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ABSTRACT: Biomass is one of the most abundant and cheap renewable energy sources and 

gasification product gases from the pyrolysis process of biomass such as mallee wood and 

wheat straw contain typically 20-27% H2 and small amount of CO and CH4 (8-13%). Here, 

preliminary results on the performance of Ni/Y2O3-ZrO2 cermet anode-supported tubular 

solid oxide fuel cells (SOFCs) for the electricity generation from gasification product gases 

are presented. Two product gases derived from mallee wood and wheat straw are used as the 

fuels. The tubular SOFCs deliver a maximum power density over 576 mW cm-2 at 800oC, 

close to the power density based on the equivalent amount of pure H2 or CH4 fuel. The power 

density is affected by the flow rate of product gas, but there are no significant differences of 

power output among the product gas sources used. However, the cell performance decreases 

gradually and the degradation in the electricity generation performance of the tubular SOFC 

is most likely due to the  presence of impurities such as sulphur and chlorine-containing 

compounds in the biomass feedstock. The results demonstrate the feasibility of the 
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gasification product gases fueled SOFCs for the on-site electricity generation and the 

deterioration effect of impurities could be mitigated by cleaning the product gases or by 

developing the contaminant tolerant electrodes. 

Keywords: Tubular solid oxide fuel cells; gasification product gas; biogas; wheat straw; 

mallee woods; electricity generation. 

1.   INTRODUCTION  

       Biomass is one of the cheapest and abundant renewable energy sources. Compared to the 

traditional technologies based on the direct combustion of solid fuels, gasification-based 

power generation technologies can offer much higher efficiencies and lower emission of air 

pollutants (NOx, SOx, etc). The advantages of gasification are particularly profound for the 

utilisation of biomass, because biomass has a much higher gasification reactivity than coal 

and petroleum coke. Biomass gasification product gases are a complex mixture including 

hydrogen, methane, carbon monoxide, carbon dioxide, nitrogen and traces of impurities such as 

hydrogen sulphide, chlorine, ammonia and volatile organic compunds.1-3 The composition of 

biogas is dependent on the type of biomass and production processes.4 With small scale 

biomass gasifiers, fuel cells are the device of choice to generate electricity using the 

gasification product gas fuel due to the high efficiency and modularity of fuel cells. Among 

different types of fuel cells, solid oxide fuel cell (SOFC) is particularly suitable because of its 

flexibility to accept mixed fuel gases in addition to hydrogen, and is considered to be the 

most efficient and less polluting power generating technology. As an all-solid device, SOFC 

converts electrochemically the chemical energy of fuels such as H2, CO and CH4 directly to 

electricity without combustion.  

      There have been investigations on the direct utilization of gasification product gas or biogas 

fuel in SOFCs. Staniforth and Ormerod studied the effect of methane ratio in simulated biogas 
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CH4-CO2 mixture on the performance of tubular SOFC, and found that SOFC can be running 

on a remarkably low concentration of methane, on which the conventional heat engine cannot 

work.5 Xie et al. evaluated the Ni–SDC anode-supported cell running on simulated N2-H2-CH4-

CO-CO2 biogas at 600oC, and observed that the cell performance decreased rapidly within 20 

min due to carbon deposition on the anode, whereas the cell stability was enhanced by alloying 

Ni with Cu.6 The impurities in biogas such as H2S in bio-waste derived gas have a profound 

effect on the anode activity and performance stability.7-11 Shiratori et al. reported that the 

addition of 1 ppm H2S to simulated CH4-CO2 biogas mixture caused a ~9% drop of cell voltage 

and a ~40% decrease in reaction rate of internal dry reforming reaction in the first 2 h of test at 

1000 oC.12 On the other hand, the sulphur poisoning effect can be minimized by 

desulphurization of the biogas11, 13 or by tailoring the materials or composition of anodes.9, 14, 15 

In contrast to the dramatic performance degradation in the presence of H2S, SOFCs are tolerant 

toward the presence of ammonia in the biogas which can be decomposed to nitrogen and water 

after the electrochemical reaction.16 

      However, there is a lack of information on performance of SOFCs on real biogas derived 

from the gasification of biomass as majority of the literatures are based on the simulated biogas 

compositions. Herein, we present our preliminary results on SOFC running on real biogases 

prepared from mallee wood and wheat straw by gasification. The results indicate the 

feasibility of direct utilization of the gasification product gases as the fuel of SOFCs for the 

on-site electricity generation.  

2.  EXPERIMENTAL SECTION 

      A laboratory-scale pilot gasification plant (H1.50 m × Φ0.44 m)1, 17 was used for 

producing biogases in this study. The biomass samples were 0-6 mm with ~5% moisture. The 

details of the internal structure of mallee wood and wheat straw were given in reference 1. 
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Briefly, Australian mallee wood or wheat straw was continuously fed into the reactor and the 

average gasification temperature used in this study was ~880 oC. The gas products of the 

biomass were reformed by passing through a catalytic reactor embedded on the top part of the 

gasification plant. The char catalysts (4-6 mm) used in the catalytic reactor were separately 

prepared by pyrolysis of mallee chips at ~780 oC in the plant prior to the gasification 

experiments. The gasification products after going through the catalytic reactor were further 

cleaned by a series of bubblers (impingers) with chloroform and methanol 

(chloroform:methanol=4:1 in vol.). The bubblers were cooled in a dry ice bath (-78 oC). The 

gas coming out of the bubblers was then collected into gas bags and ready for use. The gas 

composition was in the range of 20-27% H2, 5-8% CO, 3-5% CH4, 8-10% CO2 and 50-64% 

N2. As-prepared biogases from mallee wood and wheat straw before being reformed by the 

char catalyst were denoted as B1 and B2, respectively, and as A1 and A2 after being 

reformed by the char catalyst. Table 1 lists the compositions of product gases in this study. 

The sulphur and chlorine-contained compounds were not analysed in this study. 

Nevertheless, when collecting the product gas, the strong sulfur was smelled, indicating the 

existence of sulfur in the gasification product gases. 

      NiO-yttria stabilized zirconia (YSZ) anode-supported YSZ film tubular SOFCs were 

fabricated by slip casting and dip coating methods. The weight ratio of NiO to YSZ powder 

was 65:35. Cathode layer consisting of a La0.80Sr0.20MnO3-YSZ (LSM-YSZ with weight ratio 

of 1:1) composite cathode and a LSM current collection layer were applied to the sintered 

tube by dip coating and painting, followed by sintering at 1000oC for 2 h. The fabrication 

details were given in a previous report.18 The cell areas were 3.0 to 3.7 cm2. Ag ink (DAD-

87, Shanghai Research Institute of Synthetic Resin) was painted on both the anode and 

cathode as current collector. The tubular cell was sealed to an alumina tube via a ceramic 

sealant (Ceramabond 552, Aermco Products Inc.). Hydrogen, methane or biogases were 
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passed through a water bubbler at room temperature and water content in wet fuels was ~3%. 

The fuel flow rate was varied from 25 to 100 ml min-1. NiO of the anode was reduced to Ni 

metal in situ under fuel reducing conditions before the tests at 800 oC, forming Ni-YSZ 

cermets. The cathode was exposed directly to ambient air.  

The cell performance was measured at 800oC using a Gamry Reference 3000 

Potentiostat. The electrochemical impedance spectroscopy of the cell was measured at open 

circuit in the frequency range of 0.1 Hz to 100 kHz with a signal amplitude of 10 mV. Cell 

microstructure was examined by scanning electron microscopy (SEM, Zeiss Neon 40EsB) 

equipped with X-ray energy dispersion spectroscopy (EDS). Figure 1 shows the cell 

arrangement and tubular cell used in this study. 

3.  RESULTS AND DISCUSSION 

      3.1. Cell structure. Figure 2 shows the SEM micrographs of a typical tubular cell 

structure. The cell consists of 5 layers including a 0.8 mm Ni-YSZ porous anode support with 

a coarse structure, a 13 µm-thick anode functional layer (AFL) with a fine microstructure, a 

16 µm-thick dense YSZ electrolyte film, a 14 µm-thick porous LSM-YSZ composite cathode 

functional layer (CFL) and a 8 µm-thick porous LSM outer cathodic current collection layer 

(CCCL). The functional layer of an electrode is where the electrochemical reaction occurs 

and the fine and uniform microstructure maximizes the active sites at the electrode/electrolyte 

interface region and facilitates the electrochemical reaction, while the coarse and porous 

outer layer benefits the fast gas diffusion of the reactants and products of the fuel cell reaction 

to and from the reaction sites primarily located within the inner functional layers.    

     3.2. Cell performance in wet H2 and wet CH4. The polarization performance of the 

anode-supported tubular cells was first investigated in pure wet hydrogen and methane. 

Hydrogen and methane are the main components of the biogases, as shown in Table 1. Figure 
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3 shows the performance curves of a tubular cell running on pure wet hydrogen and wet 

methane at 800oC. The open circuit voltage of the cell in wet H2 is ~1.1 V (Fig. 3a), close to 

the theoretical value, indicating that the electrolyte film is fully dense and gas impermeable. 

The power density at a cell voltage of 0.7 V was 523 mW cm-2 at a hydrogen flow rate of 50 

ml min-1, and increased to 598 and 630 mW cm-2 when the fuel flow rate was increased to 

100 and 200 ml min-1, respectively. The impedance responses of the cell were characterized 

by two discernible arcs at high (> 10 Hz) and low (< 10 Hz) frequencies (Fig. 3b), indicating 

that the cell reaction can be separated by at least two dominant electrode processes. The low 

frequency arc depends strongly on the flow rate of fuel and is reduced by increasing the 

hydrogen flow rate, while the high frequency arc remains more or less the same with the fuel 

flow rate. This indicates that the low frequency arc is most likely associated with the 

electrochemical oxidation reaction of the hydrogen at the Ni-YSZ anode and the high 

frequency arc is associated with the oxygen reduction reaction at the LSM-YSZ cathode. This 

is consistent with the observation of the characteristic cathodic impedance at a high 

frequency of 2 kHz for a LSM-YSZ cathode and the characteristic anodic impedance at a low 

frequency of 4 Hz for a Cu-ceria-YSZ anode.19 During the hydrogen oxidation reaction, 

hydrogen is consumed at the reactive sites primarily within the Ni-YSZ function layer with 

the concomitant production of water. Thus, a higher fuel flow rate facilitates the rapid 

transport of fuel and removal of the reaction product to and from the function layer at the 

electrode/electrolyte interface region.    

      In the case of wet CH4, the open circuit voltage of the cell is similar to that measured in 

wet H2. The power density measured at 0.7 V is 583 mW cm-2 in CH4, higher than 523 mW 

cm-2 measured in wet H2 under the same flow rate (Fig. 3c). This indicates the high 

electrocatalytic activity of the Ni-YSZ anode for the oxidation reaction of methane.20, 21 

Compared to the case of running on wet hydrogen, the low frequency impedance responses 
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associated with the methane oxidation reaction at the anode are very different. The low 

frequency impedances are characterized by more than one arc and also are significantly 

smaller than that observed for the hydrogen oxidation reaction (Fig. 3d). This shows that 

methane oxidation reaction is a complicated and multiple step reaction and may consist of 

methane internal reforming, carbon deposition and oxidation under fuel cell operation 

conditions.21-23 The thick anode layer (~0.8 mm) can retain the steam produced within the 

structure, which in turn could significantly enhance the internal reforming of methane, 

producing in situ H2 and CO fuels for the fuel cell reaction. This appears to be confirmed by 

the high power output of the cells at high polarization currents. The steam produced within 

the electrode layer in turn suppresses the catalytic cracking of methane and carbon 

deposition. Nevertheless, the performance and stability of Ni-YSZ based cermet anodes is 

critically dependent on the composition and microstructure of anode, supply of oxygen ions 

by applying current, ratio of methane to steam, etc.24    

Stability of the tubular SOFCs in wet H2 and wet CH4 was tested under a constant current 

of 500 mA cm-2 at 800 oC. In the case of running on hydrogen, the cell is more or less stable. 

The initial voltage was 0.81 V and was stabilized at 0.80 V after polarization at 800oC for 25 

h (Fig. 4a). After switching to wet CH4, the voltage increased abruptly and was 0.85 V after 

polarization for 2 h. After interruption of the current passage for the polarization and 

impedance measurements for ~5 min, the cell voltage started at ~0.90 V when the current was 

applied. However, the cell voltage was rapidly declined in the first 10 min, followed by a 

rather gradual decrease. Such rapid change of the cell voltage as a function of the interruption 

and application of polarization current is reproducible, but the general trend in the cell 

stability is not affected. After running on wet methane for 24 h, the voltage decreased slowly 

to 0.83 V, slightly lower than the initial cell voltage of 0.85 V. The cell voltage after 

switching to hydrogen is 0.77 V, lower than 0.80 V before the test in wet methane. This 
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indicates that the degradation in the cell performance in wet methane cannot be completely 

recovered. This is also indicated by the slightly reduced power output of the tubular cells 

after running on methane fuel (Fig. 4b and c). The results indicate that the tubular cells have 

an acceptable operating stability in wet hydrogen and methane.       

3.3. Cell performance, fuel efficiency and stability in biogases. Figure 5 shows the 

polarization and power output curves of the tubular cells running on biogases at 800oC. The 

polarization performance of the tubular cells is largely dependent on the flow rate of 

biogases, similar to that on wet hydrogen. For example, the peak power density running on 

gasification product gas from wheat straw after the catalytic reforming, A2 biogas, is 265, 

422 and 576 mW cm-2 at a flow rate of 25, 50 and 100 ml min-1, respectively. An increase in 

the flow rate of the biogas increases the power output of the cell. The peak power density in 

the A1 and A2 biogases at a flow rate of 50 ml min-1 is 449 and 422 mW cm-2, respectively, 

higher than 390 and 385 mW cm-2 in the B1 and B2 biogases. The increase of power output 

in the A1 and A2 biogases is most likely due to the small increase in the hydrogen and carbon 

monoxide contents of the reformates of the product gases B1 and B2 after the reforming 

treatment by the char catalysts (see Table 1). The power output of the tubular cells running on 

different fuels is summarized in Table 2. 

The power density of tubular cells based on biogases is quite reasonable and also 

comparable to that measured in pure hydrogen and methane. For example, the cells running 

on biogases (H2+CO+CH4 <50%) at a flow rate of 100 ml min-1 deliver power densities of 

435-459 mW cm-2 at a cell voltage of 0.7 V, slightly lower than 523 and 583 mW cm-2 on 

hydrogen and methane at a flow rate of 50 ml min-1, respectively. The power output of the 

cells could be further increased by the increase in the fuel flow rate and by the optimization 

of the cell and electrode structures. The good power performance of the tubular SOFCs as 
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shown in the present study demonstrates that the biomass gasification product gases can be an 

effective fuel to replace pure hydrogen and methane for the electricity generation.   

The fuel efficiency of tubular cells was also calculated at a cell voltage of 0.7 V and the 

results are given in Table 3. Fuel flow rate has a significant effect on the fuel efficiency. For 

example, the fuel efficiency is 38.8% at a fuel flow rate of 50 mL min-1 and decreases to 

22.1% when the flow rate increases to 100 mL min-1, though the power density increases at a 

higher flow rate for the hydrogen fuel (see Table 2). In the case of biogas A2 at a flow rate of 

100 ml min-1 the fuel efficiency is 26.6% and 36.7% based on a N2 content of 50% and 64%, 

respectively, lower than 38.9% in hydrogen but higher than 10.7% in methane at a flow rate 

of 50 ml min-1. The presence of a high amount of non-flammable gases, i.e. N2 and CO2 

dramatically dilutes the concentration of fuels, and therefore the cell output performance in 

biogases is slightly lower than that in pure hydrogen and methane.  However, the efficiency 

calculated on small tubular cells is generally on the low side due to the much smaller reaction 

area as compared to the practical tubular and planar cells. The data as listed in Table 3 can 

only be used for the comparison purpose. 

Figure 6 shows the short-term stability tests of tubular cells under a constant current of 

200 mA cm-2 at 800oC. Prior to the test on wet biogases, the cell voltage was stabilized on 

wet H2 at 0.96 V (Fig. 6a). The introduction of the reformate of gasification product gas from 

mallee wood, A1 biogas, leads to a rapid and continuous decrease of the cell voltage. The 

initial cell voltage was 0.91 V and declined to 0.85 V after polarization in A1 biogas for 150 

min. On the other hand, the cell voltage can be fully recovered by switching back to H2. In 

the case of running on the reformate of gasification product gas from wheat straw, A2 biogas, 

the cell voltage increased quickly from 0.79 V to 0.89 V after polarization for 50 min. The 

cell performance is rather stable and the cell voltage decreased slightly to 0.85 V after 

operation for 150 min (Fig. 6b). The cell performance measured in the gasification product 
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gas from wheat straw before the catalytic treatment, B2 biogas, shows a similar trend to A2, 

though the decay of voltage in B2 is more pronounced. Nevertheless, the degradation of 

tubular cells is much more significant as compared to that running on pure hydrogen and 

methane. However, similar to the case of A1 biogas, the cell performance losses after running 

on A2 and B2 were completely recovered after returning to H2 fuel. 

      The impedance responses before and after the short-term stability tests on the biogases 

are shown in Fig. 7. After the stability tests in various biogases, there is little change in the 

high frequency arc, while the low frequency arc increases in size. As discussed above (Fig. 

3), the low frequency impedance is associated with the electrochemical oxidation reaction of 

fuels at the anode. Thus, the increase in the low frequency arc of the tubular cells after 

polarization in the biogases is most likely due to the performance decay of the Ni-YSZ anode 

during the test in biogases.  

      3.4. Microstructure after stability tests in biogases. Figure 8 shows the SEM 

micrographs of cross section and surface of Ni-YSZ cermet anode electrodes after the 

stability tests in biogases at 800 oC. In the regions close to the Ni-YSZ electrode and YSZ 

electrolyte interface region, i.e., the anode function layer, the surface of both Ni and YSZ 

particles is clean after testing in various biogases (Fig. 8a and c). In contrast to the clean Ni 

grain surface in the bulk of the electrode, there are nanoparticles formed on the surface of Ni 

grains close to the outmost surface of the electrodes (Fig. 8b). Similar deposition and 

formation of nanoparticles were also observed on the surface of Ni particles after test in 

gasification product gases derived from mallee wood and wheat straw before the catalytic 

reforming treatment, B1 and B2 biogases. EDS was conducted on the Ni particles but cannot 

detect any other peaks except Ni probably due to the very low concentration of nanoparticles 

formed on the surface.     
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3.5. Feasibility of direct utilization of biogas fuel in tubular SOFC. Among the 

agricultural biomasses (wheat straw, triticale, fescue miscanthus and switchgrass), wheat 

straw has highest sulphur content of 1.6% and the chlorine content is also high, ~0.27%.25 

The sulphur and chlorine contents of mallee wood are lower, 0.01 and 0.04 wt%, 

respectively.26 It has been reported that trace of H2S even in the ppm level can poison the Ni 

anode by initial adsorption of sulphur onto Ni grain surface, followed by the formation of 

nickel sulphide (Ni2S3), which can significantly reduce the reaction site as well as the 

electrocatalytic activity for the oxidation reaction on the anode.27 The sulphur poison of the 

electrocatalytic activity of Ni-YSZ cermet anodes has been reported to have an initial rapid 

cell voltage drop, followed by a slow but continuous drop in cell voltage. The initial sharp 

degradation is recoverable on removal of H2S as a result of rapid desorption of sulphur on the 

Ni surface;28, 29 while the second stage of poisoning due to the formation of nickel sulphide at 

the anode/electrolyte interface cannot be completely recovered.30 Our previous study on 

sulphur deposition and poisoning of Ni-YSZ and Ni-GDC anodes reveals the significant 

modification and roughening of Ni particle surface after exposure to a H2S concentration in a 

range of 5-700 ppm, though there is a lack of distinct sulphur peak in the EDS spectra.8 The 

formation of nickel sulphide and its decomposition on pure hydrogen could be responsible for 

the modification and roughening of the Ni surface.8 The presence of H2S can be highly 

detrimental to the electrocatalytic activity of Ni catalysts.7, 9, 10, 31 Staniforth and Kendall 

observed the rapid power output loss within 100 min when running the cells in raw landfill 

biogas which contains less than 1% H2S, and they found that the desulphurisation 

significantly enhanced the cell longevity.13 Chlorine compounds such as Cl2 and HCl are also 

known to poison and degrade the activity of Ni-YSZ cermet anode.32, 33 For example, Haga et 

al. found that the chlorine degradation rate increased with increasing Cl2 concentration and 

observed the formation of Ni nanoparticles on zirconia grains.32 The presence of H2S in the 
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gasification product gases derived from mallee wood and wheat straw is the most likely 

reason for the degradation and loss of the activity and performance of the tubular cells. The 

presence of sulphur was also indicated by the strong smell of H2S during the product gas 

collection in this study.  

However, the near complete performance recoverability of the tubular cells after 

returning to hydrogen (Fig. 6) and negligible microstructure modification and roughening of 

the Ni phase of the Ni-YSZ cermet anodes after test in biogases (Fig. 8) indicate that 

poisoning of impurities in the biogases on the electrocatalytic activity can be recovered and 

damage to the microstructure of the Ni-YSZ cermet anodes is relatively minor, though the 

nature and content of the impurities in the biogases are not clear at this stage. As shown in the 

literature, the deterioration effect of H2S can be mitigated by cleaning the product gases11 or 

by developing sulphur tolerant anodes such as ceria nanoparticles infiltrated Ni-YSZ8, 34, 35 

and Cu-Co-ceria.36  On the other hand, the poisoning effect of chlorine compounds is largely 

reversible.32 Early studies also show that ceria and Pd infiltration can also significantly 

enhance the tolerance and resistance of the Ni-YSZ cermet anodes towards carbon cracking 

and deposition.18, 20, 37 In addition, after the performance and performance stability test in 

gasification product gases, no carbon particles or layer was observed on the fuel entry section 

of the alumina tubes or on the surface of the anode side of the cell. This indicates that the 

carbon cracking or deposition of the gasification product gases under the present conditions is 

very low or negligible. Thus, with further microstructure modification and optimization, Ni-

YSZ based tubular cells can be operated directly in gasification product gases with high 

power output and operating stability. 

4. CONCLUSIONS 
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      Mallee wood and wheat straw derived gasification product gases were investigated as the 

potential fuels for tubular SOFCs. The preliminary results have demonstrated that the SOFC 

running on the biogases can reach a peak power density of 576 mW cm-2 at 800oC, 

comparable to that running on equivalent amount of pure hydrogen or methane. The presence 

of impurities such as H2S and Cl-containing compounds in the biogases deteriorates the 

microstructure and electrocatalytic activity of Ni-YSZ anode, but the performance can be 

recovered after returning to pure hydrogen. The results indicate that by removing the 

impurities in particular sulphur via desulphurisation and/or by developing sulphur-tolerant 

anodes, it is feasible to directly utilize biomass gasification product gases as effective fuels in 

SOFCs for the on-site electricity generation.  
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Figure 1. Schematic diagram of tubular cell arrangement for running on biogases. An optical 

photo of a tubular cell is also included.   
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Figure 2. SEM micrographs of cross sections of a typical tubular cell: (a) Overview of 5 

layered structure consisting of a 800 µm Ni-YSZ anode support, a 13 µm Ni-YSZ anode 

functional layer (AFL), a 16 µm YSZ electrolyte, a 14 µm LSM-YSZ cathode functional 

layer (CFL) and a 8 µm LSM cathode current collection layer (CCCL), and (b) magnified 

anode support/AFL/YSZ electrolyte triple layers.     
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Figure 3. (a) Polarization performance curves and (b) impedance responses of a tubular cell 

running on wet H2 at 800oC, measured at different flow rates, and comparisons of (c) 

polarization curves and (d) impedance responses of the cell running on wet H2 and wet CH4 

at 50 ml min-1. 
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Figure 4. (a) Cell stability curve at a constant current of 500 mA cm-2 and 800oC in wet H2 

and wet CH4 at a flow rate of 50 ml min-1, and performance curves measured (b) in wet CH4 

and (c) in wet H2 before and after running on CH4. 
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Figure 5. Polarization performance curves of a tubular cell in biogases: (a) B1, (b) B2, (c) A1 

and (d) A2 at 800oC in the flow rate range of 25-100 ml min-1.  

 
  

20 
 



 

 
 

0 500 1000 1500 2000 2500
0.7

0.8

0.9

1.0

1.1

H2

B2

H2H2
H2

A2

 

 
Ce

ll 
vo

lta
ge

 / 
V

Time / min

A1

(a)

 

      
450 500 550 600 650

0.7

0.8

0.9

1.0

1.1(b)

H2H2

A2

 

 

Ce
ll 

vo
lta

ge
 / 

V

Time / min  
 
Figure 6. (a) Cell voltage as a function of current passage time at 200 mA cm-2 and 800oC in 

hydrogen and various biogases at a flow rate of 50 ml min-1 and (b) the enlarged stability 

curve in the cell in A2 biogas. 
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Figure 7. Impedance responses of a tubular cell before and after the stability tests in various 

biogases at a constant current of 200 mA cm-2, 800oC for 150-180 min.   
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Figure 8. SEM micrographs of cross sections of Ni-YSZ anodes: (a,b) after the initial 

performance tests in various biogases; and (c,d) after the stability tests in B1 biogas for 3 h 

and B2 biogas for 3 h.  
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Table 1. Composition of gasification product gas (N2 free) before, and after being reformed 
by the char catalyst*. 

Components Mallee wood  Wheat straw 

 
 B1 A1 B2 A2 

H2 50.62 54.26 49.18 53.31 

CO 17.05 18.54 16.83 17.58 

CO2 23.99 19.61 25.47 21.00 

CH4 8.34 7.59 8.52 8.12 

*The sulphur and chlorine contents of the gasification product gases were not measured and N2 content in the 
product gas was in the range of 50-64%. 
 

 
Table 2. Power densities at a cell voltage of 0.7 V of the tubular cells running on different 
fuels at 800oC. 
 

             Flow rate / ml min-1 
 
 
Fuels 

Power density / mW cm-2 

 
25  50 100  

H2 - 523 598 
CH4 - 583 - 

B1 250 363 435 

B2 234 363 440 

A1 288 398 436 

A2 255 374 459 
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Table 3. Fuel efficiencies measured at cell voltage of 0.7 V of the tubular cells running on 
different fuels at 800oC. 

                Flow rate/ml min-1 

 

Fuels 

Fuel efficiency  / % 

25 50 100 200 

H2 - 38.9 22.1 11.5 

CH4 - 10.7 - - 

B1 57.9① 80.3② 42.1 ① 59.2 ② 25.5 ① 35.5 ② - 

B2 57.7 ① 79.2 ② 44.3 ① 61.7 ② 26.8 ① 37.6 ② - 

A1 62.2 ① 87.1 ② 44.5 ① 59.7 ② 23.6 ① 32.3 ② - 

A2 58.2 ① 81.0 ② 43.0 ① 59.5 ② 26.6 ① 36.7 ② - 

 
① N2 content is 50%; ② N2 content is 64%. 
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