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FUEL CELL SYSTEM AND CONTROL
METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S. patent
application Ser. No. 13/322,038 filed on Nov. 22, 2011. U.S.
patent application Ser. No. 13/322,038 is a U.S. National
stage of International Application No. PCT/IB2010/001628,
filed Jul. 2, 2010, which claims priority to Japanese Patent
Application No. 2009-177746, filed on Jul. 30, 2009. The
entire disclosures of both the Japanese Patent Application
No. 2009-177746 and the U.S. patent application Ser. No.
13/322,038 are hereby incorporated herein by reference.

BACKGROUND

Field of the Invention

The present invention generally relates to a fuel cell
system and a control method for raising the temperature of
a fuel cell used in the fuel cell system.

Background Information

A fuel cell system is an electric power generation system
in which hydrogen (serving as fuel) and air (serving as
oxidizer) are supplied to a fuel cell to allow electrochemical
reaction to take place in the fuel cell to generate electric
power. One example of this type of fuel cell system is
disclosed in Japanese Laid-Open Patent Application No.
2005-166439. The fuel cell system disclosed in Japanese
Laid-Open Patent Application No. 2005-166439 uses a solid
electrolyte fuel cell in which an anode is provided on one
side of a solid electrolyte, while a cathode is provided on the
other side. Air is supplied as oxidizing gas to the cathode
while fuel gas is supplied to the anode. Power is generated
by reacting the fuel gas with the air. The fuel cell system is
configured having a startup combustor for reforming or
partially combusting fuel gas introduced from the exterior
during startup and supplying the resulting gas as a reducing
gas to the anode. An exhaust gas combustor is provided for
burning the anode off-gas discharged from the anode side,
while a heat exchanger is provided for heating air with the
heat produced from the exhaust gas combustor.

SUMMARY

It has been discovered that in the fuel cell system dis-
closed in Japanese Laid-Open Patent Application No. 2005-
166439, the anode off-gas discharged from the anode is
burned and the fuel cell is heated by the air that has been
increased in temperature by the heat of the gas, but the heat
of the exhaust gas discharged from the cathode has not been
utilized. Also a concern exists that carbon deposition may be
caused in the anode by supplying rich combustion gas
having a comparatively low temperature to the anode. This
configuration does not take into account this carbon depo-
sition.

One object of the present disclosure is to provide a fuel
cell system and/or method whereby the heat from the
exhaust gas that is discharged from the cathode is effectively
utilized to raise the temperature of the fuel cell while
avoiding partial damage and other problems caused by the
temperature changes, and to prevent carbon deposition in the
anode.

In view of the state of the known technology, one aspect
of the present disclosure is to provide a fuel cell system that
at basically comprises a fuel cell, a first combustor, a second
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combustor, a first heating gas return channel, a second
heating gas return channel and a gas supplier. The fuel cell
includes a solid electrolyte cell with an anode and a cathode.
The fuel cell is configured to generate power by reacting a
hydrogen-containing gas and an oxygen-containing gas. The
first combustor is arranged to selectively supply a heating
gas to the cathode of the fuel cell. The second combustor is
arranged to selectively supply a heating gas to the anode of
the fuel cell. The first heating gas return channel is arranged
to mix at least some exhaust gas discharged from the cathode
with the heating gas from the first combustor such that a
mixed heating gas of the exhaust gas from the cathode and
the heating gas from the first combustor is supplied to the
cathode. The second heating gas return channel is arranged
to mix at least some exhaust gas discharged from the cathode
with the heating gas from the second combustor such that a
mixed heating gas of the exhaust gas from the cathode and
the heating gas from the second combustor is supplied to the
anode. The gas supplier is connected to the first heating gas
return channel for supplying the exhaust gas from the
cathode to mix with the heating gas of the first combustor.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the attached drawings which form a part
of this original disclosure:

FIG. 1 is a schematic block diagram of a configuration of
a fuel cell system according to a first embodiment;

FIG. 2 is a schematic block diagram of a controller of the
fuel cell system according to the first embodiment;

FIG. 3 is a flowchart of a fuel cell temperature-raising
method executed by the controller of the fuel cell used in the
fuel cell system according to the first embodiment;

FIG. 4 is a schematic block diagram of a configuration of
a fuel cell system according to a second embodiment;

FIG. 5 is a schematic block diagram of a controller of the
fuel cell system according to the second embodiment;

FIG. 6 is a flowchart of a fuel cell temperature-raising
method executed by the controller of the fuel cell used in the
fuel cell system according to the second embodiment;

FIG. 7 is a schematic block diagram of a configuration of
a fuel cell system according to a third embodiment;

FIG. 8 is a schematic block diagram of a controller of the
fuel cell system according to the third embodiment;

FIG. 9 is a flowchart of a fuel cell temperature-raising
method executed by the controller of the fuel cell used in the
fuel cell system according to the third embodiment;

FIG. 10 is a schematic block diagram of a configuration
of a fuel cell system according to a fourth embodiment;

FIG. 11 is a schematic block diagram of a controller of the
fuel cell system according to the fourth embodiment; and

FIG. 12 is a flowchart of a fuel cell temperature-raising
method executed by the controller of the fuel cell used in the
fuel cell system according to the fourth embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Selected embodiments will now be explained with refer-
ence to the drawings. It will be apparent to those skilled in
the art from this disclosure that the following descriptions of
the embodiments are provided for illustration only and not
for the purpose of limiting the invention as defined by the
appended claims and their equivalents.

Referring initially to FIG. 1, a schematic block diagram of
a fuel cell system Al is illustrated in accordance with a first
embodiment. As seen in FIG. 1, the fuel cell system Al
includes, among other things, a controller B, an air blower
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1, a fuel pump 2 and a fuel cell 10. In the illustrated
embodiment, the fuel cell 10 is a solid oxide fuel cell
(SOFC) in which an oxygen ion conductor (oxide ion
conductor) is used as an electrolyte 11. In the illustrated
embodiment, the electrolyte 11 has an anode 12 provided on
one side of the electrolyte 11 and a cathode 13 provided on
the other side of the electrolyte 11. In the illustrated embodi-
ment, the electrolyte 11 has a plurality of solid electrolyte
cells 14 with the anode 12 and the cathode 13 being located
on opposite sides of the solid electrolyte cells 14. Specifi-
cally, in the illustrated embodiment, the solid electrolyte
cells 14 are stacked to form a cell stack 15 with the anode
12 and the cathode 13 being located on opposite sides of the
cell stack 15. For the sake of illustration, the cell stack 15 is
depicted in a simplified manner in FIG. 1 by showing only
a single cell of the solid electrolyte cells 14. A temperature
sensor 16 is disposed in the cell stack 15 for acquiring
temperature data of the cell stack 15. The temperature data
acquired by the temperature sensor 16 is inputted to the
controller B.

Generally speaking, power in the fuel cell 10 is generated
by reacting the fuel gas with the air. The solid electrolyte
cells 14 is an electric power generation system that generates
electric power by separately supplying hydrogen-containing
gas, serving as fuel, and oxygen-containing gas, serving as
oxidizer to allow electrochemical reaction to take place in
the fuel cell. In particular, in the illustrated embodiment, the
fuel cell system Al can use, for example, “ethane, butane,
natural gas, and other suitable gases” as the “hydrogen-
containing gas” that is supplied as fuel to the anode 12. It is
preferable to use ethanol, butanol, or another alcohol. How-
ever, in cases of the fuel cell system Al being used in
vehicles such as automobiles or other mobile units, gasoline,
diesel oil, light oil, or another liquid fuel, can be particularly
useful in such cases. However, the fuel is not limited to these
examples. Also, in the illustrated embodiment, the fuel cell
system Al uses “air” as an example of the “oxygen-con-
taining gas” that is supplied to the as oxidizing gas to the
cathode 13.

As also seen in FIG. 1, the fuel cell system A1l includes,
among other things, a first combustor 20, a reformer 30, a
heat exchanger 40, a gas supplier 50 and a third combustor
70. The air blower 1 is configured and arranged to supply
fresh oxygen-containing gas to the first combustor 20 and
the reformer 30. The fuel pump 2 is configured and arranged
to supply fuel to the first combustor 20. The rotational
speeds of the air blower 1 and the fuel pump 2 are controlled
by the controller B so as to increase and decrease their
rotational speeds as needed. The controller B of the fuel cell
system illustrated in FIG. 1 is schematically illustrated in
FIG. 2. In the illustrated embodiment, as discussed below,
exhaust gas discharged from the anode 12 of the fuel cell
system Al is effectively utilized to raise the temperature the
fuel cell 10 while avoiding partial damage and other prob-
lems caused by temperature changes in the fuel cell 10, and
preventing carbon deposition.

The first combustor 20 performs the function of producing
high-temperature heating gas. The high-temperature heating
gas is produced by mixing and burning a fuel-air mixture.
The air is supplied to the first combustor 20 through a supply
pipe 1a that is fluidly connected between the intake side of
the first combustor 20 and the air blower 1. The fuel is
supplied to the first combustor 20 through a supply pipe 2a
that is fluidly connected between the intake side of the first
combustor 20 and the fuel pump 2.

On the discharge side of the first combustor 20, a supply
pipe 20a is fluidly connected between the discharge side and
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the intake side of the cathode 13 of the fuel cell 10. The
supply pipe 20a is designed to supply the heating gas
produced by the first combustor 20 to the cathode 13. On the
discharge side of the cathode 13 is disposed a discharge pipe
134 for discharging the exhaust heating gas discharged from
the cathode 13 out of the fuel cell system Al. Spanning
between the supply pipe 20a and the discharge pipe 13a is
a return channel or pipe 17. In this embodiment, the return
pipe 17 constitutes a first exhaust heating gas return channel.
The return pipe 17 is configured and arranged for mixing
some of the exhaust heating gas discharged from the cathode
13 with heating gas supplied from the first combustor 20 to
the cathode 13. Specifically, the return starting end of the
return pipe 17 is interconnected with the discharge pipe 13a,
and the return terminal end is interconnected with the supply
pipe 20a. The gas supplier 50 is disposed in the return
channel 17. The gas supplier 50 performs the function of
supplying exhaust heating gas flowing into the return pipe
17 to the cathode 13. In the present embodiment, the gas
supplier 50 is an air blower. Specifically, mixed heating gas
is produced by mixing the exhaust heating gas discharged
from the cathode 13 with the heating gas supplied from the
first combustor 20, and the resulting mixed heating gas is
supplied to the cathode 13 by the return pipe 17 and the gas
supplier 50. A temperature sensor 19 is disposed in the gas
supplier 50 for acquiring temperature data of the exhaust
heating gas supplied from the gas supplier 50. The tempera-
ture data acquired by this temperature sensor 19 is inputted
to the controller B.

The reformer 30 is configured and arranged for reforming
fuel gas supplied to the anode 12 of the fuel cell 10 in a
normal operation mode described hereinafter. A supply pipe
2b is fluidly connected between the intake side of the
reformer 30 and the outlet side of the fuel pump 2 for
supplying fuel to the reformer 30. A supply pipe 15 is fluidly
connected between the intake side of the reformer 30 and the
air blower 1 for supplying air to the reformer 30. A supply
pipe 30a is fluidly connected between the supply side of the
reformer 30 and the intake side of the anode 12 such that
reformed fuel gas supplied from the reformer 30 is supplied
to the anode 12. The reformer 30 can be provided with a
temperature sensor 3056 for acquiring temperature data of the
reformer 30 as needed and/or desired.

On the discharge side of the anode 12 is disposed a
discharge pipe 12a for supplying discharged exhaust fuel gas
to the third combustor 70. The third combustor 70 performs
the function of producing high-temperature heating gas by
mixing and burning an air-fuel mixture of fuel and either
fresh air or exhaust heating gas discharged from the anode
12. The discharge pipe 124 is fluidly connected between the
intake side of the third combustor 70 and the discharge side
of the anode 12. Between the discharge side of the third
combustor 70 and the intake side of the heat exchanger 40
is disposed a supply pipe 125, which is a heating gas supply
channel for supplying the heating gas produced by the third
combustor 70 to the heat exchanger 40.

The heat exchanger 40 is disposed adjacent to the
reformer 30 so that heat exchange occurs between them. The
heat exchanger 40 is designed to be supplied with some of
the combustion gas resulting from the exhaust fuel gas
supplied from the anode 12 through the supply pipe 126
being burned by the third combustor 70. On the discharge
side of the heat exchanger 40 is disposed a discharge pipe
40qa for discharging exhaust fuel gas out of the system after
the gas has been used in heat exchange.

In the present embodiment, during a temperature increase
for raising the temperature of the fuel cell 10 to an operable
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temperature (during startup or temperature-raising mode),
the reformer 30, the heat exchanger 40, and the third
combustor described above do not operate, and fuel gas is
not supplied to the anode 12. Thus, the temperature-raising
mode is only performed up until the temperature of the fuel
cell 10 reaches its prescribed operating temperature.

In the illustrated embodiment, the controller B includes a
microcomputer with a CPU (central processing unit), an
interface circuit, storage devices such as a ROM (Read Only
Memory) device and a RAM (Random Access Memory)
device and other conventional components (not shown). The
microcomputer of the controller B is programmed to control
the other components of the fuel cell system A1 as discussed
below. The memory circuit stores processing results and
control programs that are run by the processor circuit. The
internal RAM of the controller B stores statuses of opera-
tional flags and various control data. The internal ROM of
the controller B stores various prescribed data for various
operations.

The controller B includes one or more programs that are
used in operation of the fuel cell system Al. By executing
these programs, the controller B performs the following
functions: (1) measuring the temperature of the exhaust
heating gas flowing through the return pipe 17; (2) measur-
ing the flow rate of exhaust heating gas flowing through the
return pipe 17; (3) setting the fuel and air flow rates of the
fuel and the air supplied to the first combustor 20 based on
the flow rate and temperature of the exhaust heating gas
flowing through the return pipe 17, so that the heating gas
supplied to the cathode 13 reaches a predetermined tem-
perature; (4) supplying fuel and oxygen-containing gas with
a set flow rate to the first combustor 20; (5) measuring the
temperature of the fuel cell 10; (6) setting the temperature of
the heating gas supplied to the cathode 13 of the fuel cell 10
on the basis of the temperatures of the exhaust heating gas
flowing through the fuel cell 10 and the return pipe 17; (7)
determining whether or not the temperature of the fuel cell
10 has reached a predetermined value; and (8) switching
from temperature-raising mode to normal operation mode
when temperature of the fuel cell 10 is determined to have
reached the predetermined value. It will be apparent to those
skilled in the art from this disclosure that the precise
structure and algorithms for the controller B can be any
combination of hardware and/or software that will carry out
the described functions.

The programming and/or hardware of the controller B
used to perform the function of measuring the temperature
of the exhaust heating gas flowing through the return pipe 17
is referred to as a “first exhaust heating gas temperature
measurement section B1.” In the present embodiment, the
temperature of the exhaust heating gas is measured based on
the temperature data acquired by the temperature sensor 19.
The programming and/or hardware of the controller B used
to perform the function of measuring the flow rate of exhaust
heating gas flowing through the return pipe 17 is referred to
as the “first exhaust heating gas flow rate measurement
section B2.” The first exhaust heating gas flow rate mea-
surement section B2 measures the gas flow rate of the
exhaust heating gas from the rotational speed of the blower
and the quantity of gas that can be blown by one rotation of
the blower, according to the design of the gas supplier 50.
The programming and/or hardware of the controller B used
to perform the function of setting the flow rates of the fuel
and the air supplied to the first combustor 20 is referred to
as the “flow rate setting section B3.” The term “predeter-
mined temperature” refers to a temperature at which the fuel
cell 10 will not be damaged by thermal shock, based on the
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current temperature of the fuel cell 10. The programming
and/or hardware of the controller B used to perform the
function of supplying fuel and oxygen-containing gas with
a set flow rate to the first combustor 20 is referred to as the
“fuel gas supply section B4.” In the present embodiment,
supply is performed by rotatably and drivably controlling
the air blower 1 and the fuel pump 2. The programming
and/or hardware of the controller B used to perform the
function of measuring the temperature of the fuel cell 10 is
referred to as the “cell temperature measurement section
B5.” In the present embodiment, the temperature of the fuel
cell 10 is measured based on the temperature data acquired
by the temperature sensor 16. The programming and/or
hardware of the controller B used to perform the function of
setting the temperature of the heating gas supplied to the
cathode 13 is referred to as the “gas temperature setting
section B6.” In the present embodiment, the temperature of
the heating gas is set to increase over time to a target
temperature. The programming and/or hardware of the con-
troller B used to perform the function of determining
whether or not the temperature of the fuel cell 10 has
reached a predetermined value is referred to as the “cell
temperature determination section B7.” The programming
and/or hardware of the controller B used to perform the
function of switching from temperature-raising mode to
normal operation mode when temperature of the fuel cell 10
is determined to have reached the predetermined value is
referred to as the “mode switching section B8.”

As used herein, the term “temperature-raising mode”
refers to the action of raising the temperature of the fuel cell
10 to an operable temperature as described above. As used
herein, the term “normal operation mode” refers to an
operation state in the fuel cell 10 has reached the operable
temperature for inducing power generation in the fuel cell
10.

The temperature-raising method of the fuel cell used in
the fuel cell system Al having the configuration described
above is described with reference to FIG. 3. FIG. 3 is a
flowchart showing the temperature-raising method of the
fuel cell used in the fuel cell system Al. The temperature-
raising method used in the fuel cell system A1l includes at
least measuring the temperature of the exhaust heating gas
flowing through the first exhaust heating gas return channel
or pipe 17, setting the flow rates of the oxygen-containing
gas and the fuel burned by the first combustor 20 so that the
new heating gas supplied from the first combustor 20 to the
cathode 13 reaches a predetermined temperature, and sup-
plying the fuel and oxygen-containing gas having set flow
rates to the first combustor 20. The details thereof are as
follows.

Referring to the flow chart of FIG. 3, the process will now
be discussed. In step S1, the process of raising the tempera-
ture of the fuel cell 10 for a startup operation is started, and
then the process advances to step S2.

In step S2, the exhaust heating gas (exhaust lean com-
bustion gas) discharged from the cathode 13 is passed
through the return pipe 17, with the circulating return supply
being performed at a constant flow rate.

Predetermined amounts of fuel and air are supplied to and
burned in the first combustor 20 to produce new heating gas,
which mixes with the exhaust heating gas supplied back
through the return pipe 17 to produce mixed heating gas of
a predetermined temperature, which is supplied to the cath-
ode 13.

In step S3, the temperature of the exhaust heating gas
circulated through the return pipe 17 is measured and the
temperature of the fuel cell 10 is measured.



US 9,929,415 B2

7

In step S4, the temperature of the new heating gas
supplied to the fuel cell 10 is set. At this time, the heating gas
of a predetermined temperature is set to a temperature at
which the fuel cell 10 described above is not damaged by
thermal shock, based on the current temperature of the fuel
cell 10. This predetermined temperature is appropriately set
in view of the heat capacity of the fuel cell 10 and the flow
rate of the supplied heating gas, i.e., the heat capacity of the
heating gas.

In step S5, the amount of heat needed in order to raise the
temperature of the fuel cell 10 to the predetermined tem-
perature is calculated from the flow rate and specific heat of
the exhaust heating gas circulated back, and the flow rates of
the fuel and air needed in the first combustor 20 in order to
produce this amount of heat are determined. Since the
heating gas is supplied to the cathode 13, the heating gas is
preferably a lean combustion gas having oxidative proper-
ties. Specifically, the gas undergoes lean combustion at an
air-fuel ratio of 1 to 1.2.

In step S6, the amounts of fuel and air calculated above
are supplied to the first combustor 20.

In step S7, the heating gas produced by the first combustor
20 is mixed with the exhaust heating gas, and heating gas
(mixed heating gas) of a predetermined temperature is
supplied to the fuel cell 1. This mixed heating gas thereby
raises the temperature of the fuel cell 10.

As previously described, since the temperature of the
heating gas supplied to the fuel cell 10 is set according to the
temperature of the fuel cell 10, the temperature of the fuel
cell 10 is raised and the temperature of the supplied heating
gas is also gradually set to a progressively higher tempera-
ture. The temperature of the mixed heating gas supplied to
the fuel cell 10 is assigned an upper limit temperature in
consideration of the heat resistance of the structural mem-
bers. For example, in the present embodiment, the upper
limit temperature is 800° C. Specifically, the set temperature
of the heating gas gradually increases up to 800° C., after
which the temperature of the heating gas supplied to the fuel
cell 10 will be continued to be maintained at 800° C.

The exhaust heating gas discharged from the fuel cell 10
provides heat to the fuel cell 10, and the gas is also
discharged at approximately the same temperature as the
fuel cell 10. Therefore, since the temperature of the circu-
lating exhaust heating gas rises along with the temperature
increase in the fuel cell 10, the amount of combustion in the
first combustor 20 is regulated according to the difference
between the set temperature of the heating gas supplied to
the fuel cell 10 and the temperature of the circulating
exhaust heating gas, the amount of the heating gas mixing
with the circulating exhaust heating gas, and the amount of
the mixed gas being supplied to the fuel cell 10. In this way,
the heating gas is supplied to raise the temperature of the
fuel cell 10 until the fuel cell 10 reaches an operable
temperature.

In step S8, a decision is made as to whether or not the fuel
cell 10 has reached the operable temperature. Once it has
been determined that the operable temperature of the fuel
cell 10 has been reached, the process advances to step S9.
Otherwise, the process returns to step S2 until the operable
temperature of the fuel cell 10 has been reached.

In step S9, the heating temperature-raising operation is
ended, and the normal operation mode is reinstated. Accord-
ing to the configuration described above, since circulated
fuel gas (exhaust heating gas) is discharged from the cathode
at room temperature or higher, a lesser amount of heat, i.e.,
a lesser amount of burned fuel is needed in order to produce
the fuel gas at the same tflow rate in comparison with using
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new or fresh air as the normal secondary air. Thus, fuel
consumption during temperature elevation can be greatly
reduced.

To consider utilizing waste heat, it would be possible to
recover only waste heat with the heat exchanger without
circulating exhaust fuel gas. However, since the heat
exchanger itself has a low temperature during a temperature
elevation process, first a certain amount of heat will be used
to heat up the heat exchanger. If a startup operation is
presumed to occur suddenly (i.e., the temperature rises
suddenly), a large amount of combustion gas will be sup-
plied to the fuel cell, and an extremely large heat exchanger
will be needed in order to recover waste heat from the large
amount of combustion gas. Therefore, the heat capacity of
the heat exchanger increases, and even if the heat exchanger
is utilized for the purpose of recovering waste heat during
temperature elevation, the recovery rate of waste heat will
not increase because of the amount of heat required to
preheat the heat exchanger.

Referring now to FIGS. 4 to 6, a fuel cell system A2 in
accordance with a second embodiment will now be
explained. In view of the similarity between the first and
second embodiments, the parts of the fuel cell system A2 of
the second embodiment that are identical to the parts of the
first embodiment will be given the same reference symbols
as the parts of the first embodiment. Moreover, the descrip-
tions of the parts of the second embodiment that are identical
to the parts of the first embodiment have been omitted for the
sake of brevity. FIG. 4 is a schematic block diagram showing
the configuration of the fuel cell system A2 according to the
second embodiment. FIG. 5 is a schematic block diagram
showing the functions of the controller B constituting part of
the fuel cell system A2 according to the second embodiment.
FIG. 6 is a flowchart showing the method of raising the
temperature of the fuel cell 10 that is used in the fuel cell
system A2. In addition to the configuration shown in the fuel
cell system Al according to the first embodiment described
above, the fuel cell system A2 according to the second
embodiment also includes a second combustor 60, a flow
rate regulation valve 61 and a temperature sensor 62. Also
the reformer 30, the heat exchanger 40, and the third
combustor 70 are not used in this embodiment.

The second combustor 60 performs the function of pro-
ducing high-temperature heating gas. The second combustor
60 mixes and burning the air supplied through the supply
pipe 15 from the air blower 1 with the fuel supplied through
the supply pipe 2b from the fuel pump 2 to produce the
high-temperature heating gas. On the discharge side of the
second combustor 60 is fluidly connected to a supply pipe
60qa for supplying the produced heating gas to the anode 12
of the fuel cell 10. The flow rate regulation valve 61 is
disposed in the supply pipe 13a. A return channel or pipe 61a
is fluidly connected between the flow rate regulation valve
61 and the supply pipe 60a. In this embodiment, the return
pipe 6la constitutes a second exhaust heating gas return
channel.

The flow rate regulation valve 61 is operatively connected
to the output side of the controller B so that the controller B
selectively opens and closes the flow rate regulation valve
61. Specifically, according to an open/close drive signal
outputted from the controller B, the flow rate regulation
valve 61 directs an appropriate amount of the exhaust
heating gas to flow through the return pipe 6la. More
specifically, the return pipe 6la is formed in order to
circulate exhaust heating gas discharged from the cathode 13
to the anode 12. In particular, at least some of the excess
exhaust heating gas is not circulated back to the cathode 13
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and redirected to mix with the heating gas produced by the
second combustor 60. In this way, a mixture of the exhaust
heating gas discharged from the cathode 13 and the heating
gas produced by the second combustor 60 are introduced
into the anode 12.

The temperature sensor 62 is used to acquire temperature
data of exhaust heating gas flowing through the return pipe
61a. The temperature sensor 62 is connected to the input side
of the controller B. In other words, acquired temperature
data of exhaust heating gas flowing through the return pipe
61a is inputted into the controller B.

In this embodiment, the controller B includes one or more
programs that are used in operation of the fuel cell system
A2. Similar to the first embodiment as discussed above, by
executing these programs, the controller B performs the
functions of the first exhaust heating gas temperature mea-
surement section B1, the first exhaust heating gas flow rate
measurement section B2, the flow rate setting section B3,
the fuel gas supply section B4, the cell temperature mea-
surement section B5, the gas temperature setting section B6,
the cell temperature determination section B7 and the mode
switching section B8. However, in this embodiment, in
addition to theses functions, the controller B also performs
the following functions: (1) measuring the flow rate of the
exhaust heating gas supplied to the anode 12; (2) measuring
the temperature of the exhaust heating gas; and (3) setting
the flow rates of the fuel and air burned in the second
combustor 60 so that a steam (e.g., water vapor) to carbon
ratio (S/C ratio) and the temperature of the fuel gas supplied
to the anode 12 reach predetermined values based on the
flow rate and temperature of the exhaust heating gas dis-
charged from the cathode 13 and supplied to the anode 12.

The programming and/or hardware of the controller B
used to perform the function of measuring the flow rate of
the exhaust heating gas supplied to the anode 12 through the
return pipe 61a is referred to as the “second exhaust heating
gas flow rate measurement section B9.” The programming
and/or hardware of the controller B used to perform the
function of measuring the temperature of the exhaust heating
gas flowing through the return pipe 61a is referred to as the
“second exhaust heating gas temperature measurement sec-
tion B10.” The programming and/or hardware of the con-
troller B used to perform the function of setting the flow
rates of the fuel and air burned in the second combustor 60
so that the S/C ratio and the temperature of the fuel gas
supplied to the anode 12 reach predetermined values is
referred to as the “second flow rate setting section B11.”

The method of raising the temperature of a fuel cell using
the fuel cell system A2 having the configuration described
above is described with reference to FIG. 6. FIG. 6 is a
flowchart showing the method of raising the temperature of
the fuel cell used in the fuel cell system A2.

In the present embodiment, the flow rates of the fuel and
the air supplied to the first combustor 20 are regulated so that
the mixed heating gas supplied to the cathode 13 reach a
predetermined temperature based on the flow rate and tem-
perature of the exhaust heating gas flowing through the
return pipe 17, which is similar to the fuel cell system Al
described above.

In step Sal, the process of raising the temperature of the
fuel cell 10 for a startup operation is started, and the process
advances to step Sa2.

In step Sa2, the flow rate is set for the delivery of exhaust
heating gas (exhaust lean combustion gas) discharged from
the cathode 13 to the return pipe 6la. Specifically, the
exhaust heating gas supplied to the anode 12 has oxidation
reducing properties in order to prevent oxidation of the
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anode 12. The reducing exhaust heating gas is provided with
a certain amount of water vapor so as not to cause carbon
deposition on the anode 12. The reducing exhaust heating
gas is also supplied while being adjusted to a predetermined
temperature so as not to cause thermal shock in the fuel cell
10. To accomplish these results, exhaust heating gas dis-
charged from the cathode 13 without being recirculated
through the cathode 13 is used.

As described above, the exhaust heating gas flowing in the
return pipe 61a has a low oxygen concentration. By mixing
the exhaust heating gas of the return pipe 61a with new
heating gas produced from rich combustion in the second
combustor 60 prior being introduced into the anode 12, the
resulting mixed heating gas will have oxidation reducing
properties. Since the exhaust heating gas discharged from
the cathode 13 also contains a high concentration of water
vapor, it is possible to provide a water vapor concentration
sufficient to prevent carbon deposition caused by the mixed
heating gas in the anode 12. By using the exhaust heating gas
supplied from the cathode 13 as the temperature-regulating
gas of the new heating gas produced by the second com-
bustor 60, it is possible to supply the anode 12 with exhaust
heating gas that has reducing properties, no risk of carbon
deposition, and also the desired temperature. It is also
possible to appropriately set the delivered amount of excess
exhaust heating gas discharged without being circulated
through the return pipe 17. To prevent oxidation of the anode
12, fuel gas having the minimum required reducing prop-
erties is preferably supplied. Thus, the flow rate of exhaust
heating gas supplied from the cathode 13 is preferably set to
a small amount. Furthermore, in cases in which the tem-
perature of the fuel cell 10 is raised suddenly, the supply of
a large amount of heating gas is efficient to the anode 12 as
well, and the flow rate of exhaust heating gas supplied from
the cathode 13, is therefore set to a high rate.

As with cases with the cathode 13, the amount of com-
bustion in the second combustor 60 needed in order to raise
the temperature of the exhaust heating gas supplied from the
cathode 13 to the predetermined temperature is set based on
the predetermined temperature of the heating gas supplied to
the fuel cell 10. The predetermined temperature of the
heating gas supplied to the anode 12 can be set independent
of the cathode 13, but is preferably set to approximately the
same set temperature as the cathode 13 in order to avoid
thermal shock to the fuel cell 10. The amount of combustion
in the second combustor 60 is set according to the amount
of heat needed to raise the temperature of the exhaust
heating gas supplied from the cathode 13. The amount of
combustion in the second combustor 60 is also set in view
of the composition of the mixed heating gas. Specifically, in
order for the mixed heating gas to have reducing properties,
consideration is given to how much unburned fuel is to be
included, and also to how much water vapor is needed in the
unburned fuel in order to prevent carbon deposition. There-
fore, rich combustion is performed in the second combustor
60, but combustion is performed with the air-to-fuel ratio
kept between less than 1 and the combustion limit (about 0.2
in the case of gasoline).

As described above, the exhaust heating gas that does not
circulate through the return pipe 17 is mixed with the new
heating gas produced by the second combustor 60 disposed
on the upstream side of the anode 12 until the fuel cell 10
reached the predetermined temperature. In this way, heating
gas having a temperature that does not cause thermal shock
to the fuel cell 10 and which has reducing properties that
eliminate the risk of carbon deposition in the cathode 13 is
supplied to the fuel cell 10 to raise the temperature.
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In step Sa3, the temperature and composition of the
exhaust heating gas discharged from the cathode 13 and
directed toward the anode 12 are detected, measured and
stored. In the present embodiment, the temperature of
exhaust heating gas directed toward the anode 12 is detected
by the temperature sensor 62. The temperature sensor 62 is
disposed in the flow rate regulation valve 61, but the
temperature detected by the temperature sensor 19 disposed
on the discharge side of the gas supplier 50 can be used as
a substitute for the temperature sensor 62.

The flow rate regulation valve 61 includes a measuring
device for measuring the composition of the exhaust heating
gas. The composition of the exhaust heating gas is measured
by this measuring device. However, the composition can
also be estimated from the combustion conditions (air-to-
fuel ratio) in the first combustor 20 because the composition
gradually approaches the heating gas composition produced
in the first combustor 20 as described above. In other words,
a configuration can be used in which a gas composition
estimation section is provided for estimating the composi-
tion of the exhaust heating gas on the basis of the combus-
tion conditions (air-to-fuel ratio) in the first combustor 20.

In step Sad, the temperature of the heating gas supplied to
the anode 12 is set.

In step Sa5, the amount of combustion in the second
combustor 60 is set based on the flow rate and temperature
of the exhaust heating gas.

In step Sa6, fuel and air are supplied to the second
combustor 60.

In step Sa7, new heating gas supplied from the second
combustor 60 and exhaust heating gas discharged from the
cathode 13 are mixed and supplied to the anode 12.

In step Sa8, a decision is made as to whether or not the
fuel cell 10 has reached the operable temperature. Once the
operable temperature is determined to have been reached,
the process advances to step Sa9. Otherwise, if the operable
temperature has not been reached, then the process returns
to step Sa2.

In step Sa9, the heating and temperature-raising operation
is ended, and the system transitions to the normal operation
mode.

Referring now to FIGS. 7 to 9, a fuel cell system A3 in
accordance with a third embodiment will now be explained.
In view of the similarity between this third embodiment and
the prior embodiments, the parts of the fuel cell system A3
of the third embodiment that are identical to the parts of the
prior embodiments will be given the same reference symbols
as the parts of the prior embodiments. Moreover, the
descriptions of the parts of the third embodiment that are
identical to the parts of the prior embodiments have been
omitted for the sake of brevity. FIG. 7 is a schematic block
diagram showing a configuration of the fuel cell system A3
according to the third embodiment. FIG. 8 is a schematic
block diagram of the controller B of the fuel cell system A3
according to the third embodiment. FIG. 9 is a flowchart
showing a fuel cell temperature-raising method executed by
the controller B of the fuel cell 10 that is used in the fuel cell
system A3.

In addition to the configuration shown in the fuel cell
system Al according to the first embodiment described
above, the fuel cell system A3 according to the third
embodiment also has a configuration provided with the flow
rate regulation valves 61 of the second embodiment, the
temperature sensor 62 of the second embodiment and a flow
rate regulation valve 71.

A supply pipe 26 is fluidly connected between the intake
side of the reformer 30 and the fuel pump 2. Also a supply
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pipe 30q is fluidly connected between the discharge side of
the reformer 30 and the anode 12. The flow rate regulation
valve 61 is disposed between the supply pipe 134, and the
return pipe 61a. The return pipe 61a is fluidly connected
between the flow rate regulation valve 61 and the supply
pipe 30a. In other words, the return pipe 61a is formed for
supplying to the anode 12 at least some of the excess exhaust
heating gas discharged from the cathode 13 that is not
otherwise circulated back to the cathode 13.

The flow rate regulation valve 71 is provided in the return
pipe 61a. The flow rate regulation valve 71 is designed so
that a supply pipe 71a is fluidly connected between the valve
and the intake side of the reformer 30 and exhaust heating
gas can be delivered to the anode 12 and the reformer 30.
The supply pipe 71a constitutes a third exhaust heating gas
return channel for supplying back to the reformer 30 at least
some of the exhaust heating gas discharged from the cathode
13. The flow rate regulation valve 71 is connected to the
output side of the controller B so as to be selectively opened
and closed by opening and closing drive signals outputted
from the controller B.

In this embodiment, the controller B includes one or more
programs that are used in operation of the fuel cell system
A3. Similar to the first embodiment as discussed above, by
executing these programs, the controller B performs the
functions of the first exhaust heating gas temperature mea-
surement section B1, the first exhaust heating gas flow rate
measurement section B2, the flow rate setting section B3,
the fuel gas supply section B4, the cell temperature mea-
surement section B5, the gas temperature setting section B6,
the cell temperature determination section B7 and the mode
switching section B8. However, in this embodiment, in
addition to theses functions, the controller B also performs
the following functions: (1) determining whether or not the
temperature of the reformer 30 has reached an operating
temperature; (2) setting the flow rates of fuel and air to the
reformer 30 on the basis of the temperature and the delivery
amount of the exhaust heating gas discharged from the
cathode 13 that is supplied back to the reformer 30 via the
supply pipe 71la when it has been determined that the
temperature of the reformer 30 has reached the operating
temperature; and (3) supplying exhaust heating gas having
this set flow rate to the reformer 30.

The programming and/or hardware of the controller B
used to perform the function of determining whether or not
the temperature of the reformer 30 has reached an operating
temperature is referred to as the “operation temperature
determination section B12.” The reformer 30 is provided
with the temperature sensor 305 for acquiring temperature
data of the reformer 30. The programming and/or hardware
of'the controller B used to perform the function of setting the
flow rates of fuel and air to the reformer 30 is referred to as
the “reformer flow rate setting section B13.” The program-
ming and/or hardware of the controller B used to perform the
function of supplying exhaust heating gas with this set flow
rate to the reformer 30 is referred to as the “reformer gas
supply section B14.”

The method of raising the temperature of the fuel cell
using the fuel cell system A3 having the above-described
configuration is described with reference to FIG. 9. FIG. 9
is a flowchart showing the method of raising the temperature
of the fuel cell used in the fuel cell system A3.

In the present embodiment, the increase and decrease of
the flow rates of hydrogen-containing gas and air supplied to
the first combustor 20 are regulated based on the flow rate
and temperature of the exhaust heating gas flowing through
the return pipe 17 so that the mixed heating gas supplied to
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the cathode 13 reaches a predetermined temperature, as with
the fuel cell system A1 described above.

In step Scl, the process of raising the temperature of the
fuel cell 10 for a startup operation is started, and the process
advances to step Sc2.

In step Sc2, the reformer 30 is pre-heated by the exhaust
heating gas produced by the third combustor 70. The exhaust
heating gas supplied from the cathode 13 is applied to the
reforming reaction in the reformer 30, and carbon deposition
in the cathode 13 is prevented by the reformed exhaust
heating gas. Temperature-adjusting gas of the reformed
heating gas is also delivered upstream of the reformer 30 as
well as being used in order to mix with the reformed heating
gas downstream of the reformer 30.

In step Sc3, a decision is made as to whether or not the
reformer 30 has reached the operating temperature. Once the
operable temperature is determined to have been reached,
the process advances to step Sc4 if the reformer 30 is
determined to have reached the operating temperature. Oth-
erwise, if the operable temperature has not been reached,
then the process returns to step Sc2.

In step Sc4, the flow rates of fuel and air to the reformer
30 are set from the delivery amount and the temperature of
the reformer 30.

In step Sc5, fuel, air, and exhaust heating gas is supplied
to the reformer 30.

First, to bring the reformer 30 to an operable temperature
(the operating temperature), fuel, air, and exhaust heating
gas are supplied to and mixed in the third combustor 70 to
produce heating gas. This heating gas is supplied to a heat
exchanger 40 provided in order to pre-heat the reformer 30.
Thus, the temperature of the reformer 30 is raised. After the
reformer 30 has reached the operating temperature, exhaust
heating gas supplied from the cathode 13 and fuel are
supplied to the reformer 30. In this way, reformed gas is
produced.

Since a minuscule amount of oxygen and a large amount
of water vapor are included in the exhaust heating gas
supplied from the cathode 13, reformed gas is produced in
the reformer 30 by a partial oxidizing reaction and a water
vapor reforming reaction. Since the partial oxidizing reac-
tion is exothermic and the water vapor reforming reaction is
endothermic, a balance between the rates of the two reac-
tions is kept in order to stably operate the reformer 30, i.e.,
in order to keep the reformer 30 in a predetermined tem-
perature range. Therefore, air is supplied as necessary to the
reformer 30 in order to increase the rate of the partial
oxidizing reaction.

After the reformed exhaust heating gas has been supplied
to the anode 12, the unburned fuel component included in
the discharged reformed gas is burned in the third combustor
70, whereby high-temperature fuel gas can be produced and
supplied as temperature-regulating gas of the reformer 30 to
the heat exchanger 40.

The reformer 30 can be operated in a stable manner within
the predetermined temperature range by achieving a balance
between the reaction rate in the reformer 30 and the heat
from the exhaust heating gas. The exhaust heating gas
supplied from the cathode 13 is divided by the flow rate
adjustment valve 71 provided upstream of the reformer 30
into a flow rate supplied to the reformer 30 for the reforming
reaction and a flow rate supplied downstream of the
reformer 30 in order to regulate the temperature of the
reformed gas.

Similar to the fuel cell system A2 described above, the
exhaust heating gas after mixing is reducing reformed gas
containing water vapor and having no risk of carbon depo-
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sition, and delivered amount and the amount of reformed gas
produced in the reformer 30, i.e., the amount of fuel supplied
to the reformer 30 is regulated so that the predetermined
temperature is reached.

In step Sc6, the reformed mixed heating gas is supplied to
the anode 12.

In step Sc7, a decision is made as to whether or not the
fuel cell 10 has reached the operable temperature. Once the
operable temperature is determined to have been reached,
the process advances to step Sc8. Otherwise, if the operable
temperature has not been reached, then the process returns
to step Sc4.

In step Sc8, the heating and temperature-raising operation
is ended, and the system transitions to the normal operation
mode.

Referring now to FIGS. 10 to 12, a fuel cell system A4 in
accordance with a fourth embodiment will now be
explained. In view of the similarity between this fourth
embodiment and the prior embodiments, the parts of the fuel
cell system A4 of the fourth embodiment that are identical
to the parts of the prior embodiments will be given the same
reference symbols as the parts of the prior embodiments.
Moreover, the descriptions of the parts of the fourth embodi-
ment that are identical to the parts of the prior embodiments
have been omitted for the sake of brevity. FIG. 10 is a
schematic block diagram showing a configuration of the fuel
cell system A4 according to the fourth embodiment. FIG. 11
is a schematic block diagram of the controller B of the fuel
cell system A4 according to the fourth embodiment. FIG. 12
is a flowchart showing a fuel cell temperature-raising
method executed by the controller B of the fuel cell 10 that
is used in the fuel cell system A4.

The fuel cell system A4 according to the fourth embodi-
ment has the configuration shown in the fuel cell system Al
according to the previous first embodiment, to which a
temperature sensor 63 is provided. The temperature sensor
63 is arranged for measuring the temperature of the mixed
heating gas supplied to the cathode 13 of the fuel cell 10.
The temperature sensor 63 is connected to the input side of
the controller B. In other words, acquired temperature data
of exhaust heating gas is inputted into the controller B.

In this embodiment, the controller B includes one or more
programs that are used in operation of the fuel cell system
A4. Similar to the first embodiment as discussed above, by
executing these programs, the controller B performs the
functions of the first exhaust heating gas temperature mea-
surement section B1, the first exhaust heating gas flow rate
measurement section B2, the flow rate setting section B3,
the fuel gas supply section B4, the cell temperature mea-
surement section B5, the gas temperature setting section B6,
the cell temperature determination section B7 and the mode
switching section B8. However, in this embodiment, in
addition to theses functions, the controller B also performs
the following functions: (1) measuring the temperature of
the mixed heating gas supplied to the cathode 13; and (2)
determining the temperature difference between the mixed
heating gas supplied to the cathode 13 and the exhaust
heating gas flowing through the return pipe 17.

The programming and/or hardware of the controller B
used to perform the function of measuring the temperature
of the mixed heating gas supplied to the cathode is referred
to as the “cathode-supplied gas temperature measurement
section B15.” In the present embodiment, the temperature of
the mixed heating gas is measured based on temperature
data acquired by the temperature sensor 63. The program-
ming and/or hardware of the controller B used to perform the
function of determining the temperature difference between



US 9,929,415 B2

15

the mixed heating gas supplied to the cathode 13 and the
exhaust heating gas flowing through the return pipe 17 is
referred to as the “gas temperature difference determination
section B16.” In other words, the gas temperature difference
determination section B16 determines whether or not the
temperature difference between the mixed heating gas sup-
plied to the cathode 13 and the exhaust heating gas dis-
charged from the cathode 13 exceeds a predetermined value.
Upon determining that this temperature difference is outside
of a predetermined range, the gas temperature setting section
B6 resets the temperature of the heating gas supplied to the
cathode 13 so that the temperature difference reverts back
into the predetermined range.

The method of raising the temperature of a fuel cell that
uses the fuel cell system A4 having the above-described
configuration is described with reference to FIG. 12. In the
present embodiment, the flow rates of the fuel and the air
supplied to the first combustor 20 are regulated based on the
flow rate and the temperature of the exhaust heating gas
flowing through the return pipe 17 so that the heating gas
supplied to the cathode 13 reaches a predetermined tem-
perature, similar to the fuel cell system A1 described above.

In step Sd1, the process of raising the temperature of the
fuel cell 10 for a startup operation is started, and the process
advances to step Sd2.

In step Sd2, the exhaust heating gas is supplied back
through the return pipe 17.

In step Sd3, the temperatures of the fuel cell 10 and the
exhaust heating gas are detected, measured and stored.

In step Sd4, the temperature of the heating gas supplied to
the fuel cell 10 is set. Specifically, the temperature of the
heating gas supplied to the fuel cell 10 is set based on the
temperature of the fuel cell 10.

In step Sd5, a decision is made as to whether or not the
temperature difference between the fuel cell 10 and the
exhaust heating gas is equal to or greater than a predeter-
mined value. Upon determining that this temperature dif-
ference is equal to or greater than the predetermined value,
the process advances to step Sd6. Otherwise, if this tem-
perature difference is not equal to or greater than the
predetermined value, then the process advances to step
Sd10. In other words, a decision is made as to whether or not
the supplied heating gas temperature minus the temperature
of exhaust heating gas circulating through return pipe 17
exceeds the predetermined value.

In step Sdé, the amount of combustion in the first com-
bustor 20 is determined from the temperature and the
circulated supplied amount of the exhaust heating gas.

In step Sd7, fuel and air are supplied to the first combustor
20 in amounts determined by calculation.

In step Sd8, new heating gas and exhaust heating gas are
mixed and supplied.

In step Sd9, a decision is made as to whether or not the
fuel cell 10 has reached a predetermined temperature. When
the predetermined temperature is determined to have been
reached, the process advances to step Sd11, otherwise the
process returns to step Sd2.

In step Sd10, in cases in which the predetermined value
is exceeded, combustion is not performed in the first com-
bustor 20, and exhaust heating gas alone is supplied through
the return pipe 17 to the fuel cell 10. The upstream side of
the fuel cell 10 is thereby cooled while the downstream side
is heated, and the temperature can immediately be rectified.

In step Sd11, the heating and temperature-raising opera-
tion is ended, and the system transitions to the normal
operation mode.
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A summary of the fuel cell system A4 according to the
present embodiment is as follows. Specifically, when the
temperature difference between the upstream and down-
stream sides of the fuel cell 10 has reached the predeter-
mined value, the heating gas produced in the first combustor
20 is supplied to the fuel cell 10 without combining with the
circulating gas. In other words, a system of cooling the
combustion gas supplied to the fuel cell 10 is used, whereby
the temperature difference between the upstream and down-
stream sides of the fuel cell 10 can be immediately resolved.
The thermal stress created in the fuel cell 10 can be reduced,
whereby the reliability of the fuel cell 10 during temperature
elevation is improved. Furthermore, when the temperature
of the supplied heating gas is lowered in cases of an
upstream/downstream temperature difference, the fuel cell
10 is cooled, and heat supplied to the fuel cell 10 is
temporarily transferred to the heating gas.

At this time, if the exhaust heating gas is circulated as it
is in this system, heat supplied to the fuel cell 10 is circulated
back to the fuel cell 10, but in a conventional system which
does not circulate exhaust heating gas, heat taken from the
fuel cell 10 flows out of the system. Therefore, extra heat
must be supplied in order to raise the temperature of the fuel
cell 10, which causes fuel consumption to be worse, but
there is no such worsening of fuel consumption during
temperature elevation in the present system, and upstream/
downstream temperature differences can be immediately
resolved.

In the present embodiment, in view of improving reli-
ability, a system is used in which the temperature of the
heating gas is reduced when an upstream/downstream tem-
perature difference has occurred, but other options include
using a system in which the temperature-raising rate is
reduced, a system in which heating gas of the same tem-
perature is supplied, or the like. At such a time, an appro-
priate predetermined value (allowable value) of the
upstream/downstream temperature difference is set.

In cases in which the temperature of the fuel gas is
reduced, the predetermined value is preferably set to a
comparatively high temperature because the temperature
difference can be immediately reduced, and in cases in
which the temperature-raising rate is reduced, the predeter-
mined value is set to a comparatively low temperature
because the temperature difference is resolved at a slow rate.
Furthermore, the upstream/downstream temperature differ-
ence can also be resolved by combining systems in which
the temperature-raising rate is reduced at a first predeter-
mined value, the temperature is maintained at a second
predetermined value, the temperature is reduced at a third
predetermined value, etc.

While only selected embodiments have been chosen to
illustrate the present invention, it will be apparent to those
skilled in the art from this disclosure that various changes
and modifications can be made herein without departing
from the scope of the invention as defined in the appended
claims. For example, in the present embodiment described
above, an example is described in which an gas supplier 50
is provided to the return pipe 17, but instead of the gas
supplier 50 being provided, the flow channel cross section of
the discharge pipe 13a and the return pipe 17 can be
designed so that the ratio of fuel gas to air in the first
combustor 20 falls within the desired range, in view of the
quantity of air flowing through the cathode 13 when the cell
stack 15 has reached a predetermined temperature.

Also, for example, the flow channel cross sections are not
limited to being different from each other; another option is
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to appropriately set the flow channel lengths of the discharge
pipe 13a and the return pipe 17.

In the present embodiment, an example was presented in
which the gas supplier was provided to the return pipe, but
in another configuration, e.g., the gas supplier is shared with
a circulation part of the anode used during the normal
operation mode. Specifically, pipes and switching valves can
be appropriately connected and used accordingly so as to
function as circulation device for the cathode during tem-
perature elevation and for the anode during normal opera-
tion.

An air blower was described as an example of a gas
supplier, but an ejector or the like can also be suitably used.

Thus, the present invention is not limited to the embodi-
ments described above; modifications such as described
hereunder can be made. For example, components that are
shown directly connected or contacting each other can have
intermediate structures disposed between them. The func-
tions of one element can be performed by two, and vice
versa. The structures and functions of one embodiment can
be adopted in another embodiment. It is not necessary for all
advantages to be present in a particular embodiment at the
same time. Every feature which is unique from the prior art,
alone or in combination with other features, also should be
considered a separate description of further inventions by
the applicant, including the structural and/or functional
concepts embodied by such feature(s). Thus, the foregoing
descriptions of the embodiments are provided for illustration
only, and not for the purpose of limiting the invention as
defined by the appended claims and their equivalents.

What is claimed is:

1. A fuel cell system comprising:

a fuel cell including a solid electrolyte cell with an anode
and a cathode, the fuel cell being configured to generate
power by reacting a hydrogen-containing gas and an
oxygen-containing gas;

a first combustor arranged to selectively supply a heating
gas to the cathode of the fuel cell;

a second combustor arranged to selectively supply a
heating gas to the anode of the fuel cell;

a first heating gas return channel arranged to mix at least
some exhaust gas discharged from the cathode with the
heating gas from the first combustor such that a mixed
heating gas of the exhaust gas from the cathode and the
heating gas from the first combustor is supplied to the
cathode;

a second heating gas return channel arranged to mix at
least some exhaust gas discharged from the cathode
with the heating gas from the second combustor such
that a mixed heating gas of the exhaust gas from the
cathode and the heating gas from the second combustor
is supplied to the anode; and

a gas supplier connected to the first heating gas return
channel for supplying the exhaust gas from the cathode
to mix with the heating gas from the first combustor.

2. The fuel cell system according to claim 1, wherein

the second heating gas return channel is arranged such
that the exhaust gas supplied back to the anode is at
least some of an excess portion of the exhaust gas
discharged from the cathode that is not supplied back to
the cathode.

3. The fuel cell system according to claim 1, further

comprising

a first exhaust heating gas temperature measurement
section arranged to measure a temperature of the
exhaust gas flowing through the first heating gas return
channel;
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a first exhaust heating gas flow rate measurement section
arranged to measure a flow rate of the exhaust gas
flowing through the first heating gas return channel;

a first flow rate setting section arranged to set flow rates
of the hydrogen-containing gas and the oxygen-con-
taining gas supplied to the first combustor such that the
mixed heating gas supplied to the cathode reaches a
predetermined temperature, the flow rates of the hydro-
gen-containing gas and the oxygen-containing gas sup-
plied to the first combustor being based on the flow rate
measured by the first exhaust heating gas temperature
measurement section and the temperature measured by
the first exhaust heating gas flow rate measurement
section; and

a fuel gas supply section arranged to supply the hydrogen-
containing gas and the oxygen-containing gas to the
first combustor at the flow rates set by the flow rate
setting section.

4. The fuel cell system according to claim 3, further

comprising

a cell temperature measurement section arranged to mea-
sure a temperature of the fuel cell;

a gas temperature setting section arranged to set a tem-
perature of the heating gas supplied from the first
combustor to the cathode based on the temperatures
measured by the first exhaust heating gas temperature
measurement section and the cell temperature measure-
ment section;

a cell temperature determination section that determines
whether the fuel cell has reached an operation starting
temperature; and

a mode switching section arranged to switch from a
temperature-raising mode to a normal operation mode
upon determining that the fuel cell has reached the
operation starting temperature.

5. The fuel cell system according to claim 4, wherein

the gas temperature setting section is arranged to set the
temperature of the heating gas supplied from the first
combustor to increase over time to a target temperature.

6. The fuel cell system according to claim 1, further

comprising

a second exhaust heating gas flow rate measurement
section arranged to measure a flow rate of the exhaust
gas supplied to the anode by the second heating gas
return channel;

a second exhaust heating gas temperature measurement
section arranged to measure a temperature of the
exhaust gas supplied to the anode by the second heating
gas return channel; and

a second flow rate setting section arranged to set flow
rates of the hydrogen-containing gas and the oxygen-
containing gas supplied to the second combustor such
that a steam-to-carbon ratio and a temperature of the
exhaust gas supplied to the anode reach predetermined
values, the flow rates of the hydrogen-containing gas
and the oxygen-containing gas supplied to the second
combustor being set based on the flow rate measured by
the second exhaust heating gas flow rate measurement
section and the temperature measured by the second
exhaust heating gas temperature measurement section.

7. The fuel cell system according to claim 3, further

comprising

a second exhaust heating gas flow rate measurement
section arranged to measure a flow rate of the exhaust
gas supplied to the anode by the second heating gas
return channel;
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a second exhaust heating gas temperature measurement
section arranged to measure a temperature of the
exhaust gas supplied to the anode by the second heating
gas return channel; and

a second flow rate setting section arranged to set flow
rates of the hydrogen-containing gas and the oxygen-
containing gas supplied to the second combustor such
that a steam-to-carbon ratio and a temperature of the
exhaust gas supplied to the anode reach predetermined
values, the flow rates of the hydrogen-containing gas
and the oxygen-containing gas supplied to the second
combustor being set based on the flow rate measured by
the second exhaust heating gas flow rate measurement
section and the temperature measured by the second
exhaust heating gas temperature measurement section.

8. The fuel cell system according to claim 4, further

comprising

a second exhaust heating gas flow rate measurement
section arranged to measure a flow rate of the exhaust
gas supplied to the anode by the second heating gas
return channel;

a second exhaust heating gas temperature measurement
section arranged to measure a temperature of the
exhaust gas supplied to the anode by the second heating
gas return channel; and

a second flow rate setting section arranged to set flow
rates of the hydrogen-containing gas and the oxygen-
containing gas supplied to the second combustor such
that a steam-to-carbon ratio and a temperature of the
exhaust gas supplied to the anode reach predetermined
values, the flow rates of the hydrogen-containing gas
and the oxygen-containing gas supplied to the second
combustor being set based on the flow rate measured by
the second exhaust heating gas flow rate measurement
section and the temperature measured by the second
exhaust heating gas temperature measurement section.

9. The fuel cell system according to claim 1, further

comprising

a flow rate regulation valve arranged on the discharge side
of the cathode downstream from the first heating gas
return channel, the flow rate regulation valve being
connected to the second heating gas return channel to
control an amount of the exhaust gas discharged from
the cathode that is mixed with the heating gas from the
second combustor.

10. The fuel cell system according to claim 6, further

comprising

a flow rate regulation valve arranged on the discharge side
of the cathode downstream from the first heating gas
return channel, the flow rate regulation valve being
connected to the second heating gas return channel to
control an amount of the exhaust gas discharged from
the cathode that is mixed with the heating gas from the
second combustor,

the second exhaust heating gas temperature measurement
section including a temperature sensor disposed on the
flow rate regulation valve.
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11. A solid oxide fuel cell temperature raising method

comprising:

producing a heating gas in a first combustor that receives
a hydrogen-containing gas and an oxygen-containing
£as;

producing a heating gas in a second combustor that
receives a hydrogen-containing gas and an oxygen-
containing gas;

recirculating a first portion of exhaust gas discharged
from a cathode of a fuel cell back to an intake side the
cathode by using a gas supplier that causes the exhaust
gas to mix with the heating gas from the first combustor
to produce a mixed heating gas that flows through the
cathode;

recirculating a second portion of the exhaust gas dis-
charged from the cathode of the fuel cell to an intake
side of an anode of the fuel cell such that the exhaust
gas mixes with the heating gas of the second combustor
to produce a mixed heating gas that flows through the
anode, the recirculation of the first and second portions
of the exhaust gas discharged from the cathode being
executed before fuel cell operation is started such that
the fuel cell heats to an operating temperature of the
fuel cell;

measuring a temperature of the first portion of the exhaust
gas being recirculated from the cathode;

measuring a flow rate of the first portion of the exhaust
gas being recirculated from the cathode;

setting flow rates of the hydrogen-containing gas and the
oxygen-containing gas supplied to the first combustor
such that the mixed heating gas supplied to the cathode
reaches a predetermined temperature, the flow rates of
the hydrogen-containing gas and the oxygen-contain-
ing gas supplied to the first combustor being set based
on the measured temperature and the measured flow
rate of the first portion of the exhaust gas discharged
from the cathode; and

supplying the fuel and the oxygen-containing gas to the
first combustor at the set flow rates.

12. The solid oxide fuel cell temperature raising method

according to claim 11, further comprising:

measuring a temperature of the second portion of the
exhaust gas being recirculated from the cathode;

measuring a flow rate of the second portion of the exhaust
gas being recirculated from the cathode;

setting flow rates of the hydrogen-containing gas and the
oxygen-containing gas supplied to the second combus-
tor such that a steam-to-carbon ratio and a temperature
of the exhaust gas recirculated to the anode reach
predetermined values, the flow rates of the hydrogen-
containing gas and the oxygen-containing gas supplied
to the second combustor being set based on the mea-
sured temperature and the measured flow rate of the
second portion of the exhaust gas; and

supplying the fuel and the oxygen-containing gas to the
second combustor at the set flow rates.
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