
US 20020120017A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2002/0120017 A1 

Bohn et al. (43) Pub. Date: Aug. 29, 2002 

(54) PROCESSES FOR THE PRODUCTION OF 
HYDROCARBONS, POWER AND CARBON 
DIOXIDE FROM CARBON-CONTAINING 
MATERIALS 

(76) Inventors: Mark S. Bohn, Golden, CO (US); 
Charles B. Benham, Littleton, CO 
(Us) 

Correspondence Address: 
Patent Law O?ices of Rick Martin, RC. 
416 Co?'man Street 
Longmont, CO 80501 (US) 

(21) 

(22) 

Appl. No.: 

Filed: 

09/9 63,253 

Sep. 25, 2001 

Related US. Application Data 

(60) Division of application No. 09/376,709, ?led on Aug. 
17, 1999, noW Pat. No. 6,306,917, Which is a con 
tinuation-in-part of application No. 09/212,374, ?led 
on Dec. 16, 1998, noW abandoned. 

Publication Classi?cation 

(51) Im. c1? . c07c 27/06 
(52) Us. 01. ............................................................ ..518/703 

(57) ABSTRACT 

Apparatus and processes for producing poWer, liquid hydro 
carbons and carbon dioxide from heavy feedstocks, using a 
partial oxidation reactor to produce a synthesis gas, a 
Fischer-Tropsch reactor to convert the synthesis gas to 
hydrocarbon products and tail gases containing hydrogen 
and carbon dioxide, and a combined cycle plant to produce 
poWer from steam generated by recovering heat from the 
reactors and from combustible tail gases. By varying oper 
ating conditions and utilizing hydrogen for recycle to the 
Fischer-Tropsch reactor and/or hydrocracking Wax products 
to produce lighter hydrocarbons, the process can selectively 
maximize the production of poWer, hydrocarbons or carbon 
dioxide. In preferred embodiments, the Fischer-Tropsch 
reactor can be a slurry reactor and can employ an iron-based 
catalyst. 

SYNGAS 
C02 72 73 70 

i NAT.GAS {[STEAM 10 so NAPHTHA 1L 
9O 59 76 GAS 423:: COMBINED 

\ SEPiRoAzTlONg GAS i CYCLE 
PLANT POWER 

_/ 56J _"—‘| 64 J 
58 6 GAS Hz J50 68 

73 2 <3) SEPARATION —‘:>7*66 
H l 52 

NAT. GAS 20 2 SAéAS 43 H 

_—l]l 26 5g 2 GAS 14 23 24 

Z 1 22% 32 36, 
FEED GASIFIER gig F-T ‘l_C>_HYRDEIE%(i/AEI;BYON 

16 m REMOVAL j | 
30 j 22 (W) (hxz) (hX3) : 78 

12 I?) 
O2 34 g g 

18 g g 
H O z E 2 > 

5 



Patent Application Publication Aug. 29, 2002 Sheet 1 0f 4 US 2002/0120017 A1 

was Q Q Q/ \(3 

m Tot 
A M 0N1 

m a 

H Y m? 

m m 
N 

+ wm No 

0 N 

2 NF 

H 

$5 $3 on 23 NN x 2 

E381 g 5;: S 30E“ 2 
2o ZOEQEEIAHTMI Fl 92 G W 5220 9.5 

N 

5», m {N @N W? MN 3 

2o NI mm 

3 ON 29:2 

J mm 

w” RU 2255mm S R 
N: 

a. 1s 3% $ We“, \3 
E2: AU 20 J nvzozéimm 

N 

m EZEESAU Nu‘ J/ 95 8 F 3. AUhlitl mm om 

<55; 8 9 

2:5 23; 

E m“ N5 N8 

202% 



76% 
\74 

‘IT 

681 
CYCLE 
PLANT 

US 2002/0120017 A1 

GAS COMBINED 

RECOVERY 
HYDROCARBON 

59 

36 32 

M g M M 
2 M D x I i m 

J \1\ M H T 6 zi J 

was; a m c m s 3 f N $2; 
.535 6 w w H 5 m Y :35 

> HV C R R > “V 
<55; 1 m M <55; @2556 m L o 0 325256 

MR + $2; NV 0 W! Wm m M /Q + 55> 

Hv 

C M H 

j 9 M j 0 5 . O 
4 4 

—T 
(""1 

j i ’ (hxs) 

34) 

CO2 

so 

52 

l hxzHjlig) 

23 281 
GASIFIER 

Patent Application Publication Aug. 29, 2002 Sheet 2 0f 4 

12 

14 1 
FEED 

(hX2) 

34 

F/G.2 

23 281 

m 
30/} 

F/G.5 

R 

2 E H 

2 rr 

8 8 

4|. R 2 G 1 R E 11 E M M 

N N 

E W 4 E W 
m. 1 D m 
6 X H6 X 1 0 F1 0 





Patent Application Publication Aug. 29, 2002 Sheet 4 0f 4 US 2002/0120017 A1 

m2m> OI :9: if: mémmmn Ia! 
m 59 N00 :9: 1T M m2m> N00 >>o_ | +1 M®:_w> Egon :9: .$1 m2m> 6>>oa 2,2 1x‘ 23mm. 

00? 0 

0N? 

m 0.59m 2% E 3m :5 .x 

00 

00 

A 

0w 000~0mw 000.00 E 000.00; 000.00g .\ 000.0mmw 000.0000 0000000 00000; 000.0mww 000.0000 
Rep/9; ‘SBHUSAGJ Mgep 



US 2002/0120017 A1 

PROCESSES FOR THE PRODUCTION OF 
HYDROCARBONS, POWER AND CARBON 
DIOXIDE FROM CARBON-CONTAINING 

MATERIALS 

CROSS REFERENCED PATENTS 

[0001] This application is a divisional application of US. 
application Ser. No. 09/376,709 ?led Aug. 17, 1999 and 
issued as US. Pat. No. ---- -- on ---- -- Which is a continua 

tion-in-part of US. application Ser. No. 09/212,374 ?led 
Dec. 16, 1998. 

FIELD OF INVENTION 

[0002] This invention relates to improved processes for 
the conversion of carbon-containing liquid and solid feed 
stocks into valuable liquid hydrocarbon products by sub 
jecting the feedstock to partial oxidation to produce synthe 
sis gas and converting the synthesis gas into valuable 
products using a Fischer-Tropsch reactor and an iron-based 
catalyst. In these processes, high carbon feedstocks are 
converted to relatively loW carbon fuels and the excess 
carbon dioxide is separated. The production of poWer, 
carbon dioxide or hydrocarbons can be selectively maxi 
miZed to provide greater operational ?exibility and eco 
nomic return. 

BACKGROUND OF THE INVENTION 

[0003] Carbon dioxide emissions to the atmosphere have 
risen steadily since the beginning of the industrial revolu 
tion. At present, WorldWide combustion of fossil fuels emits 
about 22 Gt of carbon dioxide to the atmosphere annually. 
The measured annual increase in atmospheric carbon diox 
ide is approximately 13 Gt. The difference betWeen total 
output, Which includes some additional emissions from 
deforestation and other anthropogenic sources, and the 
observed increase in atmospheric carbon dioxide is absorbed 
into natural sinks like the ocean and the biosphere. The 
substantial absorption indicates that the current state of the 
atmosphere is far from a steady-state equilibrium. The level 
of atmospheric carbon dioxide has risen by 30 percent from 
its pre-industrial value of 280 ppm to about 365 ppm today. 
Most of this rise (about 60 ppm) has occurred during the past 
50 years. 

[0004] The siZe of readily accessible fossil fuel deposits is 
extremely large. Easily accessible oil and gas may be 
limited, but oil shales, tar sands and coal deposits are 
virtually inexhaustable. Coal deposits alone are estimated at 
10,000 Gt, Which may be compared to a WorldWide annual 
consumption of about 6 Gt of carbon. Methane hydrate 
deposits have become of interest recently, and may dWarf all 
other carbon resources. It can thus be concluded that fossil 
fuel resources are not ultimately limited by availability, or 
even for that matter by the cost of extraction. Past history 
suggests that technological advances can be expected to 
keep up With a gradual degradation of the quality of the 
energy resources. Furthermore, various hydrocarbon sources 
can be regarded as virtually interchangeable at some incre 
mental cost over current energy costs. 

[0005] Today, fossil energy contributes about 85 percent 
of the World energy supply. It is the cheapest, most readily 
available energy source. Thus, fossil energy is likely to 
remain the dominant energy resource for satisfying the 
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groWing World energy demand. World energy demand is 
groWing rapidly as the developing countries are becoming 
industrialiZed. The potential for further groWth is extremely 
large. A World population of 10 billion With a per capita 
energy consumption equal to that of the US. today Would 
consume ten times more energy than the World consumes 
today. Even though most energy forecasts assume far less 
groWth over the next ?fty years, higher groWth resulting in 
additional improvements in living standards and a conse 
quent increase in political stability Would be highly desir 
able. These loWer estimates actually assume that economic 
groWth in the ?rst half of the 21st century Will be smaller 
than that in the second half of the 20th century. Even so, 
groWth in energy demand Will still be very large. Even With 
the extensive use of alternative forms of energy, the demand 
for fossil fuels Will increase signi?cantly. 

[0006] Unless environmental considerations arti?cially 
limit the use of fossil energy, there is no end in sight for the 
demand for fossil fuels. Combustion of such quantities of 
fossil fuels could drive atmospheric carbon dioxide levels 
very much higher. The available 10,000 Gt of carbon cor 
respond to 4700 ppm of atmospheric carbon dioxide. While 
the detailed effects of carbon dioxide on climate and envi 
ronment are still debated, it is knoWn that carbon dioxide is 
a greenhouse gas Which can cause climate change. Carbon 
dioxide affects the acidity of the ocean, it is of physiological 
importance and thus can directly affect the ecological bal 
ance of species. To continue current energy consumption 
patterns could eventually lead to a doubling of natural 
carbon dioxide levels. To stabiliZe carbon dioxide at 600 
ppm Would require a drastic reduction in carbon dioxide 
emissions, ultimately to about 30 percent of those of 1990. 
For 10 billion people sharing in such a carbon dioxide 
budget, the per capita alloWance Would come to about 3 
percent of that of the average US. citiZen today. 

[0007] In summary, it appears to be extremely dif?cult to 
stop the groWth of fossil energy demand, yet to stabiliZe 
atmospheric carbon dioxide levels Would require a drastic 
reduction in carbon dioxide emissions. The logical solution 
appears to be methods of collecting and subsequently dis 
posing of the gas after it has been generated. While it is 
acknoWledged that it is easier to collect carbon dioxide from 
a concentrated stream than from a dilute stream, it has 
actually been suggested that carbon dioxide could be col 
lected from the atmosphere to accomplish these objectives. 
See Lackner et al., “Carbon Dioxide Extraction From Air: Is 
it an Option?”, Proceedings of 24th International Technical 
Conference on Coal UtiliZation and Fuel Systems, March 
1999, ClearWater, Fla. 

[0008] Given the expected increases of carbon dioxide in 
the atmosphere, it is clearly desirable to separate this gas 
from emissions by poWer plants or other sources, or even 
from the atmosphere itself, in order to dispose of or seques 
ter carbon dioxide. Sequestration of carbon dioxide means 
its removal or segration from the atmosphere for a signi? 
cant period of time, if not permanently. There are various 
approaches, including disposal in the deep ocean, injection 
into underground reservoirs and chemical stabiliZation as 
carbonate minerals. It is becoming increasingly important to 
prevent emissions from systems involving the combustion 
of fossil fuels from increasing the proportion of carbon 
dioxide in the air. Such removal and disposal, Whether 
vieWed as permanent sequestration or long-term segrega 
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tion, has economic value Which can be awarded by national 
authorities as tax or pollution credits. For example, NorWay 
presently levies a tax of over $50 US. per ton on carbon 
dioxide emissions. (See “Technology to Cool DoWn Global 
Warming,” infra.) Equivalent amounts may be aWarded to 
organizations sequestering carbon dioxide from combustion 
processes. 

[0009] A signi?cant fraction of the crude oil fed to a 
re?nery consists of heavy material generally having a high 
content of sulfur. This material is oftentimes an environ 
mental liability to the re?nery With high disposal costs. 
Recently it has been considered that a more economical 
solution to the problem is to convert the heavy crude oil to 
synthesis gas using partial oxidation (POX). 

[0010] The partial oxidation (POX) reaction can be 
expressed as: 

[0011] Where Z is the H:C ratio of the hydrocarbon feed 
stock. The Water gas shift (WGS) reaction also takes place: 

[0012] The synthesis gas can then be used as fuel in a gas 
turbine to generate electrical poWer. An example of this 
approach is the api Energia S.p.A integrated combined cycle 
plant (IGCC) described in the Dec. 9, 1996 issue of the Oil 
& Gas Journal. In many instances, it is not desirable or 
practical to use all of the synthesis gas produced in the POX 
reactor for production of electricity. In these instances it may 
be desirable to convert some or all of the synthesis gas to 
liquid hydrocarbons Which are free of aromatics and sulfur 
using Fischer-Tropsch (FT) chemistry. The Fischer-Tropsch 
(FT) synthesis reaction is expressed by the folloWing sto 
ichiometric relation: 

[0013] The aliphatic hydrocarbons produced by the Fis 
cher-Tropsch reaction have an H:C atom ratio of 2.0 or 
greater. 

[0014] Fischer-Tropsch catalysts such as iron-based com 
posites also catalyZe the Water gas shift (WGS) reaction: 

[0015] If all of the Water produced in the FT reaction Were 
reacted With CO in the WGS reaction, then the overall 
consumption of hydrogen Would be one-half of the con 
sumption of carbon monoxide. If none of the Water Were 
reacted in the WGS reaction (no WGS activity) then the 
consumption of hydrogen Would be tWice the consumption 
of carbon monoxide. 

[0016] The oil produced in the FT reaction can be blended 
and processed With the lighter re?nery crude oil, thereby 
loWering the average aromatic and sulfur content of distillate 
fuels. 

[0017] Due to the relatively loW hydrogen content of the 
heavy crude oil, any FT catalyst useful in converting syn 
thesis gas produced by partial oxidation of heavy crude oil 
must possess some Water gas shift activity. Therefore, mod 
ern cobalt-based FT catalysts Which have very little WGS 
activity cannot generally be used When the POX feedstock 
is a heavy crude oil, coke or coal. HoWever, iron-based 
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catalysts as described in US. Pat. No. 5,504,118 have high 
WGS activity and are preferred for use With loW-hydrogen 
feedstocks. 

[0018] For a natural gas feedstock Which has a high H:C 
ratio, U.S. Pat. Nos. 5,620,670 and 5,621,155 teach that 
carbon dioxide recycle back to the synthesis gas producing 
step (either POX or steam reforming) decreases the exces 
sively high H2:CO ratio of the synthesis gas and increases 
the yield of Fischer-Tropsch (FT) hydrocarbons and the 
attendant carbon conversion ef?ciency. 

[0019] In the case of loW H:C ratio feeds, steam reforming 
is not a viable means for producing synthesis gas due to the 
inevitable formation of carbon When using these high carbon 
feedstocks. Carbon deposition on a reforming catalyst can 
not be tolerated. Also, solid fuels are unsuitable for steam 
reforming. Thus, the only viable option for gasifying high 
C:H feeds is POX. 

[0020] In the instant case, the aforementioned carbon 
dioxide recycle back to a POX reactor is not useful due to 
the lack of suf?cient hydrogen. 

[0021] Another means for increasing the hydrocarbon 
yield and carbon conversion efficiency of a system is to 
recycle part of the tail gas to the inlet of the POX unit. 
HoWever, the amount of tail gas recycle is limited by the 
resulting loW H2:CO ratio in the synthesis gas produced in 
the POX caused by the large amount of CO2 in the tail gas. 

[0022] The use of combined partial oxidation and Fischer 
Tropsch reactors permits the conversion of a variety of 
high-carbon solid and liquid fuels to liquid hydrocarbons 
and other products Which have loWer C:H atom ratios and 
can thus be combusted or otherWise used With net loWer 
emissions of carbon dioxide to the atmosphere. In the 
present invention, carbon dioxide can be efficiently removed 
from tail gases in the process and sequestered to reduce the 
net carbon dioxide emissions. Due to environmental and 
political considerations, there is increasing interest in reduc 
ing carbon dioxide emissions associated With combustion 
energy, and in trapping and sequestering such gases as are 
emitted. See “Technology to Cool DoWn Global Warming,” 
Chemical Engineering, January 1999 (pp. 37-41). Because 
of these inherent advantages, Fischer-Tropsch technology is 
attracting increasing attention as a means for utiliZing 
resources such as coal in ef?cient and environmentally 
friendly Ways. Countries such as China and India, having 
large coal reserves and needs for liquid hydrocarbon fuels, 
could bene?t immensely from such processes. See, eg 
Arthur W. ToWer III, “Fischer-Tropsch Technology,” pub 
lished by HoWard, Weil, Labouisse, Friedrichs of NeW 
Orleans, La., Dec. 18, 1998. See also “State of the Art in 
GTL Technology,” presented by Dr. Joe Verghese of ABB 
Lummus Global at the Gas to Liquids World Forum, Lon 
don, November 1998. 

[0023] Information about Orimulsion®, an aqueous emul 
sion of bitumen produced in Venezuela, can be found in 
various publications, including A. R. Jones’ “The Commer 
cial Combustion of Orimulsion,” in the book Combustion & 
Emissions Control III, ed. M. Adams, Institute of Energy, 
London 1997 (pp. 318-339). See also FranZo Marruffo et al., 
“Orimulsion an alternative source of energy,” presented at 
the 22nd International Technology Conference Coal Utility 
Fuel Systems at ClearWater, Fla., March 1997 (Coal & 
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Slurry Technology Ass’n), pp. 13-24. Also pertinent is 
Rivalta et al., “Orimulsion(TM)—A NeW Fuel for Power 
Generation and Future Feedstock Use,” Polymer NeWs, Vol. 
21, No. 10 (pp. 342-344). 

[0024] Us. Pat. No. 4,549,396 (Mobil Oil) discloses a 
process of converting coal to synthesis gas by partial oxi 
dation With air, then converting the synthesis gas to liquid 
and gaseous hydrocarbons. The gas and liquid products are 
both used in a gas turbine to generate electrical poWer. 

[0025] Us. Pat. No. 4,433,065 (Shell Oil) discloses a 
process for converting pulveriZed coal to a synthesis gas, 
Which is catalytically converted to a gas containing hydro 
carbons. Part of the product gases are recycled to the 
gasi?cation stage. 

[0026] Us. Pat. No. 4,092,825 (Chevron Research) dis 
closes a process of gasifying solid carbonaceous feedstocks 
to form a synthesis gas, a portion of Which is contacted With 
a Fischer-Tropsch catalyst to form condensable hydrocar 
bons. A second portion of the synthesis gas can be com 
busted to generate electrical poWer, While the condensable 
hydrocarbons are used as fuel to generate more poWer to 
meet peak loads. This patent is a C.I.P. of US. Pat. No. 
3,986,349. 

[0027] Us. Pat. No. 3,972,958 (Mobil Oil) discloses an 
integrated process for converting coal to high octane gaso 
line by gasifying the coal to form a synthesis gas containing 
methane, then contacting the gas With at least one catalyst to 
form products including gasoline and light hydrocarbons. 

[0028] Gray and Tomlinson of Mitretek Systems disclose 
in “CO2 Emissions from Fischer-Tropsch Fuels,” presented 
at Fuels, Lubricants, Engines and Emissions meeting (spon 
sored by EFI and DOE) at Tucson, AriZ. on Jan. 18-20, 1999 
a “coproduction cofeed” concept. Coal-derived synthesis 
gas is reacted in a liquid synthesis reactor to form liquid 
hydrocarbons, and unreacted synthesis gas is combined With 
natural gas for combustion in a doWnstream combined cycle 
poWer generation unit. 

[0029] Us. Pat. No. 5,324,335 (Applicants) discloses the 
use of Fischer-Tropsch liquids as a diesel fuel additive. 

[0030] Us. Pat. No. 5,500,449 (Applicants) discloses a 
method of recovering a heavy Fischer-Tropsch Wax and 
thermally cracking the Wax to produce diesel and naphtha 
fractions. 

[0031] Us. Pat. No. 5,504,118 (Applicants) discloses 
methods for manufacturing and activating iron-based Fis 
cher-Tropsch catalysts. 
[0032] Us. Pat. No. 5,506,272 (Applicants) discloses 
Fischer-Tropsch diesel fuel products. 

[0033] Us. Pat. No. 5,543,437 (Applicants) discloses 
methods for producing Fischer-Tropsch products from coal 
derived synthesis gas. The products are produced at varying 
rates due to varying amounts of the synthesis gas being fed 
to a poWer generation facility. 

[0034] Us. Pat. No. 5,620,670 (Applicants) discloses a 
process of producing synthesis gas in a steam reformer, 
reacting the synthesis gas in a Fischer-Tropsch reactor, then 
separating carbon dioxide and recycling same to the 
reformer to enhance carbon conversion efficiency and prod 
uct yield. 
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[0035] US. Pat. No. 5,621,155 (Applicants) discloses 
methods of producing synthesis gas Which is reacted in a 
Fischer-Tropsch reactor, then separating and recycling car 
bon dioxide to the steam reformer or partial oxidation 
reactor or recycling light hydrocarbons from the Fischer 
Tropsch reactor to the reactor inlet, all to increase carbon 
conversion efficiency. 

[0036] US. Pat. No. 5,645,613 (Applicants) discloses the 
use of Fischer-Tropsch liquids as a blending stock for diesel 
fuel to produce oxygenated diesel fuels. 

[0037] Even though the technology for conversion of 
high-carbon feedstocks to synthesis gas and the subsequent 
production of Fischer-Tropsch liquids is Well developed, the 
groWing demand for energy coupled With the need to limit 
emissions of “greenhouse gases” and/or to sequester carbon 
dioxide Which is emitted by combustion processes create a 
need for more efficient and ?exible processes Which can 
meet the demand for poWer and hydrocarbon production 
While separating carbon dioxide for sequestration or dis 
posal. 

SUMMARY OF THE INVENTION 

[0038] It is an aspect of this invention to provide a 
Fischer-Tropsch process using an iron-based catalyst Where 
the hydrocarbon-containing feedstock to the ?rst stage gas 
i?er has a much loWer H:C ratio than natural gas Which 
generally has a H:C ratio in the range of 3.0 to 4.0. 

[0039] It is a further aspect of this invention to increase the 
hydrocarbon yields from a POX/FT system. Alternatively, it 
is an aspect of this invention to increase the production of 
poWer from a combined cycle system associated With the 
system of the invention, and/or to increase the amount of 
carbon dioxide separated from the FT reactor tail gases in 
order to sequester this gas from the atmosphere. 

[0040] It is another aspect of this invention to produce a 
synthesis gas from carbon-bearing feedstocks having an H:C 
atom ratio of less than about 2.0 Which can be used for 
combustion in boilers for the production of steam in an 
electric poWer generation system and When the demand for 
the electric production decreases, the synthesis gas can be 
used for a process for producing hydrocarbons having an 
average H:C atom ratio of 2.0 or greater. 

[0041] The process produces hydrocarbons having an 
average H:C atom ratio of 2.0 or greater from carbon 
bearing feedstocks having an H:C atom ratio of less than 2.0. 
The carbon-bearing feedstock is reacted With an oxidiZing 
gas such as oxygen or air containing oxygen and steam in a 
partial oxidation reactor to produce a mixture of gases 
containing hydrogen and carbon monoxide having a molar 
ratio of H2:CO of greater than 0.6. Then the mixture of gases 
containing hydrogen and carbon monoxide is reacted in a 
Fischer-Tropsch synthesis reactor containing a catalyst 
Which catalyZes both hydrocarbon-forming reactions and the 
Water gas shift reaction. The product hydrocarbons are 
condensed out from the unreacted hydrogen, carbon mon 
oxide and other gases referred to as tail gases. 

[0042] The present invention alloWs the production of FT 
liquid hydrocarbons, electrical poWer and carbon dioxide, all 
from high-carbon feedstocks. The claimed apparatus and 
processes alloW at least one of these outputs to be selectively 
maximized according to economic requirements. The pro 
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cess is aimed at future requirements When carbon dioxide 
sequestration may be required and there Will be economic 
bene?ts to doing so. Under such conditions, the sacri?ce of 
outputs of high value FT liquids and/or electrical poWer to 
preferentially produce carbon dioxide Will be a necessary 
capability. 

[0043] Enabling features of the invention include the 
folloWing: 

[0044] Iron catalyst: Iron-based catalysts alloW the pro 
duction of FT liquids from synthesis gases With loW H2:CO 
ratios, such as obtained from high-carbon feedstocks. Also, 
iron catalysts are active toWards the Water-gas shift reaction, 
Which produces carbon dioxide in the reactor product 
stream. Reducing the net carbon dioxide produced from 
high-carbon feedstocks is an increasingly important capa 
bility. 

[0045] High-pressure CO2: Carbon dioxide is produced in 
the FT product stream at high pressure and at high concen 
tration. Under these conditions, it is much more economical 
to separate the CO2 from the FT process tail gas, compared, 
eg to the removal of dilute, loW pressure CO2 from a poWer 
plant stack gas. (Typical CO2 concentration in stack gas 
from coal-?red poWer plants is around 15 percent, While the 
equivalent concentration for natural gas-?red plants is less 
than 10 percent, according to Plasynski et al., “Carbon 
Mitigation: A Holistic Approach to the Issue,” Proceedings 
of 24th International Technical Conference on Coal Utili 
Zation & Fuel Systems.) This results from the fact that the 
FT reactor operates more ef?ciently at high pressure. The 
unique combination of a high-pressure FT reactor and an 
iron-based catalyst makes it easier to sequester CO2 from the 
high-carbon feedstocks Without the need for additional unit 
operations such as a separate shift reactor. 

[0046] Hydrogen recycle: Hydrogen recycle from the FT 
product stream to the FT feed can optionally increase the 
H2:CO ratio of the synthesis gas fed to the FT reactor. This 
is bene?cial, because although iron catalysts can handle loW 
H2:CO ratio synthesis gas, higher H2:CO ratios produce less 
CO2 and greater yields of FT liquids. In addition, unless 
there is a local high-value market for hydrogen, it Would be 
used to produce poWer. If poWer is higher valued then the 
hydrogen, less hydrogen Would be recycled and more Would 
be used to produce poWer. If a mixed FT product stream is 
acceptable, hydrogen Would not be needed for hydrocrack 
ing, and it may be possible to eliminate the hydrogen 
removal step. 

[0047] Process adjustability: The process can be operated 
to optimiZe the relative production rates of FT liquids, poWer 
and CO2. The FT reactor can be designed and operated (as 
to siZe and temperature, pressure and space velocity) to 
produce more or less FT liquids, and synthesis gas can be 
bypassed around the FT reactor directly to the combined 
cycle plant to produce more poWer or for load leveling. The 
production of carbon dioxide can be traded off against 
hydrocarbon production by altering catalyst operating vari 
ables such as temperature and space velocity. Additionally, 
the input of Water to the FT reactor can be increased directly 
or by extracting less heat from the synthesis gas via the heat 
exchanger to increase CO2 production in the FT reactor. 
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[0048] Combined cycle plant: A combined cycle plant 
associated With the process generates poWer from both a 
combustion turbine and a steam turbine. This is Well suited 
to a process including a FT reactor, since both combustible 
tail gases and steam are produced. Combustible tail gas is 
produced by the FT reactor as light overhead gases. Steam 
is produced by cooling the gasi?er, effluent from the FT 
reactor and by heat recovery from the gas turbine exhaust. 

[0049] Co-feeding natural gas: Feeding natural gas to the 
gasi?er in addition to the high-carbon feedstock alloWs one 
to supply the necessary hydrogen to the gasi?er With less 
Water. This reduces the energy penalty of vaporiZing Water 
and signi?cantly increases plant efficiency. Alternatively or 
in addition to this use of natural gas, natural gas can 
optionally be fed directly to the combustion turbine When 
increase poWer production is desired. 

[0050] In accordance With the invention, a process for 
producing poWer, carbon dioxide and hydrocarbons having 
an average H:C atom ratio of 2 or greater from carbon 
bearing feedstocks having an H:C atom ratio of less than 2 
is provided Which permits the selective maximiZation of at 
least one of the products poWer, hydrocarbons and carbon 
dioxide, and comprising steps of: 

[0051] a) reacting a carbon-bearing feedstock With an 
oxidiZing gas and steam in a partial oxidation reactor to 
produce a mixture of gases containing hydrogen, carbon 
monoxide and carbon dioxide having a molar ratio of H2:CO 
of greater than about 0.6; 

[0052] b) reacting the mixture of gases containing hydro 
gen and carbon monoxide in a Fischer-Tropsch synthesis 
reactor containing a catalyst Which catalyZes both hydrocar 
bon-forming reactions and the Water gas shift reaction; 

[0053] c) condensing the product hydrocarbons from unre 
acted hydrogen, carbon monoxide and other gases (tail 
gases); 

[0054] d) separating the product hydrocarbons into naph 
tha, diesel and Wax fractions; 

[0055] e) removing at least a portion of carbon dioxide 
from the tail gases; and 

[0056] f) producing steam from heat recovered from at 
least the partial oxidation reactor and the Fischer-Tropsch 
reactor, directing the steam to the steam turbine of a com 
bined cycle plant, and directing at least the tail gases to the 
gas turbine of the combined cycle plant to produce poWer. 

[0057] Optionally, hydrogen can be separated from the tail 
gases and utiliZed for recycle to the partial oxidation reactor 
and/or hydrocracking Wax F-T products to form more liquid 
hydrocarbon products. Natural gas can be introduced into 
the partial oxidation reactor to supplement the feedstock. 
Natural gas can also be fed to the gas turbine of the 
combined cycle plant to increase poWer production. The 
production of carbon dioxide in the F-T reactor can be 
increased relative to hydrocarbon production by increasing 
the Water content of the synthesis gas fed to the F-T reactor, 
preferably by decreasing the amount of heat extracted from 
the partial oxidation reactor effluent. 
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[0058] Further in accordance With the invention, apparatus 
for carrying out the process is provided, comprising the 
following operationally-connected components: 

[0059] 
[0060] b) means for removing acid gases (such as HZS and 
COS) from the synthesis gas leaving the partial oxidation 
reactor; 

[0061] c) a Fischer-Tropsch reactor connected to receive 
the synthesis gas; 

a) a partial oxidation reactor; 

[0062] d) heat exchangers connected to remove heat from 
the partial oxidation reactor, Fischer-Tropsch reactor and 
other heat sources and generate steam; 

[0063] e) means for separating carbon dioxide and/or 
hydrogen from the F-T tail gases; 

[0064] f) means for removing hydrocarbon products from 
the Fischer-Tropsch reactor effluent and separating them into 
fractions; 
[0065] g) optionally, a hydrocracking reactor for utiliZing 
hydrogen separated by (e) to hydrocrack Wax fractions of the 
Fischer-Tropsch hydrocarbon products to form more liquid 
products; and 

[0066] h) a combined cycle plant including gas and steam 
turbines for production of poWer from the steam and tail 
gases recovered from the partial oxidation reactor—Fischer 
Tropsch reactor complex. 

[0067] Other aspects of this invention Will appear from the 
folloWing description and appended claims, reference being 
made to the accompanying draWings forming a part of this 
speci?cation Wherein like reference characters designate 
corresponding parts in the several vieWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0068] FIG. 1 is a How sheet comprehensively illustrating 
the processes and apparatus of the invention in their most 
general forms. 

[0069] FIG. 2 is a How sheet illustrating the process and 
apparatus of the invention con?gured for maximum poWer 
production. 
[0070] FIG. 3 is a How sheet illustrating the process and 
apparatus of the invention con?gured for maximum carbon 
dioxide production. 

[0071] FIG. 4 is a How sheet illustrating the process and 
apparatus of the invention con?gured for maximum hydro 
carbon production. 

[0072] FIG. 5 is a graph of daily revenues vs. F-T plant 
siZe, providing an economic analysis of the effects of 
different process con?gurations. 

[0073] Before explaining the disclosed embodiment of the 
present invention in detail, it is to be understood that the 
invention is not limited in its application to the details of the 
particular arrangement shoWn, since the invention is capable 
of other embodiments. Also, the terminology used herein is 
for the purpose of description and not of limitation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0074] Candidate feedstocks for the processes of the 
invention include those having a loW percentage of hydro 
gen compared to carbon on an atom basis. Candidate feed 
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stocks include re?nery residual oil (loW API gravity fuel oil, 
VacResid, H-Oil Bottoms, 0 degrees API Asphalt, etc.), 
petroleum coke, coal, tires, biomass, and mixtures of these 
feedstocks. Other suitable feedstocks include aqueous emul 
sions of bitumen such as Orimulsion®, available commer 
cially from Venezuelan sources. (Bitumen is a generic term 
describing mixtures of hydrocarbons derived from natural 
and/or pyrogenic origins.) 

[0075] Re?nery oil residues are relatively high in carbon 
because they contain a high percentage of ring compounds 
including aromatics. The average H:C atomic ratios of 
various candidate feedstocks are: 

Feedstock H:C Atom Ratio 

Re?nery Feedstocks: 

9.6 API Fuel Oil 1.35 
4.3 API VacResid 1.37 
H-Oil Bottoms 1.26 
0 deg. API Asphalt 1.26 
Delayed Petroleum Coke 0.53 
Fluid Petroleum Coke 0.28 
Coals: 

Pittsburgh #8 0.83 
French 0.80 
Utah 0 . 84 

German 0.75 
S. African 0.64 
Biomass: 

Wood Wastes 1. 49 
Wheat StraW 1.50 
Tires: 1.25 
Orimulsion ®: 2.12 

[0076] The oxidiZing gas Which is used can be oxygen in 
a relatively pure form such as at a purity of greater than 
about 90 percent by volume or it can be in the form of air 
Where the air contains greater than about 20 percent oxygen 
by volume. 

[0077] Any suitable source of natural gas or the equivalent 
can be used to provide supplementary feed to the partial 
oxidation reactor and/or fuel to the gas turbine of the 
combined cycle plant. It Would of course be convenient if 
the system of the invention Were located adjacent to a direct 
source of natural gas. It is also advantageous to locate the 
system in a re?nery, Where various feedstocks are available 
and hydrocarbon products and poWer can be readily used. 

[0078] Any suitable partial oxidation reactor capable of 
handling heavy feedstocks can be employed, eg the type(s) 
disclosed in Texaco’s US. Pat. Nos. 4,992,081; 4,902,303 
and 5,545,238, all of Which are incorporated herein by 
reference, and in additional patents listed in column 1 of 
US. Pat. No. 5,545,238. 

[0079] Typical heat exchangers useful in re?nery and 
poWer plant applications can be used to recover Waste heat 
from suitable sources Within the system and generate steam 
for use in the combined cycle plant. 

[0080] Suitable apparatus for removing acid gases such as 
HZS and COS from the synthesis gas produced by the partial 
oxidation reactor can be used. Suitable apparatus includes 
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Wet or dry scrubbing systems: an example is disclosed in 
US. Pat. No. 5,403,568, Which is incorporated herein by 
reference. 

[0081] Any suitable Fischer-Tropsch reactor capable of 
converting synthesis gases produced from heavy feedstocks 
to typical Fischer-Tropsch hydrocarbon products can be 
used. Typical reactors are disclosed in Rentech’s US. Pat. 
Nos. 5,506,272; 5,543,437 and 5,763,716, Which are incor 
porated herein by reference. Preferably, the Fischer-Tropsch 
reactor is a slurry reactor, such as disclosed in the above 
Rentech patents and described in the article entitled “Fis 
cher-Tropsch Synthesis in Slurry Phase” by Schlesinger et 
al. in Engineering and Process Development, Vol. 43, No. 6 
(June, 1951), pp. 1474-1479, and by Kolbel and Ralek in 
“The Fischer-Tropsch Synthesis in the Liquid Phase,”Cata 
lyst Review-Science Engineering, Vol. 21(2), pp. 225-274 
(1980). Slurry reactors are vertical vessels in Which ?ne 
poWdered catalyst is suspended in molten Wax. The synthe 
sis gas is introduced into the bottom of the reactor and F-T 
products emerge from the top and side of the reactor. The 
heavy F-T products are ?ltered from the Wax/catalyst slurry. 

[0082] The Fischer-Tropsch catalyst should be a catalyst 
Which simultaneously catalyZes the production of hydrocar 
bon products from a synthesis gas and activates the Water 
gas shift reaction. The catalyst is preferably an iron-based 
catalyst such as disclosed in US. Pat. No. 5,504,118, Which 
is incorporated herein by reference. As stated in column 4 of 
the patent, the composition, preparation and activation of the 
catalyst are all important to its operation. The preferred 
catalyst is an unsupported precipitated iron catalyst pro 
moted With copper and potassium, Which is prepared using 
elemental iron and copper as starting materials. The catalyst 
can be prepared as disclosed in column 11 of the patent, and 
activated as disclosed in columns 12. 

[0083] The H2 separation devices based on membranes are 
commercially available from Monsanto, W.R. Grace & Co., 
and Dow Corning. Another technology for H2 separation 
from a mixed gas stream uses pressure sWing absorption 
(PSA). Suitable apparatus for separating carbon dioxide 
from tail gases include various absorption systems disclosed 
in US. Pat. Nos. 4,496,371; 4,957,715 and 5,424,051, Which 
are incorporated herein by reference. Removal of carbon 
dioxide from the relatively high pressure gases emerging 
from the Fischer-Tropsch reactor at pressures in the range of 
from about 100 to about 500 psig, and temperatures in the 
range of from about 100° to about 300° F. is advantageous 
When compared With the alternative of removing the gas 
from atmospheric pressure stack gases from furnaces or 
other combustion systems, Which typically contain less than 
15 percent carbon dioxide. In the processes of the invention, 
the F-T reactor effluent can contain in the range of from 
about 15 to about 60 volume percent carbon dioxide, pref 
erably from about 20 to about 55 and most preferably from 
about 25 to about 50 volume percent. 

[0084] The product separation means Will generally con 
sist of partial condensers, distillation columns, and possibly 
hydrocracking units, all Well knoWn to those possessing 
ordinary skill in the art. Tail gas Which is not recycled can 
be used for fuel in the process, including the gas turbine of 
the combined cycle plant. 

[0085] Optionally, a typical hydrocracking reactor is pro 
vided to utiliZe hydrogen separated from tail gases to crack 
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Wax products of the Fischer-Tropsch reactor into liquid 
hydrocarbons. Suitable hydrocracking reactors and catalysts 
are disclosed in US. Pat. Nos. 3,617,498; 4,197,184; 4,404, 
088; 4,501,655 and 5,026,472, Which are incorporated 
herein by reference. 

[0086] A suitable combined cycle plant is provided Which 
includes at least one steam turbine to Which steam recovered 
from the process can be fed, and a gas turbine to burn fuels 
Which can include natural gas, tail gases from the Fischer 
Tropsch reactor, hydrogen and naphthas separated from the 
hydrocarbon products. Such combined cycle plants are Well 
knoWn in the art. 

[0087] Turning noW to the draWing, FIG. 1 illustrates the 
system 10 of the invention and the processes carried out 
therein. Partial oxidation reactor 12 is provided With feed 14 
as described above, plus oxygen 16 and Water 18. Option 
ally, natural gas 20 can be introduced to supplement the feed. 

[0088] The synthesis gas produced by the partial oxidation 
reactor 12 is passed to a Fischer-Tropsch reactor 28 via 
connectors 23 and 26. Preferably apparatus 24 for removing 
acid gases such as HZS and COS is included betWeen the 
partial oxidation reactor 12 and Fischer-Tropsch reactor 28. 
Heat exchangers 22, 30 and 34 are provided to remove heat 
from the partial oxidation reactor, Fischer-Tropsch reactor 
and FT effluent connector 32, respectively. Additional heat 
exchangers (not shoWn) can be placed Wherever the system 
offers a signi?cant source of heat. All the heat exchangers 
are also steam generators, producing steam to drive the 
steam turbine(s) (not shoWn) of the combined cycle plant 68 
via 70. 

[0089] Hydrocarbon recovery unit 36 separates hydrocar 
bon products from F-T tail gases delivered through connec 
tor 32 and divides the products into fractions containing 
Water and oxygenates 40, naphtha 42, diesel 44 and Waxes 
46. Optionally, hydrocracking reactor 78 is provided to 
crack Wax products 46 into further naphtha and diesel 
fractions 80 and 82, respectively. Tail gases 74 generated in 
the hydrocracking reactor are typically burned in the gas 
turbine (not shoWn) of the combined cycle plant 68. 

[0090] Tail gases 38 discharged from the hydrocarbon 
recovery unit 36 pass through optional hydrogen separation 
unit 50 and through carbon dioxide separation unit 58. 
Separated hydrogen is used by recycling to the Fischer 
Tropsch reactor via connector 62 to increase the H2:CO ratio 
in the synthesis gas entering the F-T reactor and/or directed 
via connector 66 for hydrocracking Wax products in hydro 
cracking reactor 78. A portion of tail gases 64 can pass 
directly to the combined cycle plant 68 for combustion in the 
gas turbine (not shoWn). 

[0091] (Similarly, tail gases remaining after separation of 
carbon dioxide and hydrogen (59 and 52, respectively) also 
are directed to the gas turbine. Such tail gases can also be 
recycled to gasi?er 12 via 90. 

[0092] Separation of carbon dioxide from the F-T effluent 
is advantageous because it can be sequestered for environ 
mental purposes. For example, the carbon dioxide recovered 
can be transported and injected into the depths of the sea, 
used for enhanced oil recovery from underground forma 
tions or employed in the synthesis of materials such as urea. 
A plant for producing such products (not shoWn) can be 
installed adjacent to the system of the invention. 
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[0093] Combined cycle plant 68 is con?gured and con 
nected to permit the employment of all available steam and 
combustible gases, and can be operated to maximiZe the 
production of poWer When and Where this is more valuable 
than the Fischer-Tropsch products. The principal feed for the 
gas turbine of this plant is tail gases 32 from the Fischer 
Tropsch reactor (Which may have been processed by further 
gas separators or the hydrocracking reactor). This fuel can 
be augmented by feeding natural gas 72 and/or naphtha 
fractions 42 of the F-T products to increase poWer produc 
tion. The steam and gas turbines are connected to electrical 
generators to produce electrical poWer. To maximiZe poWer 
Without production of F-T products, all the synthesis gas 73 
from the POX can be sent to the gas turbine of combined 
cycle plant 68, thus bypassing F-T reactor 28. 

EXAMPLES 

[0094] Having described the basic aspects of the inven 
tion, the folloWing examples are given to illustrate speci?c 
embodiments thereof. 

[0095] Examples Were calculated using a proprietary com 
puter program for thermodynamic calculations based on 
apparatus for con?gurations and process conditions 
designed to maximiZe the production of poWer, carbon 
dioxide and hydrocarbons, respectively. The functions per 
formed by the computer program included modeling the 
POX reactor, the FT reactor, all recycle loops, the separation 
processes and poWer generation. 

[0096] The examples are based upon the How sheets of 
FIGS. 2, 3 and 4. All three ?oW sheets assume a feedstock 
feed rate of 2500 tons per day. The feedstock (Orimulsion) 
contains 60.7 Weight percent carbon, 7.6 Weight percent 
hydrogen, 0.4 Weight percent nitrogen, 2.6 Weight percent 
sulfur, 0.1 Weight percent ash and 28.6 Weight percent 
moisture. An ef?ciency of poWer generation from the steam 
turbine is 33 percent and of the combined cycle plant is 55 
percent, based upon the loWer heating value of the fuel. 

Examples 1, 1A 

Maximum PoWer FloW Sheet 

[0097] In this How sheet (FIG. 2) the F-T plant converts 
syngas from the gasi?er into liquid hydrocarbons. Tail gas 
from the F-T plant is burned in the combined cycle plant to 
produce electricity. Steam from the three heat exchangers 
(22, 30, 34) is sent to the steam turbine part of the combined 
cycle plant 68 to produce electricity. PoWer production is 
maximiZed by burning the F-T naphtha and Wax fractions in 
the combined cycle because these hydrocarbon products are 
generally of less value than the diesel fraction. This gives a 
poWer production of 271 MWe and a diesel production of 
869 bbl/day. If the syngas from the gasi?er is sent directly 
to the combined cycle, i.e., no hydrocarbons are produced 
via F-T reactions (Example 1A), the poWer production is 
330 MWe. It could be argued that the latter con?guration 
produces the maximum poWer, but in the absence of F-T 
hycrocarbon production. 

Examples 2 and 2A 

Maximum CO2 FloW Sheet 

[0098] By removing all CO2 from the F-T tail gas prior to 
the combined cycle as shoWn in FIG. 3, one can easily 
capture a large How of CO2, approximately 46 MMSCFD. 
PoWer production Will be approximately the same as in the 
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maximum poWer ?oW sheet of Example 1, 271 MWe, and 
diesel production is also the same, 869 bbl/day. This 
example illustrates that if the value of the CO2, eg through 
environmental credits, is sufficiently high, the extra capital 
cost of the CO2 removal system can be justi?ed and there 
Will be no penalty in poWer production or F-T liquid 
production. This example (2) illustrates the ease With Which 
CO2 can be removed from the tail gas of an iron catalyst 
based F-T reactor. The amount of CO2 removed can be 
varied by adjusting the siZe of the CO2 removal system to 
maximiZe plant revenues. 

[0099] The production of CO2 by the F-T reactor system 
can be further increased by taking advantage of the Water 
gas shift activity of the iron F-T catalyst preferably used in 
the processes of the invention. The equilibrium of the 
Water-gas shift reaction (shoWn above on page 7) can be 
shifted to the right by forcing more Water vapor into the F-T 
reactor. The results Will be increased production of CO2, 
Which can then be separated from the F-T ef?uent. Water can 
be introduced directly, but preferably the same effect is 
achieved by reducing the cooling effect of heat exchanger 
22. Since the effluent from the gasi?er is cooled less, the 
partial pressure of Water vapor entering the F-T reactor Will 
be greater, With the predictable effects on the Water-gas shift 
reaction equilibrium. The resultant yield of hydrocarbons 
Will be less, but under certain economic conditions, the 
increased production and separation of CO2 Will make up for 
this. 

[0100] The computer simulation program is used to deter 
mine and compare the yields of CO2 and hydrocarbons for 
the cases of Example 2 and the same simulation (Example 
2A) in Which more Water is alloWed to enter the F-T reactor. 
The results are shoWn in Table 1 beloW. 

TABLE 1 

Water to CO2 yield diesel yield poWer 
Example case PTvol % MMSCFD bbl/day MWe 

2 Baseline O 46 869 271 
max CO2 

2A Baseline + 9.2 54 695 282 
Water 

to PT 

[0101] It can be seen that by alloWing a nominal quantity 
(9.2 volume percent) of Water to enter the F-T reactor, the 
yield of CO2 increases by about 17 percent. The yield of 
diesel decreases by 20 percent, and poWer production 
increases by 4 percent, mainly because of the additional 
hydrogen produced by moving the Water-gas shift equilib 
rium to the right. 

Example 3 

Maximum Hydrocarbons 

[0102] In the How sheet of FIG. 4, the yield of liquid 
hydrocarbons is maximiZed With tWo modi?cations from the 
How sheet of FIG. 2. First, Waxes 46 produced by the F-T 
reactor are hydrocracked to lighter hydrocarbon fractions. 
Second, a substantial fraction (95 percent) of the F-T tail gas 
90 (mainly H2, CO2 and N2) is recycled to the gasi?er. This 
large recycle rate is only feasible if CO2 is ?rst removed 
from the recycle gas; otherWise excessive carbon Would be 
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fed to the gasi?er. In this example, power production is 66 
MWe, liquid hydrocarbon production is 6365 bbl/day and 
CO2 production is 47 MMSCFD. Note that the CO2 produc 
tion is the same as in that of Example 2, and that it cannot 
be adjusted doWnWard Without sacri?cing hydrocarbon 
yield. HoWever, the recycle rate and/or siZe of the F-T plant 
can be reduced to decrease the F-T product yield and 
increase poWer as needed. 

[0103] Table 2 beloW summarizes the poWer production, 
CO2 yield and hydrocarbon yield from Examples 1-3: 

TABLE 2 

poWer CO2 hydrocarbons 
Example (MWe) (MMSCFD) (bbl/day) 

1A Max power, no PT 330 O O 
1 Max poWer With FT 271 O 869 
2 Max C02 271 46 869 
2A Max CO2 via H20 282 54 695 

to PT 

3 Max hydrocarbons 66 46 6365 

Plant Daily Revenues 

[0104] The ability of the present invention to maximiZe 
actual plant revenues is demonstrated in the graph of FIG. 
5. The plant con?guration of FIG. 4 Was used to estimate 
daily revenues as a function of the siZe of the F-T plant. In 
Example 3, the F-T plant is considered full siZe, or 100 
percent, to maximize hydrocarbon yields. Smaller F-T plants 
produce less hydrocarbons and more poWer, but about the 
same amount of CO2. It Was assumed that if no F-T plant is 
used, (0 percent F-T plant siZe) the system degenerates to 
that of FIG. 2 and no CO2 production. In FIG. 5, the values 
of the poWer, CO2 and hydrocarbons Were varied. Abaseline 
case assumes a poWer value of 3.5 cents/kilowatt hour, a 
CO2 value of $1 per thousand cubic feet, and a hydrocarbon 
value of $30/bbl. In addition to this baseline, six variations 
Were run for the values of the CO2, poWer and hydrocarbons. 
The loW poWer value scenario assumes 1.5 cents/kilowatt 
hour and baseline values for the CO2 and hydrocarbons. The 
high poWer value scenario assumes 5.5 cents/kilowatt hour 
and baseline values for the CO2 and hydrocarbons. The loW 
CO2 value scenario assumes no value for the CO2 and 
baseline values for the poWer and hydrocarbons. The high 
CO2 value scenario assumes $2 per thousand cubic feet of 
CO2 and baseline values for the poWer and hydrocarbons. 
The loW hydrocarbon value scenario assumes $20/bbl and 
baseline values for the poWer and CO2. The high hydrocar 
bon value scenario assumes $40/bbl and baseline values for 
the poWer and CO2. 

[0105] Brie?y, the graph of FIG. 5 illustrates that in the 
case of high hydrocarbon value or loW poWer value, maxi 
mum plant revenues result from the use of the largest 
possible F-T plant. In other scenarios, maximum revenues 
can be obtained With a relatively small F-T plant. For 
example, in the high poWer value scenario, revenues are 
maximiZed With a 10 percent siZe F-T plant. A smaller F-T 
plant gives up the revenues from the CO2 and a larger F-T 
plant reduces generation of the high value poWer. In the case 
of loW (Zero) CO2 value, the revenues trade off 3.5 cent/kWh 
poWer against $30/bbl hydrocarbons. The graph suggests 
that a smaller F-T plant is appropriate for those values. A 
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slightly loWer poWer value or slightly higher hydrocarbon 
value Would suggest a large F-T plant; i.e., the graph line 
Would slope upWards. It is thus apparent that the partial 
oxidation—F-T plant—combined cycle plant system of the 
invention can be designed and operated to selectively maxi 
miZe the production of at least one of the principal outputs— 
poWer, CO2 and hydrocarbons—and to maximiZe plant rev 
enues as appropriate. 

[0106] Although the present invention has been described 
With reference to preferred embodiments, numerous modi 
?cations and variations can be made and still the result Will 
come Within the scope of the invention. No limitation With 
respect to the speci?c embodiments disclosed herein is 
intended or should be inferred. 

We claim: 

1. A process for producing poWer, carbon dioxide and 
hydrocarbons having an average H:C atom ratio of 2 or 
greater from carbon-bearing feedstocks having an H:C atom 
ratio of less than 2, comprising the steps of: 

a) reacting a carbon-bearing feedstock With an oxidiZing 
gas and steam in a partial oxidation reactor to produce 
a mixture of gases containing hydrogen, carbon mon 
oxide and carbon dioxide having a molar ratio of 
H2:CO of greater than 0.6; 

b) reacting the mixture of gases containing hydrogen and 
carbon monoxide in a Fischer-Tropsch synthesis reac 
tor containing a catalyst Which catalyZes both hydro 
carbon-forming reactions and the Water gas shift reac 

tion; 

c) condensing the product hydrocarbons from unreacted 
hydrogen, carbon monoxide and other gases (tail 
gases); 

d) separating the product hydrocarbons into naphtha, 
diesel and Wax fractions; 

e) removing at least a portion of carbon dioxide from the 
tail gases; and 

f) producing steam from heat recovered from at least said 
partial oxidation reactor and said Fischer-Tropsch reac 
tor, directing the steam to the steam turbine of a 
combined cycle plant, and directing at least the tail 
gases to the gas turbine of said combined cycle plant to 
produce poWer, Wherein the process is operated to 
selectively maximiZe the production of at least one of 
the products poWer, Fischer-Tropsch hydrocarbons and 
carbon dioxide. 

2. The process of claim 1 Wherein natural gas is intro 
duced to the partial oxidation reactor to supplement the 
feedstock. 

3. The process of claim 1 Wherein natural gas is intro 
duced to the gas turbine of said combined cycle plant to 
increase poWer production. 

3. The process of claim 1 Wherein acid gases are removed 
from the products of the partial oxidation reactor before they 
are passed to said Fischer-Tropsch reactor. 
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4. The process of claim 1 wherein hydrogen is separated 
from the tail gases and directed to at least one of: 

a) the Fischer-Tropsch reactor, and 

b) a hydrocracking reactor Where Wax products of the 
process are hydrocracked to form naphtha and diesel 
fractions. 

5. The process of claim 1 Wherein at least a portion of the 
product hydrocarbons are directed to the gas turbine of said 
combined cycle plant to increase the production of poWer. 

6. The process of claim 1 Wherein said Fischer-Tropsch 
reactor is a slurry reactor. 

7. The process of claim 1 Wherein said Fischer-Tropsch 
catalyst is an iron catalyst. 

8. The process of claim 7 Wherein said catalyst is an 
iron-based catalyst. 

9. The process of claim 8 Wherein said catalyst is an 
unsupported precipitated iron catalyst promoted With copper 
and potassium. 

10. The process of claim 1, Wherein the carbon-bearing 
feedstock is selected from the group consisting of heavy 
residual oil from an oil re?nery, petroleum coke, coal, 
aqueous emulsions of bitumen, biomass, rubber tires and 
mixtures thereof. 

11. The process of claim 1 Wherein the oxidiZing gas is 
oxygen of a purity greater than about 90 volume percent. 

12. The process of claim 1, Wherein the oxidiZing gas is 
a mixture of gases containing greater than about 20 volume 
percent oxygen. 

13. The process of claim 1, Wherein Water is removed 
from the mixture of gases from step (a) before they are 
reacted in step 

14. The process of claim 1 Wherein said Fischer-Tropsch 
reactor is a slurry reactor. 

15. The process of claim 1 Wherein the production of 
Fischer-Tropsch hydrocarbons is maximiZed by separating 
hydrogen from the tail gases, recycling a portion of the 
hydrogen to the Fischer-Tropsch reactor, utiliZing the 
remainder of said hydrogen to hydrocrack Wax products in 
a hydrocracking reactor, and directing all of said mixture of 
hydrogen and carbon monoxide to said Fischer-Tropsch 
synthesis reactor. 

16. The process of claim 1 Wherein poWer production is 
maximiZed While producing Fischer-Tropsch hydrocarbons 
by directing all tail gases to said gas turbine and directing at 
least the Wax and naphtha fractions of said hydrocarbons to 
said gas turbine. 

17. The process of claim 1 Wherein poWer production is 
maximiZed While producing Fischer-Tropsch hydrocarbons 
by introducing natural gas to the gas turbine of said com 
bined cycle plant. 

18. The process of claim 1 Wherein the production and 
separation of carbon dioxide are maximiZed by increasing 
the Water content of the synthesis gas introduced to said 
Fischer-Tropsch reactor. 

19. The process of claim 1 Wherein the production and 
separation of carbon dioxide are maximiZed by removing 
and recovering substantially all carbon dioxide from the tail 
gases of the hydrocarbon recovery section prior to directing 
said tail gases to said gas turbine. 

20. The process of claim 1 Wherein the production and 
separation of carbon dioxide are maximiZed by recycling up 
to about 90 percent of the Fischer-Tropsch tail gases to the 
inlet of said Fischer-Tropsch reactor. 

21. The process of claim 1 Wherein said Fischer-Tropsch 
reactor is a slurry reactor. 
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22. Apparatus for producing poWer, carbon dioxide and 
hydrocarbons having an average H:C atom ratio of 2 or 
greater from carbon-bearing feedstocks having an H:C ratio 
of less than 2, comprising: 

a) a partial oxidation reactor for reacting a carbon-bearing 
feedstock With an oxidiZing gas and steam to produce 
a mixture of gases containing hydrogen, carbon mon 
oxide and carbon dioxide, having a molar ratio of 
H2:CO of greater than 0.6; 

b) a Fischer-Tropsch synthesis reactor for reacting the 
mixture of gases containing hydrogen and carbon mon 
oxide, said reactor further containing a catalyst Which 
catalyZes both hydrocarbon-forming reactions and the 
Water gas shift reaction; 

c) means for transporting the gases from the partial 
oxidation reactor to the Fischer-Tropsch synthesis reac 
tor; 

d) means for condensing the product hydrocarbons from 
the Fischer-Tropsch synthesis reactor from unreacted 
hydrogen, carbon monoxide and other gases (tail 
gases); 

e) means for separating the product hydrocarbons into 
suitable fractions; 

f) means for separating at least one of hydrogen and 
carbon dioxide from the tail gases; 

g) means for recycling at least a portion of the separated 
hydrogen to the inlet of the partial oxidation reactor; 

h) means for recovering heat from at least the partial 
oxidation and Fischer-Tropsch reactors and generating 
steam; and 

i) a combined cycle plant comprising gas and steam 
turbines for the production of poWer from products 
generated by the Fischer-Tropsch reactor and the steam 
generated in 

23. The apparatus of claim 22, further comprising a 
hydrocracking reactor and means for transporting a Wax 
fraction of the hydrocarbon products and a portion of the 
hydrogen separated from the tail gases to said hydrocracking 
reactor to produce additional hydrocarbon fractions. 

24. The apparatus of claim 22 Wherein said Fischer 
Tropsch synthesis reactor is a slurry reactor. 

25. The apparatus of claim 24 Wherein said slurry reactor 
is steam cooled. 

26. The apparatus of claim 22 Wherein said catalyst 
comprises iron. 

27. The apparatus of claim 26 Wherein said catalyst is an 
iron-based catalyst. 

28. The apparatus of claim 27 Wherein said catalyst is an 
unsupported precipitated iron catalyst promoted With copper 
and potassium. 

29. The apparatus of claim 22, further comprising a source 
of natural gas and means for introducing the natural gas into 
at least one of the partial oxidation reactor and the gas 
turbine of the combined cycle plant. 

30. The apparatus of claim 22, further comprising means 
for separating acid gases from the products of said partial 
oxidation reactor. 


