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(57) ABSTRACT 

The present invention provides a reactor, Which includes: 

a unitary shell assembly having an inlet and an outlet; 

a How path extending Within the shell assembly from 
the inlet to the outlet, the How path having a steam 
reformer section With a ?rst catalyst and a Water gas 
shift reactor section With a second catalyst, the steam 
reformer section being located upstream of the Water 
gas shift reactor section; 

a heating section Within the shell assembly and con 
?gured to heat the steam reformer section; and 

a cooling section Within the shell assembly and con 
?gured to cool the Water gas shift reactor section. 
The present invention also provides a simpli?ed 
hydrogen production system, Which includes the 
catalytic steam reforming and subsequent high tem 
perature Water gas shift of loW-sulfur (<100 ppm by 
mass) hydrocarbon fuels folloWed by hydrogen puri 
?cation through the pressure sWing adsorption 
(PSA). The integrated reactor offers signi?cant 
advantages such as loWer heat loss, loWer parts 
count, loWer thermal mass, and greater safety than 
the many separate components employed in conven 
tional and is especially Well-suited to applications 
Where less than 15,000 standard cubic feet per hour 
of hydrogen are required. The improved system also 
may be started, operated and shutdown more simply 
and quickly than What is currently possible in con 
ventional systems. The improved system preferably 
employs active temperature control for added safety 
of operation. The hydrogen product is of high purity, 
and the system may be optionally operated With a 
feedback control loop for added purity. 
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SYSTEM FOR HYDROGEN GENERATION 
THROUGH STEAM REFORMING OF 
HYDROCARBONS AND INTERGRATED 
CHEMICAL REACTOR FOR HYDROGEN 
PRODUCTION FROM HYDROCARBONS 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to an integrated 
chemical reactor for the production of hydrogen from hydro 
carbon fuels such as natural gas, propane, lique?ed petro 
leum gas, alcohols, naphtha and other hydrocarbon fuels and 
having a unique unitiZed, multifunctional structure. The 
integrated reactor offers signi?cant advantages such as loWer 
heat loss, loWer parts count, loWer thermal mass, and greater 
safety than the many separate components employed in 
conventional systems to achieve the same end. The inte 
grated reactor is especially Well-suited to applications Where 
less than 15,000 standard cubic feet per hour of hydrogen are 
required. 

[0003] The present invention also relates to the generation 
of hydrogen for use in industrial applications, as a chemical 
feedstock, or as a fuel for stationary or mobile poWer plants. 

[0004] 2. Discussion of the Background 

[0005] Hydrogen production from natural gas, propane, 
lique?ed petroleum gas (LPG), alcohols, naphtha and other 
hydrocarbon fuels is an important industrial activity. Typical 
industrial applications include feedstock for ammonia syn 
thesis and other chemical processes, in the metals processing 
industry, for semiconductor manufacture and in other indus 
trial applications, petroleum desulfuriZation, and hydrogen 
production for the merchant gas market. The demand for 
loW-cost hydrogen at a smaller scale than produced by 
traditional industrial hydrogen generators has created a 
market for small-scale hydrogen production apparatus (<15, 
000 standard cubic feet per hour (scfh)). This demand has 
been augmented by the groWing enthusiasm for hydrogen as 
a fuel for stationary and mobile poWerplants, especially 
those employing electrochemical fuel cells, Which require 
hydrogen as a fuel. 

[0006] Hydrogen is typically produced from hydrocarbon 
fuels industrially via chemical reforming using combina 
tions of steam reforming and partial oxidation. This is 
typically achieved at scales larger than one ton per day using 
Well-knoWn process and catalyst designs. For several rea 
sons, it is dif?cult to adapt these large-scale technologies to 
economically produce hydrogen at small scales. Typical 
industrial applications produce far more than —15,000 stan 
dard cubic feet per hour (~1 ton per day), and often employ 
catalytic steam reforming of light hydrocarbons in radiantly 
?red furnaces. Steam reforming of hydrocarbons is illus 
trated for the simple case of methane beloW. 

[0007] The above reaction is highly endothermic, and the 
reacting ?uid must have energy transferred to it for the 
reaction to proceed. Further, the extent of the reaction is loW 
at loW temperatures, such that greatly elevated temperatures, 
often as high as 800° C., are required by conventional 
systems to convert an acceptable amount of hydrocarbon to 
hydrogen and carbon monoxide. The catalyst employed in 
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industrial reactors is typically composed of an active nickel 
metal component supported on a ceramic support. 

[0008] The radiantly-?red furnaces employed in large 
scale industrial reactors have many disadvantages that make 
them unsuitable for small-scale systems. The most important 
disadvantage is the very high temperature of the radiant 
burners and the gas contacting the reactor surfaces, Which 
are usually tubular in form. The temperature of the radiant 
burners often approaches or exceeds the melting temperature 
of the alloy from Which the tubes are fabricated. Melting of 
the tubes is prevented by the rapid endothermic catalytic 
reaction inside the tubes. If, hoWever, the catalyst fails due 
to carbon formation, sulfur poisoning or other causes, then 
the tubes form What is referred to in the literature as a “hot 
spot,” Which greatly accelerates the failure of the reactor 
tube in question. In large-scale systems, careful monitoring 
and control of the furnace and tube temperatures as Well as 
exceptionally rugged construction of the tubes makes the 
risks of hot spots acceptable. For systems producing beloW 
1 ton per day, hoWever, the complexity and cost of such 
safety measures can become prohibitive. Nonetheless, 
small-scale steam reformers utiliZing radiant heat transfer 
are knoWn and described, for example, in US. Pat. No. 
5,484,577 to BusWell. et al. The extreme measures necessary 
to control the temperature in arrays of reformer tubes are 
likeWise documented in US. Pat. No. 5,470,360 to Seder 
quist. 

[0009] A means of transferring the necessary heat to the 
reacting gases Without radiant heat transfer and its attendant 
risks, Which is especially Well-suited to small-scale steam 
reforming, is the use of compact heat exchange surfaces, 
such as arrays of tubes or ?nned-plates. The heat transfer 
mechanism in such devices is dominated by convection and 
conduction With minimal radiant transfer. An example of 
this approach is described in US. Pat. No. 5,733,347 to 
Lesuir, Wherein ?nned plates are employed to increase heat 
transfer. Tubular compact heat exchangers for steam reform 
ing are sold by Haldor Topsoe, Inc. of Houston, Tex. 

[0010] Conventional hydrogen generation systems 
employing steam reforming of hydrocarbon fuels typically 
include three main reaction steps for producing hydrogen; 
steam reforming, high-temperature Water gas shift, and loW 
temperature Water gas shift. The important reactions for 
methane are as folloWs: 

[0011] It is evident from the equation for steam reforming 
of hydrocarbon fuel that the principal products are hydrogen 
and carbon monoxide. The carbon monoxide may be con 
verted into additional hydrogen via a catalytic reaction With 
steam (Water gas shift reaction. 

[0012] The Water gas shift reaction is mildly exothermic 
and thus is thermodynamically favored at loWer tempera 
tures. HoWever, the kinetics of the reaction are superior at 
higher temperatures. Thus, it is common practice to ?rst cool 
the reformate product from the steam reformer in a heat 
exchanger to a temperature betWeen 350° C. and 500° C. and 
conduct the reaction over a catalyst composed of ?nely 
divided oxides of iron and chromium formed into tablets. 
The resulting reformate gas is then cooled once again to a 
temperature betWeen 200° C. and 250° C. and reacted over 
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a catalyst based upon mixed oxides of copper and nickel. An 
example of this approach is given in US. Pat. No. 5,360,679 
to BusWell. et al. In cases Where an exceptionally pure 
hydrogen product is required, the temperature of the loW 
temperature shift converter is controlled by including a heat 
exchanger in the reactor itself, and an example of this 
approach is given in US. Pat. No. 5,464,606 to BusWell. et 
al. In all cases, the loW temperature shift converter is quite 
large because of the poor catalyst activity at loW tempera 
tures. 

[0013] In conventional systems, subsets of the process 
components are connected to one another via external 
plumbing; each component of the process being typically 
referred to as a “unit process,” in the chemical engineering 
literature. This approach is preferred in large, industrial units 
because standard hardWare may be used. OWing to the large 
siZe of industrial units, the unit process approach also makes 
shipping of the components to the site of the installation 
feasible, as combinations of the components are sometimes 
too large to be transported by road or rail. 

[0014] For systems producing less than 1 ton per day, 
hoWever, the unit process approach has many disadvantages. 
The ?rst disadvantage is the high proportion of the total 
system mass dedicated to the hardWare and plumbing of the 
separate components. This high mass increases startup time, 
material cost, and system total mass, Which is undesirable 
for mobile applications such as poWerplants for vehicles. 

[0015] Another disadvantage of the unit process approach 
in small systems is the complexity of the plumbing system 
to connect the components. The complexity increases the 
likelihood of leaks in the ?nal system, Which presents a 
safety haZard, and also signi?cantly increases the cost of the 
assembly process itself. Moreover, the requirement that each 
component have its oWn inlet and outlet provisions also adds 
considerable manufacturing cost to the components them 
selves. 

[0016] A third disadvantage is the high surface area of the 
plumbing relative to the unit process hardWare itself, Which 
means that a disproportionately large amount of heat is lost 
through the connecting plumbing in small scale systems. 
This can drastically reduce the thermal ef?ciency of the 
system and adds cost and complexity associated With 
adequately insulating the plumbing system. 

[0017] A fourth disadvantage to the unit process approach 
in small-scale systems is that this approach requires a large 
volume to package, as each component and its associated 
plumbing must be accessible for assembly and maintenance 
purposes. This is particularly disadvantageous in space 
sensitive applications such as building fuel cell poWer 
stations, fuel cell vehicle refueling stations, and fuel cell 
mobile poWerplant hydrogen generation. 

[0018] Hydrogen is typically separated from the other 
reaction products using pressure sWing adsorption (PSA) 
technology. The design of these PSA systems is largely 
dictated by the catalyst chemistry employed in the steam 
reformer and the loW-temperature Water gas shift reactor. 
These catalysts, typically based on nickel metal in the 
former and copper in the latter case, are extremely sensitive 
to poisoning and deactivation by sulfur or molecular oxy 
gen. Thus, the incoming feed gas must be carefully treated 
to remove these materials. Further, the system must protect 
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the catalysts against these agents during startup, shut-doWn, 
and during intervals When the system is shut doWn. Espe 
cially in the case of molecular oxygen, exposure of the 
active catalyst can lead to catalyst damage and even create 
a safety haZard through pyrophoric oxidation of the ?nely 
divided base metal catalysts. 

[0019] Several steps are necessary in conventional sys 
tems to prevent damage to the reforming and LoW Tempera 
ture Shift (LTS) catalysts. 

[0020] (1) During operation, the incoming fuel must be 
treated to remove both sulfur and molecular oxygen. Sulfur 
in particular is generally reduced beloW 1 part per million, 
and more preferably beloW 100 parts per billion. This is 
typically achieved through a combination of a partial oxi 
dation to remove oxygen folloWed by a hydrodesulfuriZation 
(HDS) process. Such systems typically require recycle of 
high-temperature, hydrogen-rich product gas to the inlet 
through the use of a gas compressor or a ?uid ejector as 
exempli?ed by US. Pat. No. 3,655,448 to SetZer, US. Pat. 
No. 4,976,747 to SZydloWski and Lesieur, and US. Pat. No. 
5,360,679 to BusWell. et al. Because accurate temperature 
control is required for the HDS reaction, several heat 
exchangers as Well as active temperature control logic 
circuits and How control valves are also required. Provision 
of these reactors, heat exchangers, valves, as Well as sensors 
and controls adds signi?cantly to the complexity of conven 
tional systems. 

[0021] (2) Startup of conventional system requires bring 
ing all of the components to near operating temperature, 
usually While blanketed in inert gas, then carefully initiating 
the reaction. Before the system is at operating conditions, 
full removal of sulfur and molecular oxygen is not guaran 
teed, so the process feed gas must be vented to the atmo 
sphere, Wasting fuel, generating air pollution, and creating a 
potential safety haZard While further increasing system com 
plexity. Because the added components for fuel pretreatment 
add signi?cant mass to the system, they also extend the 
Warmup time required for hydrogen production. In situations 
With a variable hydrogen demand, this can create a need for 
extensive onsite hydrogen storage to supply the hydrogen 
demand While the system reaches operating conditions. 

[0022] (3) During shutdoWn and periods When the con 
ventional system is not operating, the reaction system is 
typically purged With inert gases under pressure. Alterna 
tively, substantially leak-tight valves must be supplied to 
prevent ingress of atmospheric air to the unit With the 
resultant catalyst deactivation/damage. 

[0023] For large-scale applications the added cost/com 
plexity of the conventional systems does not adversely affect 
the system economics. When this traditional approach is 
applied to small-scale systems, hoWever, the relative cost of 
these added components becomes disproportionately large, 
and the resulting hydrogen cost is dominated by the cost of 
the system. Accordingly, it is not advantageous to simply 
scale doWn large scale systems if a small scale system is 
desired. 

[0024] Conventional steam reformer systems for natural 
gas and other light hydrocarbons fall into tWo broad classes. 
In the ?rst, the reactors are operated at or near ambient 
pressure at loW temperatures (typically less than 650° C.). 
This is typical of conventional systems designed for small 
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scale applications producing impure hydrogen. For pure 
hydrogen to be produced, the reformer product must be 
compressed to high pressure for subsequent cleanup via 
PSA, metal separation membranes, or other conventional 
techniques. Because steam reforming creates additional 
moles of gas, the compression of the product gas is very 
energy-intensive and requires expensive and complicated 
compression and intercooling equipment. The second class 
of reformers is typically used in large-scale applications and 
is operated at high pressures (often above 20 bar). Because 
of the thermodynamics of the steam reforming reaction, 
these high pressure reactors must be operated at much higher 
temperatures, often approaching 900° C., to attain adequate 
conversion of the hydrocarbon fuel to hydrogen. The higher 
temperatures and pressures require the use of more expen 
sive materials of construction than are employed in the 
loW-pressure systems, but this is more than offset by the 
reduction in reactor volume obtained due to enhanced 
chemical reaction rates. Unfortunately, in small-scale sys 
tems, the provision of compression and pumping equipment 
to deliver the reactants into a high-pressure (20 bar or 
higher) reactor can undesirably increase the cost of such a 
system. 

[0025] Conventional pressuriZed steam reformer systems 
often are operated With very high temperatures in the 
combustion products used to heat the endothermic reaction 
Zone. This high temperature alloWs a reduction in the 
amount of heat transfer area required to complete the reac 
tion, and thus a reduction in reformer cost. Often, the mode 
of heat transfer to the Wall of the tubes in the conventional 
reformers is a combination of radiation and convection, With 
the combustion carried out in a conventional premixed or 
diffusion-?ame burner. The operation of the primary steam 
reformer With such high gas temperatures can lead to 
signi?cant excursions in the reformer tube Wall temperature 
due either to poor control of the distribution of the hot gases 
or to poisoning of the reforming catalyst. If the catalyst for 
the endothermic steam reforming reaction is locally-poi 
soned, the heat ?ux from the combustion products to the 
Wall can form a local “hot spot.” In either case, the increase 
in the reformer Wall temperature can lead to premature 
reformer structural failure, presenting both a safety and an 
operational liability. 

[0026] Conventional systems for hydrogen generation 
through steam reforming of hydrocarbons have several 
inherent de?ciencies Which make them ill-suited to eco 
nomical small-scale hydrogen production. The ?rst is the 
requirement for strict control of sulfur and molecular oxygen 
concentrations in the steam reforming and LTS reactors. The 
second concerns the problems With operation in the ambient 
pressure regime Where the large volume of reformate gas 
must subsequently be compressed prior to puri?cation. The 
third is associated With operating the reactor in the high 
pressure regime typical of large-scale units Where appropri 
ate compression and pumping equipment adds considerable 
cost at small scales. The ?nal shortcoming is the risk of 
overheating the steam reforming reactor structure due to the 
very high gas temperatures employed in the combustors in 
conventional systems and their reliance on radiant heat 
transfer, especially in high-pressure systems as employed in 
large-scale applications. 

[0027] It has been recogniZed previously that integrating 
the elements of the unit process more closely bene?cially 
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reduces heat losses and improves compactness. US. Pat. 
No. 5,516,344 to Corrigan describes a steam reforming 
system Wherein the unit process elements are integrated into 
a common mounting rack having a reduced requirement for 
insulation and having improved compactness. This 
approach, hoWever, undesirably retains the multiple connec 
tions and extensive plumbing characteristic of the unit 
process approach. Moreover, because of its complicated 
packaging, the assembly of the Corrigan system undesirably 
presents a signi?cant challenge. 

[0028] Another attempt at improving compactness is 
described in US. Pat. No. 5,733,347 to Lesieur, Wherein the 
primary reforming reactor and the catalytic burner are 
integrated into a planar reactor With compact heat transfer 
surfaces. This reactor requires separate heat exchangers to 
cool the gas after the primary reformer, as Well as separate 
reactors for the Water gas shift. These all require intercon 
nections, as do the array of planar reactors envisioned by 
Lesieur. These connections once again present the same 
draWbacks found in unit process reactor systems. 

SUMMARY OF THE INVENTION 

[0029] Accordingly, one object of the present invention is 
to provide a reactor for hydrogen production that avoids the 
problems associated With conventional systems. 

[0030] Another object of the present invention is to pro 
vide a reactor for hydrogen production that is suitable for 
applications Where less than 15,000 standard cubic feet per 
hour of hydrogen are required. 

[0031] Another object of the present invention is to pro 
vide a reactor for hydrogen production that is safer and more 
cost efficient than conventional systems. 

[0032] Another object of the present invention is to pro 
vide a reactor for hydrogen production that is less complex 
and is more space-sensitive than conventional systems. 

[0033] Another object of the present invention is to pro 
vide for the production of hydrogen from a hydrocarbon fuel 
such as natural gas, propane, naphtha, or other hydrocarbons 
loW in sulfur content (<100 ppm sulfur by mass). 

[0034] Another object of the present invention is to pro 
duce hydrogen Which is substantially pure (>99.99%) by 
separating impurities using a pressure sWing adsorption 
(PSA) system. 

[0035] Another object of the present invention is the 
provide for the elimination of the pretreatment of the fuel 
feed to the steam reformer for the removal of sulfur and 
molecular oxygen. 

[0036] Another object of the present invention is the 
provide for the operation of the system in a mesobaric 
regime, betWeen 4 and 18 atmospheres, Where appropriate 
?uid compression devices of small capacity, loW cost, high 
ef?ciency and high reliability are readily available, and the 
resultant thermal ef?ciency of the hydrogen production 
system is very high. 

[0037] Another object of the present invention is to pro 
vide for the feedback control of the delivery of fuel and/or 
air to a catalytic combustor in proportions such that the peak 
temperature of the gases entering the primary steam 
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reformer does not exceed a safe maximum temperature 
determined by the metallurgy of the steam reformer. 

[0038] Another object of the present invention is to pro 
vide for the operation of a steam reforming system Without 
a loW temperature Water gas shift reactor. 

[0039] Another object of the present invention is to pro 
vide for the operation of a hydrogen production system With 
feedback control of product carbon monoxide content. 

[0040] Another object of the present invention is to pro 
vide a process having a simpli?ed system construction, 
operation, and control resulting in loW cost and relatively 
fast start-up and shut-doWn. 

[0041] These and other objects have been achieved by the 
present invention, the ?rst embodiment of Which provides a 
reactor, Which includes: 

[0042] 
outlet; 

[0043] a How path extending Within the shell assem 
bly from the inlet to the outlet, the How path having 
a steam reformer section With a ?rst catalyst and a 
Water gas shift reactor section With a second catalyst, 
the steam reformer section being located upstream of 
the Water gas shift reactor section; 

a unitary shell assembly having an inlet and an 

[0044] a heating section Within the shell assembly 
and con?gured to heat the steam reformer section; 
and 

[0045] a cooling section Within the shell assembly 
and con?gured to cool the Water gas shift reactor 
section. 

[0046] Another embodiment of the present invention pro 
vides a reactor for the production of hydrogen from at least 
one selected from the group including natural gas, propane, 
lique?ed petroleum gas, alcohols, naphtha, hydrocarbon 
fuels and mixtures thereof, the reactor including: 

[0047] a unitary shell assembly having an inlet and an 
outlet; 

[0048] a How path extending Within the shell assem 
bly from the inlet to the outlet, the How path includ 
ing a convectively-heated catalytic steam reformer 
and a convectively-cooled Water gas shift reactor. 

[0049] Another embodiment of the present invention pro 
vides a method for producing hydrogen, Which includes: 

[0050] feeding at least one fuel selected from the 
group including natural gas, propane, lique?ed 
petroleum gas, alcohols, naphtha, hydrocarbon fuels 
and mixtures thereof, into a reactor Which includes a 
unitary shell assembly having an inlet and an outlet, 
and a How path extending Within the shell assembly 
from the inlet to the outlet, the How path including a 
convectively-heated catalytic steam reformer and a 
convectively-cooled Water gas shift reactor, Whereby 
hydrogen is produced. 

[0051] Another embodiment of the present invention pro 
vides a method for producing hydrogen from at least one 
fuel selected from the group including hydrocarbon fuel, 
natural gas, propane, naphtha, hydrocarbons With <100 ppm 
sulfur by mass, and mixtures thereof, Which includes: 
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[0052] producing hydrogen by steam reforming the 
fuel; and 

[0053] substantially purifying said hydrogen With a 
pressure sWing adsorption (PSA) system; 

[0054] Wherein prior to the producing, no pretreat 
ment of the fuel to remove at least one impurity 
selected from the group including sulfur and molecu 
lar oxygen and mixtures therof is carried out. 

BRIEF DESCRIPTION OF THE FIGURES 

[0055] Various other objects, features and attendant 
advantages of the present invention Will be more fully 
appreciated as the same becomes better understood from the 
folloWing detailed description When considered in connec 
tion With the accompanying draWings in Which like refer 
ence characters designate like or corresponding parts 
throughout the several vieWs and Wherein: 

[0056] FIGS. 1a and 1b are schematics of tWo preferred 
embodiments of the reactor ?oW geometry on both the tube 
and shell sides. FIG. 1b differs from FIG. 1a in that it has 
an integral catalytic burner. 

[0057] FIG. 2 shoWs a preferred embodiment of the 
reactor of the present invention Without an internal catalytic 
burner and Without extended surfaces on the tubes in the 
tubular array, Which is provided With baf?es to create a 
multi-pass cross-?oW geometry in the shell side ?uid path 
Way. 

[0058] FIG. 3 shoWs a preferred embodiment of the 
reactor of the present invention With plate ?n heat exchange 
surfaces attached to the tubes on the shell side and an 
adiabatic Water gas shift reactor Zone placed after the 
convectively cooled Water gas shift reactor Zone. This ?gure 
also illustrates the preferred combination of extended tube 
surfaces and baf?es. 

[0059] FIG. 4 shoWs a preferred embodiment of the 
reactor of the present invention Without baffles, and With 
shell side extended surface comprising loose packing mate 
rial. This ?gure also shoWs one manifestation of a catalytic 
burner included Within the reactor shell. FIG. 4 also depicts 
an outer housing and insulation system. 

[0060] FIG. 5 is a schematic of the hydrogen production 
system of a preferred embodiment of the present invention. 

[0061] FIG. 6 is a logic diagram for a preferred combustor 
outlet temperature control apparatus of the present inven 
tion. 

[0062] FIG. 7 is a logic diagram for a preferred gas purity 
control apparatus of the present invention. 

[0063] FIG. 8 illustrates a computer system upon Which a 
preferred embodiment of the present invention may be 
implemented. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0064] Various other objects, features and attendant 
advantages of the present invention Will be more fully 
appreciated as the same becomes better understood from the 
folloWing detailed description of the preferred embodiments 
of the invention. 
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[0065] Preferably, according to one embodiment of the 
present invention, an integral reactor for the production of 
hydrogen from natural gas, propane, lique?ed petroleum 
gas, alcohols, naphtha and other hydrocarbon fuels and 
mixtures thereof is provided Where several components of 
the process system are combined into a single mechanical 
structure. These components Will preferably include a con 
vectively-heated catalytic steam reformer, a cooler for the 
reformate product from the steam reformer and a convec 
tively-cooled Water gas shift reactor. The reactor may addi 
tionally and optionally include a preheat section to heat the 
inlet feeds. The packing of this preheat section may addi 
tionally and optionally serve as a sulfur absorbent bed. The 
reactor may additionally and optionally include an adiabatic 
Water gas shift reactor appended to the exit of the convec 
tively cooled Water gas shift reactor. 

[0066] Preferably, the reactor of present invention 
includes a tubular array Wherein the fuel and Water to be 
reformed ?oW through the tubes, and the cooling and heating 
?uids ?oW outside the tubes, With a single reforming side 
inlet tube header and a single reforming side outlet tube 
header. The interior of these tubes is preferably provided 
With a catalyst in the form of a coating, a monolith, or as a 
loose packing of pellets, extrudates or the like. Preferably, 
the reactor also includes a shell assembly, With a means of 
thermal expansion relief, one or more inlets for a cooling 
medium for the Water gas shift reactor, and one or more 
outlets for the hot combustion product. The reactor shell 
assembly may additionally and optionally have one or more 
outlets for heated coolant for the Water gas shift reactor and 
one or more inlets for the hot combustion product to heat the 
steam reforming reactor. 

[0067] Preferably, the reactor tube array surface area may 
be enhanced on the shell side of the tubes for the purposes 
of aiding heat transfer betWeen the shell side ?uid and the 
tube Walls. The surface augmentation may be accomplished 
through the use of tWisted tubes, ?nned tubes, ri?ed tubes, 
plate ?ns, by means of a loose packing material, or by other 
means apparent to one skilled in the art. 

[0068] Another preferred embodiment of the invention 
provides that the ?uids ?oWing outside the tubes in the shell 
side may be forced to ?oW across the tubular array, sub 
stantially normal to the axis of the tubes, by baf?es. These 
baf?es may be employed With or Without the surface area 
enhancements Which are another embodiment of the present 
invention. 

[0069] Another preferred embodiment of the present 
invention provides that a catalytic burner may be incorpo 
rated in the shell side of the reactor assembly. This catalytic 
burner may be provided With one or more inlets for fuel 
delivery. This burner may also be provided With a means of 
mixing the fuel and heated air. This burner may also be 
provided With a means of preheat and/or ignition. This 
burner may also be provided With one or more temperature 
sensors. 

[0070] Preferably, the steam reforming catalyst is resistant 
to poisoning by sulfur and molecular oxygen. 

[0071] Preferably, the Water gas shift catalyst is resistant to 
poisoning by sulfur. 

[0072] Preferably, the reactor includes an outer housing 
and insulation assembly. 
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[0073] Referring to FIG. 1a, one embodiment of the 
overall ?oW geometry of the reactor of the present invention 
is provided With an inlet on the tube side for entry of 
vaporiZed, mixed Water and fuel, Which ?oW through a ?rst 
region packed With steam reforming catalyst, Where cata 
lytic steam reforming takes place, and a second region 
packed With Water gas shift catalyst, Where the Water gas 
shift reaction takes place, after Which the reformed gases 
exit the reactor. A second ?uid stream enters the shell side 
near the outlet of the tube side, and ?oWs generally in 
counter?oW to the reformate ?oWing through the tube side. 
This second ?uid stream is loWer in temperature than the 
exiting reformate, and it removes heat from the Water gas 
shift portion of the tube side of the reactor. In the embodi 
ment of FIG. 1a, the heated air then exits the shell side 
through an outlet port and is conveyed to an external 
catalytic combustor, Where the heated air is mixed With one 
or more fuel streams and combusted over a catalyst or in a 

conventional burner. The hot combustion product is then 
returned to the shell side of the reactor, Where the hot 
combustion product convectively heats the loWer tempera 
ture reformate in the steam reformer section of the tube side. 

[0074] Another preferred embodiment of the overall ?oW 
geometry of the present invention is shoWn in FIG. 1b, 
Which differs from that of FIG. 1a in that the catalytic 
combustor is located Within the shell side of the reactor. In 
the embodiment of FIG. 1b, the fuel for the combustor is 
introduced into the shell-side ?uid ?oW, and the fuel-air 
mixture is combusted on a catalyst, Which is located inside 
the reactor shell and intimately in contact With the reactor 
tube Walls. 

[0075] Referring to FIG. 2, the preferred reactor of the 
present invention has an inlet for mixed, pre-vaporiZed fuel 
and steam 1, Which communicates With a plenum 2, Which 
distributes the mixture to the array of reactor tubes 3. These 
reactor tubes are mounted to the inlet tube header 4 by 
Welding, braZing, sWaging or other processes capable of 
creating a leak-tight joint in the materials of construction. 
Most preferably, the reactor tubes 3 are joined to the inlet 
header 4 by braZing or Welding. The reactor tubes are 
provided, as is illustrated in the cut-aWay vieW of FIG. 2, 
With a charge of steam reforming catalyst material 5. This 
catalyst material 5 may be a loose packing as illustrated, or 
may be a catalytic coating, or may be a section of mono 
lithically-supported catalyst. Such coated, packed bed, or 
monolithic catalyst systems are Well knoWn to those skilled 
in the art. The reactor tubes are also provided With a Water 
gas shift catalyst 50, Which is located doWnstream from the 
steam reforming catalyst, 5. The tubes 3 are further joined to 
a outlet tube header 6 by processes similar to those for 
attaching the tubes to the inlet header 4. The outlet tube 
header 6 communicates With an outlet plenum 7, Which 
delivers the reformate product to an outlet port 8. The reactor 
tubes 3 pass through holes in one or more baf?es 9, Which 
share the same geometrical pattern of holes as the inlet and 
outlet headers 4 and 6. The spacing betWeen these baf?es is 
governed by the alloWable pressure drop and required heat 
transfer rate on the shell side of the reactor. The baf?e 
spacing may be different in various portions of the reactor. 
The baf?es 9 shoWn in FIG. 2 are chorded to alloW ?uid to 
?oW around the end of the baf?e and along the tube axis 
through a percentage of the cross-sectional area of the shell. 
The baf?es are chorded betWeen 50% and 10%; more 
preferably they are chorded betWeen 40% and 15%, most 



US 2005/0097819 A1 

preferably they are chorded between 30% and 20%. The 
direction of the chorded side alternates by 180 degrees such 
that ?uid is forced to How substantially perpendicular to the 
long axis of the tubes 3. Alternative baf?e designs are 
apparent to one skilled in the art and are included Within the 
scope of the present invention. Preferred examples of alter 
native baffle designs include baf?es chorded in more than 
one location, circular baffles of alternating ring and circle 
shapes, and Wedge-shaped baf?es. 

[0076] The baf?es ?t With a close tolerance to alloW a 
sliding ?t to the shell assembly 10. The shell assembly is 
secured to either one or both of the inlet and outlet headers 
by Welding, braZing, sWaging, or other methods Which are 
apparent to one skilled in the art. The close tolerance ?t 
betWeen the baffles and the shell is chosen such that the 
baffles Will not bind against the shell Wall during assembly 
and operation While still minimizing leakage betWeen the 
baffles and the shell Wall. If the shell 10 is rigidly secured to 
both headers it is especially preferable to provide a means 
for relative thermal expansion and contraction betWeen the 
reactor tubes and the shell to occur Without undue restraint. 
In FIG. 2 thermal expansion is provided for by a corrugated 
tube or belloWs 11. If the shell is ?xed to only one header, 
relative expansion may be provided for With a sliding ?t and 
seal system betWeen the shell bore and the outer surface of 
the other reactor header to minimize leakage While alloWing 
free thermal expansion of the tubular array. Other means of 
providing free thermal expansion of the tube array Will be 
apparent to one skilled in the art, and are included Within the 
scope of the present invention. 

[0077] The reactor of FIG. 2 employs the overall ?oW 
geometry of FIG. 1a, and is thus provided in the shell-side 
of the Water gas shift section With a cold air inlet 12 as Well 
as a hot air outlet 13. Most of the shell-side air is prevented 
from bypassing the hot air outlet 13 by an unchorded baffle 
14, Which ?ts snugly against the shell assembly 10 inner 
Wall. The reactor is further provided in the shell side of the 
steam reforming section With a hot combustion product inlet 
15 and a cooled combustion product outlet 16. The inlets and 
outlets are depicted as single tube sections in FIG. 2, but it 
must be understood that other inlet and outlet types are 
possible, including ring manifolds and multiple tube ?ttings. 
Such alternative embodiments may be advantageously 
employed to reduce thermal stresses in the tubes, to modify 
heat transfer characteristics, or for other purposes apparent 
to one skilled in the art. 

[0078] The reactor of FIG. 2 is provided With an external 
burner assembly 18. In the embodiment of FIG. 2 this 
burner assembly is a catalytic burner With catalyst Zone 22, 
and it Will be understood that alternative burner designs are 
knoWn in the art Which employ premixed or diffusion 
burning or combinations thereof. Other preferable types of 
burners are also apparent to one skilled in the art, and it is 
intended that the choice of external burner shall not limit the 
reactor of the present invention. The external burner assem 
bly 18 is provided With at least one fuel injection port 19. 
The air inlet may additionally be provided With at least one 
air preheater element 23. This preheater element may alter 
natively be replaced or augmented With a pilot light, a spark 
ignitor, or an electrically heated catalyst. These and other 
modi?cations to the burner assembly are apparent to one 
skilled in the art. 
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[0079] The tubes 3 are preferably ?lled With at least tWo 
catalyst systems. In the steam reforming Zone, a catalyst 5 
active for steam reforming is used, While in the Water gas 
shift Zone a catalyst 50 active for Water gas shift but 
substantially inactive for methanation is employed. These 
catalyst systems may be in the form of surface coatings, a 
packed bed of loose particles, or as a monolithically-sup 
ported catalyst of the shape of the inside of the tubes. Most 
preferably the catalyst is either coated or is in the form of a 
packed bed. In FIG. 2, the catalyst is a packed bed of loose 
particles retained betWeen the inlet and outlet headers by 
catalyst support screens 17. Prior to the steam reforming 
Zone, a Zone of chemically inert packing may be provided as 
a heat transfer media only. In this con?guration, the reactants 
may be preheated in order to bring their temperature to a 
level Where the catalytic steam reforming reaction occurs at 
a meaningful rate. An preferred embodiment of the present 
invention replaces the inert packing in this preheat Zone With 
a sulfur absorbent such as Zinc oxide. This sulfur absorbent 
can serve as a guardbed to protect the steam reforming 
catalyst from poisoning by sulfur. 

[0080] In a preferred embodiment, the steam reforming 
catalyst is capable of operation in the presence of less than 
100 ppm of sulfur by mass in the fuel feed and is insensitive 
to the presence of molecular oxygen in the fuel feed. More 
preferably, the catalyst is capable of being shut doWn from 
operation and restarted Without the use of reducing or inert 
gas. Most preferably, the catalyst active metal is chosen from 
one or more of those in group VIIIB of the periodic table, 
incorporated herein by reference. Examples of the preferred 
metals are ruthenium, rhodium, iridium, platinum and pal 
ladium. These metals are preferably supported on a ceramic 
support of high surface area. Preferred examples of supports 
are oxides of aluminum, Zirconium and magnesium, as Well 
as mixed oxide spinels such as calcium aluminate, nickel 
aluminate or magnesium aluminate. Other ceramic supports 
Will be apparent to one skilled in the art and are included in 
the scope of the present invention. 

[0081] In a preferred embodiment, the Water gas shift 
catalyst is capable of operation in the presence of less than 
100 ppm of sulfur by mass in the fuel feed and can be started 
in the presence of partially reacted mixtures of fuel and 
Water, i.e. reformate from the steam reforming reactor. The 
catalyst also preferably does not require inert gas for shut 
doWn. An example of a preferred catalyst is a ?nely divided 
mixture of oxides of iron and chromium, marketed as high 
temperature Water gas shift, or “ferrochrome” catalyst. A 
second example of a preferred catalyst includes platinum 
supported on aluminum oxide, With or Without promotion by 
oxides of cerium or other metal oxides. 

[0082] Referring to FIG. 3, a preferred embodiment of the 
reactor of the present invention is depicted Which employs 
both baf?es 9 as in FIG. 2 as Well as extended heat exchange 
surfaces on the outer Walls of the reactor tubes 3. In this case, 
a plurality of closcly-spaccd platc ?ns 20 are provided. 
These ?ns may be bonded to the reactor tube by braZing, or 
more preferably by hydraulically expanding the tubes 3 into 
close contact With the plate ?ns 20. The plate ?ns, like the 
baffles 9, also have a pattern of holes Which is identical to 
that in the inlet and outlet headers. 

[0083] FIG. 3 also shoWs an adiabatic Water gas shift 
reactor 21 appended to the outlet tube header 6. This reactor 
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increases the volume of catalyst accommodated Without 
increasing the usage of the expensive metal alloy reactor 
tubing. The additional catalyst volume can be used to better 
approach the equilibrium conversion of the Water gas shift 
reaction at the outlet temperature conditions. This is typi 
cally desired When the outlet temperature of the reformate 
from the Water gas shift reactor is beloW 400° C. 

[0084] FIG. 4 shoWs a preferred embodiment of the 
reactor of the present invention Wherein the overall ?oW 
geometry is that of FIG. 1b. In this embodiment the shell 
side is packed With a loose packing material to provide 
extended surface area for the tubes 3. It should be under 
stood that other types of extended surfaces are possible, such 
as ?nned tubes, ri?ed tubes, tWisted tubes, and combinations 
thereof. All of these eliminate the possibility of using baf?es 
in conjunction With the extended surface area, Whereas plate 
?ns and loose packing do not. It should be noted that in the 
embodiment of FIG. 4 baffles are not employed, and the 
overall How is substantially parallel to the axis of the tubes 
3. The embodiment of FIG. 4 also includes a catalytic 
burner integrated Within the reactor shell. The catalytic 
burning is accomplished by a Zone of packing 29 Which is 
catalyZed With an appropriate combustion catalyst, such as 
mixtures of palladium and platinum supported on a ceramic 
support. The siZe of this catalyZed Zone is chosen to meet the 
requirements of the speci?c application, and may ?ll the 
entire reactor shell above the unchorded baffle 14. Alterna 
tively, the unchorded baffle 14 may be omitted, and the 
heated air from the Water gas shift Zone may proceed directly 
to the steam reforming Zone Where catalytic combustion Will 
occur. 

[0085] Near the shell side inlet 15 to the catalytic com 
bustion Zone there is a fuel distribution assembly 24, Which 
alloWs fuel to be introduced into the catalytic combustion 
Zone. Alternatively, and preferably, the combustion Zone 
may be provided With more than one fuel distribution 
assembly 24, Which may be employed to control the tem 
perature pro?le in the combustion Zone. It should be under 
stood that any number of con?gurations for this fuel distri 
bution assembly are possible and may be employed in the 
reactor of the present invention. The one or more fuel 
distribution assemblies 24 are provided With a fuel feed 
controller 25, and the reactor is provided With at least one 
temperature sensor 26 to be used in control of the combus 
tion temperature. The temperature sensor 26 is illustrated as 
located at the shell of the reactor, but may be alternatively 
located in a thermoWell located in a reaction tube or at other 
locations Within the reactor. The intimate contact betWeen 
the catalyst and the reactor tubes alloWs very good heat 
transfer, but makes temperature control more dif?cult as 
Well. Another preferred embodiment of the present invention 
replaces the loose, catalyZed packing With a catalyZed mono 
lith provided With a pattern of holes Which are larger than the 
reactor tube outer diameters. This type of monolithic com 
bustion catalyst, because it is aligned by the shell assembly, 
and does not contact the reactor tubes, Will pose less of a 
danger to overheating the reactor tubes and causing the 
formation of hot spots. Even if the monolithic combustion 
support did contact the tube Walls locally, hot spotting Would 
be less likely as combustion is distributed throughout the 
monolith volume, rather than being localiZed only at the tube 
Wall. 
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[0086] FIG. 4 also depicts an outer housing 27 that can be 
constructed to extend over the entire outer surface of the 
insulation system 28 or a portion thereof, and Which is only 
depicted over a small segment of the insulation system 28. 
The insulation system may be constructed from one or more 
layers of insulation materials, and may be either rigid or 
?exible. The precise amount and type of insulation 
employed is dependent upon a variety of factors such as 
alloWable heat loss, maximum surface temperature of the 
outer housing 27, and the mode of structural support for the 
reactor. These variables do not materially affect the perfor 
mance advantages of the reactor of the present invention, 
and any number of possible insulation con?gurations are 
considered Within the scope of the present invention. The 
outer housing 27 also does not materially affect the operation 
of the reactor and is designed instead based upon factors 
such as structural requirements, environmental conditions, 
and aesthetics. Thus, any number of con?gurations for the 
outer housing are considered Within the scope of the present 
invention. 

[0087] Several surprising and unexpected advantages of 
the reactor of the present invention are apparent When it is 
compared to the conventional systems. 

[0088] The ?rst advantage is the great simpli?cation in the 
construction of the reactor system afforded by combining the 
steam reforming and Water gas shift reactors and their 
associated heat transfer functionalities into a single 
mechanical device. This eliminates the requirement for 
separate inlet and outlet Zones, ?ttings, and interconnecting 
plumbing. This advantage is even further evidenced in 
systems incorporating the feed preheat function and/or the 
internal catalytic burner. In small hydrogen generation appli 
cations (<15,000 scf/hr or 1 ton per day), this reduction in 
physical components and interconnects can greatly reduce 
the cost of the completed system. 

[0089] A second advantage is the great reduction in heat 
loss achieved by the reactor of the present invention When 
compared to the unit process approach of the conventional 
systems. In part because the number of ?ttings and inter 
connecting plumbing is decreased in the novel reactor of the 
present invention, the amount of heat transfer surface With 
the ambient environment is greatly diminished. Conse 
quently, the heat lost to the ambient environment is desirably 
proportionally reduced. This heat loss can otherWise unde 
sirably form a large energy requirement in conventional 
small-scale, hydrogen-generating reactors. The reduction in 
heat loss achieved by the present invention leads to a higher 
energy ef?ciency of the reactor and a faster Warmup time. 
Additionally, the loW heat loss of the reactor of the present 
invention alloWs it to be maintained in a hot condition for 
extended periods of time Without generating hydrogen and 
Without consuming much fuel, Which desirably makes “hot 
standby” of the novel reactor more practical than in con 
ventional reactors. 

[0090] A third advantage of the reactor of the present 
invention is its ability to start up from a cold condition more 
rapidly than conventional reactors. This is believed to be due 
to both the loWer structural Weight of the reactor and its 
loWer heat loss When compared to conventional discrete 
reactors and heat exchangers. The rapid Warmup capability 
alloWs the reactor of the present invention to be operated 
intermittently Without excessive penalties in Warmup time or 
Warmup fuel usage. 
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[0091] Preferably, the present invention is carried out 
Without pretreatment of the fuel feed to the steam reformer 
for the removal of sulfur and molecular oxygen. Pretreat 
ments Which are preferably excluded from the present 
invention include any or all of partial oxidation, hydrodes 
ulfuriZation, adsorption, or absorption. Other such pretreat 
ment methods knoWn to one of ordinary skill in the art are 
preferably excluded as Well. 

[0092] LoW-pressure Water and hydrocarbon fuel are 
admitted to separate or combined ?uid compression devices; 
and they are subsequently heated to their vaporiZation points 
and admitted to a primary steam reforming reactor. This 
steam reforming reactor is provided With a catalyst Which is 
resistant to poisoning by both sulfur and molecular oxygen, 
and is preferably based upon catalytically-active group 
VIIIB metals such as ruthenium, rhodium, iridium, plati 
num, palladium or combinations thereof supported on a 
ceramic support of high surface area. In this primary steam 
reforming reactor, the vaporiZed fuel and steam are further 
heated by a separate stream of hot combustion product 
Which is separated from the reactants by the Walls of the 
reactor, Which also form heat exchange surfaces. These 
heated gases are then encouraged to react by the aforemen 
tioned catalyst to form a hydrogen-rich product gas With a 
composition near its equilibrium value at the reactor outlet 
conditions. This hydrogen-rich gas is then cooled and passed 
over a second catalyst Which is also sulfur resistant, and is 
active for the Water gas shift reaction While being substan 
tially-inactive for the reverse of the steam reforming reac 
tion, the methanation reaction. An example of such a catalyst 
is a ?nely divided mixture of oxides of iron and chromium, 
Which is Well-knoWn in the art as “high temperature” Water 
gas shift or “ferrochrome” catalyst. The hydrogen rich gas 
stream has much of its carbon monoxide converted to carbon 
dioxide and hydrogen in the Water gas shift reactor, and exits 
With a carbon monoxide concentration betWeen 0.3% and 
4%, at a temperature above 200° C. 

[0093] In conventional systems, a further loW-temperature 
Water gas shift reactor is provided, Whereas in the system of 
the present invention no such reactor is provided, as an 
active, sulfur-tolerant catalyst operable at such loW tempera 
tures is not easily made. The product gas mixture is then 
further cooled either by heat exchange With ambient air or 
cool Water or by quenching With cool Water in an evapora 
tive cooler. Condensed Water is then removed from the gas 
via a separator, and the thus partially-dried gas mixture is 
admitted to the PSA puri?cation system. In the PSA system, 
impurities are adsorbed from the gas While the product 
hydrogen is delivered at a high purity and at an elevated 
pressure (slightly beloW the steam reformer pressure). The 
impurities are then purged With a small portion of the 
hydrogen product at loW pressure and are delivered as a fuel 
to a catalytic combustor, Which is provided With an exit 
temperature sensor and a means of controlling the rate of 
admission of air. The rate of air admission is thus controlled 
such that the exit temperature from the combustor is beloW 
the maximum alloWable temperature of the reformer met 
allurgy. This hot combustion product is then ducted to a heat 
transfer interface in the steam reformer to provide heat for 
the endothermic reaction therein to proceed. The combus 
tion product, at a reduced temperature, may then be used to 
heat and vaporiZe the pressuriZed Water and, if desired, fuel 
streams. 
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[0094] As described beloW, the rate of air admission is 
controlled by a feedback loop based upon the outlet tem 
perature of the catalytic combustor. The calori?c value of the 
loW-pressure mixed fuel gas expelled from the PSA system 
is determined by the degree of hydrogen purity required. A 
feedback control system based upon a product carbon mon 
oxide sensor based on either infrared or electrochemical 
principles Will be used to set the rate at Which the PSA 
system purges itself of contaminants. When high purity is 
desired, a high purge rate is employed and the calori?c value 
of the loW-pressure gases is high. When less stringent purity 
is required, the rate of purging may be loWer, and the 
calori?c value of the purged gases may be correspondingly 
loWer. Indeed, the purge rate may be reduced to a point 
Where the calori?c value of the purge gas is too loW to 
sustain the reactor temperature, at Which point unreacted 
hydrocarbon fuel may be provided from a valve to make up 
the de?cit. Whereas the carbon monoxide concentration is of 
special signi?cance for fuel cell applications, in other appli 
cations it is understood that another impurity may be more 
critical, and feedback based upon concentrations of that 
species may accordingly be employed. 

[0095] Referring to FIG. 5, the hydrogen production sys 
tem of the present invention can process hydrocarbon fuels 
such as natural gas, toWn gas, re?nery off-gas, propane, 
lique?ed petroleum gas, naphtha, alcohols or any other 
hydrocarbon fuel With a sulfur content less than 100 parts 
per million (ppm) by mass. Natural gas or liqui?ed petro 
leum gas are preferred. More preferably, the sulfur content 
is less than 75 ppm, most preferably, the sulfur content of the 
fuel is less than 50 ppm. The second feed to the system is 
Water, Which is subsequently chemically reacted With the 
fuel to yield hydrogen. This Water feed must be conditioned 
to remove particles, organics, and ioniZed species. This may 
be achieved using methods apparent to one skilled in the art. 
The molar ratio of the Water to the fuel is such that the ratio 
of Water molecules to carbon molecules is betWeen 2.5: 1 and 
8:1. More preferably, the ratio is betWeen 3:1 and 5:1. 

[0096] The Water feed to the system is pressuriZed using 
an appropriate pump 66 to a pressure greater than the 
operating pressure of the system, Which is preferably 4 atm 
to 18 atm. The pressuriZed Water is then admitted to a heat 
exchanger 84 Where it is heated by a second ?uid, Which is 
the cooled combustion product exhausted from the steam 
reforming reactor hot side 60. It must be understood that this 
heat exchanger may include more than one individual unit, 
and that alternative strategies may be employed to heat the 
feed Water such as by removing heat from the hot hydrogen 
containing gas exiting the Water gas shift reactor 62, or from 
other high temperature streams in the system. Irrespective of 
the exact arrangement of the heat exchange means, suf?cient 
energy is transferred to the Water to cause it to vaporiZe and 
alloW it to be mixed With the fuel at 56. 

[0097] The fuel is pressuriZed using compressor 54. This 
device may be a pump if the fuel is a liquid, and may also 
be replaced and/or augmented by a steam ejector employing 
pressure energy stored in the vaporiZed Water to pressuriZe 
the fuel. The fuel is mixed With the vaporiZed Water at 56. 
The resulting pressure of the mixed fuel and Water prefer 
ably exceeds that of the steam reforming reactor 58, Which 
is betWeen 4 atm and 18 atm. This requires that suf?cient 
energy be imparted to one or more of the ?uids to maintain 
the resulting mixture in the vapor phase at the steam 
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reforming reactor inlet. This may require the addition of an 
evaporator for a liquid fuel, or may be achieved through 
superheat of the vaporized Water. 

[0098] The steam reforming reactor includes a high pres 
sure, cold side 58 Wherein is disposed a quantity of cata 
lytically active material as Well as a loWer pressure, hot side 
60. The mixed, vaporiZed fuel and Water enter the cold side 
58 and are heated by the hot combustion product Which 
?oWs through the hot side 60. These ?uids are prevented 
from mixing by the shared structure of the reactor, Which 
forms a heat exchange surface, or a plurality of heat 
exchange surfaces. The pressure of the ?uid in the cold side 
of the reactor is betWeen 4 atm and 18 atm. More preferably, 
the pressure is betWeen 5 atm and 15 atm. Most preferably, 
the pressure is betWeen 10 atm and 15 atm. The catalyst 
disposed in the cold side of the reactor is resistant to both the 
adsorption of sulfur compounds and oxidation by both steam 
and molecular oxygen. The catalyst preferably includes an 
active metal or mixture thereof supported upon a ceramic 
support material of high surface area. Preferably the catalyst 
active metal or metals is selected from the group VIIIB 
metals of the periodic table, incorporated herein by refer 
ence. Most preferably the catalyst active metal includes one 
or more of the folloWing group VIIIB metals singly or in 
combination; ruthenium, iridium, rhodium, platinum and 
palladium. The temperature of the reacting mixture is 
increased in the steam reformer. The exit temperature of the 
heated reformate, or hydrogen rich mixture, depends upon 
the fuel, pressure, steam to carbon ratio and metallurgy of 
the reactor. The exit temperature from the cold side 58 is 
preferably betWeen 500° C. and 900° C. More preferably, the 
temperature is betWeen 600° C. and 800° C. Most preferably, 
the temperature is betWeen 700° C. and 800° C. 

[0099] This heated reformate gas passes from the cold side 
58 of the steam reformer to the hot side 62 of the Water gas 
shift reactor, part or all of Which is cooled by cooler, loWer 
pressure air ?oWing through the cold side of the Water gas 
shift reactor 64. Like the steam reformer, the Water gas shift 
reactor is thus provided With one or more heat transfer 
surfaces for transferring heat betWeen these tWo ?uids. 
Alternatively, the hot gases may be partially or completely 
cooled to the Water gas shift reactor temperature before 
being admitted to its hot side 62. A catalyst active for Water 
gas shift and inactive for methanation is disposed Within the 
hot side of the Water gas shift reactor 62. This catalyst must 
also be resistant to poisoning by sulfur compounds. An 
example of a commercially-available catalyst is a ?nely 
divided mixture of oxides of iron and chromium Which is 
formed into pellets or tablets. The gas exiting the Water gas 
shift reactor hot side 62 is preferably greater than 200° C. in 
temperature. More preferably, the gas is greater than 250° C. 
and less than 400° C. in temperature. Most preferably the gas 
is greater than 275° C. and less than 350° C. 

[0100] The hot, hydrogen rich reformate is then passed 
through a cooler 68. This is depicted in FIG. 5 as being 
cooled by cool external air from a fan. Alternatively, the 
cooling may be accomplished via a series of heat exchangers 
including heating the Water feed to the system and cooling 
With air. Alternatively, the reformate may be cooled by heat 
exchange With cool Water. Alternatively, the reformate may 
be cooled through the use of an evaporative chiller using 
directly injected Water. These embodiments may also be 
combined in a variety of con?gurations apparent to one 
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skilled in the art, Which do not in any Way limit the scope of 
the present invention. The reformate exits this cooler 68 at 
a temperature beloW 100° C. More preferably, the tempera 
ture is betWeen 80° C. and 25° C. Most preferably the 
temperature is betWeen 60° C. and 30° C. Because the 
reformate gas is pressuriZed, the cooling Will cause some 
portion of the Water vapor to condense. This condensed 
Water vapor, and any condensed fuel residuals, is then 
removed in a condensate separator 74. 

[0101] The partially dried reformate is then admitted to the 
Pressure SWing Adsorption (PSA) system 72. PSA systems 
are knoWn to those skilled in the art. The PSA system 72 
removes impurities from the reformate, thus delivering a 
substantially pure hydrogen product at a pressure slightly 
loWer than the reactor pressure due to pressure drop. The 
contaminant species are purged from the PSA system 72 
using some of the pure hydrogen product. This purge gas is 
rejected at loWer pressure than the hydrogen is delivered as 
product. It is also possible to provide a vacuum pump to 
reduce the pressure at Which the loW-pressure exhaust is 
rejected to thus improve the performance of the PSA system 
72. The average hydrogen purity may be controlled by 
varying the rate With Which the beds in the PSA system 72 
are purged. This rate of purging may be controlled via a 
feedback loop of the present invention Which is described 
herein. The PSA product outlet may optionally be provided 
With a gas composition sensor 70 for use in the control of the 
system. 

[0102] The loW-pressure purged gases from the PSA sys 
tem 72 are fed to the catalytic combustor 78, Where they are 
mixed With the process air Which is compressed by the feed 
compressor 76, and heated by the reformate in the cold side 
of the Water gas shift reactor 64. The catalytic combustor is 
provided With an inlet end and an outlet end, With a means 
of preheat or ignition, a charge of combustion catalyst, and 
an outlet temperature sensor. The ?oWrate of air delivered by 
the feed compressor 76 is regulated such that the tempera 
ture of the combusted mixture does not exceed the maxi 
mum temperature alloWed by the metallurgy of the steam 
reformer. The strategy for this control is disclosed later in 
this document. The system is also provided With an auxiliary 
fuel metering valve 82, Which may deliver loW-pressure fuel 
as shoWn, or may be required to deliver pressuriZed fuel, to 
match the pressure utiliZed in the combustion loop. This 
valve may be used to deliver fuel during system startup, and 
to augment the loW-pressure reject fuel gas from the PSA 
system 72 if it is insuf?cient to supply the steam reformer 
heat requirements. 

[0103] The hot combustion product is delivered to the hot 
side of the steam reformer 60, Where it is cooled in exchang 
ing heat With the reformate. It then ?oWs through the Water 
preheater 84 to transfer heat for the purpose of vaporiZing 
the reactants. After leaving the Water preheater 84, the 
combustion product is sufficiently cooled to be exhausted to 
the atmosphere. This exhaust may be unrestricted, ?oW 
through a back-pressure regulator, or ?oW through a gas 
turbine or other Work recovering device. Such modi?cations 
are included Within the scope of the present invention. 

[0104] Referring to FIG. 6, the preferred embodiment of 
the temperature control scheme for the reactor-combustor 
system is shoWn. The control scheme employs a minimum 
of tWo temperature sensors shoWn in FIG. 5, the ?rst 
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temperature sensor 80 in the hotter outlet stream of the 
catalytic combustor and the second temperature sensor 52 in 
the outlet stream of the colder, steam reforming side of the 
steam reformer. The temperatures at these tWo points are 
preferably measured at repeated intervals, and their values 
are compared to target values. 

[0105] If the combustor outlet temperature measured by 
the sensor 80 is above the preset value, Which is dependent 
upon the fuel, the steam to carbon ratio, the reactor pressure, 
and the reactor design, then the temperature of the heated 
reformate measured by sensor 52 is checked. If this tem 
perature is beloW the minimum value consistent With proper 
performance, then the ?oWrate of air to the combustor must 
be increased and the cycle repeated. This change in the 
air?oW may be affected by a variation in the compressor or 
bloWer speed, or by the application of a throttling valve. The 
air to fuel stoichiometry Will alWays be fuel lean in the 
reformer system of the present invention in order to control 
the peak temperature to a safe level. If the reformate 
temperature is above the minimum temperature, the ?oWrate 
of the auxiliary fuel must be checked. If this ?oWrate is Zero, 
then the air ?oWrate must be increased and the cycle 
restarted. If the ?oWrate of auxiliary fuel is not Zero, then the 
?oWrate should be decreased and the cycle restarted. 

[0106] If the combustor outlet temperature does not 
exceed the maximum temperature, then the reformate tem 
perature must be checked. If the reformate temperature is 
above the minimum value, then all is Well and no changes 
are required. The control system Will then continue to cycle 
until something disturbs the steady-state condition. If, hoW 
ever, the reformate temperature is beloW the minimum 
value, the ?oWrate of auxiliary fuel must be increased and 
the cycle repeated. 
[0107] Other control strategies Which achieve the tWin 
aims of maintaining a maximum temperature in the com 
bustion product and a minimum temperature in the refor 
mate Will be apparent to one skilled in the art. Modi?cations 
to the control strategy of FIG. 6 designed to improve the 
response of the system or to reduce oscillations about the 
steady state condition may also be envisioned. These alter 
native and modi?ed control strategies are encompassed 
Within the scope of the present invention. 

[0108] FIG. 7 presents a preferred example of a feedback 
control strategy for the PSA subsystem based upon the 
signal from a carbon monoxide sensor. If the carbon mon 
oxide sensor detects a concentration above the maximum 
value, the purge rate for the PSA system is increased and the 
control cycle is repeated. If the carbon monoxide concen 
tration is beloW the maximum value, and above the mini 
mum value, then no action is taken and the control cycle 
repeats. If the value is beloW the minimum value then the 
purge rate is decreased and the control cycle repeats. The 
minimum contaminant concentration is determined by mini 
mum alloWable system ef?ciency, as running at arbitrarily 
high purge rates Will greatly reduce hydrogen recovery and 
thus system thermodynamic ef?ciency. As noted previously, 
the example of carbon monoxide, though particularly suit 
able for fuel cell applications, is not limiting. Feedback 
control based upon the exit concentrations of other gases 
may also be employed, and is Within the scope of the present 
invention. 

[0109] The improved hydrogen generation system of the 
present invention has many advantages compared to con 
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ventional systems, especially for applications requiring less 
than one ton per day of hydrogen. Preferably, the present 
invention is used in a reactor system producing less than 1 
ton per day of hydrogen, more preferably less than 7/s ton per 
day, and most preferably less than % ton per day. 

[0110] The improved system of the present invention 
eliminates partial oxidation of the fuel, sulfur removal (via 
hydrodesulfuriZation or other processes), and loW tempera 
ture Water gas shift. These simpli?cations reduce system 
cost relative to conventional systems by eliminating com 
ponents. It also improves safety and durability by reducing 
the number of interconnections Which may develop leaks in 
service. 

[0111] The improved system of the present invention is 
capable of quicker and simpler startup from a cold or idle 
condition. This is due to several factors, including the 
reduced mass of the present system due to the elimination of 
many components as Well as the fact that the rugged 
catalysts employed in the system of the present invention are 
insensitive to fuel impurities Which require bypassing the 
feed in conventional systems until full operating temperature 
is attained. The startup is further simpli?ed as the rugged 
catalysts do not require inert purging during startup. The 
rugged catalysts of the present invention also do not require 
special precautions on shutdoWn such as inert purging. This 
simpli?es the design of the system further, thus reducing 
cost and improving safety. 

[0112] The improved system of the present invention 
preferably operates in a pressure regime Where suitable 
pressuriZation equipment is commercially-available and 
very inexpensive. Conventional systems operate either at 
loW pressure in the steam reformer, With subsequent com 
pression of the reformate product at high cost and complex 
ity, or at very high pressures Where small-scale compression 
equipment is not readily available. 

[0113] The improved system of the present invention 
preferably employs active control of the reactor peak tem 
perature. This temperature is limited to a value consistent 
With extended operation of the reformer. In conventional 
systems, the peak gas temperatures Were often above an 
acceptable service temperature of the reactor structure, and 
if any upset in the endothermic catalytic reaction took place 
the structure might be badly overheated. 

[0114] Any embodiment of the hydrogen production sys 
tem of the present invention may be implemented on a 
computer system. FIG. 8 illustrates a preferred computer 
system 801 upon Which an embodiment of the present 
invention may be implemented. The computer system 801 
includes a bus 802 or other communication mechanism for 
communicating information, and a processor 803 coupled 
With the bus 802 for processing the information. The com 
puter system 801 also includes a main memory 804, such as 
a random access memory or other dynamic storage 
device (e. g., dynamic RAM (DRAM), static RAM (SRAM), 
and synchronous DRAM (SDRAM)), coupled to the bus 802 
for storing information and instructions to be executed by 
processor 803. In addition, the main memory 804 may be 
used for storing temporary variables or other intermediate 
information during the execution of instructions by the 
processor 803. The computer system 801 further includes a 
read only memory (ROM) 805 or other static storage device 
(e.g., programmable ROM (PROM), erasable PROM 










