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(54) SOLID-OXIDE FUEL CELL SYSTEM, AND START-UP CONTROL METHOD THEREFOR

(57) An object of the invention is to improve durability
of a SOFC system and secure favorable power genera-
tion performance during the actual useful service period
of the system. In the SOFC system, the fuel gas flow rate
to the fuel cell stack at the time of the start of start-up is
set to the maximum fuel gas flow rate at the time of start-
up control that is less than or equal to 1.3 times the max-
imum fuel gas flow rate FgMAX at the time of the rated
power generation, the fuel gas flow rate F2 until the tem-
perature T of the fuel cell stack reaches the first temper-
ature T1 after start of the temperature increase, at which
the reduction of the oxidized Ni in the fuel cell stack is
performed, is set to be less than or equal to F1, and there-
after, until the start of the power generation, fuel gas flow
rate F3 is further reduced from F2, and the average fuel
gas flow rate FAVE from the start of start-up control to the
start of the power generation is set to be equal to or great-
er than 0.6 times the average fuel gas flow rate FgAVE at
the time of the rated power generation.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a solid-oxide fuel-cell system (hereinafter referred to as an "SOFC system")
and a start-up control method for the same.

BACKGROUND ART

[0002] Attention has been focused on SOFC systems as a next-generation stationary power source with low CO2
emissions, from the viewpoint of high power generation efficiency of SOFC systems. In recent years, technologies have
been actively developed, and thus, a problem in durability caused by an operation at a high temperature of 600 to 1,000°C
has been overcome. In addition, the operation temperature has steadily been reduced.
[0003] As such a SOFC system, a system disclosed in Patent Document 1 is known.
[0004] The system is configured to include a reformer that generates a hydrogen-enriched fuel gas (reformed gas) by
a reforming reaction; a fuel cell stack (assembly of fuel cells) which allows reacting the fuel gas from the reformer with
air to generate power; and a module case which surrounds the reformer and the fuel cell stack, in the inside of the
module case, and excessive fuel gas is combusted to maintain the reformer and the fuel cell stack in a high temperature
state. Incidentally, these components are substantial parts of the system and are collectively referred to as a hot module.
[0005] In addition, each cell constituting the fuel cell stack is an anode supported solid oxide fuel cell, and includes a
cell support which is made of a porous substance having a composition containing at least nickel (Ni) metal and is
provided therein with a gas passage through which the fuel gas from the reformer passes from one end to the other end.
The cell is configured by laminating a fuel electrode layer, a solid oxide electrolyte layer, and an air electrode layer on
the cell support. Moreover, the reformer and the fuel cell stack are heated by combusting excessive fuel gas at the other
end of the gas passage.

CITATION LIST

PATENT DOCUMENT

[0006] Patent Document 1: Japanese Patent No. 4565980

SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0007] In stationary fuel-cell systems including a SOFC system, the system needs to be stopped at some frequency
for various reasons, such as a user’s choice, a purpose of exhibiting energy saving effect at a maximum, and a problem
in a device or a utility.
[0008] Therefore, in order to put the SOFC system to practical use as a stationary power generation device, the SOFC
system needs to have durability for about 10 years with the assumption that start-and-stop operation will be repeated.
[0009] The present inventors found that, in the fuel cell stack of the SOFC system, if the supply of reformed gas to
the fuel cell stack is stopped after the power generation stops, air from the outside flows and is diffused into the fuel
electrode of the fuel cell, and thus the cell support having a composition containing nickel metal is oxidized by the air in
a high temperature state, and thus, it is likely that the fuel cell or the fuel cell stack will be damaged.
[0010] Moreover, they found that the degree of damage to the cell is dependent on the degree of oxidation of the cell
support after the power generation stops, and the cell damage markedly occurs with increasing frequency at a certain
degree of oxidation or more.
[0011] That is to say, the oxidation degree of the cell support is a degree at which nickel metal in the cell support is
oxidized due to air diffusion to the fuel electrode layer after the power generation stops, and the oxidation degree can
be defined by using a Ni oxidation degree defined by the following formula.
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[0012] Furthermore, the present inventors found that it is necessary to suppress oxidation of nickel metal after the
stop of the system in order to improve durability of the system.
[0013] However, it is difficult to make the oxidation amount of nickel metal after the stop of the system stop 0 (zero).
Moreover, in a case in which the system is rapidly shut down in a high temperature state (the current sweep stop and
the supply stop of fuel and water are performed at the same time because a serious problem occurs), and the oxidation
amount of nickel metal is increased.
[0014] In view of the abovementioned problem, they found out that the system durability can also be improved by
improving a control method used when nickel metal oxidized after the stop of the system is reduced at the time of system
start-up.
[0015] From the above viewpoint, an object of the invention is to secure favorable power generation performance over
a long period of time and improve the system durability by controlling at the time of system start-up.

MEANS FOR SOLVING THE PROBLEMS

[0016] Therefore, the invention relates to a solid-oxide fuel-cell system and a start-up control method for the same,
the solid-oxide fuel-cell system is configured to include: a reformer which generates a hydrogen-enriched fuel gas by a
reforming reaction; a fuel cell stack which is provided with a passage of the fuel gas, including a cell support made of a
porous substance having a composition containing nickel metal, and allows to react the fuel gas with air to generate
power; and a module case which surrounds the reformer and the fuel cell stack, in the inside of which excessive fuel
gas of the fuel cell stack is combusted to increase temperatures of the reformer and the fuel cell stack such that the
reformer and the fuel cell stack are maintained in a high temperature state, and a method for the same. The solid-oxide
fuel-cell system and the start-up control method for the same are configured as follows.
[0017] A decrease control of a fuel gas flow rate supplied to the fuel cell stack from the reformer is performed in
response to an elapsed time so that a maximum temperature difference of a power generation unit of the fuel cell stack
is maintained below a limit temperature difference that is set in consideration of durability of the power generation unit
in a temperature increase step before power generation that increases the temperature of the fuel cell stack to reduce
the oxidized nickel metal when the system starts up (start-up control unit).

EFFECT OF THE INVENTION

[0018] According to the invention, in the step before power generation, in which the temperature is increased after the
stop of the system start-up, when the nickel metal in the cell support oxidized during system stop before the start-up is
reduced by the fuel gas from the reformer, by the control of decreasing the fuel gas flow rate in response to an elapsed
time so that the maximum temperature difference of the fuel cell stack power generation unit is maintained below the
limit temperature, it is possible to relieve the stress generated in the power generation unit to improve durability of the
power generation unit and the system, thereby securing good power generation performance.
[0019] Furthermore, since it is sufficient to supply the fuel gas flow rate that is necessary and enough to secure
durability of the power generation unit as described above, it is possible to quickly terminate the start-up control and
start the power generation while securing the durability, and thus, the fuel consumption can also be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020]

Fig. 1 is a longitudinal cross-sectional view schematically illustrating a hot module of a SOFC system according to
an embodiment of the invention.
Fig. 2 is a transverse cross-sectional view of a fuel cell stack of the system in planar view.
Fig. 3 is a view illustrating a correlation between a Ni oxidation degree and a cell voltage drop rate.
Fig. 4 is a view illustrating a correlation between a Ni oxidation degree and a voltage drop rate after performing a
start-and-stop operation 240 times.
Fig. 5 is a view illustrating a relationship between a maximum stack temperature at the time of stopping a reformed
gas and a Ni oxidation degree.
Fig. 6 is a flowchart of stop control.
Fig. 7 is a view illustrating a relationship between a power generation unit maximum temperature difference at the
time of start-up and a voltage drop rate.
Fig. 8 is a view illustrating a relationship between a maximum fuel gas flow rate at the time of start-up/a maximum
fuel gas flow rate at the time of the rated power generation, and the power generation unit maximum temperature
difference at the time of start-up.
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Fig. 9 is a view illustrating a relationship between an average fuel gas flow rate at the time of start-up/an average
fuel gas flow rate at the time of the rated power generation, and a temperature increase time until the power generation
can be performed.
Fig. 10 is a flow chart of a first embodiment of the start-up control according to the invention.
Fig. 11 is a time chart illustrating changes in a stack temperature and a fuel gas flow rate at the time of the start-up
control of the first embodiment.
Fig. 12 is a flow chart of a second embodiment of the start-up control according to the invention.
Fig. 13 is a time chart illustrating changes in the stack temperature and the fuel gas flow rate at the time of the start-
up control of a second embodiment.

MODE FOR CARRYING OUT THE INVENTION

[0021] Hereinbelow, embodiments of the invention will be described in detail.
[0022] Fig. 1 is a longitudinal cross-sectional view schematically illustrating a hot module that is a substantial part of
a SOFC system according to an embodiment of the invention.
[0023] A hot module 1 is configured to accommodate a reformer 6 and a fuel cell stack 10 in a module case 2.
[0024] The module case 2 is configured such that the inner surface of a rectangular-parallelepiped outer frame made
of a heat-resistant metal is sealed with a heat insulation material. In addition, a supply tube 3 of fuel, water, and air for
autothermal reforming reaction (ATR) and a supply tube 4 of air for cathode are provided from the outside into the case.
Moreover, an exhaust port 5 is further included. As a fuel (raw fuel), city gas, LPG, methanol, dimethyl ether (DME),
kerosene, and the like are used.
[0025] The reformer 6 is disposed at the upper portion in the module case 2 (upper side of the fuel cell stack 10) and
the supply tube 3 of fuel, water, and air for ATR from the outside is connected thereto.
[0026] The case of the reformer 6 is formed by a heat-resistant metal. A catalyst chamber that accommodates a
reforming catalyst used for reforming a raw fuel such as city gas, LPG, methanol, DME, and kerosene to be a hydrogen-
enriched fuel gas (reformed gas), and a water vaporizing chamber that vaporizes water for a steam reforming reaction
using a reforming catalyst are formed in the case.
[0027] One end of a reformed gas supply tube 7 is connected to a reformed gas outlet 6a of the reformer 6, and the
other end of the reformed gas supply tube 7 is connected to a hollow manifold 8 for distributing a reformed gas that is
disposed at the lower side of the fuel cell stack 10.
[0028] The fuel cell stack 10 is disposed at the lower portion in the module case 2 (lower side of the reformer 6) and
is held on the manifold 8.
[0029] The fuel cell stack 10 is an assembly of plural fuel cells 20. The plural longitudinal cells 20 (for simplicity, five
cells are illustrated in Fig. 1) are arranged in a row in the transverse direction such that collector members 30 are
interposed between the side surfaces of the cells 20. In the same manner, the plural cells 20 are arranged in a matrix
form by arranging the plural cells in plural rows behind the row of Fig. 1.
[0030] A gas passage 22 is formed at the inside of each fuel cell 20 from the lower end to the upper end. The lower
end of each gas passage 22 is communicated with the manifold 8, and a combustion portion used for an excessive fuel
gas is formed at the upper end thereof.
[0031] The supply amount of fuel, water, and ATR air to the reformer 6 and the supply amount of air for cathode into
the module case 2 are controlled by a control unit 50. For such a control, a temperature sensor 51 or the like that
measures a temperature of the fuel cell stack 10 is provided in the module case 2 and a temperature measurement
signal or the like of the temperature sensor 51 is input to the control unit 50. Here, the temperature (hereinafter, referred
to as a stack temperature) of the fuel cell stack 10 measured by the temperature sensor 51 is a temperature of the power
generation unit (each of the fuel cells 20, in particular, a cell support and a cell configuration layer to be described later)
of the fuel cell stack 10, but the upper end portion close to the combustion portion is near the maximum temperature in
the module case 2, and a lower end portion close to the manifold 8 is near the minimum temperature, resulting in a large
temperature difference. Accordingly, a temperature of a vertically intermediate portion is measured as an average
temperature.
[0032] Next, each fuel cell 20 constituting the fuel cell stack 10 will be described with reference to Fig. 2.
[0033] Fig. 2 is a transverse cross-sectional view of the fuel cell stack in plane view.
[0034] Each of the fuel cells 20 is an anode supported solid oxide fuel cell and includes a cell support 21 (provided
with the gas passage 22), a fuel electrode layer 23, a solid oxide electrolyte layer 24, an air electrode layer 25, and an
interconnector 26.
[0035] The cell support 21 is made of a porous substance having a composition including at least nickel metal. The
cell support 21 is a plate-shaped piece having a flat oval transverse cross section and extending in the longitudinal
direction (vertical direction), and has planar both side surfaces (planar surfaces) and semi-cylindrical front and rear
surfaces. One end (lower end) of the cell support 21 is inserted to an opening of the upper surface of the manifold 8 to
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be fitted gas-tight thereto. The other end (upper end) is opposite to the lower surface of the reformer 6. The plural gas
passages 22 which are arranged in parallel to each other and through which a reformed gas from the manifold 8 flows
are provided in the inside of the cell support 21 from one end (lower end) to the other end (upper end) in the longitudinal
direction.
[0036] The interconnector 26 is provided on one planar surface (at the left side of a fuel cell stack 10-1 of the first row
in Fig. 2) of the cell support 21.
[0037] The fuel electrode layer 23 is laminated on the other planar surface (at the right side of the fuel cell stack 10-1
of the first row in Fig. 2) of the cell support 21 and on the front and rear surfaces and the both ends thereof are joined
to both ends of the interconnector 26.
[0038] The solid oxide electrolyte layer 24 is laminated on the fuel electrode layer 23 so as to cover the entire fuel
electrode layer 23, and each end of the solid oxide electrolyte layer are joined to each end of the interconnector 26.
[0039] The air electrode layer 25 is laminated on the main portion of the solid oxide electrolyte layer 24, that is, on a
portion covering the other planar surface of the cell support 21 such that the air electrode layer 25 faces the interconnector
26 to interpose the cell support 21 therebetween. Therefore, the interconnector 26 is disposed on one outside surface
(at the left side of the fuel cell stack 10-1 of the first row in Fig. 2) of each cell 20 and the air electrode layer 25 is disposed
on the other outside surface (at the right side).
[0040] In other words, each cell 20 includes the cell support 21 having the gas passages 22 and is configured such
that the fuel electrode layer 23, the solid oxide electrolyte layer 24, and the air electrode layer 25 are laminated in this
order on one surface of the cell support 21 and the interconnector 26 is further formed on the other surface of the cell
support 21.
[0041] The plural fuel cells 20 are arranged in the transverse direction and are joined in a row via the collector members
30. That is, as indicated in the fuel cell stack 10-1 of the first row in Fig. 2, the plural cells 20 in a row are connected with
each other in series in such a manner that the interconnector 26 disposed at the left side of each cell 20 is joined to the
air electrode layer 25 of the left adjacent cell 20 via the collector member 30 and the air electrode layer 25 disposed at
the right side of each cell 20 is joined to the interconnector 26 of the right adjacent cell 20 via the collector member 30.
[0042] In addition, at the rear side of the fuel cell stack 10-1 of the first row in Fig. 2, a fuel cell stack 10-2 at the second
row is provided, but in the fuel cell stack 10-2 of the second row, the cells 20 are arranged in a right-left reverse direction
with respect to the fuel cell stack 10-1 of the first row.
[0043] The fuel cell stack 10-1 of the first row and the fuel cell stack 10-2 of the second row are connected with each
other in series in such a manner that the collector member 30 attached to the interconnector 26 of the leftmost cell 20
of the fuel cell stack 10-1 of the first row and the collector member 30 attached to the air electrode layer 25 of the leftmost
cell 20 of the fuel cell stack 10-2 of the second row are connected with each other by a conductive member 40.
[0044] In the hot module 1, a fuel for producing hydrogen such as municipal gas, LPG, methanol, DME, and kerosene,
and water for reforming are supplied to the reformer 6 from the supply tube 3 of fuel, water, and air for ATR. In the
reformer 6, a hydrogen-enriched fuel gas (reformed gas) is generated mainly by a steam reforming reaction. The gen-
erated reformed gas is supplied to the manifold 8 for distribution through the reformed gas supply tube 7.
[0045] The reformed gas supplied to the manifold 8 is distributed to the fuel cells 20 constituting the fuel cell stack 10,
and is supplied to the gas passage 22 formed in a support 21 of each cell 20, and then ascends the gas passage 22.
In this process, hydrogen in the reformed gas is permeated to the inside of the cell support 21 so as to reach the fuel
electrode layer 23.
[0046] On the other hand, air (oxygen-containing gas) is introduced to the inside of the module case 2 from the supply
tube 4 of air for a cathode and supplied to the fuel cells 20 constituting the fuel cell stack 10. Then, oxygen in air reaches
the air electrode layer 25 of each cell 20.
[0047] According to this, in each fuel cell 20, the electrode reaction of the following Formula (1) occurs in the air
electrode layer 25 at the outside, and the electrode reaction of the following Formula (2) occurs in the fuel electrode
layer 23 at the inside, thereby generating power.

Air electrode: 1/2O2 + 2e- → O2- (solid electrolyte) (1)

Fuel electrode: O2- (solid electrolyte) + H2 → H2O + 2e- (2)

[0048] Among the reformed gas flowing through the gas passage 22 of the support 21 in the cell 20, the reformed gas
which has not been used in the electrode reaction is allowed to flow out from the upper end of the support 21 to the
inside of the module case 2. The reformed gas allowed to flow out to the inside of the module case 2 is allowed to be
combusted at the same time of flowing out. An appropriate ignition means (not illustrated) is provided in the module
case 2. Upon the reformed gas is started to flow out to the inside of the module case 2, the ignition means is allowed to
be operated so as to start combustion. In addition, among the air introduced to the inside of the module case 2, the air
which has not been used in the electrode reaction is used in combustion. The temperature in the module case 2 is
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increased to be a high temperature of, for example, about 600 to 1,000°C due to the power generation in the fuel cell
stack 10 and the combustion of excessive reformed gas. The combustion gas generated by the combustion in the module
case 2 is exhausted from the exhaust port 5 to the outside of the module case 2.
[0049] The fuel cell 20 will be described in more detail.
[0050] The cell support 21 is demanded to have gas permeability (to be porous) for transmitting the fuel gas to the
fuel electrode layer 23 and to have a conductive property for collecting power through the interconnector 26. The cell
support 21 can be made of cermet satisfying such a demand. Specifically, the cell support 21 is made of a nickel cermet
obtained by appropriately performing reduction treatment or the like on a complex oxide composition containing at least
nickel oxide. The complex oxide composition may contain one or two or more kinds of metal oxide selected from at least
scandium, yttrium, lanthanum, cerium, titanium, and zirconium, as components other than nickel oxide. Incidentally, by
the reduction treatment, it is considered that components other than nickel oxide are not concerned with redox reaction
substantially. In addition, in the complex oxide composition before the reduction treatment of the cell support 21, a ratio
of the nickel oxide is set to be 50% by weight or more (50 to 90% by weight, and preferably 60 to 80% by weight).
[0051] A cell constituting layer which is formed on the cell support 21 will be further described.
[0052] The fuel electrode layer 23 is made of porous conductive ceramics.
[0053] The solid oxide electrolyte layer 24 needs to have a function as an electrolyte used to bridge electron conduction
and ion conduction between electrodes and to have a gas barrier property in order to prevent leakage of a fuel gas and
air. Generally, the solid oxide electrolyte layer 24 is made of a solid electrolyte containing oxide such as ZrO2 and CeO2.
[0054] The air electrode layer 25 is made of conductive ceramics and has gas permeability.
[0055] The interconnector 26 may be made of conductive ceramics. However, since the interconnector 26 contacts a
fuel gas and air, the interconnector 26 has a reduction resistance and an oxidation resistance. Furthermore, the inter-
connector 26 is a dense substance in order to prevent leakage of a fuel gas flowing through the gas passage 22 formed
in the cell support 21 and air flowing to the outside of the cell support 21.
[0056] The collector member 30 is configured to include a member that has an appropriate shape and is made of an
elastic metal or an alloy. The conductive member 40 can be made of an appropriate metal or alloy.
[0057] Incidentally, in the SOFC system as described above, the system needs to be stopped at some frequency for
various reasons such as a user’s choice, a purpose of exhibiting an energy saving effect at a maximum, or a problem
in a device or a utility. Due to this stop process and the following restart process, various problems in durability occur.
[0058] In particular, after stopping the supply of the reformed gas to the fuel cell stack 10 in the stop process and
before the fuel cell stack 10 has not completely cooled, air flows into the cell support 21 and the fuel electrode layer 23,
so that a serious problem occurs due to the oxidation of the cell support 21 or occurs when the cell support 21 is reduced
from the oxidation state by restarting.
[0059] Generally, if the oxidation and reduction of the cell support containing nickel is repeated, transformation such
as expansion, contraction, or bending occurs in a cell, and thus, the cell itself is damaged, or a crack or gap is generated
between the cell and a member adjacent to the cell. Therefore, there is a possibility that various problems are caused,
such as a drop in a cell voltage or a temperature distribution change of the reformer according to a change in the
combustion state in the upper portion of the cell.
[0060] It is considered that such problems occur due to the following mechanism as described below.
[0061] In the stop process of the SOFC system, the supply of the fuel gas (reformed gas) is generally continued even
after the power generation is stopped. The fuel gas which has not been used in the power generation is reacted with air
supplied from the circumference in the combustion space above the fuel cell stack 10 so as to be combusted, but the
fuel cell stack 10 is gradually cooled down during this combustion. When the fuel cell stack 10 is cooled down to a set
temperature, the supply of the raw fuel to the reformer 6 is stopped and the supply of the reformed gas to the fuel cell
stack 10 is also stopped at the same time. Since the temperature of the reformer 6 is decreased in accordance with the
temperature decrease of the fuel cell stack 10, there is a lower limit of the temperature at which the reformed gas is
continuously supplied in response to the request of the reformer 6 such as a catalyst activity used in the reforming
reaction or vaporization and dispersion of water used in reforming. Accordingly, the supply of the reformed gas needs
to be stopped at any time point from a state of stopping power generation to a complete stop state in which the fuel cell
stack 10 or the reformer 6 is cooled down to room temperature.
[0062] When the supply of the reformed gas is stopped, air supplied from the supply tube 4 of air for cathode passes
through the gas passage 22 of the cell support 21 and then back diffusion of the air occurs. In view of the start of inflow
of air and a temperature of the support of each unit of the fuel cell stack 10 at this time point, if inflow of air is started at
or above a temperature at which nickel metal in the support 21 is subjected to oxidation, nickel is oxidized. Since the
support 21 is a complex (cermet) of metal nickel and oxide ceramics, nickel metal in the support 21 is partially turned
into nickel oxide. The cell is gradually cooled down through such a process, and eventually, the oxidation degree
converges to a certain degree such that the system is completely stopped.
[0063] Next, when the system is restarted from a state in which nickel in the support 21 is partially oxidized, a raw fuel
and water, and if needed, air for ATR, are introduced to the reformer 6, and then a hydrogen-containing reformed gas
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is supplied to the fuel cell stack 10 by a steam reforming reaction (SR) or a partial oxidation reaction (POX). According
to this, most of the partially-oxidized nickel in the support 21 is returned to a state of metal nickel which is completely
reduced again.
[0064] The present inventors found that there is a strong correlation between a case in which oxidation and reduction
of nickel metal in the cell support 21 is repeated in this manner and a process from cell voltage drop to cell damage.
[0065] In other words, the present inventors found that the cell damage risk of the fuel cell stack as described above
can be determined by a transition of cell voltages. They have further continued the research and then found that, when
the oxidation degree after the stop is increased, the voltage drop is increased, and the increase in the voltage drop is
suppressed by reducing the fuel gas flow rate in response to the elapsed time so that the maximum temperature difference
of the fuel cell stack power generation unit is maintained below the limit temperature difference at the time of start-up.
[0066] Herein, regarding the nickel in the cell support 21, although the nickel is present as nickel oxide after calcining
treatment and before reduction treatment of the support, most of the nickel is reduced to metal nickel by performing the
reduction treatment after the cell configuration is completed or after the cells are constituted as a stack. However, this
state is disrupted at the time when the reducing gas is stopped to flow in accordance with the stop of the fuel cell system,
and a certain ratio of nickel atoms are oxidized by oxygen in air reversely diffused to the gas passage 22 in the cell
support 21 such that the nickel is present as nickel oxide.
[0067] Therefore, in the present embodiment, a degree to which nickel metal in the cell support 21 is oxidized after
stopping the power generation is considered as an index for durability evaluation. This oxidation degree is defined as a
Ni oxidation degree by the following formula.
[0068] Ni oxidation degree = (Number of moles of Ni atoms that are present as NiO among Ni atoms contained in the
cell support) / (Number of moles of all Ni atoms in the cell support) x 100 (%)
[0069] Herein, the Ni oxidation degree may be obtained by measuring the cell support with an instrumental analytical
technique such as XRD or XPS. However, in a more direct manner, if the ratio of nickel contained in the cell support is
already known, the Ni oxidation degree can be calculated from an increase and decrease in weight before and after
performing a certain oxidation or reduction treatment.
[0070] In one example, it is known that, when the nickel metal in the cell support is subjected to air baking for a sufficient
time of 12h or more at a high temperature of approximately 900°C, almost all atoms are oxidized and are converted into
a nickel oxide NiO. In the case of using a cell support in which a weight ratio of nickel oxide contained in the cell support
after baking treatment and before reduction treatment is 70%, when the cell support components other than nickel are
not affected by the redox, the oxidation is performed at 900°C from the reduction state in which all nickel atoms are in
a metallic state, and as a whole, there is a weight increase of 1/(1 - 16/(58.7 + 16) x 0.7) = 1.176 times, that is, a weight
increase of 17.6%. Here, the atomic weight of nickel Ni was 58.7 and the atomic weight of oxygen O was 16.
[0071] However, since a part of the nickel atoms is already oxidized after the stop, when performing the oxidation at
900°C from the partial oxidization state after the stop, the weight increase is smaller than the abovementioned calculated
value. That is, if 25% of the total nickel atoms is NiO after the stop, since the weight increase of (1 + 0.176 x 0.25) =
1.044 times is already obtained by the conversion from the complete reduction state to the partial oxidization state, it
remains in the weight increase of 1.176/1.044 = 1.126 times, that is, the weight increase of 12.6%.
[0072] Thus, if the weight increase to the complete oxidization state is measured on the cell support after the stop
(partial oxidization state), it is possible to know the weight increase from the complete reduction state to the partial
oxidization state, based on the measured weight increase and the weight increase from the complete reduction state to
the complete oxidization state, and it is possible to know the oxidation degree of the partial oxidization state, based on
the ratio of the weight increase from the complete reduction state to the complete oxidization state to the weight increase
from the complete reduction state to the partial oxidization state.
[0073] In the abovementioned example, by measuring the weight increase (1.126 times) from the partial oxidization
state to the complete oxidization state, the weight increase from the complete reduction state to the partial oxidization
state is 1.176/1.126 = 1.044, and the Ni oxidation degree in the partial oxidization state is (1.044 - 1)/(1.176 - 1) x 100
= 25(%).
[0074] Thus, t the Ni oxidation degree in a partial oxidation state can be obtained by the following formula based on
a maximum weight change ratio (increase ratio) Rmax (to be obtained in advance) from the complete reduction state to
the complete oxidation state, and a weight change ratio (increase ratio) R2 from the partial oxidation state after stopping
the power generation to the complete oxidation state. 

[0075] Herein, Rmax/R2 corresponds to a weight change ratio R1 from the complete reduction state to the partial
oxidation state.
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[0076] When the weight change is measured, the cell support itself may be used actually as a sample to perform the
weight measurement, but it is more preferably to use a measuring instrument such as TG-DTA
[0077] Furthermore, although the method of measuring the Ni oxidation degree of the support based on the weight
increase according to the high-temperature oxidation has been illustrated in the abovementioned example, If there is a
means capable of measuring a weight while a reducing gas such as hydrogen gas flow flows under heating, the Ni
oxidation degree can be similarly calculated from a decrease in weight to the complete reduction. That is, the weight
change ratio "R1 = Wx/W0" from the complete reduction state to the partial oxidation state is obtained from a weight Wx
in the partial oxidation state and a weight W0 in the complete reduction state, so that "Ni oxidation degree = (R1 - 1) /
(Rmax - 1) x 100 (%)" can be obtained. In a case in which the Ni oxidation degree is low, the above method may be more
preferably used.
[0078] Therefore, in any case, the Ni oxidation degree can be obtained based on the change in weight (maximum
weight change ratio) which has been determined in advance between the complete reduction state and the complete
oxidation state and the change in weight (change ratio) from the partial oxidation state after the power generation stops
to the complete oxidation or reduction state.
[0079] Next, a correlation between durability of the cell and a Ni oxidation degree, more specifically, a threshold value
of the Ni oxidation degree that is an index of durability evaluation will be discussed.
[0080] In general, the durability of the cell is preferably monitored by a power generation voltage of the cell at the time
of current sweep under a constant operation condition of the system. If any problem occurs in the cell stack structural
body including the cell support or a peripheral member, even in a case of gas leakage due to cell support damage, an
increase in resistance according to detaching of a cell laminated structure, degradation in the contact state with current
collector metal according to cell deformation, or the like, the problem may be observed as a voltage drop of the cell stack
in many cases. Therefore, durability (residual life) of the cell stack can be presumed by a change (drop) in the cell voltage
with respect to the initial stage. In order to suppress such a cell voltage drop and maintain a cell voltage to be a sufficient
level even after the start-and-stop operation is performed 240 times that is the practically usable number of times of the
start-and-stop operation, it is necessary to suppress the Ni oxidation degree after the stop to be low.
[0081] Fig. 3 illustrates a result obtained by plotting a change in cell voltage drop rates (particularly, a cycle-dependent
voltage drop rate due to the start-and-stop operation to be described below) of each system in a verification test in which
plural systems are started and stopped under conditions of different Ni oxidation degrees after the stop In addition, Fig.
4 is a view obtained by focusing data obtained when performing the start-and-stop operation 240 times among the results
of Fig. 3 and in which the horizontal axis indicates a Ni oxidation degree and the vertical axis indicates an average of
voltage drop rates.
[0082] The cell voltage drop rate is expressed by an initial voltage Vini and a voltage Vfinal after service life (or after
an accelerated durability test on the assumption of service life), that is, expressed as "(1 - Vfinal / Vini) x 100 [%]", based
on voltage summation V of the cell stack under a rated equivalent operation condition (generally, at the time of the
current sweep of 0.2 to 0.3 A/cm2).
[0083] From the results of Fig. 3 and Fig. 4, in the system having a high Ni oxidation degree after the stop , the cell
voltage drop rate is large and a change thereof is rapid. In order to improve durability, it can be understood that it is
effective to suppress the Ni oxidation degree after the stop to be low.
[0084] Incidentally, in general, the service life required for a household stationary fuel-cell system is at least 10 years
and preferably 15 years. If cases of stop by a user’s choice, stop corresponding to an operation of a gas meter provided
in a fuel utility line, or stop at the time of emergency (when a slight error occurs) or maintenance are included, the number
of times of the start-and-stop operation to be envisioned for 10 years is estimated to be 240 times. Therefore, the system
is also required to be resistant to at least 240 times of the start-and-stop operation.
[0085] In view of the fuel-cell system as an energy saving device, an acceptable total voltage drop rate is at most 15%
and preferably 10% or less.
[0086] The total voltage drop rate includes: (1) a temporal voltage drop due to the long-term use (cell thermal degra-
dation or the like); (2) a cycle-dependent voltage drop due to the start-and-stop operation; and (3) a voltage drop due
to usage environment such as incorporation of impurities. However, among these, the invention focuses on "(2) a cycle-
dependent voltage drop due to the start-and-stop operation".
[0087] Therefore, in Fig. 3 and Fig. 4, the cycle-dependent voltage drop rate due to the start-and-stop operation is
simply referred to as the "voltage drop rate" and this is considered as an index of durability maintenance.
[0088] Specifically, a voltage drop rate, which is substantially influenced only by the start-and-stop operation, can be
distinguish by measuring a voltage drop rate dependent on the number of times of the start-and-stop operation by a
start-and-stop cycle test or the like and subtracting, from the measured value, a voltage drop rate estimated by a
continuous operation test, an impurity incorporation test, or the like which is separately carried out.
[0089] If effects due to multiple factors are taken into consideration, the (narrowly-defined) voltage drop rate due to
the 240 times of the start-and-stop operation is at most 5% and preferably 3% or less.
[0090] Therefore, it is desirable that the voltage drop rate due to 240 times of the start-and-stop operation be 5% or
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less and preferably 3% or less by suppressing the Ni oxidation degree after the stop to be low.
[0091] Fig. 5 illustrates a result obtained by measuring Ni oxidation degrees at each temperature of the upper end of
the cell support 21 (maximum stack temperature at the time of stopping the reformed gas) that is the maximum temperature
portion of the fuel cell stack 10 when the reformed gas is stopped at the stop process of the SOFC system (when the
supply of the fuel gas to the reformer 6 is stopped and then the supply of the reformed gas to the fuel cell stack 10 is
stopped).
[0092] From the view of Fig. 5, it is clear that the maximum stack temperature (cell upper end temperature) at the time
of stopping the reformed gas needs to be set at about 400°C or lower (preferably, 330°C or lower) in order to suppress
the Ni oxidation degree to be low. Therefore, this temperature can be determined as the "minimum oxidation temperature
of nickel metal".
[0093] Therefore, regarding the stop control of the SOFC system, the fuel supply amount or the air supply amount to
the fuel cell stack is appropriately controlled until the maximum stack temperature is below the minimum oxidation
temperature of nickel metal, so that the Ni oxidation degree after the stop is suppressed to be within a predetermined
threshold value.
[0094] The Ni oxidation degree is used as an index of durability evaluation to evaluate durability of the SOFC system.
In addition, the system is designed such that this Ni oxidation degree becomes a predetermined value or less. Accordingly,
at the time of the normal stop of the system, by performing the stop control to be described later, it is possible to keep
the Ni oxidation degree after the stop within a predetermined value or less and to make the voltage drop rate due to 240
times of the start-and-stop operation be 5% or less, and preferably 3% or less.
[0095] Incidentally, regarding the design of the SOFC system, the Ni oxidation degree after the stop of actual equipment
is measured and is provided on the design (setting of a power generation stop condition) with feedback such that the
Ni oxidation degree is within a predetermined value.
[0096] Fig. 6 is a flowchart of the power generation stop control.
[0097] In S101, it is determined whether there is a power generation stop request, and when there is a power generation
stop request, the process proceeds to S102.
[0098] In S102, it is determined whether the power generation stop request is a normal request for regular maintenance
or is an emergency shutdown (emergency S/D) request due to the occurrence of some type of system problem, or the
like. This may be configured to be selectively operated by an inspector or user of the system.
[0099] At the normal request, the process proceeds to S103. The current sweep is stopped by opening a power
generation circuit and the supply amount of fuel and water to the reformer is reduced at the same time.
[0100] In S104, a minimum oxidation temperature Ts of nickel metal is read. The minimum oxidation temperature Ts
is stored on an internal memory and can be rewritten by a service technician at the time of maintenance or the like so
that the Ni oxidation degree after the stop is a predetermined value or less.
[0101] In S105, a temperature (stack temperature) T of the fuel cell stack is measured by a temperature sensor in the
system.
[0102] In S106, the measured stack temperature T and the minimum oxidation temperature Ts are compared with
each other and then it is determined whether or not to be T ≤ (is less than or equal to) Ts.
[0103] When T > (is greater than) Ts, the process returns to S104 and S105, and the measurement and determination
of the stack temperature T is continued. When T ≤ (is less than or equal to) Ts, the process proceeds to S107.
[0104] In S107, the supply of fuel and water to the reformer is stopped and the supply of reformed fuel to the fuel cell
stack is stopped at the same time. Moreover, although not illustrated in the flow, the stack temperature T is monitored
after that, and when the stack temperature T reaches room temperature, the system is completely stopped.
[0105] In this manner, when the Ni oxidation degree in the cell support of the fuel cell stack is controlled at the normal
power generation stop request so that the Ni oxidation degree is suppressed to be a predetermined value or less, it is
possible to suppress damages to the fuel cell stack due to the cycle of oxidation and reduction in accordance with the
start-up and stop of the SOFC system.
[0106] There may be a case in which the emergency stop is necessary during operating the system due to some
causes such as fuel shutoff, system power failure, or failure of various pumps.
[0107] In such a case, it is determined that the power generation stop request is urgently required in S102. The process
proceeds to S108 and the current sweep and the supply of fuel and water are stopped at the same time.
[0108] In this case, it is not possible to lower the stack maximum temperature at the time of stopping the reformed
gas to "oxidation minimum temperature of the nickel metal", and it is difficult to suppress the Ni oxidation degree in the
cell support below a predetermined value.
[0109] Furthermore, the present inventors have found that even when performing an emergency stop incapable of
performing the control at the time of the normal stop of the system, based on a cell destruction mechanism, in a temperature
increase step before power generation that reduces the oxidized Ni by the temperature increase at the time of the system
start-up, by suppressing the maximum temperature difference of the power generation unit of the fuel cell stack (a
temperature difference between the maximum temperature of the upper end portion and the minimum temperature of
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the lower end portion) to a lower level, an increase in the stress generated in the power generation unit can be suppressed,
and the cell destruction can be effectively suppressed in the following manner.
[0110] Tests and thermal stress analyses have revealed that at the time of start-up, as the maximum temperature
difference of the stack power generation unit increases, the residual stress on the electrolyte layer or the interconnector
unit requiring the gas shielding function increases.
[0111] In addition, as a result of various tests and analyses, it has been revealed that depending on the conditions of
the maximum temperature difference of the power generation unit at the time of start-up, there has been a problem of
incomplete gas shielding function by cracking or detaching of the electrolytic layer or the interconnector unit due to a
drop of the limit stress caused by the repeated start-up and stop operation. That is, as illustrated in Fig. 7, it has been
found that in regard to the voltage drop (voltage drop rate) at the time of performing the repeated start-up and stop
operation (for example, 240 times or more) occurring at the time period (for example, 10 years) capable of providing
service as household power generation facilities, under the conditions in which the maximum temperature difference of
the stack power generation unit at the time of start-up exceeds a limit temperature difference (for example, 350°C), the
voltage drop rate exceeds a limit drop rate (for example, 5%), and thus, there has been a need to set the temperature
difference to the limit temperature difference (350°C) or less.
[0112] Furthermore, it has been found that as a method of adjusting the maximum temperature difference of the stack
power generation unit at the time of start-up, it is preferable to adjust a heat flow rate (heat flux), that is, the fuel gas
flow rate supplied to the fuel cell stack 10 at the time of start-up. That is, as illustrated in Fig. 8, it has been found that
assuming the fuel gas flow rate at the time of the rated power generation to be 1, it is possible to set the maximum
temperature difference to 350°C or less by setting the maximum fuel gas flow at the time of start-up to 1.3 times or less,
and an increase in the maximum temperature difference rapidly increases in the maximum fuel gas flow rate of 1.3 times
or more. Furthermore, preferably, the maximum temperature difference can be set to 320°C or less in the maximum fuel
gas flow rate of 1.2 times or less, and the reliability of durability can be further enhanced.
[0113] However, in the household system fueled by LPG and municipal gas, the start-up and stop operation occur at
least once a month by restriction due to a household gas meter and circumstances of the customer.
[0114] For this reason, the start-up time from the start of start-up to the start of power generation is long, and as start-
up energy increases, energy saving effect as an introduction purpose of the system is reduced. For this reason, the
start-up time is preferably as short as possible, and is desired to be within 3 hours as a practical use.
[0115] Here, it has been found that it is effective to adjust the average fuel gas flow at the time of start-up in the
adjustment of the start-up time. As illustrated in Fig. 9, it has been found that assuming the fuel gas flow rate at the time
of the rated power generation to be 1, it is possible to set the start-up time within 3 hours by setting the average fuel gas
flow rate at the time of start-up to 0.6 times or more, and meanwhile, when the average fuel gas flow rate is less than
0.6 times, the required start-up time rapidly increases.
[0116] In addition, even when "the maximum fuel gas flow rate at the time of start-up is set to be less than or equal
to 1.3 times the maximum fuel gas flow rate at the time of the system rated power generation, and similarly, the average
fuel gas flow rate is set to be equal to or greater than 0.6 times the average fuel gas flow rate at the time of the system
rated power generation" in accordance with the abovementioned results, it has been found that there is a problem in
that the combustion portion temperature exceeds 1000°C as the maximum member temperature that is in consideration
of durability under certain conditions.
[0117] In contrast, by the further analysis, it has been found that the maximum member temperature can be reduced
by characteristics in which the fuel gas flow rate is stepwise or gradually reduced. In particular, it has been found that
when the flow rate of the start-up time of the system is assumed to be a first flow rate, the flow rate at a time at which
the temperature of the fuel cell stack reaches a set temperature (for example, 300°C) set to the reduction starting
temperature or more of oxidized Ni in the cell support is assumed to be a second flow rate, and the flow rate just before
the start of power generation is assumed to be a third flow rate, it is possible to suppress the maximum member
temperature to 1000°C or less by performing the control so as to satisfy the relationship of the first flow rate ≥ (is greater
than or equal to) the second flow rate ≥ (is greater than or equal to) the third flow rate, and thus, the abovementioned
problems can be solved.
[0118] Furthermore, it has been found that on this conditions, it is possible not only to satisfy the conditions of 350°C
or less and the start-up time within 3 hours but also to reduce a cumulative fuel gas flow rate at the time of start-up
compared to other conditions, and thus the conditions are preferable in view of energy saving.
[0119] Each of the embodiments of control at the time of start-up will be described below which can reduce the voltage
drop rate to satisfy the required durability (practical service life), by reducing the fuel gas flow rate in response to the
elapsed time so as to suppress the maximum temperature difference of the power generation unit of the fuel cell stack
to a lower level, based on the abovementioned phenomenon characteristics found by the present inventors, in the
temperature increase step at the time of system start-up, even when the Ni oxidation degree in the cell support increases
by the sudden S/D. These embodiments are versatile start-up methods capable of suppressing the degradation, by
using the start-up method illustrated in the same flow, even when performing the normal stop (including the normal stop
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using the conventional method that does not perform a special stop control of setting the Ni oxidation degree to a
predetermined value or less).
[0120] Fig. 10 is a flow chart of the start-up control according to the first embodiment, and Fig. 11 is a time chart
illustrating the change during the control.
[0121] In S1, at the time of the start of start-up control, the heat flow rate supplied to the fuel cell stack 10 from the
reformer 6, that is, the fuel gas flow rate F is set to the maximum fuel gas flow rate during the start-up control, and the
maximum fuel gas flow rate FsMAX is set to the fuel gas flow rate F1 that is less than or equal to 1.3 times the maximum
fuel gas flow rate at the time of the rated power generation of the system, and more preferably, is less than or equal to
1.2 times.
[0122] In S2, it is determined whether the temperature of the fuel cell stack 10 (hereinafter, referred to as a stack
temperature) T is less than or equal to the set temperature T1 in the temperature increase due to combustion in the
combustion portion of the fuel gas. Here, the set temperature T1 is the temperature to be reduced at a predetermined
speed or more by the fuel gas of the oxidized Ni in the cell support and is set to, for example, to 300°C.
[0123] In S2, when it is determined that the stack temperature T is less than or equal to the set temperature T1, that
is, until reaching the set temperature T1, the fuel gas flow rate F2 is maintained at the value of flow rate F1 or less, that
is, the maximum fuel gas flow rate F1 at the time of the start of start-up (solid lines in Fig. 11) or is set to decrease from
that value (dashed lines in Fig, 11). In other words, the fuel gas flow rate F1 at the time of the start of start-up is set to
the value of the fuel gas flow rate F2 or more at the time when the stack temperature T reaches the set temperature T1.
Here, when F2 decreases from F1, F2 may be set to be gradually reduced from F1 as dashed lines of Fig. 11, but may
be set to a fixed value smaller than F1.
[0124] After the stack temperature T reaches the set temperature T1, the process proceeds to S4, and it is determined
whether the power generation start conditions are established. For example, the hydrogen-enriched reformed gas is
generated in the reformer 6, and it is possible to set the time, at which the stack temperature T or more capable of
satisfactorily performing the power generation by the reformed gas in the fuel cell stack 10 is obtained, as the power
generation start conditions.
[0125] Until the power generation start conditions are satisfied, in S5, the fuel gas flow rate F3 decreases from F2.
However, the average fuel gas flow rate FAVE from the start of start-up control to the start of the power generation is set
to be equal to or greater than 0.6 times the average fuel gas flow rate FgAVE at the time of the rated power generation.
This may be set by obtaining the fuel gas flow characteristics up to the power generation start conditions in the test or
the simulation in advance so as to satisfy the conditions. In addition, the fuel gas flow rate F3 may be set so that a fixed
value is smaller than F2 or a value is gradually decreasing from F2, but at least the flow rate F3 just before the power
generation start is set to decrease from F2.
[0126] According to such a control, first, by setting the maximum fuel gas flow rate during the start-up control to be
less than or equal to 1.3 times the maximum fuel gas flow rate at the time of the rated power generation, the maximum
temperature difference of the stack power generation unit can be set to 350°C or less. Furthermore, when the maximum
fuel gas flow rate at the time of the start-up control is set to be less than or equal to 1.2 times the maximum fuel gas
flow rate at the time of the rated power generation, the maximum temperature difference of the stack power generation
unit can be reduced to 320°C or less.
[0127] By maintaining the maximum temperature difference ΔTMAX of the stack power generation unit at 350°C or
less, or 320°C or less as described above, it is possible to reduce the stress generated between the cell support and a
cell configuration layer laminated thereon (a fuel electrode layer, an electrolyte layer, an air electrode layer or the like),
or between each of the layers to the limit stress or less, and it is possible to suppress an occurrence of the separation
between the layers or an abnormality leading to a cell destruction such as destruction of the cell support itself.
[0128] Furthermore, when the fuel gas flow rate F1 at the time of the start of start-up control is assumed to be a first
flow rate f1, the fuel gas flow rate when the stack temperature reaches the set temperature (300°C) is assumed to be
a second flow rate f2, and the fuel gas flow rate just before the power generation start is assumed to be a third flow rate
f3, by stepwise or gradually reducing the fuel gas flow rate to reduce the temperature increase rate so as to satisfy the
relationship of f1 ≥ (is greater than or equal to) f2 > (is greater than) f3, the temperature in the vicinity of the combustion
portion as the maximum temperature of the power generation unit can be suppressed to a temperature less than or
equal to the maximum member temperature (1000°C) that is in consideration of durability.
[0129] Meanwhile, by setting the average fuel gas flow rate FAVE from the start of start-up control to the start of the
power generation to be equal to or greater than 0.6 times the average fuel gas flow rate FgAVE at the time of the rated
power generation, it is possible to set the start-up time period from the start of start-up control to the start of the power
generation within 3 hours.
[0130] As a result of the satisfaction of the abovementioned requirements, it is possible to secure the durability of the
times period (for example, 10 years) capable of providing service as household power generation facilities and to start
the power generation as in short a time as possible, while maintaining the good power generation performance.
[0131] In addition, when performing an emergency shutdown of the system at a high temperature, since the Ni oxidation
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degree of the cell support increases compared to a case of the normal stop, in a case of performing the reduction at the
same reducing rate at the time of the start-up control, the reduction requires time.
[0132] Even in that case, by performing the start-up control that satisfies the abovementioned respective conditions,
it is possible to set the start-up time up to the start of the power generation within 3 hours, while maintaining the durability.
In other words, the abovementioned respective values are set in consideration of the normal frequency (assuming 200
times or more for 10 years) that is urgently shutdown.
[0133] However, the start-up control after the normal stop and the start-up control after the emergency shutdown may
be switched, while satisfying the abovementioned conditions.
[0134] Fig. 12 is a flow chart of a second embodiment in which the start-up control after the normal stop and the start-
up control after the emergency shutdown are switched, and Fig. 13 is a time chart illustrating a change during the control.
[0135] The control performed from the start of start-up control of S1 to S4 until the stack temperature T reaches the
set temperature T1 (300°C 6 50°C) at which the oxidized Ni in the cell support is reduced at a predetermined speed or
more by the fuel gas is the same as the control of the first embodiment.
[0136] After the stack temperature T reaches the set temperature T1, in S11, it is determined whether the stack
temperature T at the time of stopping the fuel supply during the previous system stop is less than or equal to a prede-
termined temperature Tb. Here, the predetermined temperature Tb is set to a temperature at which it is determined
whether the Ni oxidation degree in the cell support is controlled within 3% by performing the power generation stop
control at the time of stopping the system, and therefore, Tb is set to a value that is equal to the reformed gas stop
temperature Ts or a value that is slightly greater than Ts.
[0137] When the stack temperature T at the time of the previous system stop is a predetermined temperature Tb or
less, that is, when the control of setting the Ni oxidation degree in the cell support within a predetermined value is carried
out by performing the power generation stop control at the time of stopping the system, the process proceeds to S12.
[0138] When the stack temperature T at the time of the previous system stop exceeds a predetermined temperature
Tb, that is, when performing the emergency shutdown of the system in the state of the high stack temperature T, the
process proceeds to S13.
[0139] In S12 and S13, the conditions are the same in which each fuel gas flow rate F3 and F4 decreases from F2,
and the average fuel gas flow rate FAVE from the start of start-up control to the start of the power generation is set to be
equal to or greater than 0.6 times the average fuel gas flow rate FgAVE at the time of the rated power generation, but
F4 is set to a value smaller than F3. In addition, a relationship of F4 < (is less than) F3 may be set between the fixed
values, but as characteristics to be gradually reduced from F2, the drop rate F4 may be set to be greater than the drop
rate of F3.
[0140] In this way, by reducing the fuel gas flow rate F3 after previously performing the emergency shutdown of the
system from the fuel gas flow rate F4 after the normal stop, or by greatly increasing the drop rate, it is possible to further
reduce the temperature increase rate of the stack temperature T, and to further lengthen a temperature zone in which
the maximum temperature difference of the power generation unit is suppressed to a lower level. Accordingly, it is
possible to perform the reducing treatment of the oxidized Ni having the large oxidation degree in the cell support, while
maintaining the durability.
[0141] Meanwhile, at the time of the start-up control after the normal stop, the temperature increase rate of the stack
temperature T as fuel gas flow rate F3 greater than the rate at the time of the emergency shutdown is set to be greater
than at the time of the emergency shutdown, so that it is possible to more rapidly reduce the oxidized Ni in the cell
support in which the Ni oxidation degree is controlled within a predetermined value. In addition, even when the temperature
increase rate is greater than that at the time of the emergency shutdown, the maximum temperature difference can be
maintained at 350°C or less, and the reducing treatment time can also be reduced. Accordingly, it is possible to secure
the satisfactory power generation performance while maintaining the satisfactory durability.
[0142] Thus, in the second embodiment, by switching the start-up control depending on the Ni oxidation degree after
the stop of the system , it is possible to maintain the durability during the practical period of the system and to shorten
the time up to the start of the power generation as much as possible, while maintaining the satisfactory power generation
performance.
[0143] Moreover, each control described above is a control method which is not broken down as a control system
even when a change in external temperature or a temporal change occurs and is based on a cell damage principle. In
accordance with full-scale popularization of the SOFC system from now, this control method is considered to be a
technique capable of applying to the system even if components are simplified or a control system is simplified.
[0144] Incidentally, the embodiments illustrated in the figures are merely examples of the present invention, and of
course, the invention includes those directly specified by the described embodiments, as well as various improvements
and modifications, which can be conceived by one skilled in the art within the scope of the appended claims.
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REFERENCE SIGNS LIST

[0145]

1 Hot module
2 Module case
3 Supply tube of fuel, water and air for ATR
4 Supply tube of air for cathode
5 Exhaust port
6 Reformer
6a Reformed gas outlet
7 Reformed gas supply tube
8 Manifold
10 (10-1, 10-2) Fuel cell stack
20 Fuel cell
21 Cell support
22 Gas passage
23 Fuel electrode layer
24 Solid oxide electrolyte layer
25 Air electrode layer
26 Interconnector
30 Collector member
40 Conductive member
50 Control unit
51 Temperature sensor

Claims

1. A solid-oxide fuel cell system configured to include: a reformer that generates a hydrogen-enriched fuel gas by a
reforming reaction; a fuel cell stack that is provided with a passage of the fuel gas, includes a cell support made of
a porous substance having a composition containing a nickel metal, and allows the fuel gas to react with air to
generate power; and a module case that surrounds the reformer and the fuel cell stack, in the inside of which
excessive fuel gas of the fuel cell stack is combusted to increase temperatures of the reformer and the fuel cell
stack so that the reformer and the fuel cell stack are maintained in a high temperature state,
the solid-oxide fuel cell system comprising
a start-up control unit that performs a decrease control of a fuel gas flow rate supplied to the fuel cell stack from the
reformer in response to an elapsed time so that a maximum temperature difference of a power generation unit of
the fuel cell stack is maintained below a limit temperature difference that is set in consideration of durability of the
power generation unit, in a temperature increase step before power generation that increases the temperature of
the fuel cell stack to reduce the oxidized nickel metal when the system starts up.

2. The solid-oxide fuel cell system according to claim 1, wherein the start-up control unit controls the fuel gas flow rate
so as to maintain the maximum temperature difference of the power generation unit of the fuel cell stack at 350°C
or less in the temperature increase step.

3. The solid-oxide fuel cell system according to claim 2, wherein the start-up control unit controls the fuel gas flow rate
in the temperature increase step to be less than or equal to 1.3 times the maximum flow rate at the time of a rated
power generation of the system, and controls an average flow rate to be less than or equal to 0.6 times an average
flow rate at the time of the rated power generation of the system.

4. The solid-oxide fuel cell system according to claim 1, wherein in a case in which the fuel stack temperature when
stopping the fuel supply to the reformer at the time of stopping the system before start-up of the system exceeds a
predetermined temperature Tb, the start-up control unit controls a decreasing degree of the fuel gas flow rate to a
greater level compared to that when the fuel stack temperature does not exceed the predetermined temperature.

5. The solid-oxide fuel-cell system according to claim 1, further comprising a stop-time control unit that controls, at the
time of normal stop of the system, the oxidation degree of nickel metal after the stop to be a predetermined value
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or less.

6. The solid-oxide fuel-cell system according to claim 5,
wherein the oxidation degree of nickel metal is calculated based on a Ni oxidation degree defined by the following
formula:

Ni oxidation degree = (Number of moles of Ni atoms which are present as NiO among Ni atoms contained in a
cell main body) / (Number of moles of all Ni atoms in the cell main body) x 100 (%), and
wherein the stop-time control unit controls the oxidation degree after the normal stop of the system to be a
predetermined value or less.

7. A start-up method of a solid-oxide fuel cell system configured to include: a reformer which generates a hydrogen-
enriched fuel gas by a reforming reaction; a fuel cell stack which includes a cell support made of a porous substance
having a composition containing at least nickel metal, and allows the reaction of the fuel gas from the reformer with
air to generate power; and a module case which surrounds the reformer and the fuel cell stack, in the inside of which
excessive fuel gas of the fuel cell stack is combusted to increase temperatures of the reformer and the fuel cell
stack so that the reformer and the fuel cell stack are maintained in a high temperature state,
the method comprising:

performing a decrease control of a fuel gas flow rate supplied to the fuel cell stack from the reformer in response
to an elapsed time so that a maximum temperature difference of a power generation unit of the fuel cell stack
is maintained below a limit temperature difference that is set in consideration of durability of the power generation
unit, in a temperature increase step before power generation that increases the temperature of the fuel cell
stack when the system starts up.
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