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(57) Abréegée/Abstract:
This Invention provides a method for starting a fuel cell system which can reliably conduct reforming from an early stage and can
more reliably prevent an oxidative deterioration in anode, and a fuel cell system suitable for the method. The method Is a method for
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(57) Abrege(suite)/Abstract(continued):

starting a fuel cell system comprising a reformer comprising a reforming catalyst layer for reforming a hydrocarbon fuel to produce a
hydrogen-containing gas, and a high temperature-type fuel cell for generating electric power using a hydrogen-containing gas. The
method comprises a) the step of raising the temperature of the reforming catalyst layer while measuring the temperature of the
reforming catalyst layer, b) the step of calculating the flow rate of a hydrocarbon fuel which can be reformed in the reforming
catalyst layer based on the measured temperature of the reforming catalyst layer, and c¢) the step of supplying the hydrocarbon fuel
at the calculated flow rate Iinto the reforming catalyst layer to reform the fuel, and supplying the resultant reformed gas into an
anode of a high temperature-type fuel cell. The amount of the hydrocarbon fuel supplied into the reforming catalyst layer Is

Increased while repeating step b) and step c¢) until the amount of the hydrocarbon fuel supplied into the reforming catalyst layer
reaches the flow rate at the time of the completion of the start.
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ABSTRACT

Provided Is a method for starting up a fuel cell system, in which
reforming can be reliably performed from an early stage to more reliably
prevent the oxidative degradation of the anode. A method for starting up a
fuel cell system including a reformer having a reforming catalyst layer, for
reforming a hydrocarbon-based fuel to produce a hydrogen-containing gas, and
a high temperature fuel cell for generating electric power using the hydrogen-
containing gas, including: a) increasing the temperature of the reforming
catalyst layer, while measuring the temperature of the reforming catalyst layer;
b) calculating the flow rate of the hydrocarbon-based fuel that can be reformed
in the reforming catalyst layer, based on the measured temperature of the
reforming catalyst layer; and ¢) supplying the hydrocarbon-based fuel at the
calculated flow rate to the reforming catalyst layer to reform the hydrocarbon-
based fuel, and supplying the obtained reformed gas to the anode of the high
temperature fuel cell, wherein the feed rate of the hydrocarbon-based fuel to
the reforming catalyst layer is increased, while the steps b and ¢ are repeated,
until the feed rate of the hydrocarbon-based fuel to the reforming catalyst layer

becomes a flow rate at completion of start-up. Also provided is a fuel cell

system appropriate for this method.
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DESCRIPTION

FUEL CELL SYSTEMAND METHOD FOR STARTING UP THE SAME

Technical Field
[0001]

The present invention relates to a fuel cell system that generates electric
power using a reformed gas obtained by reforming a hydrocarbon-based fuel,

such as kerosene, and a method for starting up the same.

Background Art
[0002]

A solid oxide fuel cell (hereinafter sometimes referred to as SOFC)
system usually includes a reformer for reforming a hydrocarbon-based fuel,
such as kerosene and town gas, to generate a hydrogen-containing gas
(reformed gas), and an SOFC for electrochemically reacting the reformed gas
and air for electric power generation.

[0003]

The SOFC is usually operated at a high temperature of 550 to 1000°C.
[0004]

Various reactions, such as steam reforming (SR), partial oxidation
reforming (POX), and autothermal reforming (ATR), are used for reforming, and

heating to a temperature at which catalytic activity is exhibited is necessary for

using a reforming catalyst.

[00035]
Accordingly, the temperature of both the reformer and the SOFC should

be increased at start-up. Patent Document 1 describes a method for starting
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up an SOFC system, in which the SOFC system that performs steam reforming
can be efficiently performed in a short time.
[0006]

Steam reforming is a very large endothermic reaction. Also, the reaction
temperature of the steam reforming is 550 to 750°C, which is relatively high,
and the steam reforming requires a high temperature heat source. Therefore,
an internal reforming SOFC is known in which a reformer (internal reformer) is
installed near an SOFC, and the reformer is heated mainly using radiant heat
from the SOFC as a heat source (Patent Document 2).

Patent Document 1. JP2006-190605A
Patent Document 2: JP2004-319420A

Disclosure of the Invention
Problems to be Solved by the Invention
[0007]

Generally, when the temperature of an SOFC is increased to its operating
temperature at the start-up of an SOFC system, a reducing gas, such as
hydrogen, is beforehand made to flow through the anode to prevent the
oxidative degradation of the anode of the cell.

[0008]

As a hydrogen supply source during the increase of temperature, various
ones, such as a hydrogen gas bomb, hydrogen-storing, -adsorbing and -
generating materials, and electrolytic hydrogen, are considered. But,

considering wide-spreading of the system for consumer use, the supply source
is desirably a reformed gas obtained from a fuel.

(0009}

When a fuel is reformed by a reformer during start-up, and the obtained
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reformed gas is supplied to an SOFC to prevent the degradation of the anode,
for example, in the case of an indirect internal reforming SOFC, the SOFC is
also simultaneously heated by heat transfer from the internal reformer. As a
result, the anode is increased to the oxidative degradation temperature or
higher, and when the anode is in an atmosphere of an oxidizing gas, for
example, air or steam, the anode may be oxidatively degraded. Therefore, it
is desired to produce the reformed gas from a stage as early as possible.
[0010]

On the other hand, when a hydrocarbon-based fuel is not reformed to a
predetermined composition, and an unreformed component is supplied to the
SOFC, flow blockage due to carbon deposition and anode degradation may
occur, particularly when a heavy hydrocarbon, such as kerosene, is used as the
hydrocarbon-based fuel. Therefore, even during start-up, a method for reliably

performing reforming is necessary.

[0011]

Accordingly, while it is desired to produce the reformed gas from a stage
as early as possible during start-up, it is desired to reliably perform reforming.
This is true not only for the SOFC, but also for a fuel cell system having a high
temperature fuel cell, such as a moiten carbonate fuel cell (MCFC).

[0012]

It is an object of the present invention to provide a method for starting up
a fuel cell system including a reformer having a reforming catalyst layer and a
high temperature fuel cell, in which reforming can be reliably performed from an

early stage to more reliably prevent the oxidative degradation of the anode.

10013]

It is another object of the present invention to provide a fuel cell system

preferred for performing such a method.
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Means for Solving the Problems
[0014]

The present invention provides the following method and apparatus.
[0015]

(1) A method for starting up a fuel cell system including a reformer having
a reforming catalyst layer, for reforming a hydrocarbon-based fuel to produce a
hydrogen-containing gas, and a high temperature fuel cell for generating
electric power using the hydrogen-containing gas, including:

a) increasing a temperature of the reforming catalyst layer, while
measuring the temperature of the reforming catalyst layer;

b) calculating a flow rate of the hydrocarbon-based fuel that can be
reformed in the reforming catalyst layer, based on the measured temperature of
the reforming catalyst layer; and

C) supplying the hydrocarbon-based fuel at the calculated flow rate to the
reforming catalyst layer to reform the hydrocarbon-based fuel, and supplying
the obtained reformed gas to the anode of the high temperature fuel cell,

wherein a feed rate of the hydrocarbon-based fuel supplied to the

reforming catalyst layer is increased, while steps b and ¢ are repeated, until the
feed rate of the hydrocarbon-based fuel supplied to the reforming catalyst layer

becomes a flow rate at completion of start-up.

[0016]
(2) The method according to (1), further including

d) supplying steam and/or an oxygen-containing gas at a flow rate
required for the reforming performed in step ¢ to the reforming catalyst layer

prior to step c.

(0017]
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(3) The method according to (1) or (2), wherein as the reforming catalyst
layer, a reforming catalyst layer that can promote a steam reforming reaction is

used, and

steam reforming is performed when the hydrocarbon-based fuel at the

flow rate at the completion of start-up is reformed.

10018}

(4) The method according to (3), wherein as the reforming catalyst layer,

a reforming catalyst layer that can promote a steam reforming reaction and a

partial oxidation reforming reaction is used, and

partial oxidation reforming or autothermal reforming is performed when
the hydrocarbon-based fuel at a flow rate lower than the flow rate at the
completion of start-up is reformed.
[0019]

(5) The method according to any one of (1) to (4),

wherein as the reforming catalyst layer, a reforming catalyst layer that
can promote combustion is used, and

In step a,

e) supplying the hydrocarbon-based fuel to the reforming catalyst layer to
combust the hydrocarbon-based fuel

is performed.

[0020]
(6) The method according to (5), further including

f) calculating the flow rate of the hydrocarbon-based fuel that can be

combusted in the reforming catalyst layer, based on the measured temperature

of the reforming catalyst layer, prior to step e.

[0021] _
(7) The method according to (6), further including
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g) supplying an oxygen-containing gas at a flow rate required for the
combustion performed in step e to the reforming catalyst layer prior to step e.
[0022]

(8) The method according to any one of (1) to (5),

wherein a plurality of divided regions into which the reforming catalyst
layer Is divided along a gas flow direction are considered,

In step a, temperatures at a plurality of points in the reforming catalyst
layer at different positions along the gas flow direction are measured, and

In step b, one or more flow rates of the hydrocarbon-based fuel that can
be reformed in one or more of the plurality of divided regions are calculated,
based on the temperatures at the plurality of points, and the total value of the

calculated flow rate(s) is determined as said flow rate of the hydrocarbon-based
fuel that can be reformed in the reforming catalyst layer.
[0023]

(9) A fuel cell system including:

a reformer having a reforming catalyst layer, for reforming a
hydrocarbon-based fuel to produce a hydrogen-containing gas;

a high temperature fuel cell for generating electric power using the
hydrogen-containing gas;

a reforming catalyst layer temperature measuring means for measuring
the temperature of the reforming catalyst layer;

a reforming catalyst layer temperature increasing means for increasing
the temperature of the reforming catalyst layer; and

a control means having a fuel flow rate calculating function for calculating
a flow rate of the hydrocarbon-based fuel that can be reformed in the reforming

catalyst layer, based on the measured temperature of the reforming catalyst

layer, and a fuel flow rate controlling function for controlling the hydrocarbon-



10

15

20

25

CA 02697652 2010-02-24

based fuel supplied to the reforming catalyst layer to flow at the calculated flow
rate, and being able to increase a feed rate of the hydrocarbon-based fuel to
the reforming catalyst layer, while repeatedly operating the fuel flow rate
calculating function and the fuel flow rate controliing function, until the feed rate
of the hydrocarbon-based fuel to the reforming catalyst layer becomes a flow

rate at completion of start-up.

Advantages of the Invention
[0024]

The present invention provides a method for starting up a fuel cell system
including a reformer having a reforming catalyst layer, and a high temperature
fuel cell, in which reforming can be reliably performed from an early stage to
more reliably prevent the oxidative degradation of the anode.

[0025]
The present invention provides a fuel cell system preferred for performing

such a method.

Brief Description of the Drawings
[0026]

Figure 1 is a schematic diagram showing the outline of an embodiment of
an indirect internal reforming SOFC system;

Figure 2 is a schematic diagram showing the outline of another
embodiment of the indirect internal reforming SOFC system;

Figure 3 is a graph conceptually showing the correlation between the
temperature of a reforming catalyst layer and a reformable flow rate and a

combustible flow rate: and

Figure 4 is a schematic diagram showing the outline of a further
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embodiment of the indirect internal reforming SOFC system.

Description of Symbols

[0027]

1 water vaporizer
electrical heater annexed to water vaporizer
reformer

reforming catalyst layer

2

3

4

5 thermocouple
6 SOFC

7 igniter

8 module container

9 electrical heater annexed to reformer
10 computer

11  flow rate control valve

12  flowmeter

Best Mode for Carrying Out the Invention
[0028]

A fuel cell system used in the present invention includes a reformer for
reforming a hydrocarbon-based fuel to produce a hydrogen-containing gas, and
a high temperature fuel cell. The reformer includes a reforming catalyst layer.
The high temperature fuel cell generates electric power, using the hydrogen-
containing gas obtained from the reformer. The reforming catalyst layer is

composed of a reforming catalyst that can promote a reforming reaction. The

hydrogen-containing gas obtained from the reformer is referred to as a

reformed gas.
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[0029]
[Step a]

When the fuel cell system is actually started up, step a is performed. In
other words, the temperature of the reforming catalyst layer is increased, while
the temperature of the reforming catalyst layer is measured. The temperature
measurement and the temperature increase by the step a are continued until

the completion of start-up.

[0030]

For example, an electrical heater provided in the reformer may be usea
as a heat source for this temperature increase.
[0031]

Also, the temperature of the reforming catalyst layer may be increased by
letting a high temperature fluid flow through the reforming catalyst layer. For
example, steam and/or air required for reforming may be preheated as required
and supplied. An electrical heater or a combustor, such as a burner, may be
used as a heat source for this preheating. Alternatively, when a high
temperature fluid is supplied from outside the fuel cell system, the fluid may be

a heat source for the above-described preheating.

10032]

Alternatively, when the reforming catalyst layer can promote combustion,
the temperature of the reforming catalyst layer may be increased by
combusting the hydrocarbon-based fuel in the reforming catalyst layer. The
combustion gas is an oxidizing gas. Therefore, in terms of preventing the fuel
cell from being degraded by the combustion gas flowing through the fuel cell,
combustion is performed in the reforming catalyst layer when the fuel cell is at

a temperature at which the fuel cell is not degraded even if the combustion gas

flows through the fuel cell. For achieving this, the temperature of the fuel cell,



10

15

20

25

CA 02697652 2010-02-24

10

particularly the temperature of the anode electrode, is monitored, and when the
temperature becomes a temperature at which degradation may occur, the
above combustion may be stopped.

[0033]

Further, after the reformed gas is produced, the temperature of the
reforming catalyst layer may be increased using combustion heat generated by
combusting the reformed gas.

[0034]

Also, when heat is generated by reforming, after the reforming is started,
the temperature of the reforming catalyst layer may be increased by the heat
generation. When partial oxidation reforming is performed, or when heat
generation by a partial oxidation reforming reaction is larger than endothermic
heat by a steam reforming reaction in autothermal reforming, heat is generated
by the reforming.

[0035]

Also, the above-described temperature increasing methods may be

appropriately used in combination, or may be separately used depending on

the situation.
[0036]
[Steps b and c]

After the increase of the temperature of the reforming catalyst layer is
started, or from a point of time when the increase of the temperature of the
reforming catalyst layer is started, steps b and ¢ are repeatedly performed.
The feed rate of the hydrocarbon-based fuel to the reforming catalyst layer is
increased, while the steps b and ¢ are repeated, until the feéd rate of the

hydrocarbon-based fuel to the reforming catalyst layer becomes a flow rate at

the completion of start-up.
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[0037]

At a low temperature, the flow rate calculated by the step b may be zero.
In this case, the flow rate of the hydrocarbon-based fuel flow rate supplied to
the reforming catalyst layer is zero, and the flow rate of the reformed gas is
also zero. In other words, the supply of the hydrocarbon-based fuel to the
reforming catalyst layer in the step ¢ is not performed, and therefore, the supply
of the reformed gas to the anode of the high temperature fuel cell is also not
performed.

[0038]

As the temperature increases, the reforming activity of the catalyst
begins to be exhibited, and the hydrocarbon-based fuel at a relatively low flow
rate can be reformed. In other words, the hydrocarbon-based fuel at a flow
rate exceeding zero is calculated in the step b. When the hydrocarbon-based
fuel (a flow rate other than zero) is supplied to the reforming catalyst layer for
the first time by the step c, the flow rate is a flow rate lower than the
hydrocarbon-based fuel flow rate at the completion of start-up. In the last-time
step ¢ in start-up operation, the hydrocarbon-based fuel at the hydrocarbon-
based fuel flow rate at the completion of start-up is supplied to the reforming
catalyst layer.

[0039]

In this manner, first, the hydrocarbon-based fuel at a relatively low flow
rate is reformed to generate the reformed gas, in the present invention. In
other words, the amount of reforming is increased during start-up. Lower
temperature is enough to reform the hydrocarbon-based fuel at a lower flow
rate. Therefore, a reducing gas (reformed gas) can be produced from a point

of time when the temperature increase does not proceed much, that is, from a

relatively early stage of start-up. By supplying this reducing gas to the anode
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of the fuel cell, it becomes possible to prevent the degradation of the anode

from an early stage.
[0040]

Step d may be performed prior to the step ¢. |n other words, steam
and/or an oxygen-containing gas at a flow rate required for reforming the
hydrocarbon-based fuel which is to be made to flow in the step ¢ may be
supplied to the reforming catalyst layer, prior to step ¢c. When repeating the
steps b and c, after the feed rate of the hydrocarbon-based fuel to the
reforming catalyst layer is calculated in the step b, the step d may be performed
to beforehand supply to the reforming catalyst layer the steam and/or the
oxygen-containing gas at a flow rate required for reforming the hydrocarbon-
based fuel at a flow rate which is to be supplied in the next step c. Due to the
step d, the hydrocarbon-based fuel supplied in the step ¢ can be more reliably
reformed. However, this is not limiting, and the steam and/or the oxygen-
containing gas at the flow rate required in the step ¢ may be supplied
simultaneously with the step c.

[0041]

When a steam reforming reaction is performed, that is, steam reforming
or autothermal reforming is performed, steam is supplied to the réforming
catalyst layer. When a partial oxidation reforming reaction is performed, that is,
partial oxidation reforming or autothermal reforming is performed, an oxygen-
containing gas is supplied to the reforming catalyst layer. As the oxygen-
containing gas, a gas containing oxygen may be appropriately used, but in

terms of the ease of availability, air is preferred.

10042]

In the present invention, reforming is gradually performed, and it is not

always necessary to continuously perform the same type of reforming. For
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example, it is possible to perform autothermal reforming at an initial stage and
perform steam reforming from midstream. Also, it is possible to perform
partial oxidation reforming at an initial stage, switch to autothermal reforming in
midstream, and further switch to steam reforming. Alternatively, it is also
possible to continuously perform only steam reforming, to continuously perform
only autothermal reforming, or to continuously perform only partial oxidation
reforming.

[0043]

In reforming the hydrocarbon-based fuel at the flow rate at the completion
of start-up, that is, in reforming finally performed in the start-up of the fuel cell
system, in other words, in the step c finally performed, steam reforming Is
preferably performed. In other words, preferably, only a steam reforming
reaction is allowed to proceed, and a partial oxidation reforming reaction is not
allowed to proceed. This is because the hydrogen concentration in the
reformed gas can be relatively high, prior to normal operation which is
performed after the completion of start-up. In this case, a reforming catalyst
layer that can promote a steam reforming reaction is used.

[0044]

In reforming hydrocarbon at a small flow rate (a flow rate lower than the
flow rate at the completion of start-up), partial oxidation reforming or
autothermal reforming is preferably performed. Particularly, at an initial stage,
that is, at a point of time when the hydrocarbon-based fuel at a flow rate other
than zero is supplied to the reforming catalyst layer for the first time, and during
a certain period following this point of time, partial oxidation reforming or
autothermal reforming is preferably performed. This is because, by

performing reforming which involves a partial oxidation reforming reaction, it is

possible to accelerate the temperature increase. In this case, a reforming
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catalyst layer that can promote a steam reforming reaction and a partial
oxidation reforming reaction is preferably used because a steam reforming
reaction can be performed at the final stage of reforming, and the hydrogen
concentration can be made relatively high.

[0045]

[Steps e, f, and g]

Further, a step e of supplying the hydrocarbon-based fuel to the
reforming catalyst layer to combust the hydrocarbon-based fuel may be
performed in the step a, using a reforming catalyst layer that can promote
combustion in addition to a reforming reaction. In other words, the
temperature of the reforming catalyst layer may be increased by combustion in
the reforming catalyst layer. Also in this case, it is preferred to perform a step
f of measuring the temperature of the reforming catalyst layer, and calculating
the flow rate of the hydrocarbon-based fuel that can be combusted in the

reforming catalyst layer, based on the measured temperature, prior to the step
e, and it is preferred to supply the hydrocarbon-based fuel at the calculated
flow rate to the reforming catalyst layer to perform combustion because
combustion can be more reliably performed. The flow rate at this time may be
lower than the flow rate of the hydrocarbon-based fuel at the completion of
start-up.
[0046]

Also, it is preferred to perform a step g of supplying an oxygen-

containing gas at a flow rate required for the combustion performed in the step

e to the reforming catalyst layer prior to the step e. Thus, the combustion In

the step e can be more reliably performed.

10047]

[Calculation of Flow Rate of Hydrocarbon-Based Fuel That Can Be Reformed]
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The method for calculating the flow rate of the hydrocarbon-based fuel
that can be reformed in the reforming catalyst layer, based on the measured
temperature of the reforming catalyst layer, in the step b will be described

below.
[0048]

The flow rate of the hydrocarbon-based fuel that can be reformed in the
reforming catalyst layer refers to a flow rate such that when the hydrocarbon-
based fuel at this flow rate is supplied to the reforming catalyst layer, the
composition of the gas discharged from the reforming catalyst layer becomes a
composition suitable to be supplied to the high temperature fuel cell.
Hereinafter, "flow rate of the hydrocarbon-based fuel that can be reformed” Is
sometimes referred to as "reformable flow rate.”

[0049]

For example, the reformable flow rate in the reforming catalyst layer may
be any flow rate equal to or less than the maximum value of a flow rate at
which the supplied hydrocarbon-based fuel can be decomposed to a C1
compound (a compound having one carbon atom). In other words, the
reformable flow rate in the reforming catalyst layer may be any flow rate equal
to or less than the maximum value of the flow rate of the hydrocarbon-based
fuel supplied to the reforming catalyst layer when reforming can proceed in the
reforming catalyst layer until a composition is obtained in which the
concentration of a C2+ component (a component having two or more carbon
atoms) in the gas at the outlet of the reforming catalyst layer is O (zero) mole %
on a dry basis. And at this time, it is enough that the gas at the outlet of the
reforming catalyst layer is reducing gas. In this case, the hydrocarbon-based

fuel is reformed to a C1 component, and the gas at the outlet of the reforming

catalyst layer contains no C2+ component, and therefore, this case is preferred
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in terms of preventing flow blockage due to carbon deposition and anode
degradation. Methane is permitted to be contained in the gas at the outlet of
the reforming catalyst layer. Inh the reforming of the hydrocarbon-based fuel,
usually, methane remains in the equilibrium theory. Even if carbon is
contained in the gas at the outlet of the reforming catalyst layer in the form of
methane, CO, or CO,, carbon deposition can be prevented by adding steam as
required. When methane is used as the hydrocarbon-based fuel, it is enough
that reforming proceeds so that the gas at the outlet of the reforming catalyst
layer becomes reducing. Mole % on a dry basis means mole % caiculated
excluding water (steam).

[0050]

With respect to the reducing property of the gas at the outlet of the
reforming catalyst layer, it is enough that the property is to the extent that if this
gas is supplied to the anode, the oxidative degradation of the anode is
suppressed. In order to do this, for example, the hydrogen concentration in
tﬁe gas at the outlet of the reforming catalyst layer may be about 5 mole % on a
dry basis.

[0051]

The reformable flow rate depends on the temperature of the reforming
catalyst layer. Therefore, the calculation of the reformable flow rate in the
reforming catalyst layer is performed based on the measured temperature of
the reforming catalyst layer.

[0052]

The reformable flow rate in the reforming catalyst layer may be
beforehand obtained as a function (represented as rk(T) or simply rk) of a
temperature T of the reforming catalyst layer by experiment. Also, it is

possible to determine the reformable flow rate by multiplying the function
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obtained by experiment by a safety factor, or offsetting the temperature to the
safe side. The unit of rk(T) is, for example, mol/s.
[0053]
<Case Where There Is One Temperature Measurement Point>
- Temperature Measurement Position

When there is a single temperature measurement point in the reforming
catalyst layer, it is preferred to use preferably a position where the temperature
becomes relatively low in the reforming catalyst layer, more preferably a
position where the temperature becomes the lowest in the reforming catalyst
layer, as the position for the measurement of temperature used for the
calculation of the reformable amount, in terms of safe side control. When the
reaction heat in the reforming catalyst layer is endothermic, the vicinity of the
center of the catalyst layer may be selected as the temperature measurement
position. When the reaction heat in the reforming catalyst layer is exothermic,
and the temperatures of the end positions are lower than that of the center
portion due to heat release, an end of the catalyst layer may be selected as the
temperature measurement position. A location where the temperature
becomes low may be found by preliminary experiment or simulation.

[0054]

The reformable flow rate rk(T) méy be a function of only the temperature
T. But, this is not limiting, and the reformable flow rate rk may be a function
having, in addition to the temperature T, a variable, such as the volume of the
catalyst layer, or the concentration of the gas component, otherthan T. In this
case, when the reformable flow rate rk is calculated, it is possible to
appropriately obtain a variable other than T, and calculate the reformable flow

rate rk from the variable other than T, and the measured T.

10055]
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<Case Where There Are A Plurality of Temperature Measurement Points>

The point for the measurement of temperature used for the calculation of
the reformable flow rate need not be one. Two or more temperature
measurement points are preferred to calculate the reformable flow rate in the
reforming catalyst layer more accurately. For example, it is possible to
measure the inlet temperature and outlet temperature of the reforming catalyst
layer and use their average temperature as the above-described reforming
catalyst layer temperature T.

[0056]

Alternatively, for example, it is possible to consider regions Z; obtained by
dividing the reforming catalyst layer into N, wherein N is an integer of 2 or more,
and | Is an integer of 1 or more and N or less, find the temperature T; of each
divided region Z;, calculate a reformable flow rate rki(T;) in each divided region
from each temperature T, and calculate a value obtained by summing the
reformable flow rates rk;(T;), as the reformable flow rate rk in the reforming
catalyst layer.

[0057]

When N divided regions Z; are considered, reformable flow rates of all
divided regions may be summed, or a total of one or more reformable flow
rates of only one or some (not all) regions among the N divided regions. may be
used as the reformable flow rate rk in the reforming catalyst layer. The
catalyst layer regions for summation may be appropriately changed according
to the feed rate of the hydrocarbon-based fuel. For example, when it is

beforehand known that the catalyst layer is heated from the upstream side, the
catalyst layer regions for summation may be increased from the upstream side

each time the flow rate increases.

[0058]
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As the temperature of the divided region Z;, actually measured
temperature may be used as it is, but a calculated value, such as the average
value of the inlet temperature and outlet temperature of the divided region, may

be appropriately used as a representative value.

- [0059]

Also, it is not necessary to measure temperatures for all divided regions
Z. Also, the number of divisions of the catalyst layer, N, and the number of
temperature measurement point(s) may be independently set.

[0060]

It is also possible to measure temperature(s) of one or some (not all) of
the N divided regions and find temperature(s) of the remaining divided region(s)
by appropriately complementing from the measured temperature(s).

[0061]

For example, as a temperature of a divided region where no temperature
sensor is installed, a temperature of a divided region nearest to this divided
region may be used. When there are two nearest divided regions, a
temperature of either of the two divided regions may be used, or the average
value of temperatures of the two divided regions may be usead.

10062]

It is also possible to measure temperatures at a plurality of points in the
reforming catalyst layer (at different positions along the gas flow direction),
independently of the divided regions, and find a temperature of each divided
region from the measured temperatures at the plurality of points. For example,
it is possible to measure temperatures of the inlet and outlet of the reforming
catalyst layer (a temperature of any position in the middle portion may be
further measured), interpolate the temperature of the reforming catalyst layer

from these measured temperatures by approximation method, such as least
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squares method, and find temperatures of the divided regions from the
interpolation curve.
[0063]
- Examples of Positions For Measurement of Temperature Used for Calculation
of Reformable Flow Rate

In order to find temperatures of all divided regions, temperatures of the
following positions may be measured.
- The inlet and outlet of each divided region.
- The interior of each divided region (inner side of the inlet and the outlet) (one
point or a plurality of points).
- The inlet, outlet, and interior (one point or a plurality of points for one divided

region) of each divided region.

[0064]

In order to find a temperature of one or some (not all) of the divided
regions, temperatures of the following positions may be measured.
- The inlet and outlet of one or some (not all) of the divided regions.
- The interior (one point or a plurality of points) of one of some (not all) of the
divided regions (inner side of the inlet and the outiet).
- The inlet, outlet, and interior (one point or a plurality of points for one divided

region) of one of some (not all) of the divided regions.

10065]

[Calculation of Flow Rate of Hydrocarbon-Based Fuel That Can Be Combusted]

The method for calculating the flow rate of the hydrocarbon-based fuel

that can be combusted in the reforming catalyst layer, based on the measured
temperature of the reforming catalyst layer, in the step f will be described below.
[0066]

The flow rate of the hydrocarbon-based fuel that can be combusted In
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the reforming catalyst layer is any flow rate equal to or less than the maximum
value of a flow rate such that when the hydrocarbon-based fuel at this flow rate
is supplied to the reforming catalyst layer, this hydrocarbon-based fuel can
combust completely in the reforming catalyst layer. Hereinafter, "flow rate of
the hydrocarbon-based fuel that can be combusted" is sometimes referred to
as "combustible flow rate.”

[0067]

<Case Where There Is One Temperature Measurement Point>

The combustible flow rate depends on the temperature of the reforming
catalyst layer. Therefore, the calculation of the combustible flow rate in the
reforming catalyst layer is performed based on the measured temperature of
the reforming catalyst layer.

[0068]

The combustible flow rate in the reforming catalyst layer may be
beforehand obtained as a function (represented as ck(T) or simply ck) of the
temperature T of the reforming catalyst layer by experiment. Also, itis
possible to determine the combustible flow rate by multiplying the function
obtained by experiment by a safety factor, or offsetting the temperature to the
safe side. The unit of ck(T) is, for example, mol/s.

[0069]
- Temperature Measurement Position

When there is a single temperature measurement point in the reforming
catalyst layer, it is preferred to use preferably a position where the temperature
becomes relatively low in the reforming catalyst layer, more preferably a
position where the temperature becomes the lowest in the reforming catalyst

layer, as the position for the measurement of temperature used for the

calculation of the combustible flow rate, in terms of safe side control. For
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example, when the temperatures of the end positions are lower than that of the
center portion due to heat release, an end of the catalyst layer may be selected
as the temperature measurement position. A location where the temperature
becomes low may be found by preliminary experiment or simulation. -
[0070]

The combustible flow rate ck(T) may be a function of only the
temperature T. But, this is not limiting, and the combustible flow rate ck may
be a function having, in addition to the temperature T, a variable, such as the
volume of the catalyst layer, or the concentration of the gas component, other
than T. In this case, when the combustible flow rate ck is calculated, it is
possible to appropriately obtain a variable other than T, and calculate the
combustible flow rate ck from the variable other than T, and the measured T.
[0071]
<Case Where There Are Plurality of Temperature Measurement Points>

The point for the measurement of temperature used for the calculation of
the combustible flow rate need not be one. Two or more temperature
measurement points are preferred to calculate the flow rate of the hydrocarbon-
based fuel that can be combusted more accurately. For example, it is possible

to measure the inlet temperature and outlet temperature of the reforming

catalyst layer and use their average temperature as the above-described

reforming catalyst layer temperature 1.

10072]

Alternatively, for example, it is possible to consider regions Z; obtained by
dividing the reforming catalyst layer into N, wherein N is an integer of 2 or more,
and i is an integer of 1 or more and N or less, find the temperature T; of each
divided region Z;, calculate a combustible flow rate cki(T;) in each divided region

from each temperature T;, and calculate a value obtained by summing the
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combustible flow rates cki(T;), as the combustible flow rate ck in the reforming
catalyst layer.
[0073]

The number of divisions N, the regions Z;, and the temperatures T
considered here may be respectively the same as or different from the number
of divisions, the regions, the temperatures used in the calculation of the
reformable flow rate.

[0074]

When N divided regions Z; are considered, combustible flow rates of all
divided regions may be summed, or a total of one or more combustibie flow
rates of only one or some (not all) regions among the N divided regions may be
used as the combustible flow rate ck in the reforming catalyst layer. The
catalyst layer regions for summation may be appropriately changed according
to the feed rate of the hydrocarbon-based fuel. For example, when it is
beforehand known that the catalyst layer is heated from the upstream side, the
catalyst layer regions for summation may be increased from the upstream side
each time the flow rate increases.

[0075]
As the temperature of the divided region Z;, actually measured

temperature may be used as it is, but a calculated value, such as the average

value of the inlet temperature and outlet temperature of the divided region, may

be appropriately used as a representative value.

[0076]

Also, it is not necessary to measure temperatures for all divided regions
Z.. Also, the number of divisions of the catalyst layer, N, and the number of

temperature measurement point(s) may be independently set.

10077]
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It is also possible to measure temperature(s) of one or some (not all) of
the N divided regions and find temperature(s) of the remaining divided region(s)
by appropriately complementing from the measured temperature(s), as in the
case of the reformable flow rate.

[0078]

It is also possible to measure temperatures at a plurality of points in the
reforming catalyst layer (at different positions along the gas flow direction),
independently of the divided regions, and find a temperature of each divided
region from the measured temperatures at the plurality of points, as in the case

of the reformable flow rate.

(0079]

- Examples of Positions For Measurement of Temperature Used for Calculation
of Combustible Flow Rate

Positions similar to the examples of the positions for the measurement of
temperature used for the calculation of the reformable flow rate may be '
mentioned for both examples of temperature measurement positions for finding
the temperatures of all divided regions, and examples of temperature
measurement positions for finding the temperature(s) of one or some (not all) of
divided regions.
[0080]

More specific embodiments of the present invention will be described
below, using drawings, but the present invention is not limited thereto.
[0081]

[Embodiment 1-1]
Here, autothermal reforming is performed at all stages of reforming during

start-up. In this case, the reforming reaction is an overall exothermic reaction

(heat generation by a partial oxidation reforming reaction is larger than
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- endothermic heat of a steam reforming reaction) to accelerate the increase of
the temperature of the reforming catalyst layer and further an SOFC, using the
reforming reaction heat.

[0082]

A reforming catalyst layer that can promote a partial oxidation reforming
reaction and a steam reforming reaction is used.
[0083]

An SOFC system shown in Figure 1 includes an indirect internal
reforming SOFC in which a reformer 3 and an SOFC 6 are housed in an
enclosure (module container) 8. The reformer 3 is equipped with a reforming
catalyst layer 4 and also an electrical heater 9.

[0084]

Also, this SOFC system includes a water vaporizer 1 equipped with an
electrical heater 2. The water vaporizer 1 generates steam by heating with the
electrical heater 2. The steam may be supplied to the reforming catalyst layer
after being appropriately superheated in the water vaporizer or downstream

thereof.

[0085]
Also, air is supplied to the reforming catalyst layer, and here, air can be
-supplied to the reforming catalyst layer after being preheated in the water
vaporizer. Steam or a mixed gas of air and steam can be obtained from the

water vaporizer.

[0086]

The steam or the mixed gas of air and steam is mixed with a
hydrocarbon-based fuel and supplied to the reformer 3, particularly to the
reforming catalyst layer 4 of the reformer 3. When a liquid fuel, such as

kerosene, is used as the hydrocarbon-based fuel, the hydrocarbon-based fuel
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may be supplied to the reforming catalyst layer after being appropriately
vaporized.
[0087]

A reformed gas obtained from the reformer is supplied to the SOFC 6,
particularly to the anode of the SOFC 6. Although not shown, air is
appropriately preheated and supplied to the cathode of the SOFC.

[0088]

Combustible components in an anode off-gas (a gas discharged from the
anode) are combusted by oxygen in a cathode off-gas (cathode off-gas) at the
SOFC outlet. In order to do this, ignition using an igniter 7 is possible. The
outlets of both the anode and the cathode open in the module container.
[0089]

Here, a thermocouple is used as the temperature sensor. A
thermocouple S;, is disposed at the inlet of the catalyst layer 4, and a
thermocouple Syt is disposed at the outlet of the catalyst layer.

[0090]

With respect to a water flow rate, in order to suppress carbon deposition,
preferably, the water flow rate is increased with the increase of the fuel flow
rate, so that a predetermined value of S/C (the ratio of the number of moles of
water molecules to the number of moles of carbon atoms in the gas supplied to

the reforming catalyst layer) is maintained. With respect to an air flow rate,

desirably, the air flow rate is increased with the increase of the fuel flow rate, so
that the reforming reaction is an overall exothermic reaction.
[0091]

This system can be actually started up by procedure shown below.
[0092]

1. The temperature of the water vaporizer 1 is increased to a temperature
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at which water can vaporize, by the electrical heater 2 provided for the water
vaporizer. At this time, nothing is supplied to the reforming catalyst layer 4.
[0093]

2. The temperature of the reforming catalyst layer is increased by the
electrical heater 9. The temperature monitoring by the thermocouples S, ana

Sout IS also started.
[0094]

3. (Step b) Temperatures ti, and tot respectively measured by the
thermocouples Si, and Syt are averaged to obtain a temperature T of the
reforming catalyst layer (T = (tin + tout)/2). Then, the reformable flow rate rk(T)

is calculated using this T.
[0095]

4. Water is supplied to the water vaporizer 1 and vaporized, and the
obtained steam is supplied to the reforming catalyst layer 4. Here, the flow
rate of the supplied water is a value calculated from rk calculated in the step 3,
and beforehand determined S/C. When rk calculated in the first-time step 3 is
0, the flow rate of water to the water vaporizer may be 0. In other words,
steam need not be supplied to the reforming catalyst layer. Alternatively, even

if rk calculated in the first-time step 3 is O, water at any flow rate may be

supplied to the water vaporizer, for example, to heat the reforming catalyst
layer by the sensible heat of steam. In this case, for example, the flow rate of

water supplied to the water vaporizer may be the lowest value of a flow rate at

which water can be stably supplied by a pressure increasing means for
supplying water.
[0096]

5. Air is supplied to the reforming catalyst layer 4. Here, the flow rate of

the supplied air is a value calculated from rk calculated in the step 3, and
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beforehand determined O,/C. When rk calculated in the first-time step 3 is O,
the flow rate of air may be 0. In other words, air need not be supplied to the
reforming catalyst layer. Alternatively, even if rk calculated in the first-time
step 3 is 0, air at any flow rate may be supplied to the reforming catalyst layer,
for example, to heat the reforming catalyst layer by the sensible heat of air
(preheated air). In this case, for example, the flow rate of air supplied to the
reforming catalyst layer may be the lowest value of a flow rate at which air can
be stably supplied by a pressure increasing means for supplying air.
[0097]

The reforming catalyst layer is also heated by the sensible heat of the

steam and air.
[0098]

6. (Step c) The hydrocarbon-based fuel is supplied at flow rate rk to the
reforming catalyst layer and reformed, and the obtained reformed gas Is
supplied to the SOFC anode.

[0099]

When the reformed gas is supplied to the SOFC anode, an anode off-gas
(here, the reformed gas as it is) is discharged from the anode. Since the
anode off-gas is combustible, the anode off-gas may be ignited using the igniter
7, and combusted. The reforming catalyst layer is also heated by this

combustion heat. This is preferred for accelerating temperature increase.

[0100]

After autothermal reforming is started in the reforming catalyst layer, the
reforming catalyst layer is also heated by heat generation by the reforming
reaction, in addition to the heat generation of the electrical heater 9 and the
sensible heat of the steam and preheated air. In the case of an indirect

internal reforming SOFC system, when the anode off-gas is combusted, the
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reforming catalyst layer can also be heated using the combustion heat. In the
cases of SOFC systems other than the indirect internal reforming SOFC
system, for example, a combustion gas generated by combusting the anode
off-gas by appropriate combustion means may be supplied to the periphery of
the reformer to heat the reforming catalyst layer. These are preferred for
accelerating temperature increase.

[0101]

The flow rate of the hydrocarbon-based fuel supplied to the reforming
catalyst layer may be increased up to the flow rate of the hydrocarbon-based
fuel at the completion of start-up, while the steps 3 to 6 are repeated.
However, the supply of the hydrocarbon-based fuel to the reforming catalyst
layer in the step c is not performed until rk calculated in the step 3 (step b)

exceeds zero.

[0102]

When the temperatures of the reformer and the SOFC are increased to
predetermined temperatures, the start-up of the SOFC system can be

completed.

[0103]

The SOFC may be heated by the sensible heat of the reformed gas
obtained from the reformer and also by the combustion heat of the anode off-
gas. When the fuel cell has started electric power generation, the SOFC is

also heated by heat generation by the cell reaction.

[0104]

When air at a flow rate higher than an air flow rate at the time of rating is
supplied to the reforming catalyst layer at a point of time when the last-time
step c is completed, the air flow rate may be decreased to the rated flow rate,

while the reforming catalyst layer is maintained at a temperature at which the
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hydrocarbon-based fuel at a flow rate supplied in the last step ¢ can be
reformed. For example, in the last step ¢, air at a flow rate higher than the air
flow rate at the time of rating may be supplied to make the reforming reaction
an overall exothermic reaction, and at the time of rating, the air flow rate may
be decreased (including becoming zerd) to obtain a reformed gas having a
higher hydrogen concentration, mainly using a steam reforming reaction. At
the time of rating, the reforming reaction is an overall endothermic reaction, and
the reformer can be heated by the combustion heat of the anode off-gas (also
radiant heat from the SOFC, in addition to this, during electric power
generation). Here, the flow rate of air supplied to the cathode, the
hydrocarbon-based fuel flow rate, the water flow rate, and an electric current
value when electric current is passed through the SOFC may be increased or
decreased in order to maintain the reforming catalyst layer at the temperature
at which the hydrocarbon-based fuel at the flow rate supplied in the last step c
can be reformed.
[0105]

By starting up the SOFC system in the above-described manner, first, a
reforming raw material at a relatively lower flow rate can be introducedq, and a

reducing reformed gas can be supplied to the SOFC. Therefore, it is easy to
reduce the heat amount required for heating the catalyst layer, and it is easy to
reduce the time until the generation of the reformed gas. It is effective that the
reducing gas becomes available early, also for preventing the oxidative
degradation of the anode.
[0106]

In the example described above, autothermal reforming is performed,

and partial oxidation reforming reaction heat is used as heat for heating the

reforming catalyst layer. Therefore, the size and the power supply capacity of
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the electrical heater can be made smaller, the size of the indirect internal
reforming SOFC module can be made more compact, and its structure can be
made simpler, compared with a case where the reforming catalyst layer is
heated only by the heat generation of the electrical heater and a steam
reforming reaction is performed. An SOFC module is one in which at least an
SOFC is housed in an enclosure (module container), and the required piping
may be housed in the enclosure. In an indirect internal reforming SOFC
module, a reformer may also be housed in the enclosure.

[0107]

In the present embodiment, the electrical heater 9 is used to increase the
temperature of the reforming catalyst layer, but when the catalyst layer is
sufficiently heated by sensible heat of steam and air, the electrical heater 9
need not be used.

[0108]

The start of the heating of the reforming catalyst layer by the electrical
heater 9 is preferably performed from a point of time as early as possible to
reduce time for the temperature increasing. The temperature of the reforming
catalyst layer may be increased by the electrical heater 9 without waiting for the
completion of the step (step 1) of increasing the temperature of the water
vaporizer to a temperature at which water can vaporize, by the electrical he '
2. The electrical heater 2 for heating the water vaporizer and the electrica.
heater 9 for heating the reforming catalyst layer may be simultaneously turned
on.

[0109]
In the present embodiment, the heat generation of the electrical heater 2

is used for water vaporization, but this it not limiting. When steam at high

temperature is supplied from outside the module, when air at high temperature
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IS supplied from outside the module, and the water vaporizer is sufficiently
heated by sensible heat of the air, or the like, the electrical heater 2 need not
be used.

[0110]

[Embodiment 1-2]

In this embodiment, partial oxidation reforming is performed in the step c,
from a point of time when the hydrocarbon-based fuel at a flow rate other than
zero Is supplied to the reforming catalyst layer for the first time, to a certain
point of time in the midstream of start-up operation (a point of time when the
hydrocarbon-based fuel increases to a certain flow rate lower than the flow rate
at the completion of start-up). It is possible to use, as the certain point of time
herein, for example, a point of time when the temperatures of the flow path of
the reformed gas and the flow path of its combustion gas are increased to a
temperature at which moisture included in the reformed gas does not condense
In the module. After that, autothermal reforming is performed in the step c.

By performing partial oxidation reforming not using water as a reforming raw
material at an initial stage, it is possible to suppress condensation of moisture
iIncluded in the reformed gas inside the module. In this case, unlike the
embodiment 1-1, the step 4 of supplying water to the water vaporizer 1 is not
performed at the initial stage (while partial oxidation reforming is performed).
The step 1 of increasing the temperature of the water vaporizer 1 by the
electrical heater 2 is not performed at the initial stage (while partial oxidation
reforming is performed), and the step 1 of increasing the temperature of the
water vaporizer 1 by the electrical heater 2 may be performed when performing
autothermal reforming.

[0111]
[Embodiment 1-3]



10

15

20

25

CA 02697652 2010-02-24

33

In this embodiment, combustion is performed in the reforming catalyst
layer in the step a to accelerate the increase of the temperature of the
reforming catalyst layer, using the catalytic combustion heat. Figure 3 is a
graph conceptually showing the correlation between the temperature of the
reforming catalyst layer and the reformable flow rate rk and the combustible
flow rate ck. Usually, the combustible flow rate ck(T) is larger than the
reformable flow rate rk(T), and the value of ck(T) exceeds O at a lower
temperature. Therefore, it is possible to start combustion at a low temperature,
and finish the combustion and start reforming when rk(T) exceeds 0.

[0112]

After the steps up to the above-described step 2 are performed,
temperatures ti, and t,: respectively measured by the thermocouples Si, and
Sout are averaged to obtain the temperature T of the reforming catalyst layer (T
= (tin + tout)/2) (step 2-1). Then, the combustible flow rate ck for catalytic
combustion is calculated using this T (step 2-2). An air flow rate is calculated
from the calculated ck and beforehand determined O,/C, and air at this flow
rate is supplied to the reforming catalyst layer (step 2-3). The hydrocarbon-
based fuel at the flow rate ck is supplied to the catalyst layer (step 2-4) to start
catalytic combustion. Then, the above-described step 3 is performed. The

steps 2-1 to 2-4 and the step 3 are repeated to increase the hydrocarbon-

based fuel to be catalytically combusted, and when rk calculated in the step 3
exceeds zero, the supply of the hydrocarbon-based fuel is stopped (step 2-5),

and the supply of air is stopped (step 2-6) to finish the catalytic combustion.

Then, the step 4 and the subsequent steps are performed, and reforming is

started in the first-time step ©.

(0113]

It is possible to beforehand determine a hydrocarbon-based fuel flow rate
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rkO supplied in the first-time step 6, repeat the steps 2-1 to 2-4 to increase the
hydrocarbon-based fuel to be catalytically combusted to rkO and maintain rk0,
then perform the step 3, and perform the step 4 and the subsequent steps
when the calculated rk becomes rkO or more. In this case, in the first-time
step 5, the flow rate of air supplied to the reforming catalyst layer is decreased
from a flow rate required for catalytic combustion to a flow rate required for
autothermal reforming to finish catalytic combustion and simultaneously start
reforming.

[0114]

The above rkO may be a certain flow rate lower than the hydrocarbon-
based fuel flow rate at the completion of start-up. For example, this flow rate
may'be a flow rate equal to or less than a hydrocarbon-based fuel flow rate at
which the combustion gas flows through the fuel cell to result in a temperature
at which the fuel cell is degraded.

[0115]

Alternatively, it is possible to repeat the steps 2-1 to 2-2, perform the
steps 2-3 and 2-4, when the calculated ck exceeds rk0, to start catalytic
combustion, repeatedly perform the step 3, and perform the step 4 and the
subsequent steps when rk calculated in the step 3 becomes rk0 or more. Also
in this case, in the first-time step 5, the flow rate of air supplied to the reforming
catalyst layer is decreased from the flow rate required for catalytic combustion
to the flow rate required for autothermal reforming to finish catalytic combustion
and simultaneously start reforming.

[0116]
[Embodiment 2-1}

In this embodiment, a plurality of divided regions into which the reforming

catalyst layer is segmented along the gas flow direction are considered. In



10

15

20

25

CA 02697652 2010-02-24

39

step a, temperatures at a plurality of points which locate at different pdsitions
along the gas flow direction in the reforming catalyst layer are measured. In
step b, flow rate(s) of the hydrocarbon-based fuel that can be reformed in one
or more of the above plurality of divided regions are calculated, based on these
temperatures at the plurality of points. The total value of the calculated flow
rate(s) is determined as the flow rate of the hydrocarbon-based fuel that can be
reformed in the reforming catalyst layer. Of course, in case that the flow rate
of the hydrocarbon-based fuel that can be reformed in only one divided region

is calculated, this flow rate is the above totai vaiue.
[0117]

As shown in Figure 2, divided regions Z1 to Z4 obtained by dividing the
reforming catalyst layer into four are considered. Catalyst layer heights of the
divided regions are equal to each other. Thermocouples are provided at the
inlet and outlet of the reforming catalyst layer, and the borders between the
divided regions, respectively (S1 to Ss). Temperatures measured by the
thermocouples S1 to Ss are respectively represented as t4 to ts.

[0118]

The temperature T; of each divided region Z; is obtained from 1; = (i +
t+1)/2, whereini=1, 2, 3, and 4.

[0119]

A reformable flow rate rki(T;) in each divided region Z; is calculated from
this T;, and a value obtained by summing the reformable flow rates rki(T)) is
determined as the reformable flow rate rk in the reforming catalyst layer. rki(T))

may be beforehand obtained by experiment.

10120]

The fuel cell system can be started up as in embodiment 1-1, except the

above.
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[0121]
[Fuel Cell System]

One embodiment of a fuel cell system that can be preferably used to
perform the above method will be described using Figure 4.
[0122]

This fuel cell system includes:

a reformer 3 having a reforming catalyst layer 4, for reforming a
hydrocarbon-based fuel to produce a hydrogen-containing gas;

a high temperature fuel cell (SOFC 6) for generating electric power using
the hydrogen-containing gas;

a reforming catalyst layer temperature measuring means (thermocouple
5) for measuring a temperature of the reforming catalyst layer;

a reforming catalyst layer temperature increasing means (electrical heater
9) for increasing a temperature of the reforming catalyst layer; and

a controlling means.

[0123]

This control means has a fuel flow rate calculating function for calculating
the flow rate of the hydrocarbon-based fuel that can be reformed in the
reforming catalyst layer, based on the measured temperature of the reforming
catalyst layer, and a fuel flow rate controlling function for controlling the
hydrocarbon-based fuel supplied to the reforming catalyst layer to flow at the
calculated flow rate. This control means can increase the feed rate of the
hydrocarbon-based fuel to the reforming catalyst layer, while repeatealy
operating the above fuel flow rate calculating function and the above fuel flow
rate controlling function, until the feed rate of the hydrocarbon-based fuel to the

reforming catalyst layer becomes a flow rate at the completion of start-up.

The control means may include, for example, a computer 10, a flowmeter, and
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a flow rate control valve.
[0124]

A flowmeter 12a and a flow rate control valve 11a for the hydrocarbon-
based fuel may be used to control the feed rate of the hydrocarbon-based fuel
to the reforming catalyst layer. In this case, a flow rate signat is input to the
computer 10 from the flowmeter 12a, and this computer may output to the flow
rate control valve 11a an opening degree signal, which is calculated by an
appropriate method, such as an PID calculation, so that the present value of
the flow rate, and a reformable flow rate calculated by the computer 10 become
equal. Alternatively, a mass flow controller for the hydrocarbon-based fuel
may be used instead of the flowmeter 12a and the flow rate control valve 11a,
though not shown. In this case, the computer 10 may convert a calculated
reformable flow rate to a signal and output the signal to the mass flow controller.
Alternatively, pressurization means, such as a pump or a blower, for the
hydrocarbon-based fuel that can change the flow rate according to the input
signal may be used instead of the flow rate control valve 11a, though not shown.
In this case, a flow rate signal is input to the computer 10 from the flowmeter
12a, and this computer may output to the pressurization means a flow rate

signal, which is calculated by an appropriate method, such as an PID

calculation, so that the present value of the flow rate, and a reformable flow

rate calculated by the computer 10 become equal.

10125]

The control means may control one or both of the steam flow rate and

the oxygen-containing gas flow rate, as required. A flowmeter 12b and a flow
rate control valve 11b for water may be used for the control of the flow rate of
the steam. Alternatively, a pump for water that can change the flow rate

according to the input signal, or a mass flow controller for water may be used,
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though not shown. A flowmeter 11c and a flow rate control valve 12c for air
may be used for the control of the flow rate of the oxygen-containing gas.
Alternatively, a blower for air that can change the flow rate according to the
input signal, or a mass flow controller for air may be used, though not shown.
With respect to the control of the flow rate of the hydrocarbon-based fuel, the
steam, and the oxygen-containing gas, the flow rate may be controlled, with
these in the state of gas, and in some cases, the flow rate may be controlled,
with these in the state of liquid before being vaporized.

[0126]

Also, the control means may calculate the required flow rate of one or
both of the steam and the oxygen-containing gas, as required.
[0127]

[Hydrocarbon-based Fuei]

It is possible to use a hydrocarbon-based fuel appropriately selected from
compounds of which molecules contain carbon and hydrogen (may also
contain other elements, such as oxygen) or mixtures thereof that are publicly
known as raw materials of reformed gas in the field of SOFCs. It IS possible to
use compounds of which molecules contain carbon and hydrogen, such as
hydrocarbons and alcohols. For example, hydrocarbon fuels, such as
methane, ethane, propane, butane, natural gas, LPG (liquefied petroleum gas),
city gas, gasoline, naphtha, kerosene and gas oil, alcohols, such as methanol
and ethanol, ethers, such as dimethylether, and the like may be used.

[0128]

Particularly, kerosene and LPG are preferred because they are readily

available. In addition, they can be stored in a stand-alone manner, and

therefore, they are useful in areas where the city gas pipeline is not built.

Further, an SOFC power generating equipment using kerosene or LPG is
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useful as an emergency power supply. Particularly, kerosene is preferred
because it is easy to handle.
[0129]
[High Temperature Fuel Cell]

The present invention may be suitably applied to a system equipped with
a high temperature fuel cell that requires the prevention of the oxidative |
degradation of the anode. When a metal electrode is used for the anode, the
oxidative degradation of the anode may occur, for example, at about 400°C.
Such a fuel cell includes an SOFC and an MCFC.
[0130]

The SOFC may be appropriately selected for use from publicly known
SOFCs having various shapes, such as planar and tubular SOFCs. In the
SOFC, generally, an oxygen-ion conductive ceramic or a proton-ion conductive

ceramic is used as the electrolyte.

[0131]

The MCFC may also be appropriately selected for use from publicly
known MCFCs.
[0132]

The SOFC or the MCFC may be a single cell, but practically, a stack in

which a plurality of single cells are afrayed (the stack is sometimes referred to
as a bundle in the case of a tubular type, and the stack in this specification
includes a bundle) is preferably used. In this case, one stack or a plurality of
stacks may be used.

[0133]

[Reformer]

A reformer produces a reformed gas containing hydrogen from a

hydrocarbon-based fuel. In the reformer, any of steam reforming, partial
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oxidation reforming and autothermal reforming in which a steam reforming
reaction is accompanied by a partial oxidation reaction may be performed.
[0134]

In the reformer, a steam reforming catalyst having steam reforming
activity, a partial oxidation reforming catalyst having partial oxidation reforming
activity, or an autothermal reforming catalyst having both partial oxidation
reforming activity and steam reforming activity may be appropriately used.
[0135]

A hydrocarbon-based fuel (vaporized beforehand as required) and steam,
and further an oxygen-containing gas, such as air, as required, may be
supplied to the reformer (the reforming catalyst layer), each independently, or
appropriately mixed beforehand. The reformed gas is supplied to the anode of
the high temperature fuel cell.

[0136]

Among high temperature fuel cells, an indirect internal reforming SOFC is
excellent in that the thermal efficiency of the system can be increased. The
indirect internal reforming SOFC has a reformer for producing a reformed gas
containing hydrogen from a hydrocarbon-based fuel using a steam reforming
reaction and an SOFC. In this reformer, a steam reforming reaction may be
performed, and autothermal reforming in which a steam reforming reaction is
accompanied by a partial oxidation reaction may be performed. In terms of
the electric power generation efficiency of the SOFC, preferably, no partial
oxidation reaction occurs after the completion of start-up. The autothermal
reforming is designed so that steam reforming is predominant after the
completion of start-up, and therefore, the reforming reaction is an overall
endothermic reaction. Heat required for the reforming reaction is supplied

from the SOFC. The reformer and the SOFC are housed in one module
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container and modularized. The reformer is disposed at a position where it
receives thermal radiation from the SOFC. Thus, the reformer is heated by
thermal radiation from the SOFC during electric power generation. Also, the
SOFC may be heated by combusting the anode off-gas, which is discharged
from the SOFC, at the cell outlet.

[0137)

In the indirect internal reforming SOFC, the reformer is preferably
disposed at a position where radiation heat can be directly transferred from the
SOFC to the outer surface of the reformer. Therefore, it is preferred that there
is substantially no obstacle between the reformer and the SOFC, that is, it is
preferred to make the region between the reformer and the SOFC be an empty
space. Also, the distance between the reformer and the SOFC is preferably

as short as possible.

[0138]

Each supply gas is supplied to the reformer or the SOFC, after being
appropriately preheated as required.
[0139]

The module container may be any appropriate container capable of
housing the SOFC and the reformer. An apbropriate material having
resistance to the environment used, for example, stainless steel, may be us«
as the material of the container. A connection port is appropriately provideu

for the container for gas interfacing or the like.

- [0140]

Particularly when the cell outlet opens in the module container, the
module container is preferably hermetic in order to prevent communication
between the interior of the module container and the surroundings

(atmosphere).
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[0141]
[Reforming Catalyst]

A publicly known catalyst may be used for each of the steam reforming
catalyst, the partial oxidation reforming catalyst and the autothermal reforming
catalyst used in the reformer. Examples of the partial oxidation reforming
catalyst include a platinum-based catalyst. Examples of the steam reforming
catalyst include ruthenium-based and nickel-based catalysts. Examples of the
autothermal reforming catalyst include a rhodium-based catalyst. Examples of
the reforming catalyst that can promote combustion include platinum-based
and rhodium-based catalysts.

[0142]

A temperature at which the partial oxidation reforming reaction can

proceed is, for example, 200°C or more. .The temperature at which the steam

reforming reaction can proceed is, for example, 400°C or more.

(0143]

- The conditions during start-up and during rated operation of the reformer
for each of steam reforming, autothermal reforming, and partial oxidation
reforming will be described below.

[0144]
. In steam reforming, steam is added to a reforming raw material, such as

kerosene. The reaction temperature of the steam reforming may be in the

range of, for example, 400°C to 1000°C, preferably 500°C to 850°C, and further
preferably 550°C to 800°C. An amount of the steam introduced into the

reaction system is defined as a ratio of the nhumber of moles of water molecules
to the number of moles of carbon atoms contained in the hydrocarbon-based
fuel (steam/carbon ratio). This value is preferably 1 to 10, more preferably 1.5

to 7, and further preferably 2 to 5. When the hydrocarbon-based fuel is liquid,
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a space velocity (LHSV) can be represented as A/B, wherein a flow velocity of
the hydrocarbon-based fuel in a liquid state is represented as A (L/h), and a
volume of the catalyst layer is represented as B (L). This value is set in the
range of preferably 0.05 to 20 h™!, more preferably 0.1 to 10 h™', and further
preferably 0.2 to 5 h™.

[0145]

In autothermal reforming, in addition to the steam, an oxygen-containing
gas is added to the reforming raw material. The oxygen-containing gas may
be pure oxygen, but in terms of the ease of availability, air is preferred. The
oxygen-containing gas may be added so that the endothermic reaction
accompanying the steam reforming reaction is balanced, and an amount of
heat generation such that the temperature of the reforming catalyst layer and
the SOFC can be maintained or increased is obtained. With respect to the
amount of the oxygen-containing gas added, a ratio of the number of moles of
oxygen molecules to the number of moles of carbon atoms contained in the
hydrocarbon-based fuel (oxygen/carbon ratio) is preferably 0.005 to 1, more
preferably 0.01 to 0.75, and further preferably 0.02 to 0.6. A reaction
temperature of the autothermal reforming reaction is set in the range of, for
example, 400°C to 1000°C, preferably 450°C to 850°C, and further preferably

500°C to 800°C. When the hydrocarbon-based fuel is liquid, the space
velocity (LHSV) is selected in the range of preferably 0.05 to 20 h™', more

preferably 0.1 to 10 h™', and further preferably 0.2 to 5 h'.  With respect to an

amount of the steam introduced into the reaction system, the steam/carbon

ratio is preferably 1 to 10, more preferably 1.5 to 7, and further preferably 2 to 5.

[0146]
In partial oxidation reforming, an oxygen-containing gas is added to the

reforming raw material. The oxygen-containing gas may be pure oxygen, but
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In terms of the ease of-'availability, air is preferred. An amount of the oxygen-
containing gas added is appropriately determined in terms of heat loss and the
like to ensure a temperature at which the reaction proceeds. With respect to
this amount, the ratio of the number of moles of oxygen molecules to the
number of moles of carbon atoms contained in the hydrocarbon-based fuel
(oxygen/carbon ratio) is preferably 0.1 to 3 and more preferably 0.2 to 0.7. A
reaction temperature of the partial oxidation reaction may be set in the range of,
for example, 450°C to 1000°C, preferably 500°C to 850°C, and further
preferably 550°C to 800°C. When the hydrocarbon-based fuel is liquid, a
space velocity (LHSV) is selected in the range of preferably 0.1 to 30 h™.
Steam can be introduced into the reaction system to suppress the generation of
soot, and with respect to an amount of the steam, the steam/carbon ratio Is
preferably 0.1 to 5, more preferably 0.1 to 3, and further preferably 1 to 2.
[0147]

[Other Equipment]

In the fuel cell system used in the present invention, publicly known
components of a high temperature fuel cell system may be appropriately
provided as required. Specific examples of the publicly known components
include a desulfurizer for reducing a sulfur content of a hydrocarbon-based fuel;
a vaporizer for vaporizing a liquid; pressure increasing means for pressurizing
various fluids, such as a pump, a compressor, and a blower; flow rate
controlling means or flow path blocking/switching means for controlling the flow
rate of a fluid, or blocking/switching the flow of a fluid, such as a valve; a heat
exchanger for performing heat exchange and heat recovery; a condenser for
condensing a gas; heating/warming means for externally heating various

equipment with steam or the like; storage means of a hydrocarbon-based fuel

and combustibles; an air or electrical system for instrumentation; a signal
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system for control; a control device; and an electrical system for output and

powering; and the like.

Industrial Applicability
[0148]

The present invention can be applied to a high temperature fuel cell
system used for, for example, a stationary or mobile electric power generation

system and a cogeneration system.
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CLAIMS

1. A method for starting up a fuel cell system comprising a reformer
having a reforming catalyst layer, for reforming a hydrocarbon-based fuel to
produce a hydrogen-containing gas, and a high temperature fuel cell for
generating electric power using the hydrogen-containing gas, comprising:

a) increasing a temperature of the reforming catalyst layer, while
measuring the temperature of the reforming catalyst layer;

b) calculating a flow rate of the hydrocarbon-based fuei that can
be reformed in the reforming catalyst layer, based on the measured
temperature of the reforming catalyst layer; and

c) supplying the hydrocarbon-based fuel at the calculated flow
rate to the reforming catalyst layer to reform the hydrocarbon-based fuel, and
supplying the obtained reformed gas to an anode of the high temperature fuel
cell.

wherein a feed rate of the hydrocarbon-based fuel to the
reforming catalyst [ayer is increased, while steps b and c are repeated, until the
feed rate of the hydrocarbon-based fuel to the reforming catalyst layer

becomes the flow rate at completion of start-up.

2. The method according to claim 1, further comprising
d) supplying steam and/or an oxygen-containing gas at a flow rate
required for the reforming performed in step ¢ to the reforming catalyst layer

prior to step c.

3. The method according to claim 1 or 2,

wherein as the reforming catalyst layer, a reforming catalyst layer
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that can promote a steam reforming reaction is used, and

steam reforming is performed when the hydrocarbon-based fuel at the

flow rate at the completion of start-up is reformed.

4. The method according to claim 3,
wherein as the reforming catalyst layer, a reforming catalyst layer
that can promote a steam reforming reaction and a partial oxidation reforming
reaction is used, and
partial oxidation reforming or autothermal reforming is performed
when the hydrocarbon-based fuel at a flow rate lower than the flow rate at the

completion of start-up is reformed.

5. The method according to any one of claims 1 to 4,
wherein as the reforming catalyst layer, a reforming catalyst layer
that can promote combustion is used, and
In step a,
e) supplying the hydrocarbon-based fuel to the reforming catalyst
layer to combust the hydrocarbon-based fuel

IS performed.

6. The method according to claim 5, further comprising
f) calculating a flow rate of the hydrocarbon-based fuel that can
be combusted in the reforming catalyst layer, based on the measured

temperature of the reforming catalyst layer, prior to step e.

7. The method according to claim 6, further comprising

g) supplying an oxygen-containing gas at a flow rate required for
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the combustion performed in step e to the reforming catalyst layer prior to step

€.

8. The method according to any one of claims 1 to 9,

wherein a plurality of divided regions into which the reforming
catalyst layer is divided along a gas flow direction are considered,

in step a, temperatures at a plurality of points in the reforming
catalyst layer at different positions along the gas flow direction are measurea,
and '

in step b, one or more flow rates of the hydrocarbon-based fuel
that can be reformed in one or more of the plurality of divided regions are
calculated, based on the temperatures at the plurality of points, and a total
value of the calculated flow rates is determined as said flow rate of the

hydrocarbon-based fuel that can be reformed in the reforming catalyst layer.

9. A fuel cell system comprising:

a reformer having a reforming catalyst layer, for reforming a
hydrocarbon-based fuel to produce a hydrogen-containing gas;

a high temperature fuel celi for generating electric power using
the hydrogen-containing gas;

a reforming catalyst layer temperature measuring means for
measuring a temperature of the reforming catalyst layer;

a reforming catalyst layer temperature increasing means for
increasing a temperature of the reforming catalyst layer; and

a control means having a fuel flow rate calculating function for
calculating a flow rate of the hydrocarbon-based fuel that can be reformed In

the reforming catalyst layer, based on the measured temperature of the
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reforming catalyst layer, and a fuel flow rate controlling function for controlling
the hydrocarbon-based fuel supplied to the reforming catalyst layer to flow at
the calculated flow rate, and being able to increase a feed rate of the

hydrocarbon-based fuel to the reforming catalyst layer, while repeatedly

operating the fuel flow rate calculating function and the fuel flow rate controlling
function, until the feed rate of the hydrocarbon-based fuel to the reforming

catalyst layer becomes a flow rate at completion of start-up.
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Fig. 2
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