation from the
reformer gas products, enters a second fluid bed in a combustor-regenerator
operating at a temperature of T, such that T, is greater than T,. The autothermal
reformer of the present invention does not require external sources of heat during
25  operation; however, as an option, heat may be derived from external sources, such
as, e.g., steam, heated hydrocarbon feed gas streams, and the like. In the
combustor-regenerator, coke is burned off the inorganic metal oxide and the redox
' (reduction-oxidation) inorganic metal oxide material is converted to a higher
oxidation state. In accordance with the present invention, the redox material exiting
30 the combustor-regenerator at temperature T, re-enters the autothermal reformer
reactor where the heat accumulated in the combustor-regenerator is used to heat
the feed into the reformer and supply heat to the syngas reaction.



oxtdation state. In accordance with the present invention, the redox
material exiting 30 the conbustor-regenerator at tenperature T2 re-enters
the autothermal reformer reactor where the heat accunulated in the
conbust or weegapgnator is used to heat the feed into the refprrresssassosuppl y
heat to the syngas reaction. WD 99/ 02471 -
PCT/ US98/ 12869 6 As described in U S. Patent No. 5,624,964, the )
integration, in part, involves drawi ng off a portion of conpressed air from
a conpressed air flow froma gas turbine power plant conpressor. This
"borrowed"” conpressed air is introduced into the conbustion section, i.e.

t he conmbust ps-deagsibetidhd.S. PhtdritNeL5,624964uthe integnation)in pargdovolvesoget her ~
with fuel gas. A small booster conpressor for the borrowed air is

op';ri) ondrawingtaff 8 pertian, ot evpBrRssed aipfrop) 8 Sommre ajr flow,gom a gas

heat + LpiecPBNER Bfit coffesait; THIE bombPe Earmpfestn dif @ iAtrbBusat s 1 2

19 ﬁgsvs\/\méc)gb?? agei n coﬁ\'/'-ireg’d to t hNStgHéfgel%sa tw;l/gfntnel autt)tust or m‘lfﬁgnﬁfi(ir n

of 5t hereastor tqs@twg\@ish &'éyQQ% A§§la?|c£°q\,§@' m&géﬁpéﬁg%qm%ﬁgﬁ the )
etar BeHoEaf yliadY odifiBtiaid fof pisRshiy afdh B e LorRiBNG, repiertaIR Tl 7 L

| 0sses Thét"bohowetlecompressedait anc elst some@xtracheatds lateofetumeditorthel ow t o

t he power plant conbuystor. are increased to faciljtate copbustion. .15
Gener apower plantayoMiG BOL, COMRATRESSA £ Gases QR the FoMBUSIar-T8gepPiAPted o
rocess, ' Al Har=y3 2 neration
oo Wit e icbter laRPedhofibsel MG \iioR IS BingRctiveled 19 the pepia 1e'
eq PPpiantidombuster. r The mixingfithaihdt fue gasestand thelrestof thelcamprtessedor mer

H . lu . . ; g
Feact i iweTRghe femparatura ot e 8 gasss sutsnRIPAIRM tererd g o
roduct Lo axi ; ; Lo o i
hyd?ocﬁ%@%@%ﬁb{cﬁn@ﬁ |on§§§ﬂ§m@1t toy\glr 0 'tﬁwém%%té@r, ﬂ@@?ﬁﬁ%

synt he$ossesasAtthersamme timeq the temperatingsand prassun of theoair flowdto thepawer's

FGce! v ElamkRAOdRIG 8L neToARed R UL ORIMRIN 51 {1l bed and whi ch
Y ot ool A o e e P g hot 11 e
gas. | ipradess foriheabintegration oftan autothermalreformer and a cogeneration power
plant in which the cogeneration power plarit has a gas turbine equipped with an air
compressor and a combustor. The autothermal reformer has two communicating
fluid beds; a first fluid bed comprising a reforn'ier reactor containing inorganic metal
20 oxide capable of undergoing reduction-oxidation reaction cycles and which is used
to oxidize the hydrocarbons at conditions sufficient to produce a mixture comprising
synthesis gas hydrogen, carbon monoxide, or carbon dioxide or mixtures thereof, a
second fluid bed comprising a combustor-regenerator which receives spent
inorganic metal oxide from the first fluid bed and which provides heat to heat the
25  inorganic metal oxide by combusting fuel gas in direct contact with the inorganic
‘metal oxide, also producing hot fiue gas. In addition to burning the coke off the
inorganic metal oxide and heating the inorganic metal oxide, the reoxidation of the
inorganic metal oxide also liberates heat by an exothermic reaction. A portion of
compressed air is drawn off from a compressed air stream from the air compressor
| 30  of the power plant gas turbine air compressoﬁ the drawn off compressed air is
introduced"to the combustor-regenerator; the hot flue gas from the combustor-
regenerator is mixed with the remainder of the power plant compressed air stream to



I norgani ¢ nmetal oxide and heating the inorganic nmetal oxide, the

reoxi dati on of the inorganic netal oxide also |iberates heat by an
exotherm c reaction. A portion of conpressed air is drawn off froma :
conpr essedV@i9027t eam from the air conpressor 30 of the p&&EUSIBAIRE? gas
turbine air conpressor, the drawn off conpressed air.is introduced to the
conbustor-regenerator; the hot flue g fromthe conbustor- regenerator is
m xed with the remai nder of the pomeraglant conpressed air streamto WO
99/ 02471 ' PCT/ US98/ 12869 7 produce

a reconbi ned gas styeam and this reconbi ned .gas ,streamis.fed,fo. the

C onbus PR BRRCBRIRGS G SFER.End 17N FRCAIIBRd gai: stream is farhictheo: o) -

oxi de i ' . " —f A Al a ' d,

oher o gopbhster ot thd cBBeHERftior/ag tibine! boks, DR “ierganieifield) hide s

r educ e¢ircakated betweert the first-fluid bed andiseecond fhid bed] whieeinithe imarganioor ner
reoxi,di zed ,and. heat e second fl yi ed in

reactor is rqgene[ t ed Sd i,n t hﬂld.
the comAist BXidpaxiess uArosAtY gad SYRSEs SnAdesitioed InproRnik etal aXigelR
metkal ol AfstiRyd B&Hg@ﬁ?e tefokmiér a[&ér i§'rBPQnMed,TrBSxfdiiéd'bﬁ&'H§étéﬂ irf he

i ndrgani ¢ nmetal oxl I's preferably contThuous; however, In certain aspects
of t he tins second fiaidbed imthet cambustordregeneratdr and-ragenegaied; reaxidizedxi de may
be intermtt{ent. 10 .Jn certain, agpegt t rqcess of the esent
hvent PeRted naraanie metel eudels rekbned 1o M it puid fied! TR Pectiatiqftofthng " he
cataly : | | Lo Chén ﬂg&demgein t he
cat al yztﬁoﬁgﬂ‘s%@%éla@]éﬁ %‘eﬁ Fﬁ%rhglgnﬂ%ﬁtﬁe@‘togﬁ g%g#'?feggﬁgggéi n the first
fluid pedsentdnvéntion,¢he ciraulatipatof tlse irayganic-metal axide mayrbedintermittent gani c

| i de i L di d.i h fluid bed. i h
nlect s of URCSHAILERRestAiR DRSSY REths Bresent tveplioR HhiAelcdBiFes &t cam
to the réﬂme??éaétﬁﬁﬁéﬁfainihg;tgtadyﬁ? aﬁa(tﬁé%&télgsetfanng R indRgarit elbtalbsidaer mal .

reaction ereln steamis ed” to t he-autot : rqfornen reactor. In
addi t i aretoirculated tbgether;avhdrein the catalyst ist spent anddbe inorganic meiakoxide

" of or s redficed f thé FECaA Bl 3 i St catfiialiisRbeRblathl R RS 1 °*™
5, 624, 9@ducéd iﬁ&?gémerrﬁeta? bR islExidizéd N e SecaidREabed. In'Corkiinvther

invention does not indirectly source oxygen fromair, it does not introduce
anis ni taspeets of thecpresent inventigm dhe precesscalsadncludes ferdingsteamdoithe ai r  was

the dovRlaTTer Aot da fis BiPeest B8 stiamheted sbtcihBingl s ¥hipfifRrere® ' "
steam is added to the autothermal reformer reactor.

In addition to the advantages listed above, the process of the present
invention generally has the advantages of the prior art integrated steam reformer

20 unit and cogeneration power plant of U.S. Patent No. 5,624,964. Furthermore, since
the autothermal process of the present invention does not indirectly source oxygen
fronﬁ air, it does not introduce any nitrogen diluent to the syngas product as would
be the case if air was added directly to the reformer reactor. This is a significant
advantage in the downstream processing of the syngas where the nitrogen diluent

25  impacts equipment size, heat duties, and separation efficiency.

An advantage of the process of the present invention compared to an
integrated steam reformer is that the overall inorganic metal oxide circulation rates
can be dramatically reduced at constant T, temperature. This is due to lower heat
balance requirements of the circulating material which are lowered since the

30 autothermal reforming is not as energy-demanding as steam reforming. At constant
circulation rates the operating temperature of the combustor-regenerator (T,) could
be reduced resulting in a further savingé in thermal efficiency. It is this aspect of the
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15 be learned by practice of the invention. The objectives and other advantages of the

invention will be realized and attained by the process, apparatus and system
particularly pointed out in the written description and claims hereof as well as the
appended drawing. '

It is to be understood that both the foreg'bing general description and the

20 following detailed description are exemplary and explanatory and are intended to
provide further explanation of the invention as claimed.

The accompanying drawing which,is:'inclu'ded to provide a further
understanding of the invention and is incorporated in and constitutes a part of this
specification, illustrates an embodiment of the invention and together with the

25  description serves to explain the principles of the invention.

The drawing is a diagrammatic flowsheet of the invention.

In the process of this invention, an autothermal reformer unit and a
cogeneration gas turbine power plant are integrated. The autothermal reformer has
two communicating fluid beds such that the reforming inorganic metal oxide

30  continuously or intermittently exits the first fluid bed, the reformer reactor, ata
temperature of T, and, following separation from the reformer gas products, enters a |
second fluid bed, the combustor-regenerétor, atT, suchthat T, > T,.
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b#5 capniention gend&ailgmomnstaﬂhwdmgemmcbm monoxides earbon dioxide, steam, -
e.g., steam from the water of reaction when excess steam is not fed to the reformer
reactor or steam from added steam i in the steam-asslsted embodiments, and
unreacted hydrocarbon. _
In certain preferred aspects of the present invention, the inorganic metal
20  oxide which must be capable of undergoirg reduction-oxidation cycles in
accordance with the present invention, i.e., cycles wherein the metal oxide is first
reduced and subsequently oxidized or vice versa, is used without assistance of
other additives. In many preferred embodiments of the preseht— invention, the
inorganic metal oxide is used with a conventional support material as well known in
25 theart.
The preferred inorganic metal oxides uséd in the present invention may be
binary or ternary metal oxides or mixtures thereof. The binary metal oxides include,
but are not limited to, e.g., chromium oxide, cobalt oxide, nickel oxide, titania,
copper oxide, manganese oxide, iron oxide, or mixtures thereof, and the like. The
30 ternary metal oxides include, but are not limited to, e.g., praseodymium-cesium
oxide, SrCO,sFeO,, or mixtures thereof, and the like, where x is an integer which
renders the metai oxide charge neu{ral. Mixtures of binary and ternary metal oxides
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ratio in the autothermal reformer reactor is 5 to 280 weight percent (wt.%),
preferably 10 to 140 wt.%, and more preferably, 15 to 100 wt.%. These weights are
calculated based on inorganic metal oxide circulation rates (tons per minute) and -
hydrocarbon feed rate (tons per minute).

20 The process of the present invention can be operated without additional
steam feed. However, steam reforming activity is always present in the process of
the present invention because evén without additional steam feed, steam is
generated in the autothermal reactor from the water of reaction resulting from the
oxidation of the hydrocarbon. However, in certain preferred embodiments, it is

25 desirable to supply additional steam to the reformer to provide enhanced or
additional stéam reforming activity present with the oxidation reforming activity (from
the inorganic metal oxide) in the process of the present invention. In accordance
with the process of the present invention, this enhanced or additional steam
reforming activity is defined as a steam-assisted process.

30 The inorganic metal oxide may or may not be active for catalyzing the steam

- and CO, reforming reactions. If a given inbrg'anic metal oxide used in the process of
the present invention is not active for the steam reforming reaction, a second |
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the reforner reactor to the conbustor-
the particles can be circulated from the reformer reactor to the combustor-
regenerator and as long as the particles can be fluidized in the respective beds. For
use in the fluidized beds of the present invention, the particle sizes are generally in
the range of 10 to 150 microns, preferably with a majority of particles at 40 to 120
20  microns. The inorganic metal oxide and/or catalyst particles, including any support.
materials are preferably attrition-resistant. ‘
The circulation of the inorganic metal oxide particles or the inorganic metal
oxide particles and catalyst particles from the reformer reactor to the combustor-
regenerator and/or from the combustor-regenerator to the reformer reactor in its
25 respective reduced (spent) or oxidized (regenerated) forms, may be continuous or
intermittent. Generally, continuous circulation is preferred; however, intermittent
circulation of the particles may be used where a sufficient amount of oxygen or a
form of oxygen can be maintained in the reformer reactor to react with the
hydrocarbon without compromising the continuous production of syngas.
30 Since one purpose of the circulating fluid beds in the process of the present
invention is to facilitate heat transfer, one role of the combustor-regenerator is to

heat the fluid inorganic metal oxide particles to a temperature above the
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fluid beds, fixed fluid beds and drculating fluid beds. All of these applications can
be utilized in either the upflow or downflow modes. A fixed fluid bed is a fluid bed in
which the gas velocity is above that required for minimum fluidization but below that
necessary to achieve pneumatic transport. The bed surface, although it could be

20 highly irregular, is fairly well defined. Examples of fixed fluid beds include bubbling
and turbulent fluid beds. A circulating fluid bed is a fiuid bed process whereby
inorganic metal oxide is continuously removed from the bed (whether in upflow or
downflow orientation) and is then re-introduced into the bed to replenish the supply
of solids. At high velocities (e.g., >50ft/sec) the solid density in the reactors is low,

25 i.e. below 2 Ib/ft*, and, in upward flow, one calls this type of fluid bed a riser reactor.
At lower velocities, while the inorganic metal oxide is still entrained in the gas
stream, a relatively dense bed is formed in the reactor. This type of bed is often
called a fast fluid bed. There is no clear dividing line between these types of
reactors and, for the purpose of the invention, it is sufficient that we deal with

30 inorganic metal oxide (or metal ihorganic oxide and catalyst) particles in such a



15 The types of fluidized bed processes contenplated for use herein
i nclude fast fluid beds, fixed fluid beds and circulating fluid beds. A
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combustion of fuel in the power plant combustor, is initially compressed to the
desired gas turbine inlet pressure (e.g., 200-400 psig). This large excess of air is
needed to serve as a heat'sink in the power plant combustor to moderate the
combustion exotherm and maintain the combustor temperature within the constraints
20  set by the associated hardware. Since the compressed air is available in excess, a
portion of the compressed air exiting the cogeneration power plant gas turbine
compressor is borrowed for use in the combustor-regenerator. The diluent air,
previously used to control the temperature in the power plant combustor is replaced
by hot, pressurized off gases from the combustor-regenerator which are fed back to
25 the combined cycle power plant and mixed with the remaining airflow as gas flow for
the power plant combustor. Such integration reduces the operation and capital
costs otherwise associated with a fluid bed autothermal reforming process.
Entrained solids in the hot off gases from the combustor-regenerator can
damage the power plant gas turbine blades as a result of erosion. Therefore, the
30 combustor-regenerator hot off gases are filtered to remove the entrained
particulates. The temperature tolerance of commercially available filters for this

purpose is limited to e.g., 1450°F, and the temperature of the hot off gas exiting the
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from 20 psig to 1000 psig; preferably 150 psig to 600 psig; and more preferably 150
psig to 450 psig. The preferred temperature range of the autothérmal reformer
reactor is from 1350°F to 2000°F, more preferably 1600°F to 1850°F.

The feed for reforming is generally a light pa‘réfﬁn, preferably methane or
20  ethane; however, other conventional hydrocarbons which can undergo reforming in

| a reformer reactor, such as the hydrocarbons discussed above, may be fed to the
reformer reactor in one or more feed streams. The product stream consists of
hydrogen, carbon monoxide and carbon dioxide, as well as steam and unreacted
hydrocarbon. ' |

25 The integration of a power plant unit with an autothermal reforming process
unit is exemplified in the drawing. |
in one preferred embodiment of the process of the present invention, the
inorganic metal oxide is copper oxide on an alumina support. In another preferred
embodiment of the present invention, steam is injected into the reformer reactor to
30 provide a steam-assisted reforming of the hydrocarbon, e.g., methane, while copper
oxide particles on an alumina support and nickel catalyst ori the same alumina
support are fluidized in the reformer reactor. The amount of catalyst generally



reoxi di zed), preferably continuously, in the conbustor-regenerator. The
autot hermal reform ng processes contenplated to be used herein are 15

t hose which require a pressure -above-20 psig. The preferred pressure range
is from 20vQ8%/6g4fb 1000 psig; preferably 150 psig to 600 psPQI/USSSII286y €
preferably 150 psig to 450 psig. The preferred tenperature range of the
autothermal reforner reactor is from1350[err]F to 2000[err]F, nore
preferably 1600[err]F to 1850[err]F. W¥e feed for reformng is generally a
i ght paraffin, preferably nmethane or 20 ethane; however, other
conventional hydrocarbons which can undergo refornmng in a refornmer
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exdp! fuidizéd, solid, particulate inorganic metal oxide (not shown) which is at a '
temperature sufficient to effect autothermal reforming, in this example, 1650°F. This
temperature can be in a range of 1350°F to 2000°F, preferably 1600°F to 1850°F.
The pressurized feedstream is introduced into reformer reactor 2 at a pressure of

- 300 psig. The reforming fluid beds can operate at a pressure of 20 psig to 1000
20  psig and preferably 150 psig to 450 psig.
Makeup inorganic metal oxide particles and makeup catalyst particles or both

can be added to the autothermal reformer unit as required by conventional
techniques by feeding it in existing feed lines, either heated or unheated, with
hydrocarbon gas, steam, air, and the like, for example, in line 1, or by feeding the

- 25  particles propelled by hydrocarbon gas, air or steam in a separate feed line (not
shown)-to one or more components or conduits in the autothermal reformer unit.
The makeup particles can be added continuously, if required, or intermittently, as
required, for example, as inorganic metal oxide and/or catalyst particles become
depleted. The particles may be fed in a feed line to any part of the reforming unit,

30 for example, in a feed line (not shown) to the first fluid bed in reformer reactor 2, ina

feed line (not shown) to the second fluid bed in combustor-regenerator 5, in a feed
line (not shown) to a transfef line (cohduit 4) used for circulating spent inorganic



to 4:1, preferably 0:1 to 1.5:1 and nore preferably 0:1 to 1:1, is

i ntroduced through line 1 into refornmer reactor 2, which in this exanple is
a fixed fluid bed. The feed inlet tenperature can vary between 300[err]F. -
and 1400F,woregissebl y 500F to 1000[err]F, and nore preferabpgrfifs0$13860
800[err]F. The reformer reactor 2 contains a bed of 15 fluidized, solid,.
particul ate inorganic netal oxide (not shown) which is at a tenperature
sufficient to effect autothermal reforl§ing, in this exanple, 1650[err]F.
This tenperature can be in a range of 1350[err]F to 2000[err]F, preferably
1600F to 1850[err]F. The pressurized feedstreamis introduced into reforner
r eact ometahbxideffrarnthe firstflukdbedto dhe Seeond fluidhbed; orliniafebddinecimot oper at e

at a pressure of 20 o1l O 20 sig a referabl 150 ,| to 450_
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1350F thaveodépositedran the inorganic metal oxide (and on catalyst when present) and '
from reoxidation of the i inorganic metal oxide during the autothermal reforming step.
In this example, methane was chosen as the fuel to the cdmbustor-regenerator and
copper oxide was chosen as the inorganic metal oxide. The temperature differential
20  of combustor-regenerator over reformer reactor in this example is 150°F but can be
preferably 20°F to 1000°F; more preferably 50°F to 400°F; and most preferably
160°F to 200°F. The temperature is related to equipment restrictions.  For a given
heat requirement in the reformer reac!br, the temperature énd the circulation rate
are related according to the formula |
25 Q = 2CpaT
Q heat to be transferred to the reformer reactor (Btu/min)
£ = solid flow rate (Btu/min)
Cp = heat capacity (Btu/ib,, - F°)
aT = temperature difference (°F)
30 In combustor-regenerator 5, a fuel stream comprising fuel mixed with air, in
this example containing methane, and 20% stoichiometric excess air, and at 300

psig or in a range of 100 to 1000 psig and at a temperature of 260°F or in a range of



preferably 1600[err]F to 1850F and a pressure of 20 psig to 1000 psig,
preferabl'y 150 10 psig to 600 psig, and nore preferably 150 psig to 450

psi g. Spent_j ic metal oxide (and spent catal yst when pr m
t he reforne_qgﬁﬁﬁﬁ ﬂEﬁW@%ﬂ&kS

r 2 is passed through conduit 4 to the
conbustor-regenerator 5 for reheating. The conbustor-regenerator generally
operates at a tenperature higher than t reformer reactor wth a heat
differential supplied by the burning in the 15 conbustor-regenerator of

| i ght hydrocarbons, such as fuel gas, and coke which may have deposited on

rooxi daciBh o T 1€ rftfod 28 166 68 ntBimbr RebHARER thelBh ¥ L pg i g
step. | mg §ha tise Al lahd cokearecburnaddh e eombustor-regehefatof ftegenerate heat.
conbust or-regenerat or and, copper oxi de was chosen_ as the i norganic netal

oxi de. Tihe inorganigtoetal gxidedapdGatalystwhen presant) is heated da the gombustos:

Lo0or EBanaaape g InBafEkARYCIAGF O in 2 andi bt PRpRiFE 2RO R OB 1
200[rr ]rEPeﬂé&t_éé insrgahio metal oxitder(atdl fegeneratedatalysovhen préstnt) passes
gi ven heat requirenent in the reformer reactor, the tenperature and the

ci r cul atausief the sombustarregeneeatend dhinyohcanduit® andis conveyed back to
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- F[err]éndW&&nbuétamgaﬁerabrdim,gwpggm[-eeﬁw?ﬁo I'n
conmbustor-regenerator 5, ~a fuel streamconprising fuel mxed with air, in
this exanpl e AGRsEPUS PECIHG effiuent yhich exits refosmen rractor2 throigh line 3 isand at

300151 Glelilohar SR coinpdihe e 38k GhintobGiBP 2 {opibng, 250 © )

PCT/ USO dtdafageriefaftin 0f4, landWdste bailer bi fewll prsheatérads, [followed by passage -
conmbust or -regenerat or throug ines 7 and 16 and the fuel and coke are

burned ithraugh 8 sressire swing @Eéilam;(Psé\)g’Jr@p&paahéatsapame ithe hydregenet al
Co & t ceraet Ttee 40BP dsfidain LomBBABHR g fuAfieF GEHESAN paldafiencr a1 of
regener at ed ilnwegtionC wtthe drawidg, thersteamuafienmihg process isdhtegnatedwitisant )
passes out of the conmbustor-regeneratqr 5 'through conduit 6 and is caonveyed
backs t o cogeneration gas turbine rplant. A oo_generatlgn power plant unit is shown in
the drawing at section B.
Referring again to the drawing, in the power plarji unit in section B, air is
conveyed through line 10 into the gas turbine cdmpréssor 11. Compressed airflow
at a pressure of 150 psig and at 252°F exits the main compressor through line 12.
20  As shown in the drawing, section C, a portion of the compressed airflow in line 12 is
diverted at juncture 13 into line 14 for the purpose of "borrowing" air and pressure
for integration into the autothermal reforming process unit. The drawn off portion of
air can have a pressure of 50 to 1000 psig, preferably 150 to 400 psig and a
temperature of 300°F to S00°F, preferably 400°F to 700°F. The diverted
25 compressed air in line 14 is conveyed to a booster compressor 15, which is opfional,
and the pressure of the diverted compressed air in this case is raised to 300 psig
and a temperature of 307°F before it exits the optional booster compressor through
line 16. The air in line 16 is introduced into the gaseous fuel stream 7 for the
combustor-regenerator 5. In this way, air and pressure for the autothermal
30 reforming process unit are obtained from the power plant. Therefore, a separate
main compressor is not needed for the autothermal reforming process unit.

Optionally, a small booster compressor may be used.



reformer reactor 2 propelled by a pressure difference between the reforner
reactor and the conbustor-regenerator. Plerr] > Plerr] [err]P ~ 3-100.psi.
A gaseous product effluent which exits .reformer reactor 2 through line 3.1s
10 passedwiomomkyar downstream conponents such as a shift r e@IUsIsS42869
(optional),- steam generator 44, and waste boiler or feed preheater 45,

fol |l owed by passage through a pressure sw ng absorber (PSA) 47 (optional)
to separate the hydrogen product. Thes®8 ot her downstream conponents are
further discussed below In section C of the drawing, the steamreform ng
process is integrated with a 15 cogeneration gas turbine power plant. A
cogener at i onMeanmwhile| the remaindes ofsthevecompressed @irinilimg 12 aftecjunetur8.13 is-

Referring again to the drawing, in the power plant unit in section B _air
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temperature sufficiently lowered to ._allow passage through conventionally available
filters to remove circulating solids, i.e., e.9., inorganic metal oxide fines, catalyst
fines when catalyst is present, and heat transfer fines when heat transfer particles
are present. Conventionally available filters are generally limited to temperatures
| 20 below 1400°F. In the absence of additional heating or cooling of 17 and 19, setting
of a maximum mix temperature dictates the relative sizes of the power plant (i.e.,
power génerated) and the autothermal reformer (i.e., hydrogen produced).
_ After the mixing of gas streams at intersection 18, the mixed gas stream is
conveyed through filter 21 by line 20. The mixed gas stream emerges from the filter
25  with inorganic metal oxide fines removed and the mixed stream at a pressure of 150
psig and a temperature of 1190°F is conveyed through line 22 to the power plant
combustor 23. Before the mixed gas enters the combustdr, fuel for combustion,
e.g., methane, at 250°F and 150 psig is intrbduced through line 22a into line 22 to
intermix with the mixed gas stream. The intermixed combustion fuel and gas stream
30 inline 22b at temperature of 1168°F and a pressure of 150 psig and containing.
e.g., CH,, CO,, O,, N,, H,0 and preferably contéining e.g., 150-200% excess air, is
combusted in the combustor 23 at a témperature of 2000°F orin a range of 1700°F



5 containing inorganic nmetal oxide (and catal yst when present) fines from
the conbustor-regenerator 5 is mxed wth the conpressed air inline 17 to
forma mxed, reconbined gas stream 20. The hot flue gas in line 19 from
conbust or w??ﬂ% }ator 5 contains fine particles which can PEE#ISs/I2868m
attrition of the fluidized bed inorganic netal oxide (and catal yst and/or
heat transfer particles when presént) .10 Attrition normally results from
mechani cal particle degradati on and bridak up in a . fluidized bed. The
conpressed air inline 17, in this case before mxing is at a tenperature
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at  200fhe effideAbid dpstionaliyitirelidted 0 B\shife feddtoP42 D Whatk# can be introduced
into line 3 to produce steam and thus cool the effluent to an acceptable level for
filtration. The effluent is cooled to 700°F for high 'temperature gas shift reaction.

20  The reformer reactor effluent can be also cooled by passing through steam
generator 41 to produce steam energy and the temperature of the effluent in line
41a is reduced to 700°F. The positions of steam generator 41 and filter 40 are
reversed if an initial pre-filter cooling mechanism is not employed.

The hig_h temperature gas shift in shift reactor 42 is carried out adiabatically

25  atan inlet temperature of 700°F and 300 psig. Approximately 75% of the carbon
monoxide is converted in the shift reactor, as dictated by equilibrium constraints
such that the shift reactor effluent 43 contains, e.g., H,, methane, CO,, CO, and H,0
at 812°F and 300 psig. The shift reactor effluent in line 43 can be used to produce
steam in steam generator 44 thereby cooling the shift reactor efﬂueht to 500°F in

30 line 44a. The line 44a effluent is further cooled to 100°F in waste boiler 45 and
water is removed in knock out drum 46 prior to pressure treatment in the swing



24 fromthe conbustor to the turbine 25. The inlet tenperature of the gas
turbine can be in the range of 1700[err] to 2800[err]F, preferably .

2000[ err] to 2400[err]F. Pressure 5 reductien drives the inpeller of the
turbi ne. WQe90247 energy i s converted to velocity energy armCumessd/ibsse
generate power which exits through line 26. Part of the power is diverted
through line 27 to run the gas turbine conpressor 11. The renuai nder of the
line 27 power in 27a i's used el sewher20 e.g., to supplenent a refinery. Hot "
gas exiting turbine 25 through line 28, in this case, CJerr], Jerr],

Nerr] and Herr]0, 10 at 1350[err]F and 10 psig, is used to produce steam

i n st eabsgrbee (RSA) 47%0r Rpdregenpurificativhe Hydrogen preduit ¢ caffedted Shroughl-er rl . -
Jerr], N g:r] and H20 at 500F and 10 psig) are conveyed through line 30 to

wast e 31. CGases exiting the waste boiler in line 32 are conveyed to

a knock out ' : : Ee bt 1.
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PCT/ USsffiuenttymagimize eonwersiorsix) thershiftreagtor,fyesthepreducing utility.costeir ogen
product is Fnoihlise ﬁtegfj inttggrrgye%] design shown in the drawing, hydrogen selectivity is
not as important as in a conventional hydrogen plant since hydrogen is a oo-broduct
with power from the combined cycle power plant, steam generators and waste
20  boilers. | , '
it is the overall efficiency improvement and capital investment savings
associated with the production of power, steam and hydrogen that determine the
overall uniqueness of this plant when an inorganic metal oxide is used to oxidize the
hydrocarbon and syngas in the reformer reactor.
25 | Another embodiment includes a subsequent integration with a methanol plant
(not shown). Reformer synthesis gas is conveyed to the methanol unit and reacted
to produce methanol. The reaction for the production of methanol requires
synthesis gas as the feed. The reaction generally utilizes a zinc-chromium oxide
catalyst, a temperature of 300°F to 700°F, a pressure of 500 to 5000 psig. A
30 portion of the power required in the syngas (synthesis gas) conversion plant, e.g., a
methanol plant or a Fischer-Tropsch plant, can be supplied from the power
generated in the cogeneration gas turbine power plant.



line 48. In a preferred enbodinent, the shift reactor is elimnated and the
CO CJ-err] and nethane by-products fromthe PSA conplex containing, e.g.,
nmet hane, are fed 5 directly to the conbustor-regenerator to serve as

addi ti onaWa W4 ot shown). In another enbodi ment, the shiReT/PEWARE49
remai ns in the hydrogen plant design and, simlarly to the preferred

enbodi nent, the by-products fron1PSA,a§.g., CO CJerr] and nethane from
the PSA 47 at 100F are sent to the coffbustor-regenerator follow ng
conpression to the conbustor-regenerator foll owi ng conpression to the

nbust or - ] t t] h . I n both ,
T Che. aut oWWHuIE HETe Bee heorl festriobl Whét ars rebpale Bofievec to Be 88n ace ot bd
de., Poting R e , 3
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3 pri ochangesand magificatioris may beamade théreto without departing feomithe spiritrofser ve

t he dual purpgse of, cqoling.the reactqr effluent and, 15 . suppl enenting
what e ipveation3nd ﬁr‘%f'ﬁ?ﬂgﬁd F%S@!m@?&m@w and madificationsasfallent to

magi m\gﬁﬁ@ﬁ%ﬂm gagégegfgfgs?,g%ﬁgﬂﬁ.eact or, further reducing utility costs.

I n~t hi I ntegr own in the drawi ng, hydrogen selectivity
is not as inportant as in a conventional hydrogen plant since hydrogen is a
co- product with power fromthe conmbi ned cycle power plant, steam generators
and waste 20 boilers. It is the overall efficiency inprovenent and
capital investnent savings associated with the production of power, steam
and hydrogen that determ ne the overall uniqueness of this plant when an
inorganic nmetal oxide is used to oxidize the hydrocarbon and syngas in the
reforner reactor. 25 Anot her enbodi nent includes a subsequent
integration with a nethanol plant (not shown). Refornmer synthesis gas is
conveyed to the nethanol unit and reacted to produce nethanol. The reaction
for the production of nethanol requires synthesis gas as the feed. The
reaction generally utilizes a zinc-chrom um oxide catal yst, a tenperature
of 3000F to 700[err]F, a pressure of 500 to 5000 psig. A 30 portion of
the power required in the syngas (synthesis gas) conversion plant, e.g., a
met hanol plant or a Fischer-Tropsch plant, can be supplied fromthe power
generated in the cogeneration gas turbine power plant. WO 99/ 02471

PCT/ US98/ 12869 S -



21 Wile there have been described what are presently believed to be the
preferred enmbodinents of the invention, those skilled in the art wll.
realize that changes and nodifications nay be.nade thereto without .
departing woswema spirit of the invention, and it is-intendernsysassd m all
such changes and nodifications as fall 5 wthin the true scope of the

i nventi on. WO 99/ 02471 '

PCT/ US98/ 12869 22 CLAI Ms: 1. A proce¥% for heat i
autothermal reformer and a cogeneration power plant in :said
cogeneration power plant conprises a gas turbine egﬂj“ﬂﬂWlw l'{!\u,ﬂl

conpr esGRAIM8d a conmbustor, said autothermal refor

comunicating fluid beds; a first fluid bed conprising a r 6f or mer reactor
cont ai ni ng inorganic nmet al oxi de capabl e of undergoi ng reduction-oxidation
eaction cyches aRbribbedor het bt of el Mol apa!! ¢ 0N
sufficient t0 produce a mXxture comnprising synthesis gas hydrogen, carbon
- nonoxi dsogetieratiory power plantdn which:xt ures thereof, a second fI uid bed

conprising a combustor-regenerator wh ch recejves s t.jn ani ¢, net al
oxi de Trom the fi$aid Gogangr wmem‘ae%camaseﬁga&?wbmﬁcﬂ! with

I nor ga ﬁ:ﬁ}l pg fuel gas in direct contact vmth t he
|norga%rgame apr%élg%ea ano pr o udl ng hot flue gas; and wherein a portion
of conpressed airsaid autethermaf réfounetacmmppsesbmicemnmicatmg fluidrbedseaai r

conpressor _of. the power, plant gas turbine gify, coppressor; the rawn of f
conpr esfirstifl Hﬂ'bﬁi WPF'E@SL%BefP ?h(@%%?mafﬁwng ﬂﬂﬁ“&t’ﬁ?a PXidenot fl ue

gas fro ?&ﬁw t he power
pl ant cor#)r esse éeam 0 pr oﬁ%@%m%%)or%}%ned gas S rfeégurﬁéeyng this
reconbi md;zaawwbcabmnssat beddﬁnns@fﬁnieﬂhhtpmduée amixturecomprising gas

bt ol | ComaBete ABdYrAGer, CArPoR IR O sTos SIRKide Of Hikutes WeERah At he
'ngf;?a”éécgﬁaﬁum%g?o gﬁ&#:g"as%ﬁrﬂﬁg&bﬁ-r&lj@ﬁ&%ﬁ vtiehretdies gpBREd i norganic

e I n sal
inorganic metal oxide from the first fluid bed and which provides heat to heat the

inorganic metal oxide by combusting fuel gas in direct contact with the inorganic
metal oxide, also producing hot flue gas; "

and wherein a portion of compressed air is drawn off from a
compressed air stream from the air compressor of the power plant gas turbine air
compressor; the drawn off compressed air is introduced to the combustor-
regenerator; the hot flue gas from the combustor-regenerator is mixed with the
remainder of the power plant compressed air stream to produce a recombined gas |
stréarﬁ and this recombined gas stream is fed to the combustor of the cogeneration
gas turbine power plant; | '

said process comprising circulating the inorganic métal oxide between
the first-fiuid bed and second fluid bed, wherein the inorganic metal oxide oxidizes
the hydrocarbons and forms reduced inorganic metal oxide in said first fluid bed in
said reformer reactor and the reduced inorganic metal oxide is regenerated,
reoxidized and heated in said second fluid bed in said combustor-regenerator and
regenerated, oxidized, heated inorganic metal oxide is returned to said first fluid
bed.

2. The process of claim 1, further cbmprising feeding make-up inorganié

metal oxide to said reforming unit.



said refornmer reactor and the reduced inorganic!metal oxide is regenerated,

reoxi dized and heated in sai jiﬂﬂ'ﬂm(lmum'(ulmg in said
conbust or-r rator and re d, heated inorganic netal
oxi de |s‘y9§?ﬁ£§a to said first fluid Bed? 2@ | The procesd fULPAE6P 1,

further conprising feeding make-up inorganic .rret al oxide to said reformng
unit. " WD 99/ 02471 PCT/ US98/ 12869

23 3. The process of claim 2, vvherezlsn the inorganic netal oxide is fed to -
said first fluid bed in said reforner reactor. 4. The process of claim 2,

wher ei n t he, i norgani ale oxi fed to.said.se flui.d _bed in said
conbust or - &egene WE“%@dgr‘B@%&"me M%Q?H'ﬁmsiﬁg%lﬁﬁ s F‘?iorganl c
met al g§ t fieid BEd §19 said reformar rebbtyp, used for circul ating spent inorganic
met al ogﬁgfromsald first fluid bed to said second fluid bed or to a

transfer |idae uskhe pracessiof glaim 2,gwvhergim thexinedganio metal oxidetiafedto de from
said second f ed, t |df|r t fluid bed. 6. The process of claim 2,
wher ef@! '?’ng‘é'gﬁ?%d ’r?e?%la ‘Pe'WQ%'eg%o& reformng unit is an

i norgani ¢ met al ﬂi@ﬁﬂ:de'&s%f%ﬁimq”ﬁéréi% éﬁiétrﬁetayomdeig?eé’fd)éess of

claim1, wherein the inorganic metal oxide Is binary or ternary netal
oxi detragsfer linesugadfargircuiatingspent inofganis metal oxidenfrom said firstfiiid bed

d
oxi eto RacEaeid e or 68 RehafBt 5B Aelt6F cudligbPa sposdBfalad e r ocess
of cl aidfgamd/méfeﬂId&:délﬁoirﬁééiarsiécaﬁaqim&bbé% %aiaoﬁisﬁﬂﬁid%a& eodymi um cesi um

oxide, SrCJerr]FeOx, or m xtures thereof he process of clains 8 or
9, wherein&he rﬁl@prmsa@fﬂaimﬁrwhmqmﬂmmwgmpmtal oxidefedto sald The

o0 i Ao A sEEPI bl L FRUSSLS oblicb il "3, k2ol T
12.  The prpocessThy prdcais8of cldin 1, Viherdiittd inofgariic nétal 6Xitei§ aBiRary
contai ning catal yst' and said process conprises circulating catalyst and the
i nor ganterneey metaboexide. wherein the catalyst is spent in said first fluid
bed and is 8. The process of claim 7, wherein the bmary metal oxide comprises
- chromium oxide, cobalt oxide, nickel oxide, titama copper oxide, manganese oxide,
| iron oxide, or mixtures thereof.
9. The process of claim 7, wherein the ternary metal oxide comprises
praseodymium-cesium oxide, SrCO,sFeO,, or mixtures thereof.
10. The brocess of claims 8 or 9, wherein the metal oxide further
comprises a support material.
| 11.  The process of ciaim 10, wherein the support material is <-alumina,
kaolin, zirconia, magnesium oxide, cerium (IV) oxide, silica or mixtures thereof.
12.  The process of claim 1, further comprising a reformer reactor
containing catalyst and said process comprises circulating catalyst and the
inorganic metal oxide, wherein the catalyst is spent in said first fluid bed and is
regenerated in said second fluid bed. |
13.  The process of claim 12, wherein the catalyst is nickel, palladium,
platinum, ruthenium, iridium, rhoduim, cobalt, nickel-cobalt, nickel-platinum, or
mixtures thereof. '



-~

regenerated in said second fluid bed—33—The process of claim 12, wherein

the catal yst is nickel, palladium ' lum iridium rhodwi m
cobal t, nickel-cobalt, nickel-plat 1@“&“@““‘”“}““ t her eof . WO 99/ 02471
PCT/ US98/ 1380899/@471L4. The process LMmul, §urther conprPETAG9812869
reformer reactor and a conbustor-regenerator containing heat transfer
particles and said process conprises circulating heat transfer particles
which are heated i.n said conbustor- re@4nerator to the reformer reactor.
where heat is transferred fromthe particles to the fluidized bed and
returning the heat-depleted heat transfer particles to said

conmbust or - r ededaer akhe pragess of iclaim hJurtber compeisingoa esformoer readton and aher-ei n
the integrated autothernmal refarner and cogeneration power plant are:
f ur t her COMBHEeICIAgRETRIoE cobiaining heal Hanstpartiien SR O00ES ¢ he
synt hesi nﬂsﬁseermmg RedtitfaristéOpanticldsswhitA%r8theditéd fh S8Td dabstoRover
required 1n the synthesis gas conversion plant is supplied from power
gener at eeigéemenater todherefarmes neactor whene heapisteansfemad from the particles to
the fluidized bed and returning the heat-depleted heat transfer particles to said
combustor-regenerator for re-heating.

15.  The process of claim 1, wherein the integrated autothermal reformer
and cogeneration power plant are further integrated with a synthesis gas conversion
plant so that the synthesis gas produced _in the reformer is reacted and a portion of
power required in the synthesis gas conversion plant is supplied from power

generated in the cogeneration gas turbine power plant.



