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ABSTRACT 

SOFC is attracting intensive attention in the area of clean energy conversion 

due to its high efficiency and environment-friendliness. The development of 

SOFCs stack is the key to commercialize SOFCs technology since single SOFCs 

must be connected into a stack to achieve a practical output voltage and high 

energy density for real applications. In a traditional planar type SOFC stack, the 

interconnect is an important component as it serves for several crucial functions, 

including collecting current, gas sealing and structurally forming flow channels 

for uniform gas distribution. The ribs of interconnect are defined as the part that 

separate any two neighboring fuel channels (or air channels at the cathode side). 

Due to the existence of interconnect ribs, the gas diffusion path and electron 

conducting path are strongly dependent on the interconnect rib width. As a result, 

the stack performance is sensitive to the interconnect rib width as the 

concentration loss and ohmic loss largely depend on the gas diffusion path and 

electron conducting path, respectively. However, there is dilemma in designing 

the value of interconnect rib width for the sake that concentration loss and ohmic 

loss are oppositely correlated to the width value: a smaller rib width is desired to 

reduce the concentration loss by shortening the gas diffusion path, while a larger 
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rib width is preferred to decrease the ohmic loss by shortening the electron 

conducting path and increasing the contact area of interconnect rib and electrode. 

Therefore, there should be an optimum interconnect rib width value for the 

overall performance of SOFC stack. 

By reviewing literatures on geometrical optimization of planar SOFC stack 

by modeling, heat transfer is mostly neglected which could lead to inaccurate 

modeling results and misleading optimization suggestions, especially in the case 

of H2 fed planar SOFC stack, of which the maximum temperature difference can 

reach 100K along the gas channels. The stack performance is vulnerable to such 

large temperature difference in terms of overwhelming thermal stress, material 

compatibility and durability. Thus, it is necessary to incorporate the heat transfer 

into the modeling of SOFC stack. Based on the previous models, a 

comprehensive three-dimensional (3D) model of a unit cell of planar SOFC stack 

is further developed, considering electrons and ions conducting, electrochemical 

reactions, chemical reactions, gas transport and heat transfer. This 3D model is 

used to investigate the optimum interconnect rib width by series of parametric 

studies. A dimensionless variable, Ra, defined as the ratio of interconnect rib 

width to the width of the whole unit cell, is proposed to characterize the rib 

geometry, which is an easy-to-use parameter for practical stack geometric design. 
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In addition, to generalize the results of optimum Ra, the SOFC stack fed with 

three different usual fuels (hydrogen, syngas and methane) are also modeled. 

Model validation is firstly conducted on the single cell level, and further 

validated in H2 fed stack case, by the comparison of optimum Ra between the 

current model and other researcher’s simulation works under the isothermal 

assumption. 

For the planar SOFC stack fed by three different fuels, the relations between 

the optimum Ra and main factors (pitch width, cathode porosity, ASR) are found 

to be similar. Considering the large difference between fuel diffusion coefficient 

and oxygen diffusion coefficient in H2 fed planar SOFC stack, an asymmetric 

design for the interconnect rib is proposed and the optimum anode Ra (Raa
asym

) 

and optimum anode Ra (Rac
asym

) are accordingly obtained. The simulated stack 

performance indicates that the SOFC stack benefits significantly from this novel 

asymmetric design. This asymmetric design is also applied in syngas or methane 

fed SOFC stack. However, there is only slight increase in stack performance 

when optimum asymmetric design is adopted in SOFC fed by syngas or by 

methane with internal reforming. Followed by parametric studies, empirical 

equations are derived to predict the optimum Ra of planar stack, which is a 

constructive guideline for practical geometric design of SOFC stack.  
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It is confirmed by experiments that CO electrochemical oxidation also 

occurs in H2- H2O-CO-CO2 gas mixture system, therefore, it is unclear whether 

SOFC with proton ions conducting electrolyte (H-SOFC) is better than SOFC 

with oxygen ion conducting electrolyte (O-SOFC) in terms of maximum 

thermodynamic efficiency since CO electrochemical oxidation occurs in anode 

side of O-SOFC. In the later part of this thesis, a thermal dynamic study is 

conducted to investigate the effects of CO electrochemical oxidation on cell 

performance. It is shown that the maximum efficiency of H-SOFC is higher than 

that of O-SOFC when CO electrochemical reaction in O-SOFC is neglected, 

which is identical to the results in the previous literature. However, when CO 

electrochemical reaction in O-SOFC is involved, O-SOFC has higher maximum 

efficiency than H-SOFC. 
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CHAPTER 1 INTRODUCTION AND LITERATURE 

REVIEW 

1.1 Fuel Cell introduction  

1.1.1 Brief history of fuel cell  

Fuel cell is energy conversion which can convert the chemical energy of 

fuel into electricity through electrochemical reactions. The first origin on fuel 

cell was reported that the German-Swiss chemist Christian Schönbein(1838)[1] 

discovered the electricity as two platinum wires surrounded with the atmosphere 

of hydrogen and oxygen respectively was put in an electrolyte solution. While, 

British chemist William Robert Grove[2] in 1839 demonstrated the first fuel cell 

which he called gas voltaic battery. This cell was operated with hydrogen and 

oxygen and used sulfuric acid solution as electrolyte solution. The solid oxide 

electrolytes discovered by Nernst in 1899[3] accelerated the arising of solid 

oxide fuel cells. The first SOFC operating at 1000℃ came up almost 100 years 

later than fuel cell, which was developed by Baur and Preis(1937)[4].  

1.1.2 Fuel Cell Classification 

Fuel cell can be classified by different electrolytes into five types: Alkaline 

Fuel Cell (AFC), Phosphoric Acid Fuel Cell (PAFC), Polymer Electrolyte 
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Membrane Fuel Cell (PEMFC), Solid Oxide Fuel Cell (SOFC), and Molten 

Carbonate Fuel Cell (MCFC). The characteristics of those five types of fuel cell 

are illustrated in Table 1.1. 

Table 1.1 Characteristics of different types of fuel cells [5] 

 AFC PAFC PEMFC SOFC MCFC 

Electrolyte 

Alkaline - 

potassium 

hydroxide 

Phosphoric 

acid 
Polymer acid 

Ceramic 

membrane 

Molten 

carbonate 

Conducting ion OH
-
 H

+
 H

+
 O

2-
 CO3

2-
 

Operating 

temperature 
50-200℃ ∽220℃ 70-100℃ 500-1000℃ ∽650℃ 

Current 

densities 

[A/cm
2
] 

0.1-0.4 0.15-0.4 0.4-0.9 0.3-1.0 0.1-0.2 

Voltage [V] 0.85-0.6 0.8-0.6 0.75-0.95 0.95-0.6 0.95-0.75 

Fuel H2 H2 H2 CH4, H2 CH4, H2 

H2 Fuel Fuel Fuel Fuel Fuel 

CO Poison Poison Poison Fuel Fuel 

CH4 Poison Diluent Diluent Fuel Diluent 

CO2&H2O Poison Diluent Diluent Diluent Diluent 

S (H2S & COS) Poison Poison — Poison Poison 

1.1.3 Fuel cell advantages and applications 

Fuel cells have a lot of advantages compared to traditional power generators: 

higher power conversion efficiency, lower air pollutants, none movable 

components, less noise pollution, flexible power capacity and great potential for 

combined heat and power cogeneration. Fuel cells have a much higher efficiency 

than traditional power generators as the absence of the limitation by Carnot cycle 



 

3 

 

which presents in heat engines. In addition, fuel cells emit much lower air 

pollutants (NOx, SOx, COx etc.). The absence of movable components in fuel 

cells offers the potential of high stability and longevity. The flexible power 

capacity can meet various practical applications. The cogeneration systems of 

fuel cells and other energy devices (turbine, heat pumps, chillers etc.) can 

improve energy utilization and accordingly achieve energy saving. 

With the aforementioned advantages and different types of fuel cells, the 

unceasing improvement and commercialization make the applications of full 

cells spread to a wide range of fields. Fuel cells can not only developed for 

stationary power generation, but also used in automotive and even portable 

devices. In stationary applications, fuel cells can be used not only in stationary 

combined heat and power (CHP) units, but also in the uninterruptible power 

supplies (UPS). Typically, fuel cell stationary power generator systems can offer 

electricity for off-grid remote regions with high economic efficiency. In portable 

applications, fuel cells can be adopted in laptop computers, mobile phones and 

other personal electronics. In transport applications, the world’s major 

automotive manufacturers (Toyota, Mercedes-Benz, Honda, etc.) have already 

been on the way to the commercialization of fuel cell electric vehicles.  

Fuel cells, as mentioned above, are widely used in terms of stationary 
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applications, and the fuel cell applications are to date dominated by over 50% 

stationary fuel cell systems in terms of megawatts, among which SOFC takes the 

largest proportion [6]. The wide and numerous usage of SOFC can be ascribed to 

the great advantages over other types of fuel cells: use of cheap metallic catalyst, 

high-grade exhaust heat for CHP, solid electrolyte and relatively high power 

density. Compared to fuel cells with the liquid electrolyte, the solid electrolyte 

fabricated SOFC can avoid suffering from material corrosion. SOFC commonly 

operates at high temperatures (500~1000℃) [5]. The high temperature brings 

SOFC with high theoretical efficiency, easy incorporation with CHP system, high 

fuel flexibility (hydrogen, hydrocarbons, ammonia, etc.), and efficient 

electrochemical reaction kinetics even with cheap catalyst such as Ni. Therefore, 

SOFC is the focus in this thesis work and will be discussed in following sections 

in detail. 

1.2 Solid Oxide Fuel Cell Mechanism 

Fuel cell is sandwich-like structure, assembled with anode and cathode 

which are separated by electrolyte. Fuel and oxidant take electrochemical 

reactions in anode and cathode electrodes respectively, and ions are conducted by 

electrolyte to connect the internal circuit. External circuit conducting electrons 

from anode to cathode can produce electricity. As demonstrated in Fig.1.1, Solid 



 

5 

 

Oxide Fuel Cells (SOFCs) consist of porous anode, porous cathode and dense 

ceramic electrolyte. In traditional SOFCs, yttrium stabilized zirconia (YSZ) with 

high oxygen ion conductivity is usually used as electrolyte material. Nickel 

mixed with YSZ (Ni/YSZ) as anode material has good electron and ion 

conductivity and high catalytic activity. In cathode, the typical material is 

lanthanum strontium manganite (LSM) also with good electron and ion 

conductivity and high catalytic activity. Fuel (i.e. H2) is supplied into anode and 

reacts with oxygen ions to produce water and electrons. Electrons travel through 

the external circuit to arrive at cathode where oxygen reacts with electrons to 

produce oxygen ion. Produced oxygen ions can be transported to anode by 

oxygen ion-conducting electrolyte to complete the circuit. 

  Up to now, SOFCs normally operate at high temperatures (500~1000℃). 

The operation condition of high temperatures can achieve better electrochemical 

kinetics and high Nernst potential, therefore have high power density. In addition, 

SOFCs are flexible in fuel choice. The high temperature operation can also make 

it more efficient that the exhaust heat is applied in the system of combined heat 

and power generation.  
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Figure 1.1 Diagram of the working mechanism of a typical hydrogen fed SOFC  

1.3 Review of SOFC stacks 

SOFC stack is an important component in practical applications. The open 

circuit voltage (OCV) of a single fuel cell at the value of around 1.0 V is limited. 

Single fuel cells are usually connected in series to produce stacks. Stacks can 

provide various voltages and power capacity to meet practical applications.  

1.3.1 Modeling of SOFC stacks  

In the study of fuel cells, modeling is normally adopted ascribed to the 

following main advantages over experimental methods: (1) cost saving and less 

time consuming; (2) detailed results of the parameters distribution inside cells; (3) 

effective parametric studies; (4) prediction and assistance for experiments. 

There has been a great quantity of work on the modeling of SOFC stacks. 

The modeling studies on SOFC stacks can be summarized into three aspects: (1) 
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flow uniformity; (2) temperature distribution; (3) geometric design. 

1.3.1.1 Flow uniformity 

In planer SOFC stacks, a uniform flow distribution is desired to produce 

high performance of stacks. Kee et al. [7] developed a numerical model to 

predict the gas flow distribution in the channels network of planar SOFC stacks. 

In order to generalize the results, the governing equations are transformed by 

dimensionless variables and the solutions are summarized in two 

non-dimensional groups. A numerical code, written by Recknagle et al.[8] using 

STAR-CD, is a three-dimensional model of planar SOFC stacks. The modeling 

was conducted on co- counter- and cross- flow patterns. It was concluded that for 

similar geometries and operating temperature, the fuel utilization is similar no 

matter what type of flow pattern is used. Huang et al.[9] investigated the flow 

uniformity for stacks with different interconnect designs. A new design was 

proposed with guide vanes laying in the feed header in the module with 

double-inlet/single-outlet manifold and has good effect on the improvement of 

the flow uniformity. Moreover, a proper range between 20 and 50 for Reynolds 

number Re fuel
 and a range between 200 and 300 for Reair

 were identified in 

terms of smaller temperature gradient, reasonable fuel utilization and high power 

density. In design improvement of manifold configuration, Chen et al[10] 
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conducted modeling of a planar SOFC stack with 10 cells. The stack with a 

double-inlet/triple-outlet manifold design and counter-flow pattern has good flow 

uniformity and shows best performance. The influence of flow nonuniformity of 

planar SOFC stacks for different working conditions was investigated by Lin et 

al.[11] using a three-dimensional model, and the results show that the stack 

working under lower gas flow rate, lower voltage, using co-flow pattern or 

syngas has worse non uniform flow distribution.    

1.3.1.2 Temperature distribution 

In SOFC stacks, non uniform temperature distribution may bring severe 

local thermal stress so that it will break the stack. Thus, many researchers have 

done modeling to investigate the temperature distribution in stacks. In 

Recknagle’s study[8], the temperature distribution in the stack is also 

investigated, and the result indicates that the temperature distribution of co-flow 

pattern is most uniform among co- counter- and cross- flow patterns. This result 

is also obtained by Wang et al.[12]. However, a numerical modeling of one cell 

in a planar SOFC stack  was conducted by Xia et al.[13] and the results show 

that the temperature distribution of counter-flow stack is better than that of 

co-flow stack. To easily estimate the temperature gradient in the planar SOFC 

stacks, a simple equation was derived by Kulikovsky[14] and it has good 
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agreement with the result from other numerical modeling. A simulation study of 

a 3-cell planar SOFC stack configured with external manifolds was conducted by 

Yan et al.[15], and the results indicate that the performance variation between 

different cells in the stack is caused by the non uniform temperature distribution. 

Overall, the models mentioned above neglected the radiative heat transfer and 

only considered conductive and convective heat transfer. Seldom modeling 

included the radiative heat transfer. In the numerical study on the variations 

between cells in a planar SOFC stack by Burt et al.[16], the radiative heat 

transfer was also involved in model, and this model with the radiative heat 

transfer obtained more uniform temperature distribution than that only 

considering conductive/convective heat transfer. Above all, the temperature 

gradient is severe in planar SOFC stacks, and therefore heat transfer in the 

modeling of stack level must be considered. In this thesis, the heat transfer is 

included in all the models except for the model in Section 4.1(comparison 

between the model with heat transfer and the model without heat transfer).  

1.3.1.3 Geometric design 

Proper geometric deign can improve the performance the SOFC stacks, and 

therefore it is meaningful to conduct optimization studies on geometric deign of 

SOFC stacks. Wu et al.[17] used a three-dimensional model by ANSYS
®
 CFX to 
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investigate the influence of geometries on gas flow uniformity in planar SOFC 

stacks. The results indicate that the ratio of the gas outlet manifold width to the 

gas inlet manifold width,   is the most key geometric parameter to flow 

uniformity and correspondingly to the stack performance. Furthermore, an 

analytical model was proposed to determine the optimum   and can be easily 

used for practical stack geometric design to improve the flow distribution and 

thus further increase the performance of planar stacks. In optimization of gas 

manifolds, it was pointed out by Chen et al.[10] that it is better to keep both inlet 

and outlet manifolds radius more than 5 mm for better flow uniformity. 

Moreover, in the studies of planar SOFC stack geometric optimization, 

researchers also concentrated on the interconnect geometric size, and the 

performance of stacks can greatly benefit from this optimization. This is also the 

research focus in this thesis, and the details are discussed in the following 

section. 

1.3.2 Optimization on geometric design of interconnect of SOFC stacks 

In stacks, the component which is used to assemble the single cells to a 

stack is interconnect. According to the structure properties, stacks can be divided 

into tubular and planar stacks with various geometries ascribed to the fully solid 

structure as shown in Fig.1.2(a) and (b) respectively. Metal materials with high 
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electron conductivity (for example stainless steel) are normally used for 

interconnects [18-23]. Interconnects are the key components in both planar and 

tubular SOFC stacks regarding to their functions: high electric conductivity and 

good stability under the condition of reduction and oxidation reactions at high 

temperatures, as well as good compatibility of thermal expansion coefficient with 

other SOFC components (electrodes, electrolyte, etc.). Particularly in planar 

SOFC stacks, on one hand, interconnects are the key component of electron 

conducting; on the other hand, the gas flow channels are formed by interconnects 

together with electrodes as shown in Fig.1.2(b). Therefore, the interconnect 

geometries can not only influence the electron collecting but also the gas 

diffusion in electrodes. Because the electron conducting and gas distribution have 

significant impact on the performance of planar SOFC stacks, it is assured that 

the interconnect geometries have great effect on the performance of planar SOFC 

stacks. Also, it can be foreseen that there should be optimum interconnect 

geometry for best stack performance under the condition of determined stack 

shape sizes. Thus, the study on the optimization of interconnects geometries of 

planar SOFC stack is of great significance. 
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  (a)                              (b) 

Figure 1.2(a) Schematic diagram of a tubular SOFC stack[24]; (b) Schematic of a planar SOFC 

stack [25] 

As mentioned above, the gas channels are formed by interconnects together 

with electrodes, namely, the geometric sizes of interconnects determine the gas 

channels. When the other geometric parameters of a SOFC stack maintain 

constant, the change of interconnect rib size will influence the electrons 

collecting path and gas diffusion path in electrodes, thereby influence the ohmic 

loss and gas uniformity respectively. Furthermore, when the interconnect rib size 

is bigger, the SOFC stack can obtain less ohmic loss ascribed to shorter electron 

conducting path, on the contrary, suffer from more concentration loss attributed 

by the higher gas diffusion resistance. However, when the interconnect rib size is 

smaller, the consequence turns out to just the opposite. Thus, the contradictory 

relationship remains between the ohmic loss by electron conducting and the 

concentration loss by the gas nonuniformity with the consideration of the change 

of the interconnect rib size. The investigations on the SOFC interconnect size are 
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normally conducted with the consideration of two factors: (1) electronic 

resistance; (2) gas diffusion resistance.  

In the investigation of the optimization of SOFC interconnect geometric size, 

there were limited studies. In 2003, Lin et al. [26] built a concentration 

polarization model to investigate the influence of interconnect rib size on the 

concentration polarization in planar SOFCs. It is concluded that the uniformity of 

the gas concentration is good when the rib width is smaller than the characteristic 

penetration distance. Furthermore, with the consideration of both of the electrical 

resistance and concentration polarization, the optimal rib width was obtained, the 

ratio of which to the channel width should be from 1/3 to 2/3. 

In order to study the prominent geometric parameter for the flow uniformity 

in planar SOFC stacks, 3D models were built and calculated by CFD method by 

Bi et al. [17] in 2009. It is discovered that the ratio of the outlet manifold width 

to that of inlet (α) is the key factor of the flow distribution uniformity. The stack 

flow with α larger than 1 is more uniform than that with α=1. Based the previous 

2D models, a three-dimensional multi-physics numerical models were first 

developed by Liu et al. [27] in 2009 and used to optimize the rib widths in SOFC 

stacks with co-, counter-, and cross-flow designs. The optimal rib widths are very 

similar for the above three designs. In addition, the results of the optimal rib 
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widths by 3D models are quite similar to that by 2D models that can be adopted 

to simplify the further modeling work. Bi et al. [28] in 2010 researched on large 

size planar SOFCs with U-type flow field by realistic 3D models. The results 

show that the interconnect width ratio is the significant factor in determining the 

air flow uniformity. To examine the interconnect rib size effect on cathode 

supported SOFC stacks, a three-dimensional modeling of syngas supplied planar 

SOFC stack was conducted by Kong et al. [29]. The optimum interconnect rib 

size is sensitive to the structure of stacks. The optimum anode rib width of 

anode- or cathode supported SOFC stacks is different, and the optimum anode rib 

width of anode-supported SOFC stacks is much bigger than that of 

cathode-supported SOFC stacks. It is revealed that the optimum rib width for 

anode side and cathode side could be different and is dependent on the thickness 

of electrode thickness.  

To conclude, it is sufficiently proved that the interconnect width size has 

great impact on planar SOFC stacks and there is optimum interconnect width size 

to achieve best stack performance under the condition of certain shape sizes of 

stacks. However, the proposed models still have many drawbacks that should be 

improved. Firstly, most of the models only consider the hydrogen as fuel. In fact, 

one of the most crucial advantages of SOFCs is fuel flexibility (hydrogen, 
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hydrocarbons, ammonia…) which makes SOFC remarkable in all types of fuel 

cells. Obviously, only consideration with hydrogen fed SOFC stacks limit the 

application of the results. Secondly, almost all the previous models except for 

Kong’s model [29] only supposed that the temperature is uniform in the whole 

computing domains, namely, the temperature influence is neglected. Even though 

Kong et al [29] considered heat transfer in the model, the temperature influence 

was not stated. However, temperature as one of the important operating 

conditions has vital effect on the performance of SOFC stacks from different 

aspects: gas diffusion, electron and ion conducting, electrochemical kinetics, etc. 

As reported by Andersson [30], the maximum temperature difference in a 

hydrogen fed SOFC stack can reach as high as 136K. Furthermore, the 

temperature distribution in hydrocarbons or syngas supplied SOFC stacks is 

more complicated due to the potential endothermic reforming reactions and 

exothermic gas shift reactions. Therefore, thermal transfer resulting in the 

temperature distribution should be involved in modeling for more convincing 

results. Thirdly, carbon monoxide (CO) electrochemical reaction normally was 

neglected in previous models. In hydrocarbons fed SOFCs, hydrocarbons are 

usually first diverted to H2 and CO to anticipate the electrochemical reactions. It 

was reported from Matsuzaki’s experiments, when hydrogen and CO are 
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synchronously present in anode electrode, that CO electrochemical reaction rate 

at the interface of YSZ electrolyte and Ni/YSZ electrode can be around 1/2 to 1/3 

of that of H2 when the temperatures shift from 1023K and 1273K[31]. Although 

the CO reaction rate is much smaller than that of H2, it should not be neglected in 

modeling. Fourthly, the present models, no matter 2D or 3D, only adopt plug 

flow, that is the gases inlet is at the interface channels and electrodes and the inlet 

flow direction is vertical to the interface of channels and electrodes. The plug 

flow assumption neglects the gases flow in the channels which is much disparate 

from the factual gas flow in a SOFC stack. In fact, the gases first flow into the 

channels from inlets and then diffuse into the porous electrodes; also the exhaust 

gases are removed from the outlets. Therefore, the continuity and momentum 

equations must be employed in simulating the gases flowing in channels.   

1.4 Review of SOFC fed by different fuels 

SOFC has great advantage of fuel flexibility attributed to high operating 

temperatures (500-1000℃). Not only hydrogen but also hydrocarbons (i.e. 

syngas, methane and ethanol) can be used in SOFC to generate electricity power. 

To generalize the optimization results on interconnect for SOFC stacks fed by 

different fuels, models in this thesis considered three widely used fuels: hydrogen 

(Chapter 3), syngas(Chapter 4) and methane(Chapter 5). 
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1.4.1 SOFC fed by Hydrogen 

Hydrogen is an attractive fuel to SOFC because of high energy density and 

no emission. Thus, hydrogen is mostly widely used nowadays. The methods of 

hydrogen production are electrolysis of water/steam, thermochemical 

decomposition of water, conversion of hydrocarbons, biogas method and 

radiolysis of water[32, 33]. 

 

Figure 1.3 Schematic diagram of H2 fed SOFC 

In hydrogen fed SOFCs, the schematic diagram is shown in Fig.1.3[34]. The 

hydrogen is delivered to anode, and then transported through the porous 

electrode to the zone nearby the interface of anode and electrolyte, where 

hydrogen reacts with oxygen ions and produces electrons and water. Electrons go 

through the external circuit and arrive at interface of cathode and electrolyte, 

where electrons react with oxygen to produce oxygen ions. Then the produced 
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oxygen ions are transported to anode through electrolyte. The electrochemical 

reactions occur at anode and cathode TPB are expressed as Eq.(1-1) and (1-2), 

respectively. 

   H2 + O2− ↔ H2O + 2e−                  (1-1) 

         
1

2
O2 + 2e− ↔ O2−                    (1-2) 

1.4.2 SOFC fed by syngas 

Syngas is a mixture gas mainly consisting of H2, CO and sometimes 

H2O/CO2. Syngas production is normally by the technologies of reforming of 

hydrocarbons, partial oxidation of hydrocarbons, electrolysis, and biomass 

gasification (coal, coke)[35-40].  

The schematic diagram of syngas fed SOFC is shown in Fig.1.4[40]. In 

syngas fed SOFCs, water gas shift reaction (WGSR) is considered occurring in 

anode, and the expression is as follows. 

CO + H2O ↔ H2 + CO2                   (1-3) 

The electrochemical reactions, summarized as Eqs.(1-4a) and (1-5b) for 

anode and Eq.(1-5) for cathode, are similar to H2 fed SOFC except for the 

consideration of CO electrochemical reaction in anode. It was reported by 

Matsuzaki et al. [31]in 2000 that the electrochemical rate of CO is about 1/3 to 

1/2 of that of H2 in the electrochemical oxidation reactions of a H2-H2O-CO-CO2 
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system. Therefore, although the reaction rate of CO is much smaller than that of 

H2, the electrochemical oxidation of CO is obvious and should be involved. This 

consideration can also be found in models from literatures[41] [30, 42, 43]. 

H2 + O2− ↔ H2O + 2e−                 (1-4a) 

CO + O2− ↔ CO2 + 2e−                 (1-4b) 

1

2
O2 + 2e− ↔ O2−                     (1-5) 

 

Figure 1.4 Schematic diagram of syngas fed SOFC 

1.4.3 SOFC fed by Methane with internal reforming 

Methane is a promising alternative fuel for SOFC with advantages of 

accessibility, easy storage and relatively high energy density among 

hydrocarbons. Methane is normally reformed when used in SOFC. The SOFC 

with internal reforming has the merits of simple fuel cell system compared to 
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external internal reforming (without auxiliary reforming device) and cooling 

effect due to the endothermic reaction of methane reforming, which is friendly to 

temperature uniformity in the whole cell stack, and thus this utilization attracted 

a lot of attention[42, 44-55]. Note that the SOFC fed by Methane with internal 

reforming is investigated as well in this thesis (Chapter 5). 

In methane fed SOFCs, internal reforming reaction consists of direct 

informing reaction (DIR) and water gas shift reaction (WGSR) which occurs 

with the catalysis of nickel (Ni) in anode, as expressed in Equation (1-6), (1-7) 

respectively. 

CH4 + H2O ↔ 3H2 + CO                  (1-6) 

CO + H2O ↔ H2 + CO2                  (1-7) 

The electrochemical reactions, similar to syngas fed SOFC mentioned above, 

occur at the TPB of anode and cathode can be expressed as Equation (1-8), (1-9), 

respectively. 

H2 + O2− ↔ H2O + 2e−                 (1-8a) 

CO + O2− ↔ CO2 + 2e−                 (1-8b) 

1

2
O2 + 2e− ↔ O2−                    (1-9) 
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Figure 1.5 Schematic of methane fed SOFC with DIR and WGSR 

The performance of methane fed SOFC is influenced by the inlet fuel 

composition (steam-to-carbon ratio). Joonguen Park et al. [54] developed a 3D 

model of methane fed internal reforming SOFCs to predict the cell performance. 

It was found that a low steam-to-carbon ratio increased current density. However, 

too low steam- to-carbon ratio may result in carbon deposition in anode which 

will block gas diffusion and deteriorate electrochemical activity. Therefore, the 

inlet steam fraction should be increased from the viewpoint of elimination of the 

carbon deposition [56]. This was also suggested by the analysis of Yang et al.[57] 

that it is important to select proper inlet H2O/CH4 ratio considering both of H2 

yield and carbon deposition. Basing on the above analysis, in this thesis 

(Chapter 5) the inlet steam-to-carbon ratio ranges from 1:1 to 3:1. 
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1.5 Research method of SOFC stack modeling 

Through reviewing literatures mentioned above, numerical modeling is 

determined to solve the fully coupled problems of SOFC stack. A comprehensive 

three-dimensional (3D) model of anode supported SOFC stack with co-flow 

pattern is developed including sub-models of electrons and ions transport, 

electrochemical reactions, chemical reactions if needed, momentum transport, 

mass transport and heat transfer (described in Chapter 2 in detail). The fuels fed 

to SOFC are H2, syngas and CH4, respectively. This 3D model is built on and 

solved by COMSOL Multiphysics
®
. 

1.6 Review of thermodynamic analysis of CH4 fed SOFC with 

internal reforming 

As mentioned above, hydrocarbon fuels, such as methane and methanol, can 

be used in SOFC with internal reforming reaction in SOFC porous anode 

electrode. In SOFC, electrolyte is an important component. There are two types 

of electrolyte usually used in SOFC. One is oxygen ion conducting electrolyte 

such as yttria-stabilized zirconia (YSZ) which is also used as the electrolyte for 

3D SOFC stack modeling in this thesis. The other is proton conducting 

electrolyte (i.e. BaCeO3 doped with Gd or Nd). SOFC with different electrolytes 

has not only different ohmic losses, but has different electrochemical reactions in 
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two sides of electrodes which influences gas diffusion in porous electrodes. In 

H-SOFC, steam is produced in cathode which blocks the oxygen diffusion to the 

interface of electrolyte and cathode[42, 58].  

Thermodynamic analyses of both H2 and hydrocarbon fed SOFCs have been 

conducted to distinguish the performance of H-SOFC and O-SOFC and to find 

out the influence on the performance of SOFCs caused by using different types 

of electrolyte. The first thermodynamic study on the maximum efficiencies of 

H-SOF and O-SOFC with hydrogen as fuel was conducted by Demin et al. in 

2001[59]. It was uncovered that compared with O-SOFC, hydrogen fueled 

H-SOFC shows better performance because H-SOFC has higher fuel 

concentration in the porous anode. Based on this study, a model of methane 

fueled H-SOFC and O-SOFC was developed[60]. It was revealed that methane 

fed H-SOFC showed higher maximum efficiency than methane fed O-SOFC. 

Similar results were also concluded through thermodynamic studies of SOFCs 

fueled by ammonia or ethanol [61-63]. 

However, in previous thermodynamic analyses on SOFCs fueled by 

methane or ethanol, CO electrochemical reaction was neglected in O-SOFC and 

only H2 electrochemical reaction was involved. As mentioned above (Section 

2.6), it has been proved by experiments that CO electrochemical reaction also 
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occurs in O-SOFC and the electrochemical rate of CO is about 1/3 to 1/2 of that 

of H2 in the electrochemical oxidation reactions of a H2-H2O-CO-CO2 

system[31]. It is still not confirmed that the H-SOFC fueled by methane has 

larger maximum efficiency than O-SOFC since CO electrochemical oxidation 

could occur in O-SOFC while not in H-SOFC. Therefore, the comparison 

between methane fed H-SOFC and O-SOFC needs further analyses when CO 

electrochemical reaction is also considered in O-SOFC. Based on the previous 

models, a thermodynamic model considering CO electrochemical oxidation is 

developed and used to analyze the maximum efficiency difference between 

methane fed H-SOFC and O-SOFC (Chapter 6). 

1.7 Study objectives 

This research work consists of 2 parts. In part one, the study objective is to 

investigate the effect of interconnect geometry on SOFC stack performance. 

SOFC can run on varieties of fuels (i.e. hydrogen, hydrocarbons…) due to the 

high operating temperature. The mechanism of electrochemical reactions and 

chemical reactions (if occur) in porous anode depends on fuels. Therefore, part 

one can further be divided into 3 parts concerning different fuels utilized in 

SOFC. In part two, the work is to conduct a primary thermodynamic study on 

methane fed SOFC with different electrolytes considering different mechanism 
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of electrochemical reactions. 

Part 1: A comprehensive three-dimensional (3D) model of planar SOFC is 

developed in Chapter 2. This 3D model involves electrochemical reactions, 

electrons and ions transport, mass transport, gas diffusion, chemical reactions (if 

any) and heat transfer. In Chapter 3, this 3D model is used to investigate the 

effect of interconnect geometry on hydrogen fed SOFC stack performance. This 

study is used to compare with the previous study on hydrogen fed SOFC stack 

reported in literature. In Chapter 4, the investigation is extended to syngas fed 

SOFC stack which involves CO electrochemical oxidation and water gas shift 

reaction in porous anode. In Chapter 5, the effect of interconnect geometry on 

methane fed SOFC stack with internal reforming is conducted. 

Part 2: Basing on previous models, a simple thermodynamic model is 

developed to investigate the difference between methane fed H-SOFC and 

O-SOFC with internal reforming considering different mechanism of 

electrochemical reactions in porous anode. This is the main content in Chapter 6.
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CHAPTER 2 MODEL DEVELOPMENT 

2.1 Geometric model 

A typical planar SOFC stack is shown in Fig.2.1[64]. It consists of a number 

of repeating sections which contains 4 functional layers. These functional layers 

include anode interconnect, porous anode, electrolyte, porous cathode, cathode 

interconnect and sealing. Interconnect is used to separate fuel and gas, form the 

gas channels and collect electrons. Note that interconnect is also the research 

focus in this thesis.  

 

Figure 2.1 The schematic diagram of a typical planar SOFC stack 
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Figure 2.2 The geometric model of a planar SOFC stack: (a) a complete planer SOFC stack 

model; (b) a unit cell model 

A cube with corresponding functional layers is developed to model the stack 

as shown in Fig.2.2. Fig.2.2(a) is the schematic diagram of a complete planar 

SOFC stack. It contains a number of repeating sections which are connected in 

parallel. Assuming that the stack is symmetric, the massive geometric model can 
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be simplified as a smallest repeating unit as Fig 2.2(b) shows. The complete 

geometric model not only takes a large amount of time, but needs excessive 

computer capacity to calculate. Therefore, the repeating unit cell is normally used 

to model the stack even though the complete geometric model is more accurate. 

The repeating unit cell, which consists of one air channel, one fuel channel, 

cathode, electrolyte, anode, anode interconnect, and cathode interconnect, is used 

as the calculation domain in this thesis’s models. The unit cell geometry used in 

this thesis is listed in Table 2.1. Here, Raaand Rac , two dimensionless variables, 

are defined as the ratio of the anode interconnect rib width to the unit cell width 

and the ratio of cathode interconnect rib width to the unit cell width, respectively, 

and given by 

  Raa =
W rib _a

W
                      (2-1a) 

     Rac =
W rib _c

W
                      (2-1b) 

These dimensionless variables are used in the following parametric studies 

on the interconnect rib size, and this dimensionless method can make the 

parametric studies more easier to conduct, make comparison between cells with 

different pitch width more effective, and provide a simple optimum parameter for 

practical stack designs.  
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Table 2.1 Unit Cell geometry 

Component Parameters 

Length, L 10 cm 

Width, W 1,2,3 mm 

Fuel channel height, Hch _fuel  0.5 mm 

Air channel height, Hch _air  0.5 mm 

Anode support layer thickness, HASL  735 µm 

Anode active layer thickness, HAAL  15µm 

Electrolyte thickness, HEL  50µm 

Cathode current collect layer thickness, HCCCL  40µm 

Cathode active layer thickness, HCAL  10µm 

Anode interconnect thickness, HInt _a  150µm 

Cathode interconnect thickness, HInt _c  150µm 

Fuel channel width, Wch _fuel   (1 − Ra) × W 

Air channel width, Wch _air       (1 − Rc) × W 

Anode interconnect rib width, Wrib _a Ra × W 

Cathode interconnect rib width, Wrib _c  Rc × W 

2.2  Mathematical model 

2.2.1 Electrochemical model 

The open circuit voltage (OCV) is the equivalent equilibrium potential and 

can be expressed by Nernst equations[65], 

  𝐸OCV =
−∆𝐺

𝑛𝐹
= 𝐸T −

𝑅𝑇

𝑛𝐹
ln

 𝑎
products

𝜈𝑖

 𝑎reactants

𝜈𝑖
            (2-2) 

      𝐸T = 𝐸0 +
∆𝑠

𝑛𝐹
(𝑇 − 𝑇0)                 (2-3) 

where 𝐸OCV  represents the open circuit voltage under working conditions, 

∆𝐺 is the change of Gibbs free energy of electrochemical reactions, R is the 

ideal gas constant (8.3145J mol
-1

 K
-1

), T is temperature (K), F is the Faraday 

constant (96485 C mol
-1

), n is the number of electrons involved per 
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electrochemical reaction. The symbol a is the activation of species and the 

activation of gas can be determined by 𝑎 = 𝑝 𝑝0 
 
where p is the gas partial 

pressure and 𝑝0 is the standard pressure (1 atm). 𝐸0 is the equilibrium potential 

at the standard conditions (𝑇0 =25 ℃ , 𝑝0 =1atm), and ∆𝑠  is the entropy 

difference of electrochemical reactions. 

(1) Hydrogen(H2) electrochemical reaction 

The H2 electrochemical reaction can be expressed as 

  H2 +
1

2
O2 ↔ H2O              (2-4a) 

     H2 + O2− ↔ H2O + 2e−                (2-4b) 

   
1

2
O2 + 2e− ↔ O2−                   (2-4c) 

The total OCV of H2 can be calculated by Nernst equation and be written as 

[66] 

    𝐸H2

OCV = 𝐸T,H2
−

𝑅𝑇

𝑛𝐹
ln

𝑎H 2O

𝑎H 2𝑎O 2
0.5               (2-5) 

𝐸T,H2
= 1.253 − 2.4516 × 10−4𝑇            (2-6) 

(2) Carbon monoxide (CO) electrochemical reaction 

The CO electrochemical reaction can be expressed as 

CO +
1

2
O2 ↔ CO2                    (2-7a) 

CO + O2− ↔ CO2 + 2e−                (2-7b) 

   
1

2
O2 + 2e− ↔ O2−                   (2-7c) 
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The total OCV of CO can be calculated by Nernst equation and be written 

as[40] 

  𝐸CO
OCV = 𝐸T,CO −

𝑅𝑇

𝑛𝐹
ln

𝑎CO 2

𝑎CO 𝑎O 2
0.5               (2-8) 

   𝐸T,CO = 1.46713 − 4.527 × 10−4𝑇             (2-9) 

(3) Overpotentials 

The actual cell potential (V) is smaller than OCV because of the existence of 

resistance and overpotentials. The overpotentials consist of activation 

overpotential, concentration overpotential and ohmic overpotential. Therefore, 

the actual cell potential can be calculated as   

      𝑉 = 𝐸OCV − 𝜂act − 𝜂con − 𝜂ohm            (2-10) 

where 𝜂 represents the overpotentials. In models, the activation overpotentials 

in anode and cathode are defined by Eq.(2-11) and Eq.(2-12) respectively, 

   𝜂act ,a = 𝜙s − 𝜙l − 𝐸a
OCV                (2-11) 

    𝜂act ,c = 𝜙s − 𝜙l − 𝐸c
OCV                (2-12) 

where 𝜙 is the electric potential, the subscripts s and l represent the electron and 

ion respectively and the 𝐸OCV  can be derived from Eq.(2-5) and (2-8) and can 

be written as following equations 

𝐸a,H2

OCV = − 1.253 − 2.4516 × 10−4𝑇  +
𝑅𝑇

𝑛𝐹
ln

𝑝H 2O

𝑝H 2

      (2-13) 

𝐸a,CO
OCV = − 1.46713 − 4.527 × 10−4𝑇 +

𝑅𝑇

𝑛𝐹
ln

𝑝CO 2

𝑝CO
     (2-14) 
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  𝐸c,O2

OCV = −
𝑅𝑇

𝑛𝐹
ln  

𝑝atm

𝑝O 2

 
0.5

              (2-15) 

a) Concentration overpotential 

The concentration overpotentials can be expressed as [21-22]: 

      𝜂con ,a
H2 =

𝑅𝑇

2𝐹
ln  

𝑝H 2

𝑝H 2,TPB

𝑝H 2O ,TPB

𝑝H 2O
 

0.5

          (2-16a) 

       𝜂con ,a
CO =

𝑅𝑇

2𝐹
ln  

𝑝CO

𝑝CO ,TPB

𝑝CO 2,TPB

𝑝CO 2

 
0.5

          (2-16b) 

𝜂con ,c=
𝑅𝑇

4𝐹
ln

𝑝O 2

𝑝O 2,TPB
                    (2-17) 

where 𝑝H2,TPB , 𝑝H2O,TPB , 𝑝CO ,TPB , 𝑝CO 2 ,TPB , 𝑝O2,TPB  represent the partial pressure 

of H2, H2O, CO and CO2 at the anode TPB and the partial pressure of O2 at 

cathode TPB, respectively.  

Substituting Eqs.(2-16a), (2-16b) and (2-17) to Eqs.(2-13), (2-14) and (2-15) 

respectively, the local 𝐸OCV  at the active TPB locations can be rewritten to  

𝐸TPB ,H2

OCV = − 1.253 − 2.4516 × 10−4𝑇  +
𝑅𝑇

2𝐹
ln

𝑝H 2O ,TPB

𝑝H 2,TPB
    (2-18) 

𝐸TPB ,CO
OCV = − 1.46713 − 4.527 × 10−4𝑇 +

𝑅𝑇

2𝐹
ln

𝑝CO 2,TPB

𝑝CO ,TPB
   (2-19) 

  𝐸TPB ,O2

OCV = −
𝑅𝑇

2𝐹
ln  

𝑝atm

𝑝O 2,TPB
 

0.5

              (2-20) 

b) Activation overpotential 

The activation overpotentials can be calculated by the Butler-Volmer 

equations [41, 67] as 

𝑖a,H2
= 𝑆V ∙ 𝑖0,a  

𝑐H 2,TPB

𝑐H 2,bulk
exp  

𝛼𝑛𝐹 𝜂act ,a

𝑅𝑇
 −

𝑐H 2O ,TPB

𝑐H 2O ,bulk
exp  

(1−𝛼)𝑛𝐹𝜂act ,a

𝑅𝑇
   (2-21a) 

𝑖a,CO = 𝑆V ∙ 𝑖0,a  
𝑐CO ,TPB

𝑐CO ,bulk
exp  

𝛼𝑛𝐹 𝜂act ,a

𝑅𝑇
 −

𝑐CO 2,TPB

𝑐CO 2,bulk
exp  

(1−𝛼)𝑛𝐹𝜂act ,a

𝑅𝑇
    (2-21b) 

𝑖c = 𝑆V ∙ 𝑖0,c  exp  
𝛼𝑛𝐹 𝜂act ,c

𝑅𝑇
 −

𝑐O 2,TPB

𝑐O 2,bulk
exp  

(1−𝛼)𝑛𝐹𝜂act ,c

𝑅𝑇
      (2-21c) 
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𝑖0 =
𝑅𝑇

𝑛𝐹
∙ 𝑘e ∙ exp  

−𝐸act

𝑅𝑇
                    (2-21d) 

where 𝜂act  is the activation overpotential, n is the electron number per 

reaction, 𝛼 is recommended to 0.5 , and 𝑆V  is the active specific area per 

electrode volume and can be determined according to the binary random packing 

theories. 𝑖0 is the exchange current density and can be predicted by Eq.(2-21d), 

where 𝑘e  is the pre-exponential factor (6.54 × 1011Ω−1m−2 for anode and 

2.35 × 1011Ω−1m−2 for cathode[68]), and 𝐸act  is the activation energy which 

is the property of electrodes. A proper range of 𝐸act  can be summarized from 

the previous studies [30, 69]. For anode, 𝐸act ,a is between 110 and 140 kJ mol
-1

, 

and 𝐸act ,c  for cathode changes from 130 to 190 kJ mol
-1

.  

The binary random packing theories [70-74] were used to model the 

composite porous electrodes, and 𝑆V  can be calculated as 

    𝑆V = πsin2 𝜃 𝑟e
2𝑛t𝑛e𝑛i

𝑍e𝑍i

6
𝑃e𝑃i              (2-22a) 

        𝑛t =
1−𝜀

(4/3)π𝑟e
3 𝑛e + 1−𝑛e   𝑟i 𝑟e  3 

              (2-22b) 

  𝑃e =  1 −  
3.764−𝑍e ,e

2
 

2.5

 
0.4

               (2-22c) 

   𝑃i =  1 −  
3.764−𝑍i ,i

2
 

2.5

 
0.4

               (2-22d) 

where 𝜃  is the contact angle between the electronic and ionic conducting 

particles; 𝑟e  the radius of the electronic conductors; 𝑛t  the total number of 

particles per unit volume; 𝑛e  and 𝑛i the number fractions of electronic and 
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ionic conductor, respectively; 𝑍e  and 𝑍i  the coordination numbers of electronic 

and ionic conductors, respectively; 𝑃e  is the probability of electronic conductors 

connected with the porous media; and 𝑃i is the probability of ionic conductors 

connected with the porous media. 

c) Ohmic overpotential 

The governing equations of electron and ion conducting can be written as 

follows 

   ∇ ∙ 𝑖s   = −𝑖, 𝑖s   = −𝜍s∇𝜙s                 (2-23a) 

  ∇ ∙ 𝑖l   = 𝑖, 𝑖l   = −𝜍s∇𝜙l                (2-23b) 

where 𝜙 is the electric potential, 𝜍 is the electronic conductivity, 𝑖  is the 

current density and the subscripts s and l represent the electron and ion 

respectively. The electronic conductivity is the intrinsic physical property of 

material. In this study, yttria stabilized zirconia (YSZ) is used for electrolyte, the 

compound of Sr-doped lanthanum manganite (LSM) and YSZ is adopted in 

cathode and Ni-YSZ is utilized in anode. The electronic conductivities of the 

above electronic conducting materials can be calculated by [30, 75] 

   𝜍s,Ni =
9.5×107

𝑇
exp  

−1150

𝑇
                 (2-24a) 

  𝜍s,LSM =
4.2×107

𝑇
exp  

−1200

𝑇
                (2-24b) 

    𝜍l,YSM = 3.34 × 104exp  
−10300

𝑇
             (2-24c) 
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       𝜍s,Int = 9.3 × 105exp  
−1100

𝑇
               (2-24d) 

The above equations are the expressions of the pure material conductivities. 

The effective conductivities of porous electrodes are also related to the 

composition of the electrodes and the micro structures. Therefore, the effective 

conductivities of porous electrodes, which consider not only the composition 

fraction of conducting material (V) but the structural parameters, porosity (𝜀) and 

tortuosity (𝜏), can be implemented as  

     𝜍s,a
eff = 𝜍s,Ni ∙  1 − 𝜀a ∙

𝑉Ni

𝜏a
                (2-25a) 

                 𝜍s,c
eff = 𝜍s,LSM ∙  1 − 𝜀c ∙

𝑉LSM

𝜏𝑐
              (2-25b) 

   𝜍l,a
eff = 𝜍l,YSZ ∙  1 − 𝜀a ∙

𝑉YSZ

𝜏a
               (2-25c) 

     𝜍l,c
eff = 𝜍l,YSZ ∙  1 − 𝜀c ∙

𝑉YSZ

𝜏c
               (2-25d) 

Due to the existence of interconnects in stacks, the bad contact between 

interconnects and electrodes can cause contact resistance which also decrease the 

stack performance. In order to simplify the calculation of the ohmic loss caused 

by contact resistance on the interface of interconnects and electrodes, the 

equivalent interconnect conductivity is derived in terms of the equivalent circuit, 

           𝜍s,Int
eq

=
Hrib

ASR +
H rib
𝜍s ,Int

                     (2-26) 

where σs,Int
eq

 represents the equivalent interconnect conductivity adopted in 

modeling and Hrib  is the height size of interconnect rib. The contact resistance 

javascript:void(0);
javascript:void(0);
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ASR is the contact resistance which is influenced by the contact of interconnects 

and electrodes. The value of ASR varies from 10 to 100 mΩ cm2 reported by 

literatures [26, 76]. 

2.2.2 Momentum transport in channels and porous electrodes  

The gas transport in channels and porous electrodes consists of convection 

and diffusion.  

(1) Gas flow in channels 

In channels, the gas flow obeys mass and momentum conservation, the mass 

conservation equation is written as Eq.(2-27) and the momentum conservation 

can be described by the Navier-Stokes equation as Eq.(2-28)  

       ∇ ∙  𝜌𝑉   = 0                      (2-27) 

𝜌 𝑉  ∙ ∇ 𝑉  = ∇ ∙  −𝑝𝐈 −
2

3
𝜇 ∇ ∙ 𝑉   𝐈 + 𝐹           (2-28) 

where 𝐹  is the vector of the volume force. 

(2) Gas flow in porous electrodes 

In porous electrodes, mass balance equation accounting for the mass source 

from electrochemical reactions can be written as 

   ∇ ∙  𝜌𝑉   = 𝑆m                       (2-29) 

where 𝑆m  is mass source and determined by the electrochemical reaction rate. 

Darcy-Brinkman equation [77, 78] is utilized to describe the phenomena of 
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the momentum transport in porous media, therefore the momentum equation in 

porous electrodes can be transformed to  

𝜌

𝜀
 𝑉  ∙ ∇ 

𝑉   

𝜀
= ∇ ∙  −𝑝𝐈 −

2

3

𝜇

𝜀
 ∇ ∙ 𝑉   𝐈 −

𝜇

𝐵p
𝑉  + 𝐹        (2-30)  

here, 𝜀 is the porosity of electrodes, 𝜇 viscosity of the mixture of gases, and 𝐵p  

is the permeability coefficient of the porous electrodes. 

2.2.3 Mass transport 

2.2.3.1 Governing equations 

The mass transport in porous electrode are governed by the mass diffusion 

and convection equations and the governing equations can be written as 

   
𝜀

𝑅𝑇

𝜕(𝑥i𝑝)

𝜕𝑡
= −∇ ∙ 𝑁i

    + 𝑆i                 (2-31) 

In this steady state model, the left hand term can be neglected, and the 

Eq.(2-31) can be simplified as 

    ∇ ∙ 𝑁i
    = ∇ ∙ 𝑗i   + ∇ ∙ 𝜌𝑢  𝑤i + 𝑆i              (2-32) 

where ∇ ∙ 𝑗i    is the flux of mass transfer of species i, 𝑗i    is the flux of gas 

diffusion of species i in the porous media, 𝑥i and 𝑤i is the molar fraction and 

mass fraction of species i respectively, and 𝑆i is the source term of the mass 

transport of species i and determined by the reaction rates of species in the 

porous electrodes. 
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For the gas transport in porous media, Fick’s model is widely used to 

describe the flux of mass transfer of species with the advantages of simplicity 

and high accuracy[79]. The governing equations can be expressed as  

   𝑗i   = −
1

𝑅𝑇
 𝐷i

eff∇ 𝑥i𝑝 − 𝐷i
T ∇𝑇

𝑇
               (2-33) 

Where 𝐷eff
 
 and 𝐷T  are the total effective diffusion coefficient and the 

thermal diffusion coefficient (considered to be zero in this thesis), respectively.  

The total gas diffusion coefficient involves molecular diffusion coefficient 

and Knudsen diffusion coefficient, and can be calculated by Eq.(2-34)[80] 

          𝐷ij
eff =  

1

𝐷m ,ij
eff +

1

𝐷k ,i
eff  

−1

                   (2-34) 

where 𝐷m
eff  and 𝐷k

eff  are the effective molecular diffusion coefficient and 

effective Knudsen diffusion coefficient, respectively. 𝐷m
eff  can be determined by 

the following expression[81] 

   𝐷m,ij
eff =

𝜀

𝜏
𝐷m,ij =

𝜀

𝜏

1.43×10−3𝑇1.75

𝑝𝑀n
1/2

 𝜈
i
1/3

+𝜈
j
1/3

 
             (2-35a) 

  𝑀n = 2  
1

𝑀i
+

1

𝑀j
 
−1

                  (2-35b) 

where 𝜀 and 𝜏 are porosity and tortuosity of the porous electrodes, respectively. 

𝜈i is the diffusion volume of species i, and summarized in Table 2.2 basing on 

the previous literature[81]. 𝑀i is the molar mass of species i. 
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Table 2.2 Gas diffusion volume: 𝜈i 

Species Gas diffusion volume: 𝜈i (mol/m3) 

H2
 7.07 × 10−6 

H2O
 12.7 × 10−6 

N2
 17.9 × 10−6 

CO 18.9 × 10−6 

CO2
 26.9 × 10−6 

CH4
 23.2 × 10−6 

O2
 16.6 × 10−6 

The effective Knudsen diffusion coefficient 𝐷k
eff can be expressed as[82]  

  𝐷k,i
eff =

𝜀

𝜏

𝑑pore

3
 

8𝑅𝑇

𝜋𝑀 i
                   (2-36) 

where 𝑑pore  is the diameter of pore of electrodes. 

2.2.3.2 Chemical reactions model 

(1) Syngas fueled SOFC 

For syngas fueled SOFC, the water gas shift reaction (WGSR) should be 

considered, and he formula is shown in Eq.(2-37). 

    CO + H2O ↔ H2 + CO2                 (2-37) 

The reaction rate of WGSR can be estimated with high accuracy by Young’s 

model[40, 41, 83, 84]. The equations of reaction rate of WGSR are expressed as 

Eq.(2-38). 

𝑅WGSR = 𝐾sf  𝑝H2O𝑝CO −
𝑝H 2𝑝co 2

𝐾ps
  (mol m−3 s−1 )       (2-38a) 

   𝐾sf = 0.0171 exp  
−103191

𝑅𝑇
  (mol m−3 Pa−2 s−1 )      (2-38b) 
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   𝐾ps = exp −0.2935𝑍3 + 0.6351𝑍2 + 4.1788𝑍 + 0.316  (2-38c) 

   𝑍 =
1000

𝑇(K)
− 1                      (2-38d) 

(2) Methane fueled SOFC 

For methane fueled SOFC, not only methane steam reforming (MSR) 

reaction (mentioned above in Section 1.6.3) is involved in porous electrodes, but 

also WGSR should be considered. The formula of MSR reaction is expressed as 

follows 

   CH4 + H2O ↔ 3H2 + CO                  (2-39) 

The reaction rate of MSR reaction can also be calculated by the Young’s 

model which was commonly used in modeling [40, 41, 83, 84]. The expressions 

of the MSR rate can be written as shown in Eq.(2-40) 

     𝑅MSR = 𝐾rf  𝑝CH 4
𝑝H2O −

 𝑝H 2 
3
𝑝co 2

𝐾pr
  (mol m−3 s−1 )   (2-40a) 

𝐾rf = 2395 exp  
−231266

𝑅𝑇
  (mol m−3 Pa−2 s−1 )     (2-40b) 

𝐾pr = 1.0267 × 1010exp −0.2513𝑍4 + 0.3665𝑍3 + 0.581𝑍2 − 27.13𝑍 +

3.277  (Pa2) (2 − 40c) 

2.2.4 Heat transfer 

2.2.4.1 Governing equation 

The general form of the governing equation for the heat transfer among the 

whole SOFC stack can be generalized as 
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   𝜌𝐶p𝑢  ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑆T                (2-41) 

where 𝐶p  is the specific heat, 𝑘 is the thermal conductivity, and 𝑆T  is the heat 

source contributed by all the losses, electrochemical reactions, and even 

electrochemical reactions. 

The expression of the specific heat of gas mixture is   

𝐶p,g =  (𝑥i ∙ 𝐶p,i)i                    (2-42) 

Here, the specific heat of single gas species i , 
,p iC  can be calculated by 

[85] 

     𝐶p,i =  𝑎k ∙ (
𝑇

1000
)𝑘7

𝑘=1                 (2-43) 

where 𝑎k  is the parameter depending on the species and can be found in [85]. 

In the porous electrodes, the local temperature equilibrium is adopted which 

assumes that there is no temperature difference between solid phases and gas 

phases. Therefore, the first term can be neglected, and the governing equation for 

porous electrodes, interconnect and dense electrolyte can be simplified as 

    ∇ ∙ (−𝑘∇𝑇) = 𝑆T                     (2-44) 

The thermal conductivity 𝑘 of porous electrodes can be given by 

      𝑘 = 𝜀𝑘g + (1 − 𝜀)𝑘s                   (2-45) 

where 𝑘g  is the thermal conductivity of gas mixture, given by  

𝑘g =   𝑥i ∙ 𝑘i i                       (2-46) 
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Here, the thermal conductivity of single gas species i , 𝑘i can be estimated 

by 

    𝑘i = 0.01 ∙  𝑐k ∙ (
𝑇

1000
)𝑘7

𝑘=1                (2-47) 

where 𝑐k  depending on species is given by[85].

Table 2.3 Physical parameters of solid components 

 Specific heat 

 (J kg−1  K−1) 

Thermal conductivity 

 (W m−1  K−1) 

Anode 450 11 

Cathode 430 6 

Electrolyte 470 2.7 

Interconnect 550 20 

The specific heat[46] and thermal conductivity[86] of solid components are 

listed in Table 2.3. 

2.2.4.2 Heat sources 

Heat generated by the electrochemical reactions and the overpotentials in 

active electrodes are given by  

 𝑄er =  𝜙s − 𝜙l − 𝐸0
OCV + 𝑇

∆𝑆er

𝑛𝐹
 𝑖             (2-48) 

where ∆𝑆er  is the enthalpy change of the electrochemical reactions. Here, the 

first term, as defined ahead, is the overpotential and stands for the irreversible 

losses, and the last term, which is the reversible loss, represents the heat 

produced by the electrochemical reactions. 

Heat is also produced by the ohmic losses in other electronic conducting 
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solids, and expressed as 

     𝑄ohm =
H

𝜍eff
 𝑖  2                     (2-49) 

where H is the thickness of components and 𝜍eff  is the effective conductivity 

and can be found in Eqs.(2-25) and (2-26). 

Heat can be produced or consumed when there are chemical reactions in the 

stack. In syngas fed SOFC stacks, heat will be produced by the exothermic 

WGSR, and the heat can be calculated by 

𝑄WGSR = 𝑅WGSR ×  −10.5 × 𝑇 + 4.5065 × 104  (J/mol)   (2-50) 

In methane fed SOFCs, heat will not only be produced by the exothermic WGSR, 

but consumed by endothermic methane steam reforming reaction, and the heat 

can be expressed as  

𝑄MSR = 𝑅MSR ×  0.0424 × 𝑇 − 226.5107 × 103  (J/mol)  (2-51) 

2.3  Methods and model validation 

2.3.1 Methods 

The above governing equations are solved by Finite Element Method (FEM). 

The convergence condition is defined as the relative error below 0.001. The grid 

independence checking was conducted to maintain the variable difference 

between two cases below around 0.1%, and the final grid consists of 220,000 
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elements for the stack of 2mm width. The number of grid elements is linear with 

the stack width. The grid of a 2mm wide stack model is shown in Fig.2.3. 

 

Figure 2.3 Grid of a 2mm wide stack model 

 

Figure 2.4 Comparison between simulation results and experimental results with 

temperatures from 650℃ to 800 ℃ 

2.3.2 Validation of electrochemical model 

The hydrogen fed single SOFC model’s numerical results are used to 
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validate the electrochemical model with the experimental data[87]. In the 

experiment, the thickness of Ni-YSZ anode, YSZ electrolyte and LSM + YSZ 

cathode is 750μm , 10μm  and 50μm , respectively. The porosity of anode and 

cathode is 0.38 and 0.3 respectively. Hydrogen mixed with steam is fed to anode, 

and the hydrogen molar fraction of 0.9 is used in the model validation. Ambient 

air flows naturally onto the cathode surface and diffused to active sites through 

porous cathode. The validated models considered operation temperatures varying 

from 650 to 800℃. However, the temperature for one case is assumed to be 

constant for the whole cell domain since the cell is located in an oven and the 

oven keeps temperature constant during testing. The comparison between the 

results of modeling and experiments is illustrated in Fig.2.4. It indicates that the 

modeling results have good agreement with the experiment results over the 

voltage range of 0.9 to 0.6V (these voltages are normally used in practical 

applications and 0.7V is usually used for modeling). In addition, the agreement is 

also good for different operating temperatures. 
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CHAPTER 3 INTERCONNECT GEOMETRIC 

EFFECT ON HYDROGEN FED PLANAR SOFC 

STACKS 

The three-dimensional model developed in Chapter 2 is used to model the 

hydrogen fed SOFC stack. The geometries of unit cell model are shown in Table 

2.1 (Chapter 2). Co-flow pattern is adopted in this thesis. Fuel is consisted of 97% 

hydrogen and 3% water steam. Air is supplied in cathode channel. To maintain 

the fuel utilization and oxygen utilization at around 75% and 20% respectively, 

the proper fuel and air inlet flow rates at standard pressure and temperature (1atm, 

25℃) are defined in Table 3.1 except for the parametric studies in Section 3.3.2. 

A symmetric interconnect design is applied in modeling, excluding the studies in 

Section 3.3.6. The operating parameters of the SOFC stack are illustrated in 

Table 3.2. 

Table 3.1 The fuel and air inlet flow rates supplied to SOFC stack  

Gas inlet flow rates, Q 

(ml/min) 
W=2mm, Qref  W≠2mm 

Fuel, Qf 4.5 W/2×Qf
ref  

Air, Qair  39 W/2×Qair
ref  
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Table 3.2 Parameters used in modeling 

Parameters Values 

Inlet temperature boundary 700℃ 

Inlet fuel and air pressure 1 atm 

Cell voltage 0.7 V 

Anode inlet fuel composition, 𝑥H2
+ 𝑥H2O  97% H2+3% H2O 

Cathode inlet air composition,  𝑥O2
+ 𝑥N2

 21% O2+79% N2 

Anode porosity 0.38 

Cathode porosity 0.3 

ASR 0.05Ωcm2 

3.1 Interconnect effect on stack performance 

Comparing to the single cells, interconnects exist in SOFC stacks. As the 

existence of interconnect, the gas distributions and current density distribution 

will be strongly influenced. The gas distributions, temperature distribution and 

current density of a SOFC stack with 2 mm width and Ra of 0.5 are illustrated in 

Figs.3.1-3.5, respectively. Note that the SOFC stack with 2mm width, in this 

thesis, is supposed as a standard cell to demonstrate the stack performance. 

As shown in Fig.3.1, hydrogen molar fraction decreases along gas flow 

direction (x direction) as hydrogen is consumed by electrochemical oxidation. H2 

molar fraction decreases gradually from channel to porous anode. As 

interconnect rib exists in stack, in porous anode H2 molar fraction underneath the 
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interconnect rib is a little lower than that underneath the channel. Conversely, 

H2O molar fraction underneath the interconnect rib is a little higher than that 

underneath the channel. 

 

(a) 

 

(b) 

Figure 3.1 Hydrogen molar fraction: (a) volume, (b) slice 

On the contrary to H2, H2O molar fraction increases along the gas flow 

direction (x direction) as it is produced by the electrochemical oxidation of H2 

(shown in Fig.3.2). In addition, H2O molar fraction increases from the channel to 

the interface of anode and electrolyte, where H2O is produced.  
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(a) 

 

(b) 

Figure 3.2 H2O molar fraction: (a) volume, (b) slice 

Similarly to H2, O2 molar fraction decreases along the gas flow direction (x 

direction) because O2 is consumed by the electrochemical reaction. As 

interconnect exists in stack, in porous cathode, O2 molar fraction underneath 

interconnect rib is obviously lower than that underneath channel as shown in 

Fig.3.3. 
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(a) 

 

(b) 

Figure 3.3 Oxygen molar fraction: (a) volume, (b) slice 

As shown in Fig.3.4, temperature is comparatively uniform in the direction 

of cell thickness and width. However, temperature obviously increases along the 

gas flow direction (x direction) and the maximum temperature difference can 

reach about 80K. This temperature increase is big enough so that it should be 

considered. This temperature distribution indicates that the heat transfer should 

be considered in modeling of SOFC stack.  
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(a) 

 

(b) 

Figure 3.4 Temperature distribution (K): (a) volume, (b) slice 

The influence on the stack performance caused by existence of interconnect 

rib can be reflected on the current density distribution. As shown in Fig.3.5, the 

current density underneath interconnect rib is much lower than that underneath 

channel. It may be caused by the lower H2 and O2 molar fraction underneath 

interconnect rib (referring to Figs.3.1 and 3.2). 

In addition, along the gas channel (x direction), the current density firstly 

increases and then decreases gradually. The increase surrounding the inlet is 



 

53 

 

mainly contributed by the temperature increase. However, even though the 

temperature is still increasing, the current density further decreases gradually 

because the dramatic decrease of both of H2 and O2 molar fraction and increase 

of H2O molar fraction lower the cell OCV (referring to Eq.(2-2))and also 

increase concentration loss (referring to Eqs.(2-16) and (2-17)). 

 

Figure 3.5 Current distribution on the interface of electrode and electrolyte (A/m
2
) 

3.2 Interconnect rib width effect on stack performance 

Since interconnect rib width influences the gas diffusion path and electrons 

conducting path, when interconnect rib width varies, the gas diffusion resistance 

and electrons conducting resistance will correspondingly be influenced. 

Therefore, the stack performance will be influenced by interconnect rib width. 

To primarily test the influence of interconnect rib width on the performance 

of SOFC stack, the fundamental parametric study on a standard cell is conducted 

and the results are demonstrated in Fig.3.6. In addition, a comparison study is 

conducted between models without heat transfer and with heat transfer.  
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Figure 3.6 Effect of interconnect rib width Ra on current density of SOFC stack with 2mm width 

As shown in Fig.3.6, the current density firstly increases gradually and then 

decreases with Ra in both cases. It turns out that the stack performance with 

optimum Ra can be improved by almost 30% compared to Ra of 0.2 in case 2. In 

addition, the peak current density of case 2 is about 19% higher than that of case 

1 because the stack average temperature obtained by the model with heat transfer 

is higher than the operating temperature as mentioned in Fig.3.4. It also shows 

that the optimum Ra of 0.45 from the model without heat transfer is similar to the 

pervious result obtained by Liu et al [88], which can further validate the present 

model to some extent. However, when the operating temperatures are the same as 

high as 700℃, the optimum Ra of 0.5 obtained by the model with heat transfer is 

comparably larger than that obtained by the model without heat transfer. This can 

be explained from two aspects. On one hand, when the heat transfer is involved 
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in model, the cell temperature is increased along the channel with an increase of 

around 80K as shown in Fig.3.4. As mentioned above, the average current 

density obtained by the model with heat transfer is obviously bigger than that by 

the model without heat transfer which neglects the enhancement of the increase 

of temperature on the current density. Since the ohmic loss from the contact 

resistance between electrodes and interconnect ribs is increased with the 

increased average current density, a larger interconnect rib size is preferred to 

balance this increased ohmic loss by the contact resistance. On the other hand, 

the concentration loss is decreased by the increased temperature which provides 

the interconnect rib size space for becoming larger to balance ohmic loss. Overall, 

the optimum interconnect rib becomes larger when the model with heat transfer 

is applied. Furthermore, this result indicates that temperature change should be 

considered in SOFC stack modeling and the maximum temperature difference 

along the channel can reach around 80K.  

The influence of interconnect rib size on stack performance can be reflected 

by the change of current density distribution on the surface of electrode as shown 

in Fig.3.7. Current density underneath interconnect is much lower than that 

underneath channel as mentioned in Section 3.1. Moreover, current density 

underneath interconnect decreases with Ra because concentration overpotential is 



 

56 

 

increased caused by the increase of reactant composition and the decrease of 

product composition. On the contrary, current density underneath channel 

increases with Ra. Therefore, current density distribution becomes more and 

more nonuniform when Ra increases. 

 

Figure 3.7 Current density distributions on the surface of cathode for stack 

 with Ra varying from 0.2 to 0.7 

3.3 Parametric studies 

Since the optimum Ra is influenced by the geometric and operating 

parameters (i.e. porosity, gas inflow rates) of SOFC stack, parametric studies are 

conducted to find out the main factors effect on optimum Ra. 
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3.3.1 Optimum rib width Ra versus gas inlet flow rates 

A parametric study of gas inlet flow rates was conducted and the results are 

shown in Fig.3.8. When both of fuel and air inlet flow rates vary in a proper 

range (0.8Q~1.2Q), the optimum Ra for stacks with different pitch width W is 

constant as shown in Fig.3.8(a). It indicates that when inlet flow rates in a proper 

range, the optimum Ra is independent on the inlet flow rates. As fuel utilization 

uf and oxygen utilization ua, dimensionless variables, are directly dependent on 

fuel inlet flow rates and air inlet flow rates respectively, it is reasonable to utilize 

uf and ua to represent the fuel inlet flow rates and air inlet flow rates respectively, 

in order to generalize this relationship between the optimum Ra and gas inlet 

flow rates. As shown in Fig.3.8, when both fuel and air inlet flow rate increase 

from 0.8Q to 1.2Q, uf and ua also increase. The uf and ua values for SOFC stack 

with 2mm width are between 0.65 and 0.88, and between 0.17 and 0.23 

respectively. Therefore, when variation ranges of fuel utilization uf and oxygen 

utilization ua maintain around 10% and 3% respectively, the optimum Ra is 

independent on the gas inlet flow rates. Similarly, when gas inlet flow rates 

maintain constant for a SOFC stack with different interconnect rib width, the 

influence of variation of uf and ua on optimum Ra can also be neglected when uf 

(uf±10%) and ua (ua±3%) are in proper ranges. 
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(a) 

 

(b) 

Figure 3.8 (a) Optimum Ra vs. width for different inlet flow rates, (b) current density for stacks 

with optimum Ra supplied by different inlet flow rates 

3.3.2 Pitch width effect on optimum Ra  

The optimum Ra, as shown in Fig.3.9 (a), decreases with pitch width when 

pitch width W ≤ 2.5mm, while it maintains constant when W > 2.5mm. As 

shown in Fig.3.9(b), uf (around 0.75) and ua (around 0.2) changes in a narrow 

range. According to the analysis in Section 3.3.1, the gas flow rates have no 

obvious effect on optimum Ra when gas utilization is in a proper range. When W 
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increases, the gas diffusion is more difficult from the area underneath channels to 

the area underneath interconnect rib since the gas flow distance becomes longer. 

Therefore, the interconnect rib width should become smaller to balance the 

increase of gas diffusion resistance caused by the increased pitch width.  

 

(a) 

 

 (b) 

Figure 3.9 (a) Optimum Ra with stack pitch width, (b) current density of stacks with 

corresponding optimum Ra 

In addition, the relationship between optimum Ra is linear with pitch width 

W for W≤ 2.5mm. While the optimum Ra is constant for W>2.5mm, it may be 
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because that the change of optimum rib width ratio is smaller than the interval of 

rib width ratio which is 0.025 used in this parametric study.  

3.3.3 Optimum rib width Ra versus ASR 

When ASR increases, the current density decreases due to the increase in 

ohmic loss as shown in Fig.3.10 (b).  

 

(a) 

 

(b) 

Figure 3.10 (a) Optimum Ra with ASR, (b) current density for stacks with optimum Ra 

As aforementioned in Section 3.3.2, to exclude the influence of gas inlet 
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flow rates, the supplied gas inlet flow rates are correspondingly decreased with 

ASR to maintain uf and ua in suitable ranges. Due to the increase of ohmic loss 

with ASR, the interconnect rib width should become larger to balance the 

increased ohmic loss caused by the increase of ASR. Therefore, as shown in 

Fig.3.10 (a), the optimum Ra is increasing with ASR. In addition, the relationship 

between the optimum Ra and ASR is similarly linear. 

3.3.4 Optimum rib width Ra with cathode porosity 

Although the electric conductivity of electrodes decreases with porosity, the 

current density increases with cathode porosity increasing because the gas 

diffusion resistance is decreased with porosity increases, as shown in Fig.3.11(b). 

Since effective electric conductivity of electrode is decreasing when porosity 

increases (referring to Eq.(2-25)). Therefore, the electron conducting resistance 

becomes bigger when porosity is increasing. In the meanwhile, the ohmic loss 

caused by contact resistance between electrode and electrolyte also increases 

when current density increasing. Therefore, the total ohmic loss will be increased 

when porosity increases. However, the gas diffusion resistance will be decreased 

when porosity increases because the effective gas diffusion coefficient is 

increasing with porosity (referring to Eqs.(2-35) and (2-36)). On one hand, when 

porosity increases, the increased electron conducting resistance prefers larger 
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interconnect rib width to balance the increased ohmic loss. On the other hand, the 

decreased gas diffusion resistance has some space for interconnect rib width to 

become larger. Therefore, the optimum Ra increases with the cathode porosity 

increasing as shown in Fig.3.11 (a) and there is linear relationship between the 

optimum Ra and the cathode porosity. 

 

(a) 

 

(b) 

Figure 3.11 (a) Optimum Ra versus cathode porosity, (b) current density of SOFC stacks with 

corresponding Optimum Ra changing with cathode porosity 
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3.3.5 Optimum rib width Raa and Rac for stacks with asymmetric 

geometries 

 

(a) 

 

(b) 

Figure 3.12 (a) Optimum Ra versus pitch width W for SOFC stacks with symmetric or 

asymmetric designs, (b) current density of SOFC stacks with corresponding Optimum Ra 

As mentioned above, the optimum Ra is influenced by both the gas 

diffusion resistance and electron conducting resistance. For gas diffusion 

resistance, both anode and cathode gas diffusion contribute to this resistance. 
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However, the difference between gas diffusion resistance in anode and cathode is 

huge due to different gas species exist in anode side and cathode side respectively. 

The gas diffusion coefficient of H2 and H2O in anode side is larger compared to 

that of O2 in cathode side as H2 and H2O have smaller molar mass (referring to 

Eqs.(2-35) and (2-36)). Therefore, considering this difference of gas diffusion 

coefficient between gas species on anode side and cathode side respectively, the 

optimum Ra for anode and cathode interconnect rib width may be different. 

Based on the above analysis, an asymmetric geometry design of interconnect rib 

in SOFC stack fed by H2, which may probably further improve the stack 

performance, is proposed.  

Parametric studies of SOFC stacks with asymmetric interconnect rib design 

are conducted. To find out the optimum anode interconnect rib of asymmetric 

designed SOFC stack Raa
asym

, the cathode interconnect rib is optimum cathode 

interconnect rib of symmetric designed SOFC stack Rac
sym

. Similarly, the anode 

interconnect rib is optimum anode interconnect rib of symmetric designed stack 

Raa
sym

 in the parametric study of cathode interconnect rib Rac
asym

 for 

asymmetric designed SOFC stack. Since the gas diffusion coefficient of H2 and 

H2O is relatively larger, the variation of the gas diffusion loss with interconnect 

rib width is smooth. On the contrary, the influence of interconnect rib width on 
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the electron conducting loss may be relatively stronger. Therefore, on the anode 

side, the SOFC stack performance (Fig.3.12(b)) can benefit by further increasing 

the anode interconnect rib width Raa due to the largely decreased electron 

conducting loss although there is a little increase in gas diffusion loss. It can also 

be found that in Fig.3.12(a) the optimum Raa
asym

 is larger than the 

optimum Raa
sym

. However, it is contrary to the cathode side that the optimum 

Rac
asym

 is larger than the optimum Rac
sym

 as shown in Fig.3.12(a). Because the 

gas diffusion coefficient of O2 is relatively small, the gas diffusion loss on the 

cathode side is sensitive to the interconnect rib width. Therefore, the cathode 

interconnect rib width can further be decreased to decrease the gas diffusion loss 

with sacrifice of slightly increased electron conducting loss in order to improve 

the SOFC stack performance as shown in Fig.3.12(b). So the optimum Rac
asym

 

is smaller than the optimum Rac
sym

. As shown in Fig.3.12(b), the SOFC stack 

achieves best performance when both of optimum anode rib width Raa
asym

 and 

cathode rib width Rac
asym

 are utilized in SOFC stack. Compared to symmetric 

design, this asymmetric design can further improve the stack performance by as 

high as 7%. 

3.3.6 Empirical equations for predicting optimum Ra 

Basing on the above parametric studies, empirical equations as shown in 
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Eq.(3-1) and (3-2) are derived to predict optimum Ra. 

For H2 fed SOFC stack with symmetric design, the optimum Ra can be 

estimated by 

Ra =  
−0.05W + 0.25εc − 5ASR + 0.775, for W ≤ 2.5 mm

0.65 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
      (3-1) 

where the pitch width W and area specific resistance ASR should be in units of 

mm and Ω cm2, respectively and εc is cathode porosity. 

Similarly, for H2 fed SOFC stack with asymmetric design, the optimum Ra 

can be estimated by 

Raa =  
−0.05W + 0.25εc − 5ASR + 1.175, for W ≤ 2.5 mm

1.05 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
    (3-2a) 

Rac =  
−0.05W + 0.25εc − 5ASR + 0.675, for W ≤ 2.5 mm

0.55 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
    (3-2b) 

3.4 CONCLUSIONS 

The modeling of planar SOFC stack fed by H2 is conducted in this chapter. 

As existence of interconnect rib in SOFC stack, both of gas diffusion and 

electron conducting are influenced. To optimize the interconnect rib width Ra, 

series of parametric studies are conducted. The findings are as follows. 

(1) A comparative study between the model with heat transfer and the 

model without heat transfer is conducted, and the present study clearly 

indicates that heat transfer in SOFC stack modeling needs to be 
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considered for SOFC stack design optimization. 

(2) Stack performance can be improved by almost 30% by optimizing the 

interconnect rib size. 

(3) The optimum Ra is linear with pitch width W for W≤ 2.5mm, while 

the optimum Ra is constant for W>2.5mm. 

(4) The fuel utilization uf and oxygen utilization ua are utilized to clarify the 

influence of gas inlet flow rates on the optimum Ra. When uf (uf±10%) 

and ua (uf±3%) are in proper ranges, the optimum Ra is independent on 

the gas inlet flow rates. 

(5) The optimum Ra is increasing with ASR and the relationship between 

the optimum Ra and ASR is similarly linear. 

(6) The optimum Ra is increased with the cathode porosity increasing and 

there is linear relationship between the optimum Ra and the cathode 

porosity. 

(7) A novel rib design (asymmetric interconnect rib design) is proposed in 

SOFC stack fed by H2 considering the difference of gas diffusion 

coefficient between gas species in anode side and cathode side 

respectively. The optimum Raa
asym

 is larger than the optimum Raa
sym

, 

while the optimum Rac
asym

 is smaller than the optimum Rac
sym

. The 
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SOFC stack can obviously benefit when both of the optimum 

Raa
asym

 and Rac
asym

 are utilized in the asymmetric design. Compared to 

symmetric design, this asymmetric design can further improve the stack 

performance by as high as 7%. 

(8) Simple empirical equations are derived to predict the optimum Ra, 

which make it convenient for practical geometric design of SOFC stack. 
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CHAPTER 4 INTERCONNECT GEOMETRIC 

EFFECT ON SYNGAS FED PLANAR SOFC STACKS 

The three-dimensional model developed in Chapter 2 is used to model the 

syngas fed SOFC stack. In order to compare with H2 fed SOFC stack, the 

geometries of unit cell model are same with H2 fed SOFC stack shown in Table 

2.1 (Chapter 2). Co-flow pattern is adopted in this thesis. Syngas consists of 45% 

H2, 45% CO, 5% H2O and 5% CO2 in models excluding the parametric study 

model of syngas composition in Section 4.2.2. Air is supplied in cathode channel. 

Similarly to H2 fed SOFC stack, to maintain the fuel utilization and oxygen 

utilization at around 75% and 20% respectively, the proper syngas and air inlet 

flow rates at standard pressure and temperature (1atm, 25℃) are defined in Table 

4.1 except for the parametric studies in Section 4.3.2. A symmetric interconnect 

design is applied in modeling. The operating parameters of the SOFC stack are 

illustrated in Table 4.2. 

Table 4.1 The fuel and air inlet flow rates supplied to SOFC stack  

Gas inlet flow rates, Q 

(ml/min) 
W=2mm, Qref  W≠2mm 

Fuel, Qf 4.4 W/2×Qf
ref  

Air, Qair  35.4 W/2×Qair
ref  
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Table 4.2 Parameters used in modeling 

Parameters Values 

Inlet temperature boundary 700℃ 

Inlet fuel and air pressure 1 atm 

Cell voltage 0.7 V 

Anode inlet fuel composition, 

 𝑥H2
+  𝑥CO + 𝑥H2O + 𝑥CO 2

 

45% H2+45% CO 

+5% H2O+5% CO2 

Cathode inlet air composition,  𝑥O2
+ 𝑥N2

 21% O2+79% N2 

Anode porosity 0.38 

Cathode porosity 0.3 

ASR 0.05Ωcm2 

 

4.1 Interconnect effect on stack performance 

As mentioned above in section 4.1, the existence of interconnect in SOFC 

stacks has great effect on the gas distributions and current density distribution. 

The gas distributions, temperature distribution and current density of a SOFC 

stack with 2 mm width and Ra of 0.475 are illustrated in Figs.4.1-4.8, 

respectively.  
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(a) 

 

(b) 

Figure 4.1 Hydrogen molar fraction: (a) volume, (b) slice 

As shown in Fig.4.1, hydrogen molar fraction decreases along gas flow 

direction (x direction) as hydrogen is consumed by electrochemical oxidation. 

Although hydrogen is produced by water gas shift reaction, the rate of water gas 

shift reaction is greatly lower than that of H2 electrochemical reaction. Therefore, 

H2 molar fraction decreases along flow direction. On the contrary, H2O molar 

fraction increases along the gas flow direction (x direction) as water is produced 

by the electrochemical oxidation of H2 (shown in Fig.4.3) even though H2O is 

also consumed by water gas shift reaction at a relatively low rate. H2 molar 
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fraction decreases gradually from channel to porous anode. As interconnect rib 

exists in stack, in porous anode, H2 molar fraction underneath the interconnect 

rib is a little lower than that underneath the channel. Conversely, H2O molar 

fraction underneath the interconnect rib is a little higher than that underneath the 

channel. 

 

(a) 

 

(b) 

Figure 4.2 CO molar fraction: (a) volume, (b) slice 

It is similar to H2 that CO molar fraction decreases gradually along the fuel 

channel (x direction). However, CO is not only consumed by electrochemical 
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oxidation but also water gas shift reaction. As the product of CO electrochemical 

oxidation and gas shift reaction, CO2 molar fraction increases along the fuel 

channel shown in Fig.4.4. 

H2 distribution in anode electrode is more uniform than CO, because H2 has 

bigger gas diffusion coefficient and in the meanwhile H2 is produced by water 

shift reaction in the whole anode. 

 

(a) 

 

(b) 

Figure 4.3 H2O molar fraction: (a) volume, (b) slice 
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(a) 

 

(b) 

Figure 4.4 CO2 molar fraction: (a) volume, (b) slice 

As mentioned above, CO2 is the product of CO electrochemical reaction and 

water shift reaction. Therefore, CO2 increases along the gas flow direction and 

has higher molar fraction near the interface of anode and electrolyte where both 

reactions occur. 

O2 molar fraction decreases along the gas flow direction (x direction) 

because O2 is consumed by the electrochemical reaction. As interconnect exists 
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in stack, in porous cathode, O2 molar fraction underneath interconnect rib is 

obviously lower that underneath channel as shown in Fig.4.5. Also, O2 molar 

fraction is lower near the interface of cathode and electrolyte where O2 is 

consumed by electrochemical reaction. 

 

 (a) 

 

(b) 

Figure 4.5 Oxygen molar fraction: (a) volume, (b) slice 

As shown in Fig.4.6, temperature is uniform in the directions of cell 

thickness and width. However, temperature obviously increases along the gas 

flow direction (x direction) and the maximum temperature difference can reach 

almost 90K. The temperature increase is contributed by all the losses and the heat 
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released by water gas shift reaction. The temperature increase is big enough so 

that it should be considered. This temperature distribution further confirms that 

the heat transfer should be considered in modeling of SOFC stack.  

 

(a) 

 

(b) 

Figure 4.6 Temperature distribution (K): (a) volume, (b) slice 

Fig.4.7 shows the rate of water gas shift reaction in the whole anode. The 

reaction rate is much higher near the interface of anode and electrolyte where fast 

consumption of H2 and production of H2O can promote this reaction. However, 
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the reaction rate is much lower underneath the interconnect rib where low CO 

molar fraction (as shown in Fig.4.2) deteriorates this chemical reaction.  

 

(a) 

 

(b) 

Figure 4.7 Rate of water gas shift reaction, RWGSR (mol/s/m
3
): (a) volume, (b) slice 

The existence of interconnect rib also influences the current density 

distribution. As shown in Fig.4.8, the current density underneath interconnect rib 

is much lower than that underneath channel. It may be caused by the lower H2, 

CO and O2 molar fraction underneath interconnect rib (referring to Figs.4.1, 4.2 
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and 4.4). 

 

Figure 4.8 Current distribution on the interface of electrode and electrolyte (A/m
2
) 

In addition, along the gas channel (x direction), the current density firstly 

increases and then decreases gradually. The increase near the inlet is mainly 

contributed by the temperature increase. However, even though the temperature 

is still increasing, the current density further decreases gradually because both of  

the dramatic decrease in molar fractions of reactants (H2, CO and O2) and 

increase in molar fractions of products (H2O and CO2) lower the cell OCV 

(referring to Eq.(2-2))and also increase the concentration loss (referring to 

Eqs.(2-16) and (2-17)). 

4.2 Parametric studies 

4.2.1 Pitch width effect on optimum Ra 

As shown in Fig.4.9(a), the variation tendency of optimum Ra for syngas 
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fed SOFC stack is similar with that for H2 fed SOFC stack. When pitch width W 

≤2.5mm, the optimum Ra is linear with W, while the optimum Ra keeps 

constant when W >2.5mm. 

However, the optimum Ra of syngas fed SOFC stack is a little smaller than 

that of hydrogen fed SOFC stack. On one hand, compared to H2, syngas has 

smaller gas diffusion coefficient due to bigger molar mass which results in bigger 

concentration loss (referring to Eqs.(2-34)-(2-36)). Thus, in terms of 

concentration loss, syngas fed SOFC stack desires slightly smaller interconnect 

rib width. On the other hand, since the current density of syngas fed SOFC is 

smaller than that of hydrogen fed SOFC as shown in Fig.4.9(b)) , the ohmic loss 

caused by contact resistance between interconnect ribs and electrodes is smaller, 

which further allows interconnect rib to become a little smaller in order to 

balance the increased concentration loss. From both perspectives of 

concentration loss and ohmic loss, the optimum Ra for syngas fed SOFC stack is 

a little smaller compared to that for H2 fed SOFC stack. 

The current density decreases with pitch width both for H2 and CO as fuel 

(shown in Fig.4.9(b)), because both of the gas diffusion resistance and electron 

conducting resistance increase with pitch width increasing. 
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(a) 

 

(b) 

Figure 4.9 (a) Effect of pitch width W on optimum Ra, (b) the current density of SOFC stack 

with the corresponding optimum Ra 

4.2.2 Syngas composition effect on optimum Ra 

Syngas composition is normally changeable, so it is meaningful to 

investigate whether the optimum Ra is influenced by syngas composition 

especially the fuel composition (H2 and CO) in syngas.  
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(a) 

 

(b) 

Figure 4.10 (a) Effect of syngas composition on optimum Ra, (b) current density of SOFC stack 

with corresponding optimum Ra  

To find out the effect of syngas composition on the optimum Ra, parametric 

studies were conducted by varying the molar fraction ratio of H2 to CO, 𝑥H2
: 𝑥CO , 

from 5:1 to 1:5 and keeping the total molar fraction of H2 and CO, 𝑥H2
+ 𝑥CO , at 

0.9. When the molar fraction varies in a large range with H2 from 0.75 to 0.15 

and correspondingly CO from 0.15 to 0.75, the optimum Ra is not influenced. 
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Therefore, the effect of syngas composition on optimum Ra can be neglected. As 

shown in Fig.4.10(b), it is easy to understand that the current density increases 

with H2 molar fraction increasing mainly because H2 has higher electrochemical 

reaction rate and bigger diffusion coefficient compared with CO.  

4.2.3 ASR effect on optimum Ra 

 

(a) 

 

(b) 

Figure 4.11 (a) Effect of ASR on optimum Ra, (b) current density of SOFC stack with 

corresponding optimum Ra with different ASR 

When ASR increases, the current density decreases due to the increase in 
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ohmic loss as shown in Fig.4.11 (b). The ohmic loss increases with ASR 

increasing although the current density decreases with ASR. Due to the increase 

of ohmic loss with ASR increasing, the interconnect rib width should become 

larger to balance the increased ohmic loss caused by the increase of ASR. 

Therefore, as shown in Fig.4.11 (a), the optimum Ra is increasing with ASR. In 

addition, the relationship between the optimum Ra and ASR can be considered as 

approximately linear. 

4.2.4 Cathode porosity effect on optimum Ra 

As shown in Fig.4.12 (b), the current density increases with cathode 

porosity increasing because the gas diffusion resistance is decreasing with 

porosity, even though there is slight decrease in electric conductivity.  

Since effective electric conductivity of electrode is decreasing when 

porosity increases (referring to Eq.(2-25)). Therefore, the electron conducting 

resistance becomes bigger when porosity is increasing. In the meanwhile, the 

ohmic loss caused by contact resistance between electrode and electrolyte also 

increases when current density increasing. Therefore, the total ohmic loss will be 

increased when porosity increases (referring to Eqs.(2-35) and (2-36)). However, 

the gas diffusion resistance will be decreased when porosity increases because 

the effective gas diffusion coefficient is increasing with porosity. On one hand, 
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when porosity increases, the increased electron conducting resistance prefers 

larger interconnect rib width to balance the increased ohmic loss. On the other 

hand, the decreased gas diffusion resistance has some space for interconnect rib 

width to become larger. Therefore, the optimum Ra increases with the cathode 

porosity increasing as shown in Fig.4.12 (a) and there is linear relationship 

between the optimum Ra and the cathode porosity. 

 

(a) 

 

(b) 

Figure 4.12 (a) Effect of cathode porosity on optimum Ra, (b) current density of SOFC 

stack with different cathode porosity and corresponding optimum Ra 
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4.2.5 Optimum rib width Raa and Rac for stacks with asymmetric 

geometries 

The stack performance of SOFC fed by hydrogen can significantly benefit 

from the novel asymmetric geometric design as mentioned in Section 3.3.5. In 

this section, the asymmetric geometric design is also adopted in syngas fed 

SOFC stack and the optimization work of interconnect rib size is conducted. 

Similarly to hydrogen fed SOFC stack, the optimum Raa
asym

 is larger than 

the optimum Raa
sym

and the optimum Rac
asym

 is smaller than the optimum Rac
sym

. 

Also, the SOFC stack achieves best performance when both of optimum anode 

rib width Raa
asym

 and cathode rib width Rac
asym

 are utilized in SOFC stack. 

The asymmetric geometric design can improve syngas fed SOFC stack by 1.5% 

compared to symmetric design. However, this improvement extent by adopting 

asymmetric geometry in syngas fed SOFC stack is much smaller than that in 

hydrogen fed SOFC stack. In syngas fed SOFC the difference of concentration 

overpotential between anode and cathode is smaller compared to hydrogen fed 

SOFC stack because anode concentration overpotential is larger in syngas fed 

SOFC stack. Therefore, the value of Raa
asym

− Rac
asym

 of syngas fed SOFC is 

smaller than that of hydrogen fed SOFC. This is the main reason why 

asymmetric geometric design has less improvement on syngas fed SOFC stack.   
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(a) 

 

(b) 

Figure 4.13 (a) Optimum Ra versus pitch width W for SOFC stacks with symmetric or 

asymmetric designs, (b) current density of SOFC stacks with corresponding Optimum Ra 

4.2.6 Empirical equations for predicting optimum Ra  

In order to provide an easy-to-use method for practical geometric designs of 

syngas fed SOFC stack, empirical equations are obtained basing on the above 

parametric studies, written in Eq.(4-1). 
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Ra =  
−0.05W + 0.25εc − 5ASR + 0.75, for W ≤ 2.5 mm

0.625 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
      (4-1) 

where the units of the pitch width W and area specific resistance ASR are mm 

and Ω cm2, respectively, and εc is cathode porosity. 

Similarly, for syngas fed SOFC stack with asymmetric design, the optimum 

Ra can be estimated by 

Raa =  
−0.1W + 0.25εc − 5ASR + 1, for W ≤ 2.5 mm

0.75 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
        (4-2a) 

Rac =  
−0.05W + 0.25εc − 5ASR + 0.675, for W ≤ 2.5 mm

0.55 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
   (4-2b) 

4.3 Conclusions 

The modeling of planar SOFC stack fed by syngas is conducted in this 

chapter. As existence of interconnect rib in SOFC stack, both of the gas diffusion 

and electron conducting are influenced. To optimize the interconnect rib width 

Ra, series of parametric studies are conducted. The findings are as follows. 

(1) The optimum Ra of syngas fed SOFC stack is a little smaller than that of 

H2 fed SOFC stack. 

(2) Similarly to H2 fed SOFC stack, the optimum Ra is linear with pitch 

width W for W≤  2.5mm, while the optimum Ra is constant for 

W>2.5mm. 
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(3) Syngas composition has no influence on optimum Ra. 

(4) The optimum Ra is increasing with ASR and the relationship between 

the optimum Ra and ASR is similarly linear. 

(5) The optimum Ra is increased with the cathode porosity increasing and 

there is linear relationship between the optimum Ra and the cathode 

porosity. 

(6) The asymmetric geometric design can improve syngas fed SOFC stack 

by 1.5% compared to symmetric design. However, this improvement 

extent by adopting asymmetric geometry in syngas fed SOFC stack is 

much smaller than that in hydrogen fed SOFC stack. 

(7) Empirical equations are obtained to predict optimum Ra of syngas fed 

SOFC stack, which provides an easy-to-use method for practical 

geometric designs of syngas fed SOFC stack. 
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CHAPTER 5 INTERCONNECT GEOMETRIC 

EFFECT ON METHANE FED PLANAR SOFC WITH 

INTERNAL REFORMING  

The three-dimensional model described in Chapter 2 is extended to model 

the methane fed SOFC stack with internal reforming. In order to compare results 

with that obtained in Chapter 3 and 4, the geometries of unit cell model are same 

with H2 fed SOFC stack shown in Table 2.1 (Chapter 2). Co-flow pattern is 

adopted in this thesis. Considering eliminating the carbon deposition 

phenomenon in anode electrode, the gas mixture consisting of 33% CH4 and 67% 

H2O (molar fraction) is supplied to SOFC stack excluding the parametric study 

of inlet fuel composition in Section 5.2.2. Air is supplied in cathode channel. 

Since internal reforming is involved, the fuel utilization is much lower compared 

to hydrogen or syngas fed SOFC. The proper syngas and air inlet flow rates at 

standard pressure and temperature (1atm, 25℃) are defined in Table 5.1. 

Considering the temperature effect on the internal reforming reaction (referring 

to Eq.(2-40) in Chapter 2), CH4 fed SOFC with internal reforming prefers higher 

operating temperatures. Thus, the inlet temperature of 800℃ is used in this 

modeling. A symmetric interconnect design is applied in modeling. The operating 

parameters of the SOFC stack are illustrated in Table 5.2. 
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Table 5.1 The fuel and air inlet flow rates supplied to SOFC stack  

Gas inlet flow rates, Q 

(ml/min) 
W=2mm, Qref  W≠2mm 

Fuel, Qf 3 W/2×Qf
ref  

Air, Qair  30 W/2×Qair
ref  

 

Table 5.2 Parameters used in modeling 

Parameters Values 

Inlet temperature boundary 8000℃ 

Inlet fuel and air pressure 1 atm 

Cell voltage 0.7 V 

Anode inlet fuel composition, 

 𝑥CH 4
+ 𝑥H2O  

33% CH4+67% H2O 

Cathode inlet air composition,  𝑥O2
+ 𝑥N2

 21% O2+79% N2 

Anode porosity 0.38 

Cathode porosity 0.3 

ASR 0.05Ωcm2 

5.1 Interconnect effect on stack performance 

As mentioned above in sections 3.1 and 4.1, the existence of interconnect in 

SOFC stacks has great effect on the gas distributions, current density distribution, 

temperature distribution and even chemical reactions (if any). Modeling of a 
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2mm wide SOFC stack with Ra of 0.5 is conducted to investigate the effect of 

interconnect on the performance of stack. 

CH4 is supplied to SOFC from the inlet and then diffuses to porous anode 

where with the catalysis of Ni it reacts with H2O by methane steam reforming 

reaction. Therefore, as shown in Fig.5.1, CH4 decreases gradually along the gas 

flow direction. 

 

(a) 

 

(b) 

Figure 5.1 CH4 molar fraction: (a) volume, (b) slice 

In addition, CH4 molar fraction underneath interconnect is much lower than 

that underneath channel because CH4 needs to overcome bigger diffusion 
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resistance to reach that location. 

 

(a) 

 

 

(b) 

Figure 5.2 H2O molar fraction: (a) volume, (b) slice 

H2O molar fraction distribution is shown in Fig.5.2. H2O distribution along 

the channel can be clearly divided into two stages considering the H2O 

consumption by MSR and WGSR and H2O production by H2 electrochemical 

oxidation. In the first stage, the channel has higher H2O molar fraction than 

anode. H2O diffuses into anode where dramatic MSR and WGSR occur (shown 
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in Figs.5.8 and 5.9) to produce large amount of H2 and CO. Then, the produced 

H2 and CO react with O
2-

 near the anode-electrolyte interface. In the second stage, 

conversely, H2O molar fraction near anode-electrolyte interface is higher than 

that in the channel, because H2O is produced and accumulates near the 

anode-electrolyte interface. 

 

(a) 

  

(b) 

Figure 5.3 H2 molar fraction: (a) volume, (b) slice 

The distribution of H2 molar fraction is rightly opposite with H2O, because 

H2 and H2O always play opposite roles (reactant or product) in all involved 

reactions (MSR reaction, WGSR and H2 electrochemical oxidation). Along gas 
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flow direction (x direction), H2 firstly increases and then decreases in Fig.5.6. It 

is interesting to find that in the inlet part of anode H2 underneath the interconnect 

shows higher molar fraction than that underneath channel. Therefore, in anode 

side, interconnect rib effect on concentration loss is weak. This is mainly resulted 

in by the extremely low electrochemical reaction rate of H2 underneath the 

interconnect rib as illustrated in Fig.5.10 and relatively uniform H2 production 

rate from MSR reaction and WGSR (shown in Figs.5.8 and 5.9, respectively).  

 

(a) 

 

(b) 

Figure 5.4 CO molar fraction: (a) volume, (b) slice 
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(a) 

 

(b) 

Figure 5.5 CO2 molar fraction: (a) volume, (b) slice 

As CO is not only the product of MSR reaction but also the reactant of 

WGSR and CO electrochemical oxidation, it increases firstly due to the 

dominant MSR reaction. However, as gas flows, it is consumed gradually by 

electrochemical oxidation which results in the decease of molar fraction 

showing in Fig.5.4. In addition, CO molar fraction underneath interconnect rib 

is slightly higher than that underneath channel.  
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CO2 molar fraction increases along the gas channel as shown in Fig.5.5 

because it is simultaneously produced by WGSR and CO electrochemical 

oxidation.  

 

 (a) 

 

(b) 

Figure 5.6 O2 molar fraction: (a) volume, (b) slice 

O2 molar fraction decreases along the gas flow direction (x direction) 

because O2 is consumed by the electrochemical reaction. As interconnect exists 

in stack, in porous cathode, O2 molar fraction underneath interconnect rib is 

obviously lower that underneath channel as shown in Fig.5.6.  

As shown in Fig.5.7, temperature distribution in methane fed SOFC is more 



 

97 

 

uniform than that in H2 or syngas fed SOFC. In addition, along the gas flow 

direction (x direction), temperature firstly decreases because of the endothermic 

MSR reaction, and then increases due to heat from the cell losses. The 

temperature in the whole cell is lower than the operating temperature, which 

indicates MSR reaction in methane fed SOFC has cooling effect on the stack. In 

addition, the uniform temperature distribution further confirms the advantage of 

methane fed SOFC with internal reforming. 

 

(a) 

 
(b) 

Figure 5.7 Temperature distribution (K): (a) volume, (b) slice 
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(a) 

 

(b) 

Figure 5.8 Rate of MSR reaction, RMSR (mol/s/m
3
): (a) volume, (b) slice 

Figs.5.8 and 5.9 show the rates of MSR reaction and WGSR in the porous 

anode, respectively. The reactions occur dramatically at the inlet part of anode 

contributed by high reactants concentration and low products concentration. In 

addition, the rate of WGSR is much lower than that of MSR reaction which can 

further provide the proof of the cooling effect on the stack mentioned above. In 

addition, the reaction rate underneath the rib is slightly lower than that under 

channel, but the difference is relatively small.  
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 (a) 

 

 

 (b) 

Figure 5.9 Rate of WGSR, RWGSR(mol/s/m
3
): (a) volume, (b) slice 

The existence of interconnect rib also influences the current density 

distribution. As shown in Fig.5.10 the current density underneath interconnect rib 

is much lower than that underneath channel. Although H2 and CO are relatively 

uniform in the x-y cross-section on anode side, O2 molar fraction underneath 

interconnect rib, as mentioned above, is much lower underneath interconnect rib 

which mainly results in this no uniform current density distribution. 
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Figure 5.10 Current distribution on the interface of electrode and electrolyte (A/m
2
) 

In addition, along the gas channel (x direction), the current density firstly 

increases and then decreases gradually. The current density increases near the 

inlet where there are sharp increase of H2 and CO concentration and decrease of 

H2O. However, the current density further decreases gradually because both of  

the gradual decrease in molar fractions of reactants (H2, CO and O2) and increase 

in molar fractions of products (H2O and CO2) lower the cell OCV (referring to 

Eq.(2-2))and also increase the concentration loss (referring to Eqs.(2-16) and 

(2-17)). 

5.2 Parametric studies 

5.2.1 Width effect on optimum Ra 

As shown in Fig.5.11(a), the variation tendency of optimum Ra for syngas 

fed SOFC stack is similar with that for H2 fed SOFC stack. When pitch width W 

≤2.5mm, the optimum Ra is linear with W, while the optimum Ra keeps 
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constant when W >2.5mm. 

The current density decreases with pitch width as shown in Fig.5.11(b), 

because both of the gas diffusion resistance and electron conducting resistance 

increase with width increasing. 

 

(a) 

 

(b) 

Figure 5.11 (a) Effect of pitch width W on optimum Ra, (b) current density of SOFC stack 

with the corresponding optimum Ra 
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5.2.2 Fuel composition effect on optimum Ra 

 

(a) 

 

(b) 

Figure 5.12 (a) Effect of fuel composition on optimum Ra, (b) current density of SOFC 

stack with the corresponding optimum Ra 

The effect of fuel composition on optimum Ra is discussed. To block carbon 

deposition in porous anode, the ratio of molar fraction of CH4 to that of H2O 

(Carbon-Steam ratio) should be lower than 1:1. As shown in Fig.5.12 (a), the 

optimum Ra is increased by 0.025 when Carbon-Steam ratio is utilized. In this 
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condition, current density is much higher because of comparatively low H2O 

molar fraction. Subsequently, the ohmic loss from ASR will be increased which 

needs wider interconnect rib to balance the increased ohmic loss. However, the 

fuel composition influences the optimum Ra only when CH4 molar fraction is 0.5 

which is almost the limit condition to prevent carbon deposition. Therefore, the 

effect of fuel composition can be neglected.   

 

(a) 

 

(b) 

Figure 5.13 (a) Effect of ASR on optimum Ra, (b) current density of SOFC stack with 

corresponding optimum Ra varying with ASR 
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5.2.3 ASR effect on optimum Ra 

When ASR increases, the current density decreases due to the increase in 

ohmic loss which is shown in Fig.5.13 (b). The ohmic loss increases with ASR 

increasing although the current density decreases with ASR. Due to the increase 

of ohmic loss with ASR increasing, the interconnect rib width should become 

larger to balance the increased ohmic loss caused by the increase of ASR. 

Therefore, as shown in Fig.5.13 (a), the optimum Ra is increasing with ASR. In 

addition, the relationship between the optimum Ra and ASR can be approximated 

to be linear. 

5.2.4 Cathode porosity effect on optimum Ra 

Although the electric conductivity of electrodes decreases with porosity, the 

current density increases with cathode porosity increasing because the gas 

diffusion resistance is decreased with larger porosity, as shown in Fig.5.14(b). 

Since effective electric conductivity of electrode is decreasing when porosity 

increases. Therefore, the electron conducting resistance becomes bigger when 

porosity is increasing. In the meanwhile, the ohmic loss caused by contact 

resistance between electrode and electrolyte also increases when current density 

increasing (referring to Eq.(2-25)). Therefore, the total ohmic loss will be 
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increased when porosity increases.  

 

(a) 

 

(b) 

Figure 5.14 (a) Effect of cathode porosity on optimum Ra, (b) current density of SOFC 

stack with different cathode porosity and corresponding optimum Ra 

However, the gas diffusion resistance will be decreased when porosity 

increases because the effective gas diffusion coefficient is increasing with 

porosity (referring to Eqs.(2-35) and (2-36)). On one hand, when porosity 

increases, the increased electron conducting resistance prefers larger interconnect 
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rib width to balance the increased ohmic loss. On the other hand, the decreased 

gas diffusion resistance has some space for interconnect rib width to become 

larger. Therefore, the optimum Ra increases with the cathode porosity increasing 

as shown in Fig.5.14(a) and there is linear relationship between the optimum Ra 

and the cathode porosity. 

5.2.5 Optimum rib width Raa and Rac for stacks with asymmetric 

geometries 

Asymmetric geometric design in methane fed SOFC stack is also considered. 

Referring to Section 4.2.5, the improvement by this asymmetric geometry may 

also not be obvious because of high anode concentration overpotential. This can 

also be proved by the simulated results as shown in Fig.5.15(b). It shows that the 

asymmetric geometric design can improve methane fed SOFC stack by 1.3% 

compared to symmetric design. However, this improvement extent by adopting 

asymmetric geometry in syngas fed SOFC stack is much smaller than that in 

hydrogen fed SOFC stack.   

Similarly to hydrogen or syngas fed SOFC stack, the optimum Raa
asym

 is 

larger than the optimum Raa
sym

and the optimum Rac
asym

 is smaller than the 

optimum Rac
sym

. Also, the SOFC stack achieves best performance when both of 

optimum anode rib width Raa
asym

 and cathode rib width Rac
asym

 are utilized in 
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SOFC stack.  

 

(a) 

 

(b) 

Figure 5.15 (a) Optimum Ra versus pitch width W for SOFC stacks with symmetric or 

asymmetric designs, (b) current density of SOFC stacks with corresponding Optimum Ra 

5.2.6 Empirical equations for predicting optimum Ra  

Basing on the above parametric studies, the optimum Ra is mainly 

dependent on pitch width, cathode porosity and ASR. Empirical equations are 

derived and written as follows 



 

108 

 

Ra =  
−0.05W + 0.25εc − 5ASR + 0.775, for W ≤ 2.5 mm

0.65 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
      (5-1) 

where W in mm and ASR in Ω cm2 are required and εc is cathode porosity. 

Similarly, for methane fed SOFC stack with asymmetric design, the 

optimum Ra can be estimated by 

Raa =  
−0.1W + 0.25εc − 5ASR + 1, for W ≤ 2.5 mm

0.75 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
    (5-2a) 

Rac =  
−0.05W + 0.25εc − 5ASR + 0.7, for W ≤ 2.5 mm

0.575 + 0.25εc − 5ASR, for W > 2.5𝑚𝑚
    (5-2b) 

5.3 Conclusions 

The modeling of methane fed planar SOFC stack fed with internal 

reforming reaction is conducted in this chapter. As existence of interconnect rib 

in SOFC stack, both of the gas diffusion and electron conducting are influenced. 

Parametric studies are conducted in order to optimize interconnect rib width. 

(1) In methane fed SOFC stack with internal reforming, the optimum Ra is 

linear with pitch width W for W≤ 2.5mm, while the optimum Ra is 

constant for W>2.5mm. 

(2) The optimum Ra is increasing with ASR and the relationship between 

the optimum Ra and ASR is approximated to be linear. 

(3) The optimum Ra is constant on gas composition except for the case 
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that 𝑥CH 4: 𝑥H2O = 1 . However, this influence can be neglected 

considering that this CH4 molar fraction of 0.5 is almost the limit 

condition for preventing carbon deposition. 

(4) The optimum Ra is increased with the cathode porosity increasing and 

there is linear relationship between the optimum Ra and the cathode 

porosity. 

(5) Compared to symmetric design, the asymmetric geometric design can 

improve methane fed SOFC stack by 1.3%. However, this improvement 

extent by adopting asymmetric geometry in syngas fed SOFC stack is 

much smaller than that in hydrogen fed SOFC stack. 

(6) Empirical equations are obtained to predict optimum Ra of methane fed 

SOFC stack, which provides an easy-to-use method for practical 

geometric designs of syngas fed SOFC stack. 
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CHAPTER 6 THERMODYNAMIC ANALYSIS OF 

METHANE-FED SOFC WITH INTERNAL 

REFORMING 

In this chapter, a thermodynamic analysis of methane fed SOFC with 

oxygen conducting electrolyte and proton conducting electrolyte was conducted. 

In this study, we not only consider the H2 electrochemical reaction but CO 

electrochemical reaction in O-SOFC. This study gives further insight to the 

methane fed SOFC fabricated with different types of electrolyte. 

6.1 Model development 

The working principles of H-SOFC and O-SOFC with methane as fuel are 

summarized in Figs.6.1(a) and 6.1(b), respectively. Both of H-SOFC and 

O-SOFC are supplied by the mixture of CH4 and H2O in anode and air in cathode. 

Note that the mole ratio of CH4 and H2O is 1:2. It is assumed that the methane 

reacts with water as direct internal reforming (DIR) and then water reacts with 

CO as water gas shift reaction (WGSR) in anode electrode, written in Eq.(6-1) 

and (6-2) respectively: 

CH4 + H2O ↔ 3H2 + CO           (6-1) 

CO + H2O ↔ H2 + CO2       (6-2) 
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Figure 6.1 Working principle of CH4-fed SOFC: (a) H-SOFC and (b) O-SOFC 

6.1.1 H-SOFC 

For the H-SOFC as shown in Fig.6.1(a), H2 molecules are produced by DIR 
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and WGSR in the porous anode, and then diffuse toward the interface of anode 

and electrolyte, where they produces protons and electrons (Eq.(6-3)). 

Subsequently, protons travel to the cathode side through the proton-conducting 

electrolyte, while electrons are also transported to the cathode side but via the 

external circuit. Finally, water steam is produced at the cathode side as oxygen 

molecules are reduced by the protons and electrons (Eq.(6-4)).  

H2 ↔ 2H+ + 2e−           (6-3) 

  
1

2
O2 + 2H+ + 2e− ↔ H2O             (6-4) 

In order to calculate the theoretically thermodynamic efficiency of CH4 fed 

SOFCs, the equilibrium potential needs to be evaluated. Based on the 

thermodynamics of Eqs.(6-3) and (6-4), the equilibrium potential of SOFC can 

be evaluated: 

 𝐸H2
=  𝐸H2

0 +
𝑅𝑇

2𝐹
ln  

𝑃H 2 (𝑃O 2 )0.5

𝑃H 2O
     (6-5) 

where E
0
 is the standard equilibrium potential at referenced pressures, 

representing the Gibbs free energy change of the standard overall fuel cell 

reaction. 𝑃H2
, 𝑃H2O , and 𝑃O2

represent the partial pressure (e.g. 0.1 MPa) of H2 

(anode), H2O (cathode), and O2 (cathode), respectively, T is reaction temperature 

(K), R (8.3145 J·mol
-1

·K
-1

) and F (96485 C·mol
-1

) are the ideal gas constant and 

Faraday constant, respectively.  

Therefore, the partial pressures of gas species must be known to calculate 
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the actual SOFC equilibrium potential. The theoretical calculation of those 

species partial pressure was already developed in the works of Demin et al. [60] 

and Assabumrungrat et al.[61], which are adopted in this study: The WGSR and 

DIR are assumed at equilibrium state due to their fast kinetics, so that the 

equilibrium constants [60, 61] of WGSR and DIR can be used to calculate the 

amount of gas species reacted. Considering electrochemical reaction together 

with DIR and WGSR, the mole number (n) of each gas component at the outlet 

of SOFC can be formulated as: 

Anode outlet: 

𝑛CH 4
= 𝑎 − 𝑥                      (6-6) 

𝑛CO 2
= 𝑦                         (6-7) 

𝑛H2
= 3𝑥 + 𝑦 − 𝑐                    (6-8) 

 𝑛CO = 𝑥 − 𝑦                       (6-9) 

 𝑛H2O = 𝑏 − 𝑥 − 𝑦                   (6-10) 

Cathode outlet: 

𝑛H2O = 𝑐            (6-11) 

    𝑛O2
= 𝑑 − 0.5𝑐                    (6-12) 

where a=1/3, b=2/3, and d = 0.21 respectively denote the mole numbers of CH4, 

H2O, and O2 at the gas inlets. The letter c is the molar amount of H2 that is 

electrochemically consumed (related to current generated and H2 utilization). x 

and y are the reacted number of molar DIR and WGSR respectively, of which the 
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equilibrium constants are below: 

𝐾CH 4
=

 𝑃H 2 
3
∙𝑃CO

𝑃CH 4 ∙𝑃H 2O
                    (6-13) 

𝐾CO =
𝑃CO 2 ∙𝑃H 2

𝑃CO ∙𝑃H 2O
                     (6-14) 

The gas partial pressures can be easily calculated from Eq.(6-6) to Eq.(6-12). 

Another way to calculate equilibrium constants is based on Gibbs change: 

 𝐾 = exp  −
∆𝐺f

𝑅𝑇
                     (6-15)

 

where ∆𝐺f is the Gibbs energy change of chemical reactions between products 

and reactants at standard state.  

Accordingly, the partial pressures of all gaseous species can be obtained by 

solving the mass balance equations and the equilibrium equations as mentioned. 

Details on the calculation procedure can be found in [60, 61, 63] Then the SOFC 

equilibrium potential is calculated using Eq.(6-5). Therefore, the theoretical work 

output (W) can also be obtained: 

𝑊 = 𝑞𝐸   (6-16) 

where q is the sum of generated electrical charge via electrochemical reactions in 

SOFC. The maximum efficiency (𝜂) of CH4 fed SOFC is defined as the ratio of 

the theoretical work output (W) to the standard formation enthalpy of CH4: 

𝜂 % =
𝑊

−∆𝐻0 × 100%      (6-17) 

For H-SOFC, the efficiency is footnoted as 𝜂H−SOFC . The fuel utilization is 

the molar percentage of reacted CH4 to the inputted CH4, x/a, and the oxygen 
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utilization as 0.5c/d by similar definition.   

6.1.2 O-SOFC 

Differently in the O-SOFC, O2 molecules firstly diffuse through the porous 

cathode, and then react with electrons, producing oxygen ions at the 

cathode-electrolyte interface (Eq.(6-18)). The produced oxygen ions are further 

conducted through the dense electrolyte layer to the anode-electrolyte interface. 

At the anode side, the H2 and CO molecules both diffuse through the porous 

anode layer to the anode-electrolyte interface where they meet with oxygen ions 

and produce H2O, CO2 and electrons, as shown in Eqs.(6-19) and (6-20).   

  
1

2
O2 + 2e− ↔ O2−                  (6-18) 

H2 + O2− ↔ H2O + 2e−               (6-19) 

CO + O2− ↔ CO2 + 2e−               (6-20) 

It is notably that both H2 and CO participate in the electrochemical reactions 

for power generation in O-SOFC. As the H2O generation site in O-SOFC is the 

anode side, different from that of H-SOFC, the partial pressure of H2O in the 

anode should be used to calculate the Nernst potential for H2 electrochemical 

oxidation by Eq.(6-5), Besides, the effect of Nernst potential for electrochemical 

oxidation of CO should also be considered, defined as: 

    𝐸CO =  𝐸CO
0 +

𝑅𝑇

2𝐹
ln  

𝑃CO (𝑃O 2 )0.5

𝑃CO 2

             (6-21) 



 

117 

 

where 𝐸CO
0  is the standard equilibrium potential.  

The electricity output from O-SOFC can be evaluated by adding energy 

from CO electrochemical oxidation and H2 electrochemical oxidation: 

 𝑊 = 𝑞co𝐸co + 𝑞H2
𝐸H2

             (6-22) 

where 𝑞co  is the electrical current generated by CO electrochemical reaction. 

The maximum efficiency of O-SOFC ( 𝜂O−SOFC ) can be also defined by Eq.(6-17) 

with the corresponding W from Eq.(6-22). 

The reaction rate of CO electrochemical oxidation in O-SOFC can be 

evaluated as  𝑟 ∙ 𝑐, where r is the ratio of CO oxidation rate to its counterpart: the 

H2 oxidation rate (c). According to experimental results of Matsuzaki and Yasuda 

[31], the H2 electrochemical oxidation rate is about 1-2 times higher than that of 

CO electrochemical oxidation. Thus, the value of r  in this study is reasonably 

set to be 0 to 1/3. When r equals to 0, it means that the contribution from CO to 

the electrochemical reaction is neglected, making the present study reduced to 

the previous analyses [61].  

In order to determine the gas partial pressures in the O-SOFC, the approach 

for H-SOFC is similarly adopted. The effects of electrochemical reactions, DIR 

and WGSR on the molar fractions are all fully considered by setting unknown 

parameters: x and y, and solved by Eqs.(6-6)-(6-10) and Eqs.(6-23)-(6-27) in a 
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coupled manner:  

Anode side: 

𝑛CH 4
= 𝑎 − 𝑥                     (6-23) 

𝑛CO 2
= 𝑦 + 𝑟𝑐                    (6-24) 

𝑛H2
= 3𝑥 + 𝑦 − 𝑐                   (6-25) 

𝑛CO = 𝑥 − 𝑦 − 𝑟𝑐                   (6-26) 

𝑛H2O = 𝑏 − 𝑥 − 𝑦 + 𝑐                (6-27) 

Cathode side:  

𝑛O2
= 𝑑 − 0.5𝑐 − 0.5𝑟𝑐               (6-28) 

6.2 Solution of models 

The model is established based on previous thermodynamic studies [60, 61, 

63]. The methodology details can be referred to [61, 63]. The number of moles of 

H2O (b), CH4 (a), and O2 (d) are specified as the inlet condition. The unknowns x 

and y are the reaction extent of the steam reforming and water gas shift reactions, 

which comply with the reaction equilibrium assumption. In the model, the 20% 

oxygen utilization factor ((0.5c+0.5rc)/d for O-SOFC and 0.5c/d for H-SOFC) is 

assumed with a varying fuel utilization factor x/a to calculate the maximum 

theoretically efficiency [60, 61, 63]. 

6.3 Results and discussion 

In this part, the maximum efficiencies of H-SOFC and O-SOFC fed with 
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CH4 are compared by parametric simulation. The operating temperature (T) and 

the oxidation rate ratio of CO to H2 (r) are varied to investigate their effects on 

the efficiencies.  

6.3.1 Effect of r 

To investigate the effect of the oxidation rate ratio of CO to H2 (r) on 

O-SOFC efficiency, performance simulations are conducted with r changes from 

0 to 1/3. During calculation, the operating temperature is fixed as 873K and the 

oxygen utilization factor is set as 20%. As shown in Fig.6.2, when the 

electrochemical oxidation of CO is not considered (r=0), the maximum 

efficiency of H-SOFC is higher than that of O-SOFC, which is in agreement with 

the previous analysis results in [60]. This is because in H-SOFC water steam is 

generated in the cathode side thus water will not dilute the hydrogen fuel in the 

anode side. On the contrary, water is generated in the anode side in O-SOFC. 

Therefore, the hydrogen concentration in the anode of H-SOFC is higher than 

that of O-SOFC, which leads to a higher Nernst potential and further a higher 

maximum efficiency in H-SOFC. However, when the electrochemical oxidation 

of CO is considered in O-SOFC (r larger than 0), more electricity can be 

generated through the electrochemical reactions shown in Eq.(6-22). At such 

situations, the maximum efficiency of O-SOFC is always higher than that of 
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H-SOFC, even when r is only 1/6. Besides, as r increases, the advantage of 

O-SOFC increases, because more CO is involved in the electrochemical 

reactions in O-SOFC. This finding differs from our common knowledge that 

H-SOFC always has a higher maximum efficiency than O-SOFC [59-61, 63, 89, 

90]. In addition, at high fuel utilization, the efficiency advantage of O-SOFC 

over H-SOFC becomes more obvious, because more CO electrochemical 

oxidation is involved. This finding is consistent with literature results in [60, 63].  

 

Figure 6.2 Maximum efficiencies of H-SOFC and O-SOFC with different r 

6.3.2 Effect of T 

To investigate the effect of operating temperature (T) on the maximum 

efficiencies of H-SOFC and O-SOFC, T is changed from 873 K to 1273 K. As 

shown in Fig.6.3, as T increases, the maximum efficiencies decrease, especially 

at high fuel utilizations. This is because at a high operating temperature, the 
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equilibrium potentials at standard pressure (𝐸H2

0  and 𝐸CO
0 ) decrease, which in 

turn causes the decrease of cell efficiency at given fuel utilization.  

 

Figure 6.3 Efficiencies of at different T 

For a better understanding of the difference between O-SOFC and H-SOFC, 

the efficiency differences  𝜂H−SOFC −  𝜂O−SOFC   
between H-SOFC and 

O-SOFC are calculated, as shown in Fig.6.4. When r = 0,  𝜂H−SOFC −

 𝜂O−SOFC  increases with increasing T and fuel utilization. The maximum 

efficiency difference can be up to 13% with fuel utilization rate of 70%, which is 

consistent with results in [59] and [91]. However, as shown in Fig.6.4(b), when 

r=1/3,  𝜂O−SOFC −  𝜂H−SOFC   still increases with increasing fuel utilization, but 

decreases with increasing T. The possible reason for this behavior is that 

H-SOFC generates more current from hydrogen electrochemical oxidation than 

O-SOFC at a higher operating temperature (as shown in Fig.6.4(a)), which tends 

to diminish the difference between O-SOFC and H-SOFC (as shown in 
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Fig.6.4(b)). 

 

 

Figure 6.4 Efficiency difference between H-SOFC and O-SOFC:  

(a) 𝜂H−SOFC − 𝜂O−SOFC  at r = 0; (b) 𝜂O−SOFC − 𝜂H−SOFC  at r = 1/3 

 

6.4 CONCLUSIONS 

To investigate the maximum efficiencies of methane fed H-SOFC and 
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O-SOFC, a thermodynamic analysis is conducted considering CO 

electrochemical reaction in O-SOFC. It is revealed that the maximum efficiency 

of H-SOFC is higher than that of O-SOFC when CO electrochemical reaction in 

O-SOFC is neglected, which is identical to the results in the previous literature. 

However, when CO electrochemical reaction in O-SOFC is involved, O-SOFC 

has higher maximum efficiency than H-SOFC. In addition, the efficiency 

difference between O-SOFC and H-SOFC increased with the increase of the 

reaction rate of CO electrochemical reaction and fuel utilization. Moreover, both 

of the maximum efficiencies of H-SOFC and O-SOFC decrease as temperature 

increasing. It is also revealed that the value of  𝜂H−SOFC −  𝜂O−SOFC   increases 

at r = 0 while the value of   𝜂O−SOFC − 𝜂H−SOFC   decreases at r = 1/3 when the 

temperature increases. 
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CONCLUSIONS 

This research work consists of two main parts. In the first part, the study 

objective is to investigate the effect of interconnect geometry on the SOFC stack 

performance. As SOFC can be operated using varieties of fuels (i.e. hydrogen, 

hydrocarbons…) due to its high operating temperature, the mechanisms of 

involved electrochemical reactions and chemical reactions (if any) in SOFC’s 

porous anode depends heavily on the fuel type. Therefore, the first part of the 

thesis discusses the three different fueled SOFC stacks using H2, syngas and 

methane, respectively. In the second part, a primary thermodynamic study on 

methane fed SOFC with different electrolytes considering different mechanism 

of electrochemical reactions is conducted. Conclusions of these two parts are 

summarized below: 

Part 1: A comprehensive three-dimensional model of planar SOFC is 

developed and validated in Chapter 2. This 3D model involves electrochemical 

reactions, electrons and ions transport, mass transport, gas diffusion, chemical 

reactions (if any) and heat transfer. In Chapter 3, this 3D model is used to 

investigate the effect of interconnect geometry on the hydrogen fed SOFC stack 

performance. This 3D model is further validated in H2 fed stack case, by the 

comparison of the optimum Ra values between the current model and other 
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researcher’s simulation works under the isothermal assumption. The effect of 

main affecting factors (pitch width, gas inlet flow rate, ASR and cathode porosity) 

on the optimum Ra is investigated by series of parametric studies. It is found that 

when W=2mm, the optimum Ra is 0.5. The optimum Ra is in a linear relation 

with the pitch width W when W ≤ 2.5mm, while the optimum Ra is constant 

when W > 2.5mm. The optimum Ra is increasing with ASR and the relationship 

between the optimum Ra and ASR can also be approximated to be linear. In 

addition, the optimum Ra is increased with the increase of cathode porosity and 

there is linear relationship between the optimum Ra and the cathode porosity. 

Moreover, a novel asymmetric geometry design of interconnect rib in SOFC 

stack fed by H2 is proposed considering the difference of gas diffusion coefficient 

between gas species in anode side and cathode side respectively. The modeling 

results indicate that the stack performance can greatly benefit from this novel 

asymmetric geometry design and the improvement of stack performance can be 

as high as 7% compared to symmetric design. Based on the parametric studies, 

empirical equations are derived for predicting optimum Ra values, which provide 

an easy-to-use guideline for practical geometric designing of SOFC stack. To 

generalize the results of optimum Ra for stacks with different fuels, SOFC stacks 

fed by syngas and by methane with internal reforming are also conducted in 
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Chapter 4 and Chapter 5, respectively. It is comparative between H2 fed SOFC 

stack and syngas fed SOFC stack because the same operating conditions are 

utilized. The relations between the optimum Ra and main factors (pitch width, 

cathode porosity, ASR) in syngas fed SOFCs are found to be similar to that in H2 

fed SOFCs. However, when W=2mm, the optimum Ra for syngas fed SOFC 

stacks is 0.475 which is lower than that for H2 fed SOFC stacks. In Chapter 5, 

the optimum Ra of methane fed SOFC stack with internal reforming is 

investigated. In this study, considering the rate of methane steam reforming, the 

operating temperature is 800℃ which is higher than that of 700℃ utilized in 

previous two studies. The modeling results show that the optimum Ra is 0.5 for 

W=2mm. Moreover, parametric studies indicate the optimum Ra is linearly 

increasing with ASR and cathode porosity. Asymmetric geometric design is also 

discussed. This design can also improve stack performance compared to 

symmetric geometric design. However, this improvement in syngas or methane 

fed SOFC stack is much smaller than that in hydrogen fed SOFC stack. 

Empirical equations are also derived to predict optimum Ra values. 

Part 2: A simple thermodynamic modeling is conducted to investigate the 

difference between methane fed H-SOFC and O-SOFC with internal reforming 

considering different mechanism of electrochemical reactions in porous anode. It 
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is revealed that the maximum efficiency of H-SOFC is higher than that of 

O-SOFC when CO electrochemical reaction in O-SOFC is neglected, which is 

identical to the results in the previous literature. However, when CO 

electrochemical reaction in O-SOFC is involved, O-SOFC has higher maximum 

efficiency than H-SOFC. In addition, the efficiency difference between O-SOFC 

and H-SOFC increased with the increase of the reaction rate of CO 

electrochemical reaction and fuel utilization. Moreover, both of the maximum 

efficiencies of H-SOFC and O-SOFC decrease as temperature increasing. 
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