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wWOo-2@k@78380 t he | nvention [0001] The present i NVROL/USI004/004270

rel ates to process inprovenents in synthesizing

hydr ocar bon conpounds from synthesis gas. Mre

particularly, the invention-1lrelates to a process

schenme wherein synthesis gas is produced in a cyclic

packed- bed operation in which the reform ng cycle of
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ight gas and steamf ] ocar bon synt hesi s
process is used in the reformng cycle. Background of
the I nvention [0002] Conventional synthesis gas
FicdE B L IR8nfibRcesses include steam reform ng, gas
—j%ﬁaSE“parrrﬁﬁ‘oxidation and aut ot hermal reform ng.

Each of these processes has advant ages and
: di sadvant ages when conpared to each ot her. 0003] .In. .
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bed SpeaBentif wHitl thd fegoehinicl dyeld ofmht@yhtiesisi glstprodsction is .
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Cﬁteam reformng is typically carried out in |arge
CY%'6ir naces, in which the catalyst is packed into tubes.
The tubes nmust withstand the high pressure of the
produced synthesis gas, while transmtting heat at
BatlesmpandtofitlesIm@entioachi ng 1000C. As described in
Stanford

[0002] Conventional synthesis gas generating processes include steam
reforming, gas phase partial oxidation and autothermal reforming. Each of these

processes has advantages and disadvantages when compared to each other.

[0003] In a steam reforming process, steam is reacted with a hydrocarbon
containing feed to produce a hydrogen-rich synthesis gas. The general

stoichiometry, as illustrated for methane, is:
CH; + H,O --->CO +3 H, q))

Typically, an excess of steam is used to drive the equilibrium to the right. As
applied to hydrogen manufacture, excess steam also serves to increase water gas
shift:

CO+H,0-->CO,+H,; )



Research Institute International Report No. 148A
(1995), steamreform ng process efficiency, defined as
wa b@4kesrso of combustion of product synthesis gBGI/US2004/004270
di vi ded by the heat of conbustion of reform ng feed
and furnace fuel, is approximately 79% while the
space vel ocity, defined as St?ndard Cubi ¢ Feet per
Hour of Ci-equivalent feed / ft3 of catalyst bed is
690 hr- 1. Unfortunately, steamreform ng furnaces
occupy a very large volunme of space, orders of
magni t ude greater than the tube vol une, such that | ow
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eave the reactor as soot. [0006]  For these reasons,
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to clean feeds, it |s/p ferred to add steamto_the
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gis autothermal refor heat
eqinRadd atteactibicassy sfherprodegsi s provided in-situ from
the excess heat generated by the gas phase parti al

oxi dation reactions. [0007] Autothermal reformng can
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produce a synthesis gas mixture. The ideal gas phase partial oxidation reaction,

as illustrated for methane, is:

CH;+%0,-->CO+2H, - (3)

However, gas-phase reaction kinetics tend to over-oxidize some of the feed,
resulting in excessive heat generation and substantial yield of H,O, CO,, and

unreacted hydrocarbons that my leave the reactor as soot.

[0006] For these reasons, when gas phase partial oxidation chemistry is
applied to clean feeds, it is preferred to add steam to the feed and add a bed of

steam reforming catalyst to the bottom of the gas phase partial oxidation reactor



whi ch can inpart even greater conpactness to the

autothermal reformng process. The thernmal efficiency
wo@tooanrsssher mal reform ng reactors are gener al PGI/UBI904/004270

the range of 90% While autothermal reform ng based on

catal ytic partial oxidation may have high

productivity (gas hourly spacg velocity on order of

104 as Cl-equiv.), conventional partial

oxi dati on-based autothermal reform ng has a space

Ve b ioROhi e Sy SR Sl Bpiptorming s
c5ﬁ9dlhﬁt%§%&nfa‘? &‘éf%?m?ﬂ OFHORL 46&1&@ forf %@%n‘i@fdmﬁﬁﬁ”iscbl%vided

I'S oXxygen i yplca y provi
ih-Qith B RH She Bxédsk hewhidilerdted blytibe bhs pha¥el pa288Noxidation
di luted, | ow pressure synthesis gas, while in refinery
reactionem cal s embodi ment s, this oxygen is typically
provi ded as purified 02, and the cost of air
separation can be greater than the cost of the
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[0008]  Sederquist (U.S. Pat. Nos. 4,200,682, 4,240,805, 4,293,315, 4,642,272
and 4,816,353) teaches a steam reforming process in which the heat of reforming
is provided within the bed by cycling between combustion and reforming stages
of a cycle. As described by Sederquist, the high quality of heat recovery within
the reforming bed results in a theoretical efficiency of about 97%. However, the

examples and commercial projections within these patents describe a process

that operates at very low productivity, with space velocities of around 95 hr™* (as



tenperature close to the inlet tenperature of the
hydr ocarbon feed. The synthesis gas is recovered as
WO 200@x74880 t he i nl et of the second zone. [ 0010]PdTES2004/004270
regeneration step begins when a gas is introduced to
the inlet of the second zone. This gas is heated by
the stored heat of the secondgone to the high
tenperature of the zone and carries the heat back into
the first zone. Finally, an oxygen-containing gas and
d near the int
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tenperature gh enough to refor ce heat
regeneration is conpleted, the cycle is conpleted and
reform ng begins again. [0011] An advantage of this
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aci ds and ot her oxygenates. [0014] Methanol synthesis
typically is carried out using copper-zinc oxide-
1 n r r - t.
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theyepobizsies ThisFat iohedted Bithe stofed Reatustalie 8&WIdSzone to the
formates, ketones, hydrocarbons, and hi gher al cohols.
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Oolefins with CO and H2 and, .typically is carried out
Finglly & PYYERCCRHASES 823 116 iel b cembpstgd pepsthe interface of

thé %B%Es, producing a hot flue gas that travels across the first zone, thus re-
heating that zone to a temperature high enough to reform the feed. Once heat

regeneration is completed, the cycle is completed and reforming begins again.

[0011] An advantage of this process is the ability to operate the reforming
step at a higher pressure than the regeneration step, thus creating a pressure

swing, and producing high pressure synthesis gas.

[0012]  Processes for producing liquid and gaseous hydrocarbon products

from synthesis gas are known. These include Fischer-Tropsch synthesis,



catal yst at tenperatures in the range of 50C to 200C

at pressures of 10 to 200 atm [0016] The practi cal
wa@ppkiozsesd on of any synthesis gas production tRCHORZH0€004270

or hydrocarbon conversion process wll depend upon

how wel | the upstream and downstream processing

systens can be integrated intg an overall process

design. The invention described bel ow and defined in

the clains addresses practical process design and

oper at.i ng..regui rements that .achieve effective .
el angtestrand ol "Farlbphiisse e frothermic

i provi des
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PCT/ US2004/ 004270 -6- Summary of |nvention [0017] The
present invention, in one aspect, provides an
[0613]ov eRisoher Fropsgly siethesis thyidaldy 2 traried ynt hsiggs cobalt or
processes that use synthesis gas, in which the
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east sone ogen which is produced in the pressure
stnighg chaihpsatirgeppaatliss, isenteastofias afid duss then alsomntiiveaicohols,
gas and is conbusted with air to provide the heat for
fatheacidg aned pthar @xygenalps-of the pressure swing reforning
process. In another enbodi ment the exothermc

synthesis process is cooled with water to produce

m - . 4] .
R0, el ylhes HE A Y S5 SuPHA G o her i
ahanpkicaedysts a) piesiuresi ot abeuts( €800 atrh £a10 RaifiRthwikdioffabout
hydrocarbon and steam through a first end of a first
200He - 30ATGI H‘uhnda}bmq@atﬂ@fngeg’@nel pyritbesanthchudasedhers,
reformng catal yst to produce at a first pressure a
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H2: CO greater than 2:1, (b) passing at |east a portion
of the product to step (a) to a second zone

[GOIF] ai Hfdrob®ehAatkh Mgy oTRéLtheatscticeF blefins hatH CWaddEL, and
sensi bl e heat from the product to the packing
typacadlyi ialcarried out in the liquid phase in the presence of a metal carbonyl

catalyst at temperatures in the range of 50°C to 200°C at pressures of 10 to 200

atm.

[0016] The practical application of any synthesis gas production technique or
hydrocarbon conversion process will depend upon how well the upstream and
downstream processing systems can be integrated into an overall process design.
The invention described below and defined in the claims addresses practical
process design and operating requirements that achieve effective integration of
pressure swing reforming with downstream hydrocarbon conversion and that

provides unanticipated advantages.



(c) renoving substantially all of the product from
sai d second zone; (d) introducing an

wW@200g/078880Nt ai ni Ng gas into a second end of saPdI/US2004/004270
second zone; WO 2004/ 078880 PCT/ US2004/ 004270 -7 (e)
contacting said oxygen-containing gas with a fuel and
conbusting said gas and fuel_githin said zones at a
second pressure |lower than the first pressure,
thereby re-heating said first zone to reform ng

enperatures and creating a fluegas which exits

Sﬁ@%ﬁiﬁwﬁﬁ%t end of said first zone; (f)
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exbtteamd Bydiogabondyatdsa hrocedsed Bl tuse s ynthedd gdsiiRGyhich the
_separated hydrogen of step (b) as fuel 1n step (e);
I@apoveprgnticonypLes iniggratmggymsdues s wirgaefofmisigepith Shich a
Si/ﬁfilg a hydrocarbon synthesis reactor for conversion
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the basic reformng and rege ati1on steps

synthesisiges and imgcorabasted mdth §i0 @& Bloviil@ thecheht if6r the regeneration
schematic illustration of a basic two cycle pressure

steRighdhe pesswTei signgirelorsrng ppoasys.nkp ancthereemhadigaent the
e%otgzl'. Fiélgﬁges 3to 5 are schegati c illustrations of a
PBERL YRIERPIOSESS 18 FORIF oW HE Sater OiTREUGR S5 Which is
1 EMN i Det ai | ed Descri ption
u%%lgg}i ?ﬁ%s% asi cﬁlf%\/\qjlg-s egg'cycl e of pressur epsvvi ng

reformng is depicted in Figure 1. Referring now to

Figures la and 1 b, a first zone, or reform ng zone
ﬂnm%] WA podarred sgdwdigentusbthednooniiocomprisst | ed a

swi ng bed reforner, and a second zone, or recuperating

zone, called a synthesis gas heat recuperator (7).

The be(ég) ‘Pﬁtr&ﬂfctﬂné Q¥68d Yrddm icgﬁ{plilg?ngogﬁydrno%arbon and steam

through a first end of a first zone containing bed packing materials and a steam

reforming catalyst to produce at a first pressure a product synthesis gas stream

containing a ratio of H,:CO greater than 2:1,

(b) passing at least a portion of the product to step (a) to a second
zone containing bed packing materials, and transferring the sensible heat from
the product to the packing materials;

(c) removing substantially all of the product from said second zone;

(d) introducing an oxygen-containing gas into a second end of said

second zone;



material, while the reformng bed (1) wll include
catal yst for steamreformng. Though illustrated as
W@ eqatziseo r ef orm ng and recuperating zones, itPCHUBMODEN4270
recogni zed that the pressure swi ng reform ng apparatus
may conprise a single reactor. [0023] As shown in
~Figure | a, at the beginning of the first step of the
cycle, also called the reformng step, the reform ng
zone (1) is at an elevated tenperature and the
recuperating zone (7) is at a | ower tenperature than X
the r e?ear FPIHACHRS eI PRYSRN-ROBRHHAE 88% y\@@n@ ﬁr’-ﬂiaﬂe copeysting

st S B RE T SR flg BBRE R 4 sl ppblnfs Rutdafbn FEFirs
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cretingneflupgds whizhrexia skougheahe birstiemddifshid fisst eone;

kerosene, jet fuel, fuel oil, heating oil, diesel fue
and gas oil and gasoline. Preferably the hydrocarbon
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carbon ratio between about 1 and about 3 (considering
only carbon in the hydrocarbon, not carbon in CO or
CO2 spe@)essing atparaigd heydpogeneoik Step [)BRLuelin step ée)l and
stream pi cks up heat fromthe bed and is converted
over the catalyst and heat to synthesis gas. As this

based oy maonuGrb e LRLESS L 8F eB A neSefeaRhet
syMi8Bsik beadi§iforicon &S] din@erath k@ LigdROMAIBCcREat transfer
capability, as described herein,” this profile has a

relatively sharp tenperature gradient, which gradi ent

will nmove across the reformng zone (1)- as the step

pr oceedEhe ¢mbodrsiy 988w InETNUIP arRAyel n thepdgtatod|
nt hesi.s gas.exits the reformng bed (1) through a
dé%&ﬁ’ﬁ’d’“eﬂ?&gl(‘éﬁteﬁt an el evated tenperature and passes
t hrough the recuperating zone (7), entering through a
first end (11) and exiting at a second end (9). The
Brief pecabpiion of Diewirgd) is initially at a | ower
tenperature than the reformng zone (1). As the )
[WE’E he drigursssl amsks s arernchegiatic ABusteations showigg Hrnlasic

re(fgz—lhint ghe?ndS %rételﬁ]eerséltign %%%s ‘ot pressure swing reforming.

[0020] Figure 2 is a schematic illustration of a basic two cycle pressure swing

reforming process employing heat exchange.

[0021]  Figures 3 to 5 are schematic illustrations of a process designs

employing pressure swing reforming and hydrocarbon synthesis.

Detailed Description

[0022]  The basic two-step cycle of pressure swing reforming is depicted in

Figure 1. Referring now to Figures 1a and 1b, a first zone, or reforming zone (1),



cooled to a tenperature approaching the tenperature of
the zone substantially at the second end (9), which
WO g00afpssexi nat el y the sane tenperature as the PCT/US2004/004270

regeneration feed introduced during the second step of
the cycle via conduit (19) (e.g. fromabout 20C to

about 600C). As the synthesisggas is cooled in the

recuperating zone (7), a tenperature gradient (24) is

created and noves across the recuperating zone (7)

dyring_ t.hi tep. [0026] At the point between steps,
chlfed Adiine bed e biiadtabd ToBou ecidaan PaRf falled a
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reform ng step. The recuperating zone (7) is now at
Tthoughiihstratedrpe separate rafodming ané frecupenatizpnees,Lit is o b

low te rature, except for. the tenperature gradient,
rR4QENIGH et thedaES BRI S TQMINGAPPAER BT MAYLOPIES 2 single
1re':rzﬁlorterrperature of the reform ng zone (1) near the

i'nfet end (3) has now been cooled to a tenperature

t hat approaches the tenperature of the hydrocarbon

feed that has been entering via conduit (15) (e.g.
[0023h abAstha®e ih Figlreuta, 80BE)begitiiAg Jof ltite fihst sppasfithe@ycle,

of pressure swing reformng, there are alternative
alsppatled dhe mfoaningnster) thescfonaing zenre(l)ds of an algvatedp.
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(1B fmo aEfigeend@ 63)usfetle Refobming 7@iee(19 dlong HWeth st€did € MHeON
of feed hydrocarbons into synthesis gas conponents of

hyrocaxboanaay bemny Thateriel thap sndengoes thevendsithermia staased
egerei n, is.calcylated as the percent WO 2004/ 078880
THPHPUGS GGG O K Peing TRETRARR, MCLOMHIB 2285 PEYPIsYM distillates,
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Prafeifa®Bafteaiydroadbof o1l Heed gasl’é:ouﬁ ehReSal oRpAGHS tmethane and
hydr ocar bonaceous species that are not synthesrs gas
othenpormallg-vapor-phasebydnetatiagns. TPreferablypitbabteymi will belpresent
we| | as feed hydrocarbons and the

. product nethane,, as
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not carbon in CO or CO, species that may be present).

[0024]  This feed stream picks up heat from the bed and is converted over the
catalyst and heat to synthesis gas. As this step proceeds, a temperature profile
(23) is created based on the heat transfer properties of the system. When the bed
1s designed with adequate heat transfer capability, as described herein, this
profile has a relatively sharp temperature gradient, which gradient will move

across the reforming zone (1) as the step proceeds.



IS bel ow acceptable limts. In practice, optimzation
of the overall reformng and synthesis gas
W@ i04iozesBé on process will dictate a desired, PCT/US2004/004270
ti me-averaged | evel of reform ng conversion. That
ti me-averaged | evel of reform ng conversion is
typically greater than 80% pyeferably greater than
90% and nost preferably greater than 95% [0028] The
point in tinme at which the reformng step i s ended,
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reformng step duration.” In enbodi nent (a), at |east

(7pieinitestysten fwdrhemppeatatei than thesrefomingrzedet(hat Ais she
correlated to the reform ng performance. This feature
synthesistgaspasenspbeiughohe seeupesaingaona ), Be sypthesis gas is
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ref@ferfest pagadtroaueddeise tiRticednd ewpesfahy cecleatiseenduit (19)
about 700C and about 113%00 I n enbodi nent (b), the

(erzefrommabouis286” thuatmuit 6A07E). Adjthe synthesis gas tsreapled in the
nmeasur ed fea&ure that refl ect.s t&% overal |
reqUpeHAIng EPUEEd) @ GTRPFIARHE SEATIERL (A is Geaieth anf g vesgeross

s e ey b TR Mhcent i nvention, the

reformng step duration is adjusted based on the

ti me-averaged concentration of CH4 in the product,
[0026g Aaithe pbins berateegi tepsk Hreveniperatuge gradienss bhve temved

or lengthen the duration tg _achieve a predeterm ?,?)d
subgtegéall Camrossrihmiefonuwng zonef(&} prd thagesaperrbngggae (7). The
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te@befdtuechndethg réforaingzowd (9 is halow sermperdatres enceptfardhe
be acceptable for the space velocity of the
temperastiegradient Baéexistsorrardhe exiteohihsgaspectivgefpesnlhe

BB Olbp e b T dut g heat ba i g BALRb B sg cooled
to AWEnPEEicARLY alitbARR (RO Pthpdrafire of the hydrocarbon feed that
has been entering via conduit (15) (e.g. from about 20°C to about 600°C).

[0027] In the practice of pressure swing reforming, there are alternative
means for determining the end of the reforming step. Toward the end of the
reforming step, the temperature at end (5) of the reforming zone is reduced and
consequently the reforming performance deteriorates below acceptable
conversion efficiencies. Reforming performance, as used herein, refers to the
conversion of feed hydrocarbons into synthesis gas components of Hy, CO and

CO,. The term percent conversion, as used herein, is calculated as the percent



and 30 seconds. [0029] After the synthesis gas is
collected via an exit conduit (17) at the second end

w@ 2)0407888he recuperati ng zone (7), the second BCEPSN4/004270
the cycle, also called the regeneration step begins.
The regeneration step, illustrated in Figure 1 b,
basi cal ly invol ves transferqug_the heat fromthe
recuperator bed (7) to the reéeforner bed (1). In so
doi ng, the tenperature gradients 25 and 26 nove across

the beds simlar to but in opposite directions to .
coreetsiontaf tha camhonin ferst hydrocriboaaeravg sPesiea ligp Y BhEs!E gas

sreRaRhfoaing G0a ABedeant tpoov pebpraCudftaBhts cgpsed
h%rfg}% ts}gfetrr% g&ﬁl%rd%f Hg%@g%}%onﬁ@({uy;%gﬁigﬂﬁgt Wrenbl Qifthesis gas

ecuper Zone conbust s
C(?ﬁii?éﬁétﬁﬁ 7H2yc® akd €0,NEdsaeepicABy ifluddiprddwet aetesme, as
an

d (7). In the present 1nvention, the conbustion
wetlasrfsedhydracarions anddke eeckingprddacismfdeed bydiorasbasss. The
t he recuperation zoneﬁ&?) and the reformng zon
P

re_fﬁgnin& st¢p endywhan the lﬁﬁitng-pe Qrmanse 'gpmftes ?0 ISJI%\'/el that
ioene et R « SBURTBroR P AYBR oL By tRfdithing and
sir@%%s?%&@uﬁﬂ?atﬁﬂ uﬁ%%?%e@ill 8Rtatk AReslie@l time-Rbrdded level of

ng zone suc at end (5) of the reform™ng zone
rdférmingaconverfiei.aThaetint-aleragasie valiiGef @aninp refreeminnyis
at | east 1000C at the end of the regeneration st etp;
tymichliyhgreates thano$0%ag prsifenably geasigsdshan PO, apdanes pseterably
sufficie g degree that it can performits function of
g@@@éﬁh‘?‘hg %nthesi s gas sensible heat in the
subsequent reform ng step. Dependi ng on specific
regeneration enbodinents described herein, the region
| MEplR péint Retiietae pitacle tearefoftingdtep fsramedYandthus the
about 50%of the volune of the recuperation zone (7),
demtionar thOr<fommingrseomerhe uBRoem{(2) @4 228sponsg tp il tite-
fromO0% to about. 50% of the volu of,. the reform

varying paryormancy ofshe feforpgr dHBE CREhteIBrMIngSigp iy based on
o'% n@gﬁh%g%v%ége?p S)rexfo%ﬁngg & fe & '?enr%;; e ?gﬁt%ﬁ'eg@l SHBunt

I'n a reglron proxi
refBfrRin dbffionY Oh eREbimeit @), lehfbreTehtuge sf {iRSSperation
t han about 20%the volunme of the recuperating zone
is(mipninmed| thatss themslagdd tot the0efarheng qﬂetﬁwmaﬁccf.ei‘gisrﬁea@lre may
zone (1),. [0030] The location of conbuslt I on ma¥ be
be¢ pcempeyition sushstGidn He 05§D oor alganatively a tempefature, such as

the temperature at the end (5) of the reforming bed. In one embodiment of the

present invention, the reforming step is ended when the temperature at the end
(5) of the reforming has decreased to a pre-selected temperature between about
700°C and about 1200°C. In embodiment (b), the reforming step duration is
adjusted based on a measured feature that reflects the overall (time-averaged)

- performance or the system. This may be an average product composition such as
CH,, H,, or CO. In one embodiment the present invention, the reforming step
duration is adjusted based on the time-averaged concentration of CH, in the
product, using control strategies known in the art to shorten or lengthen the

duration to achieve a predetermined target CH, amount. In a preferred



conmbusti on conmponents, e.g., the fuel, at or
substantially at, the interface of the two zones

WO 2®)/078880 | e t he ot her conponent, e.g., the  PCT/US2004/004270
oxygen-contai ning gas may be introduced at the first
end (9) of the recuperating zone (7). Alternatively,
the fuel and oxygen-containing gas (19) streans may
be m xed at the open-end (9) -~ #'the recuperating zone
(7) and travel through the zone and conmbust at the
interface of the zones (13). In this enbodi ment, the
phadimenty theciangai SEHpoamioynt isset atodr enlobyt that repbéseats between

F

Sl TR o BB SR o St 0 e
- ] Lt ti L. L.

HFORRLE HEE JRERRANS B ARENIL RN W il R uS e etiined to be

atoeptbie for e sphéSteldbits bE elbpdr8E6H CIbhOBmbb kmérftt e

the tenperature profile in the recuperating zone 'Hl

presénttihuentiorg the reformingstey durationig fixed bt @rivrgtiombetween
the mixture reaches the interface of the zones.
"ﬁ]’{’fl}@ﬂ Tereanyt kst tham alfout 0 segends; and prefereblyr brtwgen abeut 1.0
Iéc%niag used to initiate conbustion at that
i, and a space between the reformng and
recuperating zones can be added and designed to
further stabilize the conbustion process and confi ne

0029} ontAfedrithe sythebie gak eacalledddRiatnt &xit &fhcﬁﬁpé’le/? at the
described interface. In yet another enbodi nent, the

sesend pash (Y olcibetesuperating zéne@, the seomedstepadlithelegtlgnalso
of, t.he recuperatin éone. ld]l this design, the fuel and
GHH dhe regs %%“r?.“r?églb Q2185 10P AGRINETHYPY FieRciblistated in Figure
~ ' t.._conmbustion '
i SARE Ty Sy el B B PHER! 0 SRS HeR et 1) o the
réfortrieabedV01 ¥ OB DdGBBO1HRGE: %l@ﬂ?eﬁ@s 25 %ﬁ? 26 move across
| ocation, flame holders (not shown) or a catalyst In
theybedsesintihirig bubineoppasite drestinas tdigtadidias 28 madst4 @iring
occurs. [0032]. The caonbystion of the fuel and
f%f?ﬁ‘a'é?ﬁ-c%h? BF F’H@g GEbamgnk anpXYgEn-contrigiag gasand fuel are
. ' n 1) as;th u as travels
RS o DB R RF s B el P uiRebbHinR cone
7). 'Bhis sk ee AdWs AE08E FHeNGcE ISt ' hi
(()27) . The corrpossi tion of t ﬁeﬁﬁgigg)ﬁf’fé%@%“m %}ﬂﬂﬁ&ts
syestartiadly atithe umterfase (18 afghe dwbd@opeoyi)dmdt (173, B R6sent
.t enP,er a&‘gr e of the reform ng zone. The conposition
IHFRURBNEE qospBtian Acsursat adjeginneprosymetsanghe fintetface (13) of
tHe ﬁeﬁﬁéﬂaﬁgn %ne (7) and the reforming zone (1). The term, "region
proximate", in the present invention, means the region of the PSR beds in which
regeneration step combustion will achieve the following two objectives: (a) the
heating of the reforming zone such that end (5) of the reforming zone is at a
temperature of at least 800°C, and preferably at least 1000°C at the end of the
regeneration step; and (b) the cooling of the recuperation zone to a sufficient
~ degree that it can perform its function of accepting synthesis gas sensible heat in
the subsequent reforming step. Depending on specific regeneration
embodiments described herein, the region proximate to the interface can include

from 0% to about 50% of the volume of the recuperation zone (7), and can



conmbusti bl e to non-conbusti ble portions of the

m xture. For exanple, non- conbustible gases such as
wWOR204/0882 and N2 can be added to the m xture POI/US2004/004270

reduce conbustion tenperature. In a preferred

enbodi nment, non-conbusti ble gases are obtained by use

of steam flue gas, or oxygendidepleted air as one

conmponent of the m xture. When the hot fluegas reaches

the tenperature gradient within the reforner, the

. ' he.

R 0 TR ERatll PP o e R PR 0 I =

piceirB® ehOaRhBht6 Bihepredode ifvehbAl fat?MRad 309%'6@¢het he
inlet end (3). At thé beginning of the regeneration

regeaprationi siepooinbtisti@npesuas i & regibh porexiswdis taiid alkdrface, the
equal to_ the inlet tenperature of the reformng feed

vehumeal whichereigien incydssiessghar pbput Ad%:the volume of the
rGEPEARRR Ao 7L RS S I Rinuh 2090 it Slume SHESImng zone (1).

tenperature gradi ent reaches end (3), and can be
50-500C above the tenperature of the reform ng feed

[00300 he Erdlochtibhef sbepustiGOERly Bfiké®bPigebdie®iod§ of one of the
pressure swing reformng, there are alternative neans

combugimeeomponents, g ¢ Hit okl tator segssaetialy aty the aperfadesof the
re enegﬁggon ﬁt rgnds when suffi c'hent heat has .been
40, ARSI 3, Wil 8y @t SOMRENG B2t OB¥ECH-GONGHRIBE @as may
rLyi f ' The point in
be [dleb ol et Bhd 0Pl PRl Ponc 0, Bt GnglVery, the
fuldlufid bR9gEhLc8hiading zat NPy RAARRT RhY BR 1fHixRE at TR oP&n-end (9)
chosen {a) as a response to the tine-varying
opthefrecupemating zonh €/)RAR tchwel tgoagh tha»RONAd 601RBEE at the
-14 regeneration step;, or (b) based

_nggl UszfggM 004270 . 2 OU,
ingeiapeaidhe zopes,El 3y dn dhjs gmbadimenhdhe bocgtion pé combustan is
' . const ant regeneratd o tep.durafion. .
ol SR Rt B Renk s BR5E AR BhaRu B edysis
. - . t e 1 - D)
A et AR g BRI O giion
tims t02ombBiudt. hPonoembBalimant, theflslv b€ aamdrecmabaitiigemixiale in a

.as the tenpperature at_the end (3) of the_reformng )
fixsé substep phecgsnpisgionsttll st tharempasaine profilerinitemrecuperating

FITLA L0 T O BB ERELE e

thRiferfase 6 fQperature between about 200C and about
8(1)08. Ine od(|s ment (b), the regeneration step

duration is adjusted based on a neasured feature that
[0031] The presence of catalyst in the reforming zone can also be used to
initiate combustion at that location, and a space between the reforming and
recuperating zones can be added and designed to further stabilize the combustion
process and confine the combustion to the area proximate to the above described
interface. In yet another embodiment, the location of combustion is fixed by
mechanical design of the recuperating zone. In this design, the fuel and oxygen-
containing gas are travelling in separate channels (not shown), which prevent

combustion until the feeds combine at the interface of the zones (13). At that



reflects the overall (tine-averaged) performance of

the system This feature may be an average product
W@ oipo%es8e on such as CH4, H2, or CO or sone oPEIEIUS2004/004270

system neasurenent. |In one enbodi nent of the present

i nvention, the regeneration step duration is adjusted

based on the time-averaged cq:lge_ntrati on of CH4 in

the product, using control strategies known in the art

to shorten or |engthen the duration to achieve the
target CH4 anount. In a preferred enbodinent, the
locatipat flake kotdenst(npsstwyn)aar agatalisiuin: the neforming egemingll

bet ween _about 1% and about 15%r) of the

eR§edharthe FaBHBIFHORO8AWSar bon. | n enbodi ment  (c), the

regeneration step duration is of fixed length, at a

value that is predetermned to be acceptable for the
[6@@2}6 VehOebinbusfiod BE HRPRERLAPSxyddh-bRaiBAR eds BRAtes a hot

the ‘present 1 nvention, the regeneration step duration
fiveghs adhaitsahe tefoabimyzdiet(pesn thebiiue gds frasels aarbsarthbiat zone.

about 60 seconds and preferably 1.0-30 seconds. _In
Thiel flugigas Heareexistsbeouguthedist endohtheyefrungsapadat via a
ehiic e U SormbPalica obndefestes gl ghFRRT it
B DU SRR 8aBE0 e e Rhco T o
cHHIpRkition Al IesHeedempetatile)is adfueisl by heans of tifkeproportion of

enbodi ment of the present invention, the regeneration
cetrpistibleabinom-cembustibde portionsddthe mirtuset Wos gxaiple, non-

second and about 60 _secands, d the regeneration
combnsibleseasses siagh s 3@806&2, G2 &0 E’ﬁéﬁ%{:ﬁ do fhe mixture to
tiLne-avear ti ' ef. or m :
o5 AR BRI ONERAD R, 8% Mef e bibolitfedichds EoRbustible
288ksATR UBEaiNE BYEE OF 3REM, Pt/ ddo200d1 idhedébletedit ddne
represents betWween about 1% and about 15% of the
cbyphonertr ditthe aaimsref S¥tien ther batrfludgad 3djclich ¢he tefoperage
zone i s, now, once again, at, reform

L A1 g .tenperat ures
geadlienfyvishmathe gafoampr; the gsadieni mgves bagsy iCFossiiae bed. The
actice of th resent i.nuent | Lt 11k S r

OB e PR TR el gDy b rtare of
R RISHABS zohld (1) heaH¥ 3RRSROLD . LeCAE IR gitnihg of 4RST | Y

to conpress air’'to high pressure, while it is
ré%iefaﬁi@inestép, thaveutist némpsiaturg awll et sutistentiadlysspmakto the inlet

Thus, in a preferred enbodi nent, the reformng step is
terapetagye of the reforming feed of the preceding, reforming, Step. As the
regeneration step proceeds, this outlet temperature will increase slowly and then
rapidly as the temperature gradient reaches end (3), and can be 50-500°C above

the temperature of the reforming feed by the end of the step.

[0033] In the practice of pressure swing reforming, there are alternative
means for determining the end of the regeneration step. The regeneration step
ends when sufficient heat has been supplied or conveyed to the reforming bed to
enable the carrying out of the reforming step. The point in time at which the
regeneration step is ended, and thus the duration of the regeneration step, may be

chosen (a) as a response to the time-varying performance of the PSR during each



out at higher pressures than the regeneration step.
The pressure swing is enabled because of the |arge
wQ odousessse ¢ heat capacity difference between tPET/E82004004270
and the gas. [0036] Pressure swi ng reformng
operating tenperatures and pressures are given in
Table 1. Table 1 Broad Range_ %eferred Range
Reform ng Step Pressure 2 - 1 atm 5 - 50 atm
Regeneration Step Pressure 1 - 30 atm 2 - 20 atm
Ref orm ng Feed Tenperature 20 - 600C 150 - 450C
reRegemtionistapn OF fexbasethearaitenrlt (thpe-avspieed) periormapge or the

SmRegeE&r fcgl o% F;%%gccggg?@g %%ﬁaft#{pes&%}g uga}t/:sgloﬂge&%%dlment (a),

SR C/SHR B ARLnS Lo RREAT6 (Eegoncration
RS IR febdrealonsd bbadongsusitish gasleamz,r(aﬂm 1;12, or CO,
space vel ocity, or GHSV. Space velocity can also

ofledild @ d tentperatmresuchres thy dempenrabun a¢ dpordal) @‘thﬂ é@f@mnng

As so defined, the GHSV for amethBefeed%o dt ded
bcmelrg@m]@abgdmt|oj tb%p{ﬁ:pgpﬂn(ye@ggn,f §FEeener Qg step is ende

VT B i 8 T A O 5 e

séigétgﬁ 't%rﬁpex?ﬁﬂé Pt ﬁfjalﬁfut GoEFE\VindrHbat 8002 ! g efiibddiment

rocarbon feed placed on a Cl
WagieSreg é‘f‘ieréﬂ#@ﬂﬂ stebhﬁriﬁy@h scatjbiad besed omaene:&sured feature that
c¢al cul at ed as a nolar rate of carbon, feed, dl]
refteatsothe dverdlLitane-averagad r perieaange ofjthe é&?tﬁﬁh hys fpature may

bAn 4y erag produisamassHsE Sish a5 oHlerge TP ShroifY el
S)%gérggﬁ%lsme(}ﬁéﬂtaffoﬁé eﬁleQHﬁHt*Hf th8 #)%s%nt ilnv@ﬁtlgﬁdtﬁéom d

ave a space velocit 000. This’

E%t% éﬁ'tﬂ)h%[bp duratiof @Sﬂa&ylﬂstfedﬂﬂsédl owtﬂmumngatdfrage@f:oncann@tlon
ep and wherein the bed volune includes all

ot @A iy she panlichewing cenitdlstratgiesknown imghe &t &9 ghofgen or
Ionais A GIales i robe et Chlaibi i Spideniya
embodiment, the target CH, amount is set at an amount that represents between
about 1% and about 15% of the hydrocarbonaceous feed carbon. In embodiment
(c), the regeneration step duration is of fixed length, at a value that is
predetermined to be acceptable for the space velocity of the operation. In one
embodiment the present invention, the regeneration step duration is fixed at a
duration between about 0.1 second and about 60 seconds and preferably 1.0-30
seconds. In all of these cases, but particularly in embodiment (c), it is preferable
to also adjust the regeneration flow rates to increase or decrease the amount of
heat added to the bed during the step - in a manner similar to that described with
respect to adjustment of duration in embodiment (b), above. In a further
embodiment of the present invention, the regeneration step duration is fixed at a
duration between about 1 second and about 60 seconds, and the regeneration
flow rate is adjusted over time so that the time-average concentration of CH4 in

the reforming product approaches a target CH, amount that is set at an amount



ranges from about 1,000 to about 50,000. [0039] In a

preferred enbodi nent pressure swing reformng is
w@oedozisedd under bed packing and space vel oci BgT/US2004/004270

conditions that provide adequate heat transfer rates,

as characterized by a heat transfer paraneter, ATHT,

of between about 0.1C to abouts 500C, and nore

preferably between about 0.5C and 40C. The paraneter

ATHT is the ratio of the bed-average vol unetrl c heat

transfer rate that is needed for_ refaormng,

4\ TARISEPRIS DRBMeCT: RboiIdp and abprt k3%l the hf/ﬂwoaétapnaﬁeous feed

The volunetric heat transfer rate that is needed for

mng is calculated as the product of the space

velocity wth the heat of reformng (on heat per Cl1

vol unme basis). For exanple, H=4.9 cal/cc/s = 2.2

[0634]cc Th8oFOrhinglzéns3BGOVE/diice aghier, at Rfdrmaimlg/ tempesatures

the heat of reformng of nethane per standard vol une

softabletlpmeatal yiiedeBB0O0ONEs t he Cl GHSV of methane. Wen

the duration of reformand regeneration steps are

corrparabl e, the value of Hw Il be conparable in the

G@nge I)Egcﬁ’c%l no prr&setﬁf ﬂéveggl tf 3t S am%%?t[aht & gﬁrate the

t@als@éﬂsaifetﬁe rrgclbta@ dﬁ'f@t‘éﬁ@bre‘é§u1@s THRdS taas@@tageeisftbé‘daﬁm it is
. 0. sC) and a specific surface area for

ct)sthym)‘ emnpm,ss alretoguglm pidssure) wholetiers desirablecto Itaweayntm:ets gas
wetted area of the pack| ng, WO 2004/ 078880
aplyehusessyag.0dhps.on a preferogshemb qsﬁctherrgfcmleg stepsis carried

|tabefor use..in ressure sw r
off ot 820 et liES s he Fr ARG Rl B re b (fingis enabled
bﬁéﬂdsbto? ’theslak € FoRIEBdheat &4 ga%ﬁg'cﬁffél‘éﬁcé IB@tvllééﬁeth%@%hd and
are stable to at [east 1000 041] Figure 2
thd gasst r at es one enbodi ment of the process enpl oyi ng
heat exchange. In this enbodi nent, two pressure sw ng
reform ng bed systerrs are used sinmultaneously such

0GR ere e S BB ke fpGaBist pad Braseusgs are

%ﬂt pusifl ow of refor med product notw t hstandi ng
the cyc |ca1 operation of each bed. In Figure 2, a
first bed (148) is engaged in the step of

regeneration, while a second bed (149) is engaged in
Table ktep of reform ng. Each|bed (148 and|149) incl udes
both reforning and recuper at BrgadRagse [ n pltyf@deange

ReMIMhESHp prEVied SEUS OT1Va) Vejoahh 5 - 50 atm
Regeneration Step Pressure 1 -30 atm 2 - 20 atm
Reforming Feed Temperature 20 - 600°C 150 - 450°C
Regeneration Feed Temperature 20 - 600°C 150 - 450°C

Regeneration Peak Bed Temperature | 700 - 2000°C 900 - 1600°C

[0037] The space velocity of a system is typically expressed on an hourly
basis as the standard volumetric gas flow rate of feed divided by the volume of
catalyst bed, called gaseous hourly space velocity, or GHSV. Space velocity can
also be defined in terms of the hydrocarbon component of feed. As so defined,
the GHSV for a methane feed would be the standard hourly volumetric gas flow

rate of methane divided by the bed volume. As used herein, the term space



used to control the various streanms flowi ng to and
fromthe beds. A first set of valves (157 and 159)
w@oovi08sso t he fl ow of hydrocarbon, steam and opCT/O8ZN04/004270
CO2 feed to the beds, while a second set of valves

(152 and 154) control the flow of the product of the
reform ng step exiting the reqﬁperating zones. The

third set of valves (151 and 153) reqgul ate the fl ow

of oxygen-contai ning gas/fuel and optiona

non- conbusting gas to the beds and the fourth set of
vah)lcxtgsalmrsmamdjas @@H%ﬁ@f&ﬁ tq the spRefVeloCHY @é @§§

;éxlofplgg)g Ig;p%r rlrc]gg Cz\ &31f5 004 ngznt%;)c&r at fi%@FaQe is
Rt P b g

i §Pedias. VBl &danile] € ghécli@afeed Guving dheverage
%@%b%r%ﬁsg% gthﬁoggggeval ve0156 Iﬂ%oncm%r rentl y,e t herg s

cbmbd)mgmélbngmf g eha‘nﬁs ﬂmd&;]mgialt agasecnsfldve sate @ftle@QONhar into a
149 159
1f§f ﬁ% ool lée@m)dttt@ l{a%%% speae yalegity ok o DhissEsHcn i
)
LI g B seftrRuth 8B a8 Relnigp bhdordié
1@%%&%3&%?@?{% QM Ha10rke ZQh(il]e s inlPe3Bfbring %ﬁﬁWr&ﬁﬁ%tlng

e reverses, wtht first bed
z680rmng the feed and the second bed (149)
regenerating the heat. [0043] Turning to Figure 3,
V\,hl ch illustrates an enbodi nent of the present

O e o el S SRS RAUSRTC BHS, picaty

ST bbb, (25, sh 25

react or [0044] The pressure
swing reform ng process results in the formation of a
syngas stream having a H2: CO ratio of about 3:1. For
[Qﬁﬁ%)] coriinex pieferred ondodinent preswire swingsfermingis wenducted

:COratio of about 2:1.. Therefore the s
uaflelttwél prokang pad §mq¢qu1%q18f FeHtipRs thal proy 5?9 éﬁ%‘ﬁf?@ 5@“
iR A gs R ey el SR piRd) ATHE dfdeRken
aBHStfd pae 38 5?6{1125[%(2’%%{192?@%‘@8&&5@ RGBS FEMRD. m ahe

orne ower ressure t han the
40@@0 W'Hegﬁr%ﬁ&r%’ﬂﬁfﬁ Ha@itResraha bed-dverageavdlumetiac hyat

preferr As shown in Figure 3, supplenental
thaysifee eate ikat, is @egded for reforming, H, to the volumetric heat transfer
coefficient of the bed, h,. The volumetric heat transfer rate that is needed for
reforming is calculated as the product of the space velocity with the heat of
reforming (on heat per C; volume basis). For example, H=4.9 cal/cc/s =2.2
cal/cc * 8000 hr! / 3600 s/hr, where 2.2 cal/cc is the heat of reforming of
methane per standard volume of methane, and 8000 is the C;GHSV of methane.
When the duration of reform and regeneration steps are comparable, the value of
H will be comparable in the two steps. The volumetric heat transfer coefficient
of the bed, h,, is known in the art, and is typically calculated as the product of a

area-based coefficient (e.g. cal/cm?®s°C) and a specific surface area for heat

transfer (a,, e.g. cm*/cm’), often referred to as the wetted area of the packing.



CH4, may be added for fuel balance. [0045] The
pressure swing reformng reactor (28) is fed during

WO t@4/0ed880 ning step with a conbi ned ref or m ngp€BER2004/004270
(102), yielding a product syngas (103). During the
regeneration step, the regeneration feed (116) enters
the pressure swing refornmer and fluegas product (117)
is produced. The regeneration feed may enter together
or as separate fuel and air streans, but is shown as a
single conbined feed (116) for naterial balance
purposes Heat exchange is not shown in Figure 3, but

d
P8l o HRU B E oAl B ERETN FRE i B pleRoliin reforming
;ﬁ@é&lstmaﬁae RbRYIGH WS Blundhufd SiReAE cld0Zdifi, dlifoa-dtumina,

the conditions are at point of entry or

mpaia ancbthefliktehthat preestable e stlieags H0S08Cer . WO
2004/ 078880 PCT/ US2004/ 004270 -19 [0046] The syngas
product of reforming (103) has a higher H2/CO than is

BEEF R AL RSP S R S SBRAA Re
SRR, Bl TSR i pesagsy e i o

Ryd @ﬁmﬂmmlﬁwﬁd&ﬁ&h& dridGeybtent iasafetf@xrmin%%hﬂé thd bther is

exanpl e, the hydrocarbon synthesis reaction is
rcgmmlraycm 'Bhe use of)hnﬂtuplbdv@dsi campudvide atawnpimodus ow of

BRraicg modusratvi kS @Aing e %?Eqaﬁ?g%é?éti%ﬁ&ﬁachmﬂdt 5 Pigure
agﬁﬁ%. b (T3¢ g??%m%@%%sta e ERREOT e Biktoqpabed
(L8930 ‘éhghé’ecﬁﬁﬂﬂﬁ%@épﬁof’@f&&mﬁ?ﬁ Ea‘éhhﬁﬁF(lHB Qm\'flal49??)%<5qudes both

hi gh-bor'l Tng conponents in l'iquid stream (

raﬁmtrmg)hm reugpeteingomenesi In tigs eorbpdneabs sevarahsets of valves are
"tail-gas" stream (107). Ln the present exanple,

used fo g%tr@tth@ é(ﬁfﬂ?% ?l;reamﬁ@pw&& typnd Frma mbwnsAﬂrs&set of

ViER (27 il sbF Kool s RS Avilartibh Rk arilofR co,
fée‘H‘E&VﬁQ R8s azvﬂﬁ@h%@corﬁpgét o ga%g I(y?z tA8 81)54) Eeﬂﬂrbmeqiow of

HCS reactors is known in the ar

tlwpmalluet d‘éﬂmrreﬁﬁﬂnﬁgxmpsmxeuﬂg thearefcnpextanng z@ﬁleﬁ ﬁHmCMd set of
is renoved via separatlon

07)
velm (1§/1 én@ |lﬁé) @M@gbﬁ Haweaf mensctm?é@zmr(glw/ ughend,
o asonsct:cgn% Bllsin gp !ggst t%c%he %eg(%n(s ghl Oi)our&:l i\%ss(156 and
B RAA

158) control the flow of fluegas exiting the reforming zone.

[0042] In operation, when valves 151, 154, 156, and 159 are open, valves
152, 153, 157, and 158 are closed. With these valve states, oxygen containing
gas (162) and fuel (161) enter the bed (148) through valve 151 while fluegas
exits the bed (148) through valve 156. Concurrently, the hydrocarbon, steam

- and optional CO, feed enters the second bed (149) through valve 159 while the
product of reforming exits this bed (149) through valve 154. At the conclusion
of this step, valves 152, 153, 157 and 158 now open and valves 151, 154, 156



(110) is a reduced-CO2 HCS-tail gas, that is conbi ned
wth fresh natural gas (101) and steam (111) to nake
w0 b@4om8380 ned reformng feed (102). In this eRENPEMO4/004270
the steamincludes a small anmobunt of steamthat is
used to purge the pressure swing refornmer bed of
hydrocarbons and syngas at thggend of the reform ng
step. It is understood that sone conpression is
required in the syngas |oop, as each of the steps
extracts sonme pressure drop, such that the r cled .
53 158 Sop SBRE i e vale TeghiseS oy da b brtad () reforming the
r, £ ' G f conpression.
f%?n%{;d(;@giSgg&?%g%(g?sﬁd)gg%eng?vegS% lgeﬁ& ied to the final
tailgas (110), whose volunme is the smallest. WD
2004/ 078880 PCT/ US2004/ 004270 -20 [0048] Regeneration
[604X]he PurmsisgitceFizuired, whidyr itmstrates aaremisstiowent of thetpresent
.present example, using primarily the hydrogen stream

igveptpn: siathesds gasylhich isproducedipdbe peessyepawimgaeiqaey (28) is
.0 the neral .use of this inv [on, songe.of this
e Guh N p el Saphr NP0 Lati A b Biskhet Thdhsch (FT)
r%%&ﬁ) for use in other applications. For exanple, the
m ght be used in hydrocarbon upgrading steps.
Al so, in general, the heat of conbustion of the
hydrogen-containing stream (112) may not exactly
[ h Wkt priessure gwitng tefoomingprocesatasolis imthe fohmatiomay a
requi re hydrogen purge (.112) or supplenental fue
SYngps streginhaying a 236&&;‘&‘& 3bqut 3&5%&% Y EERInProcesses
o . of I I
TR STy R ST oF TR 2, R TR el b
oPIHRIABsur& XY RIbMNMSTBEAE REFRMNBIVAYHbjebRU 16 :QBbarafion
smal'l anmount of suppl enmental = natural gas (113), fresh

stap in (Whieh) a dradtioreyf ¢chelyfiogegas rérmatdd i segpastor $30) for use in
recycled, in this enbodi ment, to reduce the oxygen
thegrBeralien sigp. Aesants teiregenagatienmay hnperprpgd at

1l ga 1 tted to nmosphere (118) is_the .
Rl Py TPl Bsod s TpAF SR St Nt & paciBprage separator is
HECNRNS bt AR, AQUHSn THE: SRE S, sabpRALAMAN P BES c.g.
pexan‘pl gcblr enbodi nment olfl th(lag[g{reesgn P iﬁ%vgﬂt i}{)n ?s%ﬁ’eg’
Chhpmmy de agldedfoefued bhklwncst reans in Table 2. As can be
seen, the material balance of Table 2 has a
regeneration pressure of about 2 atm Such pressure

[d&gai ﬁ Ie(r@?: %ﬁgslru?% év%gr%sr%or%iﬂrngbrleg%g (E@Uiis heg ﬁhﬁng its reforming
step with a combined reforming feed (102), yielding a product syngas (103).
During the regeneration step, the regeneration feed (116) enters the pressure
swing reformer and fluegas product (117) is produced. The regeneration feed
may enter together or as separate fuel and air streams, but is shown as a single
combined feed (116) for material balance purposes. Heat exchange is not shown
in Figure 3, but is understood to take place as described in this disclosure and
otherwise known in the art. Where conditions are given for streams

(102,103,116, & 117), the conditions are at point of entry or departure of the

pressure swing reformer.



(118) may be directed to a gas expander to recover
work energy that nmay be wused to drive the air bl ower.
WO pooafessenbodi ment of the present invention, tPCEUS2004/004270
bl ower - expander pair is mechanically coupled to
provide for inproved cost or efficiency. In such an
enbodi nent, the PSR regeneratijon pressure is
preferably from about 2 to about 10 atm (absolute).
[ 0050] In another enbodi ment of the present invention,

[{)&4@3 §y‘i‘ and&lge(ggrﬁgtl on Kf@r Qvi dls\a%pﬁygz/ga% thar is

n-ggg f;}‘? éygﬁ%gfssg ?gél Eﬁ&gg&%ﬁ%g 8%% gglg%&éﬁ (89) FhErel Qme of the
eREJISUB2R0410044d 49 stredth @0B5)., The rlxdatningspndasd¢0iphaoing

that air with fuel such that the conbi ned stream of

H/€ Cesudtablenfou sy the siss tsckilc&cte:cttmféat})efdw@rbﬁ)l@emtbdsm (HCS)
tenperature (900-1300 %@ and hen and|
reaion (R90 & thisexampie. the Bydeo SRS TeRe %Fﬁ catplyzed by

arcgi\)e [}J%%E%' ol fys:t Itlct%li%r i \é%ept)ar}ns ﬁﬁf {Jlg)gt&)l ag hﬂg@" onversion.
A{Tﬂ‘f&ﬁgﬁ‘ﬁli&r&nﬁédlﬁ{&ﬁ gs PR asa s1ﬂg‘le kéac'&ﬁoh{hlhﬁletﬁéﬁct@fé may be

conpressed alr can be W thdrawn from gas

enfilbyett 3s islBecwhin ohe aitdén pdditions ssparatéowsteps larmmdluded with
with some conposition and condition chan es to th
the/HGiSheeactor 1o gegregate wateo pad 4 keemihestaleablei highrhoiking

BN I Lt —
L A s e s et

1ﬁﬁhéé§kﬂﬂh9&obbﬁxﬂ1@3wfftw Ajaftsordsrffaivet, |thé ngajorisy bﬂwhmhals
needs for conbustion diluent and expansion fluid. The

nyethaneu r B HGforeactiontip exothpeyicrnd ibes heat issemoyed @s a heated
el ectricjt to_po l ectrical and.drjver

cnetiog meghuy 08}, eoB 1 ob el=S reaRtor o kAP AR B BB 1 or

this exanple 2 embodinent is shown as table 3. This
exanple is prepared using air flows and conditions

[0O0F1]  Amethe ‘éﬁﬁir%‘l@ﬂésc‘ﬂlieh (BRhEPIA1 ), afraétidh of Ge®Dain the
EI ect ric Fra gas turbine. "However, any turbine

H®Y téﬂbgaus(eldﬂ) iseenndnEdceactpanatibn rﬁél)gemerlglrg areoncentrated CO,

sonn108 1 rale Egr?e“mcgqm 2318 03/ O SR HalIZES sRcam
adi t t

(PR 2 leed ¥ PL IS U RO EITbIRG SHATRAR yral gas

(161 ket (PP to"BARY ﬁie combined reforming feed (102). In this

example, the steam includes a small amount of steam that is used to purge the

'—h

pressure swing reformer bed of hydrocarbons and syngas at the end of the
reforming step. It is understood that some compression is required in the syngas
loop, as each of the steps extracts some pressure drop, such that the recycled
syngas (110) will be at lower pressure than the reformer feed (102) in the
absence of compression. Compression is least expensive if applied to the final

tailgas (110), whose volume is the smallest.



of any of the contained C02. In addition, this
enbodi nent uses excess air for regeneration, instead
wo@boonkesssd r/ f | uegas m xture of exanple 1, and PEN/ES2004/004270

enbodi nent uses the steam generated in cooling the
synthesis reactor directly as reactant for reformng.

[ 0053] The pressure swing refegnmi ng reactor (28) is

fed during its reformng step with a conbined

reformng feed (102), yielding a product syngas (103).

78880. PCT/ US2004/ 004270 -22 Du
(05T o e Baation Pt ROy SH T AB Taioreas pavisr Qi iy e
pfcdEnRGRRHE SisiRi bRt LRIy LrtEA3 0B A ES redchvlt in
t}férhy%ﬁ'o S@P@patfof 150). andhel gm@*ar SRGF thRUinvefitiSAWIEST this

singl e conbined feed (116) for material bal ance
hydroges asy betakensas hasmglﬁechhyrhbgsﬂn streami(ih 12) fprrusedn other
is understood to take place_as described in _this

applisatignsr Eonegampley 2anighb ke used imbydrocarbggaipgrading
sty Alsepat giieipl i Bedrs & rbﬁ%ﬂﬂp %i%%m&vggp-wn’tammg

SRR 1158l nbPE RIS w DA 6N ORFcxd 05, T s

miah@Bquise hy@eged puege EVIM) e supplearatdlSuel (146) ed’héq;rasent
separations step (30) where sone of the excess H2 is

exmmdvemlademerreémd(rqg@) renToral ( €hdi anidngy smyﬂgmoqrmﬁ)

squle' et iel GLPA), e e BineReascheruin fred By b Fhet fesent

l1§ c dxrngSSe!H/ & IS)Z ggﬂaé%lgﬁggf Iﬁ@f‘?ltnioﬁﬁt .gfsuepplementaI
nﬁ@fa@fgfas @] 13)' frash gir((d @@) arid ré&'y@lédcﬂimg@ﬁ g1 05). Fibkghoiggh
hi s 'enbodinent is shown as a single reactor, nmultiple
recyeledomﬁhrseqmbedlmﬂm1 wyredycathei axyigenwoenient o éhcamgenbratlon
addi ti on, separ.ation_st sare'ncl dwth the HCS
stre@az& ofhg fnald ’ré@%@l@mﬁf atgREoR k@i@ is8e Fagengsriion
t uid stream (106
LT by BRIBABTRA Bl 15 onents in )

"t ai | -gas" stream (107). In the present exanple, the
tail gas stream (107) includes all hydrocarbons wth
[0049%r bdhs matefialbalantéforrthjsexamplefl eshbodiment ofithdpresent

The HCS reaction is exotherm c and thus heat is
invendorts shova e tabde of key sHgame i hableidsys oap hensesn, the

ma enaij bgﬁncé of lf“ bl%%ila érg%%'efja 13nspr\égstu?e of about 2 atm. Such

pressure is suitably provided by air blower equipment. Regeneration flue gas
(118) may be directed to a gas expander to recover work energy that may be
used to drive the air blower. In one embodiment of the present invention, this
blower-expander pair is mechanically coupled to provide for improved cost or
efficiency. In such an einbodiment, the PSR regeneration pressure is preferably

from about 2 to about 10 atm (absolute).

[0050] In another embodiment of the present invention, this blower-expander
function is provided by integrating the PSR regeneration system with a Gas

Turbine. Gas turbines operate by compressing air to moderate pressure (7-30



whi ch, upon absorbing heat fromthe HCS reaction, is

converted to -10 atm steam (108). [0055] In the
we@aprssseshown, HCS-tail gas (107) is conbi ned BET/HS2004/004270

fresh natural gas (101) and steam (111) to nmake the

conbined reformng feed (102). In this exanple, the

source of the steam (111) is-phe steam (108) generated

by WO 2004/ 078880 PCT/ US2004/ 004270 -23 cooling the

HCS reactor. The amount of steam (111) used in

lgxg © 2 ﬁ%ﬁ]ﬁ r ef ogr[b%t?ad Qvﬂh%%f g@%ﬂﬁ hleaég%ﬁﬂitneafstream
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reformng s I's understood that sone
af@ Mhasgaadingsthe %@ml:ﬁﬁéﬂ sthedrhén aytodase tasaftingm eechamital
the steps extracts sone pressure drop, such that the
powey suffitien g dsive Toyompresspreandhayeresidust pewer éhatiasy be

RUATTA NE RECMIRGTE S i
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e pressur
aﬁ@féthﬁféd%fth sbfeldoPnpdRiBGeaid sesﬁdmbﬁ,chuﬁgmmhb rmfmhey to
he hydrogen strean1(105) that is renmoved in
ﬁﬂﬁﬂnsgﬂnzsepaﬂamabn@ﬁﬁmnthmden@ngﬂneﬂakluse of th|s
i nvention, sone of this hydrogen may be taken as a
purified hydrogen stream (112) for use in other

I o anioRretistbemhgaass ol Mo pesehtivgafia ARE tfkperation

| f \V: t
B e
rdeegenabatfli@ngasands) Busturied t¢ agugasauttyide og élmlfﬁ mheg gas turbine

112) or supplenental fuel (113). The present = exanple

n¢avls| fotieembustgorh sidu@gteqmdreeqmnapn (huid) Thedzas turhing power output
fuel (113 The. c i,ne

S g r?f@éucq egivicity on b ey SEGPAAARY dgiver needs
of:fffyﬁ%%?ﬁl ?ch@’ ehﬂﬂoaliaﬁ%?or tﬂlsf'j&?allﬁeglﬁ '@DéiﬁB ’ihesnt is

sh'UWh hd ndle B! C[ng@)‘éarﬁ ehh?@e eﬁ’e@h@iﬂgiﬂ"ﬁﬂev&ds&ndtdwdltlons that
regeneration product (117). [0057] The materi al

atgalomsistentt ovith hitegresianmwith 3 Ci;m@mh m*lcdi“rame& ga@mbtne

invention is.shown as a t of k in
Hgwever, any turbine may be used, 611 ghmce 0? %/uﬂs)me eing a matter o% scale,

process economics, and desired proportions of power to liquid product.

[0052] In yet another embodiment, byproducts and unconverted syngas is
recycled, as shown in Figure 4, to the pressure swing reformer without removal
of any of the contained CO2. In addition, this embodiment uses excess air for
regeneration, instead of the air/fluegas mixture of example 1, and this
embodiment uses the steam generated in cooling the synthesis reactor directly as

reactant for reforming.

[0053] The pressure swing reforming reactor (28) is fed during its reforming

step with a combined reforming feed (102), yielding a product syngas (103).



[0058] As is known, the Fischer-Tropsch process is
exothermc and water is used to control the

W0 esrporssBure with steam (108) bei ng produced. PST/ERI#004270
in Figure 3, at least part of this steam (108), maybe
used in. the reforner (28). As WO 2004/ 078880
PCT/ US2004/ 004270 -24 will begyreadily appreciated the
st eam produced in cooling the %ydrocarbon synt hesi s
reactor nmay be at a | ower pressure than the desired

reformng pressure of the pressure swing reformer in
Dimingrthe veganerafionystepsthie degaierdf oiefasdd L Opniprs thg pressure

sphem G iy o eanpriGE 1 Rk focd
rr%ryeeﬁﬁéﬂr t@gg{hgg %9 {ai g%a\fﬂé fRBCANEAIr ?E@Qﬂ‘s NBitlis ShOWA a'tsJ R single

Fgure recover ed rom the hydrocarbon

cﬁﬂl%iﬁé@sﬂeédgﬁﬁi)ti@'f niad&piali talandel puapdsdso K¢ \eixdRarigeeis not shown
power needed to conpress the steamfor the syngas

it Egptre#, binis unidsrseodubti taksapladecw deserbediinethis disslosurpsgnd
fromthe hydrocarbon_sy Si.S. reactor | % di vi ded

nt he
otherwissrknoyvnsin Bigrar. 1 90iere sORQRS FHuEYCR AR Sramehi2, 103,

1 G 1 BB I8F bt 8 S BR SEpicte e PG
S&W&) ed. N @ turbine (32) to produce shaft power.
shaft power turns conpressor (33), which

conpresses steam (133) to becone a hi gher pressure

stream1(134) that may be used in the refaormng s eP. )
[00fad0] The syngas pepdust of seleamirg (103 has @é&gb%rcﬁiz/{;g) han is

material in the pressur Wi ng reforner i '
oG e BT B M S e Ry R e o e
r: . I .
RESS I reflo0Pu B s (DAY TheTpaliihE 3y ER) QORY, Raving
Herboduiteple fof eysibasigniediteotadanshe hydeooaubmi syrithesio{HCS)
gas with small pressure drops. Preferred materi al
rezctpe9).nki tdeexamplec thethydropwbpnisynthesiswgactian isgatalyzed by
nmonol it hs, Honeyconb nonoliths. ar I own. kn_the.
a gPPAItPaFeHRPPLI0 BOCES frPERT Lo 1955 Sbfgh tonvERion.

o] . . V I r |
ATROREE RS SRISLtellP i BObr s & PRlele [ RGPS 164THrs may be
eﬁipl@{eﬁi' a8iCEndWwR M thétdrt.- Fl addinenosdpafsicr stepd s ikoluded with

In the art, for exanple, as described in US, .
ths, TS, @adtor kbsegregataovdter awhid keéapothervahedble.fighrhoiling
c«%&xgrglggﬁé %g pﬁ@%ﬁh@%ﬁ% th'}i%”ﬁ%&%'ébthe g\gl-l%(}iﬁgg cgﬁxponents

in a "tail-gas" stream (107). In the present example, the tail gas stream (107)
includes all hydrocarbons with 4 carbons or fewer, the majority of which is
methane. The HCS reaction is exothermic and thus heat is removed as a heated
cooling medium (108). In this embodiment, the cooling medium is water,
which, upon absorbing heat from the HCS reaction, is converted to ~10 atm

steam (108).

[0055] In the example shown, HCS-tailgas (107) is combined with fresh
natural gas (101) and steam (111) to make the combined reforming feed (102).
In this example, the source of the steam (111) is the steam (108) generated by



ends, as described in US 4,509, 966. Wall-Fl ow
nmonol iths derive their low pressure drop fromthe
wo e0vg/0%88@i ght channel s oriented in the directPCrUsfo04/004270
flow, WO 2004/078880 PCT/ US2004/ 004270 -25 but add a
| arge nmeasure of heat transfer area by forcing the
flow through the thin. walls_gf_the nonolith. [0061]
The advant age of using a honeyconb or wall-flow
nmonolith in the present invention is that, for a

Cglﬁﬁggﬂlé?gﬁ% Tg];lg:ﬁ?pg.ﬁ H}e%&r& .r&‘fgﬁqha?@ a ﬁgﬁﬁgﬁ Eﬁ? gpeggl?re swing
r«g@%&%ﬁéﬁa&%dﬁ a n&%g afflouBfbf bietinaha: Ragkh @‘?}ngff‘i f.;le pressure

on syn I'S processes are econo

sWRYS FEBrmBY bQPSf Ry drebarbdhs Wad ¥yh@dsoa the 8he of Mie fopming step.
| arge scale, reformng volune nust also be large. It

Ii i whelsistadd that sope @ontressios ismequired by thensymgas loep, i ¢ach of
volume in all dinensions; dianeter and | engt

h .
(st 99D NGt BOTIS ECBBTS P BNl Re: o yeien s 10) will be
essure d [ -t h th :
LS ED B SERERaE 48 08 o UL hetion
CRISERHE ARG, e A0 QBRI e
vohgHt isl@@ sn&hleks/ i n2 to about 1600 cells/in2 (15-250
cells/cn). WD 2004/ 078880 PCT/ US2004/ 004270 co N C N

NCONI1IS5 TC7/T r~COCO 0) OmmQOC) N Clt Nco
O 0 co N .. . .
[03)56?0 ﬁegenera'\{llon &O the%?es%ures sw%g reforming is carried out, in the

present example, using primarily the hydrogen stream (105) that is removed in
the hydrogen separator (30). In the general use of this invention, some of this
hydrogen may be taken as a purified hydrogen stream (112) for use in other
applications. For example, the H2 might be used in hydrocarbon upgrading
steps. Also, in general, the heat of combustion of the hydrogen-containing
stream (112) may not exactly match what is required for regeneration, and thus
may require hydrogen purge (112) or supplemental fuel (113). The present
example includes zero hydrogen removal (112) and a small amount of
supplemental fuel (113). The combined regeneration feed (116) in the present
example is composed of hydrogen fuel (105), a small amount of supplemental
natural gas (113), and fresh air (114). The final flue gas emitted to atmosphere is

the regeneration product (117).

[0057] The material balance for this example 3 embodiment of the present

invention is shown as a table of key streams in Table 4.

[0058]  As is known, the Fischer-Tropsch process is exothermic and water is
used to control the temperature with steam (108) being produced. As shown in

Figure 3, at least part of this steam (108), may be used in the reformer (28). As
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will be readily appreciated the steam produced in cooling the hydrocarbon
synthesis reactor may be at a lower pressure than the desired reforming pressure
of the pressure swing reformer in which event the pressure swing reformer will
be operated at the pressure at which the steam is produced or the steam may be

compressed to a higher pressure.

[0059] In yef another embodiment shown in Figure 5 steam (108) recovered
from the hydrocarbon synthesis reactor (29) is utilized to provide the power
needed to compress the steam for the syngas reactor. In this embodiment, low
pressure steam (108) from the hydrocarbon synthesis reactor is divided between
a stream (130) to be expanded and a stream (133) to be compressed. In this
embodiment the stream to be expanded is heated in a superheater (135) before
expanding in a turbine (32) to produce shaft power. The shaft power turns
compressor (33), which compresses steam (133) to become a higher pressure

stream (134) that may be used in the reforming step.

[0060] In a preferred embodiment, the bed packing material in the pressure
swing reformer is designed so that regeneration can be carried out with a
pressure-drop of less than 2 atm, more preferably less than 1 atm. Preferred
packing materials for this embodiment are designed to pass large quantities of
gas with small pressure drops. Preferred material shapes include honeycomb
monoliths and wall-flow monoliths. Honeycomb monoliths are well known in
the art, for example, as described in US 3,885,977. Honeycomb monoliths
derive their low pressure drop from the long straight channels oriented in the
direction of flow. Wall-Flow monoliths are also known in the art, for example,
as described in US 4,276,071. Most commonly, wall flow monoliths are
fabricated as derivatives of honeycomb monoliths, by plugging alternate channel
ends, as described in US 4,509,966. Wall-Flow monoliths derive their low

pressure drop from the long straight channels oriented in the direction of flow,
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but add a large measure of heat transfer area by forcing the flow through the thin

walls of the monolith.

[0061] The advantage of using a honeycomb or wall-flow monolith in the
present invention is that, for a given level of heat transfer, these shapes can be
operated at a much higher velocity than would be possible with a bed of
particulate packing. Hydrocarbon synthesis processes are economically favored
by operations at very large scale. At very large scale, reforming volume must
also be large. It is desirable to provide this volume by increasing bed volume in
all dimensions; diameter and length, thus providing the most economical bed
designs. Since pressure drop increases with length, the very largest scales
require the lowest pressure-drop designs. Preferred honeycomb monoliths for
the present invention will have channel densities that range from about 100

cells/in” to about 1600 cells/in® (15-250 cells/cm®).
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CLAIMS:

1. Animprovement in hydrocarbon synthesis processes using

synthesis gas stream containing H, and CO, the improvement comprising:

(a) generating a synthesis gas stream in a pressure swing reformer
whereby the synthesis gas stream contains greater than a 2:1 mole ratio of

H,:CO; and

(b) separating a portion of the hydrogen from the synthesis gas
stream to provide a synthesis gas stream containing about a 2:1 mole ratio of

H,:CO;

(c) introducing the synthesis gas stream of step (b) into a

hydrocarbon synthesis reactor for conversion to liquid products therein.

2. The improvement of claim 1 including introducing at least part of

the separated hydrogen into the pressure swing reactor as a fuel source.

3. The improvement of claim 2 including cooling the hydrocarbon

synthesis reactor with water to produce steam.

4. The improvement of claim 3 including introducing the steam into

the pressure swing reformer for reforming hydrocarbons therein.

5. The improvement of claim 3 wherein a portion of the steam is
used to power a compressor for compressing another portion of the steam to

provide steam at a higher pressure than in the absence of compression.
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synthesis gas stream containing H2 and CO, the
i nprovenent conprising: (a) generating a synthesis gas
streamin a pressure sw ng rehkgrner whereby the
synthesis gas streamcontains greater than a 2:1 nole
ratio of H2:CO and (b) separating a portion of the

hydrogen from.the synthesj§ gas. streamto provide a
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part of the separated hydrogen into the pressure

swi ng reactor as a fuel source. 3. The inprovenent of
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.reactor wth water. to produce st.eam .4. .The .
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into the pressure swing reformer for reformng

hydr ocar bons therein. 5. The inprovenent of claim3

wherein g pRIYhARsRfgak kRdHyRiaeedrbon W versnRYREssecomprising:

conpressor fof conpressing another portion of the

steamto provide steamat a higher pressure than in

t he absence of conpression. WO 2004/078880

PCT/ US20(4/ doredncingzgfeed stream comprising a hydrocarbon and steam
through a first end of a first zone containing bed packing materials and a steam
reforming catalyst to produce a product synthesis gas stream at a first pressure

having a ratio of H,:CO greater than 2:1;

(b) passing at least a portion of the product to step (a) to a second
zone containing bed packing materials, and transferring the sensible heat from

the product to the packing materials;

(¢) removing substantially all of the product from said second

Zone;

(d) introducing an oxygen-containing gas into the second end of

said second zone;

(e) contacting said oxygen-containing gas with a fuel and
combusting said gas and fuel within said zones at a second pressure lower than
the first pressure, thereby re-heating said first zone to reforming temperatures

and creating a fluegas which exits through the first end of said first zone;



6. The inprovenment of claim1 including recovering

unreacted synthesis gas and by products fromthe
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recovered gas and by products to the pressure sw ng

reformer. 7. The inprovenent of claim1 wherein the

pressure swing reforner is regenerated using a fue

and conpressed air provided froma gas turbine. S. A

synt hesi s gas and hydrocarbon conversi on process

conprising: (a) introducing a feed streamc rising,.
a hydroc éﬂg boteparating sEhc1ong %dﬂ@gea fromdhe EFFdeng reé:ovelged m
first zone containing bed packing. nateri -
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a portion of the product to step (a) to a second zone
contai ning bed packing materials, and transferring the
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materials; (c) renoving substantiall Il of the
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oxygen-contai ning gas into the second end of said
second zone; (e) contacting said oxygen-containing gas

wWth a fuyel 'gf}é‘ ro&@%géfaﬁlﬁ% ﬁf’éhﬁ}iﬁ@%sﬁi@%ebﬂﬂte&h?cﬂﬂdgen step

sai d zones second pressure | ower than the first

(By &S] B stefiég)eby re-heating said first zone to
reformng tenperatures and creating a fluegas which

exits through the first end of said first zone; WO
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réyyHiesthemdiastéy (@t ep (f) into a hydrocarbon
synthesis reactor for conversion therein to liquid

products. 9. The process of claim8 including using
separat eO1I l.hy’lq{lg %regcegé SP 013351)8 \?v%e;elilr? Ithrel gxfée%pcénﬂining gas of

step (d) is compressed air provided by a gas turbine.

12. The process of claim 11 wherein the fluegas of step () is

delivered to the gas turbine.

13. The process of claim 8 including cooling the hydrocarbon

synthesis reactor with water to produce steam and introducing the steam in step

().

14. The process of claim 13 wherein a portion of the steam is used
to power a compressor for compressing another portion of the steam to provide

steam at a higher pressure for introduction into step (a).



10. The process of claim8 including recovering

unreacted synthesis gas and by products fromthe
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step (a). 11. The process of claim8 wherein the

oxygen containing gas of step (d) is conpressed air

provided by a gas turbine. 123pThe process of claim 11

wherein the fluegas of step (e) is delivered to the

gas turbine. 13. The process of claim8 including

cool i ng e _hydrocarbgn .synthesj.s reactor with ter
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steam at a higher pressure for introduction into step
(a). WD 2004/ 078880 PCT/ US2004/ 004270 -32 15. The
process of claim8 including heat exchanging the

oxygen containing gas of step (d) with the flue gas

of step (e) before introducing the oxygen containing
gas into the first end of said second zone.



