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X
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Cylindrical

HPD5

HPD10
Delta 9

A/ \/\V \V \\A

clta 8

P81 P R 2 R R R (K AR 41 SOFC S 44T

Fig. 7 SOFC supports of different structures developed by Siemens-Westinghouse'”

Air outside/ Cathode
Electrolyte
Ceramic substrate | Anode

Fuel inside

(a) Rolls Royce

K8
Fig. 8 Schematic diagram and physical diagram of different types of flat tube SOFC

Interconnection

Ceramic
interconnection —
Cathode \
Electrolyte \ N > Current
Anode ~ ! !
J\B—» AR ; AR [; 1M T; ] :
A Fuel sssssssnnnnns >
]
Porous ceramic t gL 4 L L d
substrate Current

(b) Kyocera

AR SOFC 7 B K s

[13]
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Table 1 Material systems, preparation methods and properties of different tubular SOFCs from the previous literature

Structure Support Materials Preparation method Permeance Reference
Single-tube, Metal—ceramic . . 405W
multi-cell (NisoCr—AlLLOs) NiO-YSZ/Y SZ/ILSM Plasma spraying (900°C) [3]
2
Microtubule Ceramic (YSZ) NiO-ScSZ/ScSz/L SM—-ScSZ Dip coating 18?7?(\)/%(;[“ [41]
2
Plates Electrolyte La04SrocTiOY SZILSM Screen printing 2?2 O’g\évfccr)“ [59]
2
Microtubule Anode NiO-ScSZ/ScSZ/L SM—ScSZ Dip coating 715’8?8’Yé§m [60]
2
Microtubule Anode NiO-Y SZ/Y SZ/GDC/LSCF-GDC Dip coating 472?3’!’5’" (63]
. . 2
Microtubule Anode NiO-Y SZ/Y SZ/SDC/L SCF-SDC Dip coating andwet 1004 mWiem™ g
powder spray (750°C) ,
Microtubule Electrolyte NiO-L DC/LDC/L SGM/LCNCO-LSGM Dip coating 17?7?8’\!8”‘ [65]
326 mw/cm?
Single-tube, Metal supported 5 B7CyYB/BZCY YbILSCF-BZCY Vb Dip coatin (700 ) [66]
single-cell (Ni) P 9 67h(0.7V,
700°C)
Single-tube, . ) 517 mW/cm?
single-cell Anode NiO-BZCYYb/BZCY Yb/BCFZY Brushing (600°C) [67]
Flat tube, ] .
multiple-cell Ceramic YSZ/LSM-GDC Slurry spraying [70]
Hlat tube, Anode NiO-YSZ/LST Dip coating and screen [76]
single-cell printing
2
Microtubule Anode NiO-YSZ/Y SZ/ILSM-Y SZ Dip coating 0.52(3;10r(r)1\!(\jl/)cm [80]
. . . 2
Microtubule Anode NiO-YSZ/Y SZ/LSM-Y SZ Phase 'n(\:/g;f;gg and dip 60?7r571c\)/Yéc)m [82]
. . " 2
Microtuble Anode NiO-YSZ/ Y SZ/LSM-YSZ Phaseinversionanddip 437 mWiem [83]
coating (750°C)
Tape casting , isostatic 2
Microtubule Anode NiO-YSZ/Y SZ/ILSM-Y SZ pressing and dip 0645 m\ol\//cm [85]
coating (800°C)
Single-tube, Metal-ceramic . ) ) 200 mW/cm?
multi-cell (NisoCr—ALOs) NiO-Y SZ/Y SZ/L SM/NissCr—Al,03 Plasma spraying (800°C) [89]
Flat tube, . . Dip coating and screen 522 mwW/cm?
multiple-cell Ceramic (YSZ) NiO-ScSZ/ScSZ/LSCF printing (750°C) [90]
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Extended Abstract

Solid oxide fuel cell (SOFC) is apower generation device that can directly convert chemical energy into electrical energy, which
has a high power generation efficiency. Compared with the conventional power generation mode, the use of the SOFC to generate
electricity can greatly reduce the environmental pollution. Solid oxide fuel cells can be divided into tubular and flat plate types
according to their structure. The structural characteristics of SOFC determine that its high temperature sealing difficulty islower than
that of plate structure, and the specia tubular SOFC structure design can completely solve the high-temperature sealing problem,
especidly in the tubular SOFC structure with multiple single cells in series integrated design on one battery tube. One battery tube is
equivalent to a small stack with unique output characteristics of a high voltage and a low current, which can significantly reduce the
ohmic polarization loss of tubular cells. The reduced sealing difficulty of tubular SOFC makes the tubular battery stack relatively easy,
and the thermal stress constraint in the operation of the stack is small, which is conducive to the long-term stable operation of the
stack. Compared with plate batteries, their volumetric power density and output current density are relatively low under the same
conditions. In addition, tubular SOFC can be also operated under pressure due to its good sealing characteristics, further improving
the power generation efficiency. After continuous development, significant breakthroughs in the technology of tubular SOFC are
mode, especialy for establishing kilowatt level SOFC power generation systems and achieving commercialization. Most of the single
tube batteries used are multi-cell structures. The development of SOFC technology starts relatively late in China, so although it is
commercialized, it is mostly a single tube single cell structure, and there is little research on multiple cells. This review represented
the typical structural design of tubular SOFC, and classified the geometry of tubular SOFC and the material types of battery supports,
including anode supported type, cathode supported type, ceramic tube supported type, and metal/cermet supported type according to
the battery support materials. The bamboo round tube, bamboo flat tube, single-section round tube and single-section flat tube
structure were classified according to the geometry of the tubular SOFC. Also, a small-sized microtubule SOFC was introduced,
having a higher power density, compared to large-sized tubular batteries due to their smaller size. Also, the common materials and
preparation methods of tubular SOFC were reviewed, for instance, high-temperature sintering method and spraying method. Finaly,
the further development on tubular SOFC was prospected.

Summary and Prospects The main feature of tubular SOFC is its relatively easy high-temperature sealing performance and low
thermal stress during stack integration and operation. Each type of tubular battery structures has its own unique characteristics. In
general, multi-section tubular structures are more suitable for the construction of high-power power plants, while single section
tubular batteries are more suitable for small systems. At present, regardless of the structure of asingle cell, there isaready arelatively
mature material system that can achieve a stable battery performance. The existing work mainly focus on the development and
preparation of new materials, process optimization, and the development of different hydrocarbon fuel cells. Among the tubular
battery supports, round tube multi-section and flat tube multi-section batteries are more suitable for single tube high-power output.
The mainstream of this multi-section design battery is a single tube output of over 100 W, which is more suitable for large distributed
functiona systems. In addition, tubular batteries with metal or metal ceramic support structures can significantly improve the startup
speed of SOFC. Tubular batteries can also be used as electrolytic cells due to the reversible structure of SOFC and SOEC. Thistype of
battery with a fast start-up speed is more suitable for coupling with photovoltaic and wind power, achieving an efficient energy
utilization. For cylindrical multi-cell batteries, one battery tube is equivalent to a stack, so the manufacturing process of tubular
batteries is relatively complex, and their commercialization process lags behind that of flat panel batteries. For battery stacks, there
are some issues such as battery array arrangement, heat exchange, and airflow distribution. At present, there are not many publicly
reported experimental data, a further experimental research is thus needed. Although there are till some challenges for tubular SOFC,
the performance, stability, and reliability of SOFC can be improved through the development of novel materials and technological
innovations, thereby enhancing their application prospects in the field of sustainable energy and enabling commercial SOFC
technology to be implemented.
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