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Abstract: 

 In the present study, chemical equilibrium FactSage computations with an actual flammable 

off-gas have been firstly done for designing a prototype O2 reducing apparatus to convert the off-gas into 

safe SOFC fuel and determining a thermal pretreating temperature range. O2 reducing experiments from 

simulated flammable off-gases as thermal pretreatments before feeding to the SOFC anode side have been 

carried out. 

 O2 concentration can be reduced in proportion to the Ni surface area, reaching the minimum 

concentration of about 0.16 vol% from its initial value of 10.2 vol% with the Ni surface areas of 562 

m2/m3 at 1073 K. H2 and CO concentrations of the objective SOFC fuel constituents are close to their 

respective initial concentrations, due to accelerated Boudouard reactions and reverse shift reaction. 



Concentration of H2 plus CO once reached the maximum value at 537 m2/m3 of Ni surface area, 

concretely 92.8 % of H2 plus CO is remaining in comparison with the initial simulated flammable off-gas. 

 Some recommended future strategies of this thermal pretreating process to convert the 

flammable off-gas into safe SOFC fuel are also proposed in every part through this paper so as to supply 

complete solutions for any global-scale problems. 
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Highlights: 

 O2 concentration can be reduced from 10.2 vol% to about 0.16 vol% at 1073 K. 

 O2 is reduced in proportion to Ni surface area per unit reactor volume. 

 Anoxia from off-gas can be realized at over 567 m2/m3 of Ni surface area at 1073 K. 

 Increasing H2 and CO concentrations reveal with increasing temperature above 873 K. 

 H2 plus CO remains 92.8 % in comparison with initial off-gas at 1073 K. 

 

Introduction 

 Solid oxide fuel cell (SOFC) is one of the promising power generating devices although it is 

operated at rather high temperatures ranging from 873 to 1273 K [1-5]. At the same time, such high 

operating temperatures of the SOFC provide various potential advantages over prevalent polymer 

electrolyte fuel cell (PEFC) operated at around 373 K [6-9] in terms of higher power generating 

efficiencies and high-quality waste heats [10] capable to power gas/steam turbines [11-13] as well as wide 

variety of feeding fuels to the SOFC anode side such as methane (CH4) [5,14-18], methanol (CH3OH) 

[5,18-21], ethanol (C2H5OH) [5,18,22-24] and carbon monoxide (CO) [25] along with hydrogen (H2). 

 Even though above-mentioned beneficial features of the SOFC, several degradations originated 



from the SOFC anodes are still remaining [26,27] especially in terms of carbon deposition/formation 

[14,15,23], crack formation [16,25,26,28-30] and pore formation/disappearance [1,4,26,28,30-32] owing 

to redox cycles of nickel (Ni) [26,29-33], which is one of the most essential constituents in the SOFC 

anode. Specifically, Ni oxidation to NiO accompanies its volume expansion of about 70 %, conversely, 

NiO reduction to Ni takes place along with its volume shrinkage of about 42 % [31,34,35]. The SOFC 

anodes themselves have been advanced [3,16,33,36-43] and are under keen developments by means of 

material designs, theoretical modeling/simulating works, electron microscope analyses, synthetic route 

alternations and so forth, nevertheless no degradation owing to the SOFC anodes has been restrictedly 

accomplished as reported by literatures [1,16,38,41-45]. In other words, repressing methods of 

degradations originated from the SOFC anodes without recourse to material engineering are one of 

significant issues in order to improve their durability, reliability and the SOFC performance. 

 Power generating capacity of the SOFC must be naturally deteriorated when the feeding fuel to 

the SOFC anode side contains O2 because of lowering fuel constituents' concentrations, fuel constituents' 

oxidations and depressed O2 pressure gradient between the anode and cathode sides. Therefore, anoxia of 

the SOFC fuel with keeping fuel constituents' concentrations is considered one of the most essential 

pretreatments. Furthermore, the SOFC fuel containing highly concentrated fuel constituents is again 

indispensable so as to keep the higher SOFC performance and the SOFC anode stable, taking gradual 

consumptions of the fuel constituents through the SOFC anode (i.e. so-called Nernst loss [46]) into 

consideration. 

 In the present study, O2 reducing experiments from simulated flammable off-gases with keeping 

the SOFC fuel constituents' concentrations (i.e. H2 and CO concentrations) were carried out with a 

prototype O2 reducing apparatus manufactured as thermal pretreatments before feeding to the SOFC 

anode side. Chemical compositions of the simulated flammable off-gases before and after the thermal 

pretreatments were quantitatively measured by micro-gas-chromatography. And, some recommended 

future works and strategies to keep the higher SOFC performance and the SOFC anode stable as well as 

logical discussions are described in every part through this paper. 



 Before going to the main contents of this paper, chemical equilibrium computations have been 

done in order to obtain designing guidelines for the prototype O2 reducing apparatus and thermal 

pretreating temperature range by using a commercial software of the FactSage (FactSage, Schneider 

Electric Software Japan Inc., Japan). Here, the FactSage is one of the largest fully integrated database 

computing systems in chemical thermodynamics in the world. The FactSage automatically accesses 

databases of thermodynamic data for thousands of compounds as well as to evaluated and optimized 

databases for hundreds of solutions of metals, liquid and solid oxide solutions, mattes, molten and solid 

salt solutions, aqueous solutions, etc. 

 Fig. 1 shows major constituents' concentrations of the thermally pretreated flammable off-gas in 

respective equilibrium conditions calculated under vast temperature range from 473 to 1273 K by the 

FactSage. For these FactSage computations, the initial temperature was set at a constant of 298 K, and 

initial concentrations of each constituent gases in the flammable off-gas for the chemical equilibrium 

FactSage computations were decided in conformity to the actual flammable off-gases caught from certain 

leading Japanese companies as 27.3 vol% of H2, 20.2 vol% of CO, 0.2 vol% of CO2, 0.6 vol% of CH4, 0 

vol% of H2O and 4.8 vol% of O2. 

 

 



Figs. 1. Outcomes of chemical equilibrium computations by means of the FactSage 

 

 Fig. 1 denotes extreme sensitivities of respective major pretreated gas constituents to the thermal 

pretreating temperatures ranging from 473 to 1273 K. At the lower temperatures less than 473 K, most of 

O2 is found to be exhausted by oxidizing H2 and CO, resulting to sharp increases of H2O (water vapor) 

and CO2 concentrations and scarce O2 concentration in ppbv order. H2 and CO concentrations of little 

more than zero are due to the above-described oxidations in conjunction with simultaneous multiple 

carburizing reactions [1,25,47-50]. And, various methanation reactions [1,48,51-53] must take place, 

leading to steep increment of CH4 concentration. In intermediate temperatures ranging from 573 to 973 K, 

concentrations of CO2, CH4 and H2O are gradually decreased, on the contrary, concentrations of H2 and 

CO are sharply increased. These concentrations' changes for the pretreating temperatures might be 

attributed to Boudouard reactions [1,25,48,54-59], CH4 steam reformings [52,60-63] and reverse shift 

reaction [1,27,57,63,64]. At the higher temperatures over 973 K, all constituting gases' concentrations 

tend to be approaching their respective constant values. It is particularly worth noting that H2 and CO 

concentrations are roughly the same as their initial values at the higher temperatures of 1073 K as their 

concreate values are denoted in Fig. 1. 

 On the basis of noteworthy outcomes described in the previous segment, the thermal pretreating 

temperature range for the O2 reducing experiments from the simulated flammable off-gases was 

determined from 873 to 1073 K, where all the constituent gases' concentrations have been drastically 

changed (see Fig. 1). The initial chemical composition of the simulated flammable off-gas was 

determined as shown in Table 1, specifically the H2 and CO concentrations are almost the same level as 

the actual flammable off-gas, minor constituents of CH4, C2H4 and CO2 are disregarded and the O2 

concentration is set doubled so as to emphasize the experimental results of O2 reductions as be analogous 

to acceleration tests [1,26,27]. 

 

Table 1. Actual and simulated flammable off-gas 



 

Constituent H2 CO CH4 C2H4 CO2 O2 N2 

Actual off-gas for the FactSage (vol%) 27.3 20.2 0.6 0.4 0.2 4.8 46.5 

 ∙ǁ∙ ∙ǁ∙    ˄  

Simulated off-gas for experiments (vol%) 25.3 17.9 - - - 10.2 46.6 

 

2. Experimental 

2.1. Experimental apparatus 

 Fig. 2 illustrates a schematic of the prototype O2 reducing apparatus from the simulated 

flammable off-gas. A main thermal pretreating reactor was made of a quartz glass tube with 22 mm of 

inside diameter and 800 mm in length. Throughout the zone in depth of 350 mm from a pretreating gas 

inlet and 300 mm depth up to a pretreated gas outlet, glass wools were packed. The zones of 250 mm 

depth from the gas inlet and subsequent 100 mm depth played roles of dispersing and preheating the 

simulated flammable off-gas, respectively. Then, the subsequent 150 mm depth of the main reactor was 

the most important thermal pretreating reaction zone, where Ni materials could be packed. A cylindrical 

electric furnace (KTF030N1, Koyo Thermo Systems Co., Ltd., Japan) having an operative heating length 

of 300 mm was selected for making thermal pretreating experiments from 873 to 1073 K feasible. 

 The simulated flammable off-gas could be regulated by four digital mass flow controllers (Azbil 

Corporation, Japan), and its constituents' concentrations were continually measured by a 

micro-gas-chromatography (CP-4900, Varian BV, Netherlands). A water vapor trap (water cooled chiller, 

Tokyo Rikakikai Co., Ltd., Japan) was located in connection with the thermal pretreated gas outlet for the 

safeguard of the micro-gas-chromatography. Three thermocouples were attached inside the Ni material 

packed thermal pretreating reaction zone at its inlet (far left side in Fig. 2), middle and outlet (far right 

side in Fig. 2) of respective tube centers. 

 



 

 

Fig. 2. Schematic of prototype O2 reducing apparatus from simulated flammable off-gas 

 

2.2. Experimental procedure 

 Firstly, the predetermined Ni material was packed inside the thermal pretreating reaction zone. 

And, glass wools were packed, and three thermocouples were inserted into the prescribed positions 

through the glass wools and the Ni material packed beds from the thermal pretreated gas outlet. Then, the 

simulated flammable off-gas was adjusted to fit the given compositions listed in Table 1 by regulating 

four digital mass flow controllers. Lastly, the thermal pretreating reaction zone was heated up to the 

preset experimental temperature at 873, 973 or 1073 K by the cylindrical electric furnace with a PID 

controller. 

 Here, Ni compounds are widely utilized as SOFC anodes [3,4,16,25,31,33,38-40,65-81], hence 

the Ni materials were selected as the packed chemical species into the thermal pretreating reaction zone. 

As described in Introduction, the principal purpose of the present study is O2 reducing pretreatments 

from the flammable off-gases before feeding to the SOFC anode side, leading to less SOFC degradations 

derived from the anode [33,38-40]. As for the Ni materials packed, coarse Ni spheres and Ni flocs were 

chosen, having different specific surfaces of about 0.1 and 1.4 m2/kg, respectively. 



 The O2 reducing experiments from the simulated flammable off-gases, of which the initial 

concentrations were H2 of 25.3 vol%, CO of 17.9 vol%, O2 of 10.2 vol% and N2 of 46.6 vol% as balance 

gas, were started by introducing the simulated flammable off-gas into the main thermal pretreating reactor 

at volumetric gas inlet fluxes from 0.50 to 2.0 LN/min. Chemical compositions of the thermal pretreated 

gas were quantitatively measured by the micro-gas-chromatography every 100 seconds for 10 minutes. 

 

3. Results and discussion 

3.1. Experimental confirmation of O2 reduction from simulated flammable off-gas 

 Figs. 3 presents experimental evidences of O2 reductions from the simulated flammable off-gas 

with the coarse Ni spheres packed at various volumetric gas inlet fluxes and thermal pretreating 

temperatures. Hollow and solid triangle symbols on this graph signifies respective measured O2 

concentrations in the thermal pretreated gases and their mean values under each experimental condition, 

respectively. 

 It can be seen that O2 concentration at respective thermal pretreating temperatures was 

significantly decreased with decreasing the volumetric simulated flammable off-gas inlet fluxes, resulting 

from increment of the residence time of the simulated flammable off-gas through the coarse Ni spheres 

packed thermal pretreating reaction zone. Moreover, each O2 concentration at respective volumetric gas 

inlet fluxes was decreased with an increase in the thermal pretreating temperature as the result of 

thermally accelerated all potential reactions such as H2 and CO oxidizations, methanation reactions 

[1,48,51-53], Boudouard reactions [1,25,48,54-59] and CH4 steam reformings [52,60-63]. Though O2 

concentration could be reduced to 2.5 vol% from 10.2 vol% at the volumetric gas inlet flux of 0.50 

LN/min and the thermal pretreating temperature of 1073 K, much further O2 reduction is still needed. 

Therefore, the Ni flocs having the higher specific surface of about 1.4 m2/kg as well as the coarse Ni 

spheres (0.1 m2/kg) has been additionally utilized in the following section 3.2. with expectation for lesser 

O2 concentration attributed to increments of active sites between solid (i.e. Ni) and the pretreating gas 

without any drastic modifications such as scale-up, materials' alternations and further lowering the 



flammable off-gas inlet flux less than 0.50 LN/min (i.e. increment of the residence time of the flammable 

off-gas, see right-hand-side of Figs. 3). Additionally, experimental confirmations of O2 reductions from 

the actual flammable off-gases are justifiably remaining as near future works. 

 As a final concluding remark in this section, the thermal pretreating temperature at 1073 K and 

the volumetric simulated flammable off-gas inlet flux of 0.50 LN/min are decided an optimal pretreating 

condition from the viewpoints of energy saving and continuous running of the SOFC. Concerning the 

former, higher thermal pretreating temperatures over 1073 K yield a constellation of conceivable 

drawbacks such as sensible heat loss, restrictions of any materials, equipment configurations and 

instruments. And, higher temperatures above 1073 K can be efficiently converted into electricity in 

diverse other ways such as gas turbine and steam turbine. Furthermore, the FactSage outcomes connote 

almost the same H2 decrement and CO increment in their concentrations over 1073 K, that is to say, no 

positive benefit can be anticipated at the thermal pretreatments over 1073 K. As for the latter, lesser 

volumetric simulated flammable off-gas inlet flux directly brings about obstacles for continuous running 

of the SOFC and thermal efficiency of this pretreating process as well. Since the commercial SOFC 

systems consume about 1100 LN/(kW･hr) of H2 plus CO, 18.3 LN/min of H2 plus CO are needed for 

continuous running of SOFC system for 1 kW output. Here, the FactSage computations indicated that 

27.3 vol% of H2 and 20.2 vol% of CO at the inlet were converted to 24.3 vol% of H2 and 17.6 vol% of 

CO, and the inlet off-gas flux of 0.50 LN/min was lowered about eight out of ten. Therefore, 0.35 LN/min 

of H2 plus CO can be calculated with the following equation (1) at 0.50 LN/min of the inlet off-gas flux in 

accordance with the FactSage data. 

     0.50 LN/min Ｘ 8/10 Ｘ (24.3 vol% + 17.6 vol%)/(27.3 vol% + 20.2 vol%) = 0.35 LN/min (1) 

Here, the prototype O2 reducing apparatus was so tiny, having only 25 mm of outside diameter of the 

quartz glass tube. Then, the feasible scale-up calculated by following equations (2), (3) and (4) can realize 

the continuous running of commercial SOFC system with 1 kW output. 

     (π/4) Ｘ D2/{(π/4) Ｘ 252} = 1100 LN/min / 60 min/hr / 0.35 LN/min   (2) 

     D2 = 1100 / 60 / 0.35 Ｘ 252 = 32738       (3) 



     D = 181 mm of outside diameter of the O2 reducing apparatus    (4) 

 

 

 

Figs. 3. Experimental evidence of O2 reduction (Effect of pretreating temperature) 

 

3.2. O2 reduction from simulated flammable off-gas with keeping H2 and CO concentrations 

 Fig. 4 shows concentrations of the objective constituents (i.e. O2, H2 and CO) after the thermal 

pretreatments of the simulated flammable off-gas at the constant volumetric gas inlet flux of 0.50 LN/min 

and thermal pretreating temperature at 1073 K, which were decided the optimal pretreating condition in 

the foregoing section 3.1., with the coarse Ni spheres (0.1 m2/kg.) or Ni flocs (1.4 m2/k) packed. Hollow 

and solid symbols on this graph signifies respective measured objective constituents' concentrations in the 

pretreated gases and their mean values with the same uses in Figs. 3, respectively. Because H2 and CO 

stand on an equivalence relationship as the SOFC fuel, expletive concentrations of H2 plus CO were also 

plotted as solid star symbols. As an additional statement, the coarse Ni spheres were fully packed inside 

the thermal pretreating reaction zone, leading to 477 m2/m3 of Ni surface area per unit reactor volume. 

And, since the Ni flocs are flexible as it's name suggests, different Ni surface areas per unit reactor 



volume (concretely, 537 and 562 m2/m3) were realized by changing their packing ratios inside the thermal 

pretreating reaction zone. 

 It is seen that O2 concentration was reduced in proportion to the Ni surface area per unit reactor 

volume, being up to the expectation stated in the preceding section 3.1.. As superimposed concreate 

numerical values of O2 concentrations in Fig. 4, experimentally obtained minimum O2 concentration was 

currently about 0.16 vol% (i.e. 1600 ppmv), pursuantly certain sorts of further modifications and/or 

manners are still required. Supposing extrapolation is allowed for a solid dark green approximated linear 

curve in Fig. 4, anoxia from the simulated flammable off-gas will be accomplished at over 567 m2/m3 of 

Ni surface area per unit reactor volume. Here, the right-hand-side of Figs. 3, O2 concentration was fairly 

approaching to zero with decreasing the inlet simulated off-gas flux (i.e. increasing the residence time). 

Then, Ni surface area was regarded to an equivalent parameter as the residence time, consequently this 

extrapolation in Fig. 4 by only three points was wantless presumption. 

 The experimental evidences to determine the enough value of Ni surface area per unit reactor 

volume for achieving anoxia from the flammable off-gas are near future works. The experimented Ni 

surface areas per unit reactor volume of 562 m2/m3 was the maximum value under existing circumstances, 

and thereby other Ni materials with different shapes (i.e. higher specific surfaces, e.g. fine Ni powders), 

Ni activation [80-82], adding a carrier effect by using a Ni honeycomb, and so on must be soon 

experimented. Of course, future modeling and simulating works [2,82-88] are helpful and yield 

considerable proportions of beneficial outcomes. 

 H2 and CO concentrations of the objective SOFC fuel constituents were increased by changing 

the packed Ni materials from the coarse Ni spheres to the Ni flocs (i.e. increment of surface area of Ni 

packed inside the thermal pretreating reaction zone), approaching their respective initial concentrations, 

due to accelerated Boudouard reactions [1,25,48,54-59] and reverse shift reaction [1,27,57,63,64]. 

Concentration of H2 plus CO once reached the maximum value at 537 m2/m3 of Ni surface areas per unit 

reactor volume, remaining 92.8 % of H2 plus CO in comparison with the initial simulated flammable 

off-gas. 



 Concerning accumulation of carbon, any carbon was not detected in the cases using coarse Ni 

spheres. On the contrary, accumulation of carbon took place in the cases using Ni flocs without any 

exceptions, however, any deterioration of Ni flocs was not emerged during the tested durations of 10 

minutes. And, accumulation of carbon on the Ni flocs were easily oxidized by introducing O2 through the 

prototype O2 reducing apparatus at lower temperature of 573 K. 

 

 

Fig. 4. Typical example of O2 reduction with keeping H2 and CO concentrations 

 

4. Possible phenomena for O2 reduction from flammable off-gas with keeping H2 and CO 



concentrations 

 Possible phenomena for the O2 reduction from the flammable off-gas for SOFC with keeping 

SOFC fuel constituents' concentrations (i.e. H2 and CO concentrations) are shown in Fig. 5 in accordance 

with all the information from excellent referred literatures, the chemical equilibrium FactSage 

computations' outcomes and experimental results through this paper. 

 Most of O2 was exhausted by oxidizing H2 and CO, resulting to H2 and CO concentrations of 

little more than zero in conjunction with simultaneous multiple carburizing reactions [1,25,47-50] and 

various methanation reactions [1,48,51-53]. Then, concentrations of CO2, CH4 and H2O were gradually 

decreased, on the contrary, concentrations of H2 and CO were sharply increased due to Boudouard 

reactions [1,25,48,54-59], CH4 steam reformings[52,60-63] and reverse shift reaction [1,27,57,63,64]. At 

the higher temperatures over 973 K, all constituting gases' concentrations tended to be approaching their 

respective constant values. H2 and CO concentrations were roughly the same as their initial values at 

1073 K. 

 

 

Fig. 5. Possible phenomena for O2 reduction with keeping H2 and CO concentrations 

 



4. Conclusions 

 In the present study, chemical equilibrium FactSage computations with the actual flammable 

off-gas were firstly done for designing the prototype O2 reducing apparatus to convert the off-gas into the 

safe SOFC fuel and determining the thermal pretreating temperature range. O2 reducing experiments 

from the simulated flammable off-gases as thermal pretreatments before feeding to the SOFC anode side 

were carried out. 

 The chemical equilibrium FactSage computations indicated the following outcomes. At the lower 

temperatures, most of O2 was exhausted by oxidizing H2 and CO, resulting to H2 and CO concentrations 

of little more than zero in conjunction with simultaneous multiple carburizing reactions and various 

methanation reactions. In intermediate temperatures, concentrations of CO2, CH4 and H2O were 

gradually decreased, on the contrary concentrations of H2 and CO were precipitously increased 

synchronously due to Boudouard reactions, CH4 steam reformings and reverse shift reaction. At the 

higher temperatures over 973 K, all constituting gases' concentrations tended to be approaching their 

respective constant values. And, H2 and CO concentrations were roughly the same as their initial values 

at 1073 K. 

 The experiments clarified that O2 concentration was reduced in proportion to the Ni surface area 

per unit reactor volume, reaching the minimum O2 concentration of about 0.16 vol% (initially, 10.2 vol%) 

with the Ni surface area of 562 m2/m3, the simulated flammable off-gas inlet flux of 0.50 LN/min and 

thermal pretreating temperature at 1073 K. H2 and CO concentrations of the objective SOFC fuel 

constituents were approaching their respective initial concentrations due to accelerated Boudouard 

reactions and reverse shift reaction. Concentration of H2 plus CO once reached the maximum value at 

537 m2/m3 of Ni surface area, remaining 92.8 % of H2 plus CO in comparison with the initial simulated 

flammable off-gas. At 562 m2/m3 of Ni surface area, concentration of H2 plus CO was deteriorated to 

71.8 % owing to adverse effect of excessive multiple carburizing reactions. In regard to this downgraded 

phenomenon, near future modeling and simulating works will soon yield splendid countermeasures. 

 Some recommended future strategies of this thermal pretreating process for converting the 



flammable off-gas into the safe SOFC fuel were also proposed in every part through this paper so as to 

make this process to supply complete solutions to any global-scale issues. 
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