(19) United States

12y Reissued Patent
Norbeck et al.

(10) Patent Number:
45) Date of Reissued Patent:

USOORE40419E

US RE40.419 E
Jul. 1, 2008

(54) PRODUCTION OF SYNTHETIC
TRANSPORTATION FUELS FROM
CARBONACEOUS MATERIAL USING SELFK-
SUSTAINED HYDRO-GASIFICATION

(38) Field of Classification Search 518/700-706;

423/418.2, 650, 48/127.1, 127.5
See application file for complete search history.

(56) References Cited
(75) Inventors: Joseph M. Norbeck, Riverside, CA
(US); Colin E. Hackett, Riverside, CA U.S. PAIENT DOCUMENTS
(US) 3,985,519 A * 10/1976 Kalinaetal. .................. 48/202
4,152,122 A * 5/1979 Feldmann .................... 48/111
(73) Assignee: The Regents of the University of 4,158,697 A * 6/1979 Cramer .......ccccccvvuen..... 422/189
California, Oakland, CA (US) 4,678,860 A * T7/1987 Kuester .........ccoeeevnnen.n. 585/14
4,822,935 A * 4/1989 Scott ....oovviviiiiniiininnnns 585/240
(21) Appl. No.: 11/805,576
OTHER PUBLICATIONS
(22) PCT Filed: Feb. 4, 2003
Olsen et al, Unit processes and principles of Chemical Engi-
(86) PCT No.: PCT/US03/03489 neering, D.Van Nostrand Company, 1932, pp. 1-3.%
§ 371 (c)(1), * cited by examiner
(2), (4) Date:  Jun. 28, 2005
Primary Ikxaminer—J. Parsa
(87) PCT Pub. No.:  WO03/066517 (74) Attorney, Agent, or Firm—Berliner & Associates
PCT Pub. Date: Aug. 14, 2003 (57) ABSTRACT
Related U.S. Patent Documents A process and apparatus for producing a synthesis gas for
Reissue of: use as a gaseous fuel or as feed 1nto a Fischer-Tropsch reac-
(64) Patent No.: 7,208,530 tor to produce a liquid fuel 1n a substantially self-sustaining
Issued: Apr. 24, 2007 process. A slurry of particles of carbonaceous material in
Appl. No.: 10/503,435 water, and hydrogen from an internal source, are fed into a
Filed: Jun. 28, 2005 hydro-gasification reactor under conditions whereby meth-
ane rich producer gases are generated and fed into a steam
U.S. Applications: pyrolytic reformer under conditions whereby synthesis gas
( comprising hydrogen and carbon monoxide are generated. A
(60) Provisional application No. 60/355,405, filed on Feb. 5, pgrﬁon ol the hydrogen generated by the steam pyrolytic
2002. reformer 1s fed through a hydrogen purification filter into the
(51) Int.Cl. hydro-gasification reactor, the hydrogen therefrom constitut-
C07C 27/00 (2006.01) ing the hydrogen from an internal source. The remaining
C0IB 31/18 (2006.01) synthesis gas generated by the steam pyrolytic reformer 1s
C01B 3724 (2006.01) cither used as fuel for a gaseous fueled engine to produce
C01B 3/32 (2006.01) clectricity and/or process heat or 1s fed into a Fischer-
Tropsch or similar reactor under conditions whereby a liquid
(52) US.CL oo, 518/704; 518/700; 518/702;  tuelis produced.
S518/705; 518/706; 423/418.2; 423/650; 48/127.1;
48/127.5 19 Claims, 29 Drawing Sheets
i~ |FECTOLED 0 N\ g7 o4 27 28 ASH
CARBONACEOUS 22 AND | i
MATERTAL l TURBINES ﬂ HGR RE-CYCLED H, FEED
10 SEPARATOR SRR FEED | - | 2 w0 | ST 2 B
i~ X7 ' 12 C + Hy0—CD + H, ANC X,
CRINOER | | __x’ 5 {00+ 0—00y + Wy ST i@
i HX 2} hX 22
! % | S 38
PUMF’ SUPERMEATED 47 X
\ { S:':PEII‘\M+ HaO—=CC + JH e ' @
54 ;350 3 ¥ |-|§l:>---cn:;~2 ¥ Hi
9T _
FXPANDER 2 X 50 e 3 Q3 M0 Qg "ex 4
Bouog: < R B Tallsy .
ey, Heo {HK 9 Q7| oy 3418 L poy
COMPRESSED H0 632 STEM 51 55\ G2
JuUID WATER STEAM 4 "2 PS{TURBINE 2 19 w
() HaO Q10 i W COMBUSTOR 57 ST
o of B & a0 a2,
GASES STEAM o ws1—=2p ) o MS 3 SA



US RE40,419 E

Sheet 1 of 29

Jul. 1, 2008

U.S. Patent

199 TS 66
VSy / E VLS S3SY9
BTy 21 S, I @_\ TUNSSIU HOMH

11 S V4 Im_o._.w:mzoo 0LD O"H
. 67 % 7 % WV3LS A LRIV E:om
¢9 O"H 0l XH 03SSI4dNOQ

N ZEXH . 96
é VN.-A . A L EXH ¥ WAL se———

- A9d E o%H Mm
L X3, W ol S0 £ WAS 05 -nmml : B.mn_ | e
E H 4 + T00—0%H + 00| omn [ Xom NLvavd | o5
o5 INY 9 XH (EJNE L Che + 00=0%H + YHD dm ouoomn_uﬁﬁw
or
(X E el mx % SK n_z:n_m |
2T XH 17 XR i 0 l““ Gc¢
o E_ Vo H.w-ﬂ Nm_ + NS.....OM: + 0D ' NM_.. 0 muﬁ_ez%
o°H &F Lwas | 97 i +¢“w...........m=” “M 0334 AWM V.._Eémum )
0334 °H 0310A0-3Y SANIANNL WINIVA
| ANV zz SNOOVNQEYY?
Con L Ealmee T o]



US RE40,419 E

Sheet 2 of 29

Jul. 1, 2008

U.S. Patent

T ¥
3 a B §
'k g3
12 31
11 5
§= £
; i
3. g

¢ ¢

FIG. 3
FI1G. 5

va 20 a1 400°C aad 30 30 in HFR
Piod af par Mole C Fed Ralla o CO2
va. H2 va. K20 of 500C and 30 atin In PR

Plot of Carton Convarsion v, H2

FIG. 2
FIG. 4



U.S. Patent Jul. 1, 2008 Sheet 3 of 29 US RE40.419 E

CectAY and Prass.onCO2 in HGR 21Dw £Maci of Tamo. and Press. on CH4 [n KGR 2t the
MdmmﬂMMIIﬂﬂpﬂMC fepd of 2.830mal HX and 0.0857mol HIO per ol €

FIG. 6 FIG. 7

Efteci of Temp. and Press. on H2 in RGR al the Effect of Yemp. andt Prans. on CO In HER of the
Fead of L5290l 12 and 0.083Tma3 HI0 per ool C Fe00 of 2.029mol M2 1nd 0.0037mal 20 por Mol €

FIG. 8 FIG. 9



U.S. Patent Jul. 1, 2008 Sheet 4 of 29 US RE40.419 E

ERect of H20 added on SPR

g
o
&

£

H2 ARer Recycang par CO (motafmole)

o

Ru
§"
:

Efisct of Temp, and Pressurs on HUCD ENoct of Temp. and Pressure on CH4
Ia SPR {2.T0mot H20/mo1 € added to SPR) in SPR (.78 mol H20/mel C sdded 1o SPR}

FIG, 12 FIG. 13



M -® J00TT MW 5189
WUCTrea 'm LS - 130)

US RE40,419 E

{(*H
OTH %¥0'I} ....
AR coLest | b
| om
UL | e |
Q s M0E ) mHonTs
OTH a ) JL00) .
m ASE’ /9913612 ¢ s AN BI'C9LS  xep
% | B 95 b6 B rse 0ONIE IITIUOYd TPNIZ
@nu 301 0°L9991 AHH P9XH BHHM._
JJ_u._sQ () AN Y6TE6= D)
!-..: "l § XH
£801089¢
or UM OMEC! AHK MW LTO OTH H96SL
= LW IR
. ‘O HEET
. QO%SLLY AW
m O'H %Ov L : .n.._n: N MW LTHT
T 9%19'98 TV %990 i XH
na..“.en__ ot} o.u ﬂ_n“w m ]
TLIrIY ARKH 0 KLC6L /8% 9L8'0C .
He'00 € OFH+0D | o puereost otH
UM CITEIVI AHH 2 T 008 o H* 3@.Q=+u S 6L6zo'te o)
000 RS
_ ny/Y €25 s62
O'H Poainy
A TITor uveg ny8y gLece

By trewiojg Lg

U.S. Patent

FIG. 14



€3
=) . Uan:_ IO ]

S Jossasdwio > O
= T = i Wl | B g R
M (» MVSLEPL = *A g § v = n_af g—“v&.-h—-—
2 MW 6L = ! T E @ () /' 1ounquoy oy
U -Il..l: os r hﬂn ﬂ—

N 5P | i

VA TN WY 1£xXH

A o

Y  zod TN .
une of Jerit ol : _.
_ - nfours LE6'LIS
| e |_° e
My 331 0 wires inevas) H

2 tNusio My MNHER 0L anone L
= t00 %€l o =10 B s Py —

00 %1 _
2 "HD %408'0 RACUY 626 P91 YUY SH'ST  HHMD
5 _“.__.u__“%_ww. ho... 3 [ sapuedxy | (2)papnoay ‘NRITO () AAo¥d 1V
= AW 9P SLS OtH ‘OnIT'e
7. X T61S05T AHH ? 9 XH O KES'L HdS

ORI (D
'H.‘ NI H WNLD'S ~=+-.8A|0n-.—+8
‘ uae of éh__::q.ma HE 00 ¢ O He THO
. J+000% unm Q¢ (o .

% AN LTO OTH %96
= D0 louny L €4$5T91 AHH miesen] (03050} ok xﬂ.m.w.
S [EsH " U oty I E T
. i o T N Nk Az
— ae TN
: i - 2

“ _ m- . nyRoun (2L LEGLS o.uﬂ_ﬁ.

AN 90 ES 1TV TLIPESE AHH] 11 OULTEE
e M L16T s qlnﬁ__o
[OWUM OVESEZ AHH 0% OIS (o) £+4ﬁ___uu M .m.m_ ,_.,_,uu /3% 61762008
'H nyjowry §59°0T66 VM p6C'0Z AHH

J:0008 Uxw Of

U.S. Patent

. {11) Jyyoury
M "_MM..LO v U) reaioe Hﬂm o.:ﬂo..._ﬂwﬂ
4UDH
0/81 T1°Z0Y .__z_m Nyl 2:.
By Fsvwoig .UQ



U.S. Patent Jul. 1, 2008 Sheet 7 of 29 US RE40.419 E

Ql= 114,135

Q4 = S0.209 MW
QS # 93294 MW
Q9 ~45.51) MW

Biomass
. Shury Feed

MS (i 1) MS (hx8)
715%w K20 -
Liquid Pump

Qu =21.78! MW
Qo ~62210MW

: :

(0.80 ¢f£) 0.192 : L QiD= 11340 MW
E e ot E Q; =164.976 MW
: J

rwerdbpa b PP rrwphwnSrrBegeresees gy




U.S. Patent

Jul. 1, 2008

H20,30°C
11. 340 MW
(31) (32
S
Steam 4, 180°C
15,687.6 kg/hr
y
Steam 4, 180°C Q ©

FIG, 17

Sheet 8 of 29

20°C 78°C

Steam 3
400°C

Q-
lli,?d

hﬁ‘d

(23] h Hxt

40°C qu 451°C
SR

1
Hx)3 Q=
14°%¢  1L1I5I MW m']c

US RE40,419 E

1227614 ka/ir



U.S. Patent Jul. 1, 2008 Sheet 9 of 29 US RE40.419 E

-—"'-'-'-f'

NN

Ash/Char - MS Storage
1200°C

1200°C
4,056,261 .8 kp/hr

HX Gl
164.976 MW

1112°C

MS Pump

ﬁ#----. T » ‘ ‘

\./ Valve ]
Q4 = 50.209 MW Start up
Qs = 93.294 MW Heater

FIG. 18




US RE40,419 E

Sheet 10 of 29

Jul. 1, 2008

U.S. Patent

i

Jofsaadwo))
o ) 4
ot 'sr

\
Y varts E

TN ALY TOD UP('06 ‘00 U6TT TH KE0'y oy £ '$83°CL H'0L

OTH
m &S ool

9 WmNg /0 £°624'S08

o X 74

=6 L0)snqmo)

MNiIre L
N =D

we O¢
.02L MA LU=
ety MANYN O vot
IN3%6T0 D OZH- 4743
'O %95°IE
02 %%58'8S
S84 20vsyl : o
dmﬁwmm § aspuudxy (D) papisvy OTH i
ny/3% CS9C'LT P oOXH JTH G
M €rOv'LE AHH H

¢ H+ IO ¢ O'HeOO S XH
‘ 3 uze o¢ A s HE+ 02 A_.am..zo.m H e
D000 . 333
o ¥t 4 BUM I'9ST'LI AHK Cysa .sd .._.3_ 0 ot onu
| dSH | nmoeron | (83 080) cumg
f4- 0O NELT I0tH %ITIC
OO %sL'Lr MK 1178 /219651392
m‘ "HO %IL'ST ) inep N
=L btk WY %90 MW o zsl
. - B I5L19L0) O'H %eTr e
(e N%I¥o : TV
. Sum oLty AHH ORLTSE 898'TE gD
ao H+00 €0'H+ OO uf:ﬁﬂmw OTH ﬁl@
BUMSIT6Ir AHH 2 DL 77 e ‘He OO EO'HD 0
'H U2y QT OR66 ! "HD J.hm unu E
000 wns
(it Y 6 CECLOT
- O'H pajainy
T R AN T UOH arene AL sLLER

ik 4 wwoig g



US RE40,419 E

Sheet 11 of 29

Jul. 1, 2008

U.S. Patent

ENR Y0P 0 STOD %sELY ‘0D Hiv'y aa %ECLY SYyjowy £ T91°¢C

0521 u.... ok

10}50QINo’) -

om | ||

OTH =s§_ sEr < v
unes ‘0,00
E zo sre IN %ITY9 NG
TO N
: 001§ £ weag 00 %KLLY
X08'8p 1ITO SN OZH %05'L) naoury 905°1$
"/ 13~ |

pumng  AUTOWY L'910°S] VABE ' 02§
une gg
MW UL D o
.0t naial | mH iy N 20
'N %91'0 o e

HOLHOD

J 0t
O OTH
‘0D %8801
QD %Lt .
"HO %L oung 1TLOE
tH %200°SS [ 1apuedxl PaAY ‘N Y500
npouny €'390'g ®9XH JTZH QO RNLCE
ow/rY $$6'€97 AHH OO RER'6

HO %50 |
..H.. J '‘H+'00 € OH+0OD o 2_.
—— 'HE 400 ¢ O'H+"HD as_ Na_umumx
0,02T T625'061 ARM A E.w_ m&d otH
‘B2 08'0) aumy
E K n_z %010 (ro) hﬁﬁ“ OTH 19L'89
ITPH . 0% SEOIE KT LE
I S6L 0 .
0J K'Yl MW LIFYS By y6s1 I
Iy EA e oo
: FoRTs
Y KOr'0
axg (b J1) ey bsﬁwaﬁ..“m - O'H UL ..x:
Jomshie 1OUDy S TLIN'CEE AHH Robipidy .GE o
Windl .
{owy Ove'SIZ AHH D0t 206 gy HtREOH4D /8 61°620'38
B ALAOUD 99°0L6'6 u_wsm _“_nmmw SV Y6502 AMH
ue naowy oIS
MI 81805="0 T teuo)g Kumg OFH Bty
* XH UOH M IET
a3y zhzoy uneng .é-_....Rs
iy ssewog Aiq

FIG. 20



U.S. Patent Jul. 1, 2008 Sheet 12 of 29 US RE40.419 E

Q2 = 21452 MW
Bi oo SedewveraseasrosereteTeaonananaRanEETT T QB=18IMW
(i, | - gime
L8%wW0 | e M
Lique 5 L Qo =329 MW
(0.50 ¢fY) 0.192 : L Qe -o.m%
: QI =0.866
g Eppp—- --gflffg-f-sfr-- cecen E : Q]: - 3%“&
. -— + Qg =150
i1 a2 Hd 5 Qa: w21 215 MW
Hx 72 : P Quy =66.910 MW
Q’ - !.____-___-_______.._.__.3. . w M -- ----------'J Qﬂ -1‘3.”’ Mw
152.‘804

H

ryrryry 3 i T 32 1 1L 0 2 R A T & B 2 N N l-.'
. . ‘ﬁ-—..ﬂ----‘bﬂ- L

MS (txd)

ME Hz 120 CH30H
ATC. 1o 2 — 1206, pum
20.044.9 kb



U.S. Patent Jul. 1, 2008 Sheet 13 of 29 US RE40.419 E

Electric

Steam Geaerator
Turbine (0.90 off)



U.S. Patent Jul. 1, 2008 Sheet 14 of 29 US RE40.419 E

.-"I"“ﬁ'f'"\_

MS Storage
Ash/Ch
y 1200°C

(34)

(1)
L 1200°C
12 ' " I MS (hxd) 3,724,338.6| kg/hr
1200°C
C (. m 1,090,519.2 ke ——
e L 150.200 MW
1112°C

1.983,938.¢

Start up
Q4= 50209 MW Heater
Qs =91.344 MW

FIG. 23



MW DOy 6L~ "M E.HQ U.-on

Jdotvaidion)
od ) 4

- MW EOE'LS - "M
2.05Z1 e 9 £ 0g u._.__...ﬂ“
Jojsngeaa)) Dt E
, ay

DS be
2:0¢ 2.00F
—m_ E "
J00L

US RE40,419 E

CLD SR
2001 )
IZD S
9 Wea)sS D0
2.0 aujqan] =g pinbyy b w3
- ‘0D %90'pE o SWIT)
) m.%m\"mmmw P Zoysyl .
- 266 Pa1A20y INR YW
— MR GOLE'E) S YO aZs'y
7 BWIM 6'SES°L AHK o TOINY6OC
—— man nG c.. INWLLO ® aNIyesteins
@ ‘00 BNOr i uye { “20r <t
2@ — 00 %L0°ST . Hds S N
D.081 HO%ALD (O MR Y16 w3 . .
75 : A9 06)'sC
T umajg ..: MEI._“ ..H...... ‘00 & O'H + 00 $ XH pajakaay m
+ 0D €0+ ‘
T S 9FE T e SOOI M 261°0 oo
- . mvatron | (42 030) dumy
— E Xk INY.CCO [t WeIAS I.0001 OTH %IL'RS
— } & u—.n -
~ -8'CHL 50D neCT SRUOIg %yZ'L €
- S wes. wesas 0D USL'LY : 0/ g 6s1'g9z
— "HO HIEST N
= ﬂ__: h.uw.h_. . MW Y08°25t
tXH YOrH Y A L XH A
= i LT I . N 29
= M STt MM 9ESS VA L3y AHK ﬂuu_..n._o
‘H+" O ¢ O'H+OD
D M HEO'ér L7 T TN @
UM SIZEINI AHH  O*0ET 2.00¢ He OO COH+D | maygrsr0me OtH
*H 39/ 0T 08661 u.uw&._ _“_.h m W DU r8L0L AHH B.H.Emcad dnupy
O - s
STRUI0)G ALn(S N3N 9 109°081 ~
i)
- W] S
L TTOY weng n/ax seLes

ysv ssowoig AiQ

U.S. Patent



US RE40,419 E

Sheet 16 of 29

Jul. 1, 2008

U.S. Patent

M DDAl = Qu-on |
ngoury p'ERL"T .-oqﬂ..nEoU £99 0% uny 9
e 0t 2Y J.05T1 21 E Sils
<H J0)Imguo;) | wea
.ﬂl. -
AW 6659 o ° oH € RS
1 1)d ]
ouy §'8L2 1o S
une 92,69 001t
ITO SH Je00L
IN%ECO 9 tmsas O00r
'O %ECHT u.on aniqang, 3w pinbi p unNag

0D %IbIL J.LLS D
YHO %16°C -
nyoeuny ¢'909'E IN % 81°CL
\ouny/ iy ZOR4Y'Y
7'988'9£Z AHN — — L00RILTT
M nvt ev INAOUR F'P60'01
| une | ‘00
A PET16= 5D nyroury §'y5s"
2.081 'rs6'l
*H %61'SS THE+ 0D € O'H + 'HD D,0¢ ‘OTH
Jyoun £0°190'9T 73,0001 UK Of .
um gg 9626'060 AMH MW Z61°0
dsH 0L nyouryoog'y| (82 08°0) dung
X} Nworo |t weis 94000k DCH oL 29
00 %811 AW 1YY 19618902
%wice . MW ¥03'ZSH
. foanyry TLi ......n AHH| D R%IVo
AN EHIT MmN 9LCs O %LE6C D
oIH unns H %:06'S =
H+0 €0'H+0O 2 M HEL'6Y N/Toun 1012
1ounyt OV'SBTAHN 0L 2:008 e 00 &0 D g YD SL ST
H nnouny 99°026'6 0000 .
| GavOE (1) ALl @ A?vx.-:
MW 618:05="D W euog A Ryvoury Z'oT1'ol
y XH (») ﬁ-%vﬂ i Uanhm O'H p3(afxy
)/3% TiToy usNs NANSLLES

gsy . ssawolg a0}

FIG. 25



U.S. Patent Jul. 1, 2008 Sheet 17 of 29 US RE40.419 E

-IIi---t----ii--nniﬁ

E‘E

m)

Heater 1

Biomass gemmmmesmssscmsacsesciscsssiecssescmorescosencny Q221451 MW
syt wsea)  Msomn | 7GR
lioed p 63.8% wm H20 5 p i Q3=91344 MW
(0.80 cff.) 0.192 ; : : Q6 =36.633 MW

' » Qm ol b l-muh:vw
: v Qg 20452
......... vamags The || R
q7) | ! Hx2)  Hx2e SRS S E
Q, Y E I-------—-----t------- M ---—-‘".-J
152204 ;

Steam $ SJJGW
*g_g 341°C
] MS (hxé))
wﬂldl m{h‘)

MS (x51)

20
lurn, 40
Resycled

L

J0°C L150°C = 6.699 MW

8 '
MS 21
'| =
| MSOII
Siezm )

400°C JO'C
o
3
1250°C
lZSﬂ'C

6 um S0 bars
W, =57.J03 MW

FIG. 26



U.S. Patent Jul. 1, 2008 Sheet 18 of 29 US RE40.419 E
Steam Y Qc = i Pump
Tarbin g0y e
Corndenser .
‘i et
) 30°C, 0.06 bars
e '
H,0fVapor 220°C .
Steam § hxa 50 bars
700°C, SO bars 36°C, 0.06 bars 738°
204,115.7 kghr
Q= »°
54480 MW 160.03 MW
x4
750°C hxs1
831°C
(G31)
1150°
Steam 4 122522 kg/hr
330°C
10.741 MW
m -
1%804 MW
Steam 5. 341°C ’
IRt 052 § kothr — H20(L)
e
hx XY ]
238°C 20°C
120,261.7 kg/hr
Hx32 Hx6&2
40°C 40°C
Q, 3
105.429 M
534°C
Steem 3
400°C
Steam 2

180°C
48,538.7 kg/hr

FIG. 27



U.S. Patent Jul. 1, 2008 Sheet 19 of 29 US RE40.419 E

ey T R N pd VLA P

MS Storage
1200°C

1200°C
: MS (hx4) 3,724 .338.6| ke/hr
1200°C
1,090,5192 kp/x
HX G1

151.023 MW

1112°C

MS (hx81)
1100°C,

1100°C

Valve 2 .

MS Pump

LL T Laar’¥ o WEEL AR

A
\l/ Valve |

Start up
Heater

Q4 =50.205 MW

Qs =91.344 MW

FIG. 28



US RE40,419 E

Sheet 20 of 29

Jul. 1, 2008

U.S. Patent

. INRICTY
Ny OLLL BLY ZO NISH

My

£D .

f
10D KI5°61
nBYN189'L08  (9)OTH B g »

MINI5S 9= 1A e
Jo0ssudwor) sy av EEER .Iu1 — LS AN 160t
MY = TS
Jwvor'umos MW LIRS 58 ﬂz%h
AW 1p8L ok I SH 9,5°0F 'S1%q 0§
- 184 MW 1eEErt ¢)O'H

une Of
9.0CL

EIN %482'0
'O %06 6€
OIRITIS
"HO %S5
TH v oL°L

nAY 95 pI68Z)
8/t 029991 AHH

/1
s

CTEH

MWL ANIces |
OtH Weise wes n H %08'S
ﬂenqx $9C61PI AHH J.0LL JelL! [44)) H #iouunﬂ“uﬂ—.ﬂ.vuu Ay 8L620'ss
H /3% 0T 08661 UM v6C0T AHH

« 10

FOXHe: T S00L
oz SW § o

. 2K
0621 :
MW S0TSS il 40)sngumoy)

- ans oi
1 mAxo1161T -
oujqan] |  PPRANY ‘N%OI'0
585 P 9 X JLH Muuﬁm._ udsS

*HO%oC0 [0 MW YT 6= 5D
FH¥I. *H+'00 € O'H+ 00 S XH
HR6(S ‘HE+ 00 € O'H+"HD
uns pg Ny TT01089¢ 3,0001 Uq® o¢
J,02L fymorcEl AN - . MNLTO
RY/8Y 28 TAE00T ﬁ.c ? Ow.cu ﬂc.-.:&
- INVgED  |O WS 5,000
_ e . w— DL AR TR .
=i -
- ‘ L . MW LTNT
YSY %990
xq \[ 11 ixn ‘H %1991

a3 TS LioLol

0001 une o¢

MW 618°05='D

Qu o N N
: {0} wiro
UM ¥ L8TY ARH byl

=15

MW LE1ChT 1D
MN PETLE = ¢D
AN 60T08 =10

OTH %96'SL
ST K0P
NAITECY'IE

ny/8x

:s._;:...:.
O‘H Papakaay

nyA% CLLCS
svunyg X100

FIG. 29



US RE40,419 E

Sheet 21 of 29

Jul. 1, 2008

U.S. Patent

TN %0Y'S9
NYOuRL TLES'ET 2O %10') \
_ M LETErZ= 2D
o sar B
asy'unny VIOIHY 081 MW YETE6 = 5D
4 1 ] gumxy MW 60705 = D
‘
(1) o' =0 ong) S
MW Iv6'L
w {3AN
pOXHOL T L
uqe Of \
2,021 | | ot
o Wil,74 |
10)$0qI0Y)
MNESID- . Jtil
10D %€
0D %8YLL owny §TCYOLLL
H %S6'LS %Iz
Rjomy 9p9'9L48 ¥ 9 XH 00 %L uds
M T61505T AHH (14, MW I6TE6 5
'H+'0D ¢ O+ QD S XH
AN P0°6S [19AR Y QISUDS FHE+ 0D ¢ O'H +"HD
wE Qf Rjoury 6L yottl Moy 5L 19901
o0 pasoway (1) O'H ouryy C6C5291 AHH AN LT OTH %965t
ASH | mpowy pipsen | (U080 dumg - s KoL
XL ._.Zﬂs-d wens 23,0001 TLEr ot
—————— 00 %31°%i
S HO %91°C
T | e s
== XH
ot weas It %08'S
e o] e | S | o B | LTS
H Mjouny $S9'0T646 2,000 2% OF s
AW 6157050 PSS U0 evuong kumig nyouny y LT L
P XH uOH o W 114 O'H paakaay
ayly Titor weals hy3x ceice
sy g OQ

FIG 30



U.S. Patent Jul. 1, 2008 Sheet 22 of 29 US RE40.419 E

Diomass v Q4 = 50209 MW
. Sturry Feed QS =912%4 MW
t 75% wt H20 : ~243,197 MW
Liquid Pump : Qo
(0.80 ) 0.7 MW '
Uali of HX &% SPS é
f-i TP POV RR AT OPUEP A ERD DTy e e B i :
E 173 Hx T2 ; §
: ®- E |
: 2l6}7 M E
] ) —R— Blamass !
: Paste
: $%H20 :
3 I —a— ,
Steamd4 £ )
285°C
H20 MS (x4 )
30°C

Wi2 =
169344 MW



U.S. Patent Jul. 1, 2008 Sheet 23 of 29 US RE40.419 E

. 30°C, 0.05 bars
Hy0 (35), 30.4°C, 30 bars .

D2 MW
H20/vapor, 36°C
121,100.4 kg/r S
¥
1 247 MY EP. >
H10 & - 20
Steam Electric $1.704 MW
Turblne 2 Generator
(0.90 eff’)

FIG. 32



U.S. Patent Jul. 1, 2008 Sheet 24 of 29 US RE40.419 E

4,069,507 kg/hr

- . 'Ll Rl T A A P

MS Storage
Ash/Char MS
1200°C lzogca

H20
30.4°C
50 bars

MS (hx4)
1200°C
1,103,764 k¢

HX G1
243.19TMW

1100°C

Valve ! .
TN MS Pump
"] /

g L -'-ln- ﬂ"“f

dh
\./ Valve 1

Start up
Q: = 50209 MW ,
Qs =93.294 MW MS

FIG. 33



US RE40,419 E

Sheet 25 of 29

Jul. 1, 2008

U.S. Patent

.. be £HN %000
Mﬁu.w«u.mmﬁ DH018 M SE6IZI L E—— . b INRTLY
g o "ot L _ e <
13 00 %00 D
I . 30008 ° AN LLIT 0 1 M860
\ 4 RO
“ . e O] MR LY Ll TH %1070
——— AIL906YE = .. =70 e
. .01 D0 AquIDT)
401INqmoD .” . () bart >
MW SSTL= "M . o E u.pmw N E _F
—— lEy vy 7
I0NITP 10N O :
INUT ] i
v oc s -
p]
=02 el H S
L("H | [ 6S
‘HN %100 20}
, -zsn.n.o ril o _“.. Wiy iy
ol s ws B
WIS TS vy e
._um umm“ | ey | . - - 2\9_ € CLO6 "HMD
IUMEESSIL AHH S 9 gy 00 %456}
"HWOwos| (10 MILIL' 6L = 5D

L
L

SMnTL

'H+ 0D ¢ OFH+ OO
HE+OD & O'H e "I

S XH

N\
i

/A 0esr'sET 004 tnye ¢
UM 9re6ZCl AHH . o - BJ M 19°0 (024] L7773
t ‘1J® 03'0) Aun STVWIO| Y 2404
Nt [ i it
100 %o8'8}
od%ILLI § O MW TE509
‘ MOKCSTE | XH § saj004 m
Qw_ %L$0C swenn ._mw:ihm.ﬂo
fc ey 2 H %56’y
B /By 6185 Ent N %tto
AN S Su SWIAL6SEST AHN | Uu O %NI0IC ..%56
H %Y Pyl
L7 §S IH+ 'O E O'H+ OO 2 HITEE
AN $90°2 W+ 0D €0'H+D 8% 001§ (¢
sotsadior) "WML+ | tymeyz'st AHH
. 28§ L 0% Of
() Rsazsiv Au T T
une 7t H 2V 0'920'2) | T 3.6 ' %\.ﬁah see
| P340y
A TUTor UOH YR ECE (98 uesNs A SLLE

gty UG 2462 stywo)q A

FIG. 34



US RE40,419 E

Sheet 26 of 29

Jul. 1, 2008

U.S. Patent

CHN %00°0
Naoury 1°0LE1} . ZNROIT
MWIOTIC= ' o000 4 _. D.0F SMU:B.!
OfH PHD HSIT
MW LT LY TH %310
= 0
MHSET L= "M
une ot noury T°Eét |
2.0 S Ppoooy L
N oM
‘HN %4100
IN %91'0
.Ww Nmn...n..wm N/AY €CLOS XRM
"HO %1CD nieI). ffousy 6900y "HY™D
"H %460'bS *HN 4000 "N %900 13NA0¥d TVNI3
noury 0'9caL

‘OO NiL'S
O %0’
"BOINIEE (o

ow /Y LEBYIT AlIH MNLIL6L1=5D)
=

% FHRIT'L ‘Hel00 & 0%+ 0O $XH
‘ . vesame ‘HWLYD HE+OD € O'H +"HD
' une gt tD FYIRIR CLSOTT J+006 une gg _ (1D
ﬁ , XH q EN %Y I°D (o g 1AL LLB
N . .
ITFH %ﬁ.ﬂ o M TREPI .
O'HKIEEL topm Mw: th_. o
ey ([ 7 :_“__aﬁh _.....an..: N %0 m I
MW 5(°00L [ounyt €esTLe AME [ UV o:ﬁuw ! § AN 91T -
ik DR W i ®
. (%' 84 S.P-— i
Biadiids 29 .w.u.m H o0 | SYREYESI A ﬁ -
() touovmvssz an  sreweig lmyg , .
wo1e 22 tH ayjoury 0009 (] 14 eREL YIOWY §°CLOCH
uOH o1l B_...sz
. Aoy L0 1€ weng AsLLe
n/B Tl .m-e“ BENS I.8€T , strwoly g

FIG. 35



U.S. Patent Jul. 1, 2008 Sheet 27 of 29 US RE40.419 E

gtw Fd [!Ez.ﬂ-!.------------------1
. P : Ql=22B45 MW
. 0% wit H2( —— E MS (x31) MS (hx$) E $.mz:.‘h:w{w
:}.:};:’H‘:IVEP M 20,303 | E . i Q4 -23-.592 MW
| AR : g:' v MY
Uﬂl‘ Efﬂfnﬁugs--#n-h- SI E :" n B E w '?"ﬂ‘ W
S et ! S pveny 87511 W P QIo= I14TMW
1) :mnln---n-u‘ —r : Qﬁl' ul"uw
Hx 72 : Qe ™ ' Qo DT MW
teecosacensanvenoorneencdSSEMW_ | _____}  Qum=26716MW
Or= N Hearer = 3,083 MW

4$03.780 MW

MW

Compresser
2763
®

o"‘c.

»

7.20% MY

116°C, 10 atm

Compressor
10atm
yG lam 31201 MW
Recycled JIZIL6 kv
nl Combuztor 152°C
: )
(2) m VS Gl
900°C MS Gal et 1 100°C

LAl g e

FIG. 36



U.S. Patent Jul. 1, 2008 Sheet 28 of 29 US RE40.419 E

24.813 MW
ST2

410°C

53.081,2 kgt i

FIG. 37



U.S. Patent Jul. 1, 2008 Sheet 29 of 29 US RE40.419 E

S L LAY A L .

MS Storage
1100°C

1200°C
2,109,809.5] kg/hr

HX Gl
121,985 MW

974°C

| 950°C
Yalve 1 .
MS Pump
Prtna® L I\ o', o 1

\{ / Valve 1

Start up
Heater

Qs=129.767 MW

FiIG. 38



US RE40,419 E

1

PRODUCTION OF SYNTHETIC
TRANSPORTATION FUELS FROM
CARBONACEOUS MATERIAL USING SELFE-
SUSTAINED HYDRO-GASIFICATION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of Provisional Patent
Application Ser. No. 60/355,405, filed Feb. 5, 2002.

STATEMENT REGARDING SPONSORED
RESEARCH AND DEVELOPMENT

This mmvention was made with support from the City of
Riverside. The City of Riverside has certain tights to this
invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The field of the invention 1s the synthesis of transportation
tuel from carbonaceous feed stocks.

2. Description of Related Art

There 1s a need to 1dentify new sources of chemical energy
and methods for 1ts conversion into alterative transportation
tuels, driven by many concerns including environmental,
health, safety 1ssues, and the inevitable future scarcity of
petroleum-based fuel supplies. The number of internal com-
bustion engine fueled vehicles worldwide continues to grow,
particularly in the midrange of developing countries. The
worldwide vehicle population outside the U.S., which
mainly uses diesel fuel, 1s growing faster than inside the U.S.
This situation may change as more fuel-efficient vehicles,
using hybrid and/or diesel engine technologies, are intro-
duced to reduce both fuel consumption and overall emis-
sions. Since the resources for the production of petroleum-
based fuels are being depleted, dependency on petroleum
will become a major problem unless non-petroleum alterna-
tive fuels, 1 particular clean-burning synthetic diesel fuels,
are developed. Moreover, normal combustion of petroleums-
based fuels 1n conventional engines can cause serious envi-
ronmental pollution unless strict methods of exhaust emis-
sion control are used. A clean burning synthetic diesel fuel
can help reduce the emissions from diesel engines.

The production of clean-burning transportation fuels
requires either the reformulation of existing petroleums-
based fuels or the discovery of new methods for power pro-
duction or fuel synthesis from unused maternials. There are
many sources available, derived from either renewable
organic or waste carbonaceous materials. Utilizing carbon-
aceous waste to produce synthetic fuels 1s an economically
viable method since the input feed stock 1s already consid-
ered of little value, discarded as waste, and disposal 1s often
polluting.

Liquid transportation fuels have inherent advantages over
gaseous luels, having higher energy densities than gaseous
tuels at the same pressure and temperature. Liquid fuels can
be stored at atmospheric or low pressures whereas to achieve
liquid fuel energy densities, a gaseous fuel would have to be
stored 1n a tank on a vehicle at high pressures that can be a
safety concern 1n the case of leaks or sudden rupture. The
distribution of liquid fuels 1s much easier than gaseous fuels,
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2
using simple pumps and pipelines. The liquid fueling infra-
structure of the existing transportation sector ensures easy
integration into the existing market of any production of
clean-burning synthetic liquid transportation fuels.

The availability of clean-burning liquid transportation
fuels 1s a national priority. Producing synthesis gases cleanly
and efficiently from carbonaceous sources, that can be sub-
jected to a Fischer-Tropsch process to produce clean and
valuable synthetic gasoline and diesel fuels, will benefit both

the transportation sector and the health of society. Such a
process allows for the application of current state-of-art
engine exhaust after-treatment methods for NO_ reduction,
removal of toxic particulates present in diesel engine
exhaust, and the reduction of normal combustion product
pollutants, currently accomplished by catalysts that are poi-
soned quickly by any sulfur present, as 1s the case 1n ordi-
nary stocks of petroleum derived diesel fuel, reducing the
catalyst efficiency. Typically, Fischer-Tropsch liquid tfuels,
produced from biomass dertved synthesis gases, are sulfur-
free, aromatic free, and 1n the case of synthetic diesel fuel
have an ultrahigh cetane value.

Biomass material 1s the most commonly processed car-
bonaceous waste feed stock used to produce renewable
fuels. Waste plastic, rubber, manure, crop residues, forestry,
tree and grass cuttings and biosolids from waster water
(sewage) treatment are also candidate feed stocks for conver-
sion processes. Biomass feed stocks can be converted to
produce electricity, heat, valuable chemicals or fuels. Cali-
forma tops the nation 1n the use and development of several
biomass utilization technologies. Each year in California,
more than 45 million tons of municipal solid waste 1s dis-
carded for treatment by waste management facilities.
Approximately half this waste ends up in landfills. For
example, 1n just the Riverside County, California area, 1t 1s
estimated that about 4000 tons of waste wood are disposed
of per day. According to other estimates, over 100,000 tons
of biomass per day are dumped 1nto landfills 1n the Riverside
County collection area. This municipal waste comprises
about 30% waste paper or cardboard, 40% organic (green
and food) waste, and 30% combinations of wood, paper,
plastic and metal waste. The carbonaceous components of
this waste material have chemical energy that could be used
to reduce the need for other energy sources 11 1t can be con-
verted mnto a clean-burning fuel. These waste sources of car-
bonaceous material are not the only sources available. While
many existing carbonaceous waste materials, such as paper,
can be sorted, reused and recycled, for other materials, the
waste producer would not need to pay a tipping fee, 1 the
waste were to be delivered directly to a conversion facility. A
tipping fee, presently at $30-$35 per ton, is usually charged
by the waste management agency to oifset disposal costs.
Consequently not only can disposal costs be reduced by
transporting the waste to a waste-to-synthetic fuels process-
ing plant, but additional waste would be made available
because of the lowered cost of disposal.

The burning of wood 1in a wood stove 1s an example of
using biomass to produce heat energy. Unfortunately, the
open burning the biomass waste to obtain energy and heat 1s
not a clean and efficient method to utilize the calorific value.
Today, many new ways of utilizing carbonaceous waste are
being discovered. For example, one way 1s to produce syn-
thetic liquid transportation tuels, and another ways 1s to pro-
duce energetic gases for conversion into electricity.

Using fuels from renewable biomass sources can actually
decrease the net accumulation of greenhouse gases, such as
carbon dioxide, while providing clean, efficient energy for
transportation. One of the principal benefits of
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co-production of synthetic liquid fuels from biomass sources
1s that 1t can provide a storable transportation fuel while
reducing the effects of greenhouse gases contributing to glo-
bal warming. In the future, these co-production processes
could provide clean-burning fuels for a renewable fuel
economy that could be sustained continuously.

A number of processes exist to convert coal and other
carbonaceous materials to clean-burning transportation
tuels, but they tend to be too expensive to compete on the
market with petroleum-based fuels, or they produce volatile
tuels, such as methanol and ethanol that have vapor pressure
values too high for use 1n high pollution areas, such as the
Southern California air-basin, without legislative exemption
from clean air regulations. An example of the latter process
1s the Hynol Methanol Process, which uses hydro-
gasification and steam reformer reactors to synthesize
methanol using a co-feed of solid carbonaceous materials
and natural gas, and which has a demonstrated carbon con-
version elficiency of >85% i1n bench-scale demonstrations.

The need to i1dentity new resources and methods for the
production of transportation fuels requires not only investi-
gating improvements 1n ways to produce current petroleums-
based fuel but also research into new methods for the synthe-
s1s of Tunctionally equivalent alternative fuels obtained using
resources and methods that are not 1n use today. The produc-
tion of synthetic liquid fuels from carbonaceous materials
such as waste organic materials 1s one way to solve these
problems. The utilization of carbonaceous waste materials to
produce synthetic fuels can be considered a feasible method
of obtaining new resources for fuel production since the
material feed stock is already considered a waste without
value and often 1t’s disposal creates additional sources of
environmental pollution.

SUMMARY OF THE INVENTION

The present mvention makes use of steam pyrolysis,
hydro-gasification and steam reformer reactors to produce a
synthesis gas that can be converted mto a synthetic paratfinic
tuel, preferably a diesel fuel, although synthetic gasolines
and jet propulsion fuels can also be made, using a Fischer-
Tropsch parailin fuel synthesis reactor. Alternatively, the
synthesis gas may be used 1n a co-generated power conver-
s1on and process heat system. The present invention provides
comprehensive equilibrium thermo-chemical analyses for a
general class of co-production processes for the synthesis of
clean-burning liquid transportation fuels, thermal process
energy and electric power generation from feeds of coal, or
other carbonaceous materials, and liquid water. It enables a
unique design, eificiency of operation and comprehensive
analysis of coal, or any other carbonaceous feed materials to
co-produced fuel, power and heat systems.

The mvention provides a process and apparatus for pro-
ducing a synthesis gas for use as a gaseous fuel or as feed
into a Fischer-Tropsch reactor to produce a liquid parafiinic
tuel, recycled water and sensible heat, 1n a substantially seli-
sustaining process. A slurry of particles of carbonaceous
maternial suspended in hiquid water, and hydrogen from an
internal source, are fed 1nto a steam generator for pyrolysis
and hydro-gasification reactor under conditions whereby
super-heated steam, methane, carbon dioxide and carbon
monoxide are generated and fed mnto a steam reformer under
conditions whereby synthesis gas comprising primarily of
hydrogen and carbon monoxide are generated. Using a
hydrogen separation filter for purification, a portion of the
hydrogen generated by the steam reformed 1s fed into the
hydro-gasification reactor as the hydrogen from an internal
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source. The remaining synthesis gas generated by the steam
reformer 1s either used as fuel for a gaseous fueled engine or
gas turbine to produce electricity and process heat, or 1s fed
into a Fischer-Tropsch fuel synthesis reactor under condi-
tions to produce a liquid fuel, and recycled water. The cor-
rect stoichiometric ratio of hydrogen to carbon monoxide
molecules fed into the Fischer-Tropsch fuel synthesis
reactor, 1s controlled by the water to carbon ratio in the feed
stocks. Molten salt loops are used to transfer heat from the
exothermic hydro-gasification reactor (and from the exother-
mic Fischer-Tropsch reactor 11 liquid fuel 1s produced) to the
exothermic steam generator for pyrolysis and the steam
reformer reactor vessels.

In particular, the present invention provides the following
features.

1) A general purpose solid carbonaceous material feed
system that can accept arbitrary combinations of coal, urban
and agricultural biomass, and municipal solid waste for
hydro-gasification.

2) A first state, steam generator for pyrolysis and hydro-
gasification unit.

3) A steam reformer as a second stage reactor to produce
hydrogen rich synthesis gas from the output of the first stage
stecam generator for pyrolysis and hydro-gasification unit.
The molal steam to carbon ratio 1s maintained as necessary
to bring the chemical reactions close to equilibrium;

4) Either (a) a Fischer-Tropsch (synthesis gas-to-liquid)
tuel synthesizer as a third and final stage reactor to convert
the synthesis gas from the steam reformer into a sulfur-free
clean-burning liquid transportation fuel, and recycled water
or (b) use of generated synthesis gas as fuel for process heat
and/or 1n a fuel engine or gas turbine that can generate elec-

tricity;

5) Three thermo-chemical process reactors are operated to
produce nearly pure parailinic hydrocarbon liquids (similar
to petroleum derived diesel tuels) and was-like compounds
(similar to petroleum dertved USP parailinic jellies, which
can be further refined 1into more diesel-like fuels using con-
ventional methods) from carbonaceous feed stocks (such as
waste wood) 1n a continuous self-sustainable fashion with-
out the need for additional fuels or external energy sources.
The reactor configurations can also be optimized for the pro-
duction of other synthetic fuels, such as dimethyl ether (a
fuel similar to propane, that can be used as a transportation
fuel 1n diesel engines and gas turbines) and gaseous fuel
grade hydrogen (a fuel that can be used in engines and
turbines, and if purified to remove carbon monoxide, as an
clectrochemical fuel 1n a fuel cell), as well as energetic syn-
thesis gases for combined cycle power conversion and elec-
tric power production.

The fundamental advantages of this invention, over what
was achievable with the prior art, are: (a) energy elficient
(>85%) methane production from the available carbon in the
carbonaceous feed stock using steam pyrolysis to activate
the carbon and hydrogen gas as the sole 1nitiating reactant, in
contradistinction to partial oxidative gasification usually
requiring an additional energy intensive air separation Sys-
tem to provide the necessary oxygen; (b) chemically seli-
sustained operation of the first stage hydro-gasification reac-
tor by feeding-back surplus hydrogen gas produced in the
second stage methane steam reformer reactor; (¢) energy
cificient synthesis of clean-burning transportation fuels
using the effluent gases from the steam reformer, such as: (1)
paraifinic compounds using a third stage Fischer-Tropsch
tuel synthesis reactor, (11) dimethyl ether synthesis using a
third stage synthesis reactor, and (111) hydrogen production
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using a hydrogen separation and/or purification filter without
the need for a third stage tuel synthesis reactor; (d) thermally
seli-sustained operation of all reactors by effective manage-
ment of thermal and chemical energy using combinations of
molten salt or water/steam heat transter fluids, combustion
of product energetic gases to start and maintain process
temperatures, recovered process heat for the generation of
clectric power, without the need for additional fuels and
external energy sources; (¢) significantly reduced airborne
emissions from all enclosed processes reactors and/or syn-
thesis gas combustors when compared to direct naturally
aspirated combustion (usually known as open incineration)
of the carbonaceous feed matenials; and 1) the ability to cap-
ture all gaseous carbon dioxide effluent from process reac-
tors or intra-process synthesis gas combustors for sequestra-
tion and/or chemical conversion into condensed phase
compounds using conventional technologies.

These novel configurations of the process reactors have
the capability to improve the overall efficiency of energy
utilization for carbonaceous material conversion 1 a

co-production plant for synthetic fuels, chemicals and
energy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow diagram showing the overall modeling of
the present invention;

FI1G. 2 1s a graph showing a plot of carbon conversion vs.
H./C and H,O/C ratios at 800° C. and 30 atm. in HPR;

FIG. 3 1s a graph showing a plot of CH,/C feed ratio vs.
H,/C and H,O/C ratios at 800° C. and 30 atm. in HPR;

FIG. 4 1s a graph showing a plot of CO,/C feed ratio vs.
H./C and H,O/C ratio sat 800° C. and 30 atm. in HPR;

FIG. 5 1s a graph showing a plot of CO/C feed ratio vs.
H,/C and H,O/C ratios at 800° C. and 30 atm. in HPR;

FIG. 6 1s a graph showing the effects of Temperature and
Pressure conditions on CO,/H ration the hydro-gasifier reac-
tor (HGR) at fixed feed of 2.629 moles of H, and 0.0657

moles of H,O per mole of C;

FIG. 7 1s a graph showing the effect of Temperature and
Pressure conditions on CH,/H ratio in the HGR at fixed teed
of 2.629 moles of H, and 0.0657 moles of H,O per mole of
C;

FIG. 8 1s a graph showing the effect of Temperature and
Pressure conditions on H,/C ratio in the HGR at fixed feed
of 2.629 moles of H, and 0.0657 moles of H,O per mole of
C;

FIG. 9 1s a graph showing the effect of Temperature and
Pressure conditions on CO/H in the HGR at fixed feed of
2.629 moles of H, and 0.0657 moles of H,O per mole of C;

FIG. 10 1s a graph showing the effect of input H,O/C ratio
on steam reformer (SPR) performance measure by the net
H,/CO ratio after H2 recycling for the HGR at 1000° C. and
30 atm;

FIG. 11 1s a graph shown the effect of changing the input
H,O/C ratio on SPR products, CO, CO, and CH, 1n the SPR
at 1000° C. and 30 atm;

FI1G. 12 1s a graph showing the effect of Temperature and
Pressure conditions on H,/CO ratio 1n the SPR (2.76 moles
of H,O/mole of C added to the SPR);

FIG. 13 1s a graph showing the effect of Temperature and
Pressure conditions on CH_/C ratio 1n the SPR (2.76 moles
of H,O/mole of C added to the SPR);

FI1G. 14 1s a diagram showing the Mass Flow Schematic of
Biomass Hydro-gasification for production of Fischer-
Tropsch paratiin tuels;
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FIG. 15 1s a diagram showing the Molal Flow Schematic
of Biomass Hydro-gasification for production of Fischer-
Tropsch paratiin tuels;

FIG. 16 1s a diagram showing the Thermal Energy Man-
agement Schematic of Biomass Hydro-gasification for pro-
duction of Fischer-Tropsch paraifin fuels;

FIG. 17 1s a diagram showing the Water/Steam Flow
Schematic of Biomass Hydro-gasification for production of

Fischer-Tropsch parailin fuels;

FIG. 18 1s a diagram showing Molten Salt Flow Sche-
matic ol Biomass Hydro-gasification for production of
Fischer-Tropsch parailin fuels;

FIG. 19 1s a diagram showing Mass Flow Schematic of
Biomass Hydro-gasification for production of dimethyl
ether:

FIG. 20 1s a diagram showing Mole Flow Schematic of
Biomass Hydro-gasification for production of dimethyl
ether:;

FIG. 21 1s a diagram showing Thermal Energy Manage-
ment Schematic of Biomass Hydro-gasification for produc-
tion of dimethyl ether;

FIG. 22 1s a diagram showing Water/Steam Flow Sche-
matic of Biomass Hydro-gasification for production of dim-
cthyl ether;

FIG. 23 1s a diagram showing Molten Salt Flow Sche-
matic of Biomass Hydro-gasification for production of dim-
cthyl ether;

FIG. 24 1s a diagram showing Mass Flow Schematic of
Biomass Hydro-gasification for production of gaseous
hydrogen fuel;

FIG. 25 1s a diagram showing Mole Flow Schematic of
Biomass Hydro-gasification for production of gaseous
hydrogen fuel;

FIG. 26 1s a diagram showing Thermal Energy Manage-
ment Schematic of Biomass Hydro-gasification for produc-
tion of gaseous hydrogen tuel;

FIG. 27 1s a diagram showing Water/Steam Flow Sche-
matic of Biomass Hydro-gasification for production of gas-
cous hydrogen fuel;

FIG. 28 1s a diagram showing Molten Salt Flow Sche-
matic of Biomass Hydro-gasification for production of gas-
cous hydrogen fuel;

FIG. 29 1s a diagram showing Mass Flow Schematic of
Biomass Hydro-gasification for production of electricity;

FIG. 30 1s a diagram showing Mole Flow Schematic of
Biomass Hydro-gasification for production of electricity;

FIG. 31 1s a diagram showing Thermal energy Manage-
ment Schematic of Biomass Hydro-gasification for produc-
tion of electricity;

FIG. 32 1s a diagram showing Water/Steam Flow Sche-
matic of Biomass Hydro-gasification for production of elec-
tricity;

FIG. 33 1s a diagram showing Molten Salt Flow Sche-
matic of Biomass Hydro-gasification for production of elec-
tricity;

FIG. 34 1s a mass flow schematic of biomass hydro-
gasification for Fischer-Tropsch paraifin fuel production
using an adiabatic HGR and a 9:1 water feed;

FIG. 35 1s a molal flow schematic of biomass hydro-
gasification for Fischer-Tropsch parailin fuel production
using an adiabatic HGR and a 9:1 water feed;

FIG. 36 1s a thermal energy management schematic of
biomass hydro-gasification for Fischer-Tropsch paraifin fuel
production using an adiabatic HGR and a 9:1 water feed;
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FIG. 37 1s a water/steam flow schematic of biomass
hydro-gasification for Fischer-Tropsch paratiin fuel produc-
tion using an adiabatic HGR and a 9:1 water feed;

FI1G. 38 1s a molten salt flow schematic of biomass hydro-

gasification for Fischer-Tropsch paraifin fuel production
using an adiabatic HGR and a 9:1 water feed.

DETAILED DESCRIPTION OF THE INVENTION

A steam generator for pyrolysis, hydro-gasification reac-
tor (HGR) and steam pyrolytic reformer (SPR) (also called a
stecam pyrolytic reactor, steam reformer or steam reactor)
such as used 1n a Hynol process, may be utilized to produce
the synthesis gas (syngas) through steam pyrolysis of the
feed stock, hydro-gasification and steam reforming reac-
tions. The reactions start in the HGR to convert carbon in the
carbonaceous matter into a methane rich producer gas and
continue through the SPR to produce synthesis gas with the
correct hydrogen and carbon monoxide stiochiometry for
eificient operation of the Fischer-Tropsch process. With the
Fischer-Tropsch process as the final step 1n processing,
products such as synthetic gasoline, synthetic diesel fuel and
recycled water can be produced.

The feedstock requirement 1s highly flexible. Many feeds
that consist of different carbonaceous materials can be wet
milled to form a water slurry that can be fed at high pressure
into a steam pyrolyzer, hydro-gasifier and steam reformer
reactors for synthesis gas production. The feed to water mass
rat1o can even vary during the running of the process, with a
knowledge of the chemical content of the feed, to maintain
the carbon-hydrogen stiochiometry required for an opti-
mized fuel synthesis process. Appropriate carbonaceous
materials include biomass, natural gas, o1l, petroleum coke,
coal, petrochemical and refinery by-products and wastes,
plastics, tires, sewage sludge and other organic wastes. For
example, wood 1s an example of waste biomass material that
1s readily available in Riverside County, California. This par-
ticular waste stream could be augmented with other carbon-
aceous materials, such as green waste and biosolids from
water treatment that are available 1n Riverside County, and
would otherwise go to landfill.

When used to make a transportation fuel, such as diesel
tuel, the process 1s designed so that the feedstock makes the
maximum amount of Fischer-Tropsch paraifinic product
required. The desired output consists ol a liquid
hydrocarbon, such as cetane, C, H,,, within the carbon
number range, 12 to 20, suitable as a diesel fuel. Excess
synthesis gas output from the SPR, 1.e., “leftover” chemical
energy from the Fischer Tropsch synthetic fuel producing
process, can be used as an energetic fuel to run a gas turbine
for electricity production. The synthesis gas output after
recycling enough hydrogen to sustain the hydro-gasifier,
may be used for this purpose also, depending on the needs of
the user. The following provides a method for maximizing
the economic potential from the present invention 1n the con-
version of carbonaceous materials to a usable transportation
tuels and 1nclusive of the possibility for direct electric power
production through a gas turbine combined cycle.

1) Find approximate data on available carbonaceous
wastes, their chemical composition and perform further
analysis on the practical need for the process.

2) Model the important reactions within the process con-
sisting of the steam generator for pyrolysis, hydro-gasifier,
stecam reformer, and the Fischer-Tropsch (or other fuel
synthesis) reactor on a continuous tlow-through basis. This
may be done by optimizing the Fischer-Tropsch (or other
tuel synthesizer) feedstock for the optimum stoichiometric
hydrogen to carbon monoxide mole ratio for fuel to be syn-
thesized.
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3) Perform an economic analysis on the costs to obtain
and prepare the input material required, capital costs, operat-
ing and maintenance, and product yield and costs.

Specific implementations are given below 1n conjunction
with flow charts provided in the Figures, demonstrating the
conversion ol waste wood, as the candidate carbonaceous
matenal, to a liquid diesel transportation fuel, recycled water
and an alternative power source, via a Fischer-Tropsch pro-
cess linked to a gas turbine combined cycle.

The thermo-chemical conversion of carbonaceous materi-
als occurs by two main processes: hydro-gasification and
stecam reformation, with steam pyrolysis of the feedstock
occurring within the steam generator to pre-treat feedstock
and activate the carbon contained therein. The hydro-gasifier
requires an input ol the pyrolyzed carbonaceous waste,
hydrogen, steam, reacting 1n a vessel at high temperature and
pressure, which 1n a specific implementation 1s approxi-
mately 30 atmospheres and 1000 degrees Celsius. Steam
reforming of the methane rich effluent gas from the HGR
also requires an approximate pressure ol 30 atmospheres and
1000 degrees Celsius. More generally, each process can be
conducted over a temperature range of about 700 to 1200
degrees Celsius and a pressure of about 20 to 350 atmo-
spheres. Lower temperatures and pressures can produce use-
ful reaction rates with the use of appropriate reaction cata-
lysts.

Referring to FIG. 1, which 1s an overall flow diagram, the
order of general processes that carry out these main reaction
processes 1s shown (specific amounts for a particular
embodiment are in the flow diagrams shown in FIGS. 14
through 38). Piping i1s used to convey the materials through
the process. The feed 11 1s chopped, milled or ground 1n a
grinder 10 into small particles, mixed with the recycled
water 12 and placed 1n a receptacle or tank 14 as a liquid,
suspension slurry 16 that 1s transportable as a compressed
fluid by a pump 18 to a steam generator 20 where the slurry
16 1s superheated and pyrolyzed, followed by either separa-
tion of the steam in a steam separator 22 so that steam goes
through piping 24 that 1s separate from piping that delivers
the pumped, dense slurry paste 26, or a direct steam pyroly-

s1s feed through piping 27.

The dense slurry paste feed 26, or the direct steam pyroly-
s1s feed 27, enters the HGR 28. Hydrogen from an internal
source (from the steam reformer via a hydrogen separation
filter described below) and a fraction of the previously pro-
duced steam flow into the HGR 28 for the desired output.
The output gases consists largely of methane, hydrogen, car-
bon monoxide, and super-heated steam. The gases produced
by the HGR 28 leaves the chamber and 1s pumped over to the
SPR 30. The un-reacted residue (or ash) from the HGR, 1s
periodically removed from the bottom of the reactor vessel
using a double buifered lock-hopper arrangement, that 1s
commonly used 1n comparable high pressure gasification
systems. The ash 1s expected to be comprised of sand, S10.,,
and alumina, Al,O;, with trace amounts of metals. The mnput
to the SPR 30 1s delivered from either the steam separator 22
by piping 32 through a heater 34 and further piping 36, or via
the HGR 28 output piping, to provide greater-than-
theoretical steam to carbon ratio into the SPR 30, to mitigate
coking in the reactor. The output 1s a higher amount of
hydrogen, and CO, with the appropriate stiochiometry for
the desired hydrocarbon fuel synthesis process described
below.

The output of the SPR 30 1s directed via piping 38 through
heat exchangers 40 and 42. Condensed water 44 1s separated
and removed from the SPR output, via a heat exchanger and
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liquid water expander 47. The non-condensable gaseous out-
put of SPR 30 1s then conveyed to a hydrogen separation
filter 46. A portion of the hydrogen from the SPR output,
about one-half 1n this embodiment, 1s carried from the filter
46, passed through the heat exchanger 40 with a resultant
rise 1n 1ts temperature (in the embodiment from 220 degrees
centigrade to 970 degrees Centigrade) and delivered to the
HGR 28 as its hydrogen input. The hot effluent from the SPR
output 1s cooled by passing through heat exchangers 40 and
42, used to heat the recycled hydrogen, and make steam
respectively. The condensed water 44 leaving the heat
exchanger 47 1s recycled back to make the water supply 12
tor the slurry feed. By such means, a self-sustaining process
1s obtained.

The tuel synthesis gas 1s then used for one of two options.
Based on the calorific value, the synthesis gas may go
through a gas turbine combined cycle for direct energy pro-
duction or through a fuel synthesis reactor (in this
embodiment, a Fischer-Tropsch process to produce a clean
diesel tuel and recycled water). In accordance with a specific
embodiment of the invention, the synthesis gas 1s directed
through an expansion turbine 48, to recover mechanical
energy by lowering the pressure of the gaseous feed nto the
Fischer-Tropsch reactor 50. The mechanical power pro-
duced by the liquid state turbine, the Brayton and Rankine
cycle turbines can be used to provide power for internal
slurry, water feed pumps, air compressor, with the surplus
exported via electricity generation, see Tables 1 through 7.

Efficiency may be maximized by adjusting input and pro-
cess parameters. The biomass/coal varying-mixture feed 1s
synthesized into a slurry by adding water whereby after
steam separation the carbon to hydrogen ratio will be appro-
priate for the process. A slurry feed needs enough water to
run the hydro-gasifier, the steam reformer, and to keep the
feed 1 a viable slurry after steam separation. Prior art
attempts at biomass conversion using solid dry feed had
many mechanical problems of feeding a solid into the high
pressure, and high temperature HGR reaction chamber. This
method of slurry feed has already been demonstrated and
studied, according to the results for the “Hydrothermal
Treatment of Municipal Solid Waste to Form High Solids
Slurries 1in a Pilot Scale System™, by C. B. Thorsness et al.,
UCRL-ID 119685, published by Lawrence Livermore
Nation Laboratory, Livermore, Calif. 1n 1993, In addition,
there 1s related art published on the making and operating of
coal water slurry feeds. For example, see 7. Aktas et al., Fuel
Processing Technology 62 2000 1-15. The principle reac-
tions of the two main processes, hydro-gasification and
stecam reforming, are shown here. The HGR independent
reactions can be expressed as:

C+2H,—CH, (1)
(2)

(3)

C+2H,0—CO+H,

CO,+H,—CO+H,0O

Reactions 2 and 3 are endothermic, Reaction 1 1s suffi-
ciently exothermic to provide the heat of reaction for reac-
tions 2 and 3. Some preheating of the HGR will be needed to
bring the reactor up to its operating temperature. Thus, the
HGR 1s mtended to be self-sustaining once the reactions
have started and achieve steady state.

The main purpose of the HGR process 1s to maximize the
carbon conversion from the feed stock into the energetic
gases CH, and CO. After this process, hydrogen 1s produced
by reacting superheated steam with CH, and CO within the
SPR. In the SPR, half the hydrogen i1s obtained from the
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superheated steam and the remainder from the CH,. The
principle reactions 1n the SPR are considered to be:

CH,+H,0—CO+3H, (4)

(3)

The steam reforming reactions (4 and 5) are often run with
steam concentrations higher than required for the stiochiom-
etry shown above. This 1s done to avoid coke formation and
to 1improve conversion efliciency. The required steam con-
centration 1s usually specified in the form of the steam-to-
carbon mole ratio (5:C), the ratio of water steam molecules
per carbon atom 1n the HGR feed. The preferred (S:C) ratio
for the SPR operation 1s greater than 3. This steam rich con-
dition favors the water-gas shiit reaction. This reaction 1s
only slightly exothermic (AH°=-41 kl/mole CO); however,
it produces additional hydrogen gas and converts carbon
monoxide 1nto carbon dioxide. Unfortunately, an additional
unwanted secondary reaction can occur, the methanation
reaction, which consumes hydrogen:

CO,+H,—CO+H,0—CO,+H,

CO+3H,—CH,+H,0 (6)

The resulting eftfluent after the two main reactors 1s a syn-
thesis of gases rich in hydrogen, carbon monoxide, and
steam. Approximately half the hydrogen produced in the
SPR 1s recycled back to the HGR. Consequently, no outside
source of hydrogen 1s needed to maintain steady state opera-
tion. The HGR and SPR processes, therefore, may be con-
sidered to be chemically self-sustaining. The remaining syn-
thesis gas 1s then available for the production of fuels and
process heat.

The present invention using the Fischer-Tropsch process
can produce a zero-sulfur, ultrahigh cetane value diesel-like
tuel and valuable paratiin wax products. The absence of sul-
fur enables low pollutant and particle emitting diesel fuels to
be realized.

The present invention also provides a source of
by-products. One usetul by-product is purified water, which
can be re-cycled to create the slurry feed 1nto the process. In
a report by Rentech titled “Fischer-Tropsch technology”
dated 1998 see Rentech web publications at http://
www.rentechinc.com. Rentech states that the Fischer-
Tropsch process with an 1ron catalyst makes about 7ioths of
a barrel of water per barrel of Fischer-Tropsch products. A
cobalt catalyzed Fischer-Tropsch process makes about 1.1 to
1.3 barrels of water for each barrel of Fischer-Tropsch
products, a greater amount than 1ron. Part of the water may
be recycled to make steam 1n the steam reformer umt and for
cooling in both the synthesis gas and Fischer-Tropsch step of
the overall process.

The Fischer-Tropsch reactions also produce tail gas that
contains hydrogen, CO, CO,, and some light hydrocarbon
gases. Hydrogen can be stripped out of the taill gas and
recycled either to the HGR or the Fischer-Tropsch reactor.
Any small amounts of other gases such as CO and CO, may
be tlared off.

Two main products of Fischer-Tropsch may be character-
1ized as synthetic o1l and petroleum wax. According to
Rentech, in the above report for their particular implementa-
tion of the Fischer-Tropsch process, the mix of solid wax to
liquid ratio 1s about 50/50. Fischer-Tropsch products are
totally free of sulfur, nitrogen, nickel, vanadium,
asphaltenes, and aromatics that are typically found 1n crude
o1l. The products are almost exclusively paraiiins and olefins
with very few, or no, complex cyclic hydrocarbons or oxy-
genates that would otherwise require further separation and/
or processing 1 order to be usable end-products. The
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absence of sulfur, nitrogen, and aromatics substantially
reduces harmiul emissions.

Califormia’s Air Resources Board (CARB) specifications
for diesel fuel require a minimum cetane value of 48 and
reduced sulfur content. The above Rentech study with Shell
diesel tlue produced from a Fischer-Tropsch process has a
cetane value of 76. The CARB standard for sulfur in diesel
tuel placed 1n the vehicle tank 1s 500 ppm by weight, and
Shell’s Fischer-Tropsch process diesel fuel has no detectable
amount 1n the ppm range. The CARB standard for aromatic
content 1s no more than 10% by volume (20% for small
refineries). The Shell Fischer-Tropsch process diesel fuel
had no detectable aromatics.

Rentech further affirmed through studies that the diesel
fuel may need no further processing because of the purity
and olfin products that may even be advantageous over crude
o1l diesel. The Fischer-Tropsch diesel process 1s clean and
the product is cleaner, has a higher cetane value, and most
likely does not need further processing, when compared to a
crude o1l diesel.

A gas turbine combined cycle for electric power produc-
tion 1s an option. If the Fischer-Tropsch product 1s unexpect-
edly too costly, the use of the synthesis gas heating value can
be a viable option, based on an overall efficiency of 65% of
the synthesis gas energy converting to electric energy. This
number 1s reasonable since the synthesis gas starts at a high
temperature as opposed to taking natural gas 1in from a pipe-
line.

Process modeling can be used to reasonably produce a
synthesis gas maximized for a yield high in CO and stoichio-
metric hydrogen. First, the unit operation reactions of the
hydro-gasifier, steam reformer, and Fischer-Tropsch reactors
are modeled. This may be accomplished by using Stanjan, a
DOS-based computer program that uses equilibrium model-
ing. By varying the parameters of temperature, pressure,
original feedstock and gas flows, a parameterization study
was carried out based on costs and output benefit. The
hydro-gasifier variables were modified for the maximum
practical carbon conversion eificiency. The steam reformer
variables were modified for maximum practical CO output,
enough hydrogen for recycling output, and minimum CO,
production. The study looked at the various parameters
whereby two different values varied for one constant, result-
ing 1n 3-D parameterization studies. The following discusses
the results from the computer modeling of the main reac-
tions using Stanjan programming.

Referring to FIG. 2, the effect of varying the water or
stecam and hydrogen ratios on the conversion efficiency of
carbon 1n feedstock in the HGR 1s shown at 800° C. and 30
atm. As the hydrogen and water input to the HGR 1increases,
the conversion efficiency of carbon in feedstock increases
until 1t reaches 100%. The condition that falls 1n the area of
100% conversion eificiency achieves one of the modeling
objectives, and these conditions were used. In order to avoid
the cost of recycling of H,, the mimimum amount of H,
recycled to the HGR must be chosen. FIG. 3 shows the etfect
of H, and H,O on CH_, 1n the HGR at 800° C. and 30 atm.
FIG. 4 shows the effect of H, and H,O on CO, 1n the HGR at
800° C. and 30 atm. At a high amount of H, and low amount
of H,O 1nput, the amount of CO, 1s low. Although the objec-
tive 1s to minimize the amount of CO, 1n the synthesis gas, 1t
1s not necessary to mimmize CO, 1n the HGR because CO,
1s gauged in the SPR reactions through the water-gas-shiit
reaction to obtain a proper ratio of H, and CO for a maxi-
mum Fischer-Tropsch diesel fraction. FIG. 5 shows the
elfect of H, and H,O on CO 1n the HGR at 800° C. and 30

atm.
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FIGS. 6, 7, 8 and 9 show the eflects of varying tempera-
ture and pressure on the chemical composition of the effluent
gases from the HGR at feed of 2.76 mol H, and 0.066 mol
H,O per mole C 1n the feed stock. At these conditions of H,
and H,O 1put to the HGR, the carbon conversion efliciency
1s estimated to close to 100% 1n a temperature range of 800
to 1000° C. and a pressure range of 30 atm. to 50 atm, for
equilibrium chemistry.

FIG. 10 shows the ratio of H, and CO available for feed
into the Fischer-Tropsch fuel synthesis reactor, against the
steam content added to the SPR at 800° C. and 30 atm. This
ratio increases with the increasing amount of steam added to
the SPR and reaches 2.1 at about 3.94 mol steam (or water)
added per mol C 1n feedstock. With this amount of steam
added, the system will achieve chemical and thermal seli-
substantiality and provide a proper ratio of H, and CO for
Fischer-Tropsch synthesis of cetane. FIG. 11 shows the
cifect of H,O added to the SPR at 800° C. and 30 atm. FIGS.
12 and 13 show the efiect of temperature and pressure on the
H, and CO ratio and the conversion of CH, in the SPR. At
higher temperature and lower pressure, this ratio 1s higher. In
a similar trend with the H, and CO ratio, the conversion of
CH_, increases with increasing temperature and with
decreasing pressure. It 1s thus high temperature and low
pressure favored 1n the SPR.

The products of Fischer-Tropsch paraifinic liquid fuels
are 1n a wide range of carbon number. According to the
above Rentech report, about half of the products are diesel
fuel. Also about half of the products come in the form of
wax, with minor amounts of gases such as un-reacted reac-
tants and hydrocarbon gases (methane, ethane, propane and
so forth). To exemplily the present invention, cetane, which
1s 1n middle position of diesel range (C, , to C,,), was chosen
as diesel fuel.

The results of thermo-chemical and thermodynamic mod-
cling of the hydro-gasified conversion of waste wood
(biomass), as a prototypical carbonaceous feed material,
were used to examine the details and illustrate the features of
this 1nvention. These simulations of the novel sequence of
process reactors were undertaken to discover the thermo-
chemical conditions needed to achieve the production of
synthetic fuels. For example, 1n the production of synthetic
diesel tuel, the objectives were to attain seli-sustained opera-
tion of the first stage hydro-gasifier. In a particular
embodiment, this 1s accomplished at an equilibrium tem-
perature ol 1000° C. (738° C. when adiabatic) and 30 atmo-
spheres pressure with a total hydrogen to carbon feed mole
ratio of at least 3.48:1 (1.67:1 when adiabatic), and water to
carbon feed ratio of at least 0.07:1 (0.43 when adiabatic), a
water steam to carbon feed mole ratio of at least 3.91:1
(1.67:1 when adiabatic) into the second stage steam reform-
ing reactor also operating at an equilibrium temperature of
1000° C. (900° C. when adiabatic) and 30 atmospheres
pressure, to obtain conditions for simultaneous optimal
quantities of product hydrogen for self-sustained operation
of the first stage hydro-gasification reactor and an adequate
hydrogen to carbon mole ratio of at least 2.1:1 1n the residual
synthesis gas stream to feed the third stage Fischer-Tropsch
reactor, operating at 200° C. and 10 atmospheres pressure,
and adiabatic self-sustained operation of a special HGR and
SPR combination reactor, followed by a conventionally
operated SPR and Fischer-Tropsch reactors, with full ther-
mal and chemical potential energy management.

Tables 1 through 5 show the overall energy transier rates
into and out from each heat exchanger and power conversion
component for each operating mode of the conversion pro-
cess. The mass flow, molal flow, thermal energy
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management, water/steam and molten slat schematic dia-
grams for each of the five operating modes of the conversion

process are also shown as FIGS. 14-18, 19-23, 24-28, 29-33
and 34-38 respectively. Tables 6 and 7 summarize the results
of the performance studies and process configuration param- s
cters for each of the five operating modes of the conversion
process.

The carbonaceous material feed process initially
described above uses a water slurry suspension feed
technology, originally developed by Texaco for use in its
partial-oxidation gasifiers, that can accept a wide variety of
carbonaceous materials, and can be metered by controlled
pumping into the first stage hydrogen gasification reactor
(HGR) to produce a methane rich gas with high conversion
elficiency (measured to have at least 85% carbon feed
chemical utilization efficiency). Enough heat 1s available to
be able to generate super-heated steam from the biomass-
water slurry feed to supply and operate the second stage
steam-methane reformer. The reformer product gas 1s fed
into a hydrogen membrane filter that allows almost pure
hydrogen to pass back into the first stage reactor to sustain
the hydro-gasification of the biomass. The remaining second
stage product gas, not passing through the hydrogen filter, 1s
cooled to condense and re-cycle any water vapor present
back into the slurry carbonaceous feed system. The unfil-
tered gas 1s fed mnto the fuel synthesis reactors, which com-
prise a Fischer-Tropsch paraffin hydro-carbon synthesis
reactor, which operates at 200° C. and 10 atmospheres pres-
sure. Process modeling reveals that the hydrogen/carbon
molecular feed ratio must be at least 2.1:1 to optimize pro-
duction of chemically pure and clean-burning [ sulfur-free]
diesel-like liquid fuels and high value chemically pure
paraifin-like waxes, without additional fuel or energy.
(FIGS. 14-18 and Tables 1, 6 and 7 or FIGS. 34-38 and

Tables 5, 6 and 7 for adiabatic first sage reactor operation),
or a dimethyl ether synthesis reactor, which operates at 200°
C. and 70 atmospheres pressure. This reactor produces
approximately 92.4% DME and 7.1% methanol. The metha-
nol 1s combusted to co-generate about 30 MW of electricity
and 20 MW of process heat for exchange with the molten
salt and water/steam heat transfer loops (see FIGS. 19-23
and Tables 2, 6 and 7), hydrogen gaseous fuel synthesis (see

10

15

20

25

30

35

40

14

FIGS. 24-28 and Tables 3, 6 and 7), and all electric power
production without fuel synthesis (see FIGS. 29-33 and
Table 4, 6 and 7).

Net export of electric power 1s possible 1n all five modes
of operation of the simulated biomass hydro-gasification
process plant. The results of these simulations are summa-
rized 1n Table 6 and 7. The overall energy utilization does
from 50.7% (71.2% when adiabatic) for Fischer-Tropsch
synthesis to 67.2% for hydrogen production. Optimized
electric power production utilizes about 38.2% of the chemi-
cal potential energy in the biomass feed stock for clean-
burning power conversion. In general the process modes
could be switched using an appropriate proportional valve to
distribute the synthesis gas production after separation of
enough pure hydrogen gas for the first stage hydro-
gasification reactor.

The results of the overall modeling shown 1n FIG. 1 are
summarized as follows.

1. Optimum conditions of the HGR: Operating at 1000°
C. and 30 atm; 2.76 mol H, per mol C 1n feedback to main-
tain self-sustainability; 0.066 mol H,O per mol C in feed-
stock.

2. Optimum conditions of the SPR: Operating at 1000° C.
and 30 atm; 4.022 mol H,O per mol C 1n feedstock.

3. Fischer-Tropsch products: 0.199 ton wax per ton of
teedstock; 68.3 gallons of cetane (C, ;H,,)diesel per ton of
feedstock.

Although the present invention and 1ts advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the mnvention
as defined by the appended claims. Moreover, the scope of
the present application 1s not intended to be limited to the
particular embodiments of the process and apparatus
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure of the present
invention, processes and apparatuses, presently existing or
later to be developed that perform substantially the same
function or achieve substantially the same result as the cor-
responding embodiments described herein may be utilized
according to the present invention. Accordingly, the
appended claims are mtended to include within their scope

such processes and apparatuses.

TABLE 1

Biomass conversion optimized for production of Fischer-Tropsch Paratfins

Energy rate
in (MW) Energy rate out (MW)
Component PCE Heat Work PCE  Heat Work
Heat Exchangers
HX 1 53.4 53.4
HX 2 Portion 1 78.8
Portion 2 212.9
HX 3 Portion 1 2.2 2.2
Portion 2 112.0
HX 4 (HGR) 50.2
HX 5 (SPR) 93.3
HX 6 Portion 1 46.6
Portion 2 8.7
HX 7 216.3
HX 8 43.3
Portion 1 of HX 2 78.8
HX 9 (FTR) 45.9
HX 10 11.8
HX G1 165.0
HX G2 21.8
HX G3 68.4
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Biomass conversion optimized for production of Fischer-Tropsch Parafhins

Component

Hydraulic Power

Slurry Pump
Liquid State Water Turbine
Brayton Cycle

Turbine 1
Turbine 2
Turbine 3

Air Compressor
Rankine Cycle

Heat

Mechanical Power

Waster Heat From Steam Cycle
Chemical Conversion Process

synthetic paraflins produced
synthetic diesel fuel produced*
Input mto Conversion Process

Biomass (waste wood) input PCE
Overall Energy Balances

Total Energy

Net Waste Heat Rejected
Net Input Energy Required
Power Conversion Process

Net Electricity Production

Total Electricity Available for Export
Overall Thermodynamic Conversion Efficiency

notes

Energy rate

in (MW)

Energy rate out (MW)

PCE Heat Work PCE Heat Work

0.3
0.2
7.9
75.0
0.0
43.4
290.0
0.5 103.5
186.9
137
116
473.0
473.0 827.3 44.1 137 1014.2 186.6
186.9
0.0

123.8
123.8
50.7%

*synthetic paraffins produced are considered to be 50% cetane and 50% wax wax can be conventionally
processed to produce cetane with 70% efliciency

TABL.

(L]

2

Biomass conversion optimized for production of dimethy! ether (DME)

Component

Heat Exchangers

HX 1

HX 2 Portion 1
Portion 2

HX 3

HX 4 (HGR)

HX 5 (SPR)

HX 6

HX 7

HX &

Portion 1 of HX 2

HX 9 (DME-R)

HX 10

HX 11

HX 12

HX G1

HX G2

HX G3

HX G4 Portion 1 (to HX 7)
Portion 2 (to HX 2)

Hydraulic Power

Slurry Pump
Liquid State Water Turbine

Energy rate Energy rate

in (MW)

out (MW)

PCE Heat Work PCE Heat Work

53.4

50.2
91.3

152.8
29.9
34.5

53.4
54.5
160.0
3.8

36.6

32.3
0.7
1.6
3.2

150.2

21.3

00.8

494

04.5

0.2

16
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TABLE 2-continued

Biomass conversion optimized for production of dimethyl ether (DME)

Component

Brayton Cycles

Turbine 2
Turbine 3
Turbine 4
Compressor
Air Compressor
Rankine Cycle

Heat (HX 3,9, 10,11, 12 & G4)
Mechanical Power

Waste Heat From Steam Cycle
Chemuical Conversion Process

dimethyl ether (DME) production
Input mto Conversion Process

Biomass (waste wood) input PCE
Overall Energy Balances

Total Energy

Net Waste Heat Rejected
Net Input Energy Requuired
Power Conversion Process

Energy rate Energy rate
in (MW) out (MW)

PCE Heat Work PCE Heat Work

3.4
4.0
70.7

5.2

39.8

260.1
0.4 95.0
171.5
160.6

473.0

473.0 698.2 45.6 160.6 869.8 173.2
171.5
0.0

Net Electricity Production 110.3
Electricity Available for Export 110.3
Overall Thermodynamic Conversion Efficiency 57.3%
TABLE 3
Biomass conversion optimized for production of gaseous hydrogen fuel
Energy rate Energy rate
in (MW) out (MW)
Component PCE Heat Work PCE Heat Work
Heat Exchangers
HX 1 534 534
HX 2 Portion 1 54.5
Portion 2 160.0
HX 3 105.4
HX 4 (HGR) 50.2
HX 5 (SPR) 91.3
HX 6 36.6
HX 7 152.8
HX 8 29.9
Portion 1 of HX 2 534.5
HX G1 151.0
HX G2 20.5
HX G3 Portion 1 (to HX 7) 10.7
Portion 2 (to HX 2) 53.6
Hydraulic Power
Slurry Pump 0.2
Liqud State Water Turbine
Brayton Cycles
Turbine 1 6.7
Turbine 2 57.3
Air Compressor 29.4
Rankine Cycle
Heat 213.6
Mechanical Power 0.4 76.3
Waste Heat From Steam Cycle 137.7

18
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TABLE 3-continued

Biomass conversion optimized for production of gaseous hydrogen fuel

Energy rate Energy rate
in (MW) out (MW)

Component PCE Heat Work PCLE Heat Work
Chemaical Conversion Process
Gaseous H2 fuel production 2214
Input into Conversion Process
Biomass (waste wood) input PCE 473.0
Overall Energy Balances
Total Energy 473.0 645.8 29.9 2214 783.5 1404
Net Waste Heat Rejected 137.7
Net Input Energy Requuired 0.0
Power Conversion Process
Net Electricity Production 96.4
Total Electricity Available for Export 96.4
Overall Thermodynamic Conversion Efficiency 67.2%

TABLE 4

Biomass conversion optimized for production of electric power

Energy rate in (MW) _ Energy rate out (MW)

Component PCE  Heat Work PCE  Heat Work

Heat Exchangers

HX 1 534

HX 2 Portion 1 78.8
Portion 2 212.9

HX 4 (HGR) 50.2

HX 5 (SPR) 93.3

HX 6 55.2

HX 7 216.3

HX 8 43.3

Portion 1 of HX 2 78.8

HX G1 243.2

HX G2 Portion 1 73.0
Portion 2 (for Steam Turbine 2) 70.3

HX G3 Portion 1 (to HX 2) 77.1
Portion 2 (to HX 7) 8%.0

HX G4 (from cold side of HX G1) 56.4 56.4

Hydraulic Power

Liquid Pump 0.3
Liqud State Turbine 0.2
Rankine cycle #1

HX 2 (portion 2) 212.9

HX G3 77.1

Mechanical Power 0.5 103.5
Waste Heat From Steam Cycle 186.9

CPLE of syntheisis gas fuel 596.8

Brayton Cycle #1

Turbine 1 7.9
Air Compressor 64.6
Combined Cycles

Gas Cycle

Turbine 2 109.3
Steam Cycle 2

HX G2 70.3

HX G4 56.4

Mechanical Power 0.2 45.3
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TABLE 4-continued

Biomass conversion optimized for production of electric power

Component

Waste Heat From Steam Cycle
Input into Conversion Process

Biomass (waste wood) input PCE
Overall Energy Balances

Total Energy

Net Waste Heat Rejected
Net Input Energy Requuired
Power Conversion Process

Net Electricity Production
Total Electricity Available for Export

Energv rate in (MW)

Enerov rate out (MW)

PCE Heat Work PCE Heat Work
81.7
473.0
473.0 1008.3 65.5 596.8 1276.9 266.2
286.6
0.0
180.6
180.6
38.2%

Overall Thermodynamic Conversion Efliciency

TABLE 5

Biomass conversion optimized for production of Fischer-Tropsch Paraffins
with increased mput water:biomass ratio = 9:1 and adiabatic HGR (AHGR

Component

Heat Exchangers

HX 1

HX 2 Portion 1
Portion 2

HX 3 Portion 1
Portion 2

HX 4

HX 5 (SPR)

HX 6

HX 7

HX &

Portion 1 of HX 2

HX 9 (FTR)

HX 10

HX G1

HX G2

HX G3 Portion 1
Portion 2

Hydraulic Power

Liquid Pump
Turbine 1
Turbine 2
Turbine 3
Brayton Cycle

Turbine 4

Turbine 5

Turbine 6

Compressor

Air Compressor

Condenser

Heat

Turbine 7 & &

Waste Heat From Steam Cycle
Chemaical Conversion Process

synthetic paraffins produced
synthetic diesel fuel produced*
Input into Conversion Process

Biomass (waste wood) input PCE
Overall Energy Balances

Total Energy

Energy rate in (MW) _ Energy rate out (MW)
PCE Heat Work PCE Heat Work
22.8 22.8
49.0
151.1
56.4
24.8
23.6
129.8
32.8 32.8
603 .4 481.8
15.9
49.0
374
37.3
17.3
122.0
23.7
18.8 18.8
8.0
0.6
7.3
54.9
0.0
20.5 20.5
103.5 103.5
1.0 1.0
2.8
31.2
85.%8
0.1 23.6
62.2
2149
473.0

473.0 11069 34,7 2149

1169.2 210.%8

22
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TABLE 5-continued

Biomass conversion optimized for production of Fischer-Tropsch Paraffins
with increased input water:biomass ratio = 9:1 and adiabatic HGR (AHGR)

Energy rate in (MW)  Energy rate out (MW)
Component PCE  Heat Work PCE  Heat Work
Net Waste Heat Rejected 62.2
Net Input Energy Requuired 0.0
Power Conversion Process
Net Electricity Production 155.1

Total Electricity Available for Export
Overall Thermodynamic Conversion Efliciency

notes

*synthetic paraflins produced are considered to be 50% cetane and 50% wax wax can be conven-
tionally processed to produce centane with 70% efficiency

TABLE 6

Summary of Optimized Performance Studies for Biomass Conversion Options™

water/ useful
feed rate biomass production  CPE rate percent
Feed stock kg/hr MT/day  ratio per day MW ch  CPE mnput
Dry waste wood 83775 2011 473.0 100.0%
Conversion Options
1 Fischer-Tropsch Liquds (FTL) bbl/day
water fed used 264670 6352 3.2
synthetic diesel fuel 11526 277 2231 116.0 24.5%
electricity exported 123.8 26.2%
process water recovered 295523 7093
excess water available 30853 740
Air supply for combustion 456047 10945
CO2 produced 122356 2937
rejected waste heat 187.0 39.5%
overall energy utilization 50.7%
2 Dimethyl ether (DME) bbl/day #
water fed needed 184387 4425 2.2
dimethyl ether produced 20045 481 4530 160.6 33.9%
electricity exported 110.3 23.3%
process water recovered 207334 4976
excess water produced 22947 551
Air supply for combustion 410739 98358
CO2 produced 119899 2878
rejected waste heat 171.5 36.3%
overall energy utilization 57.3%
3 Gaseous Hydrogen (GH2) cu m/day+
water fed needed 184387 4425 2.2
gaseous hydrogen (GH2) 5618 135 1899 2214 46.8%
electricity exported 96.4 20.4%
water produced 180601 4334
excess water produced —-3785 -91
Air supply for combustion 429682 10312
CO2 produced 158173 3796
rejected waste heat 137.7 29.1%
overall energy utilization 67.2%
4 All electric Power (AEP) MW eh/day
water fed needed 260393 6249 3.1
electricity exported 4335 180.6 38.2%
water produced 311110 7467
excess water produced 50717 1217
Air supply for combustion R78774 16291
CO2 produced 158144 3795
rejected waste heat 230.0 48.8%
overall energy utilization 38.2%
5 FTL with water:biomass at 9:1 and adiabatic HGR (AHGR) bbl/day
water fed used 753975 18095 9.0
synthetic diesel fuel 18147 436 3512 182.7 38.6%
electricity exported 155.1 32.8%
process water recovered 715890 18621
excess water available 21915 526
Air supply for combustion 456047 10945

bbl/ton

1.11

bbl/ton

2.25

cu m/ton

0.94

MW h/ton

2.16

bbl/ton

1.75
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MW h/ton

1.4%

MW h/ton

1.32

MW h/ton

1.15

MW h/ton

1.85
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TABLE 6-continued
Summary of Optimized Performance Studies for Biomass Conversion Options™
water/ useful
feed rate biomass production  CPE rate percent
Feed stock kg/hr MT/day  ratio per day MW ch  CPE input
CO2 produced 122356 2937
rejected waste heat 62.2 13.2%
overall energy utilization 71.4%
revision Oct. 12, 2001
Notes
No additional energy or energetic feedstock is required for all conversion options
All rejected waste heat is at a temperature below 40 C. and 1s not considered recoverable
# DME stored as a compressed liquid at 20 C., 5.1 atm. pressure, density 668 g/L. and LHV 28.4 MI/kg
TABLE 7
Summary of Optimized Performance Parameters for Biomass Conversion Options®
water/ useful
feed rate biomass production  CPE rate percent
Feed stock kg/hr MT/day  ratio per day MW ch — CPE input
Dry waste wood 83775 2011 473.0 100.0%
Conversion Options
1 Fischer-Tropsch Liquds (FTL) bbl/day
water fed used 264670 6352 3.2
synthetic diesel fuel 11526 277 2231 116.0 24.5%
electricity exported 123.8 26.2%
process water recovered 295523 7093
Input conditions: Tdeg. C. Patm. H2/C H20/C CO/H2 CH4/CO
HGR 1000 30 3.48 0.07
SPR 1000 30 2.47 4.15 0.21 0.93
synthesis reactor 200 10 1.4 0.47 0.03
overall energy utilization 50.7%
2 Dimethyl ether (DME) bbl/day #
water fed needed 184387 4425 2.2
dimethyl ether produced 20045 481 4530 160.6 33.9%
electricity exported 110.3 23.3%
process water recovered 207334 4976
Input conditions: Tdeg. C. Patm. H2/C H20/C CO/H2 CH4/CO
HGR 1000 30 3.48 0.07
SPR 1000 30 2.47 2.91 0.21 0.93
synthesis reactor 260 70 1.2 0.58 0.05
overall energy utilization 57.3%
3 Gaseous Hydrogen (GH2) cu m/day+
water fed needed 184387 4425 2.2
gaseous hydrogen (GH2) 5618 135 1899 2214 46.8%
electricity exported 96.4 20.4%
water produced 180601 4334
Input conditions: Tdeg. C. Patm. H2/C H20/C CO/H2 CH4/CO
HGR 1000 30 3.48 0.07
SPR 1000 30 2.47 2.91 0.21 0.93
overall energy utilization 67.2%
4 All Electric Power (AEP) MW eh/day
water fed needed 260393 6249 3.1
electricity exported 4335 180.6 38.2%
water produced 311110 7647
Input conditions: Tdeg.C. Patm. H2/C H20/C CO/H2 CH4/CO
HGR 1000 30 3.48 0.07
SPR 1000 30 2.47 4.15 0.21 0.93
overall energy utilization 38.2%

5 FTL with water:biomass at 9:1 and adiabatic HGR (AHGR)

water fed used

753975

18095

bbl/day
9.0
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TABLE 7-continued

28

Summary of Optimized Performance Parameters for Biomass Conversion Options™®

synthetic diesel fuel 18147 436 3512
electricity exported

process water recovered 715890 18621

Input conditions: Tdeg.C. Patm. H2/C H20/C
adiabatic HGR 738 30 1.67 0.43
SPR 900 30 0.84 3.08
synthesis reactor 200 10 1.38

overall energy utilization

Notes

No additional energy or energetic feedstock is required for all conversion options
All rejected waste heat is at a temperature below 40 C. and 1s not considered recoverable

# DME stored as a compressed liquid at 20 C., 5.1 atm. pressure, density 668 g/L. and LHV 28.4 MI/kg 1 bbl of com-

pressed liquid DME has a mass of 106.2 kg and LHV CPE of 3.02 GJ

182.7 38.6%
155.1 32.8%
CO/H2 CH4/CO
0.18 4.47
0.47 0.17
71.4%
revision Oct. 9, 2001

+ Cubic meters of liquified hydrogen (at 20 deg K.) per day 1 atm. pressure Approximately 3.7 MJ/kg 1s needed to cool

and liquify hydrogen having an HHV of 144 MI/kg
* All thermochemical and thermodynamic simulation data as of Oct. 1, 2001

What is claimed 1s:

1. A process for producing a synthesis gas for use as a
gaseous fuel or as feed mto Fischer-Tropsch reactor to pro-
duce a liqud fuel, the improvement comprising:

forming a liqud suspension slurry of particles of carbon-
aceous material 1n water;

feeding said suspension slurry and hydrogen from an
internal source into a hydro-gasification reactor under
conditions of super-atmospheric pressure without a
reaction catalyst and at a temperature under said pres-
sure whereby methane rich producer gases are gener-
ated:;

feeding the methane rich producer gases from the hydro-
gasification reactor into a steam pyrolytic reformer
under conditions whereby synthesis gas comprising
hydrogen end carbon monoxide are generated;

feeding a portion of the hydrogen generated by the steam
pyrolytic reformer 1nto the hydro-gasification reactor as
said hydrogen from an internal source; and

cither utilizing said synthesis gas generated by the steam
pyrolytic reformer for process heat or as fuel for an
engine to produce electricity, or feeding said synthesis
gas mto the Fischer-Tropsch type reactor under condi-
tions whereby a liqud fuel 1s produced.

2. The process of claim 1 wherein said portion of the
hydrogen generated by the steam pyrolytic reformer 1is
obtained through a hydrogen purification filter.

3. The process of claim 1 wherein said conditions and the
relattve amounts of said carbonaceous material, hydrogen
and water 1n the hydro-gasification reactor are such that said
methane rich producer gases are produced exothermally.

4. The process of claim 1 in which said liquid slurry of
carbonaceous material 1s formed by grinding said carbon-
aceous material in water.

5. The process of claim 1 in which said liquid slurry of
carbonaceous material 1s heated with superheated steam
from a steam generator prior to being fed into the hydro-
gasification reactor.

6. The process of claim 5 1 which the superheated steam
1s separated from the slurry, prior to feeding the slurry into
the hydro-gasification reactor, and 1s fed into the steam pyro-
lytic reformer to react with the methane rich producer gases
from the hydro-gasification reactor.

7. The process of claim 35 1n which the slurry, together
with the superheated steam, 1s fed into the hydro-gasification

reactor.
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8. The process of claim 7 1n which synthesis gas generated
by the steam pyrolytic reformer 1s fed 1nto a Fischer-Tropsch
reactor under conditions whereby a liqud fuel 1s produced.

9. The process of claim 8 wherein said conditions and the
relative amounts of hydrogen and carbon monoxide in the
Fischer-Tropsch reactor are such that said liquid fuel 1s pro-
duced exothermally.

10. The process of claim 9 comprising transierring exo-
thermic heat from one or both of the hydro-gasification reac-
tor and Fischer-Tropsch reactor to one or both of the steam
generator and the steam pyrolytic reformer.

11. The process of claim 9 comprising transierring exo-
thermic heat from the hydro-gasification reactor and
Fischer-Tropsch reactor to the steam generator and the steam
pyrolytic reformer.

12. The process of claim 11 1n which molten salt loops are
used to transter said exothermic heat.

13. The process of claim 1 1n which said carbonaceous
material comprises biomass.

14. The process of claim 13 in which said biomass com-
prises municipal solid waste.

15. The process of claim 8 1n which the relative amounts
of hydrogen and carbon monoxide 1n the synthesis gas fed
into the Fischer-Tropsch reactor are such that said liquid tuel
1s substantially cetane.

16. A substantially self-sustaining process for producing a

liquid fuel from carbonaceous feed, comprising:

egrinding said carbonaceous material 1 water to form a
suspension slurry of carbonaceous particles;

heating the slurry with superheated steam from a steam
generator;

feeding hydrogen from an internal source, the suspension
slurry, and the superheated steam 1nto a hydro-
gasification reactor under conditions of a pressure of
about 20 to 50 atmospheres without a reaction catalyst
and at a temperature in the range of about 700 to 1200
degrees Celsius, and 1n amounts whereby methane rich
producer gases are generated exothermally;

feeding the methane rich producer gases from the hydro-
gasification reactor and said superheated steam into a
stecam pyrolytic reformer under conditions whereby
synthesis gas comprising hydrogen and carbon monox-
ide are generated;

teeding a portion of the hydrogen generated by the steam
pyrolytic reformer, obtained through a hydrogen purifi-
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cation filter, mnto the hydro-gasification reactor, the erator and the steam pyrolytic reformer, whereby said

hydrogen therefrom constituting said hydrogen from an process 1s substantially self-sustaining.
internal source: 17. The process of claim 16 in which molten salt loops are

. . . used to transfer said exothermic heat.
feeding the remainder of the synthesis gas generated by . . . .
. , _ 5 18. The process of claim 16 1n which said carbonaceous
the steam pyrolytic reformer into the Fischer-Tropsch

. o _ material comprises biomass.
reactor under conditions whereby a liquid fuel 1s pro- 19. The process of claim 16 in which said biomass com-

duced exothermally; and prises municipal solid waste.
transferring exothermic heat from the hydro-gasification
reactor and Fischer-Tropsch reactor to the steam gen- I I
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