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Abstract
Small-scale combined heat and power (CHP) systems have been growing in Japan from a standpoint of fuel

economy and environmental issues. Especially, solid oxide fuel cells (SOFCs), which are high temperature
ceramic fuel cells, can be used as high-efficiency generators for residential micro-CHP systems. In this article,
the advantages/disadvantages, recent R&D trends and technology updates regarding SOFC generators are
reviewed. Reducing the operating temperature of SOFCs and thermal managements are important issues to
realize cost effective micro-CHP system. Also, the “compactness” of the cell, stack, module, and system are key
technical challenges for SOFC development. From these points of view, TOHO’s R&D effort and achievements
from materials to 1kW systems are described as a suggestive case example for SOFCs.
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INTRODUCTION
Fuel cells, which have high energy conversion efficiency from fossil fuel to electricity, are well

known as a promising technology for environmental solutions, and they have been developed for high-
efficiency distributed power, combined heat and power (CHP) systems. Especially, the 1kW class
residential micro-CHP systems, which can reduce CO2 emissions from households, are attracting
attention in Japan. The internal combustion (IC) engines, polymer electrolyte fuel cells (PEFCs), and
solid oxide fuel cells (SOFCs) are key generator devices for residential micro-CHP. These generators
are characterized by their energy conversion efficiency, heat/electricity ratios, operating procedures,
etc., and they should be selected from market requirements. The key technology issues in SOFC
systems are reducing operating temperature of cells, reforming systems for high efficiency, and
thermal management including start-up and shut-down procedure. Other aspects are “compactness” of
the cell, stacking, module and system, respectively. Because a compact (high power density) cell can
reduce the material cost and shorten the start-up time, a compact system can easily be installed at the
customers' site. Toho Gas have been developing SOFCs since 1989, and have extensive experience
from SOFC materials to 1 kW SOFC generators for small-scale application. A proof-of-concept 1 kW
SOFC system was demonstrated at the world exposition 2005 (EXPO Aichi) for the first SOFC system
experience in Japan. TOHO’s R&D effort and achievements regarding solid oxide fuel cells (SOFCs)
are described in this article. The progress from materials to 1 kW SOFC systems for small scale
stationary applications is a suggestive case example for developing mini-micro CHP systems.
Operating temperature of electrolyte supported SOFC was reduced by newly developed ScSZ
electrolyte. Compact SOFC stacks were developed with metallic interconnecting plates. The catalytic
partial oxidation (CPOx) reformer and steam reforming fuel processor were examined for pipeline city
gas fuel. Also, some achievement of micro-tubular SOFC development in NEDO (New Energy
Development Organization) project was introduced as a future “compact” SOFC technology.
Important issues to realize the high efficiency and cost effective SOFC systems have been discussed.

MARKET AND REQUIREMENTS
The market for CHP systems, which are called “co-generation system” in Japan, has been growing

over the past 20 years. In Japan, 11,610 CHP systems with a total output of 8,786 MW formed the
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stock capacity in 2007 [1]. In particular, small-scale stationary CHP systems are showing remarkable
growth, and systems with electric power outputs around 1kW are an attractive application for
residential use. The CHP systems driven by an IC gas engine have already been commercialized, and
20,000 units were installed in FY2006. They are characterized as a boiler with a small generator -
therefore, households with a large heat demand are adaptive customers. The PEFC systems have been
successfully developed as highly efficient residential CHP, and around 1,000 units/year are currently
being field-tested in Japan [2]. They will be commercially available within the next few years, but cost
reduction is a major development issue still remaining. Recently, several manufactures have developed
small-scale SOFC generators, and government supported technical demonstration program of the
SOFC systems have started from FY2007 [2]. Advantages in SOFC CHP are high electric generating
efficiency, and large energy saving rate was successfully demonstrated [3]. Those SOFC CHP systems
generate electricity and hot water simultaneously as shown in Fig. 1, and large part of electricity
demand in household is covered by a 700 W–1 kW system.

 The requirements for SOFC CHP, in contrast with those of CHP systems, include long-term
durability, compactness, and lower costs. Moreover, their operating patterns should be selected to
obtain maximum energy economy
based on their primary
characteristics and their electricity /
heat ratios, as shown in Table 1.
Especially in case of the SOFC
CHP, continuous operation is the
best way to obtain good fuel
economy, because SOFCs need a
long startup time and large excess
energy until the stack is heated to a
high temperature. Therefore,
reducing the operating temperature
of a SOFC stack, reducing the heat
capacity of high temperature parts,
and reducing the heat loss from the
system are important issues to
achieve an energy-efficient CHP
system.

Table 1.   Type of generators and their characteristics for resid

Type of Generators (e
IC Engine CHP PEFC CHP

Electricity 23% 39%
Heat 63% 50%

Conversion
efficiency
(LHV) Total 86% 89%

Operating style Daily start and stop Daily start and stoOperating
procedure Load pattern Full load Full and partial lo
Development stage Commercialized Commercialize in
Number of installations 50,000

(2003–2007/7)
480, 777, 930, 11
(2005 – 2008, NE

Dimensions of
generator unit

Size
Volume
Weight

H880xW580xD380m
m
193 L
82 kg

H860xW780xD40
m
268 L
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SYSTEM DESIGN OF SOFC GENERATORS
A considerable issue for the design of

an SOFC system is “reforming” of the fuel. In
the case of a polymer electrolyte fuel cell
(PEFC) system, complex multi-stage
reforming systems are required because of the
limited photonic conductivity of the
electrolyte and platinum base electrodes, and
they represent a large portion of the cost of a
BOP (Balance of Plant) system. On the other
hand, many types of reforming options, i.e.,
steam reforming, partial oxidation,
autothermal reforming, and dry reforming, are
applicable to SOFC systems (Fig. 2), because
the carbon monoxide can be used as the fuel
for the SOFC.

Fig. 3, 4 shows a simplified SOFC
system developed by Toho with a compact
CPOx reformer for the fuel reforming of
natural gas [4]. Advantages and disadvantages
of the CPOx reforming system should be
considered. The CPOx reforming systems are
simple, cost-effective, and easy to start, and
supplying them with reforming aids (air) is easy. CPOx reforming consumes a part of the fuel energy
(exothermic reaction), and the total system could easily be thermally self-sustaining. High efficiency
in an SOFC system is only achieved when the excess exhaust heat energy of the SOFC is utilized for
endothermic reforming. Generally, a desulfurizer is required to avoid fuel poisoning of the reforming
catalyst and Ni anode, however, this should lead to an  increase in the maintenance costs.

Of course, the reforming efficiency of a steam reforming system is higher than that of a partial
oxidation reforming system (Fig. 5). Thermal balance and mass balance are important for controlling
SOFC systems to obtain high efficiency and long life, and the A/F (Air Fuel Ratio) in CPOx reforming
and S/C (Steam Carbon Ratio) should be considered in the equilibrium calculation to avoid carbon
deposition. Moreover, Ru or Ni catalysts are often used for steam reforming; however, carbon
deposition tendencies are changed by the type of catalyst material. Also, steam-supplying methods are
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Fig. 2. Type of reforming system in SOFC

Fig. 3. Flow diagram of a simplified SOFC system – Toho’s first 1 kW SOFC system
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important because of their BOP costs and durability (impurities) issues. Recycling the condensed
water from exhaust gas or recycling the hot anode exhaust gas is one solution for the BOP issues.
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Fig. 5. Reforming efficiency of partial oxidation reforming and stream
reforming with various air / fuel ratios and steam / carbon ratios

To realize the high efficiency and cost effective SOFC generators, effective utilization of the
exhaust heat with reforming reaction and minimizing the heat loss from hot parts to atmosphere are
important. The hot module including SOFC stack, reformer, and high temperature heat exchangers
should be designed and integrated in a compact and efficient way. Actually, when an SOFC stack is
thermally combined with a steam reformer, or when internal reforming is applied as shown in Fig. 6,
extremely high electric conversion efficiency is easily obtained. Over 55% efficiency was obtained in
Toho’s 1kW SOFC modules [5]. In addition, reducing the operating temperature of an SOFC stack is
an effective way for reducing the heat loss from hot modules in stable operation, and that enables
shortening the start-up time and energy in non-steady operation.

Fig. 4. Appearance and construction of system – Toho’s first 1kW SOFC system
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SOFC Stack Reformer  Vessel Hot Module
Fig. 6. Thermally integrated steam reformer and appearance of hot modules

MATERIAL AND CELL - REDUCING THE OPERATING TEMPERATURE
It is well known that the types of SOFC cells are categorized as “tubular” and “planar”

according to their shape and structure. Planar SOFCs have the advantage of high (volumetric) power
densities and lower production costs, but gas sealing is a technical hurdle. Also, thick dense
electrolyte-supported cells (ESC) and thin electrolyte porous anode electrode-supported cells (ASC)
have been proposed (Fig. 7). The reduced (intermediate)-temperature SOFC is the main trend for the
development of cells and materials, because it has many advantages such as cost effectiveness, short
start-up time, and a relatively small amount of heat insulation (Table 2).

Fig. 7. Cell configuration of the electrolyte supported SOFC and anode supported SOFC

Table 2. Advantages, disadvantages and approaches for reduced-temperature SOFCs

Advantages Lower cost of surrounding materials
1000°C�Ceramics�  750°C�Stainless Steel�

Short start-up time, less energy required for heat-up
Less heat leakage and fewer heat insulators
Long life (sintering avoided by slow mass transfer)

Disadvantages Temperature mismatch in reforming/gas turbine system
Prone to carbon deposition (thermodynamic expansion)
Short life due to use of metallic materials

Approaches Alternative electrolyte (ScSZ, Doped CeO2, LaGaO3)
Thinner electrolyte and process; enhanced electrode areas
Active anode and cathode

ASC has an advantage at lower operating temperatures compared with an electrolyte-supported or
cathode-supported SOFC, but ensuring their mechanical reliability is a technical hurdle because of
their porous ceramics structures and RedOx (Reduced and Oxidation Atmosphere) stability. A
temperature range of around 750–800 °C has been successfully achieved by many developers, but a
range of 500–650°C is not yet at the practical development stage (Table 3). Also, electrolytes with
higher ionic conductivities and highly reactive electrode materials (especially cathodes) are required in
the lower temperature ranges, and many kinds of materials have been applied (Table 4). ScSZ (Sc2O3-
ZrO2), LSGM (La(Sr)Ga(Mg)O3), and GDC (Gd2O3-CeO2) are candidate materials for the SOFC
electrolyte, and doped La (Mn/Fe/Co)O3 perovskites are often used for the cathode. To enhance the

Electrolyte

Cathode

Anode

Electrolyte supported SOFC Anode supported SOFC
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electrochemical performance, ceria/perovskite composites or metal/perovskite composites have been
tried as highly reactive cathode materials. In addition, doped ceria, which have higher ionic
conductivities at lower temperatures, have been evaluated as candidate electrolyte materials that will
take the place of YSZ, but doped ceria are difficult to control as SOFC electrolytes because they show
electron leakage and efficiency loss when the temperature rises above 600 °C. Several developers have
proposed the use of multi-layered electrolytes to avoid the electron leakage or interfaces to suppress it.

Table 3. Operating-temperature and  developers.of SOFCs
Temperature
 °C

Shape Support materials Developer Process for electrolyte and
electrode

Siemens Power EVD or SprayTubular Porous Cathode
TOTO Dip/Sintering

Flat Tubular,
Tubular

Porous Ceramics Rolls–Royce, MHI (Mitsubishi
Heavy Industry)

Screen Printing/ Sintering

1000- 900

Planar Dense Electrolyte MHI, Hexis, InDEC Tapecasting/ Sintering
Tubular Porous Anode Acumentrics Dip/Sintering900- 800
Planar Dense Electrolyte CFCL�Staxera Tapecasting/ Sintering
Flat Tubular Porous Anode Kyocera �
Flat Tubular Porous Ceramics Tokyo Gas �

Porous Anode Forschungszentrum Julich Dip/ Print/ sintering
Porous Anode VersaPower, GE, InDEC,

TopsoeFC, HT Ceramics
NTT, NGK, NTK

Tapecast/ Print/ Sintering

800- 700

Planar

Porous Electrolyte MMC, Toho Gas Tapecast/ Print/ Sintering
700- 600 Small Tubular Porous Anode TOTO Dip/Sintering
650- 500 Micro Tubular Porous Anode Adv. Ceramic Reactor PJ Dip/Sintering

600- 500 Planar Porous Metal Ceres Power �

Table 4. Component materials for SOFCs  in various  temperature ranges
Temperature
,

°C

Electrolyte Anode Cathode Interconnector

1000- 800 YSZ Ni-YSZ LSM
LCM

LC, SrTiO3
Cr based metal

800- 700 YSZ
ScSZ
LSGM

Ni-YSZ
Ni-SDC
Ni-ScSZ

LSCF, LSC
LSF, LNF

700- 600 LDC-LSGM Ni-YSZ
Ni-ScSZ

LSCF

600- 500 GDC Ni-YSZ
Ni-GDC

LSCF
BSCF

Ferritic Stainless
Steel

YSZ�Y2O3 doped ZrO2�ScSZ�Sc2O3�doped ZrO2�LDC:La-doped CeO2, SDC:Sm-doped CeO2, GDC:Gd-doped CeO2, LC:LaCrO3,
LSGM�La(Sr)Ga(Mg)O3 , LCM:Ca-doped LaMnO3, ,BSCF:BaSrCoFe, LNF:LaNiFeO3

TOHO’S ELECTROLYTE SUPPORTED CELL
Electrolyte-supported (thick electrolyte) cells are conventional but have features such as

mechanical robustness, a low-cost manufacturing process, good stability for reduced and oxidized
(RedOx) cycles, and gas-diffusible thin electrodes. To reduce the operating temperature from 1,000°C
to around 800 °C, an alternative electrolyte made of scandium-doped zirconia (ScSZ),  which has a
higher ionic conductivity than yttrium-doped zirconia (YSZ), was applied in Toho’s SOFC (Fig. 8,
Table 5) [6–8].  The configuration and mechanical strength of cells should be considered for the stack
design. In general, mechanical reliability and electrochemical performance have a trade-off
relationship. Electrode materials should be selected from the viewpoint of initial performance,
durability, chemical stability, productivity and material costs. Multi-layered electrodes are one of the
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solutions, and the manufacturing process is important for the realization of mass-produced, cost-
effective cells. Tape casting, screen printing and firing (sintering) processes are applicable and well
established.

Structure of ESC

(1)Operating Temperature were 
Reduced (1000 800 ) 

(2)Multi-Layerd Electrodes (3Layer 
6Layer)

Structure of ESC

(1)Operating Temperature were 
Reduced (1000 800 ) 

(2)Multi-Layerd Electrodes (3Layer 
6Layer)

Fig. 8. Multi-layered structure of electrolyte supported cell developed by Toho Gas

Table 5. History of materials used for electrolyte-supported cell developed by Toho Gas

Generation 1G 2G 3G
Temperature 1,000 °C 950 °C 800 °C
(1)Anode FL - Ni Ni-composite
(2)Anode Ni-YSZ Ni-ScSZ Ni(Ti)-ScSZ
(3)Electrolyte 11ScSZ 4ScSZ 4ScSZ
(4)Interlayer - - Doped CeO2

(5)Cathode La(Sr)MnO3 La(Sr)MnO3 La(Sr)Co(Fe)O3

(6)Cathode FL - La(Sr)CoO3 LSC-composite

MICRO-TUBULAR SOFC FOR COMPACT GENERATOR
The first micro-tubular cell concept was proposed by Kendall et. al [9], and recently, micro-

tubular SOFC diameters of several millimeters have been realized worldwide [10-14]. Also, NEDO
(the New Energy Development Organization) have been organizing the Advanced Ceramic Reactor
Project starting in FY2005. It is well known that the downsizing of unit cells is an effective way to
enhance the performance of fuel cells. In the case of tubular SOFCs, the tube diameter and current
path length (mainly the cathode support tube) dominate their internal resistances, and a long current
path causes the power density and efficiency to drop. A large advantage of the micro-tubular SOFC is
that it enhances not only single cell performance but also volumetric power densities, as shown in Fig.
9. The reactive electrode surface area per unit volume is significantly increased by downsizing the cell
diameter and increasing the number of cells. However, when the cell diameter is less than 0.1mm, the
differential pressure used to flow the reactant gases also increases drastically. Of course, since these
tiny single cells are weak against mechanical loads, a module of bundled cells (referred to as a “cube”)
with diameters of 0.5–2 mm has been proposed as part of the Advanced Ceramic Reactor Project [15].

Features :
(1) Operating temperature was

 reduced (1,000 °C  800 °C)
(2) Multi-layered electrodes

 (3 Layer  6 Layer)
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Fig. 9. Comparison of thick tubular SOFC and micro-tubular SOFC

As a result of the Advanced
Ceramic Reactor Project, micro-tubular
SOFCs (0.8–1.6 mm in diameter)
fabricated from candidate materials
(anode: Ni-GDC; electrolyte: GDC;
cathode: LSCF) were examined, and an
extremely high power density of 1W/cm2

was demonstrated even at a reduced
temperature of 570 °C. These results show
the future possibility of micro-tubular
SOFCs combined with cell downsizing
and materials development aimed at
reduced-temperature operations.
 have been examined.

Fig. 10. Design concept for integrating single cells and stacking the bundles in
“Advanced Ceramic Reactor Project”

Recent topics and technical hurdles for the micro-tubular SOFC are the integration of single cells
and stacking (Fig. 10). To realize the high volumetric power densities, current collection and gas flow
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designs have to be optimized. Short current pathways and highly conductive (current collecting)
materials Porous ceramics (LaCoO3), metallic wires (Ag, Ni), and their composites are candidate
materials for current collection. It should be mentioned that high electric conductivity and good gas
permeability are often in a trade-off relationship in regard to porous ceramics. Interface materials for
gas sealing, electrical connections and electrical insulation are key technologies for stacking bundles.
All of the component materials should be carefully selected from the viewpoint of thermal expansion
mismatch, mechanical strength, and chemical stability.

SUMMARY
Residential CHP system, which supplies electricity and heat simultaneously, is an attractive

application of SOFC. Technical demonstration program of small scale SOFC system have just started
in Japan, and some developers already demonstrated highest electrical efficiency in any other
generators. In the system design of SOFC, reforming process is important to achieve high efficiency
SOFC system. Actually, in Toho’s experience, 1kW SOFC system with steam reforming showed 55%
efficiency was achieved. Recent R&D trend of reduced temperature SOFC could shorten the start-up
time and energy, thereby reducing the cost.  “Compactness” from cells to systems is also an important
issue to realize a cost effective SOFC CHP system. From these viewpoints, the R&D program of a
micro tubular SOFC has been conducted by NEDO  for  future SOFC applications.
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