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A method for the thermal management of a fuel cell, which method comprises: processing a fuel supply stream comprising
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(57) Abrege(suite)/Abstract(continued):
comprising a controlled concentration of methane; and reforming within the fuel cell methane present in the fuel cell supply stream,

wherein the way In which the methanator Is operated Is adjusted Iin response to fluctuations in the temperature of the fuel cell such
that the concentration of methane In the fuel cell supply stream Is controlled in order to achieve a desired level of reforming of

methane within the fuel cell.
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(§7) Abstract: A method for the thermal management of a fuel cell, which method comprises: processing a fuel supply stream
comprising hydrogen, steam, at least one carbon oxide and optionally methane using a methanator to produce a fuel cell supply
stream comprising a controlled concentration of methane; and reforming within the fuel cell methane present in the fuel cell supply
stream, wherein the way in which the methanator is operated is adjusted in response to fluctuations in the temperature of the fuel cell
such that the concentration of methane in the fuel cell supply stream is controlled in order to achieve a desired level of reforming of
methane within the fuel cell.

WO 03/098728 Al



CA 02486706 2004-11-19

WO 03/098728 A1 {0 A AR 10 AN AR R

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



10

15

20

25

30

CA 02486706 2010-06-04

-1 -

METHOD AND SYSTEM FOR THERMAL MANAGEMENT OF A FUEL CELL

The present invention relates to a method for the thermal management of a fuel cell and to
a fuel cell system which facilitates thermal management of a fuel cell. The invention also
relates to an auxiliary power unit (APU) incorporating the fuel cell system of the

invention.

Fuel cells convert gaseous fuels (fuel and oxidant) via an electrochemical process directly
into electricity. Generally, the electricity-generating reaction within the fuel cell 1s
exothermic resulting in a temperature increase of the cell. Even though the fuel cell 1s run
at elevated temperature, this temperature increase can reduce fuel cell efficiency and cause

thermal runaway, and means for cooling the fuel cell are invarniably required.

One method of cooling a fuel cell involves the use of a coolant which is circulated 1n
thermal exchange with the cell. Heat absorbed by the coolant 1s discharged away from the
fuel cell, for instance by use of heat exchangers. The coolant may then be recycled to the
cell. As an embodiment of this general approach a fuel cell may be cooled by supplying
the fuel cell with more oxidant (e.g. air) than is actually required for power generation, the
excess oxidant serving as a coolant. However, this approach requires specific cooling
circuitry within the fuel cell system and/or an increase in size of passages within the fuel
cell to facilitate adequate coolant flow. This also typically requires the use of large
fans/compressors and this can result in increased parasitic power losses. These factors
result in an increase in the size and complexity of fuel cell systems and an increase mn
overall expense, particularly where large and/or numerous heat exchangers are called for.
Additionally, where the gaseous feed to the fuel cell is used as coolant, the excess flow

rate required can lead to increased pressure losses within the system.

It would be desirable to control the temperature of a fuel cell in a way which does not rely
solely on coolant circulation in thermal exchange with the fuel cell. It would be
particularly desirable to provide a means for the thermal management of a fuel cell which

relies on reactions occurring within the cell itself. This would enable simplified and
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compact system design, improve efficiency and reduce costs compared with conventional

cooling techniques as described.

Accordingly, the present invention provides a method for the thermal management of a

fuel cell, which method comprises:

processing a fuel supply stream comprising hydrogen, steam, at least one carbon oxide and
optionally methane using a methanator to produce a fuel cell supply stream comprising a

controlled concentration of methane; and

reforming within the fuel cell methane present 1n the fuel cell supply stream,

wherein the methanator has a by-pass in order to vary the amount of fuel supply stream
which is processed by the methanator in order to achieve a rapid response in methane
production depending on fluctuations in fuel cell temperature on transition between

differing load demands on the fuel cell, and

wherein the methanator by-pass is adjusted in response to fluctuations in the temperature
of the fuel cell such that the concentration of methane in the fuel cell supply stream 1s

controlled in order to achieve a desired level of reforming of methane within the fuel cell.

The generation of electricity in the fuel cell is exothermic, in that heat arises from the
irreversible energy losses associated with entropy changes. Methanation is also an
exothermic reaction. Reforming of methane within the fuel cell (also referred to herein as
internal reforming) is an endothermic reaction. The present invention may achieve thermal
management of the fuel cell system by using the exothermic reaction of methanation to
reject energy contained in the fuel to a cooling stream and that heat rejection is balanced by
the heat absorbed by the endothermic reaction of internal reforming. This is performed
mindful of the heat balance also being affected by the unfavourable losses to the
environment and energy imbalance of ingoing/outgoing reactants. The system thermal
management is thereby managed by control of the composition of reactants and theretore

the reactions occurring within the cell itself. An important aspect of the present invention
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is the active control of the way in which the methanator is operated in order to control the
methane concentration in the fuel cell supply stream and thus the amount of methane

available for internal reforming within the fuel cell. This control may be achieved by
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varying temperature and/or pressure at which the methanator 1s operated, the amount of
steam supplied to the methanator (for example supplied from anode recycle or from an
external supply) and the extent of methanator by-pass (as discussed below). As the
endothermic internal reforming reaction acts as a heat sink for heat produced by the
exothermic electricity-generating reaction within the fuel cell, controlling the amount of
methane available for internal reforming enables the temperature of the fuel cell to be
controlled. In turn this reduces the need to employ the kind of fuel cell cooling systems
described above, although in practice smaller scale systems are likely to be employed in
conjunction with the method of thermal management in accordance with the present
invention. Even though an external heat exchange system may still be required, this can be

downsized significantly resulting in significant cost and space savings.

The methane concentration in the fuel cell supply stream may be controlled by adjusting
the temperature at which the methanator is operated. In practice, a methanator has a
particular operating temperature range and this will depend, amongst other things, on the
type of catalyst employed. In accordance with the present invention the methanator will be
operated at a suitable temperature within this operating range to achieve the desired control
of methane output. Where high methane concentration 1s required, the methanator 1s
operated at the low end of the methanator operating temperature range, as this favours
methane formation. Thus, under conditions of high load 1t is necessary to reject alot of
heat from the input stream to the methanator and/or from the methanator itself.
Conversely, where low methane concentration is required, the methanator 1s run at the

high end of the methanator operating temperature range.

Usually the temperature of the methanator is managed by cooling rather than heating. This
is because the fuel supply stream input to the methanator 1s invariably processed upstream
of the methanator in order to generate the reactants necessary for the methanation reaction,
and this processing generally takes place at temperatures higher than the temperature at
which the methanator would be operated. Indeed, thermodynamically to achieve
methanation, the temperature at which the methanator is operated must be lower than that

of the upstream processing. Thus, prior to delivery to the methanator, the fuel supply
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stream is usually cooled and the extent of cooling enables the temperature at which
methanation takes place to be controlled. When the methanator 1s required to be run at
high temperature (low level méthanation), less cooling 1s obviously required than when the
methanator is run at low temperature (high level methanation). The fuel supply stream
may be cooled by conventional techniques such as by use of heat exchangers. The
methanator itself may be cooled by conventional means, for example by air blowers, pipe

coils, heat exchange plates and cooling channels provided within the methanator.

To enhance the output range of the fuel cell system it may be appropriate to insulate the
methanator to avoid unwanted or unexpected heat loss (though such loss may be taken into
account if the methanator is not well insulated). Unwanted or unexpected loss from the
methanator may have a detrimental effect on operation of the fuel cell, particularly under
turndown where the load demand on the fuel cell is low and minimal internal reforming of

methane is required in order to achieve thermal balance. In that case the methanator is

operated at a (high) temperature which is the same or approximately the same as the

temperature at which upstream processing of the fuel supply stream takes place. Operation
under such conditions results in minimal or no methane production, as desired. However,
a reduction in methanator temperature, for example due to heat loss, will result in higher
than expected methane concentration in the fuel cell supply stream and thus an increased
level of endothermic internal reforming of methane within the fuel cell. The result of this
may be chilling of the cell if the heat absorbed by the endothermic methane reforming

reaction exceeds that generated by the exotherms of electricity-generation occurring within

the fuel cell.

However, it will be appreciated that insulating the methanator will make it difficult to
achieve rapid cooling, for example when it is desired to reduce the methanator temperature

under high load conditions in order to achieve an increase in production of methane. To '
increase the dynamic response of the system it is preferable to avoid insulation and to split
the methanator supply stream between the methanator and a bypass. The extent of bypass
may be used to control operation of the methanator in response to the changing load

demand on the system. For instance, when the fuel cell supply stream is required to have a
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Jow methane concentration, this may be achieved by by-passing the methanator. The
extent of by-pass allows rapid and convenient control of the methane concentration in the

fuel cell supply stream.

Another alternative, or as an addition, the methane concentration in the fuel cell supply
stream may be controlled by adjusting the amount of water (steam) in the methanator mnput

stream. In the methanator the following reactions occur:

CO +3H, = CH,s + H,O (1)
C02 T 4H2 a CH4 -+ .2H20 (2)
CO + H,0 = CO, + H, (3)

It will be appreciated that low water concentration in the input to the methanator favours
formation of methane, whereas high water concentration does not. Varying the water
concentration in the input stream to the methanator will also have an impact on the
hydrogen concentration due to dilution effects. With low water concentration the extent of
dilution is low and the hydrogen concentration relatively high. This too favours methane
production. When the water concentration in the methanator mput stream 1s high, the
hydrogen concentration is reduced by dilution, and this favours reduced methane
formation. This said, bypass ratio regulation of the methanator is the preferred means of
controlling methane production in combination with the chosen temperature for

methanator operation.

The amount of steam delivered to the methanator may be controlied by manipulation of
upstream processes, as will be discussed below, and/or by varying the proportion of anode
waste stream that is recycled to the methanator. Desirably, the method of the present
invention does not require any separate water input and operates using the mimimum
amount of water. This avoids the need for water storage vessels, condensation units and
the like. However, if required, a reservoir or an external water supply may be provided for

specific needs, for example, at start up.
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A sigmficant advantage of the present invention is that the methane concentration in the
mput stream to the stack may be varied on a continuous and rapid basis thereby allowing
the extent of internal reforming of methane within the fuel cell to be controlled in response
to fluctuations in fuel cell temperature, such as would occur when the load demand on the
fuel cell varies. For instance, as the load demand on the fuel cell increases, so does its
requirement for heat rejection due to an increase in the exotherm of eleciricity-generation.
In this case the methanator may be operated so that the resultant fuel cell supply stream has
a sufficiently high methane concentration so that internal reforming in the cell takes place

to a greater extent, thereby consuming additional heat produced by the exothermic

electricity-generating reaction. Conversely, when the fuel cell is under lower load

conditions, the amount of heat produced from the inefficiencies of electricity generation in
the fuel cell 1s less than under higher load conditions. In this case the methane
concentration in the fuel cell supply stream may be reduced as less internal reforming of
methane 1s required to consume heat produced by electricity generation in the fuel cell.
The use of a methanator, the methane output of which may be continuously adjusted,

therefore allows thermal management of the fuel cell.

Desirably the present invention provides dynamic response to fluctuations in temperature
of the fuel cell in order to achieve on-going thermal balance during transition between
operating modes. Under high load, the methanator is operated at low temperature in order
to achieve high methane concentration in the input stream to the fuel cell. On transition to
low load, the methane requirement necessary for thermal balance is reduced significantly.
This may be achieved by allowing the temperature of the methanator to rise. However,

this does not occur rapidly with the result that the transition between these operating states

tends to have a lag. This may be remedied by causing some or all of the fuel supply stream
to by-pass the methanator altogether. This by-pass can be used to minimise or avoid
methane production without having to resort to raising the temperature of the methanator
to achieve the same effect. This allows a more dynamic response to the transition between
high and low load operating states. Conversely, when there is a transition from low load to
high load operation, the proportion of fuel supply which is allowed to by-pass the

methanator may be restricted so that increased methanation takes place, as necessary to
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achieve thermal balance of the fuel cell under increased load demand. Using a methanator
by-pass allows the methanator temperature to be suitably managed in order to achieve
rapid response 1n methane production depending on fluctuations in fuel cell temperature on
transition between differing load demands. The present invention includes this methanator

by-pass as part of the overall system design.

In order for the methanator to be able to produce methane the fuel supply stream delivered
to 1t must include suitable reactants, 1.e. hydrogen and carbon oxides. In this connection,
the present invention may utilise a variety of fuels as fuel input provided that the chosen
fuel may be processed (upstream of the methanator) in order to generate these reactants.
The present invention embraces this processing of the fuel, and provides also a fuel cell
system incorporating means for effecting the processing and subsequent methanation with
active control of methane output concentration delivered to the fuel cell. The fuel may be
a hydrocarbon fuel such as petrol, diesel, LPG, LNG, an alcohol or natural gas.
Alternatively, the fuel may be a so-called "biofuel" which is essentially free of sulfur-
contaimming compounds. These include bioethanol, biodiesel, rapeseed oil, rapeseed methyl
ester, canola oil, canola methyl ester, corn oil, hemp oil, switch grass oil, fatty acid methyl
esters, linseed oil, linseed methyl ester, sunflower oil, sunflower oil n'iethyl ester, soy bean

o1l, palmitic acid, lauric acid, stearic acid and lanoleic acid.

The processor used to process the fuel in order to generate the reactants needed to
facilitate methanation will obviously be selected based on the chosen fuel. The nature of
the tuel will depend upon the context in which the present invention is applied. For
mstance, and as 1s discussed in greater detail below, when the present invention is applied

to an auxiliary power unit (APU) for use in automotive applications, the fuel is likely to be

diesel, petrol, LNG, LPG or an alcohol.

In accordance with an embodiment of the present invention, fuel is converted to a fuel cell
supply stream having the desired concentration of methane in successive stages. The first
stage involves means for converting the fuel into a processed fuel stream comprising

hydrogen, steam and at least one carbon oxide. As noted above, the input stream to the
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methanator must include these reactants 1n order to be able to produce methane. The fuel
may optionally already contain a concentration of methane. Any suitable fuel processor
may be used depending upon the chosen fuel. In practice conversion of the fuel may be

achieved using an autothermal reformer (ATR) or a catalytic partial oxidation (CPOX) or

partial oxidation (POX) reactor. Autothermal reforming combines catalytic partial

oxidation (or partial oxidation) and steam reforming reactions, the oxidation reaction

providing heat for the endothermic (steam) reforming reaction.

Autothermal reforming or catalytic partial oxidation takes place over a suitable catalyst.
Typically, the catalyst comprises platinum, palladium, ruthenium or rhodium, supported
on a refractory metal oxide such as alumina, 1n a suitable form such as a monolithic body.
Alternatively, the partial oxidation catalyst or autothermal reformer catalyst may be an
oxide-based catalyst which 1s more tolerant to sulfur containing fuels.  Desirably, the
catalyst used to effect catalytic partial oxidation 1s effective in the presence of sulfur
compounds, although sulphur removal 1s required to prevent poisoming of the methanator

catalyst and/or the anode. The temperature at which catalytic partial oxidation takes place

1s typically 400 to 1000°C, for example 800 to 900°C.

Partial oxidation 1s purely a thermal process, without catalysis. When diesel 1s used as the
fuel the POX reactor may be fitted with a heated (platinum) element to assist cold start-up
until sufficient heat has been generated to raise the temperature of the reactor to above the

light-off temperature of diesel.

In an autothermal reformer the catalytic partial oxidation or partial oxidation usually takes

place 1n a first catalytic zone. The steam reforming catalyst of the autothermal reformer 1s
typically provided in a second catalyst zone. The catalyst used for the steam reforming
reaction may comprise any of the catalytic metals known to be useful for steam reforming,
such as nickel, cobalt, platinum and ruthenium and mixtures thereof. The catalyst may be
used in the form of a particulate bed or supported on an inert carrier support, as mentioned
above for the partial oxidation catalyst. If appropriate, the autothermal reformer may be

fitted with a heated (platinum) element, as described above.




CA 02486706 2004-11-19

WO 03/098728 PCT/AU03/00609

10

15

20

30

It the methane content of the fuel stream out of the upstream processor (i.e. the ATR,
CPOX, or POX) 1s too high for low load conditions, the methanator may be run as a
second-stage reformer. To provide the desired steam quantity for this reaction, the anode
recycle stream may have an additional split going to the methanator, which is operated

only under such a situation.

On start up of the system there is no steam available for reforming in the autothermal
reformer. Initially therefore the autothermal reformer is run dry as a partial oxidation
reactor. Some steam may be introduced externally, though this is not essential. In a
preferred embodiment, when an autothermal reformer is used in the first stage, steam
required for the operation thereof is applied by recycling a portion of the anode exhaust
stream to the autothermal reformer. This avoids the need to have a separate water input for
the system. In another preferred embodiment, the anode exhaust stream is also recycled

and fed to the anode iput. This portion of the anode exhaust stream is delivered in the

- fuel cell supply stream downstream of the methanator. By splitting the recycle loop in this

way 1t 1s possible to adjust independently the steam to carbon (S/C) ratio in both
components (a higher S/C ratio is required in the fuel cell). This may be achieved by use
of control valve(s), the placement of a blower, ejector or passive flow splitter device.
Adding steam to the fuel cell supply for the anode of the fuel cell downstream of the
methanator allows the S/C ratio for the fuel cell to be adjusted without introducing steam
to the methanator. Minimising the steam input to the methanator increases the hydrogen
concentration 1n the methanator feed because of reduced dilution. Both of these are
beneficial i terms of achieving high levels of methanation. In turn, this enables more
scope for thermal management of fuel cell temperature under high load. It is also desirable
to reduce the water concentration in the feed to the desulfuriser unit as improved sulphur
removal 1n the adsorbent bed may then be achieved. The size of the adsorbent bed may
also be reduced as a consequence. Reduced volumetric flow in the methanator enables a

smaller (and cheaper) methanator to be used.

The POX reactor 1s run dry and does not require steam for its operation. In this case a
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portion of the anode exhaust stream may be recycled and delivered to the methanator in
order to influence the extent of methanation, as discussed above. Anode recycle upstream
of the methanator also assists m avoiding carbon formation i the methanator. In this
embodiment it 1s also pretferable to split the anode waste stream recycle and feed a portion
thereof to the anode of the fuel cell. This portion is mtroduced into the fuel cell supply

stream downstream of the methanator. The S/C ratio of the mnput to the fuel cell can be

controlled in this way.

The following equations summarise the catalytic partial oxidation and steam reforming of

higher hydrocarbons (CHy) (reactions 1-3):

CiHy + (x + y/4)O, = x CO, +y/2 Hy,O (1) Combustion

CixHy +x/2 Oy — xCO +y/2 H; (2) Partial oxidation
Cx Hy + xH,0 — xCO + (x+y/2)H; (3) Steam reforming
CO + H,O —» H,; +CO, (4) Water-gas shift reaction

In an embodiment of the invention the catalysts for the partial oxidation and steam -

reforming reactions are present in a single reaction zone within the vessel used for

“autothermal reforming.

Depending upon the fuel used and the catalyst used in the methanator, it may be
appropriate to process the fuel to remove sulfur-containing compounds. If a low-sulfur
fuel (<5 ppm) or biofuel 1s used as fuel, following processing upstream of the methanator,
the sulfur concentration is‘likely to be about 1ppm or less. In this case, no sulfur-removal
means are necessary to avoid possible catalyst poisoning in upstream reformer and/or the

methanator and/or anode of the fuel cell.

If the fuel 1s a hydrocarbon fuel including organic-sulfur containing compounds such as
thiophenes and mercaptans, and other carbon-containing sulphur compunds such as
carbonyl sulphide and carbon disulphide, these will be converted to sulphur dioxide and

hydrogen sulfide 1n the upstream processor. In such a case and in the case where the fuel
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contains hydrogen sulphide alone, desulfurisation will be necessary to remove hydrogen
sulfide which would otherwise cause poisoning of the catalyst in the methanator and/or the
anode of the fuel cell. Typically, the processed fuel from the upstream reformer is cooled
to about 400°C prior to delivery to the adsorbent bed. The desulfurisation unit is operated
under conventional operating conditions. Alternatively, such a fuel may be passed
through a fuel sulfur trap upstream of the ATR or CPOX. This will be particularly
preferable if the ATR or CPOX catalyst 1s not tolerant to sulphur levels present in the fuel.

Prior to delivery of the fuel cell supply stream to the fuel cell the sulfur content of the
stream is typically reduced to a level of less than about 1 part per million by weight, and

preferably to less than 0.2 parts per million by weight.

Subsequent to any sulfur removal necessary, a fuel stream may be delivered to the

methanator, although by-passing of the methanator is possible as mentioned above.

Prior to delivery to the fuel cell the fuel cell supply stream is heated. This may be

achieved using a heater and by thermal exchange with the anode waste stream when the

fuel cell 1s running.

In the system of the mvention described it will be appreciated that the -autothermal
reformer, CPOX or POX reactor 1s provided in communication with any sulfur removal
unit, the position of the latter being dependent on the type of fuel used. In turn, the
methanator of the system 1s provided upstream of and in communication with a fuel cell,

the methanator output (the fuel cell supply stream) being delivered to the anode of the fuel

cell.

The various components of the fuel cell system are in communication with each other by
means of conventional gas supply conduits. These may include ancillary components such
as heat exchangers, control valves, manifolds, pumps and condensers, as necessary. The
terms "upstream” and "downstream" are intended to reflect the positions of the various

components of the system relative to each other. The accompanying figures also illustrate
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The methane concentration of the fuel cell supply stream will be varied in order to achieve
thermal management of the fuel cell. Generally, to achieve adequate cooling under
conditions of maximum cell load, the methane content of the fuel cell supply stream will
be up to about 30% volume, measured on a wet basis. The methane concentration suitable
will depend upon such things as load demand, anode recycle and/or heat loss from the fuel
cell. For example, under conditions of high load, low anode recycle and low heat loss, the
methane concentration will be at or toward the upper limit of this range. Under conditions
of low load, high anode recycle and proportionally high heat loss from the system per unit
of fuel input to the system, the methane concentrations will be at the low end of this range.
Very high levels of methane in the fuel cell supply stream have the potential to cause

excessive cooling as a result of the endothermic 1n stack reforming reaction.

Methane present 1n the fuel cell supply stream is reformed at the anode of the fuel cell.
The anode may comprise a metallic component such as nickel, :cobalt, iron or other
transition metals, supported on a suitable material such as zirconia, ceria, samaria, or other
rare-earth oxides, to catalyse the methane reforming reaction and the fuel-cell reaction.
The anode may contain additional materials like magnesium oxide or other alkaline oxides

as promoters. The reforming anode catalyst may be provided in fuel flow channels within

the anode side of the fuel cell.

In the present invention the methane concentration in the fuel cell supply stream is
adjusted based on the temperature of the fuel cell, the temperature varying with load
demand. Control may involve measurement of the fuel cell temperature with appropriate
adjustment of how the methanator is operated with consequential impact on the extent of
endothermic reforming within the cell and thermal management thereof. Control may even
involve the temperature control of the upstream processor in order to minimise the cooling
requirement 1 the methanator, e.g. at high load the upstream processor should be running
at the lower temperature range to produce a gas with a high concentration of methane.

Thus, the methanation reaction and cooling will be reduced. At low load, where thermal
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substaimnability of the stack is more difficult, the methane concentration should "be at the
lower end (hydrogen concentration at the higher end) and this may be achieved with
bypassing or temperature increase of the methanator. In this way the temperature of the
fuel cell may be optimised for a given load demand. Typically, the base line running

temperature of the fuel cell will be about 650-850°C.

It 1s also possible to achieve fuel cell cooling using the kind of conventional coolant-based
techniques described above; and this may be particularly appropriate if the temperature of
the fuel cell spikes suddenly. This may be influenced by the size of the fuel cell due to
thermal 1mertia. However, reliance on such techniques will be diminished by practice of
the invention in which the reactions within the fuel cell are advantageously self-sustaining,
primarily at high load. This means that ancillary cooling systems, if needed, may be
simplified and reduced 1n size. The present invention aims to provide a rapidly responsive

means of thermally managing a fuel cell which also enables suitably rapid load following.

The fuel cell and 1ts associated assembly can take any suitable form, a solid oxide fuel cell

- (SOFC) or molten carbonate fuel cell (MCFC). Preferably the fuel cell operates at a

temperature which 1s sufficient to provide essentially substantial conversion of the methane
in the internal reforming reaction. This maximises the efficiency of the thermal
management system. Preferably, the reforming catalyst provided in the fuel cell has
capacity to reform the maximum methane céncentration likely to be provided to the fuel
cell during operation thereof. This also contributes to the efficiency of the fuel cell system

of the present invention.

The fuel cell supply stream 1s delivered to the anode of the fuel cell by conventional
means. Pre-heated oxidant, typically air, 1s fed to the cathode of the fuel cell. Exhaust
gases of the fuel cell may be processed using a catalytic oxidiser. Advantageously, steam
may be provided to the autothermal reformer and/or the fuel cell (for internal reforming)

by recycling of the anode exhaust stream. The anode exhaust stream may be returned to

and mixed with the fuel supply stream for the autothermal reformer using a hot gas blower.

The anode exhaust stream may also be recycled to a CPOX or POX reactor when used,




10

15

20

25

30

CA 02486706 2010-06-04

-14 -

although these require less steam to function than an autothermal reformer.

The fuel cell system described 1s capable of transforming a fuel, such as diesel, to a fuel
suitable for use in a fuel cell operating at maximum internal reforming. Thermal
management of the fuel cell (or stack of fuel cells as will be the case in practice), in
accordance with the present invention maximises efficiency as a direct result of reducing
the requirement to use air flow to achieve cooling. Advantageously, the system may also
have water self-sufficiency in that no additional water needs to be introduced from a
separate supply. This also allows ancillary components such as condensation units to be
omitted from the system. When appropriate, it 1s also possible to use a relatively small
adsorbent bed for removal of H2S as anode waste stream is typically recycled after the exit
of the bed. The efficiency of the bed 1s enhanced by minimising water input to it. These
factors enhance the overall efficiency and contribute to providing a compact system. This
being the case, the fuel cell system of the present invention is particularly well suited for
use as an APU, especially 1n automotive applications. In such applications the APU may
be used to power such things as vehicle lighting and heating/cooling systems. The latter
would otherwise derive electrical power indirectly by operation of the power plant
providing motive power. This is inefficient use of fuel, especially when the vehicle 1s
idling. The present invention therefore also provides an APU which utilises the method for
thermal management described herein. The invention also provides an APU comprising
the fuel cell system described herein, preferably for use in an automotive application.
Typically, the APU will run on the same fuel as the power plant providing the motive
power, usually diesel, petrol, LNG, LPG or alcohol.

Generally, the fuel supply stream 1s supplied to multiple fuel cells, commonly called a fuel
cell stack 1n the case of planar SOFCs. However, the invention also extends to the process
being performed using a single fuel cell or other types of fuel cells, such as MCFC for
example. By way of example only, several different planar SOFC components and
systems, SOFCs and materials are described in our International Patent Publications
WO 1996/028855, WO 1997/035349, WO 1998/057384, WO 1999/013522 and
WO 1999/025890, including the corresponding US national phase Patent 5,942,349 and
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US 6,280,868, US 6,492,053, US 6,444,340, and US 6,294,131. Other disclosures appear
in our International Patent Publications WO 2000/040520, WO 2000/075389 and

WO 2000/076015.

The present invention will now be illustrated by reference to the accompanying non-

limiting figures in which Figures 1 and 2 are schematics showing fuel cell systems in

accordance with the invention.

More particularly, Figure 1 shows a fuel cell system in which a fuel stream (1) comprising
volatile higher C,+ hydrocarbons (and organic sulfur-containing compounds) is delivered
via a pump (2) to an autothermal reformer (3). Prior to delivery to the autothermal
reformer (3), the fuel is vaporised using an electrically heated vaporiser (4) operating at an
appropriate temperature of about 200°C. Air (5) 1s also dehivered to the autothermal
reformer. The autothermal reformer (3) operates at a temperature of around 600°C
depending upon the chosen catalyst and its activity, and produces a processed fuel stream
comprising hydrogen and a carbon oxide or oxides. The processed fuel stream 1s then
delivered via a heat exchanger (6) to a desulfuriser unit (7) comprising a ZnO adsorbent
bed. In the embodiment illustrated the desulfuriser unit (7) 1s operated at about 400°C. In
the desulfuriser unit (7) H,S 1s adsorbed.

The resultant desulfurised fuel stream 1s then delivered to a methanator (8) operated at a
temperature of about 400°C. In this case cooling of fuel stream to the methanator (8) is not
required. If the methanator (8) 1s operated at a temperature lower than that of the fuel
output of the desulfuriser unit (7) cooling will be required. As the reactions in the
methanator are exothermic it may be necessary to cool the methanator even if the required
methanator temperature i1s above that of the desulfuriser unit. In the methanator (8)
hydrogen and a carbon oxide or oxides are reacted over a suitable catalyst to produce

methane. The system includes a methanator by-pass (8A) which allows the desulfurised

fuel stream to be diverted around the methanator. This 1s useful under certain operating

conditions, as described above. The resultant fuel cell supply stream (9) i1s heated using a
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heater (10) to raise the fuel temperature prior to delivery to the anode (11) of a fuel cell
stack (12). At the anode (11) methane is reformed and this reaction consumes heat
generated by the endothermic reforming reaction. A portion of the anode waste stream
(13) 1s recycled with cooling using a heat exchanger (14) before delivery by a recycle
blower (15) to the autothermal reformer (3). The anode waste stream (13) contains steam
and varying the extent of recycling provides a means for varying the methane output from
the methanator (8). - A portion of the anode waste stream (13) may be used to pre-heat the

fuel cell supply stream (1) by means of a heat exchanger (10). That portion may then be

delivered to a catalytic oxidiser (16). A portion of the anode waste stream may also be

mixed with the desulfurised fuel stream supplied to the methanator and/or with the fuel cell
supply stream prior to delivery of the latter to the anode (11). The cathode (17) of the fuel
cell stack (12) 1s supplied with oxidant (air) (18) which is preheated using heat exchangers
(6, 19). The cathode waste stream (20) 1s fed to the catalytic oxidiser (16) in heat

exchange with the incoming oxidant supply at heat exchange (19).

The temperature of the fuel cell stack (12) 1s monitored using a thermocouple or other
means (not shown) and the methanator output controlled in order to provide an appropriate
amount of methane to the anode (11) such that internal reforming takes place to the extent

necessary to achieve thermal balance of the fuel cell.

If the fuel 1s diesel the vaporiser (4) may be incapable of vaporising diesel. In this case the
vaporiser (4) could be omitted and a portion of the anode exhaust stream used to vaporise
the diesel fuel. In this case the recycle blower (15) may be used to circulate anode exhaust
stream 1n a loop 1n thermal exchange with a heat exchanger provided upstream of the heat
exchanger (14). Diesel will then be injected into the pre-heated anode exhaust thus
preventing or minimising, coking of the diesel. Alternatively or additionally the reactor
used to process the fuel may include an electrically heated catalyst. Diesel may be
sprayed into the reactor and mixed with the hot anode recycle and air and ignite over the

electrically heated catalyst.

In Figure 2 the system layout is essentially the same as in Figure 1 although the
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autothermal reformer in Figure 1 is replaced by a partial oxidation reactor (22). In this
case 1t 1s not necessary to recycle steam to the reactor (22) and thus the recycle loop
involving the anode waste stream (13) is slightly different. In Figure 2 a portion of the
anode waste stream (13) may be recycled to the methanator (8) via a heat exchanger (14).
One consequence of this 1s that steam is not supplied to the ZnO bed of the desulfuriser

unit (7) and this allows the size of the bed to be reduced.

Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise", and variations such as "comprises" and "comprising", will
be understood to imply the inclusion of a stated integer or step or group of integers or steps

but not the exclusion of any other integer or step or group of integers or steps.
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CLAIMS:

1. A method for the thermal management of a fuel cell, which method comprises:

processing a fuel supply stream comprising hydrogen, steam, at least one carbon
oxide and optionally methane using a methanator to produce a fuel cell supply stream
comprising a controlled concentration of methane; and

reforming within the fuel cell methane present 1n the fuel cell supply stream,

wherein the methanator has a by-pass in order to vary the amount of fuel supply
stream which 1s processed by the methanator in order to achieve a rapid response in
methane production depending on fluctuations 1n fuel cell temperature on transition
between differing load demands on the fuel cell, and

wherein the methanator by-pass 1s adjusted 1n response to fluctuations in the
temperature of the fuel cell such that the concentration of methane 1n the fuel cell supply

stream 1s controlled in order to achieve a desired level of reforming of methane within the
fuel cell.

2. A method according to claim 1, wherein the methane concentration in the fuel cell
supply stream 1s controlled by varying the temperature and/or pressure at which the

methanator 1s operated.

3. A method according to claim 1, wherein the methane concentration in the fuel cell

supply stream 1s controlled by varying an amount of steam supplied to the methanator.

4, A method according to claim 1, wherein a fuel 1s processed upstream of the

methanator in order to produce the fuel supply stream.

5. A method according to claim 4, wherein the fuel is petrol, diesel, LPG, LNG, an

alcohol or natural gas.

0. A method according to claim 4, wherein the fuel is bioethanol, biodiesel, rapeseed

o1l, rapeseed methyl ester, canola oil, canola methyl ester, corn oil, hemp oil, switch grass
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oil, fatty acid methyl ester, linseed oil, linseed methyl ester, sunflower oil, sunflower oil

methyl ester, soy bean oil, palmitic acid, lauric acid, stearic acid or lanoleic acid.

7. A method according to claim 4, wherein the fuel is processed using an autothermal

reformer, a catalytic partial oxidation reactor or partial oxidation reactor.

8. A method according to claim 1, wherein the fuel cell is a solid oxide fuel cell or a

molten carbonate fuel cell.

9. A method according to claim 1, wherein the fuel cell forms part of an auxihiary

power unit.

10. A method according to claim 9, wherein the auxiliary power unit is used in an

automotive application.

11. A fuel cell system comprising:

a methanator for processing a fuel supply stream comprising hydrogen, steam, at
least one carbon oxide and optionally methane to produce a fuel cell supply stream
comprising a controlled concentration of methane; and

a fuel cell which is provided downstream of and in communication with the
methanator and which reforms methane present in the fuel cell supply stream delivered to
an anode of the fuel cell from the methanator,

wherein the system comprises a methanator by-pass that enables at least a portion
of the fuel supply stream to by-pass the methanator, and means for adjusting the
methanator by-pass to vary the amount of fuel supply stream supplied to the methanator in
response to fluctuations in the temperature of the fuel cell such that the concentration of
methane in the fuel cell supply stream is controlled in order to achieve a desired level of

reforming of methane within the fuel cell.

12. A fuel cell system according to claim 11, which forms part of an auxiliary power

unit.
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13. A fuel cell system according to claim 12, wherein the auxiliary power unit 1s used

in an automotive application.
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