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(57) Abstract: Feedstock delivery systems and hydrogen-producing fuel processing assemblies and fuel cell systems containing the
same. The feedstock delivery systems include a liquid pump that draws at least one liquid feedstock from a supply and delivers at

& least one feed stream containing the feedstock(s) to a fuel processor, such as to the hydrogen-producing region thereof. The feedstock
& delivery system further includes a recycle conduit that establishes a fluid flow path for the liquid feedstock(s) from a location down-
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stream of the pump back to a location upstream of the pump. In some embodiments, the feedstock delivery system further includes
a flow restrictor associated with the recycle conduit and a pressure-actuated valve that selectively permits the recycled feedstock to
bypass the flow restrictor. In some embodiments, the pump is configured to draw a greater flow rate of the feed stream from the
supply than is delivered to the fuel processor.
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SELF-REGULATING FEEDSTOCK DELIVERY SYSTEMS AND
HYDROGEN-GENERATING FUEL PROCESSING ASSEMBLIES AND FUEL CELL
SYSTEMS INCORPORATING THE SAME

Related Applications
The present application claims priority to U.S. Patent Application Serial No.

11/228,637 and U.S. Provisional Patent Application Serial No. 60/802,602, the
complete disclosures of which are hereby incorporated by reference for all purposes.
Field of the Disclosure

The present disclosure relates generally to hydrogen-producing fuel
processing assemblies and fuel cell systems, and more particularly to feedstock
delivery systems therefor. “

Background of the Disclosure

Purified hydrogen gas is used in the manufacture of many products including
metals, edible fats and oils, and semiconductors and microelectronics. Purified
hydrogen is also an important fuel source for many energy conversion devices. For
example, many fuel cells use purified hydrogen and an oxidant to produce an
electrical potential. A series of interconnected fuel cells is referred to as a fuel cell
stack, and this stack may be referred to as a fuel cell system when combined with
sources of oxidant and hydrogen gas. Various processes and devices may be used
to produce the hydrogen gas that is consumed by the fuel cells.

A hydrogen-producing fuel processing assembly is an assembly of one or
more devices or components that includes a fuel processor with a hydrogen-
producing region that is adapted to convert one or more feedstocks into a product
stream containing hydrogen gas as a majority component. In operation, the
hydrogen-producing region is typically operated at an elevated temperature and
pressure and contains a suitable catalyst to produce at least hydrogen gas from the
feedstock(s) delivered thereto. The composition, flow rate, and properties of the
feedstock(s) delivered to the hydrogen-producing region may affect the performance
of the hydrogen-generation assembly. The produced hydrogen gas may be used in a
variety of applications. One such application is energy production, such as in
electrochemical fuel cells. An electrochemical fuel cell is a device that converts a
fuel and an oxidant to electricity, a reaction product, and heat. For example, fuel
cells may convert hydrogen and oxygen gases into water and electricity. In such fuel
cells, the hydrogen gas is the fuel, the oxygen gas is the oxidant, and the water is the
reaction product.
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Fuel cells are typically coupled together to form a fuel cell stack. A hydrogen-
producing fuel cell system is a system that includes a hydrogen-producing
processing assembly that is adapted to produce hydrogen gas and a fuel cell stack
that is adapted to receive hydrogen gas produced by the fuel processing assembly
and to generate an electric current therefrom. When the flow rate of hydrogen gas to
the fuel cell stack is affected by the flow rate of feedstock(s) to the hydrogen-
producing region of the hydrogen-generation assembly, this may affect the
performance of the fuel cell stack and/or its ability to satisfy an applied load thereto.
Accordingly, hydrogen-producing fuel processing assemblies and hydrogen-
producing fuel cell systems will typically include various controls for regulating the
flow of feedstock to the hydrogen-producing region.

Brief Description of the Drawings .

Fig. 1 is a schematic diagram of a fuel processing assembly with a feedstock
delivery system according to the present disclosure.

Fig. 2 is a schematic diagram of a feedstock delivery system according to the
present disclosure.

Fig. 3 is a schematic diagram of another feedstock delivery system according
to the present disclosure.

Fig. 4 is a schematic diagram of another feedstock delivery system according
to the present disclosure.

Fig. 5 is a graph depicting the results of an experiment performed using the
feedstock delivery system of Fig. 4.

Fig. 6 is a schematic diagram of a fuel cell system with a feedstock delivery
system according to the present disclosure.

Fig. 7 is a schematic diagram of another fuel processing assembly with a
feedstock delivery system according to the present disclosure.

Fig. 8 is a schematic view of another example of a fuel processing assembly
that may be used with feedstock delivery systems according to the present
disclosure.

Fig. 9 is a schematic view of a fuel processing assembly according to the
present disclosure in which the hydrogen-producing region and the feedstock
delivery system both receive the same liquid carbon-containing feedstock.

Fig. 10 is a schematic view showing a variation of the fuel processing
assembly of Fig.9, with a carbon-containing feedstock being delivered to the
hydrogen-producing region and the burner assembly from the same supply stream.
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Fig. 11 is a schematic view of a fuel processing assembly according to the
present disclosure in which the hydrogen-producing region and the burner assembly
both receive fuel, or feed, streams containing water and a liquid carbon-containing
feedstock.

Fig. 12 is a schematic view showing a variation of the fuel processing
assembly of Fig. 11, with the hydrogen-producing region and the burner assembly
both receiving fuel, or feed, streams containing water and a carbon-containing
feedstock from the same supply stream.

Fig. 13 is a schematic view showing another variation of the fuel processing
assemblies of Figs. 11 and 12.

Detailed Description and Best Mode of the Disclosure

A hydrogen-producing fuel processing assembly containing a feedstock
delivery system 22 according to the present disclosure is shown in Fig. 1 and is
indicated generally at 10. Fuel processing assembly 10 includes a fuel processor 12
that is adapted to produce a product hydrogen stream 14 containing hydrogen gas,
and preferably at least substantially pure hydrogen gas, from one or more feed
streams 16. Feed stream 16 may include at least one carbon-containing
feedstock 18. Fuel processor 12 includes any suitable device, or combination of
devices, that is . adapted to produce hydrogen gas from feed stream(s) 16.
Accordingly, fuel processor 12 includes a hydrogen-producing region 19, in which an
output stream 20 containing hydrogen gas is produced by utilizing any suitable
hydrogen-producing mechanism(s). Output stream 20 includes hydrogen gas as at
least a majority component. Output stream 20 may include one or more additional
gaseous components, and thereby may be referred to as a mixed gas stream that
contains hydrogen gas as its majority component.

Examples of suitable mechanisms for producing hydrogen gas from feed
stream(s) 16 delivered by feedstock delivery system 22 include steam reforming and
autothermal reforming, in which reforming catalysts are used to produce hydrogen
gas from a feed stream 16 containing a carbon-containing feedstock 18 and
water 17. Other suitable mechanisms for producing hydrogen gas include pyrolysis
and catalytic partial oxidation of a carbon-containing feedstock, in which case the
feed stream does not contain water as a reactant for this hydrogen-producing
mechanism. Examples of suitable liquid carbon-containing feedstocks 18 include at
least one hydrocarbon or alcohol. Examples of suitable liquid hydrocarbons include
diesel, kerosene, gasoline and the like. Examples of suitable alcohols include
methanol, ethanol, and polyols, such as ethylene glycol and propylene glycol.
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According to the present disclosure, feedstock delivery system 22 is adapted
to draw or otherwise receive a liquid carbon-containing feedstock from a supply, or
source, and to deliver a feed stream 16 containing the feedstock for use in at least
the hydrogen-producing region of the fuel processing assembly. Feedstock delivery
system 22 may utilize any suitable delivery mechanism, such as a positive
displacement or other suitable pump or mechanism for propelling liquid fluid streams.
When one or more pumps are used, the number, type, and capacity of the pumps
may vary, such as with respect to the desired flow rate of liquid to be pumped
thereby, the desired pressure to be provided to the liquid, the composition of the
liquid, whether or not the flow rate is intended to be selectively varied, etc.
llustrative, non-exclusive examples of pumps that may be used include diaphragm
pumps, metering pumps, gear pumps, and the like. In some embodiments, the feed
stream may be received from a pressurized source, and in some such embodiments,
an additional pump may not be required downstream from the source.

An illustrative, non-exclusive example of a feedstock delivery system 22
according to the present disclosure is shown in Fig. 2 and is adapted to deliver feed
stream 16 to hydrogen-producing region 19 of the fuel processor 12 of fuel
processing assembly 10. As shown, feedstock delivery system 22 includes a pump
assembly 100 that includes at least one pump 102. Pump 102 includes an inlet 106
and an outlet 108, with the inlet being in fluid communication with a feedstock supply,
or source, 112, and the outlet being in fluid communication with fuel processor 12.
Pump 102 further includes a working portion, or pumping mechanism, 109 that is
located generally between the pump’s intake and outlet. Pump 102 is adapted to
draw or otherwise receive a liquid stream 110 from supply 112 and to emit a liquid
stream 116. Accordingly, feedstock delivery system 22 may be described as being
adapted to pump a liquid stream containing at least one feedstock for hydrogen-
producing region 19 from a liquid feedstock supply. Stream 110 may be referred to
as an inlet stream or an intake stream, and stream 116 may be referred to as an
outlet stream.

Pump 102 may be powered by any suitable power source; illustrative, non-
exclusive examples of which include a component of hydrogen-producing fuel cell
system 42, such as the subsequently described fuel cell stack 40 and/or energy
storage device 52. Additional illustrative examples include a power supply that is
independent of power output produced by the fuel cell system, such as an external,
or dedicated, battery, an electrical grid, etc. While not required, pump 102 may be a
single-speed, or single-output, pump that is adapted to either be in an on, or active,
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configuration in which the pump is receiving liquid stream 110 and emitting liquid
stream 116, or an off, or unpowered, configuration in which the pump is not emitting
stream 116. The actual output of the pump will vary with the voltage of the power
output delivered to the pump, which in some embodiments may tend to vary. In
some embodiments, the pump may be a variable speed pump that is designed to
selectively operate at two or more speeds and/or within a range of speeds. In some
embodiments, the power source for the pump may be configured to regulate the duty
cycle, or power, provided to the pump to thereby regulate or control the output of the
pump.

As discussed, pump assembly 100 includes at least one pump. Accordingly,
it is within the scope of the present disclosure that pump assembly 100 may include a
single pump 102 or more than one pump 102. When the pump assembly includes
more than one pump, the pumps may cooperate to draw liquid stream 110 and/or
emit outlet stream 116. Additionally or alternatively, the pumps may each be adapted
to draw a liquid stream 110 from the same or different sources 112 and/or to each
emit an outlet stream 116 therefrom.

Supply 112 includes any suitable type and/or number of reservoirs and/or
other sources from which the liquid stream may be drawn or otherwise received by
an inlet 106 of a pump 102 of pump assembly 100. lllustrative, non-exclusive
examples of suitable supplies 112 include tanks, canisters, and other liquid vessels,
which may or may not be pressurized. Liquid stream 110 contains at least one
component of feed stream 16, such as water 17 and/or a carbon-containing
feedstock 18. As indicated in Fig. 2 in dashed lines, and as discussed herein, it is
also within the scope of the present disclosure that siream 110 and/or supply 112
contain at least two different components of feed stream 16, such as water 17 and a
liquid carbon-containing feedstock 18. Therefore, it is within the scope of the present
disclosure that stream 110 may include a single component of feed stream 16, may
contain more than one component of feed stream 16, and/or may include all of the
component(s) of feed stream 16. The components of feed stream(s) 16 may also be
referred to as feedstocks from which hydrogen-producing region 19 produces
hydrogen gas.

When feed stream 16 contains both water and a liquid carbon-containing
feedstock, the carbon-containing feedstock may be selected to be miscible with
water. For example, methanol and many other alcohols are miscible with water. In
some embodiments, the feed stream may also include an emulsifier or other suitable
additive that promotes mixing of water and a carbon-containing feedstock that
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otherwise is not, or is not suitably, miscible with water at the operating conditions
utilized by the feedstock delivery system. When the feed stream contains two or
more feedstocks, the feedstocks may be mixed in a common source, or supply, or
may be drawn from separate sources and thereafter mixed.

As shown in Fig. 2, at least a portion of liquid outlet stream 116 may form
feed stream 16. However, at least a portion of liquid stream 116 may additionally or
alternatively be recycled to a location upstream of the pump’s inlet 106, such as to
supply 112 or to the fluid conduit through which stream 110 flows from supply 112 to
pump 102. As used herein, the terms “upstream” and “downstream” are measured
with respect to the direction of fluid flow through the corresponding stream. The

_recycled portion 120 of liquid stream 116 is shown in a solid line being delivered back

to supply 112 and in a dashed line being delivered to a fluid conduit containing
stream 110. It is further within the scope of the present disclosure that recycle
stream 120 may be recycled directly to the pump, such as at or proximate inlet 106,
as indicated in Fig. 2 with a dash-dot line. Although not required, the recycle loop
formed by recycling at least a portion of liquid stream 116 may provide for self-
priming of the pump(s) during start-up of the feedstock delivery system.

While not required to all embodiments, feedstock delivery systems 22
according to the present disclosure that recycle at least a portion of the liquid outlet
stream may permit the feedstock delivery system to provide a flow of feed stream 16
for the fuel processor at a predetermined pressure, or discrete range of pressures,
without requiring the output of the pump to be positively controlfled or regulated to
adjust the flow and/or pressure of the liquid outlet siream from the pump. Instead, by
permitting the portion of liquid outlet stream 116 that does not form feed stream 16 to
be recycled (back to supply 112 or otherwise upstream from the pump), the
feedstock delivery system may provide a feed stream having a predetermined
pressure or discrete range of pressures and which also automatically adjusts in flow
rate to the demand, or feedstock requirements, of the fuel processor, such as
responsive to the load applied thereto by an associated fuel cell stack. Therefore,
while not required, it is within the scope of the present disclosure that a feedstock
delivery system 22 may provide a constant output pump, or predetermined pressure
and flow rate of liquid outlet stream 116, while still permitting the flow rate of feed
stream 16 to vary with the demands of the fuel processor that consumes the feed
stream and without appreciably, if at all, varying the pressure of the feed stream,
such as with the feed stream maintained at a predetermined pressure or discrete
range of pressures.
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In some embodiments, such as when pumping volatile liquid feedstocks
and/or feedstocks containing dissolved gases, it may be desirable to return recycle
stream 120 directly to supply 112 or an intermediate reservoir, or tank, rather than
having the stream directly return to the intake conduit for the pump assembly. For
example, should gas become present in the recycle stream, it is possible that this
gas may interfere with the operation of the pump assembly, such as depending upon
the type of pump assembly, the volume of gas, etc. Some types of pumps may be
more susceptible to interference by gases than others. Due to the continuous
recycling of the feedstock delivery system, gases may, if present in the recycle
stream, tend to accumulate. An illustrative, non-exclusive example of a possible
source of gas in the recycle stream is a feed stream containing a volatile component,
a liquid feedstock that contains dissolved gases, and/or at least a vaporized portioh
of the carbon-containing feedstock component thereof.

Supply 112 may be coupled in fluid communication with pump assembly 100
via any suitable mechanism. In some embodiments, it may be desirable to utilize a
quick-release, or quick-disconnect, coupling. Such a coupling does not require an
operator to utilize tools to disconnect and/or reconnect the coupling and thereby
disconnect and/or reconnect the fluid flow path between the supply and the pump
assembly. A quick-release coupling is schematically illustrated in Fig. 2 at 160. The
quick-release coupling includes at least one fitting, or coupling member 162, and in
many embodiments includes a pair of fittings, or coupling members, that are
designed to be selectively coupled together to establish a fluid passage
therebetween. In some embodiments, the coupling members may take the form of
complimentarily configured male and female coupling members, but this is not
required to all embodiments. In some embodiments that include such a quick-
release coupling, at least one of the coupling member includes a valve 164 that is
selectively configured between open and closed configurations. In some such
embodiments, the valve may be an automatic, or seli-sealing, valve that is biased or
otherwise adapted to automatically transition between the open and closed
configurations responsive to the coupling being configured between its coupled (or
connected) and uncoupled (or disconnected) configurations. In other words, when
the coupling is disconnected, the valve automatically transitions from an open
configuration, in which fluid (such as liquid stream 110) may flow therethrough, to a
closed configuration, in which the flow of fluid through the valve is prevented or
restricted.
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In at least embodiments of the feedstock delivery system in which the recycle
stream is configured to be returned to the supply, a quick-release coupling 160 may
additionally or alternatively be positioned upstream from the supply to selectively
disconnect the supply from the recycle stream. This optional coupling associated
with the recycle stream is schematically illustrated in Fig. 2 and may have the same
components and variants as described above with respect to the coupling between
supply 112 and pump assembly 100. In Fig.2, an optional check valve 166 is
schematically illustrated generally between the feedstock delivery system and the
hydrogen-producing region of the fuel processor. Such a valve, when present, may
be positioned to prevent feed siream 16 from flowing back toward the feedstock
delivery system (i.e., away from the hydrogen-producing region and generally toward
the feedstock delivery system).

Described in terms of the fluid conduits of, or associated with, feedstock
delivery system 22, and as illustrated somewhat schematically in Fig. 3, the
feedstock delivery system may be described as including an intake conduit 130
through which liquid stream 110 is drawn or otherwise received from supply 112 to
pump 102. The feedstock delivery system further includes an outlet, or output,
conduit 132 through which stream 116 is emitted from the pump’s outlet 108. The
output conduit is in fluid communication with a delivery conduit 134, through which at
least a portion of stream 116 may be delivered to hydrogen-producing region 19 as at
least a portion of feed sitream 16. Feedstock delivery systems 22 according to the
present disclosure further include a recycle conduit 136 that defines a fluid flow path
that establishes fluid communication between the delivery conduit and a portion of
the feedstock delivery system that is upstream of the pump’s working portion 109,
such as by returning the recycled portion of stream 110 to supply 112 or by directly
recycling the portion of the stream to the pump’s inlet or to a location downstream
from the supply and upstream from the pump’s inlet.

In Figs. 2 and 3, the illustrative example of a feedstock delivery system 22 is
shown further including a flow restrictor 140. Flow restrictor 140 is adapted to
reduce, or restrict, the cross-sectional area of the recycle conduit. For example, and
as schematically illustrated in Fig. 3, flow restrictor 140 may define a cross-sectional
area that is smaller than the cross-sectional area of delivery conduit 134.
Accordingly, liquid stream 116 may be biased to flow through delivery conduit 134,
and thereby to hydrogen-producing region 19, when the pressure in the hydrogen-
producing region and/or delivery conduit 134 is less than the pressure in the recycle
stream (at least between outlet conduit 132 and flow restrictor 140). Expressed in
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slightly different terms, flow restrictor 140 is adapted to create backpressure against
recycle stream 120 flowing through the flow restrictor and through recycle
conduit 136 back to the feedstock supply or other location upstream of the pump’s
working portion. The selected amount of backpressure created by the orifice may
vary according to a variety of factors, such as one or more of user preferences, the
size of the orifice, the shape of the orifice, the flow rate of liquid emitted by the pump
assembly, the size of the delivery and recycle conduits, the composition and
properties of the feed stream, etc. Preferably, the flow restrictor is sized or otherwise
configured to provide, or maintain, a pressure that is greater than the selected, or
desired, delivery pressure of feed stream 16 to hydrogen-producing region 19 and
less than the subsequently described threshold delivery pressure and/or threshold
recycle pressure. .

Flow restrictor 140 may include any suitable structure that is configured to
restrict the flow path of the recycle stream through recycle conduit 136. As an
illustrative, non-exclusive example, the flow restrictor may include an orifice 142
having an opening 144 of smaller cross-sectional area than a portion of recycle
conduit 136 upstream of the orifice and/or of smaller cross-sectional area than
delivery conduit 134, An example of such an orifice is schematically illustrated in
Fig. 3. Orifice 142 may be referred to as a restrictive orifice. Orifice 142 may have
an opening having a fixed, or non-adjustable, size. Alternatively, the flow restrictor
may include an orifice having a variable, or adjustable, opening size. When the
orifice is configured to permit adjustment of its orifice size, it may be configured for
manual adjustment of the orifice size, such as responsive to user inputs to a manual
control element and/or responsive to electronic or other command signals from a
controller or other portion of the fuel processing assembly and/or fuel cell system.

When the feedstock delivery system, or other component of the fuel
processing system, includes a restrictive orifice, such as orifice 142, it may also
include a filter upstream from the orifice to provide a safeguard against the orifice
becoming clogged or otherwise obstructed. For example, should particulate or other
undesirable solid components be present in the liquid stream that flows to the orifice,
these solid components may obstruct the filter if they are of sufficient size relative to
the opening through the orifice. Optional filters are schematically illustrated in
Figs. 2 and 3 at 143. It is within the scope of the present disclosure that the number
and type of filters, when present, may vary, such as depending upon the size of the
corresponding orifice, the flow rate and/or composition of the liquid to be filtered,
design preferences, etc. In experiments, a 43 micron filter has proven effective for



10

15

20

25

30

35

WO 2007/035467 PCT/US2006/035987

orifices in the range of 0.004-0.005 inches, but other filter and orifice sizes may be
utilized without departing from the scope of the present disclosure.

The portion of the recycle conduit upstream of the flow restrictor may be
referred to as the higher pressure region of the recycle conduit, and the portion of the
recycle conduit downstream of the flow restrictor may be referred to as a lower
pressure region of the recycle conduit. Expressed in slightly different terms, the
recycle conduit may be described as including a first portion that extends in fluid
communication between the outlet conduit and the flow restrictor and defines a liquid
flow path therebetween, and a second portion that extends in fluid communication
between the flow restrictor and supply 112, inlet conduit 130 or another portion of the
feedstock delivery system that is upstream from the working portion of the pump.
The second portion of the recycle conduit similarly defines a liquid flow path between
the flow restrictor and this upstream portion of the feedstock delivery system.

In the illustrative example shown in Fig. 3, the outlet conduit branches to
establish fluid communication, or connections, with the recycle conduit and the
delivery conduit. The fluid conduits described herein may include any suitable
structure that defines a flow path for the liquid or other fluid streams described
herein.  Accordingly, the conduits may be formed from a suitable material,
construction, and size for the fluid streams traveling therethrough and the operating
conditions encountered thereby. The conduits have been schematically illustrated in
Fig. 8, and it is within the scope of the present disclosure that they may (but are not
required to) include, or be in communication with, additional structures and/or
components, such as sensors, valves, flow-control devices, and the like. In Fig. 3,
the optional quick-release couplings 160 and check valve 166 that were described
above with respect to Fig. 2 are also depicted in dashed lines to graphically represent
that they may, but are not required to, also be utilized in the embodiment shown in
Fig. 3.

Although not required to all embodiments, it is within the scope of the present
disclosure that pump 102 is adapted to continuously draw stream 110 thereto and to
emit liquid stream 116 therefrom, with it being within the scope of the present
disclosure that the pump may be adapted to deliver a greater flow rate of stream 116
than is desired, or in some embodiments even able to be present, in feed stream 16.
Accordingly, the pump may be described as providing an output stream having a
greater flow rate of liquid than the flow rate of feed stream 16 that is produced
therefrom and delivered to the hydrogen-producing region (or other portion) of fuel
processor 12. In such a configuration, the pump may be described as being

10
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configured to provide excess liquid, or excess flow rate, in output stream 116,
thereby providing a flow of liquid that forms recycle stream 136.

By maintaining the pump in an operating state that provides an output
stream 116 that contains a greater amount, or flow rate, of feedstock than required
by the hydrogen-producing region, the pump may be configured to maintain a
constant\output regardless of the hydrogen demand, or requirements, of the
hydrogen-producing region, at least when the hydrogen-producing region is in a
hydrogen-producing operating state. In some embodiments, the pump may be
configured to maintain a flow rate of liquid feedstock that exceeds the hydrogen-
producing region’s maximum demand for the feedstock (i.e., the demand for the
feedstock when the hydrogen-producing region is at its maximum rated production
rate and/or when the hydrogen-producing region is producing sufficient hydrogen gas
to produce a power output at the maximum rated power output of the fuel cell stack).
In some embodiments, the feedstock delivery system may be adapted to provide an
output stream that has a flow rate that is at least 10%, at least 25%, or even at least
50% greater than the amount of feedstock required by the hydrogen-producing
region. However, because of the self-regulating nature of the feedstock delivery
system, the excess feedstock is not wasted, and instead is recycled through the
feedstock delivery system, where it may be reused or returned to the feedstock
supply.

In Figs. 2 and 3, the illustrative example of feedstock delivery system 22 is
shown also including a pressure actuated valve 150. Pressure-actuated valve 150 is
adapted to selectively permit the recycle stream to bypass the flow restrictor and
thereby not be subjected to the backpressure created by the restrictive orifice 142 or
other flow restrictor 140 and yet still be able to be returned to the supply or other
portion of the feedstock delivery system that is upstream of the pump’s working
portion. llustrative, non-exclusive examples of suitable pressure-actuated valves
include pressure relief valves and check valves that are fluidly connected as
described herein, namely, to selectively restrict and permit liquid flow to a bypass
conduit that enables the liquid to bypass the flow restrictor. As graphically indicated
in Fig. 3, pressure-actuated valve 150 is in fluid communication with a bypass
conduit 152 through which at least a portion of recycle stream 136 may selectively
flow as a bypass stream 154 from a position upstream of the flow restrictor to a
position downstream of the flow restrictor. Expressed in more structural terms, the
pressure-actuated valve is adapted to selectively permit at least a portion of the
recycle stream to flow from conduit 132 through the recycle conduit and back to
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supply 112 or inlet conduit 110 without having to flow through the flow restrictor. In
Fig. 2, the pressure-actuated valve is schematically illustrated at the juncture
between the bypass conduit and the recycle conduit upstream of the flow restrictor.
However, it is within the scope of the present disclosure that the pressure-actuated
valve may be located at any suitable location where it selectively permits and
restricts flow to the flow restrictor, with the flow being diverted through the bypass
conduit when the pressure-actuated valve restricts its flow to the flow restrictor. For
example, Fig. 3 illustrates that the pressure-actuated valve may be located at an
intermediate position along the bypass conduit (i.e., anywhere between the inlet and
outlet of the bypass conduit). It is also within the scope of the present disclosure that
the valve may be located at the inlet or exit of the conduit.

Pressure-actuated valve 150 is normally adapted, or biased, to restrict flow
through bypass conduit 152 when the pressure in recycle stream 136 upstream of
the flow restrictor (i.e., between output conduit 132 and flow restrictor 140) is less
than a threshold recycle pressure. This configuration may be referred to as the
closed, or flow-restricting, configuration of the pressure-actuated valve. However,
when the pressure reaches (or exceeds) this threshold recycle pressure, the
pressure-actuated valve is adapted to automatically permit liquid from upstream of
orifice 142 to flow through bypass conduit 152.

When the pressure reaches (or exceeds) this threshold recycle pressure and
the pressure-actuated valve is (automatically) configured to its actuated configuration
responsive thereto, at least a portion of recycle stream 120 may flow through the
bypass conduit, thereby reducing the pressure of the liquid upstream of the flow
restrictor. This may also reduce the pressure of the feed stream delivered by the
feedstock delivery system. The threshold recycle pressure may be the same as the
maximum, or threshold, delivery pressure that is acceptable for feed stream 16.
However, it is also within the scope of the present disclosure that these pressures
are not the same. For example, the threshold recycle pressure may be selected to
be less than the threshold delivery pressure, such as by a determined increment, to
provide a buffer or pressure differential between the pressure at which the pressure-
actuated valve is designed to permit flow through the bypass conduit (and thereby
reduce the pressure in the delivery and other associated streams) and the maximum
pressure at which the delivery conduit and/or fuel processing assembly is designed,
or desired, to receive the feed stream.

As indicated herein, at least the hydrogen-producing region of fuel processing
assembly 10 may be designed to operate at an elevated pressure, such as a
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pressure of at least 50 psi. In some embodiments, a lower pressure may be
sufficient, such as when the hydrogen-producing region is adapted to produce
hydrogen gas using a partial oxidation and/or autothermal reforming reaction and/or
when the fuel processing assembly does not utilize a pressure-driven separation
process. When the fuel processing assembly includes a purification, or separation,
region, such as described herein, this region may also be designed to operate at an
elevated pressure. The particular maximum and minimum operating pressures for a
particular fuel processing assembly will tend to vary according to a variety of possible
factors. Hlustrative examples of such factors may include, but may not be limited to,
the hydrogen-producing reaction utilized in hydrogen-producing region 19, the
composition of feed stream 16, the viscosity of the liquid in feed stream 16, the
delivery conduit construction, size, and/or configuration, the construction of the fuel
processing assembly, the pressure requirements of the fuel processing assembly
and/or fuel cell system downstream from the hydrogen-producing region, design
choices and tolerances, etc. For example, some fuel processing assemblies may be
designed to maintain an elevated pressure in at least the hydrogen-producing region,
and optionally at least one purification region thereof, by utilizing a restrictive orifice
or other suitable flow restrictor downstream of the hydrogen-producing region, and
optionally downstream of a purification region that is also preferably maintained at an
elevated pressure.

The amount of liquid (i.e., the percentage of recycle stream 120) that flows
through conduit 152 may vary within the scope of the present disclosure. In some
embodiments, the entirety of the stream that forms recycle stream 120 may flow
through the bypass conduit when the pressure-actuated valve is in its actuated, or
flow-permitted, configuration. In other embodiments, some of stream 120 may also
flow through orifice 142 or other flow restrictor 140 even in periods in which the
pressure-actuated valve is in this actuated configuration.

When present, pressure-actuated valve 150 may include a valve, or valve
member, 156 and a biasing mechanism 158 that is adapted to bias the valve from its
actuated configuration to its closed configuration. Biasing mechanism 158 may
include any suitable structure or device that is adapted to provide the above-
described biasing and yet permit the pressure-actuated valve to be configured to its
actuated configuration when the threshold recycle pressure is reached, or exceeded.
An illustrative, non-exclusive example of a suitable biasing mechanism is a spring or
other resilient member that exerts a biasing force against the valve member in a
direction that opposes the force exerted upon the pressure-actuated valve by the
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liquid in the recycle stream upstream of the flow restrictor. In other words, the liquid
stream upstream from the flow restrictor may exert a force that urges the pressure-
actuated valve from its closed configuration to its actuated configuration. This force
is applied against the bias of, or the force exerted by, biasing mechanism 158. When
the force exerted by the stream exceeds the force exerted by the biasing mechanism,
the pressure-actuated valve is configured to its actuated configuration. Otherwise,
when the stream pressure exerts a force to the pressure-actuated valve that is less
than the force applied by the biasing mechanism, the pressure-actuated valve is
adapted to remain in its closed configuration. Biasing mechanism 158 may also
function as a pressure detector, or pressure sensor, that is adapted to detect when
the pressure of the liquid stream emitted by the pump assembly exceeds a threshold
pressure, such as a threshold recycle or delivery pressure. Specifically, when the
pressure of the liquid, as applied against the biasing mechanism, is sufficient to
overcome the force exerted by the biasing mechanism, then the threshold pressure is
exceeded. Accordingly, the biasing mechanism may be adapted to exert a biasing
force that sets or corresponds to the threshold pressure, such as the threshold
recycle or delivery pressure.

Biasing mechanism 158 may be further adapted to automatically return the
pressure-actuated valve to its closed configuration. As an illustrative example, this
may occur when the pressure detected thereby (or applied thereto) decreases to
below the threshold recycle pressure, when the pressure decreases to a level that is
not sufficient to overcome the biasing force exerted by the biasing mechanism,
and/or after a predetermined time period has elapsed since the pressure-actuated
valve was configured to its actuated configuration. In other words, it is within the
scope of the present disclosure that the pressure-actuated valve is configured to
remain in its actuated configuration, once configured thereto, for at least a
predetermined minimum time period. It is also within the scope of the present
disclosure that the pressure-actuated valve may be configured to automatically
transition between its actuated and closed configurations responsive entirely to the
forces exerted thereto by the liquid stream and the biasing mechanism.

Figs. 2 and 3 illustrate examples of feedstock delivery systems 22 that include
a flow restrictor and a pressure-actuated valve associated with the recycle stream of
the feedstock delivery system. In operation, orifice 142 or another flow restrictor 140
is adapted to create backpressure that thereby urges, or biases, the output stream
from the pump assembly to flow through delivery conduit 134 toward the hydrogen-
producing region of the fuel processing assembly. However, should the orifice or
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other flow restrictor become clogged or otherwise fail, then the amount of
backpressure created by the flow restrictor will increase and the portion of liquid
outlet stream 116 that flows therethrough to form recycle stream 136 will decrease or
even become zero, which corresponds to when there is no flow through the flow
restrictor. If this pressure continues to increase, i.e., if the hydrogen-generation
assembly remains in operation, there is a potential for injury or damage. For
example, pressures that exceed the threshold delivery pressure and/or threshold
recycle pressure may damage pump 102 or one or more portions of the fuel
processing assembly. In essence, the pressure in at least output stream 116, and
typically feed stream 16, and the portion of recycle stream 120 upstream from the
flow restrictor, will continue to increase because the pump is configured to emit a
greater flow of output stream 116 than is being consumed by hydrogen-producing
region 19. Because the orifice or other flow restrictor is not able to permit the excess
liquid, or sufficient quantities of the excess liquid, to roW therethrough to form recycle
stream 120, the pressure will increase. However, because the above-described
feedstock delivery systems also include a pressure-actuated valve 150, the pressure
is prevented from increasing beyond a threshold recycle or delivery pressure. When
the pressure-actuated valve is actuated, the pressure will decrease, at least until the
pressure-actuated valve returns to its closed configuration. Should the flow restrictor
continue to be clogged or otherwise inoperational or only partially operational, the
pressure may begin to increase again, with the pressure-actuated valve again
transitioning to its actuated configuration should the pressure again increase to or
beyond the corresponding threshold pressure.

It is within the scope of the present disclosure that a feedstock delivery
system 22 according to the present disclosure may or may not include both flow
restrictor 140 and pressure-actuated valve 150. For example, the feedstock delivery
system may include a flow restrictor 140, such as described herein, without a
pressure-actuated valve (and accordingly without bypass conduit 152). As another
example, the feedstock delivery system may include a pressure-actuated valve 150,
such as described herein, without a flow restrictor that creates backpressure on the
outlet stream and which is selectively bypassed using the pressure-actuated valve.
In such an embodiment, the bypass conduit would not be present, and the pressure-
actuated valve would selectively create backpressure to the outlet (and delivery)
streams in its closed configuration, in which flow of the recycle stream is restricted by
the pressure-actuated valve. When the pressure exceeds a threshold pressure, as
described herein, the pressure-actuated valve is transitioned or otherwise urged to its
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actuated configuration, in which at least a portion of the outlet stream is recycled to
supply 112 or another portion of the delivery system upstream of the pump’s working
portion.

As discussed, if system 22 does not include a pressure-actuated valve, there
is a potential for the pressure to increase beyond selected threshold pressures if the
flow restrictor fails, is clogged, or otherwise is not able to properly function. However,
system 22 and/or fuel processing assemblies and/or fuel cell systems containing a
feedstock delivery system 22 according to the present disclosure may include other
suitable mechanisms for detecting and reacting to pressures that are at, near, or
exceed a selected threshold pressure. For example, systems that include a
controller may include a pressure sensor that is adapted to measure the pressure in
output stream 116, upstream of flow restrictor 140, or in another suitable location,
with the controller being adapted to control the operation of at least feedstock
delivery system 22 responsive to a pressure that exceeds or nears a selected
threshold. As an illustrative, non-exclusive example, the controller may be
configured to selectively reduce the speed of the pump and/or the outlet pressure of
the liquid propelled therethrough responsive to a detection that the pressure is at or
above a selected threshold pressure.

As another example, if feedstock delivery system 22 is implemented without a
flow restrictor, then pressure-actuated valve 150 will still be able to selectively reduce
the pressure in output stream 116, feed stream 16, etc., responsive to when the
pressure in these streams exceeds a selected threshold pressure, such as the
above-discussed threshold recycle pressure or threshold delivery pressure. Because
such a feedstock delivery system 22 does not include a flow restrictor that
establishes some backpressure within system 22 while also permitting a recycle
stream to flow therethrough, the pressure in the system will tend to oscillate. More
specifically, the liquid pressure will tend to increase as the pump emits a greater flow
rate of liquid than is consumed in hydrogen-producing region 19. This increase will
tend to continue until the pressure-actuated valve is transitioned from its closed
configuration to its actuated configuration. Thereafter, the pressure will tend to
decrease until the pressure-actuated valve returns to its closed configuration, at
which time the liquid pressure will tend to begin increasing again. This oscillation in
the liquid pressure, such as the pressure of feed stream 16 may affect the flow rate
of hydrogen gas produced by the fuel processor, which in turn may affect the power
output produced by the fuel cell stack. The systems should still be operational, but
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may not be maintained in as steady, or constant, of an operating state due to the
pressure fluctuation, or oscillation, in the feedstock delivery system.

In Fig. 4, another illustrative example of a feedstock delivery system 22
according to the present disclosure is shown. Similar to the previously described and
ilustrated feedstock delivery systems, the system includes a pump assembly 100
with at least one pump 102, a recycle conduit 136 with a flow restrictor 140, and a
bypaés conduit 152 with a pressure-actuated valve 150. It is within the scope of the
present disclosure that the feedstock delivery system of Fig. 4 may include any of the
components, elements, subelements, features, and variants as the previously
discussed examples. As illustrative examples, the delivery system may, but is not
required to, include at least one filter 143, quick-release coupling 160, check
valve 166, etc. Also shown in Fig. 4 is an optional safety valve 168 that is fluidly
positioned between supply 112 and pump assembly 100. Such a valve may also be
used with other embodiments of the feedstock delivery system, such as those shown
in Figs. 2 and 3.

Similar to the previously described and illustrated examples, the feedstock
delivery system of Fig.4 is adapted to provide a liquid feed stream 16 for a
hydrogen-producing fuel processor, with the feed stream being provided at a
selected pressure, or pressure range, without having to regulate the speed of and/or
power to the pump assembly. Accordingly, the system may be implemented without
a variable speed pump and/or without a controller that is adapted to regulate the
power to, or duty cycle of, the pump assembly. These components may be included
in some embodiments, such as to provide increased control over the delivery
pressure. However, system 22 may be configured to provide feed stream 16 at a
predetermined pressure without requiring these components. Furthermore,
system 22 has load-following, or demand-following, characteristics in that the delivery
system may provide feed stream 16 at a variety of flow rates having the
predetermined pressure without requiring regulation of the pump’s speed or other
output.

As shown, the feedstock delivery system of Fig. 4 is similar to the system of
Fig.i3 except that it includes a pair of flow restrictors 140, with the restrictors being
identified in Fig. 4 at 140’ and 140”. Flow restrictors 140’ and 140” are configured to
permit different flow rates of liquid therethrough. For example, when embodied with
flow restrictors in the form of restrictive orifices 142 that define openings 144
therethrough, flow restrictors 140’ and 140” may define openings that have different
cross-sectional areas and/or which are otherwise configured to permit different flow

17



10

15

20

25

30

35

WO 2007/035467 PCT/US2006/035987

rates of liquid therethrough. For example, flow restrictor 140" may permit a lesser
flow rate of liquid therethrough than flow restrictor 140°. As such, the flow restrictors
may be described as being configured to provide different levels of backpressure to
the liquid in the feedstock delivery system when the flow restrictors are respectively
utilized to control the flow of pressurized liquid to a fuel processor 12.

Also shown in Fig. 4 is a valve assembly 170 that is adapted to selectively
direct the liquid outlet stream from the pump assembly through one of two predefined
delivery conduits to form feed stream 16 for at least a hydrogen-producing region of a
fuel processor 12 of a fuel processing assembly 10. In Fig. 4, valve assembly 170
has been implemented with two valves 172 and 174. It is within the scope of the
present disclosure that valve assembly 170 may be otherwise implemented, such as
with a different number of valves, with other suitable flow-regulating devices, with a
three-way valve, etc. Valve assembly 170 selectively permits and restricts liquid flow
through flow restrictor 140" 10 selectively direct the liquid outlet stream 116 from the
pump assembly through first and second delivery conduits 134’ and 134"

Typically one of valves 172 and 174 will be open when the other of
valves 172 and 174 is closed, and vice versa. When valve 172 is closed, valve 174
is open and the feedstock delivery system operates very similar to the previously
described examples presented in Figs. 2 and 3. This configuration may be described
as defining, or providing, a first delivery conduit, or path, for the liquid outlet stream to
flow to the fuel processor. In this configuration, the liquid outlet stream is prevented
from flowing through flow restrictor 140”.

When valve 172 is open, valve 174 is closed, and a second delivery conduit,
or path, for the liquid outlet stream is defined. In this path, the liquid outlet stream
from the pump assembly must flow through flow restrictor 140" to be able to form part
of the feed stream in the delivery conduit for the fuel processor. The relative sizing of
flow restrictor 140" relative to flow restrictor 140’ will at least partially, if not
completely, define a difference in the relative flow rate of liquid outlet stream 116
through the first and the second delivery conduits. While not required to all
embodiments, flow restrictors 140’ and 140” will typically define different relative flow
rates of liquid therethrough. For example, flow restrictor 140” may define a lower
relative flow rate therethrough than the flow rate defined by flow restrictor 140°’. The
first and second delivery conduits may also provide for feed streams having different
relative pressures. This difference in pressures may affect the performance of the
associated fuel processor, such as by affecting the production rate of hydrogen gas,
the temperature of the fuel processor, etc.
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It is within the scope of the present disclosure that a feedstock delivery
system 22 may include additional flow restrictors and/or pressure-actuated valves to
selectively provide for additional delivery conduits, such as to define additional flow
rates and pressures of liquid feed streams that are produced without requiring
positive control of the pump assembly of the delivery system.

The selective opening and closing of the valves of valve assembly 170 may
be implemented in any suitable manner. For example, the relative configuration
(open/closed) of the valves of the valve assembly may be configured for manual
operation, such as by a user or operator. Additionally or alternatively, the selective
opening and closing of the valves may be computerized, such as responsive to at
least one of user inputs, inputs from an associated controller or sensor, etc.

Fig. 5 graphically presents the resulis of an illusirative example of an
experiment in which a hydrogen-producing fuel cell system was operated with the
feedstock delivery system of Fig. 4 in which flow restrictors 140’ and 140" were
implemented as restrictive orifices having diameters of 0.005 inches and 0.004
inches, respectively. In the experiment, the electrical output 182 from a fuel cell
stack that consumes hydrogen gas from the fuel processor was changed from 250
Waltts to 120 Watts. This transition is indicated in Fig. 5 at 180. Fig. 5 is presented
for the purpose of illustrating the results of an experiment in which the first and
second delivery conduits defined by the feedstock delivery system of Fig. 4 was
implemented to deliver a liquid feed stream of methanol and water to a hydrogen-
producing (steam reforming) fuel processor that provides a product hydrogen stream
to a fuel cell stack. This experiment, and the illustrative components used therein, is
but one of many suitable possibilities within the scope of the present disclosure and
therefore is intended for purposes of illustration and not limitation.

In Fig. 5, the temperature of a heating assembly in the form of a burner that

"combusts the byproduct stream from a purification region of, or associated with, the

fuel processor to heat at least the hydrogen-producing region of the fuel processor is
shown at 184. The pressure of feed stream 16 is shown at 186. Fig. 5 illustrates the
load-following capability of the feedstock delivery system at two different flow
regimes. As shown, then the electrical output of the corresponding fuel cell stack is
switched from 250 Watts to 120 Watts, at 180, the pressure of feed stream 16 is
changed from an average pressure of 100 psia to an average pressure of 89.5 psia,
and with the average flow rate of the feed stream through delivery conduit 134"
(instead of conduit 134’) dropping to 6.5 mi/min from 8.5 ml/min. This decreased
average flow rate resulted in a lower output of hydrogen gas (and a corresponding
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byproduct stream when a purification region that produces such a byproduct stream
was utilized).

While a single feed stream 16 is shown in Fig. 1, it is within the scope of the
disclosure that more than one stream 16 may be used and that these streams may
contain the same or different feedstocks. This is schematically illustrated by the
inclusion of a second feed stream 16 in dashed lines in Fig. 1. Similarly, Fig. 1 also
illustrates in dashed lines that that each feed stream 16 may (but is not required to)
be associated with a different feedstock delivery system 22, or portions thereof. For
example, when more than one feedstock delivery system 22 is utilized, the systems
may (but are not required to) draw at least a portion of their outlet streams from a
common supply. When feed stream 16 contains two or more components, such as a
carbon-containing feedstock and water, the components may be delivered in the
same or different feed streams.

When the carbon-containing feedstock is miscible with water, the feedstock is
typically, but is not required to be, delivered with the water component of feed
stream 16, such as shown in Fig. 1 by reference numerals 17 and 18 pointing to the
same feed stream 16. For example, when the fuel processor receives a feed stream
containing water and a water-soluble alcohol, such as methanol, these components
may be premixed and delivered as a single stream. For example, a reforming feed
stream may contain approximately 25-75 vol% methanol or ethanol or another
suitable water-miscible carbon-containing feedstock, and approximately 25-75 vol%
water. Fbr feed streams formed (at least substantially) of methanol and water, the
streams will typically contain approximately 50-75 vol% methanol and approximately
25-50 vol% water. Streams containing ethanol or other water-miscible alcohols will
typically contain approximately 25-60 vol% alcohol and approximately 40-75 vol%
water. An example of a particularly well-suited feed stream for hydrogen-generating
assemblies that utilize steam reforming or autothermal reforming reactions contains
69 vol% methanol and 31 vol% water, although other compositions and liquid carbon-
containing feedstocks may be used without departing from the scope of the present
disclosure. While not required, it is within the scope of the present disclosure that
such a feed stream that contains both water and at least one carbon-containing
feedstock may be used as the feed stream for hydrogen-producing region 19 and as
a combustible fuel stream for a heating assembly that is adapted to heat at least the
hydrogen-producing region of the fuel processing assembly.

Steam reforming is one example of a hydrogen-producing mechanism that
may be employed in hydrogen-producing region 19 in which feed stream 16
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comprises water and a carbon-containing feedstock. In a steam reforming process,
hydrogen-producing region 19 contains a suitable steam reforming catalyst 23, as
indicated in dashed lines in Fig. 1. In such an embodiment, the fuel processor may
be referred to as a steam reformer, hydrogen-producing region 19 may be referred to
as a reforming region, and output, or mixed gas, stream 20 may be referred to as a
reformate stream. As used herein, reforming region 19 refers to any hydrogen-
producing region utilizing a steam reforming hydrogen-producing mechanism.
Examples of suitable steam reforming catalysts include copper-zinc formulations of
low temperature shift catalysts and a chromium formulation sold under the trade
name KMA by Siid-Chemie, although others may be used. The other gases that are
typically present in the reformate stream include carbon monoxide, carbon dioxide,
methane, steam, and/or unreacted carbon-containing feedstock.

Another illustrative example of a suitable hydrogen-producing reaction that
may be utilized in hydrogen-producing region 19 is autothermal reforming, in which a
suitable autothermal reforming catalyst is used to produce hydrogen gas from water
and a carbon-containing feedstock in the presence of air. When autothermal
reforming is used, the fuel processor further includes an air delivery assembly 67 that
is adapted to deliver an air stream to the hydrogen-producing region, as indicated in
dashed lines in Fig. 1. Autothermal hydrogen-producing reactions utilize a primary
endothermic reaction that is utilized in conjunction with an exothermic partial
oxidation reaction, which generates heat within the hydrogen-producing region upon
initiation of the initial hydrogen-producing reaction.

As an illustrative example of temperatures that may be achieved and/or
maintained in hydrogen-producing region 19 through the use of a heating
assembly 60, hydrogen-producing steam reformers typically operate at temperatures
in the range of 2002 C and 9002 C. Temperatures outside of this range are within the
scope of the disclosure. Steam and autothermal reformers also tend to operate at
elevated pressures, such as pressures in the range of 50 and 1000 psi, although
pressures outside of this range may be used and are within the scope of the present
disclosure. When the carbon-containing feedstock is methanol, the steam reforming
reaction will typically operate in a temperature range of approximately 200-5002 C.
lNlustrative subsets of this range include 350-450° C, 375-425° C, and 375-4002 C.
When the carbon-containing feedstock is a hydrocarbon, ethanol, or another alcohol,
a temperature range of approximately 400-9002 C will typically be used for the steam
reforming reaction. lilustrative subsets of this range include 750-850° C, 725-825° C,
650-750° C, 700-800° C, 700-900° C, 500-800° C, 400-600° C, and 600-800° C. It is
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within the scope of the present disclosure for the hydrogen-producing region to
include two or more zones, or portions, each of which may be operated at the same
or at different temperatures. For example, when the hydrogen-production fluid
includes a hydrocarbon, in some embodiments it may be desirable to include two
different hydrogen-producing portions, with one operating at a lower tempera{ure
than the other to provide a pre-reforming region. In such an embodiment, the fuel
processing system may alternatively be described as including two or more
hydrogen-producing regions. lllustrative, non-exclusive examples of suitable heating
assemblies for use with fuel processing assemblies according to the present
disclosure are disclosed in U.S. Patent Applications Serial Nos. 10/407,500,
10/412,709, and 11/226,810, the complete disclosures of which are hereby
incorporated by reference for all purposes.

In many applications, it may be desirable for the fuel processor to produce at

| least substantially pure hydrogen gas. Accordingly, the fuel processor may utilize a

process that inherently produces sufficiently pure hydrogen gas. When the output
stream contains sufficiently pure hydrogen gas and/or sufficiently low concentrations
of one or more non-hydrogen components for a particular application, product
hydrogen stream 14 may be formed directly from output stream 20. However, in
many hydrogen-producing processes, output stream 20 will be a mixed gas stream
that contains hydrogen gas as a majority component along with other gases.
Similarly, in many applications, the output stream 20 may be substantially pure
hydrogen but still contain concentrations of one or more non-hydrogen components
that are harmful or otherwise undesirable in the application for which the product
hydrogen siream is intended to be used.

Accordingly, fuel processing assembly 10 may (but is not required to) further
include a purification region 24, in which a hydrogen-rich stream 26 is produced from
the output, or mixed gas, stream. Hydrogen-rich stream 26 contains at least one of a
greater hydrogen concentration than output stream 20 and a reduced concentration
of one or more of the other gases or impurities that were present in the output
stream. Purification region 24 is schematically illustrated in Fig. 1, where output
stream 20 is shown being delivered to an optional purification region 24. As shown in
Fig. 1, at least a portion of hydrogen-rich stream 26 forms product hydrogen
stream 14. Accordingly, hydrogen-rich stream 26 and product hydrogen stream 14
may be the same stream and have the same compositions and flow rates. However,
it is also within the scope of the present disclosure that some of the purified hydrogen
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gas in hydrogen-rich stream 26 may be stored for later use, such as in a suitable
hydrogen storage assembly, and/or consumed by the fuel processing assembly.

Purification region 24 may, but is not required to, produce at least one
byproduct stream 28. When present, byproduct stream 28 may be exhausted, sent
to a burner assembly or other combustion source, used as a heated fluid stream,
stored for later use, or otherwise utilized, stored or disposed of. It is within the scope
of the disclosure that byproduct stream 28 may be emitted from the purification
region as a continuous stream responsive to the delivery of output stream 20 to the
purification region, or intermittently, such as in a batch process or when the
byproduct portion of the output stream is retained at least temporarily in the
purification region.

Purification region 24 includes any suitable device, or combination of devices,
that are adapted to reduce the concentration of at least one component of output
stream 20. In most applications, hydrogen-rich stream 26 will have a greater
hydrogen concentration than output, or mixed gas, stream 20. However, it is also
within the scope of the disclosure that the hydrogen-rich stream will have a reduced
concentration of one or more non-hydrogen components that were present in output
stream 20, yet have the same, or even a reduced overall hydrogen concentration as
the output siream. For example, in some applications where product hydrogen
stream 14 may be used, certain impurities, or non-hydrogen components, are more
harmful than others. As a specific example, in many conventional fuel cell systems
(such as proton exchange membrane fuel cell systems), carbon monoxide may
damage a fuel cell stack if it is present in even a few parts per million, while other |
non-hydrogen components that may be present in stream 20, such as water, will not
damage the stack even if present in much greater concentrations. Therefore, in such
an application, a suitable purification region may not increase the overall hydrogen
concentration, but it will reduce the concentration of a non-hydrogen component that
is harmful, or potentially harmful, to the desired application for the product hydrogen
stream.

lllustrative examples of suitable devices for purification region 24 include one
or more hydrogen-selective membranes 30, chemical carbon monoxide removal
assemblies 32, and pressure swing adsorption systems 38. It is within the scope of
the disclosure that purification region 24 may include more than one type of
purification device, and that these devices may have the same or different structures
and/or operate by the same or different mechanisms. As discussed, hydrogen-
producing fuel processing assembly 10 may include at least one restrictive orifice or
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other flow restrictor downstream of at least one purification region, such as
associated with one or more of the product hydrogen stream, hydrogen-rich stream,
and/or byproduct stream.

Hydrogen-selective membranes 30 are permeable to hydrogen gas, but are at
least substantially, if not completely, impermeable to other components of output
stream 20. Membranes 30 may be formed of any hydrogen-permeable material
suitable for use in the operating environment and parameters in which purification
region 24 is operated. Examples of suitable materials for membranes 30 include
palladium and palladium alloys, and especially thin films of such metals and metal
alloys. Palladium alloys have proven particularly effective, especially palladium with
35 wit% to 45 wi% copper. A palladium-copper alloy that contains approximately
40 wt% copper has proven particularly effective, although other relative
concentrations and components may be used within the scope of the disclosure.

Hydrogen-selective membranes are typically formed from a thin foil that is
approximately 0.001 inches thick. It is within the scope of the present disclosure,
however, that the membranes may be formed from other hydrogen-permeable and/or
hydrogen-selective materials, including metals and metal alloys other than those
discussed above as well as non-metallic materials and compositions, and that the
membranes may have thicknesses that are greater or less than discussed above.
For example, the membrane may be made thinner, with commensurate increase in
hydrogen flux. Examples of suitable mechanisms for reducing the thickness of the
membranes include rolling, sputtering and etching. A suitable etching process is
disclosed in U.S. Patent No. 6,152,995, the complete disclosure of which is hereby
incorporated by reference for all purposes. Examples of various membranes,
membrane configurations, and methods for preparing the same are disclosed in U.S.
Patent Nos. 6,221,117, 6,319,306, and 6,537,352, the complete disclosures of which
are hereby incorporated by reference for all purposes.

Chemical carbon monoxide removal assemblies 32 are devices that
chemically react carbon monoxide and/or other undesirable components of
stream 20, if present in output stream 20, to form other compositions that are not as
potentially harmful. Examples of chemical carbon monoxide removal assemblies
include water-gas shift reactors and other devices that convert carbon monoxide to:
carbon dioxide, and methanation catalyst beds that convert carbon monoxide and
hydrogen to methane and water. It is within the scope of the disclosure that fuel
processing assembly 10 may include more than one type and/or number of chemical
removal assemblies 32.
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Pressure swing adsorption (PSA) is a chemical process in which gaseous
impurities are removed from oufput stream 20 based on the principle that certain
gases, under the proper conditions of temperature and pressure, will be adsorbed
onto an adsorbent material more strongly than other gases. Typically, it is the
impurities that are adsorbed and removed from output stream 20. The success of
using PSA for hydrogen purification is due to the relatively strong adsorption of
common impurity gases (such as GO, CO,, hydrocarbons including CH,, and Ny) on
the adsorbent material. Hydrogen adsorbs only very weakly and so hydrogen passes
through the adsorbent bed while the impurities are retained on the adsorbent
material. Impurity gases such as NHj;, H,S, and H,O adsorb very strongly on the
adsorbent material and are removed from stream 20 along with other impurities. If
the adsorbent material is going to be regenerated and these impurities are present in
stream 20, purification region 24 preferably includes a suitable device that is adapted
to remove these impurities prior to delivery of stream 20 to the adsorbent material
because it is more difficult to desorb these impurities.

Adsorption of impurity gases occurs at elevated pressure. When the pressure
is reduced, the impurities are desorbed from the adsorbent material, thus
regenerating the adsorbent material. Typically, PSA is a cyclic process and requires
at least two beds for continuous (as opposed to batch) operation. Examples of
suitable adsorbent materials that may be used in adsorbent beds are activated
carbon and zeolites, especially 5 A (5 angstrom) zeolites. The adsorbent material is
commonly in the form of pellets and it is placed in a cylindrical pressure vessel
utilizing a conventional packed-bed configuration. Other suitable adsorbent material
compositions, forms, and configurations may be used.

PSA system 38 also provides an example of a device for use in purification
region 24 in which the byproducts, or removed components, are not directly
exhausted from the region as a gas stream concurrently with the purification of the
output stream. Instead, these byproduct components are removed when the
adsorbent material is regenerated or otherwise removed from the purification region.

In Fig. 1, purification region 24 is shown within fuel processor 12. It is within
the scope of the disclosure that region 24, when present, may alternatively be
separately located downsiream from the fuel processor, as is schematically
illustrated in dash-dot lines in Fig. 1. It is also within the scope of the disclosure that
purification region 24 may include portions within and external fuel processor 12.

In the context of a fuel processor, or fuel processing assembly, that is
adapted to produce a product hydrogen stream that will be used as a feed, or fuel,
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stream for a fuel cell stack, the fuel processor preferably is adapted to produce
substantially pure hydrogen gas, and even more preferably, the fuel processor is
adapted to produce pure hydrogen gas. For the purposes of the present disclosure,
substantially pure hydrogen gas is greater than 90% pure, preferably greater than
95% pure, more preferably greater than 99% pure, and even more preferably greater
than 99.5% pure. Suitable fuel processors and fuel processing assemblies, including
ilustrative (non-exclusive) examples of components and configurations therefor for
producing‘streams of at least substantially pure hydrogen gas are disclosed in U.S.
Patent Nos. 6,319,306, 6,221,117, 5,997,594, 5,861,137, pending U.S. Patent
Publication Nos. 2001/0045061, 2003/0192251, and 2003/0223926, and pending
U.S. Patent Application Serial No. 11/263,726. The complete disclosures of the
above-identified patents and patent applications are hereby incorporated by reference
for all purposes. ,

In Fig. 1, fuel processor 12 is shown including a shell 68 in which at least the
hydrogen-producing region, and optionally the purification region, is contained.
Shell 68, which also may be referred to as a housing, enables the components of the
steam reformer or other fuel processing mechanism to be moved as a unit. It also
protects the components of fuel processor 12 from damage by providing a protective
enclosure and reduces the heating demand of the fuel processing assembly because
the components of the fuel processor may be heated as a unit. Shell 68 may, but
does not necessarily, include insulating material 70, such as a solid insulating
material, blanket insulating material, and/or an air-filled cavity. It is within the scope
of the disclosure, however, that the fuel processor may be formed without a housing
or shell. When fuel processor 12 includes insulating material 70, the insulating
material may be internal the shell, external the shell, or both. When the insulating
material is external a shell containing the above-described reforming and/or
purification regions, fuel processor 12 further may include an outer cover or jacket 72
external the insulation, as schematically illustrated in Fig. 1. It is within the scope of
the present disclosure that the fuel processing assembly may be implemented with a
different shell, with a shell that includes additional components of the fuel processing
assembly, including feedstock delivery system 22 (or portions thereof), and/or
includes additional components of the fuel cell system. It is also within the scope of
the present disclosure that a fuel processing assembly 10 may not include a shell 68.

It is further within the scope of the disclosure that one or more of the
components of fuel processing assembly 10 may either extend beyond the shell or
be located external at least shell 68. For example, and as discussed, purification
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region 24 may be located external shell 68, such as with the purification region being
coupled directly to the shell (as schematically illustrated in Fig. 7) or be spaced-away
from the shell but in fluid communication therewith by suitable fluid-transfer conduits
(as indicated in dash-dot lines in Fig. 1). As another example, a portion of hydrogen-
producing region 19 (such as portions of one or more reforming catalyst beds) may
extend beyond the shell, such as indicated schematically with a dashed line
representing an alternative shell configuration in Fig. 1.

As discussed, product hydrogen stream 14 may be used in a variety of

-applications, including applications where high purity hydrogen gas is utilized. An

example of such an application is as a fuel, or feed, stream for a fuel cell stack. A
fuel cell stack is a device that produces an electrical potential from a source of
protons, such as hydrogen gas, and an oxidant, such as oxygen gas. Accordingly, a
fuel cell stack may be adapted to receive at least a portion of product hydrogen
stream 14 and a stream of oxygen (which is typically delivered as an air stream), and
to produce an electric current therefrdm. This is schematically illustrated in Fig. 6, in
which a fuel cell stack is indicated at 40 and produces an electric current, which is
schematically illustrated at 41. In such a configuration, in which the fuel processor or
fuel processing assembly is coupled to a fuel cell stack, the resulting system may be
referred to as a fuel cell system 42 because it includes a fuel cell stack and a source
of fuel for the fuel cell stack. It is within the scope of the present disclosure that fuel
processors, feedstock delivery systems, and heating assemblies according to the
present disclosure may be used in applications that do not include a fuel cell stack.
When product hydrogen stream 14 is intended for use in a fuel cell stack,
compositions that may damage the fuel cell stack, such as carbon monoxide and
carbon dioxide, may be removed from the hydrogen-rich stream, if necessary, such
as by purification | region 24. For fuel cell stacks, such as proton exchange
membrane (PEM) and alkaline fuel cell stacks, the concentration of carbon monoxide
is preferably less than 10 ppm (parts per million). Preferably, the concentration of
carbon monoxide is less than 5 ppm, and even more preferably, less than 1 ppm.
The concentration of carbon dioxide may be greater than that of carbon monoxide.
For example, concentrations of less than 25% carbon dioxide may be acceptable in
some embodiments. Preferably, the concentration is less than 10%, and even more
preferably, less than 1%. While not required, especially preferred concentrations are
less than 50 ppm. The acceptable minimum concentrations presented herein are
ilustrative examples, and concentrations other than those presented herein may be
used and are within the scope of the present disclosure. For example, particular
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users or manufacturers may require minimum or maximum concentration levels or
ranges that are different than those identified herein.

Fuel cell stack 40 contains at least one, and typically multiple, fuel cells 44
that are adapted to produce an electric current from an oxidant, such as air, oxygen-
enriched air, or oxygen gas, and the portion of the product hydrogen stream 14
delivered thereto. A fuel cell stack typically includes muitiple fuel cells joined
together between common end plates 48, which contain fluid delivery/removal
conduits, although this construction is not required to all embodiments. Examples of
suitable fuel cells include proton exchange membrane (PEM) fuel cells and alkaline
fuel cells. Others include solid oxide fuel cells, phosphoric acid fuel cells, and molten
carbonate fuel cells.

The electric current, or electrical output, produced by stack 40 may be used to
satisfy the energy demands, or applied load, of at least one associated energy-
consuming device 46. lliustrative examples of devices 46 include, but should not be
limited to, motor vehicles, recreational vehicles, construction or industrial vehicles,
boats or other seacraft, tools, lights or lighting assemblies, appliances (such as
household or other appliances), households or other dwellings, offices or other
commercial establishments, computers, signaling or communication equipment,
battery chargers, etc. Similarly, fuel cell stack 40 may be used to satisfy the power
requirements of fuel cell system 42, which may be referred to as the balance-of-plant
power requirements of the fuel cell system. It should be understood that device 46 is
schematically illustrated in Fig. 6 and is meant to represent one or more devices, or
collection of devices, that are adapted to draw electric current from the fuel cell
system.

Fuel cell stack 40 may receive all of product hydrogen stream 14. Some or all
of stream 14 may additionally, or alternatively, be delivered,.via a suitable conduit, for
use in another hydrogen-consuming process, burned for fuel or heat, or stored for
later use. As an illustrative example, a hydrogen storage device 50 is shown in
dashed lines in Fig. 6. Fuel processing and/or fuel cell systems according to the
present disclosure may, but are not required to, include at least one hydrogen
storage device. Device 50 is adapted to store at least a portion of product hydrogen
stream 14. For example, when the demand for hydrogen gas by stack 40 is less than
the hydrogen output of fuel processor 12, the excess hydrogen gas may be stored in
device 50. lllustrative examples of suitable hydrogen storage devices include hydride
beds and pressurized tanks. Although not required, a benefit of fuel processing
assembly 10 or fuel cell system 42 including a supply of stored hydrogen is that this
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supply may be used to satisfy the hydrogen requirements of stack 40, or the other
application for which stream 14 is used, in situations when fuel processor 12 is not
able to meet these hydrogen demands. Examples of these situations include when
the fuel processor is starting up from a cold, or inactive state, ramping up (being
heated and/or pressurized) from an idle state, offline for maintenance or repair, and
when the fuel cell stack or application is demanding a greater flow rate of hydrogen
gas than the maximum available production from the fuel processor. Additionally or
alternatively, the stored hydrogen may also be used as a combustible fuel stream to
heat the fuel processing assembly or fuel cell system. Fuel processing assemblies
that are not directly associated with a fuel cell stack may still include at least one
hydrogen-storage device, thereby enabling the product hydrogen streams from these
fuel processing assemblies to also be stored for later use.

Fuel cell system 42 may also include at least one battery 52 or other suitable
energy-storage, or electricity-storing, device that is adapted to store the electric
potential, or power output, produced by stack 40. lllustrative, non-exclusive
examples of other energy storage devices that may be used include flywheels and
capacitors, such as ultracapacitors or supercapacitors. Similar to the above
discussion regarding excess hydrogen, fuel cell stack 40 may produce a power
output in excess of that necessary to satisfy the load exerted, or applied, by
device 46, including the load required to power fuel cell system 42. In further
similarity to the above discussion of excess hydrogen gas, this excess power output
may be used in other applications outside of the fuel cell system and/or stored for
later use by the fuel cell system. For example, the battery or other storage device
may provide power for use by system 42 during startup or other applications in which
the system is not producing electricity and/or hydrogen gas. In Fig. 6, flow-regulating
structures are generally indicated at 54 and schematically represent any suitable
manifolds, valves, controllers, switches and the like for selectively delivering
hydrogen and the fuel cell stack’s power output to device 50 and batiery 52,
respectively, and to draw the stored hydrogen and stored power output therefrom.

As also shown in at least Figs. 1 and 6-8, fuel processing assemblies (and
fuel cell systems) according to the present disclosure may include a heating
assembly 60 that is adapted to heat at least the hydrogen-producing region, or
reforming region, 19 of the fuel processor. In some fuel processing assemblies
according to the present disclosure, heating assembly 60 includes a burner
assembly 62 and may be referred to as a combustion-based, or combustion-driven,
heating assembly. In a combustion-based heating assembly, the heating
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assembly 60 is adapted to receive at least one fuel stream 64 and to combust the
fuel stream in the presence of air to provide a hot combustion stream 66 that may be
used to heat at least the hydrogen-producing region 19 of the fuel processor.
Stream 66 may also be referred to as a heated exhaust stream. As discussed in
more detail herein, air may be delivered to the heating assembly via a variety of
mechanisms. In Fig. 7, an air stream 74 is shown in solid lines; however, it is within
the scope of the disclosure for the air stream to additionally or alternatively be
delivered to the heating assembly with at least one of the fuel streams 64 for the
heating assembly 60 and/or drawn from the environment within which the heating
assembly is utilized.

It is within the scope of the disclosure that combustion stream 66 may
additionally or alternatively be used to heat other portions of the fuel processing
assembly and/or fuel cell systems with which heating assembly 60 is used. It is also
within the scope of the present disclosure that other configurations and types of
heating assemblies 60 may be utilized. As an illustrative example, a heating
assembly 60 may be an electrically powered heating assembly that is adapted to
heat at least the hydrogen-producing region of the fuel processing assembly by
generating heat using at least one heating element, such as a resistive heating
element. Therefore, it is not required that heating assembly 60 receive and combust
a combustible fuel stream to heat hydrogen-producing region 19 to a suitable
hydrogen-producing temperature.

In Figs.1 and 6-8, heating assembly 60 is shown in an overlapping
relationship with fuel processor 12 to graphically represent that it is within the scope
of the disclosure that the heating assembly may be located partially or completely
within fuel processor 12, such as being at least partially within shell 68, and/or that at
least a portion, or all, of the heating assembly may be located external the fuel
processor. In this latter embodiment, the hot combustion gases from the burner
assembly will be delivered via suitable heat transfer conduits to the fuel processor or
other portion of the system(s) to be heated.

As indicated in dashed lines in Fig. 7, fuel processing assemblies 10
according to the present disclosure may include a vaporization region 69 that is
adapted to receive a liquid feed stream 16 (or a liquid component of feed stream 16,
such as a stream of water 17 or a stream of a liquid carbon-containing feedstock 18)
and to vaporize the feed stream (or portion thereof) prior to delivery to hydrogen-
producing region 19 of fuel processor 12. As indicated schematically in Fig. 7,
heated combustion stream 66 from the heating assembly may be used to vaporize
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the feed stream in vaporization region 69 and/or otherwise heat the feed stream. 1t is
within the scope of the disclosure that fuel processor 12 may be constructed without
a vaporization region and/or that the fuel processor is adapted to receive a feed
stream that is gaseous or that has already been vaporized. lt is also within the scope
of the present disclosure that vaporization region 69, when present, extends partially
or completely outside of shell 68 (when present).

Fuel processors 12, heating assemblies 60, and feedstock delivery
systems 22 according to the present disclosure may be configured in any of the
arrangements described, illustrated and/or incorporated herein. In some
embodiments, features or aspects from one or more of the above described
configurations may be combined with each other and/or with additional features
described herein. For example, it is within the scope of the present disclosure that
fuel processing assemblies 10 that include at least one purification.region 24 may
(but are not required to) house the hydrogen-producing region 19 and at least a
portion of the purification region together in a common housing, with this housing
optionally being located within the shell 68 of the fuel processor. This is
schematically illustrated in Fig. 8, in which reference numeral 25 generally indicates a
hydrogen-producing region 19 of a fuel processor, with the hydrogen-producing
region being contained within a housing, or vessel, 27 that contains at least the
reforming (or other) catalyst 23 used to produce the mixed gas stream from the feed
stream that is delivered to the hydrogen-producing region.

As indicated in dashed lines in Fig. 8, shell 27 (and thereby region 25) may,
but is not required to, also include a purification region 24. For example, as
ilustrated in dashed lines in Fig. 8, the purification region, when present in the
housing, may include one or more hydrogen-selective membranes 30 and/or a
chemical carbon monoxide removal assembly 32. Accordingly, region 25 may be
described as a hydrogen-producing and purifying region when it contains both a
hydrogen-producing region 19 and a purification region 24. It is within the scope of
the disclosure that any of the regions 19 and 24 described, illustrated and/or
incorporated herein may be used in region 25. When region 25 does not include a
purification region, it may simply be described as a hydrogen-producing region 19
that includes a housing 27. When housing 27 includes a purification region 24, it is
still within the scope of the present disclosure that the fuel processing assembly may
include one or more additional purification regions (such as which may include the
same or different purification devices/mechanisms) external (i.e., downstream from)
housing 27. The fuel processing assemblies illustrated herein thereby include a
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hydrogen-producing region that is contained in a housing, with this housing optionally
also containing a purification region. As also illustrated in Fig. 8, it is within the scope
of the present disclosure that vaporization region 69, when present, may extend
partially or completely within housing 27.

Many hydrogen-producing fuel processors, such as steam and autothermal
reformers and pyrolysis and partial oxidation reactors, require a carbon-containing
feedstock that is used in the hydrogen-producing reaction, and then a separate fuel
stream, which typically also includes a carbon-containing feedstock, that is used as a
fuel source for the heating assembly. As such, these conventional fuel processing
assemblies require a separate source, pump, or other delivery assembly, transport
conduits, and flow-regulating devices, etc. According to an aspect of the present
disclosure, which is not required to all embodiments, a liquid-phase carbon-
containing feedstock 84 may be used for both carbon-containing feedstock portion 18
of feed stream 16 for reforming region 19 and carbon-containing feedstock portion 65
of fuel stream 64 for heating assembly 60, such as schematically iliustrated in Fig. 9.
This dual use of carbon-containing feedstock 84 is not required to all embodiments of
the present disclosure. Fig. 9 also provides a graphical illustration of a hydrogen-
producing fuel processing assembly that includes more than one feedstock delivery
system 22, such as a delivery system 22 that is adapted to deliver a feed stream
containing water 17, a feed stream containing carbon-containing feedstock 18, and/or
a feedstock delivery system 22 that is adapted to deliver fuel stream 64. As
illustrated in dashed lines in Fig. 9, it is within the scope of the present disclosure that
the previous example of three feedstock delivery systems may additionally or
alternatively be implemented as a single feedstock delivery system 22, such as which
may include more than one pump and/or. produce more than one outlet stream. It is
further within the scope of the present disclosure that not all liquid streams to the fuel
processing assembly are delivered by a feedstock delivery system 22. Instead, one
or more of the streams may be delivered by a different mechanism or delivery
system. '

In the illustrative example shown in Fig. 9, liquid carbon-containing
feedstock 84 is delivered to both heating assembly 60 and hydrogen-producing
region 19. Fig. 9 has been shown in a fragmentary view because fuel processor 12
may have a wide variety of configurations, such as configurations that do not include
a purification region, that utilize more than one type or number of purification
mechanism, etc. It is intended that the fragmentary fuel processor shown in Fig. 9
(and subsequent Figures) schematically represents any of these configurations, as
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well as any of the steam reformers and other fuel processors described, illustrated
and/or incorporated herein.

Fig. 10 is similar to Fig.9, except that the liquid carbon-containing
feedstock 84 is delivered as a single stream to valve assembly 86, in which the
carbon-containing feedstock is selectively delivered to at least one of the heating
assembly and the hydrogen-producing region. Valve assembly 86 may include any
suitable structure for selectively dividing the stream of carbon-containing feedstock
between the heating assembly and the hydrogen-producing region. The range of
possible configurations includes the heating assembly receiving all of the carbon-
containing feedstock, the hydrogen-producing region receiving all of the carbon-
containing feedstock, or both the heating assembly and the hydrogen-producing
region receiving carbon-containing feedstock. As discussed herein, the distribution
of the carbon-containing feedstock depends at least in part upon the particular
carbon-containing feedstock being used, whether byproduct stream 28 is also used
as a fuel for at least a portion of heating assembly 60, and the particular mode of
operation of the fuel processor, such as an idle mode, a startup mode, or a
hydrogen-producing mode.

The distribution of liquid carbon-containing feedstock 84 between the
hydrogen-producing region and the heating assembly may be manually controlled.
However, in many embodiments, it may be desirable for the distribution to be
predetermined and/or at least partially automated, such as by including a
controller 88 that selectively regulates the delivery of feedstock 84 between the
hydrogen-producing region and the heating assembly. An example of a suitable
controller for a steam reforming fuel processor is disclosed in U.S. Patent
No. 6,383,670, the complete disclosure of which is hereby incorporated by reference.
In some embodiments, controller 88 and/or valve assembly 86 may be configured to
allow a predetermined initial volume of carbon-containing feedstock into heating
assembly 60, as will be discussed in greater detail herein.

As discussed previously, in the context of a steam reformer or other fuel
processor that produces hydrogen gas from water and a carbon-containing
feedstock, feed stream 16 may be at least substantially, and typically entirely,
comprised of a mixture of water and a liquid-phase carbon-containing feedstock 84
that is preferably miscible in, or with, water. As such, a single (composite) feed
stream 90 containing water 17 and carbon-containing feedstock 84 can be consumed
as both the hydrogen-producing feed stream 16 for the reforming reaction, as well as
the heating assembly fuel stream 64. Further reduction in the supplies, delivery
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systems, flow regulators, delivery conduits and the like may be achieved according to
another aspect of the present disclosure by feed stream 16 and fuel stream 64 both
containing the same liquid carbon-containing feedstock 84 and water 17, with the
carbon-containing feedstock preferably being miscible in water. This is schematically
illustrated in Figs. 11 and 12, in which this composite stream is indicated at 90.
Streams 16 and 64 may have nearly, or completely, identical compositions, and may
be entirely formed from stream 90. t is within the scope of the disclosure, however,
that at least one of sireams 16 and 64 may have at least one additional component
or additional amount of water or carbon-containing feedstock added thereto prior to
consumption of the stream by the heating assembly or hydrogen-producing region.
Similarly, it is within the scope of the present disclosure that additional streams may
deliver additional components or additional amounts of water or carbon-containing
feedstock to the heating assembly or the fuel processor.

Similar to the previously discussed alternatives of Figs. 9 and 10 (where only
the carbon-containing feedstock component 84 of feed stream 16 was delivered to
heating assembly 60 rather than both the carbon-containing feedstock 84 and the
water 17), composite feed stream 90 may be selectively delivered to heating
assembly 60 and hydrogen-producing region 19 in separate streams from the same
source or from different sources, as schematically illustrated in Fig. 11. Alternatively,
and as schematically illustrated in Fig. 12, a single composite feed stream 90 may be
delivered to the fuel processing assembly, and more specifically to a valve
assembly 86, where the stream is selectively divided between the heating assembly
and the hydrogen-producing region. A controller 88, which may be a manual
controller or a computerized or other electronic controller or preprogrammed
controller, is also shown in dashed lines in Fig. 12. Controller 88 may be located
internal or external fuel processor 12, and/or may include both internal and external
components.

The relative amounts of water 17 and liquid carbon-containing feedstock 84 in
composite feed stream 90 may vary within the scope of the present disclosure. For
example, the ratio may depend upon such factors as the particular carbon-containing
feedstock being used, the hydrogen-producing mechanism being used in the fuel
processor, user preferences, the catalyst being utilized, the demand for hydrogen
gas, the efficiency of the reforming catalyst, etc. The relative concentrations of these
components may be expressed in terms of a ratio of water to carbon. When
feedstock 84 is methanol, a 1:1 molar ratio of steam to carbon has proven effective.
When feedstock 84 is ethanol, a ratio of 2-3:1 has proven effective. When
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feedstock 84 is a hydrocarbon, a ratio of approximately 3:1 is typically used.
However, the illustrative ratios described above are not meant to be exclusive ratios
within the scope of the disclosure, and others, including greater and lesser ratios,
may be used.

In Fig. 13, a variation of the configuration of Fig. 12 is shown to illustrate that
it is within the scope of the present disclosure that valve assembly 86 may be located
either internal or external fuel processor 12. Fig. 13 also illustrates that when the fuel
processor includes or is otherwise associated with a purification region 24 that
produces a gaseous byproduct stream 28, the gaseous byproduct stream 28 may be
delivered to the heating assembly to be used as a gaseous fuel for the heating
assembly. This gaseous fuel may supplement the liquid fuel discussed above (such
as carbon-containing feedstock 84 or composite feed stream 90), or may itself
contain sufficient heating value for certain steam reformers or other fuel processors
and/or certain operating configurations of the fuel processors.

lllustrative examples of hydrogen-producing fuel cell systems 42, hydrogen-
producing fuel processing assemblies 10, and feedstock delivery systems 22 have
been schematically illustrated in various ones of Figs. 1-4 and 6-13. These systems
may include additional components, such as air/oxidant supplies and delivery
systems, heat exchange assemblies and/or sources, controllers, sensors, valves and
other flow controllers, power management modules, etc. It is within the scope of the
present disclosure to selectively include one or more of these components. Similarly,
although a single fuel processor 12 and/or a single fuel cell stack 40 are shown in
various ones of Figs. 1-4 and 6-13, it is within the scope of the disclosure that more
than one of either or both of these components may be used.

Industrial Applicability

The feedstock delivery systems, and hydrogen-producing fuel processing and
fuel cell systems containing the same that are disclosed herein are applicable to the
hydrogen- and energy-production industries, including the fuel cell industries.

It is believed that the disclosure set forth above encompasses multiple distinct
inventions with independent utility. While each of these inventions has been
disclosed in its preferred form, the specific embodiments thereof as disclosed and
ilustrated herein are not to be considered in a limiting sense as numerous variations
are possible. The subject matter of the inventions includes all novel and non-obvious
combinations and subcombinations of the various elements, features, functions
and/or properties disclosed herein. Where the disclosure or subsequently filed
claims recite “a” or “a first” element or the equivalent thereof, it is within the scope of
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the present inventions that such disclosure or claims may be understood to include
incorporation of one or more such elements, neither requiring nor excluding two or
more such elements.

It is believed that the following claims particularly point out certain
combinations and subcombinations that are directed to one of the disclosed -
inventions and are novel and non-obvious. Inventions embodied in other
combinations and subcombinations of features, functions, elements and/or properties
may be claimed through amendment of the present claims or presentation of new
claims in this or a related application. Such amended or new claims, whether they
are directed to a different invention or directed to the same invention, whether
different, broader, narrower, or equal in scope to the original claims, are also
regarded as included within the subject matter of the inventions of the present

- disclosure.
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CLAIMS:
1. A hydrogen-producing fuel processing assembly, comprising:

a hydrogen-producing region adapted to receive at least a feed stream
containing at least a carbon-containing feedstock and to produce a mixed gas stream
containing hydrogen gas as a majority component therefrom; and

a feedstock delivery system adapted to deliver the feed stream containing at
least a carbon-containing feedstock to the hydrogen-producing region of the fuel
processing assembly, wherein the feedstock delivery system is in communication
with a liquid supply containing the carbon-containing feedstock, wherein the
feedstock delivery system comprises:

a pump assembly adapted to draw from the supply a liquid inlet
stream containing at least the carbon-containing feedstock and to emit a liquid outlet
stream;

an outlet conduit in fluid communication with a delivery conduit and
with a recycle conduit, wherein the delivery conduit is in fluid communication with the
hydrogen-producing region of the hydrogen-producing fuel processing assembly, and
the recycle conduit is in fluid communication with at least one of the liquid supply and
an inlet conduit through which the inlet stream is drawn to the pump assembly;
wherein the outlet conduit is adapted to receive the liquid outlet stream and to define
a flow path for the liquid outlet stream to the delivery conduit and the recycle conduit;

a flow restrictor adapted to create backpressure in the recycle conduit;
and

a pressure-actuated valve adapted to selectively permit liquid in the
recycle conduit to bypass the flow restrictor.

2. The hydrogen-producing fuel processing assembly of claim 1, wherein
the pressure-actuated valve is in fluid communication with a bypass conduit that
extends in fluid communication with portions of the recycle conduit upstream and
downstream of the flow restrictor.
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3. The hydrogen-producing fuel processing assembly of claim 2, wherein
the pressure-actuated valve is adabted to be selectively configured between a closed
configuration, in which the pressure-actuated valve restricts flow of the liquid outlet
stream through the bypass conduit, and an actuated configuration, in which the
pressure-actuated valve permits flow of the liquid outlet stream through the bypass
conduit, and further wherein the pressure-actuated valve is biased to the closed
configuration.

4, The hydrogen-producing fuel processing assembly of claim 3, whereih
the pressure-actuated valve is adapted to transition to the actuated configuration
when the pressure of the liquid outlet stream in the delivery conduit exceeds a
threshold recycle pressure.

5. The hydrogen-producing fuel processing assembly of claim 4, wherein
the hydrogen-producing region has a threshold delivery pressure for the portion of
the liquid outlet stream delivered thereto, and further wherein the threshold recycle
pressure corresponds to the threshold delivery pressure.

6. The hydrogen-producing fuel processing assembly of claim 5, wherein
the threshold recycle pressure is less than the threshold delivery pressure.

7. The hydrogen-producing fuel processing assembly of claim 4, wherein
the pressure-actuated valve is further adapted to automatically return to the closed

configuration.

8. The hydrogen-producing fuel processing assembly of claim 1, wherein
the flow restrictor includes a restrictive orifice.

9. The hydrogen-producing fuel processing assembly of claim 1, wherein
the feed stream contains water and the carbon-containing feedstock.

10.  The hydrogen-producing fuel processing assembly of claim 1, wherein
the supply contains water and the carbon-containing feedstock.
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11. The hydrogen-producing fuel processing assembly of claim 1, wherein
the hydrogen-praducing region is adapted to receive up to a threshold flow rate of the
outlet strearn through the delivery conduit, and further wherein the pump assembly is
adapted to emit a liquid outlet stream having a greater flow rate than the threshold
flow rate.

12.  The hydrogen-producing fuel processing assembly of claim 11,
wherein when the hydrogen-producing region is receiving a portion of the liquid outlet
stream and producing hydrogen gas therefrom, the pump assembly is adapted to
emit a flow rate of the liquid outlet stream that exceeds the threshold flow rate.

13. The hydrogen-producing fuel processing assembly of claim 1, wherein
the pump assembly includes a single-speed pump.

14.  The hydrogen-producing fuel processing assembly of claim 1, wherein
the recycle conduit is in fluid communication with the supply.

15.  The hydrogen-producing fuel processing assembly of claim 14,
wherein the feedstock delivery system includes quick-release couplings
interconnecting the supply with the recycle conduit and the inlet conduit.

16.  The hydrogen-producing fuel processing assembly of claim 1, wherein
the feedstock delivery system is adapted to provide a feed stream having an at least
substantially constant pressure and a variable flow rate.

17.  The hydrogen-producing fuel processing assembly of claim 1, wherein
the flow restrictor is a first flow restrictor, and further wherein the feedstock delivery
system further includes a second flow restrictor adapted to create backpressure in
the recycle conduit, wherein the first and the second flow restrictors are adapted to
create different levels of backpressure in the recycle conduit.

18. The hydrogen-producing fuel processing assembly of claim 17,

wherein the first and the second flow restrictors are restrictive orifices having different
sized openings.
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19. The hydrogen-producing fuel processing assembly of claim 17,
wherein the delivery conduit is a first delivery conduit, wherein the outlet conduit is in
fluid communication with the first delivery conduit, the recycle conduit, and a second
delivery conduit, and further wherein the second flow restrictor is adapted to restrict
the flow rate of liquid through the second delivery conduit.

20. The hydrogen-producing fuel processing assembly of claim 19,
wherein the feedstock delivery system includes a valve assembly adapted to
selectively prevent a portion of the liquid outlet stream from fiowing through the first
delivery conduit or the second delivery conduit.

21.  The hydrogen-producing fuel processing assembly of claim 20,
wherein the first and the second delivery conduits define different flow rates of the
liquid outlet stream therethrough.
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22. A method for delivering feedstock to a hydrogen-producing fuel cell
system that includes at least a hydrogen-producing region adapted to produce a
stream containing hydrogen gas from at least one feedstock, and a fuel cell stack
adapted to produce a power output from an -oxidant and hydrogen gas produced in
the hydrogen-producing region, the method comprising:

drawing a liquid stream from a supply containing at least one carbon-
containing feedstock for the hydrogen-producing region of a hydrogen-producing fuel
cell system;

pumping a flow of the liquid stream through an outlet conduit that is in fluid
communication with a delivery conduit and a first portion of a recycle conduit,
wherein the delivery conduit is in fluid communication with the hydrogen-producing
region of the hydrogen-producing fuel cell system, wherein the recycle conduit is
adapted to provide a flow path to return the liquid stream to at least one of the supply
and a location upstream from a delivery mechanism that is adapted to propel the
liquid stream to the outlet conduit, and further wherein the pumping step produces a
flow of the liquid stream that exceeds the capacity of the delivery conduit, with an
excess portion of the flow flowing into the recycle conduit;

regulating the distribution of the flow between the delivery conduit and the
recycle conduit, wherein the regulating includes creating backpressure in the recycle
conduit with a flow restrictor that separates the recycle conduit into at least a first
portion that extends between the outlet conduit and the flow restrictor and a second
portion that extends from the flow restrictor, wherein the regulating further includes
selectively permitting the excess portion of the flow to bypass the flow restrictor by
flowing through a bypass conduit in fluid communication with portion's of the recycle
conduit upstream and downstream of the flow restrictor,

receiving at least a portion of the flow in the delivery conduit in the hydrogen-
producing region and producing a stream containing hydrogen gas therefrom; and

producing an electrical power output from an oxidant and at least a portion of
the stream containing hydrogen gas.

23. The method of claim 22, wherein the method includes automatically

regulating distribution of the flow rate between the delivery conduit and the recycle
condulit.
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24.  The method of claim 22, wherein the selectively permitting includes
restricting the liquid stream from flowing through the bypass conduit until the
pressure of the flow exceeds a threshold recycle pressure.

25.  The method of claim 24, wherein the threshold recycle pressure is
less than a threshold delivery pressure for the portion of the flow that is delivered to
the hydrogen-producing region.

26. The method of claim 24, wherein the selectively permitting includes
permitting flow of the liquid stream through the bypass conduit at least until the
pressure of the flow is less than the threshold recycle pressure and thereafter
restricting further flow of the liquid stream through the bypass conduit.

27. The method of claim 22, wherein the selectively permitting includes
utilizing a pressure-actuated valve that is adapted to be selectively configured
between a closed configuration, in which the pressure-actuated valve restricts flow
through the bypass conduit, and an actuated configuration, in which the pressure-
actuated valve permits flow of the excess portion through the bypass conduit, and
further wherein the pressure-actuated valve is biased to the closed configuration.

28. The method of claim 27, wherein the pressure-actuated valve is
adapted to transition to the actuated configuration when the pressure of the flow
exceeds a threshold recycle pressure.

29. The method of claim 22, wherein flow restrictor includes a restrictive
orifice.

30. The method of claim 22, wherein the hydrogen-producing region is
adapted to receive up to a threshold portion of the flow that is less than 100% of the
flow.

31.  The method of claim 22, wherein the delivery conduit is a first delivery
conduit, wherein the flow restrictor is a first flow restrictor, and further wherein the
regulating includes selectively delivering the flow between the first delivery conduit,
the recycle conduit, and a second delivery conduit that includes a second flow
restrictor.
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32. The method of claim 31, wherein the first flow restrictor and the
second flow restrictor are adapted to create different levels of backpressure and to
define different flow rates of liquid therethrough.

33.  The method of claim 22, wherein the pumping includes pumping the
liquid stream at an essentially constant flow rate.

34.  The method of claim 22, wherein the liquid stream contains water and
the carbon-containing feedstock.

35. The method of claim 33, wherein the hydrogen-producing region
includes a reforming catalyst that is adapted to produce a mixed gas stream that

contains hydrogen gas and other gases.

36. The method of claim 35, wherein the method further includes
removing at least a portion of the other gases from the mixed gas stream.
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37. A hydrogen-producing fuel processing assembly, comprising:

a hydrogen-producing region adapted to receive at least a feed stream
containing at least a carbon-containing feedstock and to produce a mixed gas stream
containing hydrogen gas as a majority component therefrom;

a feedstock delivery system adapted to deliver the feed stream containing at
least a carbon-containing feedstock to the hydrogen-producing region of the fuel
processing assembly, wherein the feedstock delivery system is in communication
with a liquid supply containing at least the carbon-containing feedstock, wherein the
feedstock delivery system comprises:

a pump assembly adapted to draw from the supply a liquid inlet stream
containing at least the carbon-containing feedstock and to emit a liquid outlet stream;

an outlet conduit in fluid communication with a delivery conduit and with a
recycle conduit, wherein the delivery conduit is in fluid communication with the
hydrogen-producing region of the hydrogen-producing fuel processing assembly, and
the recycle conduit is in fluid communication with at least one of the liquid supply and
an inlet conduit through which the inlet stream is drawn to the pump assembly;
wherein the outlet conduit is adapted to receive the liquid outlet stream and to define
a flow path for the liquid outlet stream to the delivery conduit and the recycle conduit;
and

a pressure-actuated valve adapted to be selectively configured between a
closed configuration, in which the pressure-actuated valve restricts flow of the liquid
outlet stream through the recycle conduit and creates backpressure in the recycle
conduit, and an actuated configuration, in which the pressure-actuated valve permits
flow of the liquid outlet stream through the recycle conduit.

38. The hydrogen-producing fuel processing assembly of claim 37,
wherein the pressure-actuated valve is biased to the closed configuration.

39. The hydrogen-producing fuel processing assembly of claim 38,
wherein the pressure-actuated valve is adapted to transition to the actuated
configuration when the pressure of the liquid outlet stream in the delivery conduit
exceeds a threshold recycle pressure.
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40. The hydrogen-producing fuel processing assembly of claim 39,
wherein the hydrogen-producing region has a threshold delivery pressure for the
portion of the liquid outlet stream delivered thereto, and further wherein the threshold

»

recycle pressure corresponds to the threshold delivery pressure.

41. The hydrogen-producing fuel processing assembly of claim 40,
wherein the threshold recycle pressure is less than the threshold delivery pressure.

42.  The hydrogen-producing fuel processing assembly of claim 37,
wherein the feed stream contains water and a carbon-containing feedstock.
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43. The hydrogen-producing fuel processing assembly of claim 37,
wherein the hydrogen-producing region is adapted to receive up to a threshold flow
rate of the outlet stream through the delivery conduit, and further wherein the pump
assembly is adapted to emit a liquid outlet stream having a greater flow rate than the
threshold flow rate.
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44, A hydrogen-producing fuel processing assembly, comprising:

means for producing hydrogen gas from a carbon-containing feedstock and
water;

supply means containing a liquid comprising the carbon-containing feedstock
and water;

means for delivering a variable flow rate of the liquid to the means for
producing hydrogen gas at a predetermined pressure, wherein the means for
delivering include pump means for drawing liquid from the supply means and
producing a liquid outlet stream having an essentially constant flow rate; and

delivery means for selectively épportioning the liquid outlet stream between at
least a delivery conduit in fluid communication with the means for producing
hydrogen gas and a recycle conduit in fluid communication with the supply means to
return liquid to the supply means, wherein the delivery means includes a flow
restrictor adapted to create backpressure in the recycle conduit and a pressure-
actuated valve adapted to selectively permit liquid in the recycle conduit to bypass
the flow restrictor when the pressure in the recycle conduit reaches a threshold
recycle pressure.

45, The hydrogen-producing fuel processing assembly of claim 44,
wherein the pressure-actuated valve is in fluid communication with a bypass conduit
that extends in fluid communication with portions of the recycle conduit upstream and
downstream of the flow restrictor.

46. The hydrogen-producing fuel processing assembly of claim 44,
wherein the hydrogen-producing region has a threshold delivery pressure for the
portion of the liquid outlet stream delivered thereto, ahd further wherein the threshold
recycle pressure corresponds to the threshold delivery pressure.

47. The hydrogen-producing fuel processing assembly of claim 46,
wherein the threshold recycle pressure is less than the threshold delivery pressure.

48. The hydrogen-producing fuel processing assembly of claim 44,
wherein the hydrogen-producing region is adapted to receive up to a threshold flow
rate of the outlet stream through the delivery conduit, and further wherein the pump
assembly is adapted to emit a liquid outlet stream having a greater flow rate than the
threshold flow rate.
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49.  The hydrogen-producing fuel processing assembly of claim 1, wherein
the flow restrictor is a first flow restrictor, and further wherein the delivery means
further include a second flow restrictor adapted to create backpressure in the recycle
conduit, wherein the first and the second flow restrictors are adapted to create
different levels of backpressure in the recycle conduit.

50. The hydrogen-producing fuel processing assembly of claim 49,
wherein the first and the second flow restrictors are restrictive orifices having different
sized openings.
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