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Reactive diluent ?uid is introduced into a stream of synthe 
sis gas (or “syngas”) produced in a heat-generating unit such 
as a partial oxidation (“POX”) reactor to cool the syngas and 
form a mixture of cooled syngas and reactive diluent ?uid. 
Carbon dioxide and/or carbon components and/or hydrogen 
in the mixture of cooled syngas and reactive diluent ?uid is 
reacted with at least a portion of the reactive diluent ?uid in 
the mixture to produce carbon monoxide-enriched syngas 
which may be fed into a secondary reformer unit such as an 
enhanced heat transfer reformer in a heat exchange reformer 
process. An advantage of the invention is that problems with 
the mechanical integrity of the secondary unit arising from 
the high temperature of the syngas from the heat-generating 
unit are avoided. 
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PROCESS AND APPARATUS FOR THE 
PRODUCTION OF SYNTHESIS GAS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not applicable. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates to a process and 
apparatus for the production of synthesis gas, particularly 
for but not necessarily limited to, use in the production of 
hydrocarbon liquid fuels (eg using the Fischer-Tropsch 
(“F-T”) process), methanol (eg by catalytic hydrogenation 
of carbon monoxide), oxo-alcohols and dimethyl ether 
(“DME”). 
[0004] Natural gas may be found in remote locations both 
on- and offshore. It is generally expensive and impractical to 
transport natural gas from its source to a distant processing 
plant. One solution is to convert the gas on-site to a valuable 
and easily transportable product. In this Way, the value of the 
natural gas may be increased. 

[0005] Natural gas may be converted to synthesis gas (or 
“syngas”) Which is a mixture of carbon monoxide and 
hydrogen. Syngas may be converted to a solid or liquid 
synthetic fuel (“synfuel”) or converted to methanol, oxo 
alcohols or DME. For optimum conversion in the F-T 
process, the ratio of hydrogen to carbon monoxide is pref 
erably about 2 to 1. The conversion products have less 
volume per unit mass (i.e. have a greater density) than the 
natural gas. Accordingly, it is more economical to transport 
conversion products than a corresponding amount of natural 
gas. 

[0006] Syngas may be produced using a heat exchange 
reforming (“HER”) process. A conventional tWo-step HER 
process may use natural gas as feedstock and employs a 
primary exothermic (or heat-generating) unit producing syn 
gas, eg from natural gas and oxygen, coupled With a 
secondary endothermic (or heat-requiring) unit that uses at 
least a portion of the heat generated in the primary unit to 
produce further syngas, eg by a reforming reaction of 
natural gas and steam. In certain HERs, the syngas generated 
by the HER feeds the primary exothermic unit, While other 
HERs operate in parallel to the exothermic unit and augment 
the syngas production therein. 

[0007] There are several methods of producing syngas 
from natural gas. Examples of these methods include: 

[0008] (a) Steam-methane reforming (“SMR”) Which 
uses an endothermic catalysed reaction betWeen 
natural gas and steam. There is a need to import 
carbon dioxide or otherWise remove excess hydro 
gen to achieve the required ratio of 2 to 1 for the 
relative proportions of hydrogen and carbon mon 
oxide in the resultant syngas. In many applications 
(including F-T processes, methanol synthesis and 
other chemical processes), such an opportunity to 
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import carbon dioxide and/or export any separated 
excess hydrogen may not be available and/or eco 

nomical; 
[0009] (b) Partial oxidation (“POX”) of natural gas 

With pure oxygen Which achieves a hydrogen to 
carbon monoxide ratio in the resultant syngas in the 
range from 1.6-1.8 to 1. Imported hydrogen is 
needed to achieve that required ratio of 2 to 1 for the 
relative proportions of hydrogen and carbon mon 
oxide in the resultant syngas; 

[0010] (c) Autothermal reforming (“ATR”) Which 
uses a partial oxidation burner folloWed by a catalyst 
bed With a feed of natural gas, steam and oxygen to 
produce the required 2 to 1 ratio for the relative 
proportions of hydrogen and carbon monoxide in the 
resultant syngas; and 

[0011] (d) Catalytic partial oxidation (“CPO”) Which 
is the reaction of natural gas With oxygen over a 
catalyst that permits ?ameless partial combustion to 
hydrogen and carbon monoxide in the required rela 
tive proportions in the resultant syngas. 

[0012] For POX, ATR and CPO, the oxidation reaction in 
the primary heat-generating unit is exothermic and, thus, the 
syngas is produced at elevated temperature. For example, 
POX produces syngas at a temperature of from 1200 to 
1400° C., ATR produces syngas at a temperature of from 900 
to 1100° C. and CPO produces syngas at a temperature of 
from 1000 to 1100° C. 

[0013] The excess heat generated in these processes may 
be used to generate steam, for example in Waste heat boilers, 
that can be used in steam turbines to generate poWer for air 
separation systems, air compressors and other equipment. 

[0014] The excess heat may be used With additional natu 
ral gas and steam in a separate secondary unit to generate 
further syngas via steam-methane reforming. This process is 
the basis of the generic tWo-step HER process. In such a 
process, the high temperature syngas from the primary 
heat-generating unit is usually introduced to the shell-side of 
a shell and tube style steam-methane reformer. The tubes 
may contain conventional steam-methane reforming catalyst 
over Which natural gas and steam react endothermically to 
form syngas. The heat from syngas on the shell-side of the 
reformer is used to drive the endothermic steam-methane 
reforming reaction. The syngas stream leaving the tubes can 
be separately collected and used to feed the primary exo 
thermic syngas generator. Preferably, hoWever, the syngas 
streams leaving the tubes are combined With the syngas on 
the shell-side to produce syngas having the desired ratio of 
hydrogen to carbon monoxide at a temperature of from 500 
to 600° C. 

[0015] A secondary unit in Which reforming takes place 
over catalyst using heat taken from the primary heat-gener 
ating unit is knoWn as a Heat Exchange Reformer. One such 
example is described in US. Pat. No. 4,919,844 (Wang; 
published on Apr. 24, 1990) and is called an Enhanced Heat 
Transfer Reformer (or “EHTR”). The disclosure of this 
patent is incorporated herein by reference. Other existing 
HER processes are disclosed in WO-A-98/32817 (Halmo et 
al; published on Jul. 30, 1998), WO-A-00/09441 (Abbot; 
published on Feb. 24, 2000), WO-A-00/03126 (Fjellhaug et 
al; published on Jan. 20, 2000) and US. Pat. No. 5,362,453 
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(Marsch; published on Nov. 8, 1994). These disclosures are 
also incorporated herein by reference. 

[0016] An example of an HER process is disclosed in US. 
Ser. No. 09/965979 (?led on Sep. 27, 2001 and claiming 
priority from GB0025150.4 ?led on Oct. 13, 2000) and this 
disclosure is incorporated herein by reference. In this 
example, a POX reactor is used in combination With an 
EHTR. Hydrocarbon fuel gas is reacted With steam and/or 
oxygen gas in a syngas generation system to produce a 
syngas product stream. An oxidant gas is compressed to 
produce a compressed oxidant gas, at least a portion of 
Which is combusted in the presence of combustion fuel gas 
to produce combustion product gas. The combustion product 
gas is expanded to produce poWer and expanded combustion 
product gas. Heat from the expanded combustion product 
gas is recovered by using the expanded combustion product 
gas to heat steam by heat exchange to produce heated steam, 
at least a portion of Which is used to provide at least a portion 
of any steam requirement for producing the syngas product 
stream in the syngas generation system. Additionally or 
alternatively, at least a portion of the oxygen gas is provided 
using an ASU that is driven by at least a portion of the poWer 
generated by the expansion of the combustion product gas. 

[0017] Syngas product feeding conversion processes Will 
unavoidably contain carbon dioxide. For F-T synfuel pro 
cesses that use cobalt catalysts, this carbon dioxide behaves 
like an inert. Whilst it can be vented doWnstream, the carbon 
and oxygen capture ef?ciency of the entire gas to liquid 
(“GTL”) process is loWer, Which contributes to the green 
house effect. It is thus desirable to recycle this carbon 
dioxide to the front-end syngas generator. It is a primary 
objective of this invention to enable ef?cient recycle of 
carbon dioxide and affect its ef?cient conversion to useful 
carbon monoxide, While minimiZing the amount of such 
recycle and usage of oxygen feedstock. 

[0018] Loss of carbon dioxide and methane from natural 
gas conversion processes is undesirable for several reasons. 
First, these gases are Well knoWn to have “greenhouse gas” 
properties. Secondly, valuable carbon atoms are being lost to 
the atmosphere thereby affecting the carbon ef?ciency and 
yield of the overall processes. Therefore, it is also an 
objective of the present invention to reduce the emission 
level of these greenhouse gases and other pollutants, for 
example oxides of nitrogen (“NOX”), and to recover at least 
some of the valuable carbon that is usually lost in natural gas 
conversion processes using HER technology for syngas 
generation. 
[0019] In HER processes Where hot gas is introduced to 
the shell-side of an HER, it is undesirable for the tempera 
ture of the syngas leaving the primary heat-generating unit 
to be too high as the mechanical integrity of the HER may 
be challenged. For example, the metal of the HER may lose 
its physical strength and soften. Therefore, it is another 
objective of the present invention to reduce or eliminate the 
possibility of problems With the mechanical integrity of the 
HER resulting from excessive syngas temperature in natural 
gas conversion processes using HER technology. 

[0020] The POX process can generate syngas With small 
amounts of solid carbon particles or soot. This soot could 
foul or erode the heat exchange surfaces in the doWnstream 
HER. It is thus another objective of this invention to reduce 
or eliminate the potential for problems arising for such solid 
carbon particles. 
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[0021] US. Pat. No. 4,731,098 (Marsch: published on 
Mar. 15, 1988) discloses a reformer in Which natural gas and 
steam are reformed to produce syngas. The syngas is then 
mixed With natural gas and oxygen or air before the mixture 
leaves the reformer. 

[0022] Water has been used as a diluent in the production 
of syngas. Examples of such use of Water have been dis 
closed by P. Osterrieth and M. Quintana (“A NeW Approach 
to the Production of Custom-made Synthesis Gas Using 
Texaco’s Partial Oxidation Technology”; Texaco Develop 
ment Corporation; AlChE meeting Presentation, Mar. 6, 
1988) and by W. Francis Fong and M. E. Quintana 
(“HyTEX: A Novel Process for Hydrogen Production”; 
Texaco Development Corporation; NPRA 89th Annual 
Meeting, Mar. 17-19, 1991, San Antonio, Tex.) 

[0023] In meeting these objectives, it is also important that 
any modi?cations to existing HER processes do not affect 
adversely the yield of conversion products, the capital 
and/or operating costs and the level of poWer usage. 

BRIEF SUMMARY OF THE INVENTION 

[0024] It has been found that these objectives may be 
achieved With the introduction of a cooling stream of 
reactive diluent ?uid to the syngas produced in the primary 
heat-generating unit to produce a cooled mixture of syngas 
and reactive diluent ?uid and the subsequent reaction of at 
least tWo of the components of the mixture to either produce 
further carbon monoxide or to gasify solid carbon particles. 

[0025] Hydrocarbon-containing fuel is exothermically 
reacted With an oxidant gas comprising molecular oxygen in 
a ?rst reactor to produce an exothermically-generated syn 
gas product. A stream of reactive diluent ?uid is combined 
With a stream of said exothermically-generated syngas prod 
uct to produce a reactive mixture and the reactive mixture is 
reacted in a second reactor to produce a reacted syngas 
product. If desired, this reacted syngas may be introduced 
into the secondary reforming unit in an HER process. One 
advantage of the invention is that the reacted syngas product 
is cooled before being introduced into the secondary unit 
thereby avoiding negatively affecting the mechanical integ 
rity of the secondary unit. 

[0026] If the reactive diluent ?uid comprises gases pro 
duced doWnstream in the overall process that Would other 
Wise be vented to the atmosphere or that Would have to 
undergo treatment before venting to atmosphere, the level of 
pollutant emissions to the environment may be reduced and 
corresponding cost savings may be achievable from the 
pollutant gas treatment processes. 

[0027] Carbon dioxide and hydrogen present in the reac 
tive mixture may be converted into Water and valuable 
carbon monoxide. This conversion is particularly useful 
When the reactive diluent ?uid is carbon dioxide. HoWever, 
it still has useful application When the reactive diluent ?uid 
is not carbon dioxide but the source of hydrocarbon fuel (e.g. 
natural gas) contains signi?cant quantities of carbon diox 
ide. The additional carbon monoxide produced may be used 
doWnstream to improve the yield of the natural gas conver 
sion products. If the reactive diluent ?uid comprises carbon 
dioxide that has been recycled from doWnstream processes 
then there is a further advantage in that the level of carbon 
dioxide emission to the environment is reduced. 
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[0028] If the syngas is utililiZed in an F-T synfuel process, 
the gas exiting such a downstream process can contain 
signi?cant amounts of carbon dioxide. Such gas typically 
also contains unconverted syngas as Well as light hydrocar 
bons. It is particularly advantageous to this invention to 
recycle such carbon dioxide-comprising gas as the reactive 
diluent. Such gas can be recycled as diluent Without further 
processing in Which case the other components (other than 
carbon dioxide) Would participate in the reaction, increasing 
the production of desired synfuel. Alternately, the carbon 
dioxide content of such gas can be isolated in an acid gas 
removal (“AGR”) unit for recycle to the front end of the 
process and the other components could be used as fuel. The 
carbon dioxide, steam, oxygenates and molecular hydrogen 
in the recycled diluent can participate in the gasi?cation of 
soot. 

[0029] A reverse Water gas shift reaction may be used to 
convert the carbon dioxide and hydrogen into Water and 
valuable carbon monoxide. Such a reaction is endothermic 
and, thus, uses heat from the reactive mixture thereby 
imposing additional cooling on the syngas and assisting in 
the overall ability to maintain mechanical integrity in the 
secondary reforming unit of the HER process. 

[0030] In existing HER processes Where carbon dioxide is 
recycled from doWnstream processes, the carbon dioxide is 
fed to the tube side of the HER unit of the synthesis gas 
generation system. In the tubes of the HER unit, the fol 
loWing tWo reactions take place: 

[0031] Reaction (I) is thermodynamically less favourable 
than reaction (II) and requires higher temperatures. The 
temperature at the exit of the HER tubes is necessarily loWer 
than the temperature of the gas from the exothermic reactor. 
Therefore, the carbon dioxide is not completely converted 
When the syngas exits the tubes of the reformer unit. If the 
HER is a parallel type (such as an EHTR), this can lead to 
excessive costs associated With the recycle of carbon diox 
ide. 

[0032] According to the present invention, carbon dioxide 
is converted to carbon monoxide in a reverse Water gas shift 
reaction before being fed to the secondary reformer unit. The 
folloWing reaction takes place in the reverse Water gas shift 
reactor: 

CO2+H2<sCO+H2O (III) 
[0033] Reaction (III) is in equilibrium but the position of 
the equilibrium is pushed far over to the right hand side due 
to the high temperature of the syngas and the continual 
introduction of carbon dioxide. Therefore, by recycling 
carbon dioxide, injecting it into the exothermically-gener 
ated syngas product produced in the primary heat-generating 
unit and subjecting the reactive mixture to a reverse Water 
gas shift reaction, more carbon dioxide may be converted to 
useful carbon monoxide. This conversion minimiZes the siZe 
of the carbon dioxide recycle loops and associated costs. In 
addition, the reverse shift reaction Zone assists in the gas 
i?cation of any soot in the syngas from a POX-type exo 
thermic unit, mitigating any erosion or fouling concerns in 
the surfaces of heat exchangers doWnstream, including 
HERs, boilers and preheaters. It can also eliminate the 
requirement of a scrubber that normally accompanies POX 
processes. 
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BRIEF DESCRIPTION OF SEVERAL VIEWS OF 
THE DRAWINGS 

[0034] FIG. 1 is a ?oWsheet describing one embodiment 
of the process of the present invention; and 

[0035] FIG. 2 is a ?oWsheet describing a hydrocarbon 
conversion process in Which the process of FIG. 1 is 
integrated With a doWnstream generic syngas conversion 
process to produce hydrocarbon liquid fuels or other liquid 
products. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0036] According to one aspect of the present invention, 
there is provided a process for the production of syngas 
comprising carbon monoxide and molecular hydrogen, said 
process comprising; 

[0037] exothermically reacting hydrocarbon-contain 
ing fuel an oxidant gas comprising molecular oxygen 
in a ?rst reactor to produce an exothermically 
generated syngas product; 

[0038] combining a stream of reactive diluent ?uid 
With a stream of said exothermically-generated syn 
gas product to produce a reactive mixture; and 

0039 reactin said mixture in a second reactor to g 
produce a reacted syngas product. 

[0040] The “reactive diluent ?uid” includes any diluent 
?uid that is capable of cooling syngas by direct heat 
exchange and comprising at least one component that may 
react With at least one component of the synthesis gas. The 
“reactive mixture” comprises cooled exothermically gener 
ated syngas product and reactive diluent ?uid. The “reacted 
syngas product” includes the product syngas that has under 
gone a further reaction either to produce further carbon 
monoxide or to remove solid carbon particles, e.g. soot, 
produced as a by-product of the oxidation reaction in the 
primary heat-generating unit. 

[0041] The hydrocarbon fuel may be a solid or liquid fuel 
but it is preferably a gas. Natural gas is the preferred fuel. 
Pure molecular oxygen is preferred as the oxidant gas over 
an oxidant gas comprising molecular oxygen such as air. 
Water may be present in the reaction to produce exothermi 
cally-generated syngas product (for example, if an ATR 
process is used). If Water is present, it may be used in liquid 
form in Which case it Will vaporise immediately upon entry 
into the ?rst reactor. HoWever, the use of steam is preferred. 

[0042] An advantage of this invention is that the tempera 
ture of the exothermically-generated syngas product is 
reduced and may be controlled as required for doWnstream 
processing. The doWnstream mechanical integrity problems 
that may result from the high levels of heat generated in the 
primary heat-generating unit may be avoided and process 
operability may be improved by controlling the reduced 
temperature of the exothermically-generated syngas prod 
uct. 

[0043] Another advantage of this invention that any solid 
carbon present in the exothermically-generated syngas prod 
uct can be at least partially gasi?ed mitigating fouling, 
erosion or plugging of doWnstream heat exchangers such as 
HERs, boilers or preheaters. 
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[0044] Where the reactive mixture comprises carbon diox 
ide, at least a portion of the carbon dioxide may be reacted 
together With at least a portion of the molecular hydrogen in 
said mixture over a catalyst in a reverse Water gas shift 
reaction Zone to produce a carbon monoxide-enriched syn 
gas product. 

[0045] Where the reactive mixture comprises solid carbon 
particles, at least a portion of the particles may be gasi?ed 
by reaction With at least one other component of the mixture 
in a gasi?cation Zone to produce a solid carbon-depleted 
syngas product. The gasi?cation reaction preferably occurs 
on the surface of a gasi?cation reaction support structure and 
may be catalysed. 

[0046] The process preferably further comprises endother 
mically reforming hydrocarbon-containing fuel gas With 
steam over a catalyst in a heat exchange reformer to produce 
a heat exchange-reformed syngas product. At least a portion 
of the heat required in the generation of said heat exchange 
reformed syngas product is obtained by recovering heat 
from said reacted syngas product thereby cooling the reacted 
syngas product. Use of this heat in this Way provides further 
overall cooling of the syngas. The heat exchange-reformed 
syngas product may be combined With the reacted syngas 
product prior to heat recovery. 

[0047] When the reactive diluent ?uid is a gas, the exo 
thermically-generated syngas product is ?rst cooled via 
sensible heat exchange. When the reactive diluent ?uid is a 
liquid, inital cooling occurs via vaporisation and sensible 
heat exchange. The reactive diluent ?uid may be recovered 
and recycled from doWnstream processing of syngas. The 
reactive diluent ?uid may promote the gasi?cation of any 
solid carbon particles or soot present in the reactive mixture. 
The reactive diluent ?uid may be imported from an external 
source. 

[0048] The reactive diluent ?uid preferably comprises 
carbon dioxide. An advantage of using carbon dioxide as the 
diluent is that it may be readily converted to more useful 
carbon monoxide via a reverse Water-gas shift reaction (see 
reaction (III)), resulting in more carbon monoxide being 
available for doWnstream processing. In addition, if the 
carbon dioxide has been recycled from doWnstream pro 
cesses, the potential emission level of this greenhouse gas is 
reduced. 

[0049] The reactive diluent ?uid may comprise carbon 
dioxide separated, eg by acid gas recovery and recycled 
from doWnstream syngas or recovered and recycled from 
doWnstream processing of syngas. Alternately, the residual 
gas from a GTL reactor comprising carbon dioxide can be 
recycled Without processing in an AGR unit. The reactive 
diluent may comprise the products of a combustion process 
Which Would contain a signi?cant quantity of carbon diox 
ide. The combustion products may be selected from the 
group consisting of combustion furnace ?ue gases and gas 
turbine exhaust gas. The reactive diluent ?uid may comprise 
carbon dioxide imported from an external source. For certain 
applications, the reactive diluent ?uid may comprise carbon 
dioxide and methane either alone or together With other 
hydrocarbon(s) such as ethane, propane, butane, pentane, 
hexane and/or their isomers. In a typical F-T based GTL 
process, the diluent may be a residual ef?uent of the reactor 
after separation of synfuel and Water. In this case, it Would 
comprise of carbon dioxide, unreacted carbon monoxide and 
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molecular hydrogen, loW molecular Weight paraffins, ole?ns 
and oxygenates. The recycling of these gases increases their 
utiliZation and increases the overall GTL process ef?ciency. 

[0050] The reactive diluent ?uid may comprise molecular 
hydrogen. The injection of hydrogen into the ?rst syngas 
product pushes the position of the equilibrium in reaction 
(III) in a reverse Water gas shift reaction toWards the carbon 
monoxide product side. This effect is advantageous because 
it promotes the conversion of carbon dioxide to carbon 
monoxide. 

[0051] The use of carbon dioxide or molecular hydrogen 
as diluent is advantageous as both gases are capable of 
promoting the gasi?cation of carbon components in the 
mixture of cooled exothermically-generated syngas product 
and reactive diluent ?uid. 

[0052] The reactive diluent ?uid may comprise Water. The 
Water may be in the form of liquid Water or steam or may 
comprise a combination of liquid Water and steam. The 
injection of Water is primarily to promote the gasi?cation of 
carbon components in the mixture of cooled exothermically 
generated syngas product and reactive diluent ?uid. 

[0053] The reacted syngas product from the reformer is 
preferably used in a doWnstream conversion process to 
produce conversion products selected from the group con 
sisting of hydrocarbon liquid fuels, methanol, DME and 
oxo-alcohols. 

[0054] In a second aspect of the present invention, there is 
provided a process for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said process 
comprising; 

[0055] exothermically reacting hydrocarbon-contain 
ing fuel With an oxidant gas comprising molecular 
oxygen in a ?rst reactor to produce an exothermi 

cally-generated syngas product; 

[0056] cooling an ef?uent stream of said exothermi 
cally-generated syngas product by combining reac 
tive diluent ?uid With said stream to produce a 
mixture comprising cooled exothermically-gener 
ated syngas product and reactive diluent ?uid, said 
mixture further comprising at least one component 
selected from the group consisting of carbon dioxide 
and solid carbon particles; 

[0057] reacting together carbon dioxide in said mix 
ture With molecular hydrogen in said mixture to 
produce a carbon monoxide-enriched syngas prod 
uct; and/or gasifying solid carbon particles in said 
mixture With at least one other component in said 
mixture to produce a solid carbon-depleted syngas 
product. 

[0058] The step of the process to produce solid carbon 
depleted syngas can be carried out instead of the step to 
produce carbon monoxide-enriched syngas and vice versa. 
Alternatively, the tWo steps can be carried out either sequen 
tially or simultaneously. 
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[0059] In a third aspect of the present invention, there is 
provided a process for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said process 
comprising: 

[0060] exothermically reacting hydrocarbon-contain 
ing fuel gas With an oxidant gas comprising molecu 
lar oxygen in a ?rst reactor to produce a ?rst syngas 
product; 

[0061] cooling an effluent stream of said ?rst syngas 
product by combining reactive diluent ?uid compris 
ing carbon dioxide With said stream to produce a 
mixture of cooled ?rst syngas product and reactive 
diluent ?uid; 

[0062] reacting at least a portion of the carbon diox 
ide in said mixture With at least a portion of the 
molecular hydrogen in said mixture over a catalyst in 
a reverse Water gas shift reaction Zone to produce a 
carbon monoxide-enriched syngas product; 

[0063] endothermically reforming hydrocarbon-con 
taining fuel gas With steam over a catalyst in a heat 
exchange reformer to produce a second syngas prod 
uct; and 

[0064] combining at least a portion of said second 
syngas product With at least a portion of the carbon 
monoxide-enriched syngas product to produce a 
combined syngas product, 

[0065] Wherein at least a portion of the heat generated in 
the exothermic reaction producing said ?rst syngas product 
is used to drive the endothermic reforming reaction. 

[0066] In a fourth aspect of the present invention, there is 
provided apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

[0067] a ?rst reactor in Which hydrocarbon-contain 
ing fuel is reacted exothermically With an oxidant 
gas comprising molecular oxygen to produce an 
exothermically-generated syngas product; 

[0068] conduit means for removing an effluent 
stream of said exothermically-generated syngas 
product from the ?rst reactor; 

[0069] means for combining a stream of reactive 
diluent ?uid With said ef?uent stream to produce a 
reactive mixture; and 

[0070] a second reactor in Which said mixture reacts 
to produce a reacted syngas product. 

[0071] The ?rst reactor is preferably selected from the 
group consisting of a POX reactor, an ATR or a CPO reactor. 

[0072] Where the reactive mixture comprises carbon diox 
ide, the second reactor preferably has a reverse Water gas 
shift reaction Zone in Which at least a portion of the carbon 
dioxide and at least portion of the molecular hydrogen in the 
reactive mixture are reacted together over a catalyst to 
produce a carbon monoxide-enriched syngas. 

[0073] Where the reactive mixture comprises solid carbon 
particles, the second reactor may have a gasi?cation reaction 
Zone in Which at least a portion of the solid carbon particles 
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is gasi?ed by reaction With at least one other component of 
the reactive mixture to produce a solid carbon-depleted 
syngas. 

[0074] The apparatus preferably further comprises a heat 
exchange reformer in Which hydrocarbon-containing fuel 
gas is reformed endothermically With steam over a catalyst 
to produce a heat exchange-reformed syngas product, 
Wherein at least a portion of the heat required in the 
generation of said heat exchange-reformed syngas product is 
obtained by recovering heat from said reacted syngas prod 
uct thereby cooling the reacted syngas product. 

[0075] The reformer is preferably a shell and tube style 
reformer in Which the endothermic reforming reaction 
occurs Within the tubes and the reacted syngas product is 
introduced to the shell-side. Most preferably, the reformer is 
an EHTR. 

[0076] In a ?fth aspect of the present invention, there is 
provided apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

[0077] a ?rst reactor in Which hydrocarbon-contain 
ing fuel is reacted exothermically With an oxidant 
gas comprising molecular oxygen to produce an 
exothermically-generated syngas product; 

[0078] conduit means for removing an ef?uent 
stream of said exothermically generated syngas 
product from the ?rst reactor; 

[0079] means for combining reactive diluent gas 
comprising carbon dioxide With said effluent stream 
to produce a mixture comprising cooled ?rst syngas 
product and reactive diluent gas, said mixture further 
comprising at least one component selected from the 
group consisting of carbon dioxide and solid carbon 
particles; 

[0080] a reverse Water gas shift reaction Zone in 
Which carbon dioxide in said mixture is reacted 
together With molecular hydrogen in said mixture 
over a catalyst to produce a carbon monoxide-en 
riched syngas product; and/or 

[0081] a gasi?cation reaction Zone in Which solid 
carbon particles in said mixture are gasi?ed With at 
least one other component in said mixture to produce 
a solid carbon-depleted syngas product. 

[0082] In a sixth aspect of the present invention, there is 
provided apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

[0083] a ?rst reactor in Which hydrocarbon-contain 
ing fuel gas is reacted exothermically With an oxi 
dant gas comprising molecular oxygen to produce a 
?rst syngas product; 

[0084] conduit means for removing an ef?uent 
stream of said ?rst syngas product from the ?rst 
reactor; 

[0085] means for combining reactive diluent gas 
comprising carbon dioxide With said effluent stream 
to produce a mixture of cooled ?rst syngas product 
and reactive diluent gas; 
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[0086] a reverse Water gas shift reaction Zone in 
Which at least a portion of the carbon dioxide in said 
mixture is reacted With at least a portion of the 
molecular hydrogen in said mixture over a catalyst to 
produce a carbon monoxide-enriched syngas prod 
uct; and 

[0087] a heat exchange reformer in Which hydrocar 
bon-containing fuel gas is reformed endothermically 
With steam over a catalyst to produce a second 
syngas product and in Which at least a portion of said 
second syngas product is combined With at least a 
portion of said carbon monoxide-enriched syngas 
product to produce a combined syngas product, 
Wherein at least a portion of the heat generated in the 
exothermic reaction producing said ?rst syngas 
product is used to drive the endothermic reforming 
reaction. 

[0088] The ?rst reactor is preferably a POX reactor as this 
reactor produces the highest temperature syngas (When 
compared With ATR and CPO) and the higher the tempera 
ture of the syngas from the primary heat-generating unit, the 
higher the conversion of carbon dioxide in the reactive 
diluent and the better the efficiency of doWnstream HER 
processing. The POX reactor is preferably used in combi 
nation With an EHTR as the heat exchange reformer. 

EXAMPLE 

[0089] Referring to FIG. 1, a stream 2 of natural gas is 
preheated by indirect heat exchange 8, hydrodesulfuriZed as 
required, and divided into a ?rst portion 4 and a second 
portion 6. The ?rst portion 4 is introduced into a POX 
reactor 12. A stream 14 of oxygen is pre-heated by indirect 
heat exchange 16 and the pre-heated oxygen stream 18 is 
also fed to the POX reactor 12. The natural gas and the 
oxygen are reacted together in the POX reactor 12 to 
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produce ?rst syngas product. A stream 20 of ?rst syngas 
product is removed from the POX reactor 12 at a tempera 
ture of from 1200 to 140020 C. 

[0090] A stream 22 comprising carbon dioxide is intro 
duced to and cools the ?rst syngas product stream 20. The 
cooled stream 24 is fed to a reverse Water gas shift reactor 
26 in Which at least a portion of the carbon dioxide from the 
cooled stream 24 is reacted With at least a portion of the 
hydrogen from the cooled stream 24 to produce carbon 
monoxide and Water. The catalytic reaction is endothermic 
and, thus, a further cooling effect on the syngas is observed. 
A stream 28 of carbon monoxide-enriched syngas is 
removed from the reverse Water gas shift reactor 26 and 
introduced to the shell-side of an EHTR 30. 

[0091] A stream 32 of steam is introduced to the second 
portion 6 of the natural gas and the combined stream 34 is 
pre-heated by indirect heat exchange 36. The pre-heated 
combined stream 38 is introduced to the tube-side of the 
EHTR 30. The tubes of the EHTR 30 contain conventional 
steam-methane reforming catalyst and the natural gas and 
the steam react to form second syngas product. Heat from 
the shell-side of the EHTR 30 provided at least in part by the 
carbon monoxide-enriched syngas, is used to drive the 
endothermic catalytic steam-methane reforming reaction. 

[0092] The second syngas product leaving the tubes of the 
EHTR 30 is combined With the ?rst syngas product to form 
a combined syngas product. Astream 40 of combined syngas 
product is removed for doWnstream processing, in particular 
for the synthesis of hydrocarbon liquid fuels (e. g. by the F-T 
process), methanol (e. g. by the catalytic hydrogenation of 
carbon monoxide), oxo-alcohols and DME. 

[0093] Table 1 contains data for the composition of vari 
ous streams in the process of FIG. 1 calculated in a 
computer simulation. 

4 6 
STREAM ID 2 NG TO NG TO 18 

FOX 02 
STREAM NG FEED POX EHTR POX OUT 

Temperature F 60 685 685 449.3 
Pressure psia 515 494 494 460 
Mole Flow lb mol/hr 18542 14471 4653 9187 
Enthalpy MMBtu/hr —625.0 —371.6 —119.5 24.3 
COMPONENTS 
Mole FloW lb mol/hr 
H2 440.4 141.6 
C1 17564.4 13290.9 4273.5 
C2 585.9 443.4 142.6 
C3 100.1 75.8 24.4 
C4 33.4 25.3 8.1 
C5 11.1 8.4 2.7 
C6 7.4 5.6 1.8 
CD 131.6 99.6 32.0 
CM 
WA 
02 9140.6 
AR 45.9 
N2 107.5 81.4 26.2 
Mole percent 
H2 3.00% 3.00% 
C1 94.70% 91.80% 91.80% 
C2+ PRESENT PRESENT PRESENT 

CD 0.70% 0.70% 0.70% 

22 24 28 38 
20 ET QUENCH CATBEDO EHTR 40 

OFFGAS ED UT FEED EHTR OUT 

2450 100 2269.7 2185.7 950 1094.2 
412 600 412 412 484 412 

43416 2301 45717 45908 14499 68238 
-348.3 -390.9 -739.2 -739.2 -1055.0 -1814.0 

25213.8 25213.8 23774.9 141.6 36219.7 
200.1 200.1 104.3 4273.5 877.1 

142.6 
24.4 
8.1 
2.7 
1.8 

741.7 2300.9 3042.5 1316.1 32.0 2139.7 
13739.6 13739.6 15561.9 18686.0 
3393.3 3393.3 5023.9 9845.9 10162.6 

45.9 45.9 45.9 45.9 
81.4 81.4 81.4 26.2 107.5 

58.10% 55.20% 51.80% 1.00% 53.10% 
0.50% 0.40% 0.20% 29.50% 1.30% 

PRESENT 

1.70% 100.00% 6.70% 2.90% 0.20% 3.10% 
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-continued 

4 6 22 24 28 38 
STREAM ID 2 NG TO NG TO 18 20 FT QUENCH CATBEDO EHTR 40 

FOX 02 
STREAM NG FEED POX EHTR POX OUT OFFGAS ED UT FEED EHTR OUT 

CM 31.60% 30.10% 33.90% 27.40% 
WA 7.80% 7.40% 10.90% 67.90% 14.90% 
02 99.50% 
AR 0.50% 0.10% 0.10% 0.10% 0.10% 
N2 0.60% 0.60% 0.60% 0.20% 0.20% 0.20% 0.20% 0.20% 

[0094] Referring noW to FIG. 2, a syngas generation 
system 42 of the type depicted in FIG. 1 is fed by a stream 
2 of hydrocarbon fuel gas, a stream 14 of oxygen or air and 
a stream 32 of steam. Astream 40 of syngas is removed from 
the syngas generation system 42 and fed to a syngas con 
version system 44. The syngas conversion system 44 may 
use an F-T process to synthesiZe liquid hydrocarbons or 
involve the synthesis of methanol, DME or oxo-alcohols. A 
stream 46 of raW conversion product is removed from the 
syngas conversion system 44 and upgraded and re?ned 50 to 
produce the liquid products 52. 

[0095] Astream 22 of reactive diluent gas is recycled from 
the syngas conversion system 44 to the syngas generation 
system 42. Arecycle stream 54 may also be taken from the 
product upgrading and re?ning process 50. 

[0096] It Will be appreciated that the invention is not 
restricted to the details described above With reference to the 
preferred embodiments but that numerous modi?cations and 
variations can be made Without departing from the spirit or 
scope of the invention as de?ned in the folloWing claims. 

1. Aprocess for the production of synthesis gas (“syngas”) 
comprising carbon monoxide and molecular hydrogen, said 
process comprising; 

exothermically reacting hydrocarbon-containing fuel With 
an oxidant gas comprising molecular oxygen in a ?rst 
reactor to produce an exothermically-generated syngas 
product; 

combining a stream of reactive diluent ?uid With a stream 
of said exothermically-generated syngas product to 
produce a reactive mixture; and 

reacting said mixture in a second reactor to produce a 
reacted syngas product. 

2. The process according to claim 1, Wherein the oxidant 
gas consists of molecular oxygen. 

3. The process according to claim 1, Wherein the hydro 
carbon fuel is reacted With the oxidant gas in the presence of 
Water. 

4. The process according to claim 1 Wherein the reactive 
mixture comprises carbon dioxide, at least a portion of 
Which is reacted together With at least a portion of the 
molecular hydrogen in said mixture over a catalyst in a 
reverse Water gas shift reaction Zone to produce a carbon 
monoxide-enriched syngas product. 

5. The process according to claim 1 Wherein the reactive 
mixture comprises solid carbon particles, at least a portion 
of Which is gasi?ed by reaction With at least one other 
component of the mixture in a gasi?cation Zone to produce 
a solid carbon-depleted syngas product. 

6. The process according to claim 1 further comprising 
endothermically reforming hydrocarbon-containing fuel gas 
With steam over a catalyst in a heat exchange reformer to 
produce a heat exchange-reformed syngas product, Wherein 
at least a portion of the heat required in the generation of said 
heat exchange-reformed syngas product is obtained by 
recovering heat from said reacted syngas product thereby 
cooling the reacted syngas product. 

7. The process according to claim 6 Wherein said heat 
exchange-reformed syngas product is combined With said 
reacted syngas product prior to heat recovery. 

8. The process according to claim 1 Wherein the reactive 
diluent ?uid is a gas thereby cooling the exothermically 
generated syngas product via sensible heat exchange. 

9. The process according to claim 1 Wherein the reactive 
diluent ?uid is a liquid thereby cooling the exothermically 
generated syngas product via vaporisation and sensible heat 
exchange. 

10. The process according to claim 1 Wherein the reactive 
diluent ?uid is recovered and recycled from doWnstream 
processing of syngas. 

11. The process according to claim 1 Wherein the reactive 
diluent ?uid comprises carbon dioxide. 

12. The process according to claim 11 Wherein the reac 
tive diluent ?uid comprises carbon dioxide separated and 
recycled from doWnstream syngas. 

13. The process according to claim 11 Wherein the reac 
tive diluent ?uid comprises the products of a combustion 
process. 

14. The process according to claim 13 Wherein the com 
bustion products are selected from the group consisting of 
combustion furnace ?ue gases and gas turbine exhaust gas. 

15. The process according to claim 11 Wherein the reac 
tive diluent ?uid comprises carbon dioxide imported from an 
external source. 

16. The process according to claim 11 Wherein the reac 
tive diluent ?uid further comprises a component selected 
from the group consisting of methane and other hydrocar 
bon(s). 

17. The process according to claim 1 Wherein the reactive 
diluent ?uid comprises molecular hydrogen. 

18. The process according to claim 1 Wherein the reactive 
diluent ?uid comprises Water. 

19. The process according to claim 18 Wherein the Water 
is in the form of liquid Water. 

20. The process according to claim 18 Wherein at least a 
portion of the Water is in the form of steam. 

21. The process according to claim 1 Wherein the reacted 
syngas product is used in a doWnstream conversion process 
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to produce conversion products selected from the group 
consisting of hydrocarbon liquid fuels, methanol, DME and 
oxo-alcohols. 

22. A process for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said process 
comprising; 

exothermically reacting hydrocarbon-containing fuel With 
an oxidant gas comprising molecular oxygen in a ?rst 
reactor to produce an exothermically-generated syngas 
product; 

cooling an effluent stream of said exothermically-gener 
ated syngas product by combining reactive diluent ?uid 
With said stream to produce a mixture comprising 
cooled exothermically-generated syngas product and 
reactive diluent ?uid, said mixture further comprising 
at least one component selected from the group con 
sisting of carbon dioxide and solid carbon particles; 

reacting together carbon dioxide in said mixture With 
molecular hydrogen in said mixture to produce a car 
bon monoxide-enriched syngas product; and/or 

gasifying solid carbon particles in said mixture With at 
least one other component in said mixture to produce a 
solid carbon-depleted syngas product. 

23. A process for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said process 
comprising: 

exothermically reacting hydrocarbon-containing fuel gas 
With an oxidant gas comprising molecular oxygen in a 
?rst reactor to produce a ?rst syngas product; 

cooling an ef?uent stream of said ?rst syngas product by 
combining reactive diluent ?uid comprising carbon 
dioxide With said stream to produce a mixture of cooled 
?rst syngas product and reactive diluent ?uid; 

reacting at least a portion of the carbon dioxide in said 
mixture With at least a portion of the molecular hydro 
gen in said mixture over a catalyst in a reverse Water 
gas shift reaction Zone to produce a carbon monoxide 
enriched syngas product; 

endothermically reforming hydrocarbon-containing fuel 
gas With steam over a catalyst in a heat exchange 
reformer to produce a second syngas product; and 

combining at least a portion of said second syngas product 
With at least a portion of the carbon monoxide-enriched 
syngas product to produce a combined syngas product, 

Wherein at least a portion of the heat generated in the 
exothermic reaction producing said ?rst syngas product 
is used to drive the endothermic reforming reaction. 

24. Apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

a ?rst reactor in Which hydrocarbon-containing fuel is 
reacted exothermically With an oxidant gas comprising 
molecular oxygen to produce an exothermically-gen 
erated syngas product; 

conduit means for removing an effluent stream of said 
exothermically-generated syngas product from the ?rst 
reactor; 
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means for combining a stream of reactive diluent ?uid 
With said ef?uent stream to produce a reactive mixture; 
and 

a second reactor in Which said mixture reacts to produce 
a reacted syngas product. 

25. Apparatus according to claim 24 Wherein the ?rst 
reactor is selected from the group consisting of a partial 
oxidation (“POX”) reactor, an autothermal reformer 
(“ATR”) and a catalytic partial oxidation (“CPO”) reactor. 

26. Apparatus according to claim 24 Wherein the reactive 
mixture comprises carbon dioxide and the second reactor 
has a reverse Water gas shift reaction Zone in Which at least 
a portion of the carbon dioxide and at least portion of the 
molecular hydrogen in said mixture are reacted together 
over a catalyst to produce a carbon monoxide-enriched 
syngas product. 

27. Apparatus according to claim 24 Wherein the reactive 
mixture comprises solid carbon particles and the second 
reactor has a gasi?cation reaction Zone in Which at least a 
portion of the solid carbon particles is gasi?ed by reaction 
With at least one other component of the mixture to produce 
a solid carbon-depleted syngas product. 

28. Apparatus according to claim 24 further comprising a 
heat exchange reformer in Which hydrocarbon-containing 
fuel gas is reformed endothermically With steam over a 
catalyst to produce a heat exchange-reformed syngas prod 
uct, Wherein at least a portion of the heat required in the 
generation of said heat exchange-reformed syngas product is 
obtained by recovering heat from said reacted syngas prod 
uct thereby cooling the reacted syngas product. 

29. Apparatus according to claim 28 Wherein the heat 
exchange reformer is a shell and tube style reformer in 
Which the endothermic reforming reaction occurs Within the 
tubes and the reacted syngas product is introduced to the 
shell-side. 

30. Apparatus according to claim 28 Wherein the reformer 
is an enhanced heat transfer reformer (“EHTR”). 

31. Apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

a ?rst reactor in Which hydrocarbon-containing fuel is 
reacted exothermically With an oxidant gas comprising 
molecular oxygen to produce an exothermically-gen 
erated syngas product; 

conduit means for removing an effluent stream of said 
exothermically generated syngas product from the ?rst 
reactor; 

means for combining reactive diluent gas comprising 
carbon dioxide With said effluent stream to produce a 
mixture comprising cooled ?rst syngas product and 
reactive diluent gas, said mixture further comprising at 
least one component selected from the group consisting 
of carbon dioxide and solid carbon particles; 

a reverse Water gas shift reaction Zone in Which carbon 
dioxide in said mixture is reacted together With molecu 
lar hydrogen in said mixture over a catalyst to produce 
a carbon monoxide-enriched syngas product; and/or 

a gasi?cation reaction Zone in Which solid carbon par 
ticles in said mixture are gasi?ed With at least one other 
component in said mixture to produce a solid carbon 
depleted syngas product. 
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32. Apparatus for the production of syngas comprising 
carbon monoxide and molecular hydrogen, said apparatus 
comprising: 

a ?rst reactor in Which hydrocarbon-containing fuel gas is 
reacted exothermically With an oxidant gas comprising 
molecular oxygen to produce a ?rst syngas product; 

conduit means for removing an effluent stream of said ?rst 
syngas product from the ?rst reactor; 

means for combining reactive diluent gas comprising 
carbon dioxide With said effluent stream to produce a 
mixture of cooled ?rst syngas product and reactive 
diluent gas; 

a reverse Water gas shift reaction Zone in Which at least a 
portion of the carbon dioxide in said mixture is reacted 
With at least a portion of the molecular hydrogen in said 
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mixture over a catalyst to produce a carbon monoxide 
enriched syngas product; and 

a heat exchange reformer in Which hydrocarbon-contain 
ing fuel gas is reformed endothermically With steam 
over a catalyst to produce a second syngas product and 
in Which at least a portion of said second syngas 
product is combined With at least a portion of said 
carbon monoxide-enriched syngas product to produce a 
combined syngas product, Wherein at least a portion of 
the heat generated in the exothermic reaction producing 
said ?rst syngas product is used to drive the endother 
mic reforming reaction. 

33. Apparatus according to claim 32 Wherein the ?rst 
reactor is a partial oxidation (“POX”) reactor and the 
reformer is an EHTR. 

* * * * * 


