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Abstract 

Solid oxide fuel cells (SOFC) are an energy efficient, low pollution technology for 

generating power and have the potential to revolutionize energy generation. 

Tubular and planar concepts are the most common SOFC systems. The primary 

objective of this study was to develop a cost-effective process for fabricating 

micro-tubular SOFCs and to investigate how to improve fuel cell performance. 

Two technical approaches were investigated for increasing the cell performance 

and reducing SOFC costs: (a) reducing electrolyte resistance by minimizing the 

electrolyte thickness, which consequently increases oxygen flux to the anode; and 

(b) using new electrolyte materials thereby making it possible for the fuel cell to 

operate at lower temperatures. 

The new material primarily investigated for the SOFC was strontium- and 

magnesium-doped lanthanum gallate (LSOM), in which the single-phase 

perovskite LSOM region was determined. Yttria-stabilized zirconia (YSZ) and 

gadolinium doped ceria (COO) electrolyte systems were also studied. 

Paste extrusion was identified as a suitable method for high-speed manufacture of 

the tubular support components of SOFCs. Procedures were developed to extrude 

dense, straight, round (OD: 4.0±0. l mm), thin walled (0.2±0.02 mm) tubular 

LSOM and YSZ electrolytes. The research systematically investigated developing 

a fabrication process, designing the extrusion die, the effects of formulation and 

process additives and how to handle, dry and sinter the extrudate. 

The three-point bending strength of extruded and sintered LSOM was determined 

to be 287 MPa, 195 MPa, 184 MPa and 147 MPa at room temperature, 600°C, 

800°C and 1000°C respectively. Room temperature burst strengths of the tubular 

electrolytes made from YSZ, LSOM and COO were 127 MPa, 40 MPa and 63 

MPa respectively. The average thermal expansion coefficients between room 

temperature and 800°C were 10.18xl0"61°C, 11.0lxl0-61°C and 12.04x10-6l°C, for 

YSZ, LSOM, and COO respectively. 
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The maximum power density at 800°C for a 220-µm thick LSGM electrolyte was 

460-482 mW/cm2, which is more than double the power density for YSZ cells 

(200-220 mW/cm2) at 850°C. Reducing LSGM thickness from 550 µm to 220 µm 

increased the maximum power densities by more than 30%. Repeatable cell power 

outputs per cell of 2.5 W at 800°C and 2.8 W at 850°C were obtained. Cell 

performance degradation was measured at 12% during the 500-hour test. 

A novel tubular stack design concept was developed to significantly increase stack 

volumetric power packing density by 84% for a three-cell module or 116% for a 

five-cell module, compared to a single-tube cell design. This design can also 

increase fuel efficiency. 

Recommendations for future work are given. It is suggested that (I) an anode­

supported nanosize LSGM electrolyte system be used for the next generation of 

intermediate-temperature SOFCs; (2) the LSGM layer be applied by plasma 

spraying; and (3) nickel-free anodes for LSGM electrolyte systems are developed. 

This comprehensive study discusses the relationship between the materials, 

processing, manipulation of the microstructure, properties and tubular SOFC 

performance. The unique process developed for producing tubular support 

components has been scaled to commercial production and represents a significant 

scientific, engineering and commercial perspective contribution to fuel cell 

technology. 
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Chapter One 

Solid Oxide Fuel Cell Technology* 

Solid Oxide Fuel Cells (SOFCs) are emerging electrochemical energy conversion 

devices that can deliver clean, quiet, and potentially renewable energy for 

primary, base-load and back-up power. This technology now has to be 

commercialised. Recently fuel cell studies have focused on reducing operating 

temperatures and developing new materials and fabrication techniques. The 

overall objectives of this thesis are to develop a cost-effective process for 

fabricating micro-tubular SOFCs ~sing new intermediate temperature electrolyte 

materials, and to understand the interplay of material-process-microstructure on 

performance. This chapter presents an overview of SOFC technology including 

operating principles, component and material requirements, cell designs, and the 

benefits of SOFCs. It highlights current trends in SOFC research and development 

and technical challenges remaining to commercialise SOFC technology. 

1.1 Fuel Cell Technology 

1.1.1 The Fuel Cell 

A fuel cell is an electrochemical device that converts chemical energy of gaseous 

fuels (e.g., hydrogen, natural gas, and biomass) directly into electrical energy (and 

heat) via an electrochemical process, without the limitations inherent in the 

thermal engine cycle (the Carnot cycle). The basic physical structure of a fuel cell 

consists of a dense electrolyte layer in contact with a porous anode and cathode on 

either side. In contrast to conventional methods, fuel cells offer a fundamentally 

different way of generating electrical power from a variety of fuels. For example, 

besides pure hydrogen (H2), both natural gas and coal gas may be used. A fuel cell 

can be regarded as a battery with an external rather than internal energy source. 

Although- a fuel cell has components and characteristics similar to a typical 

• Some information in this Chapter have been published as: Yanhai Du and N.M. Sammes, in 
Proceedings of the 51h Annual New Zealand Engineering and Technology Postgraduate 
C ,I'. ed B Teekman P. Milliken and N. Body, Massey, New Zealand, November, 1998. onJerence, . . , 
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battery, it has several differences. Prominent among these differences is the fact 

that a battery is an energy storage device, while a fuel cell is an energy conversion 

device. All batteries will eventually run down or require recharging but a fuel cell 

generally can produce electricity as long as the fuel and oxidant are supplied to the 

electrodes. In reality, the life of a fuel cell is limited by component degradation, 

primarily from corrosion. 

The fuel cell effect and principles were discovered by the Swiss professor 

Christian Friedrich Schoenbein (1777-1868) at the University of Bassel in 1838 

[l]. After initial experiments in 1839, Sir William Robert Grove (1811-1896), a 

London lawyer with a strong engineering background, invented the fuel cell 

concept and in 1845 demonstrated an apparatus for replacing batteries. This was 

regarded as the first fuel cell in the wo~ld [2]. The Grove cell, as the new fuel cell 

was called, operated at room temperature with dilute sulphuric acid as the 

electrolyte and platinum (Pt) electrodes. In 1889, Mond and Langer used porous 

electrodes to improve the fuel cell performance and/or the power density to 3.5 

mA/cm2 at 0.73 V, while operating on hydrogen and oxygen (02) [3]. In 1933, 

Bacon, the first recipient of the Grove Medal, started developing a fuel cell system 

capable of delivering a power density of 1000 mA/cm2 at 0.8 V [3]. Bacon's cell 

was operated on hydrogen and oxygen at elevated pressure. 

Over the years, there have been many attempts to develop fuel cells as power 

sources. In the early 1960s, alkaline fuel cells were developed as electrical 

generators and a source of drinking water for Apollo spacecraft; which could be 

considered as a significant milestone for fuel cell technology development [4]. 

The recent drive for more efficient and less polluting distributed power generating 

technologies has resulted in substantial resources being directed into fuel cell 

development [5, 6]. 

The general characteristics of fuel cell generators include [7]: high energy 

conversio_n efficiency; low environmental pollution; quiet; no moving parts in the 

energy converter; fuel flexibility; modular installations to match load (this allows 

power generation to be shifted from central stations to the user sites); and 
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increased reliability. The drawbacks of fuel cells include: expense, public 

unfamiliarity with the technology, and lack of fuel infrastructure. 

1.1.2 Merits of Fuel Cells 

Fuel cells offer a new alternative to conventional electrical power sources for 

many applications. Studies [8] have shown that 33% of the carbon dioxide 

emissions come from industrial use, 32% from transportation, 20% from 

residential and 15% from commercial use. Fuel cells, such as SOFCs, have lower 

emissions than an equivalent power plant using natural gas. For example, a typical 

fuel cell generates less than 0.5 ppm nitric oxides (NOx), almost zero sulphurous 

oxides (SOx) or carbon monoxide (CO), the lowest carbon dioxide (CO2), and zero 

volatile organic components (VOC5) [9]. The low output of pollutants is primarily 

due to the high operating efficiency of the fuel cell. 

The fuel flexibility is one of the major benefits of fuel cell technology. Depending 

on the type of fuel cells and the fuel processing/reformer, any of the following 

fuels can be used: hydrogen (H2), methane (C~), methanol (CH30H), ethanol 

(C2H50H), propane, anaerobic digester gas, natural gas, coal gas, landfill gas, 

gasoline, or even diesel. At present, gaseous H2 is the fuel used for most 

applications due to its high reactivity when suitable catalysts are used, ability to be 

produced from hydrocarbons for terrestrial applications, and high energy density 

when stored cryogenically for closed environment applications such as in space. 

However, alternatives such as CH4 can be electrochemically oxidized in a fuel 

cell, while air is the commonly used oxidant. To use hydrocarbon fuels, such as 

natural gas or even gasoline, a fuel processor or reformer is often needed. This can 

be either an external reformer (where the fuel is processed outside the fuel cell) or 

an internal reformer (where the fuel is processed inside the fuel cell). 

1.1.3 Fuel Cell Applications 

Fuel cell power ratings are from a few watts to mega watts, for example, 1-10 kW 

for domestic/residential applications, 10-300 kW for residential/commercial 

applications, up to 250 kW-10 MW for power stations [4]. Because of their 

mobility and variable size, fuel cells are alternatives to conventional electrical 

power sources for many applications. They can be used to power vehicles and 
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appliances (from lawnmowers to laptop computers), buildings, data centres, 

hospitals, and other users who demand round-the-clock, reliable electrical power. 

The major applications are as stationary electric power plants, including 

cogeneration units; as motive power for vehicles; and as on-board electric power 

for apace shuttles or other closed environments such as ocean-going freighter [7]. 

The US Department of Defence Fuel Cell Demonstration Program (Figure 1-1) 

has 29 sites, including eight categories of buildings and span 17 states in the USA. 

Seven of the fuel cells are configured to provide back-up electrical power if there 

is a grid power outage. Thermal output from the fuel cell is used to heat boiler 

make-up water, domestic hot water, space heating, or condensate return. 

Gym naslum/Pool 
1.0% (3) 

Kitchen 
nu> Laundry · Control Center 

11' (1) J" (1) 

Hospltalt 
231'(7) 

Central Plants 
ll'X (11) 

Figure 1-1 US Department of Defence Fuel Cell Demonstration Program 
Sites (10). 

The global SOFC market is expected to approach 20 OW/year by 2010, with half 

of that market being in the USA and Europe [7]. Current cell life is estimated to 

be 5-10 years and Siemens Westinghouse believes cell life for commercial cells 

will be 10-20 years [11] . Transportation sectors worldwide have shown 

remarkable interest in fuel cells: nearly every major vehicle manufacturer is 

supporting fuel cell technology development. Table 1-1 summarises the suitability 

of fuel cells for different categories of applications. SOFCs are believed more 

suitable for large stationary power applications, niche stationary and distributed 

power, and some mobile applications [5]. 
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Table 1-1 Fuel Cell Technologies and Their Applications (S]. 

Target Applications PEMFC AFC PAFC MCFC SOFC 
Central 0 0 0 • • "'CS 

~ Grid sited Distributed 0 0 0 • • ::s 
:9 Re-powering t: 0 0 • • • "' :a Residential • ® 0 ® I • ~ Customer 
§ sited Commercial • ® • • • "ij cogeneration Light industrial ® ® • • • -r.f.l 

Heavy industrial 0 0 • • • 
!s Propulsion 

Light duty • 0 0 0 0 
-~ Heavy duty 
~ • 0 ® ® ® 

! Auxiliary Light & heavy • 0 0 0 • power unit duty 

..2 Premium Recreational, • 0 0 0 • ~ military 
0 Micro Electronics, • 0 Cl. 0 0 0 

military 
•Likely;® Under consideration: 0 Unlikely. See below for PEMFC, AFC, PAFC, MCFC. 

1.1.4 Different Fuel Cell Technologies 

Several types of fuel cells have been developed: alkaline fuel cells (AFC), 

polymer electrolyte membrane fuel cells (PEMFC) or proton exchange membrane 

fuel cells (PEM), phosphoric acid fuel cells (P AFC), molten carbonate fuel cells 

(MCFC), and solid oxide fuel cells (SOFC). The differences between the types are 

mainly the operating temperatures and the nature of the electrolyte used. In low­

temperature fuel cells (PEMFC, AFC, P AFC), protons or hydroxyl ions are the 

charge carriers in the electrolyte, whereas the charge carriers in high-temperature 

fuel cells (SOFC, MCFC) are usually oxygen ions or carbonate ions. Major 

characteristics and differences between the various fuel cells are summarized in 

Table 1-2. 

Of the different fuel cells, most attention has been given to PEMFCs and SOFCs. 

PEMFCs operating at ambient or near I 00°C are considered the best contenders to 

replace internal combustion engines in motor vehicles. SOFCs offer the highest 

system efficiency and widest application potential, and are considered more 

suitable in large-scale multi-MW stationary plants because cogeneration is 

possible. 
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Table 1-2 Summary of Different Types of Fuel Cells [7, 12, 13]. 

Fuel Cell Type PEMFC AFC PAFC MCFC SOFC 

Operating 60-100°C 60-120°C 160-220°C 600-650°C 700-1000°C 
temperature 

Electrolyte Proton Potassium Liquid Liquid Ceramic 
exchange hydroxide phosphoric molten 
membrane acid carbonate 

Charge carrier It Olf It C03. o· 
Catalyst Pt Pt Pt Ni Perovskites 

Prime cell Carbon- Carbon- Graphite- Stainless Ceramic 
components based based based steel-based 
CO imoact Poison Poison Poison Fuel Fuel 
S imoact Few studies Unknown Poison Poison Poison 

External Yes Yes Yes No No 
reformer for C~ 

Co-generation No No Yes Yes Yes 

Efficiency (LHV) 30-45% 30-50% 30-45% 45-60% 45-75% 

Major •Quick start-up • Pure H2 ii Lower ii Widerfuel ii All ceramic 

Advantages / •H2 preferable • Good performance choices • Widerfuel 
disadvantages • Heat & water performance than AFC • Co-generation choices 

management • Expensive • Need ii Corrosive ii Co-generation 
issues external liquid 

reformer electrolyte 
• High 

temperature 
ii Expensive • C02at 

cathode 

Installed large 250kW 12kW l.2MW 2MW 300,220kW; 
(Ballard) (for space 5,000h 4,000h IOOkW-

units shuttles) (Milan) (Fuel Cell 17500h 
(ZeTek) Enerav) (SWPC) 

Major Transportation Space Stationary Stationary Stationary 

Applications Stationary Stationary Power station 

Transoortation 

1.1.5 Advantages of Solid Oxide Fuel Cells 

SOFCs are so named because they use solid oxide materials as the electrolytes. 

This type of fuel cell originated with the discovery of solid-oxide electrolytes in 

1899 [ 14] and the operation of the first ceramic fuel cell at 1000°C by Baur and 

Preis in 1937 [15]. There are two major types of SOFCs depending on the type of 

electrolyte conduction: oxygen-ion conductor or proton-conductor. The most 

advanced SOFCs, which operate at 850-1000°C, are based on oxygen-ion­

conducting yttria-stabilized zirconia (YSZ) as the electrolyte, nickel/YSZ cermet 

for anodes, doped lanthanum manganite for cathodes, and doped lanthanum 

chromite for interconnects. 
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Fuel 
electrode 
side 

Yanhai Du 

side 

Figure 7-15 Schematic of Novel SOFC Tubular Design Configurations 

7.5 Summary 

Tubular SOFCs with doped lanthanum gallate electrolyte and a range of anode 

and cathode morphologies were fabricated, electrically tested and compared with 

YSZ electrolyte supported cells. LSCo was a suitable cathode material for 

intermediate temperature LSGM electrolyte SOFCs. Although extended lifetime 

tests must be done to identify the long-term stability issues, having a SOC 

interlayer on the anode side of the cell increased maximum power density by 43-

57%, which indicated that the SOC interlayer protected against reactions between 

the LSGM electrolyte and the nickel based anode. Repeatable power outputs per 

cell of 2.5 W at 800°C and 2.8 W at 850°C were obtained. Cell performance 

decreased by 12% after the cell had been running for nearly 500 hours. Reducing 

electrolyte thickness from 550 µm to 220 µm increased maximum power density 

by 30-43%. The maximum power density of 482 mW /cm2 at 800°C for a 220-µm 

thick electrolyte was achieved, which was two times higher than YSZ cells at 

850°C (0.22 W /cm2) . From the power density data we conclude that to obtain the 

same power output, fuel cells using LSGM electrolyte could be operated at 

temperatures 200°C lower than fuel cells using YSZ as electrolyte. 
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The small-scale tubular cells fabricated can be electrically connected to develop a 

stack. A multiple tubular design could increase stack volumetric power density by 

84% (three-cell module) or 116% (five-cell module), comparing to a single-tube 

cell. This design also has the potential to increase fuel utilization rate. 
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Chapter Eight 

Conclusions and Recommendations 

8.1 Conclusions 

SOFCs are a promising technology for generating high quality electricity. Cost 

and durability are the major barriers to commercialising this technology. The 

thesis in this work was to develop a cost-effective process to fabricate micro­

tubular SOFCs that can be operated at intermediate temperatures (600-800°C). 

Two approaches have been investigated: lowering the cell operation temperatures 

by using a new electrolyte material LSGM; and using paste extrusion to fabricate 

tubular supports. The effects of materials and processing parameters on 

microstructure and performance of these tubular SOFCs were examined. The 

tubular LSGM fuel cell performance was compared to data for button cells from 

the literature because there are no published reports on lanthanum gallate based 

tubular fuel cells. A novel design concept to increase stack volumetric packing 

density is described. Corresponding to the aims set up in Chapter two, the major 

conclusions reached from this research are summarized below. 

8.1.1 Using LSGM Electrolyte to Reduce SOFC Operating Temperature 

Reducing operating temperatures is one significant way to reduce the cost of 

SOFC stacks and BOP. It prolongs life of fuel cell components, gives wider BOP 

material choices, and has lower heat loss and quicker start-up times. Developing a 

high oxygen ion conductor is key to reducing the operating temperature. 

The superior oxygen ion conductor, Sr- and Mg-doped LaGa03, was synthesized 

using a solid-state reaction at 1500°C for 12 h. The density of the sintered body 

was greater than 98% of the theoretical value. The single-phase perovskite LSGM 

region was identified to be Lao.9Sro.1Gao.9Mgo.10J.6 (LSGM-1010), 

Lao.9Sro.1 Gao.ssMgo.1sOJ-6 (LSGM-1015), Lao.sSro.2Gao.ssMgo.1sOJ-6 (LSGM-2015) 

and Lao.sSro.2Gao.sMgo.20J-6 (LSGM-2020). 
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Tubular SOFCs with LSGM-2020 electrolytes and six different anode and cathode 

arrangements were fabricated. Their electrical performance was compared with 

YSZ electrolyte supported cells. Lao.6Sro.4C003 (LSCo) was found to be suitable as 

the cathode material for intermediate temperature LSGM electrolyte SOFCs. 

Having a Ceo.sSmo.201.9 (SOC) interlayer on the anode side of the cell increased 

the maximum power density by 43-57% because the SOC interlayer reduced 

reactions between the LSGM electrolyte and the nickel-based anode. Repeatable 

power outputs per cell of 2.5 W at 800°C and 2.8 W at 850°C were obtained. Cell 

performance decreased 12% during a 500-hour test. 

The maximum power density for LSGM cells with a 220-µm thick electrolyte was 

460-482 mW/cm2 at 800°C and 306-342 mW/cm2 at 700°C, compared with 200-

220 mW /cm2 from YSZ cells with the same electrolyte thickness operating at 

850°C. Thus, a LSGM electrolyte SOFC can produce the same power output as a 

YSZ-based system but at approximately 200°C lower operating temperatures. 

8.1.2 Reducing Electrolyte Thickness to Minimize Electronic Polarization 

Ohmic polarization dominates SOFC voltage losses. Resistivities of electrolytes 

are much greater than those of cathodes and anodes. Reducing electrolyte 

thickness was critical for reducing ohmic losses and enhancing cell performance. 

For example, reducing LSGM thickness from 550 µm to 220 µm, increased the 

maximum power densities by 30-43% for LSCo/LSGM/SOC/Ni cells and by 145-

225% for LSCo/LSGM/Co cells. The maximum power densities at 800°C were 

372 mW/cm2 for a 550-µm LSGM cell and 482 mW/cm2 for a 220-µm LSGM 

cell. There is potential to further reduce LSGM electrolyte thickness to between 

1 O to 30 µm on an electrode-supported system, thereby further increasing cell 

power output. 

8.1.3 Mechanical and Thermal Properties of Tubular SOFCs 

High mechanical strength and thermal shock resistance, and matched thermal 

expansion coefficient are essential requirements for the support components in 

tubular SOFCs. This technical information is required for stack designs and 

electrode materials selection and development. The MOR of extruded LSGM, 
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YSZ and CGO electrolyte materials (rods) were found to be 287, 322, and 323 

MPa respectively at room temperature. These strengths decreased with increasing 

temperatures ( e.g. 184, 245 and 240 MPa respectively at 800°C). The MOR of the 

extruded materials was greater than that for materials produced by isostatic 

pressing and values reported in the literature. The MOR of NiNSZ anode was 

-300 MPa at room temperature after firing (at 1475°C) and/or after reduction. 

Coating anode tubes with YSZ electrolyte decreased the mechanical strength of 

fired anode tubes because of the thermal stressed induced in the multilayer 

ceramics. Re-oxidising the reduced anode tube significantly reduced strength. 

A new technique, termed the burst method, was developed to more accurately 

indicate the strength of micro-tubular electrolytes. Burst strengths of the LSGM, 

CGO and YSZ tubular electrolytes at room temperature were 40 MPa, 63 MPa, 

and 127 MPa respectively. After 22 thermal cycles from 1300°C to room 

temperature, the burst strengths decreased to 30 MPa (LSGM) and 104 MPa 

(YSZ). This is the first work that has reported the burst strength data of micro­

tubular electrolytes. Although burst strength of the materials investigated was 

much smaller than bending strength, it followed the same trend, with LSGM 

having a lower mechanical strength than YSZ and CGO. 

The average thermal expansion coefficient of YSZ, LSGM and CGO between 

room temperature and 800°C were 10.18x10-6!°C, 1 l.Olxl0-6/°C and 12.04x10" 

6 /°C respectively and agreed well with published data. This data can be used for 

designing or selecting thermally matching electrode materials. 

Electrolyte tubes and rods made from YSZ, LSGM and CGO had excellent 

thermal shock resistance and could withstand 20 air-quenching cycles (800°C to 

room temperature) without visible cracks and delamination. Thermal shock 

resistance of the rods after water quenching was in the order LSGM<CGO<YSZ. 

8.1.4 Cost-Effective Process for Fabricating Tubular Support Components 

Paste extrusion was a suitable process for high-speed manufacturing SOFC 

tubular support components. Procedures were developed to extrude dense, 

smooth, straight, round and thin-walled tubular LSGM and YSZ electrolytes from 
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pastes with Duramax (aqueous) and PVB (organic) additives. Well-shaped 

electrolyte tubes were more easily produced using water-based additives. A binder 

ratio of 5 parts B 1051 to 1 part B 1052 produced the best extrudate and gave the 

highest yield. Moisture content in the dough was sensitive to the quality of 

extrudates and adding 8-9% water gave higher both green and sintered yields. 

Optimal formula for extrusion of YSZ tubes was 12% binders 

(81051/81052=5:l), 1.5% pH control agent (AMP-95), 1.5% surfactant (PET-

400) and 8.5% water (as a percentage of the powder). Procedures for extruding 

anode-supported components using methylcellulose binder were also developed. 

A tapered three-spider extrusion die improved extrudate quality and using C­

shaped tube holders made from PET or teflon successfully helped the extruded 

tubes retain their conformation during drying. Rheological behaviour of the dough 

affected extrudability and extrudate yield. Green tube yields of 60-98% were 

achieved. Various size electrolyte tubes were fabricated. The 4-mm OD YSZ 

tubes were mass manufactured using an industrial mixer and extruder. The tubes 

for fuel cell stack development had tight tolerances: OD and roundness: 4.0±0.1 

mm; wall thickness: 0.2±0.02 mm; length: (200-300)±1 mm. 

8.1.5 Novel Design to Increase Power Packing Density 

A novel tubular stack design concept, termed a multiple tubular fuel cell (MTFC), 

was developed to increase stack volumetric power packing density. The MTFC 

has a variable number of different diameter tubular cells assembled concentrically. 

Compared to a single-tube cell design, the MTFC design could increase stack 

volumetric power density by 84% for a three-cell module or 116% for a five-cell 

module. The following relationships were developed to predict the effects of 

design parameters on volumetric power packing density: 

Where Pv = volumetric power packing density, W/cm3 or kW/L 

Pa = cell area power density, W/cm2 

di = smallest tube ID, cm 
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Ad = ID difference between the two neighbouring tubes, cm 

n = number of tubes in a module. 

This design has the potential to increase fuel efficiency because neighbouring tube 

surfaces share the same gas passage; so two reaction surfaces contact the gas. The 

modular design can also increase stack reliability because each module can be 

controlled and monitored separately. If an individual module fails, it can be 

switched off and replaced. However, this concept needs to be proven further and 

techniques to collect the current from individual cells need to be developed. 

8.2 Recommendations for Future Work 

Although LSGM is an excellent oxygen ion conductor at intermediate 

temperatures (600-800°C), LSGM electmlyte and Ni-based anode SOFCs have 

technical and economical obstacles that need to be solved before commercial 

production. For example, the LSGM material needs to be sintered at temperatures 

above 1450°C in order to obtain a dense electrolyte. The LSGM reacts with 

traditional Ni-based anodes during cell fabrication (the firing step), producing 

LaNi03 (an insulating phase) and increasing anode polarization losses. If LSGM 

is used as a support component and sintered before applying the anode, the 

LSGM-Ni reaction would not occur. However, LSGM is very expensive (Ga20 3 is 

more than $2000/kg, Alfa Aesar), so using it as a support component increases 

SOFC costs. To overcome these two barriers, it is recommended that the 

feasibilities of following three alternative avenues be investigated. 

l. Developing nanosize LSGM powder and applying as thin electrolyte layer on 

traditional nickel-zirconia based anode support. Hopefully techniques to 

densify the nanosized LSGM layer below 1200°C can be developed. 

2. Using a nickel-zirconia anode but applying thin LSGM layer by plasma 

spraying. This approach eliminates the need for high temperature firing. But 

has the challenges of LSGM layer densification and achieving suitable 

bonding strength between the LSGM layer and the support. 

3. Deve1oping a nickel-free anode, for example using Lao.1sSro.2sCro.sMno.s03. 

4. The MTFC design concept for increasing stack volumetric power density and 

fuel utilization needs to be proved, with effort going into manifold design and 

current collection. 
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