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Abstract 

A Solid Oxide Fuel Cell (SOFC) is an intricate system involving an amalgam of several 

electrochemical reactions with thermal-fluid-electrical interactions. To enhance the performance 

of the fuel cell, the interconnector configuration has to be designed judiciously. In this article, a 

trapezoidal interconnector design for anode and cathode flow channels after a thorough 

simulation carried out with all the multi-physics involved using ANSYS fluent is proposed. The 

proposed trapezoidal interconnector design performance is compared against the conventional 

rectangular interconnector configuration. From the results, it is observed that the trapezoidal 

interconnector design provides an increase of 18.2% power density compared to the conventional 

rectangular interconnector configuration when the cell is operated at 1123K operating 

temperature. The proposed design offers the advantage of operating the cell at a lower operating 

temperature of 1073K with an increment of 10.68% power density compared to the 1123K 

operating temperature in a conventional rectangular interconnector configuration. In addition, the 

influence of rib width on the anode side fuel transport is also evaluated by designing a SOFC 

with a rectangular parallel anode interconnector and a trapezoidal channel cathode 

interconnector. It is concluded that the rib width of the anode side has a moderate effect on fuel 

transport in anode-supported SOFCs.  

Additionally in this article, a novel rhombohedral interconnector with a staggered position is also 

proposed by considering the influence of flow field variations on heat and mass transfer. The 

rhombohedral staggered interconnectors help to alter the fluid flow patterns in the flow channels, 

leading to an improvement in heat and mass transport behavior. It also assists to control the 

pressure distribution in the flow channels and improves the performance of anode-supported 

SOFCs. First, a comparison between existing experimental research and a traditional rectangular 

interconnector model is carried out to validate the physics of the SOFC functioning. Then the 

performance of a staggered-position rhombohedral interconnector is evaluated to that of a typical 

rectangular interconnector. To further understand the impact of flow rate on cell performance, 

parametric research with varied mass flow rates is conducted. The findings indicate that when 

compared to a conventional rectangular interconnector, the rhombohedral staggered 

interconnector design enhances the power density by 33.9 %. With an increase in mass flow rate 

beyond a specified stoichiometric range, the performance decreases indicating an excessive 
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supply of reactants. Using the proposed staggered rhombohedral interconnector configuration, 

the SOFC can be designed to operate optimally. 

Keywords: ANSYS, Flow channels, Interconnector, Rib width, SOFC, CFD, Flow-field, Fuel 

cell, Interconnector, Simulation. 
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CHAPTER 1 

Introduction 

1.1 Background 

The sustainable development of any nation is greatly reliant on energy. The term sustainable 

development has numerous definitions, but the most popular one states that it is "the 

development that meets the requirements of the present without compromising the ability of 

future generations to meet their own needs"[1]. The population and economic growth have a 

direct impact on global energy usage. According to the most recent predictions, from 2020 to 

2050, the total global energy consumption is expected to grow at an average annual rate of 1.3% 

as depicted in Figure 1. Over the next 28 years, the global energy consumption will rise from 

601.5 quadrillion Btu to 886.3 quadrillion Btu[2]. 

Fossil fuels such as coal, natural gas, and oil have been burnt in conventional power production 

systems based on the "heat engine" principle for few decades [3]–[7]. Continuous attempts have 

been made to increase energy conversion efficiency while lowering emissions of pollutants such 

SOx, NOx, and CO2 that have a negative impact on the environment[8]–[10]. Gas turbine power 

plants' thermal efficiency ranges from 30 to 35% whereas gas-powered engines' ranges from 30 

to 44% , turbo-charged diesel engines' ranges from 45 to 54%, and combined cycle power plants' 

ranges from 60 to 60% [11]. 

A greenhouse gas called CO2 is the primary cause of climate change and other related 

environmental problems. According to predictions, the earth's surface temperature has risen by 

around 0.6 oC in the last century. According to estimates, the earth's surface temperature might 

rise by 2 to 6 oC in the following century if fossil fuel usage continues to rise as it has been.  

More reliable, efficient, and clean energy sources are desperately required to fulfill the rising 

energy demands, diminishing global fossil fuel supplies, and requirements to reduce air 

pollution. Fuel cells are extensively considered as the next generation power sources for both 

stationary and mobile usages as they can generate heat as well as power, have a high efficiency 

of converting fuel to electricity, and have minimal environmental effects. 
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FIGURE 1. 1: World total energy consumption  [2] 

1.2 Introduction to Fuel Cell 

It is a well-known fact that non-renewable energy sources are limited and get depleted over their 

usage. So, for continuous power generation, an alternative energy source that is renewable needs 

to be explored. A fuel cell is an ideal alternative energy source that can meet the exponentially 

rising energy demand and could help to reduce global warming by improving the efficiency of 

electrical power generation. Fuel cells are galvanic cells that directly transform the chemical 

energy of the fuel into electrical energy through an electrochemical process in which fuel is 

oxidized at the anode. Fuel cell technology is advancing in comparison to combustion engines, 

because of its great efficiency and its capacity to deal with natural resource depletion to a greater 

extent[12], [13]. Low to zero emissions, the use of a range of fuels, low maintenance 
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requirements, quiet operation, high levels of reliability, and long system lifespan are the key 

characteristics of fuel cells[14], [15]. 

1.3 History of Fuel Cell 

William Robert Grove created the first fuel cell in 1839 [16]. During an experiment, the fuel 

cell's operating principle was unintentionally found. Groove joined the two electrodes and 

noticed that the current was flowing against the direction it should have been, consuming the 

hydrogen and oxygen. Nitric acid was used to submerge a platinum electrode and zinc sulphate 

to submerge a zinc electrode. He coined the system as "gas battery." In 1842, Groove created a 

gas chain by connecting 4 gas batteries in series; at 1.8 V, 12 A of current was produced. Grove's 

fuel cell could not be used in practice due to electrode corrosion and material instability[17]–

[23].  

Friedrich Wilhelm Ostwald, who is credited with developing the field of chemistry-physics, 

conducted an experimental study of the link between the various fuel cell components in 1893. 

These included electrodes, electrolyte, oxidising and reducing agents, anions, and cations. His 

discovery served as the foundation for further advancement in the field of fuel cell chemistry. 

Walther Nernst was the first to use zirconium as a solid electrolyte in 1900, while William W. 

Jacques created the first fuel cell with practical uses (Direct Carbon Fuel Cell) in 1896 [24]. 

Chemical engineer Francis Bacon at Cambridge University in England began studying the fuel 

cell in 1930. The first alkaline fuel cell was created by Bacon in 1958 [19], [25]. The National 

Aeronautics and Space Administration (NASA) of the United States employed fuel cells to 

supply electrical energy during prolonged space missions in the 1950s and 1960s. The alkaline 

NASA fuel cell uses oxygen as the oxidant and hydrogen as the fuel. The fuel cell performs three 

essential tasks during space travel: (i) electricity to operate the spaceship, (ii) water to cool the 

equipment and for drinking, and (iii) heat to prevent the astronauts from freezing [24], [26]. 

NASA and the University of Southern California collaborated to develop a direct methanol fuel 

cell in 1990. In some applications, direct methanol fuel cells take the place of conventional 

batteries. Because they have a longer lifespan than lithium ion batteries and can be recharged by 

just switching out the fuel cartridge, they are anticipated to grow in popularity. Sanyo (Japan), 
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Toshiba, Hitachi, NEC, and Samsung (Korea) are among the companies developing these fuel 

cells [27]–[29]. 

There are numerous enterprises producing fuel cells now for various uses. In buses, vehicles, 

trucks, motorbikes, ships, aeroplanes, forklifts, and trains, fuel cells are most frequently used 

[30]–[35]. Mobile phones, laptops, and other portable electronic equipment are also powered by 

fuel cells. In large-scale applications including shopping centers, warehouses, hospitals, schools, 

and banks, fuel cell electricity is used [36]–[38]. Fuel cell technology is also used to power 

vacuum cleaners, vending machines, and traffic signals. Methane gas produced during waste 

disposal and water treatment is used in fuel cells to generate power [39]. As we can see, fuel 

cells have a wide range of applications in various fields. 

1.4 Working principle of Fuel Cell 

A fuel cell is made up of three basic parts: an electrolyte that separates the two electrodes known 

as the anode and cathode as shown in Figure 2. Electrodes have strong electronic conductivity 

and are porous. The electrochemical reaction involves an electrolyte, which only permits ions to 

flow through. An electrolyte, in other words, has strong ionic conductivity[40]. 

The oxidation half reaction and the reduction half reaction are the two subsets of the 

electrochemical process in a hydrogen-based fuel cell. For instance, when a fuel cell with a 

proton conducting electrolyte is utilized, the reaction at the anode is half an oxidation reaction 

where hydrogen breaks down into positively charged protons and negatively charged electrons. 

While the electrons go through an external circuit to produce energy, the protons pass through 

the electrolyte membrane. The electrons migrate toward the cathode after completing the 

circuit[41], [42]. The anodic reaction is as follows: 

𝐻ଶ 2𝐻ା + 2𝑒ି        (1.1) 

At the cathode, oxygen enters and interacts with positively charged protons and electrons that 

have passed through electrolytes. Depending on the fuel cell's design, oxygen may occasionally 

take up electrons and travel through the electrolyte to the anode, where it interacts with protons. 



 

Water is produced as a result of the oxygen reaction, which is a re

FIGURE 1. 

The cathodic reaction is as follows

ଵ

ଶ
𝑂

5 

Water is produced as a result of the oxygen reaction, which is a reduction h

FIGURE 1. 2: Fuel cell working principle [45] 

The cathodic reaction is as follows 

𝑂ଶ + 2𝐻ା 2𝑒ି 𝐻ଶ𝑂    (1.2) 

duction half reaction[43], [44].
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The full cell overall reaction is as follows: 

𝐻ଶ +
ଵ

ଶ
𝑂ଶ 𝐻ଶ𝑂         (1.3) 

A single fuel cell produces a low voltage of just about 0.7 volts. The fuel cells are connected in 

series to provide the necessary voltage output. Fuel cell stack refers to this arrangement of fuel 

cells [46]–[50]. 

1.5 Types of Fuel Cells 

All fuel cell models operate on the same principles. They differ from one another in terms of 

reactant type, operating temperature, and electrolyte membrane composition. The following are 

the six main types of fuel cells[51]–[59]. The Attributes of different types of fuel cells are 

tabulated in table 1. 

1. Alkaline Fuel Cell (AFC) 

2. Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

3. Phosphoric Acid Fuel Cell (PAFC) 

4. Direct Methanol Fuel Cell (DMFC)  

5. Molten Carbonate Fuel Cell (MCFC) 

6. Solid Oxide Fuel Cell (SOFC 
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TABLE 1. 1: Attributes of different types of fuel cells [37], [38][55], [60]–[65].  

FUEL 

CELL 

TYPE 

COMMON 

ELECTROLYTE 

OPERATING 

TEMPERATE 

TYPICAL 

STACK 

SIZE 

ELECTRICAL 

EFFICIENCY 

(LHV) 

APPLICATIONS ADVANTAGES CHALLENGES 

AFC 

Aqueous 

potassium 

hydroxide soaked 

in a porous 

matrix, or 

alkaline polymer 

membrane 

<100°C 1–100 kW 60% 

Military 

Space 

Backup power 

Transportation 

 

Wider range of 

stable materials 

allows lower 

cost 

components 

Low 

temperature 

Quick start-up 

 

Sensitive to 

CO2 in fuel and 

air 

Electrolyte 

management 

(aqueous) 

Electrolyte 

conductivity 

(polymer) 

PEMFC Perfluorosulfonic 

acid 
<120°C 

<1 kW–

100 kW 

60% direct 

H2;  

40% reformed 

fuel 

Backup power 

Portable power 

Distributed 

generation 

Solid electrolyte 

reduces 

corrosion and 

electrolyte 

management 

Expensive 

catalysts 

Sensitive to fuel 

impurities 
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Transportation 

Specialty vehicle 

problems 

Low 

temperature 

Quick start-up 

 

PAFC 

Phosphoric acid 

soaked in a 

porous matrix or 

imbibed in a 

polymer 

membrane 

150°–200°C 

5–400 kW, 

100 kW 

module 

(liquid 

PAFC) 

<10 kW 

(polymer 

membrane) 

40% 
Distributed 

generation 

Suitable for 

Combined Heat 

and 

Power(CHP) 

Increased 

tolerance to fuel 

impurities 

Expensive 

catalysts 

Long start-up 

time 

Sulfur 

sensitivity 

DMFC 
Solid Polymer 

membrane 
50°–200°C 

Upto 1.5 

kW 
40% 

Replace batteries 

in mobile phones, 

laptops and other 

portable 

applications 

Reduced cost 

due to absence 

of fuel reformer 

Low efficiency 

and power 

density, 

methanol cross-

over and 

poisonous by- 

product 
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MCFC 

Molten lithium, 

sodium, and/or 

potassium 

carbonates, 

soaked in a 

porous matrix 

600°–700°C 

300 kW–3 

MW, 

300 kW 

module 

50% 

Electric utility 

Distributed 

generation 

 

High efficiency 

Fuel flexibility 

Suitable for 

CHP 

Hybrid/gas 

turbine cycle 

 

High 

temperature 

corrosion and 

breakdown of 

cell components 

Long start-up 

time 

Low power 

density 

SOFC 
Yttria stabilized 

zirconia 
500°–1,000°C 

1 kW–2 

MW 
60% 

Auxiliary power 

Electric utility 

Distributed 

generation 

 

High efficiency 

Fuel flexibility 

Solid electrolyte 

Suitable for 

CHP 

Hybrid/gas 

turbine cycle 

 

High 

temperature 

corrosion and 

breakdown of 

cell components 

Long start-up 

time 

Limited number 

of shutdown 
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1.6 Solid Oxide Fuel Cell (SOFC) 

Fuel cells are generally named after the fuel/electrolyte used. The fuel cell which uses solid 

composite or ceramic as electrolyte for oxidation is called a solid-oxide fuel cell (SOFC). As the 

operating temperature of SOFC is about 1000oC, it is categorized as a high operating temperature 

fuel cell. This feature of SOFC offers the advantage of reduced ionic and electronic resistances in 

the electrolyte and electrode respectively, eliminating the requirement of precious-metal catalysts 

as used in other fuel cells[2–5]. In addition, the byproduct of SOFC contains an enormous 

amount of heat energy which can be re-circulated and when some hydrocarbons are utilized as 

fuel, it is used for internal reforming[70]. 

1.6.1 SOFC Development Background 

Since 1899, Walther Nernest has been working on the SOFC project. 85% ZrO2 and 15% Y2O3 

make up the solid Nernst mass, which was created by Nernst. A first SOFC prototype was 

created in 1937 by Emil Baur and H. Preis, and it was used at 1000 °C [71]–[73]. It was 

discovered that the most efficient electrolyte could be created with 60% Nernst mass, 10% clay, 

and 30% lithium zirconate. However, the price of the necessary materials proved 

prohibitive[74]–[76]. Following the work of Carl Wagner, who linked the electrical conductivity 

in mixed oxides like dopes ZrO2 to the presence of oxygen vacancies, more in-depth 

investigations on SOFC started in 1943. In the late 1950s, development on SOFC innovation 

began to accelerate[77]–[81]. 

A fuel cell device was created in 1962 by Westinghouse researchers Weissbart and Ruka 

utilising porous platinum as the electrode material and an electrolyte composed of 85% ZrO2 and 

15% CaO, a variation on the Nernst mass material. In 1998, Westinghouse and Siemens merged 

to form Siemens-Westinghouse, which went on to play a vital role in the development of the 

Tubular SOFC technology[76], [78]. Since the middle of the 1990s, a wide variety of SOFC 

materials and designs have been developed. Due to performance and cost considerations, anode-

supported planar SOFCs gained popularity among diverse designs. The demand for distributed 

generation SOFC surged about 2000, but the technology was not yet ready for the market. Since 

2000, SOFC has kept up its research and development activities in the academic and industrial 



 

communities. While industrial deve

researchers primarily concentrate on the underlying theory, such as modelling, simulation, and 

analysis of catalysis and electrolyte property

1.6.2 SOFC Working Principle

A solid electrolyte placed between two porous electrodes known as the anode and cathode makes 

up a solid oxide fuel cell. The SOFC operates at high temperatures, between 500

and it is at these temperatures that oxygen ions or protons conduct ionically. The SOFC 

electrolyte material should be extremely chemically and mechanically stable, have good ionic 

conductivity, and be sufficiently dense to prevent gas mixing.

depicted in Figure 3. 

FIGURE 1. 

The fuel is electrochemically oxidised a

at the cathode. Due to its high electrochemical activity, hydrogen is typically employed as a fuel, 

although carbon monoxide can also be used in conjunction with hydrogen. The internal 
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communities. While industrial developers mostly concentrate on producing prototypes, academic 

researchers primarily concentrate on the underlying theory, such as modelling, simulation, and 

is and electrolyte property[79]–[81]. 

.2 SOFC Working Principle 

A solid electrolyte placed between two porous electrodes known as the anode and cathode makes 

up a solid oxide fuel cell. The SOFC operates at high temperatures, between 500

at these temperatures that oxygen ions or protons conduct ionically. The SOFC 

electrolyte material should be extremely chemically and mechanically stable, have good ionic 

conductivity, and be sufficiently dense to prevent gas mixing. The SOFC working prin

FIGURE 1. 3: SOFC Working Principle [82] 

The fuel is electrochemically oxidised at the anode, while the fuel is electrochemically reduced 

at the cathode. Due to its high electrochemical activity, hydrogen is typically employed as a fuel, 

although carbon monoxide can also be used in conjunction with hydrogen. The internal 

lopers mostly concentrate on producing prototypes, academic 

researchers primarily concentrate on the underlying theory, such as modelling, simulation, and 

A solid electrolyte placed between two porous electrodes known as the anode and cathode makes 

up a solid oxide fuel cell. The SOFC operates at high temperatures, between 500°C and 1000 °C, 

at these temperatures that oxygen ions or protons conduct ionically. The SOFC 

electrolyte material should be extremely chemically and mechanically stable, have good ionic 

The SOFC working principle is 

t the anode, while the fuel is electrochemically reduced 

at the cathode. Due to its high electrochemical activity, hydrogen is typically employed as a fuel, 

although carbon monoxide can also be used in conjunction with hydrogen. The internal 
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reformation of the fuel is possible due to the high operating temperature, and hydrocarbons like 

methane can also be used as fuel. An oxidant corresponds to air or oxygen. An SOFC generates 

water at the anode by using oxygen ions as a charge carrier. The chemical potential gradient of 

ions across the electrolyte acts as the driving force between the fuel and oxidant[83]–[88].  

 

1.6.3 Materials for SOFC Components 

1.6.3.1 Electrolyte material 

Yttria-Stabilized Zirconia (YSZ) is the most widely utilised electrolyte material for SOFC 

systems. According to the ionic conductivity restrictions for YSZ, which apply to operating 

temperatures below 750 °C it is not appropriate for electrolyte-supported SOFCs[89]–[91]. 

Scandia stabilised zirconia Sc2O3-ZrO2 (SSZ), Gd or Sm-doped CeO2 (CGO or SDC), and Sr 

and Mg-substituted LaGaO3 are some of the additional materials frequently used as electrolytes 

(LSGM). The lowest working temperature of these systems is influenced by the ionic 

conductivity as well as a reasonable estimation of the thinnest film thickness that may be 

manufactured[92]–[96]. In comparison to YSZ, SSZ exhibits better stability in oxidising and 

reducing environments and a higher conductivity. Price, availability, and degradation are issues 

with SSZ deployment. In addition to having a higher conductivity than YSZ, LSGM is also 

appropriate for usage at temperatures between 600 and 700 °C[97], [98]. The power density of 

YSZ-based SOFCs is insufficient at these temperatures. The LSGM has a stability issue, 

necessitating more study of this material[99], [100]. 

1.6.3.2 Anode Material 

Nickel/YSZ cermet is the most popular material used for anodes (ceramic metal composite). This 

blend of YSZ serves as an element for ion conduction, while Ni metal, which has strong 

electronic conductivity and catalytic activity, serves as the anode. The main problem with Ni is 

that it reacts with oxygen to generate NiO. (Nickel Oxide). More space is occupied by NiO than 

by Ni, creating stresses in the electrode that might cause it to shatter, changing its structure as 

well as that of the entire cell. Problems at the anode arise when hydrocarbons are utilised as fuel 

because of their sulphur content and carbon production. The choice of materials is constrained by 
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additional factors, such as thermal expansion coefficients, in addition to electrochemical 

characteristics. By creating novel materials like Ni-Al2O3 and Ni-TiO2, efforts have been made 

to solve the problem of thermal expansion mismatching between YSZ electrolyte and Ni/YSZ 

anode[101]–[103].  Lowering the operating temperature is one strategy for limiting the 

generation of carbon. Ni/YSZ anodes can have a Yttria-doped ceria (YDC) layer added to 

improve cell performance and resistance to carbon deposition. Cu/YSZ is one of the potential 

materials for anodes since it does not catalyse the creation of carbon and is more tolerant of 

sulphur concentrations than Ni/YSZ[104], [105]. Due to their stability in reducing environments, 

chromites and titanates are the perovskites that have received the most attention. 

 

1.6.3.3 Cathode Material 

Strontium-doped perovskite-based lanthanum manganite (La0.84Sr0.16) MnO3, or LSM, is the 

most often used and researched cathode material. Although LSM's ionic conductivity is rather 

low, it is an excellent catalyst for the dissociation of oxygen molecules at higher temperatures 

and its thermal expansion coefficient corresponds well with YSZ electrolyte[106]–[108]. Low 

ionic conductivity is the cause of the activation losses on the cathode side. Any substance that 

can effectively catalyse the creation of oxygen ions can help to reduce these losses. For instance, 

a composite cathode, LSM/YSZ, boosts overall catalytic activity even at lower temperatures by 

providing improved oxygen ion conductivity and a larger active surface[109]. The chemical 

compatibility of LSM with YSZ electrolyte is another issue. Depending on the quantity of 

strontium, it combines with YSZ electrolyte to produce La2Zr2O7 and SrZrO3, respectively. 

Insulating and highly resistant materials La2Zr2O7 and SrZrO3 refer to interface delamination 

and performance degradation in cells[110]. Alternative cathode materials have been employed to 

address this issue and it was reported that the addition of iron to the cobalt site results in the 

formation of (La1-xSrx)(Co1-yFeyO3) (LSCF), which enhances the fuel cell performance[111]–

[113].  
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1.6.4 SOFC Configurations 

Based on the geometrical construction, SOFCs are classified as planar and tubular. Figure 1.4 

depicts a general perspective of the tubular SOFC. A tubular arrangement consists of two tubes: 

an alumina-made inner tube known as the air injection and guidance tube and an exterior tube 

known as the cell tube (Al2O3). Anode and cathode surfaces make up the cell tube's outer and 

inner surfaces, respectively, and solid electrolyte is located in the space between them. Preheated 

air enters the cell tube through the injection tube, travels across the space between the injection 

and cell tubes, and then flows over the cathode surface. The cell tube has a closed end on one 

side. Along the outside of the cell tube and in a direction parallel to the air flow, the fuel gas 

passes over the anode surface. The cathode and electrolyte are traversed by oxygen ions, which 

then interact with the fuel to produce current [96]. Due to the closed end of each cell support 

tube, this sort of cell does not require a gas tight barrier between cells [114]. However, because 

of longer current routes and significant voids within the stack structure, the tubular solution has 

drawbacks such as high production costs, low power density, and increased ohmic 

losses[74][115]. 

 

FIGURE 1. 4: Tubular SOFC [59] 

In comparison to tubular SOFC, the planar cell has gained major attention as it offers trouble-

free production[116]. In addition, when employed in combined heat and power (CHP) 

applications, planar SOFCs which operate at high temperatures (700oC-900oC) achieve about 
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90% overall efficiency[117]. The planar SOFC facilitates the usage of thin electrolytes thereby 

offering lower internal resistance and providing scope for the cell to operate at fairly high current 

densities (up to 1,000mA cm−2)[118]. A positive-electrolyte-negative electrode (PEN), which 

connects the top and bottom of the cell stack, as well as air and fuel channels, make up the planar 

structure, as shown in Figure 1.5. Between the anode and the separator plate, the fuel gas channel 

is situated, while on the opposite side, between the cathode and separator plate the air channel is 

located[59]. Compared to tubular SOFC, planar SOFC is more affordable, has simpler 

fabrication methods, a higher power density, and reduced ohmic losses. The planar SOFCs offer 

three variants, co-flow, counter flow, and cross flow, depending on the flow direction of the 

oxidant and fuel inside the cell. Planar SOFC has some disadvantages, including the requirement 

of  high-temperature gas sealing between the cell components and brittleness under tension and 

thermal stresses at the interfaces between multiple cells that might result in mechanical 

degradation[119], [120]. 

 

FIGURE 1. 5: Planar SOFC[59] 

Based on the component of the cell which is providing mechanical strength and support, the 

planar SOFC is classified as electrolyte supported cell, anode supported cell and cathode 



16 
 

supported cell. In Figure 1.6, the configurations are shown[121]. Cells with a dense electrolyte 

membrane and thin anode and cathode electrodes are known as electrolyte-supported cells. 

Because of the dense electrolyte, ohmic losses increase, reducing power density. As a result, to 

attain equivalent performance, this cell type requires a greater working temperature. In anode-

supported SOFC, the thick anode is topped with a thin electrolyte. The ohmic losses and 

operating temperature of anode-supported SOFCs are lower than those of electrolyte-supported 

SOFCs because the anode's electrical conductivity is high and thin electrolyte is used. Due to 

mass transport limitations, a thicker anode causes concentration losses to increase. Cathode-

supported SOFCs can function at lower temperatures than anode-supported SOFCs because of 

the thin electrolyte that is utilized. Higher concentration polarization losses can be expected as a 

result of a thicker cathode that may restrict the delivery of reactants to the reaction sites. Ohmic 

losses created in cathode-supported structures are larger than those produced in anode-supported 

structures because the cathode has a lower electrical conductivity than the anode[122][123].  

 

FIGURE 1. 6: SOFC classification based on component providing mechanical strength and 
support [121] 

1.6.5 Fuel for SOFC  

Fuel adaptability, which allows a wide variety of fuels to be used in SOFCs, is one of its main 

advantages. Unlike low temperature fuel cells, where CO can be poisonous, SOFCs can use CO 

as a fuel without it being harmful to the system. Among the other fuels that could be used are 

hydrogen, methane, long-chain hydrocarbons, ethanol, methanol, biogas, ammonia, hydrogen 

sulphide, etc[119], [120], [124]–[127]. 
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The electrochemical reactions that occur when hydrogen is used as a fuel in SOFC are as 

follows: 

At anode: 

𝐻ଶ + 𝑂ଶି 𝐻ଶ𝑂 + 2𝑒ି          (1.4) 

At cathode:  

ଵ

ଶ
𝑂ଶ +  2𝑒ି 𝑂ଶି     (1.5) 

The overall cell reaction is: 

𝐻ଶ +
ଵ

ଶ
𝑂ଶ 𝐻ଶ𝑂             (1.6) 

Methane is regarded as one of the most suitable fuels for SOFCs since it is easily accessible, 

plentiful, affordable, and has a delivery system that is already in place. Methane steam reforming 

process is used in SOFCs rather than the direct electrochemical oxidation of hydrocarbons like 

methane because of the potential for carbon production. Even when methane is directly 

electrochemically oxidised, less carbon is broken down than with higher hydrocarbon fuels. 

Hydrogen and carbon monoxide are produced when methane and steam interact. Methane steam 

reforming is the term for the reaction. The water gas shift reaction (WGS) is the name given to 

the process when carbon monoxide further combines with steam to form hydrogen[128]–[130].  

The Solid Oxide Fuel Cell (SOFC) is emerging as a promising option as global research and 

development efforts concentrate on the need for low-emission, long-lasting, and affordable 

substitutes for conventional sources of energy. The SOFCs have received a lot of attention in 

recent years because of their high conversion efficiency, which can exceed 50%. In addition, 

SOFC has many advantages over other fuel cell technologies, including high power density, 

internal hydrocarbon reforming, and fuel adaptability. 

Since the flow-field geometry greatly influences the transport of the reactant gases as well as the 

transfers of heat and momentum, the SOFC performance might vary dramatically depending on 

the interconnector design. The interconnector's configuration has a significant impact on a stack's 

performance and lifespan, according to recent experimental and numerical studies. However, 
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research on the impact of flow field design on SOFC performance is limited. Therefore, to bridge 

this gap and understand the physics of the interconnector design impact on the cell performance, 

a complete optimal 3D investigation is conducted on different novel interconnector 

configurations. 

1.7 Summary 

This chapter covered the description of the fuel cell, its operating system, and how different fuel 

cell types perform. An emphasis was placed on the SOFC's development history, component 

materials, configurations, and use of various fuels. The most often utilised materials are YSZ 

electrolyte, YSZ/Ni anode, and LSM cathode. The planar SOFC has a higher power density, is 

easy to construct, and can be easily shaped into a variety of configurations. The hydrogen is 

utilised as fuel. In SOFCs, steam reforming of hydrocarbon fuels like methane is possible 

because to the high working temperate. The motivation for the present study is explained in a 

lucid way. 
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CHAPTER 2 

Literature Review 

The issues associated with SOFC performance are the main emphasis of the current chapter, 

which provides an overview of the state of the art in SOFC model development. The chapter is 

divided into two main sections: part 2.1, which deals with experimental work, and section 2.2, 

which deals with numerical analyses. 

2.1 Experimental Work 

The factors affecting SOFC performance are intricate, and it takes time and money to run 

experiments to study them. To better understand and improve the precision of CFD models, 

some information and important factors, such as the electrochemical performance of the cell, 

should be obtained experimentally and utilized to compare the simulation results. The 

experimental tests that were carried out to determine the electrochemical and thermal 

performance of SOFCs are reviewed in the sections that follow. This study excludes the 

experimental effort done to develop and examine the impact of new materials on SOFC 

performance. 

2.1.1 Electrochemical Performance 

The studies were carried out to find out how operation temperature affected the electrochemical 

performance of the cell[131]–[134]. As illustrated in Figure 2.1, it was discovered that at high 

operating temperatures, current density and power generation are higher. The effect of 

temperature and pressure on the performance of the cell was researched by Seidler et al.[135]. 

Their findings showed that temperature has a greater impact on the performance of the cell than 

pressure; nevertheless, at high pressure, an increase in temperature is more advantageous, as 

shown in Figure 2.2. 



 

FIGURE 2. 1: Polarization curve depicting the effect of different operating tempera

FIGURE 2.2: Polarization

Jung et al. [136] and Luo et al. 

cell performance. The electron flow is hampered by a rise in resistance, which lowers the cell's 

current density. It was hypothesized that by using the proper compressive load, contact resi

may be decreased.  

20 

Polarization curve depicting the effect of different operating tempera

Polarization curve depicting the effect of different operating pressures and 
temperature[135] 

and Luo et al. [137] conducted analyses of the impact of contact resistance on 

cell performance. The electron flow is hampered by a rise in resistance, which lowers the cell's 

current density. It was hypothesized that by using the proper compressive load, contact resi

 

Polarization curve depicting the effect of different operating temperature[135] 

 

curve depicting the effect of different operating pressures and 

conducted analyses of the impact of contact resistance on 

cell performance. The electron flow is hampered by a rise in resistance, which lowers the cell's 

current density. It was hypothesized that by using the proper compressive load, contact resistance 
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The effect of diffusion losses is more pronounced at lower hydrogen concentrations/higher 

current densities, according to Bedogni et al. [138]. Investigations into the effects of various fuel 

compositions and mass flow rates revealed that the operating conditions have an impact on the 

performance of fuel cells. Microtubular (MT) SOFCs were the subject of experimental and 

rical research by Lawlor et al. [139] that took into account the effects of co

flow, and cross flow configurations. The findings demonstrated that the flow regime had n

discernible influence on the electrical performance and temperature distribution for any of the 

three designs. Further research is required since it was unclear why the temperature was 

consistently greater just above the core of the MT-SOFC. 

l Performance 

ray diffraction method, Yakabe et al. [140] and Fischer et al.

residual stresses in the electrolyte of anode supported SOFCs. According to

observations, the exothermic process taking place in the anode can cause the temperature of solid 

electrolyte in a single chamber SOFC to reach as high as 850 °C. The exothermic reaction that 

takes place at the anode/electrolyte interface is what causes the cell temperature to be higher than 

the furnace temperature, as shown by Y.Leo et al.[143]. The relationship between fuel cell and 

furnace temperatures is shown in Figure 2.3. 

: Fuel cell temperature Vs Furnace temperature

The effect of diffusion losses is more pronounced at lower hydrogen concentrations/higher 

Investigations into the effects of various fuel 

compositions and mass flow rates revealed that the operating conditions have an impact on the 

performance of fuel cells. Microtubular (MT) SOFCs were the subject of experimental and 

that took into account the effects of co-flow, counter 

flow, and cross flow configurations. The findings demonstrated that the flow regime had no 

discernible influence on the electrical performance and temperature distribution for any of the 

three designs. Further research is required since it was unclear why the temperature was 

and Fischer et al.[141] calculated the 

residual stresses in the electrolyte of anode supported SOFCs. According to Yano et al.[142] 

observations, the exothermic process taking place in the anode can cause the temperature of solid 

electrolyte in a single chamber SOFC to reach as high as 850 °C. The exothermic reaction that 

lyte interface is what causes the cell temperature to be higher than 

The relationship between fuel cell and 

temperature Vs Furnace temperature[143] 
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The impact of current density on temperature distribution and cell performance was investigated 

by Razbani et al.[144]. The top right corner of the cell was where the highest temperature was 

found (air inlet and fuel outlet corner). Due to more polarisation at higher current densities, 

temperature gradient increased as current density increased. The results showed that the fuel cell 

operates more effectively at higher oven temperatures, citing a more even dispersion of heat and 

reduced polarisation. According to Morel et al.[145] prediction, the partial and total oxidation of 

methane at the anode is what causes the temperature rise at the anode's input, which causes the 

temperature gradient in SOFC. Fracture analysis was carried out on an electrolyte-supported 

SOFC in the context of an actual operational system by Y. Kim, et al. [146]. Due to the 

significant mismatch between the thermal expansion coefficient of the electrolyte and the anode, 

cracks are more prone to develop. For stacks that have been in operation for more than 4,000 

hours, it has been noted that leakage around some cracks might lead to structural changes in the 

anode, which may start the fuel burning locally. Burning fuel raises temperature, increases water 

and oxygen concentrations, and can oxidise nickel. 

2.2 Numerical Studies 

The SOFC is a complex system involving an amalgam of several electrochemical reactions with 

thermal-fluid-electrical interactions. This complex nature of the equations results in non-

linearity, which hinders understanding the principles and the governing equations directly with 

experimentation[147]. Theoretical models such as simulation modeling will be a fetching tool to 

understand the electrochemical behaviour and design efficient SOFCs[148]. Therefore the 

present section uses a simulation environment to investigate the power density distribution, 

temperature distribution, and fuel/oxidizer concentration for a trapezoidal interconnector design 

by simultaneous consideration of detailed mass and heat transfers, fluid movement, and 

electrochemical reactions. The performance of SOFC is dictated by material 

conductivity[149][150],  catalyst reaction rates[151]–[153], fuel composition[154], [155], and 

interconnector configuration[156], [157]. The interconnector plays a significant role in 

improving the cell performance as it connects the cells in a stack in series and collects the current 

produced by the cells. Additionally, it serves as a gas channel for transporting oxidants and fuels, 
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which can have a considerable impact on cell performance and stack stability as the flow-field 

geometry appreciably affects the heat and momentum transfer of reactant gases[158]. 

 

2.2.1 Numerical models on geometrical configuration 

In the past, several numerical simulation studies using ANSYS, COMSOL, and in-house 

computational codes were designed and employed to forecast the effects of a variety of 

geometrical configurations and performance constraints of SOFCs[147], [159]–[164]. Few of the 

simulation studies are presented here. 

The importance of rib width on fuel cell efficiency is demonstrated by a 2D mathematical model 

developed by W. Kong et al. [165]. It was reported that the rib width for anode and cathode 

should be wisely selected to trade-off between the ohmic resistance loss and species diffusion 

beneath the ribs. 

M. Andersson et al. [166] conducted a  3D finite element method study for optimization of 

design parameters. It was observed that for compact cell design, the cathode side interconnector 

has to be designed judiciously as it impacts the current density significantly.   

Q. Chen et al. [167] investigated the impact of a unique bi-layer interconnector on SOFC 

performance using a two-dimensional model. It was observed that this design results in a 

reduction of concentration potential compared to a conventional parallel single-channel 

interconnector. The limitation of this design is associated increase in the pressure drop.  

T. M. M. Heenan et al. [168] analyzed the reason for the malfunction of a SOFC stack during 

startup. It was accessed from the failure investigation that the design of the interconnector has a 

major role in the reduction of NiO to Ni. As a result, researchers must devise a novel Bi-polar 

plate/interconnector design to mitigate the complexity of the oxide gradient at the land–channel 

interaction region. 

A. N. Celik [169] used COMSOL multi-physics to create a 3D model of a planar SOFC with 

conventional parallel rectangular flow channels to have a better understanding of the cell's 

temperature and flow distribution. It was discovered that as the inflow molar concentration of 

hydrogen increases, the temperature rises but the average velocity of fuel and oxidizer falls. The 

same trend was also observed for the increase in the inlet molar concentration of oxygen.  
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The effect of various flow channel geometries on SOFC performance has been investigated by 

many researchers. To mention a few, the work carried out by Khazaee and Rava [170]  is 

highlighted, where the flow channel configuration has been found to have a considerable impact 

on the accurate distribution of reactants in the reaction site. (i.e. TPB region). Their research 

revealed that rectangular geometries are more efficient than those with triangle or trapezoidal 

geometries. Furthermore, the data revealed that the trapezoidal channel has a greater molar 

fraction of hydrogen compared to rectangular and triangular flow channels. Similarly, Manglik 

and Magar[171] presented computational simulations of heat and mass transport on an anode-

supported SOFC module with rectangular, triangular, and trapezoidal interconnectors. It was 

reported that rectangular interconnectors are better for thermal management, whereas trapezoidal 

or triangular interconnectors are better for higher fuel consumption and structural support in a 

SOFC stack. 

Lin et al.[172] used a computational model to investigate the impact of rib width on planar 

SOFC concentration polarization. It was reported that when the rib width is large, ohmic 

polarization reduced, while concentration polarization increased.  

In another similar study, Lin et al.[173] predominantly concentrated on the design of 

interconnector ribs. Based on their findings, they reported that for a particular area-specific 

contact resistance, the optimal width of the rib is linear to the pitch width, and with narrow rib 

widths a homogeneous gas concentration can be achieved. Rectangular channel configuration is 

the conventional design adopted by many researchers in experimental studies due to the ease in 

machinability of channels.  

S.Zeng et al. [174] presented an optimized rectangular channel for gas transport and flow 

collection with an emphasis on the cathode support layer porosity impact on cell performance. 

The findings illustrated that broader and thinner gas channels reduce the cell current density 

slightly, but dramatically increase the volumetric current in the cell. 

D. Bhattacharya et al.[175] examined the performance characteristics of the conventional straight 

rectangular channel and rectangular serpentine channel geometries for a 3D anode supported 

planar SOFC. It was observed that flow channels with serpentine configurations were found to 

outperform rectangular channels in terms of power output and fuel consumption, but they did 

increase the average temperature of the cells and created an extremely high pressure drop. A 

similar study on SOFC performance with helical, single-entry serpentine parallel, modified 
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parallel, 2-pass serpentine, and 3-pass serpentine flow channels was numerically evaluated by 

Saied et al.[164].  According to their research findings, for a three-pass serpentine configuration, 

fuel and oxygen were distributed over the active surface area uniformly, resulting in a high 

current of about 23.3 A, which is 5.18 % greater than other designs investigated. A constraining 

feature of this design is that the variations in the pressure drop and the peak temperature the cell 

experiences as a result of this design arrangement are not explored. 

In the literature, various innovative configurations of the interconnector, apart from the 

conventional rectangular design of SOFC have also been studied. For example, Kong et al.[176] 

developed a new interconnector design based on staggered X-type patterns. The results 

demonstrated that independent of the porous anode and porous cathode porosity, the X-type 

configuration enhances performance due to a shorter current collection route. Similarly, Gao et 

al.[177] designed interconnectors with distributed cylindrical patterns. Based on their research 

findings, they concluded that an optimum rib size exists for fixed contact resistances and pitch 

widths.  

As an alternative, Fu et al. [178] proposed grooved and rib-finned interconnect for SOFCs. As a 

result of the novel interconnectors, cell performance was improved due to a decrease in 

activation overpotential and concentration overpotential. 

 

2.2.2 Numerical models on flow direction 

In addition to the type of flow channel, the flow configuration plays a crucial role in flow 

uniformity. In this context, few studies were reported on the consequence of flow direction on 

cell performance. Y. J. Kim and M. C. Lee [179] investigated the influence of parallel, counter, 

and perpendicular flow directions on cell performance, and it was discovered that parallel flow 

arrangement produces the best cell performance. This is due to the reduction in overpotential 

compared to other flow directions. Whereas on the other hand K. P. Recknagle et al. [180] 

suggested that though the parallel flow direction provides the uniform temperature distribution, 

the highest power density is produced by counter flow design. Moreover, a counter-flow 

configuration has been reported to provide stable and enduring operation for SOFCs by 

Schluckner et al.[181]. 
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A similar study was also reported by Zhang et al.[182] in which the performance of planar SOFC 

with 3 distinct flow designs (parallel flow, counter-flow, and cross-flow) was assessed. The 

results of the study have concluded that counter-flow configurations perform better than parallel 

flow and cross-flow configurations. To take the advantage of counter flow design one has to 

focus on the reduction of non-uniform temperature distribution encountered in this design. For 

this reason, in the present study, we have considered the counter flow configuration and tried to 

address the non-uniform temperature distribution by varying the channel geometrical 

configuration. 

2.3 Summary 

The following conclusions are drawn from a survey of the literature on experimental and 

numerical investigations on SOFC development. The mechanisms underlying the SOFC's 

electrochemical performance were the main subject of experimental study. However, because of 

the technical challenges, experimental measurements of species concentrations and temperature 

distributions are rare and there are no relevant data to use as a reference. 

Investigating the mechanics of reacting flows, such as the transit of mass, heat, and momentum 

as well as chemical reactions that affect cell performance, is best done using computational 

models. By contrasting the simulation findings (which simulated the electrochemical 

mechanisms) with experimental data, the cell performances of numerical models were examined. 

The models were created to examine how the cell performance was impacted by the geometrical 

factors and flow configurations. The performance of the cell is influenced by its geometrical and 

material characteristics, hence optimized design parameters should be used. The operating 

temperature has a significant impact on the operation of the cell, according to simulations of the 

modeling process. The SOFCs are high temperature fuel cells (600–1000 °C), and because of the 

temperature difference between the cell and the surrounding environment, the cell experiences 

thermal stresses. To find the high stress locations that can lead to cell collapse, thermal stress 

generation is necessary. 

The literature analysis showed that the current models take into account the thermal 

characteristics of the materials and fluids as the constants implied by the operating temperature. 

However, with SOFCs, exothermic electrochemical reactions cause the reacting fluxes in the cell 
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to form a temperature distribution, which makes the local temperature different from the 

operational temperature, which is held constant once cell operation conditions are known. When 

calculating the thermal properties of the fluids and materials for modeling cell performance, 

particularly the thermal impacts, it is evident that this discrepancy must be carefully taken into 

account. Also from the extensive literature survey, it is observed that the various methods 

adopted by researchers for performance enhancement of fuel cells are: (i) Optimization of flow 

channel/ interconnector configuration [183], [184], (ii) Insertion of obstacles of different shapes 

in the flow path[185], [186], (iii) Alternation of operating parameters[187].  

The knowledge gaps discovered through literature reviews are as follows. 

1) The current collector which not only collects electric current but also offers passages for 

reactants needs to be explored explicitly in SOFCs. 

2) At the component level, a channel network with a wider or deeper channels towards the 

stack inlet can be studied as it may allow for greater partial pressure control and 

uniformity throughout the stack. 

3) The contact resistance which is an important factor limiting the SOFC performance needs 

to be explored. 

4) The channel inlet designs and flow arrangements for planar SOFC stacks still need 

further investigations to achieve an effective temperature gradient reduction. 

To bridge the above gaps, the following objectives were designed with an emphasis to improve 

the SOFC performance. 

1) To simulate and compare the performance of novel Trapezoidal interconnector (TI) with 

a wider channel width and narrow rib width against the Conventional rectangular 

interconnector (CRI) SOFC by considering all the multi physics involved in a typical 

SOFC. 

2) To thoroughly understand the effect of different operating temperatures on the 

electrochemical reactions and cell performance for a TI design. 
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3) To study the effect of the rhombohedral interconnector placed in a staggered orientation 

called as Staggered Rhombohedral Interconnector (SRhI) on the mass transfer, ohmic 

losses and cell performance. 

4)  Carry out a parametric study on SRhI configuration by varying the inlet mass flow rates.  

The following chapters provide information about the studies in detail. 
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CHAPTER 3 

Mathematical Modeling 
 

This chapter presents the partial differential equations required in modeling the physics of a fuel 

cell.  To account for the arrangement of the counter-flow, from one side of the channel, hydrogen 

enters the anode part, while air enters the cathode part from the other end. The hydrogen and air 

then diffuse along the porous anode and the porous cathode in accordance with the species 

conservation equations and reaches the electrolyte where the potential of the cell is determined 

using formulae in Section Cell potential. 

3.1 Cell Potential 

The electrochemical reactions taking place at the triple phase boundary (TPB) of anode and 

cathode layers are: 

𝐻ଶ + 𝑂ଶି ↔ 𝐻ଶ𝑂 + 2𝑒ି             (anode TPB)       (3.1) 

ଵ

ଶ
𝑂ଶ +  2𝑒ି ↔ 𝑂ଶି                   (cathode TPB)                               (3.2) 

The electric field potential is calculated based on the conservation of charges using the Laplace 

equation as follows: 

∇
→

⋅ (𝜎𝛻𝜙) = 0                      (3.3) 

where ϕ indicates the electrical potential and σdenotes the electric conductivity.  

 

The ideal voltage, also known as reversible cell voltage, is calculated in the absence of an 

electric load using the Nernst equation as: 

ϕ୧ୢୣୟ୪ = ϕ଴ +
ୖ୘

ଶ୊
ln ൬

୮ౄమ୮ోమ
బ.ఱ

୮ౄమో
൰                     (3.4) 

where 𝜙଴ denotes the open-circuit voltage.  
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In the present study, the concept of voltage "jump” is used to model the electrochemistry aspect 

of the cell. To associate the potential field with the electrochemical behaviour, all 

electrochemical effects are incorporated in the jump condition. The following is how this 

interface condition is defined [188]: 

𝜙௖௘௟௟ = 𝜙௝௨௠௣ − 𝜂௦           (3.5) 

Where 𝜂௦  correspond to conducting section ohmic losses and   

 

𝜙௝௨௠௣ = 𝜙௜ௗ௘௔௟ − 𝜂௔௖௧,௔ − 𝜂௔௖௧,௖ − 𝜂௘௟௘         (3.6) 

Where 𝜂௘௟௘  denotes the electrolyte ohmic potential loss, 𝜂௔௖௧,௔ and 𝜂௔௖௧,௖ denotes the anode and 

cathode activation overpotential, respectively.  

 

The following Butler-Volmer formulae are used to calculate the rates of anodic and cathodic 

reactions [188]: 

𝐼௔௡ = 𝐼௢,௥௘௙
௔௡ ቆ

௑ಹమ

௑ಹమ,ೝ೐೑.

ቇ

ఊಹమ

൬
௑ಹమೀ

௑ಹమೀ,ೝ೐೑
൰

ఊಹమೀ

ቀ𝑒
ഀೌ೙ಷആೌ೙

ೃ೅ − 𝑒
షഀ೎ೌ೟ಷആ೎ೌ೟

ೃ೅ ቁ                (3.7) 

 

𝐼௖௔௧ = 𝐼௢,௥௘௙
௖௔௧ ቆ

௑ೀమ

௑ೀమ,ೝ೐೑.

ቇ

ఊೀమ

ቀ−𝑒
ഀೌ೙ಷആೌ೙

ೃ೅ +  𝑒
షഀ೎ೌ೟ಷആ೎ೌ೟

ೃ೅ ቁ                 (3.8) 

where 𝐼௢,௥௘௙
௔௡  and 𝐼௢,௥௘௙

௖௔௧  are the reference current densities for anode and cathode, The X 

represents each species mole fractions, while γ represents each species concentration exponents. 

Equations (3)-(8) are used to calculate the activation overpotential on the cathode and anode 

sides. 

3.2 Equations of Mass Conservation: 

The equation for mass conservation in a steady state is as follows: 

∇
→

⋅ ቀ𝜌𝑣
→

ቁ = 𝑆௠                      (3.9) 

where 𝑆௠ represents mass source term and except for the reaction sites, it is zero across the 

domain. 
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The mass source term includes the species interactions which are calculated using Faraday's 

second law of electrolysis as follows: 

𝑆௠ =
௔ூ

௡ி
                                          (3.10) 

where ‘a’ represents each species stoichiometric coefficient, ‘I’ denotes current density, ‘n’ 

indicates the number of electrons per mole of fuel, and ‘F’ represents the Faraday’s constant. 

 

To the cells near the electrolyte contact, the following species fluxes are applied: 

𝑆ைమ
= −

ூ

ସி
                    (3.11) 

 

𝑆ுమ
=  −

ூ

ଶி
                    (3.12) 

 

𝑆ுమை=  
ூ

ଶி
                    (3.13) 

 

3.3 Equations of Momentum Conservation 

The steady-state momentum conservation equation is as follows for low Reynolds numbers and 

small gravitational forces: 

∇
→

. ൫𝜌 𝑣→ 𝑣→൯ = −∇P + ∇
→

⋅ 𝜏→ + 𝑆
→

                  (3.14) 

where 𝜏→represents viscous stress tensor and  

 

∇
→

⋅ 𝜏→ =  µ∇ଶ 𝑣→                    (3.15) 

where µdenotes the dynamic viscosity of the fluid. The source term, 𝑆
→

 in Eq. (14) is zero in all 

the flow channels. It is, nevertheless, used to keep track of increased pressure drop in porous 

media when calculating flow. Two separate mechanisms, viscous and inertial resistance, 

contribute to pressure drop within porous media. For a homogeneous porous media, assuming 

that inertial losses are trivial compared to viscous losses, the source term is calculated as: 

𝑆
→

= −
µ

஑
𝑣→                     (3.16) 
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3.4 Equations of Energy Conservation  

The equation for energy conservation in a steady-state condition is as follows: 

 

∇
→

. ቀ 𝑣→ (𝜌𝐸 + 𝑃)ቁ = ∇
→

. ቀ𝑘௘௙௙∇T   − ∑ h୧୧ 𝐽௜
→

ቁ + 𝑆௛                                      (3.17) 

 

where E denotes specific total energy. If the change in specific kinetic energy is negligible, E 

equals the internal energy, and then the energy equation is expressed in its simplest form as: 

 

∇
→

. ቀ 𝑣→ (𝜌ℎ)ቁ = ∇
→

. ቀ𝑘௘௙௙∇T − ∑ h୧୧ 𝐽௜
→

ቁ + 𝑆௛                (3.18) 

 

where h denoted specific enthalpy and 𝑘௘௙௙is the effective thermal conductivity in the porous 

zone, which is calculated using the following equation: 

 

𝑘௘௙௙ = 𝜀𝑘௙ + (1 − 𝜀)𝑘௦                   (3.19) 

 

where ε is the porosity of the porous media. Furthermore, the subscripts s and f signify solid and 

fluid states, respectively. The species flux,  𝐽௜ , will be described in the next section.  

 

In the electrically conducting domains, the source term is calculated as follows: 

 

𝑆௛ = 𝑅௢௛௠௜௖𝑖ଶ                                (3.20) 

 

3.5 Species Conservation Equations 

In the computational domain, there are four distinct species: H2, O2, H2O, and N2. As a result, 

three transport equations must be solved. The diffusion equation in its convective form can be 

used to compute the mass concentration of each species: 
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∇
→

. ൫𝜌𝑌௜ 𝑣→൯ = − ∇
→

⋅ 𝐽௜
→

+ 𝑆௜                   (3.21) 

The convective terms are represented on the left-hand side of the equation, with 𝑌௜ denoting each 

species mass concentration. 𝑆௜denotes the source term due to chemical reactions, while 

𝐽௜  represents diffusive flux.  

 

The flux of species i in a mixture with N component can be attributed to the concentration and 

temperature gradient using Fick's equation of diffusion as follows: 

𝐽௜
→

= −𝜌𝐷௜,௠∇Y୧ − D୧,୘
∇୘

୘
                   (3.22) 

 

The multi-component diffusion approach based on the Stefan-Maxwell equations is employed in 

the current investigation to get more precise results. 

 

𝐽௜
→

= − ∑ 𝜌୒ିଵ
୨ୀଵ 𝐷௜௝∇Y୨ − D୧,୘

∇୘

୘
                  (3.23) 

 

where D୧,୘ denotes each species thermal diffusion coefficient and 𝐷௜௝ denotes generalized Fick's 

law diffusion coefficients matrix which is calculated as follows: 

 

𝐷௜௝ = [𝐴ିଵ][𝐵]                    (3.24) 

 

The diffusion coefficients discovered by Fick's law can not be used to simulate diffusion in 

porous media directly. Taking into account the porous consequences, the following correction 

approach is used: 

 

𝐷௜௝
௘௙௙

=
ఌ

ఛ
𝐷௜௝                     (3.25) 

where the terms 𝜏 and ε denote tortuosity and porosity respectively.  

 

Finally, in Eq. (21) the source terms are determined as below: 

𝑆ைమ
= −

ூெೢ,ೀమ

ସி
                                (3.26) 
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𝑆ுమ
= −

ூெೢ,ಹమ

ଶி
                    (3.27) 

 

𝑆ுమை =
ூெೢ,ಹమೀ

ଶி
                    (3.28) 

3.6. Methodology 

The geometrical design was created using Solidworks 2010, a 3D CAD design software and then 

the numerical study was performed using commercial ANSYS FLUENT. To model the fluid-

thermo-electric properties in conjunction with the electro-chemical reactions ANSYS FLUENT 

with an add-on-module named SOFC with an unresolved electrolyte model is employed. To 

simplify the complex electro-chemical equations of SOFC, the following assumptions were 

made: 

 The porous anode and porous cathode were assumed to be homogeneous and isotropic.  

 The fluid flow was considered laminar and incompressible because of moderate pressure 

differential, flow channel, and low flow velocities.  

 It is assumed that the gas sealing is perfect.  

 The gaseous fluids in the SOFC were considered to be ideal gases, and their heat 

capacities are only a function of temperature.  

 Without taking into account the inlet and outlet port design, the flow field at the 

interconnector inlet is assumed uniform in this model. 

 3.7 Boundary Conditions and Input Parameters 

The input material parameters and operating conditions for the proposed models are shown in 

Table 3.1 and Table 3.2 respectively. The electrical potential at the anode tap is set to zero, while 

the electrical potential at the cathode tap is set to an equal value to the cell operating current.  

 

TABLE 3.1 Material attributes for validation study (Sembler and Kumar [189] ) and Present 
study: 

Porous anode (NiO + YSZ) Density  6500 kg/m3 
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Specific heat 450 J/kgK 

Thermal conductivity 10 W/mK 

Viscous resistance 1e+13m-2 

Electron conductivity 333 330   Ω-1. m-1 

Porosity 0.24 

Tortuosity 3 

Anode transfer coefficient 0.7 

Cathode transfer coefficient 0.7 

Exchange current density 200 000 A/m2 

Porous cathode (LSM) Density  5620 kg/m3 

Specific heat 450 J /kgK 

Thermal conductivity 11 W/mK 

Viscous resistance 1e+13 m-2 

Electron conductivity 7937 W/mK 

Porosity 0.375 

Tortuosity 3 

Anode transfer coefficient 0.7 

Cathode transfer coefficient 0.7 

Exchange current density 800 A/m2 

Electrolyte (YSZ) Density  5480 kg/m3 

Specific heat 450 J /kgK 

Thermal conductivity 2 W/mK 

Resistivity 0.1 Ω.m 

Interconnector (metal) Density  8900 kg/m3 

Specific heat 450 J /kgK 

Thermal conductivity 72 W/mK 

Electron conductivity 1.5e+07 Ω-1. m-1 

Anode contact resistance 1e-07 Ω . m2 

Cathode contact resistance 1e-07 Ω .m2 
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TABLE 3.2 Flow channel boundary conditions for validation study (S.S Wei et al., [190]; 

Sembler and Kumar [189]) and Present study: 

Anode mass flow rate 4.48 e-07 kg/s 

Cathode mass flow rate 2.17 e-05 kg/s 

Anode inlet temperature 1123 K 

Cathode inlet temperature 1123 K 

Anode flow composition 97% H2, 3% H2O (% mole) 

Cathode flow composition Dry air 

Cell operating pressure 1 atm 

External boundaries Adiabatic 

Electric potential at anode tap   𝜙 = 0 

Electric potential at cathode tap i = I cell 

 

3.8 Summary 

The coupling mechanism and geometries of the planar anode-supported SOFC were described in 

detail in this chapter. It specifies the assumptions used to model the cell. It explains the 

governing equations. The electrochemical and chemical processes' underlying mechanisms are 

listed. The relationships used in the mechanical and thermal stresses' calculation are described. 

The boundary constraints are highlighted at the conclusion. 
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CHAPTER 4 

Performance Evaluation of a Trapezoidal Interconnector 

Configuration of Solid Oxide Fuel Cell 
 

The models discussed in Chapter 4 is used in simulations of a planar SOFC operating on 

hydrogen and the effects of temperature on the operation of the cell. Comparing the numerical 

results to the available experimental studies allows for their validation. It is analyzed and 

described how various parameters affect the electrochemical and thermal performance of the 

cell. 

4.1 Introduction 

In the present study, a full-scale 50 mm x 50 mm active area trapezoidal channel interconnector 

for anode and cathode is simulated with all the multi-physics involved considering the flow of 

fuel and air to be counter flow direction. The trapezoidal channel interconnector performance is 

compared to the conventional parallel rectangular interconnector configuration. Along with 

changing the angle, in this article, the dimensions of channels and rib were also varied which are 

also the important factors that are impacting the anode-supported SOFC performance. As anode 

supported fuel cell is more sensitive to oxygen diffusion under the rib area, a study is also 

undertaken to access the influence of rib width on the anode side fuel transport by designing a 

SOFC with a rectangular parallel anode interconnector and a trapezoidal cathode 

interconnector. In the literature, different shapes of flow channels like rectangular, triangular, 

and trapezoidal were studied[161], [170]. But the effects of the parametric study in relation to 

non-uniform channel width and rib width, pressure drop, and reactants velocity changes on 

SOFC performance were not focused. In the present study, a trapezoidal interconnector with 

wider channel width and a narrow rib is chosen for simulation because it has the following 

advantages: (a) As the trapezoidal interconnector offers wider channel width it may aid in 

uniform distribution and higher reactant gas penetration. (b) A narrow rib offers minimum 
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contact area, so it may provide an easy path for the reactants to permeate in the region located 

near the rib leading to minimizing concentration polarization losses. (c) The slant portion of the 

trapezoidal channel might aid in velocity control by forming small eddies. (d) A trapezoidal 

interconnector designed with the chosen dimensions of channel width and rib width may address 

the problem of non-uniform temperature distribution encountered in the counter-flow direction 

as reported in the literature[180].   

The specific objectives of the present study are: (a) To understand the effect of the Trapezoidal 

channel with varied channel and rib width (i.e. wider channel and narrow rib width) on cell 

performance in an anode-supported SOFC. (b) Determine the impact of rib area on anode and 

cathode reactants transportation. (c) To reduce the operating temperature of SOFC by changing 

the interconnector configuration from CRI to TI with reduced rib width such that better heat 

management is attained in the cell. 

4.2 Numerical implementation 

4.2.1 Geometry 

The model consists of an anode, electrolyte, cathode, and interconnector. To validate the 

Trapezoidal Interconnector (TI) concept shown in Figure 4.1, we first modeled a rectangle 

parallel interconnector, often known as the Conventional Rectangular Interconnector (CRI), 

depicted in Figure 4.2, with the same dimensions as the references.[189], [190] Since the channel 

configuration was proposed to change from rectangular to trapezoidal, the dimensions of the 

active electrolyte surface area were fixed as those of the reference studies (i.e. 50x50 mm2) for 

comparison while maintaining the hydraulic diameter for the trapezoidal channel to be the same 

as that of the rectangular channel. The only attribute changed is the channel configuration. 

Instead of a straight parallel channel, a taper of 75o is given to the vertical edge of the channels 

making it a trapezoidal channel with a wider channel width of 1.5mm and narrow rib width of 

0.5mm.[184]  The taper angle of 75o is chosen from the work reported by R. M. Manglik and Y. 

N. Magar[171], where triangular channel, a trapezoidal channel with internal inclination 

angles(ϴ) of 60 o and 75 o, and rectangular channel were studied and it was reported that: (a) As 

ϴ increases, the heat transfer or Nusselt characteristics increases from ϴ = 45 o to 90 o with a 
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significant change observed when  ϴ changes from 60 o to 75 o for a trapezoidal channel. (b) The 

ratio Nu/fRe which was used as a measure of the relative surface-area compactness or increased 

convective heat transfer surface-area density showed a drastic increase for ϴ = 60 o to 75 o after 

which the change is almost linear with an increase in ϴ up to 90 o. Thus to take the advantage of 

increased heat transfer, increased convective heat transfer surface-area density and to maintain 

the hydraulic diameter of the trapezoidal channel as that of a rectangular channel, the 75o is 

chosen as the taper angle for the present trapezoidal interconnector. The dimensions of the cell is 

shown in table 4.1. 

 

FIGURE 4. 1: SOFC with trapezoidal interconnector configuration (Present study). 



 

FIGURE 4. 2: SOFC with conventional rectangular interconnector (CRI) configuration 

4.2.2 Meshing 

The meshing of the computational domain was done i

elements. Based on Sembler and Kumar 

divided into discrete elements. The global mesh size of 0.5mm is used for the entire domain 

discretization, followed by edge sizing along the thickness direction of the cell to ensure that 

even the thinnest component has a good number of elements and no important information is 

lost. The mesh for the computational domain is shown in Figure 4.3, with the meshes

anode and cathode domains clearly noticeable in the magnified version.

40 

SOFC with conventional rectangular interconnector (CRI) configuration 
(Validation study). 

The meshing of the computational domain was done in ANSYS software using hexahedral 

elements. Based on Sembler and Kumar [189] grid independence analysis, the entire domain was 

divided into discrete elements. The global mesh size of 0.5mm is used for the entire domain 

, followed by edge sizing along the thickness direction of the cell to ensure that 

even the thinnest component has a good number of elements and no important information is 

lost. The mesh for the computational domain is shown in Figure 4.3, with the meshes

anode and cathode domains clearly noticeable in the magnified version. 

 

SOFC with conventional rectangular interconnector (CRI) configuration 

n ANSYS software using hexahedral 

grid independence analysis, the entire domain was 

divided into discrete elements. The global mesh size of 0.5mm is used for the entire domain 

, followed by edge sizing along the thickness direction of the cell to ensure that 

even the thinnest component has a good number of elements and no important information is 

lost. The mesh for the computational domain is shown in Figure 4.3, with the meshes for the 
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FIGURE 4. 3: Computational Mesh Domain 

 

TABLE 4. 1 Dimensions of SOFC used for validation study (S.S Wei et al., [190]; Sembler and 
Kumar [189]) and Present Study: 

Factors Validation study 

Magnitude 

Present Study 

Magnitude 

Units 

Channel height (Ch) 1 1 mm 

Channel width (Cw) 1 1.5 mm 

Channel length (CL) 50 50 mm 

Current collector height 

above the channels 

1 1 mm 

Rib thickness (Rt) 1 0.5 mm 
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Thickness of anode 1.8 1.8 mm 

Thickness of  cathode  30 30 µm 

Thickness of electrolyte 

(virtual) 

20 20 µm 

 

4.2.3 Numerical solution procedure 

The continuity, momentum, energy, and species equations in ANSYS FLUENT are solved using 

the Finite Volume Method (FVM). So, a 3D double precision with steady and pressure-based 

velocity formulation, coupled algorithm for pressure-velocity coupling is selected to solve the 

partial differential equations. For spatial discretization of momentum, energy, species, and 

electric potential second-order UPWIND scheme is selected. As it is a multi-physics problem, 

the convergence criteria of residuals for all the equations are set to 1e-08. 

4.3 Results and Discussion 

To evaluate the proposed trapezoidal interconnector performance, a unit cell was separated into 

anode, cathode, and flow channel components to simplify the SOFC simulation model. The 

anode, cathode, and electrolyte used in this work are nickel cermet (NiO +YSZ), LSM, and YSZ 

respectively. 

 

4.3.1 Grid independence study 

For the grid independence study, the initial mesh density for Conventional Rectangular 

Interconnector was selected following the Sembler and Kumar[189].  The final orthogonal 

quality of the selected mesh for CRI and TI are 0.98 and 0.91 respectively, which ensures that 

cell quality is adequate for the further simulation study. For the Trapezoidal Interconnector, a 

complete grid convergence test was performed using different elements: 139380, 226644, and 

438256. The Performance curve obtained with 438256 elements was nearly identical to those of 

226644 elements as shown in Figure 4.4. Therefore, for further simulations to reduce the 

computational time without compromising the accuracy of the result, 226644 elements were 

employed. 
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FIGURE 4. 4: Grid Independence study for the trapezoidal interconnector 

 

To confirm the validity of the SOFC model developed in this study, the simulation work in this 

study is compared to numerical work published by S.S Wei et al.,[190] and experimental work 

carried out by Sembler and Kumar[189] using the same modeling environment. The simulated I-

V and I-P plots are in great agreement at lower current density and higher operating voltages 

with experimental and numerical studies as shown in Figure 4.5. But at higher current densities 

and lower operating voltage, a small deviation is observed. A maximum deviation of 9.43% with 

the experimental study is estimated at 1200 mA/cm2 current density, whereas the present study 

results greatly match with the numerical work even at higher current density and lower voltage 

reported in the literature[190]. The discrepancy observed at higher current density can be 

accredited to the value of electrolyte resistance assumed in the numerical study. Electrolyte 

resistance, is in fact, a temperature-dependent property[191].  The temperature rises concurrently 

with current density, resulting in greater electrolyte resistance and ohmic losses in the 

experiment[170]. The deviation reported in the present study at higher current densities is 

consistent with simulation results reported in the literature[192],[193].  Furthermore, the findings 
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of this investigation, particularly in the lower current density zone, were more congruent with 

experimental data than the numerical data offered in the literature. As a result, the present 

numerical model is more reliable in forecasting the performance of the fuel cell. 

 

FIGURE 4. 5: Comparison of I-V and I-P curves for validation of the present study versus 
experimental study by Sembler and Kumar and numerical study by S.S Wei et al. in the 

literature. 

4.3.2 Performance analysis and comparison of SOFCs with TI design against 

CRI design 

The present study aims to illustrate the performance enhancement achieved by adopting the 

Trapezoidal interconnector (TI). Figure 4.6 shows that the Trapezoidal interconnector has a 

power density of 567.8 mW/cm2 at a peak current density of 1000 mA/cm2 compared to 480.4 

mW/cm2for the conventional rectangular interconnector (CRI) design. Thus an increase of 18.2% 

is obtained with a change in flow channel (interconnector) configuration from rectangular to 

trapezoidal. Therefore, the trapezoidal interconnector has an advantage over the rectangular 

interconnector. The reasons for the difference between the Trapezoidal interconnector and 

conventional rectangular interconnector designs will be examined in the following section. 
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FIGURE 4. 6: Comparison of I-V curve and I-P curve for the Conventional rectangular 
interconnector and Trapezoidal interconnector design. 

4.3.2.1 Oxygen mole fraction distribution 

It is reported in the literature that the oxygen concentration under the rib area is very crucial for 

the anode-supported SOFC[194]–[196]. The trapezoidal interconnector with a wider channel 

width and narrow rib provides an easy pathway for the oxygen to diffuse in the regions near the 

rib resulting in enhancement of mass transfer. Figure 4.7 depicts the distribution of the mole 

fraction of oxygen at the cathode side of the fuel cell at 1000 mA/cm2. At peak power density, 

the decrement of mole fraction of oxygen from 0.21 at the entry to 0.12 at the exit along the 

channel for TI compared to 0.14 for CRI demonstrates better transport of oxygen. This increment 

in oxygen transport can be attributed to better diffusion achieved by improved consumption of 

oxygen owing to a decrease in average velocity from 3.643 m/s in CRI to 2.79 m/s in TI at 1000 

mA/cm2 current density[197]. The better oxygen transport obtained in TI can also be justified by 

the area covered under the rib. The area under the rib for the conventional rectangular channel is 

500mm2 whereas for the Trapezoidal channel the area under the rib is 250mm2. Based on the 

effective area exposed for flow transfer, TI is 12.5% more efficient than CRI. To maintain the 

hydraulic diameter for the trapezoidal channel to be the same as that of the rectangular channel, 

the mass flow area of the trapezoidal channel increases. From the continuity equation, for a fixed 
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mass flow rate as the area is increased, the inlet velocity will be reduced. As the inlet velocity 

reduces compared to the inlet velocity attained in the rectangular channel, the fuel consumption 

increases[161], indicating more diffusion through the porous anode in TI compared to CRI and 

thereby improving the species transport as well as reaction rates as shown in Figure 4.8. 

 

FIGURE 4. 7: Oxygen mole fraction distribution along the cell length at peak current density. 

 

FIGURE 4. 8: Comparison of oxygen mole fraction consumption for TI and CRI design. 
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4.3.2.2 Hydrogen mole fraction distribution 

Figure 4.9 shows the distribution of the mole fraction of hydrogen at the anode side of the fuel 

cell at 1000 mA/cm2. The decrement of mole fraction of hydrogen at peak power density from 

0.97 at the entry to 0.24 at the exit for TI compared to 0.253 for CRI along the channel 

demonstrates marginally improved utilization of fuel and species reaction rate compared to CRI. 

This increment in fuel utilization and species reaction rate can be attributed to improved 

diffusion achieved by more fuel consumption owing to the decrease in average velocity from 

0.932 m/s in CRI to 0.718 m/s in TI at 1000 mA/cm2 current density. For the CRI design, the rib 

width is 1mm, whereas for the TI design the rib width is 0.5mm. The increase in cell 

performance achieved in TI can be credited to the reduction in the current collector path, thereby 

a decrease in ohmic polarization due to the decrease in rib width. The electrical resistance 

includes both the ohmic resistance of the rib material and the contact resistance between the ribs 

and the electrodes. According to the law of resistance, when the width of the rib is decreased for 

a fixed cell width, the resistances in the rib and the active reaction area will increase. 

Simultaneously, the concentration overpotential underneath the rib and the contact resistance will 

decrease. Typically, the contact resistance is much higher than the ohmic resistance of the rib 

material[173]. So, as rib width is reduced, contact resistance reduces, resulting in a shorter 

current transmission length[198], [199]. As a result, ohmic polarization is reduced.  

 

FIGURE 4. 9: Hydrogen mole fraction distribution along the cell length at peak current density. 
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FIGURE 4. 10: Comparison of hydrogen mole fraction consumption for TI and CRI design 

 

From the comparison plots of oxygen mole fraction and hydrogen mole fraction along the non-

dimensional channel length for TI and CRI design shown in Figure 4.8 and Figure 4.10 

respectively, it is noticed that the oxygen consumption improved significantly compared to 

hydrogen consumption with TI configuration. Moreover, for the CRI design, it is observed that 

the cathode electrode has very low oxygen content, especially beneath the ribs and even at the 

cathode inlet. This shows that the decreased cell function is mostly due to the decreased oxygen 

transfer caused by increased rib width in CRI design. However, by reducing the rib width, a 

significantly greater performance is obtained as a result of the reduced ohmic polarization and 

improved reactant distribution. 

 

 



49 
 

4.3.2.3 Pressure distribution 

For the two interconnector configurations, Figure 4.11 depicts the distribution of fuel pressure at 

the anode side of the electrolyte and air pressure at the cathode side of the electrolyte. The 

pressure drop in the anodic and cathodic flow channels with fixed mass flow rates of fuel and air, 

respectively, increased with an increase in current density. This was owing to greater operating 

temperatures and the resultant increased expansion of the fuel/air during operation at higher 

current densities, resulting in higher fluid velocities and increased friction losses inside the flow 

channels[70]. The trapezoidal interconnector has a lower fuel and air pressure drop than the 

conventional rectangular interconnector, as evident from Figure 4.11. This is due to the ease in 

gas transport achieved by the trapezoidal interconnector design. From the output power 

viewpoint, at 1000 mA/cm2 the trapezoidal interconnector produces 2185 mW more power than 

the conventional rectangular interconnector. 

 

FIGURE 4. 11: Pressure drop at anode and cathode for the conventional rectangular 
interconnector and trapezoidal interconnector design. 
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4.3.2.4 Temperature distribution 

The temperature distribution at the cathode/electrolyte interface is shown in Figure 4.12. As can 

be seen, the temperature rises progressively from the entrance to the flow direction. The reason 

for this trend is that electrochemical reactions generate a significant quantity of heat, as well as 

ohmic and activation polarization[169]. With increasing current density, the difference in 

average cell temperature at the cathode/electrolyte interface between TI and CRI increases. This 

means that the trapezoidal channel design manages heat better than the conventional rectangular 

interconnector. 

 

FIGURE 4. 12: Comparison of electrolyte average temperature distribution for the conventional 
rectangular interconnector and trapezoidal interconnector design. 

 

One of the most critical aspects influencing electrochemical reactions and transport phenomena 

inside a cell is temperature distribution. To thoroughly understand the effect of different 

operating temperatures on the electrochemical reactions and cell performance for a trapezoidal 

interconnector design, a simulation with different operating temperatures of 973K, 1023K, 1073 

K, and 1123K was conducted. As expected it is noticed that with an increase in operating 
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temperature the cell performance increased due to a higher reaction rate favourable at higher 

temperatures as depicted in Figure 4.12. From the performance plot depicted in Figure 4.13, it is 

observed that with an increase in operating temperature, the electrolyte average temperature also 

increased for increasing current density, resulting in changes in operating temperature and 

voltage, and therefore changing efficiencies[200]. Table 4.4 shows the peak power density 

obtained for different operating temperatures and their corresponding electrolyte average 

temperatures. The deviations calculated for the peak power density and their corresponding 

electrolyte average temperatures suggest that if the performance aspect can be compromised 

moderately then it is beneficial to operate the cell at 1073K where the electrolyte average 

temperatures can be cut down by 4.31% compared to operating at 1123K. Operating the cell at 

1073K in TI design still offers improvement in performance by a margin of 10.68% compared to 

the CRI design. 

 

FIGURE 4. 13: I-V and I-P plots for the trapezoidal interconnector simulated at different 
operating temperatures. 
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FIGURE 4. 14: Electrolyte average temperature for the trapezoidal interconnector simulated at 
different operating temperatures. 

 

TABLE 4.2: For different operating temperatures, deviations in peak power density and their 
corresponding electrolyte average temperature  

Operating 

temperature (K) 

Peak power 

density obtained 

(mW/cm2) 

Electrolyte 

average 

temperature at 

Peak power 

density (K) 

Deviation in 

Peak power 

density (%) 

Deviation in 

Electrolyte 

Average 

temperature at 

Peak power 

density (%) 

1123 (reference) 567.8 1527.97 0 0 

1073 537.8 1462.07 5.27 4.31 

1023 508.6 1396.08 10.42 8.58 

973 481.6 1331.84 15.18 12.8 
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4.3.3 Performance analysis and comparison of SOFC with TI design against 

new RATC design 

The rib width of the anode side has no substantial effect on fuel transport in an anode-supported 

SOFC, according to the literature[195]. To justify and understand the influence of rib width on 

the anode side fuel transport, a SOFC with a Rectangular parallel Anode interconnector and a 

Trapezoidal Cathode interconnector (RATC) was developed as shown in Figure 4.15. From the 

performance plot shown in Figure 4.16, it is evident that the cell performance of the new design 

(RATC) shows marginal variation with the trapezoidal channel interconnector cell. At 1000 

mA/cm2 the decrement of cell power density is estimated to be 2.06%. Therefore it can be 

established that the influence of rib width has a moderate impact on the anode side fuel transport. 

 

 

FIGURE 4. 15: SOFC with rectangular parallel anode interconnector and a trapezoidal channel 
cathode interconnector (RATC). 
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FIGURE 4. 16: Comparison of I-V curve and I-P curve for the Trapezoidal interconnector 
design against a new design (RATC). 

 

Although machining an interconnector of this scale seems difficult, flow channels can be formed 

on sheet metals using a variety of processes, including hydroforming, which has been shown to 

increase the formability of sheet materials when compared to traditional forming methods. 

Hydroforming also enables the fabrication of intricate concave structures that would be difficult 

or even impossible to produce using traditional machining methods. Furthermore, this 

technology is currently being used to manufacture fuel cell interconnectors[201]–[204]. 

4.4 Summary 

In the present study, a SOFC with a trapezoidal interconnector configuration is proposed. The 

performance analysis of trapezoidal interconnector configuration is compared against the 

conventional rectangular interconnector considering all the multi-physics involved. A study was 
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also conducted to determine the impact of rib area on anode fuel transportation. The highlights of 

the present study are summarized as follows: 

1. The present study on anode-supported SOFC indicates that the trapezoidal interconnector 

design is beneficial for fuel and, in particular, air transportation. 

2. The trapezoidal interconnector design improves cell performance. When the cell is 

operated at 1123K, an increment of 18.2% power density was observed compared to 

SOFC with a conventional rectangular interconnector configuration. 

3. The trapezoidal interconnector offers the advantage of operating the cell at a lower 

operating temperature of 1073K with an increment of 10.68% power density compared to 

the 1123K operating temperature in a conventional rectangular interconnector 

configuration.  

4. Considering the large anode conductivity, the area under the rib on the anode side shows 

moderate changes whether we employ a trapezoidal interconnector or RATC 

configuration. But from the interchangeability of components and fabrication viewpoint, 

the trapezoidal interconnector design for both anode and cathode interconnectors is 

preferable. 
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CHAPTER 5 

Numerical investigation of a novel rhombohedral 

interconnector configuration for planar solid oxide fuel cells 

 

The numerical outcomes of a planar anode-supported rhombohedral SOFC placed in a staggered 

pattern are reported in this chapter. At various cell locations, the temperature and species 

distributions are anticipated. In-depth research is done on the mechanics of heat production and 

consumption in electrochemical and chemical reactions. 

5.1 Introduction 

The planar type anode-supported SOFC is chosen for the present study as it is the most widely 

used because of its compactness and higher volume power density From the extensive literature 

survey, it is observed that the various methods adopted by researchers for performance 

enhancement of fuel cells are: (i) Optimization of flow channel/ interconnector configuration, (ii) 

Insertion of obstacles of different shapes in the flow path (iii) Alternation of operating 

parameters. In the present study, a planar type anode supported SOFC with counter flow 

direction is considered with an aim to design an interconnector that incorporates the feature of 

baffles in the flow path without designing a separate entity for obstacle creation. Therefore, an 

interconnector with a hollow rhombohedral channel is designed and it is placed in a staggered 

position. The reason for making the hollow rhombohedral channel is to prevent the dead zone 

formation at the back of channels in the flow direction, which is seen in the case of X-type 

patterns and results in a higher pressure drop.  

The current study's specific objective is to evaluate the advantages of the rhombohedral 

interconnector for the SOFC stacks in terms of channel geometries. The rhombohedral 

interconnector is placed in a staggered position so that the staggered orientation itself acts as an 

obstacle, altering the heat and mass transport behaviors and providing a consistent distribution of 



 

reactants at the active surface area of the cell. Besides considering the

geometries, this research also explores the effects of operating parameters, such as stoichiometric 

and rich stoichiometric fuel and oxidant mass flow rates, on the cell performance.

5.2 Numerical simulation execution

5.2.1 Model Geometry 

A 3D planar type anode supported SOFC model 

Interconnector (CRI) with an active area of 50x50 mm

study[205]. In the present study of Staggered Rhombohedral Interconnector (SRhI) as the 

boundary conditions are periodic, the simulation model is simplified such that in the transverse 

direction to the gas flow channel, three

for an active area of 18 x50 mm

concept with a reduced active area, first a rectangle parallel interconnector is modeled with the 

same dimensions as that of the references

reduced active area of 18x50 mm

interconnector arrangement from CRI to SRhI, the active electrolyte surface area was fixed at 

18x50 mm2 for comparison while retaining the flow volume for SRhI at the same rate as that of 

CRI. The counterflow directio

the present study considering the advantage of counterflow over the co

-

FIGURE 5. 1:  SOFC model with staggered rhombohedral interco
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reactants at the active surface area of the cell. Besides considering the effects of novel channel 

geometries, this research also explores the effects of operating parameters, such as stoichiometric 

and rich stoichiometric fuel and oxidant mass flow rates, on the cell performance.

 

5.2 Numerical simulation execution 

A 3D planar type anode supported SOFC model consisting of a Conventional Rectangular 

Interconnector (CRI) with an active area of 50x50 mm2 was validated in our previous 

In the present study of Staggered Rhombohedral Interconnector (SRhI) as the 

boundary conditions are periodic, the simulation model is simplified such that in the transverse 

direction to the gas flow channel, three-unit structures of the staggered interconnector accounting 

for an active area of 18 x50 mm2 were employed as shown in Figure 5.1. To validate the SRhI 

concept with a reduced active area, first a rectangle parallel interconnector is modeled with the 

s that of the references[189],[190] which are tabulated in Table 

reduced active area of 18x50 mm2 as shown in Figure 5.2. Since it was proposed to switch the 

interconnector arrangement from CRI to SRhI, the active electrolyte surface area was fixed at 

for comparison while retaining the flow volume for SRhI at the same rate as that of 

The counterflow direction for fuel and air is selected for the validation study as well as in 

the present study considering the advantage of counterflow over the co-flow

SOFC model with staggered rhombohedral interco

effects of novel channel 

geometries, this research also explores the effects of operating parameters, such as stoichiometric 

and rich stoichiometric fuel and oxidant mass flow rates, on the cell performance. 

consisting of a Conventional Rectangular 

was validated in our previous 

In the present study of Staggered Rhombohedral Interconnector (SRhI) as the 

boundary conditions are periodic, the simulation model is simplified such that in the transverse 

tures of the staggered interconnector accounting 

1. To validate the SRhI 

concept with a reduced active area, first a rectangle parallel interconnector is modeled with the 

which are tabulated in Table 5.1, but with a 

Since it was proposed to switch the 

interconnector arrangement from CRI to SRhI, the active electrolyte surface area was fixed at 

for comparison while retaining the flow volume for SRhI at the same rate as that of 

n for fuel and air is selected for the validation study as well as in 

flow[180].  

 

SOFC model with staggered rhombohedral interconnector 



 

FIGURE 5. 2: SOFC model with conventional rectangular interconnector

 

TABLE 5.1: Dimensions of  SOFC cell for validation study (S.S Wei et al.
Kumar[189]): 

Factors 

Height of channel  (Ch) 

Width of channel  (Cw) 

Length of channel (CL) 

Interconnector Total height 

Thickness of each Rib (Rt) 

Thickness of anode  

Thickness of cathode 

Thickness of electrolyte (virtual)
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SOFC model with conventional rectangular interconnector

Dimensions of  SOFC cell for validation study (S.S Wei et al.

Magnitude

1 

1 

50 

2 

1 

1.8 

30 

Thickness of electrolyte (virtual) 20 

 

SOFC model with conventional rectangular interconnector 

Dimensions of  SOFC cell for validation study (S.S Wei et al.[190] ; Sembler and 

Magnitude Units 

mm 

mm 

mm 

mm 

mm 

mm 

µm 

µm 
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5.2.2 Numerical solution methodology 

ANSYS FLUENT solves the continuity, momentum, energy, and species equations using the 

Finite Volume Method (FVM) and provides data of flow properties. The SOFC model then uses 

the local current data, applies species fluxes to the electrode interfaces, and applies the jump 

condition at the anode and cathode interface to calculate the electric field potential. The electric 

field potential consists of ohmic losses due to conducting materials, contact resistance, and the 

distribution of current density in the entire domain. The following solver settings were adopted 

to solve the governing equations: 

 In the fluent launcher, double precision with a steady state, pressure-based and absolute 

velocity formulations are chosen. 

 To solve the partial differential equations, a coupled scheme for pressure-velocity 

coupling is chosen. 

 It was decided to use the second-order UPWIND technique for the spatial discretization 

of governing parameters. 

 Due to the fact that it involves multi-physics, the residuals' convergence requirement for 

each parameter is set at 1e-08. 

 For the solution to converge, it is critical to set up proper solution control parameters. 

The solver is quite sensitive to species equations, thus using the software's default 

parameters isn't enough. As a result, for each variable, appropriate under-relaxation 

factors should be determined.  

Furthermore, adjusting multi-grid settings is strongly advised. To create a stable solution, 

“BCGSTAB” should be utilized as the stabilization approach if the solution exhibits fluctuating 

behavior.  

 

5.3. Results and Discussion 

To make the SOFC simulation environment easier to use, a unit cell was divided into anode, 

anode-interconnector, cathode and cathode-interconnector to assess the performance of the novel 

staggered rhombohedral interconnector. This work uses nickel cermet (Ni + YSZ) as the anode, 
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strontium doped with lanthanum manganite (LSM) as the cathode, and yttria-stabilized zirconia 

(YSZ) as the electrolyte. 

5.3.1 Meshing and Grid independence study 

ANSYS software is used to mesh the CRI computational domain. Based on the grid 

independence analysis performed by Sembler and Kumar[70], the whole computational domain 

was split into discrete components. For the computational domain discretization, a global mesh 

of 0.5 mm size is utilized, followed by local edge scaling along the cell's thickness direction. A 

thorough grid convergence test for the staggered rhombohedral interconnector was carried out 

utilizing the following elements: 429766, 590584, and 720164. Figure 5.3 shows that the 

polarization curve achieved with 590584 elements was almost equal to that obtained with 

720164 elements. Therefore, 590584 elements were used in subsequent simulations.  

 

FIGURE 5. 3: Grid Independence study 

 

5.3.2 Performance evaluation of SOFCs with SRhI design against CRI Design 

The ploarization curves for SRhI and CRI configurations are shown in Figure 5.4. To compare 

the performance of the CRI design against the SRhI design whose active area is 18 X 50 mm2, 

the CRI model used for validation was rebuilt with an active area of 18 X 50 mm2 and the mass 

flow rate is calculated for the reduced active area maintaining the same stoichiometric ratios of 
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1.2 for fuel and 1.7 for air as that of references to thoroughly understand the impact of fluid flow 

and the electro-chemical behavior of both interconnector designs.  

 

FIGURE 5. 4: Polarization curve for CRI and SRhI designs 

 

At a current density of 1000 mAcm-2, the SRhI has a peak power density of 643.2 mW/cm2 

against 480.4 mW/cm2  for the CRI configuration. Therefore, an increase of 33.9% power density 

is obtained with the novel flow channel configuration. The reasons for the improvement in 

performance obtained by adopting the SRhI configuration are discussed by comparing the 

differences between both the designs with respect to various parameters in the subsection that 

follows. 

5.3.2.1 Oxygen Mole Fraction Distribution 

The oxygen content under the rib is reported to be extremely important for anode-supported 

planar type SOFCs in the literature [194], [195]. As a result, improving the oxygen content 

beneath the ribs is advantageous for improving cell performance. The oxygen mole fraction 

distribution for both CRI and SRhI are shown in Figures 5.5(a) and 5.5(b) respectively. It is 

observed that although the decrement of mole fraction at the outlet of the cell for both the 

interconnector design is nearly the same about 0.158, the area under the rib for the SRhI design 

has shown a significant improvement as evident from figure 5.5(b). The decrease of the average 

oxygen mole fraction from 0.14 under the rib vicinity of the inlet region to 0.04 under the outlet 
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section of the rib vicinity along the channel for SRhI indicates better dispersion of the oxidant 

and leads to a reduction in pressure drop in the cathode section of the cell. 

 

   

                        5.5(a)                                                                           5.5(b) 

FIGURE 5. 5: Oxygen mole fraction distribution (a) CRI (b) SRhI 

 

5.3.2.2 Pressure distribution 

For both CRI and SRhI configurations, Figure 5.6 and Figure 5.7 depict fuel pressure distribution 

at the anode side of the cell and air pressure distribution at the cathode side of the cell 

respectively. From the pressure distribution plots of fuel shown in Figures 6(a) and 6(b) for CRI 

and SRhI designs respectively, it is noticed that the average pressure drop in SRhI is nearly the 

same to CRI design with a marginal decrement in average pressure drop from 4655.5 Pa in CRI 

against 4625.54 Pa in SRhI design. As the thickness of the anode is more in anode supported 

cells, the area under the rib is not much affected like in the cathode side. Therefore, the pressure 

drops for both the interconnectors design is more or less the same. On the other hand, the 

pressure distribution plots of air shown in Figure 5.7(a) and 5.7(b) for CRI and SRhI design 

respectively, shows that SRhI offers lesser pressure drop than the CRI configuration. The reason 

for such a drastic improvement in pressure drop in the cathode side of the cell can be attributed 

to the uniform gas distribution offered by the rhombohedral design placed in a staggered position 

causing minimum hindrance to the gas flow and acting as a direction control agent to disperse 
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the gas uniformly throughout the active area of the cell. Compared to CRI design, the pressure 

drop in the air has been reduced by 94.9% for SRhI design which indicates that SRhI 

configuration is superior to CRI configuration. 

 

   

5.6(a)                                                                   5.6(b) 

 

FIGURE 5. 6: Pressure distribution of fuel (a) CRI (b) SRhI 

  

                                       5.7(a)                                                                5.7(b) 

 

FIGURE 5. 7: Pressure distribution of air (a) CRI (b) SRhI 



 

5.3.2.3 Electrical potential distribution

The electrical potential for both CRI and SRhI configurations is depicted in Figures 

5.8(b) respectively. Because the rib collects the current emanating from

that the electrical potential just beneath the cathode where the collector is in contact is superior to 

that where the current is tapped

mA/cm2, the SRhI interconnector design is better than the CRI design as the voltage 

the cathode tapping of CRI is recorded as 0.7465 V compared to 0.7746 V for SRhI. It is 

observed that the potential generated at the electrolyte reaction site gets reduced till it reaches the 

cathode tapping due to ohmic polarization losses and

reduces from 0.7609V to 0.7465V. Similarly, for SRhI design, the potential reduces from 0.7841 

V to 0.7746 V. The potential difference in CRI accounts for 0.0144V against 0.0095V for the 

SRhI design which shows that

collector than the CRI configuration. Therefore, it can be agreed that the SRhI design provides a 

shorter current path and aids in the improvement of SOFC performance. 
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5.3.2.3 Electrical potential distribution 

The electrical potential for both CRI and SRhI configurations is depicted in Figures 

Because the rib collects the current emanating from the anode, it is apparent 

that the electrical potential just beneath the cathode where the collector is in contact is superior to 

that where the current is tapped[176]. It is obvious that for a specified current density of 1000 

, the SRhI interconnector design is better than the CRI design as the voltage 

the cathode tapping of CRI is recorded as 0.7465 V compared to 0.7746 V for SRhI. It is 

observed that the potential generated at the electrolyte reaction site gets reduced till it reaches the 

cathode tapping due to ohmic polarization losses and in the case of CRI design the potential 

reduces from 0.7609V to 0.7465V. Similarly, for SRhI design, the potential reduces from 0.7841 

V to 0.7746 V. The potential difference in CRI accounts for 0.0144V against 0.0095V for the 

SRhI design which shows that the SRhI configuration is 34.03% more efficient as the current 

collector than the CRI configuration. Therefore, it can be agreed that the SRhI design provides a 

shorter current path and aids in the improvement of SOFC performance.  

5.8(a) 

The electrical potential for both CRI and SRhI configurations is depicted in Figures 5.8(a) and 

the anode, it is apparent 

that the electrical potential just beneath the cathode where the collector is in contact is superior to 

. It is obvious that for a specified current density of 1000 

, the SRhI interconnector design is better than the CRI design as the voltage acquired at 

the cathode tapping of CRI is recorded as 0.7465 V compared to 0.7746 V for SRhI. It is 

observed that the potential generated at the electrolyte reaction site gets reduced till it reaches the 

in the case of CRI design the potential 

reduces from 0.7609V to 0.7465V. Similarly, for SRhI design, the potential reduces from 0.7841 

V to 0.7746 V. The potential difference in CRI accounts for 0.0144V against 0.0095V for the 

the SRhI configuration is 34.03% more efficient as the current 

collector than the CRI configuration. Therefore, it can be agreed that the SRhI design provides a 

 



 

FIGURE 5. 8

 

5.3.2.4 Temperature distribution

Temperature distribution is one of the most significant parameters affecting the electrochemical 

processes and transfer phenomena insi

the electrochemical reaction takes place and generates a huge amount of heat,  the temperature 

distribution at electrolyte for both CRI and SRhI design is depicted in Figures 

respectively. 

As it can be visualized from the plots, the maximum temperature for both the interconnector 

designs is observed to be almost at the midway of the cell length indicating temperature change 

was impacted by the interaction of the heat of reaction

design, the minimum temperature observed is 1207 K at the fuel inlet section with a maximum 

temperature of 1245 K being near the middle of the cell and 1239 K at the air inlet section. From 

this temperature trend, it can be inferred that the temperature distribution in the CRI design is 

non-uniform and the temperature difference along the length of the cell for CRI is 38 K.
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5.8(b) 

8: Electrical potential distribution (a) CRI (b) SRhI

5.3.2.4 Temperature distribution 

Temperature distribution is one of the most significant parameters affecting the electrochemical 

processes and transfer phenomena inside a cell. As the electrolyte is the core reaction site where 

the electrochemical reaction takes place and generates a huge amount of heat,  the temperature 

distribution at electrolyte for both CRI and SRhI design is depicted in Figures 

As it can be visualized from the plots, the maximum temperature for both the interconnector 

designs is observed to be almost at the midway of the cell length indicating temperature change 

was impacted by the interaction of the heat of reaction and the transferred heat. For the CRI 

design, the minimum temperature observed is 1207 K at the fuel inlet section with a maximum 

temperature of 1245 K being near the middle of the cell and 1239 K at the air inlet section. From 

can be inferred that the temperature distribution in the CRI design is 

uniform and the temperature difference along the length of the cell for CRI is 38 K.

 

Electrical potential distribution (a) CRI (b) SRhI 

Temperature distribution is one of the most significant parameters affecting the electrochemical 

de a cell. As the electrolyte is the core reaction site where 

the electrochemical reaction takes place and generates a huge amount of heat,  the temperature 

distribution at electrolyte for both CRI and SRhI design is depicted in Figures 5.9(a) and 5.9(b) 

As it can be visualized from the plots, the maximum temperature for both the interconnector 

designs is observed to be almost at the midway of the cell length indicating temperature change 

and the transferred heat. For the CRI 

design, the minimum temperature observed is 1207 K at the fuel inlet section with a maximum 

temperature of 1245 K being near the middle of the cell and 1239 K at the air inlet section. From 

can be inferred that the temperature distribution in the CRI design is 

uniform and the temperature difference along the length of the cell for CRI is 38 K. 
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FIGURE 5. 9: Temperature distribution at electrolyte (a) CRI (b) SRhI

 

On the other hand, the SRhI design offers uniform temperature distribution with a maximum 

temperature of 1259 K being at the middle of the cell length and 1247 K and 124

inlet and air inlet respectively. The temperature difference along the length of the cell for SRhI is 

only 14 K signifying better heat management than the CRI design. The reason for better heat 

management can be attributed to the reduction 

under the rib area of the cathode section obtained in the SRhI design of the interconnector. 

Moreover, the higher maximum temperature of 1259 K obtained in SRhI against the maximum 

temperature of 1245K in CRI

thereby the overall improvement of the cell performance.

The whole cell temperature distribution plots for CRI and SRhI configurations are depicted in 

Figures 5.10(a) and 5.10(b), respectivel

distribution in the entire cell domain. From the plots, it is clear that the SRhI arrangement helps 

achieve uniform temperature distribution.
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On the other hand, the SRhI design offers uniform temperature distribution with a maximum 

temperature of 1259 K being at the middle of the cell length and 1247 K and 124

inlet and air inlet respectively. The temperature difference along the length of the cell for SRhI is 

only 14 K signifying better heat management than the CRI design. The reason for better heat 

management can be attributed to the reduction in pressure drop and better diffusion of oxygen 

under the rib area of the cathode section obtained in the SRhI design of the interconnector. 

Moreover, the higher maximum temperature of 1259 K obtained in SRhI against the maximum 

temperature of 1245K in CRI is also an indication of improved electro-

thereby the overall improvement of the cell performance. 

The whole cell temperature distribution plots for CRI and SRhI configurations are depicted in 

10(b), respectively, to understand and visualize the temperature 

distribution in the entire cell domain. From the plots, it is clear that the SRhI arrangement helps 

achieve uniform temperature distribution. 
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On the other hand, the SRhI design offers uniform temperature distribution with a maximum 

temperature of 1259 K being at the middle of the cell length and 1247 K and 1245 K at the fuel 

inlet and air inlet respectively. The temperature difference along the length of the cell for SRhI is 

only 14 K signifying better heat management than the CRI design. The reason for better heat 

in pressure drop and better diffusion of oxygen 

under the rib area of the cathode section obtained in the SRhI design of the interconnector. 

Moreover, the higher maximum temperature of 1259 K obtained in SRhI against the maximum 

-chemical reaction and 

The whole cell temperature distribution plots for CRI and SRhI configurations are depicted in 

y, to understand and visualize the temperature 

distribution in the entire cell domain. From the plots, it is clear that the SRhI arrangement helps 



 

5.10(a)                                   

FIGURE 5. 10:

 

5.3.3 Effect of different mass flow rates

An analysis is undertaken to understand how different mass flow rates affect the SOFC 

performance with SRhI interconnectors. Considering the standard mass flow rate used in the 

comparison study as the base case (i.e ξ =1.2 for fuel and ξ=1.7 for air), the mass flow rate is 

varied at the lower end as the exact stoichiometric mass flow rate for fuel an

fuel and ξ=1for air) and rich stoichiometric mass flow rate as ξ =1.7 for fuel and ξ=2 for air on 

the higher end. Figure 5.11 shows the variation in performance curves with different mass flow 

rates for SRhI design. 

It can be inferred that for the supplied exact stoichiometric mass flow rate for fuel and air, the 

performance curve follows the base case performance curve trend closely at lower current 

density values. But as the current density increases, the V

400 mA/ cm2 to the maximum current density of 800 mA/ cm

considered mass flow rate before starvation. The drop in cell performance is due to insufficient 
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comparison study as the base case (i.e ξ =1.2 for fuel and ξ=1.7 for air), the mass flow rate is 

varied at the lower end as the exact stoichiometric mass flow rate for fuel an

fuel and ξ=1for air) and rich stoichiometric mass flow rate as ξ =1.7 for fuel and ξ=2 for air on 

11 shows the variation in performance curves with different mass flow 

that for the supplied exact stoichiometric mass flow rate for fuel and air, the 

performance curve follows the base case performance curve trend closely at lower current 

density values. But as the current density increases, the V-I curve starts deviating gr

to the maximum current density of 800 mA/ cm2 which is achieved with the 

considered mass flow rate before starvation. The drop in cell performance is due to insufficient 

 

10(b) 

Whole cell temperature distribution (a) CRI (b) SRhI 

An analysis is undertaken to understand how different mass flow rates affect the SOFC 

e with SRhI interconnectors. Considering the standard mass flow rate used in the 

comparison study as the base case (i.e ξ =1.2 for fuel and ξ=1.7 for air), the mass flow rate is 

varied at the lower end as the exact stoichiometric mass flow rate for fuel and air (i.e. ξ =1 for 

fuel and ξ=1for air) and rich stoichiometric mass flow rate as ξ =1.7 for fuel and ξ=2 for air on 

11 shows the variation in performance curves with different mass flow 

that for the supplied exact stoichiometric mass flow rate for fuel and air, the 

performance curve follows the base case performance curve trend closely at lower current 

I curve starts deviating gradually from 

which is achieved with the 

considered mass flow rate before starvation. The drop in cell performance is due to insufficient 



68 
 

availability of reactants, in particular, the oxidant mole fraction value getting reduced to 0.0942 

near the air exit section, and the area under the ribs getting reduced to 0.02476 in the early 

portion of the air inlet section being the main cause of cell performance limitation as evident 

from Figure 5.12. 

 

FIGURE 5. 11: Variation in polarization curve with different mass flow rates for SRhI design 

 

On the other hand, when rich stoichiometric mass flow rate are supplied it was observed that the 

performance of rich stoichiometric mass flow rate is significantly lower than the base case 

performance curve for lower current density up to 600 mA/ cm2 and thereafter the differences 

gradually reduce with an increase in current density up to 1200 mA/ cm2. The curve shown in 

Figure 5.13 provides an explanation for the decreased performance in the case of rich 

stoichiometric mass flow rate. This figure shows that the average cell temperature is lower than 

the base case average cell temperature over the entire current density range, indicating an excess 

reactant supply. Since the electrochemical reaction in the cell has accumulated enough reactants 



 

and the oxidant piles up on the cathode side, an apparent performance enhancement is 

unlikely[199]. 

 

5.12(a)                                             

FIGURE 5. 12: Distribution of air (a) and Fuel (b) at stoichiometric

 

FIGURE 5. 13: Variation in average cell temperature with different mass flow rates for SRhI 
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and the oxidant piles up on the cathode side, an apparent performance enhancement is 

12(a)                                                                       5.12(b)

Distribution of air (a) and Fuel (b) at stoichiometric mass

Variation in average cell temperature with different mass flow rates for SRhI 
design 

and the oxidant piles up on the cathode side, an apparent performance enhancement is 

12(b) 

mass flow rate ratio 

 

Variation in average cell temperature with different mass flow rates for SRhI 
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5.3.4 Comparison of SRhI configuration with other previously studied 

configurations 

Table 5.2 provides a brief insight about the performance improvement achieved by using various 

designs for the interconnectors. The primary objective in varying the interconnector 

configuration is to address the diffusion of oxygen in the rib section of the thin porous cathode 

which was reported to be a limiting criterion in planar SOFC. The parameters shown in table 5 

are pertaining to a current density where maximum power density is achieved for all the three 

configurations. It is evident from the power density values that the SRhI configuration is better 

than the Trapezoidal interconnector. The TI configuration is better than the CRI. The primary 

reason for this trend can be justified with the pressure drop values at the cathode side of the cell. 

When compared to TI and CRI, SRhI achieved a smaller pressure drop, indicating better oxygen 

diffusion at the rib area. 

 

TABLE 5.2 : Comparison of SRhI configuration with other previously studied configurations 

Configurations/ 

parameters 

Conventional 

Rectangular 

Interconnector (CRI) 

Trapezoidal 

Interconnector (TI) 

Staggered 

Rhombohedral 

Interconnector (SRhI) 

Power Density (mW/ 

cm2) 

480.4 567.8 643.2 

Pressure drop at 

cathode side of 

cell(Pa) 

113.70 50.24 5.793 

5.4 Summary 

The SOFC with a rhombohedral interconnector positioned in a staggered position is proposed in 

the current work and is referred to as SRhI. When comparing the performance study of the SRhI 

configuration to that of the conventional rectangular interconnector (CRI), all the relevant multi-
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physics are taken into account. The impact of different mass flow rates on cell performance was 

also investigated. The results of the present studies indicate that the performance of SRhI is 

superior to CRI as it offers the following advantages: 

 Better oxygen distribution beneath the ribs 

  Shorter current path 

  Reduced pressure drop, and  

 Uniform temperature distribution along the length of the cell. 

The above advantages pertaining to SRhI lead to an increase in cell performance by 33.9% 

compared to the CRI design. The fuel and oxidant in the anode and cathode respectively will be 

depleted before it reaches the cell exit when the inlet flow rates are less than a particular 

threshold, the oxidant flow rate being dominant in impacting the cell performance. When the 

cathode inlet flow rate exceeds the critical value, an increase in cell performance is challenging 

as the inlet air has already met the electrochemical reaction's needs. Therefore it can be 

concluded that an increase in fuel/air flows is associated with an increase in cell performance up 

to a certain range only and the rate of increase in cell performance decreases gradually with 

increased fuel/air mass flow rates. 
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CHAPTER 6 

Conclusion and Future Scope 
 

The main objective of this thesis is to provide a numerical model for analysing the performance 

of SOFCs by linking the dynamics of electrochemical reacting fluxes, heat transfer, and thermal 

effects of solid electrolyte and porous electrodes. Thermal strains and stresses are produced in 

SOFCs as a result of the high working temperature, which might lead to cell collapse. To 

enhance the performance of the cell, the areas with greater thermal stresses are identified and 

addressed by novel geometrical configurations. The main findings of this study are presented 

below, followed by recommendations for further investigation. 

6.1 Conclusion 

In the present study, a SOFC with a Trapezoidal interconnector and a rhombohedral 

interconnector placed in a staggered position abbreviated as SRhI is proposed. The performance 

analysis of Trapezoidal interconnector (TI) and SRhI configuration is compared against the 

conventional rectangular interconnector (CRI), considering all the multi-physics involved. A 

study was also conducted to determine the varying mass flow rate and different operating 

temperature impact on cell performance. A study was also undertaken to determine the impact of 

rib area on anode fuel transportation. The highlights of the studies are summarized as follows: 

 The study on anode-supported SOFC indicates that the trapezoidal interconnector design 

is beneficial for fuel and, in particular, air transportation. 

 The trapezoidal interconnector design improves the cell performance. When the cell is 

operated at 1123K, an increment of 18.2% power density was observed compared to 

SOFC with a conventional rectangular interconnector configuration. 

 The trapezoidal interconnector offers the advantage of operating the cell at a lower 

operating temperature of 1073K with an increment of 10.68% power density compared to 

the 1123K operating temperature in a conventional rectangular interconnector 

configuration. 
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 Considering the large anode conductivity, the area under the rib on the anode side shows 

moderate changes whether we employ a trapezoidal interconnector or RATC 

configuration.  

 But from the interchangeability of components and fabrication viewpoint, the trapezoidal 

interconnector design for both anode and cathode interconnector is preferable.  

 When comparing the performance study of the SRhI configuration to that of the 

conventional rectangular interconnector (CRI), the SRhI lead to an increase in cell 

performance by 33.9% . 

 The fuel and oxidant in the anode and cathode respectively will be depleted before it 

reaches the cell exit when the inlet flow rates are less than a particular threshold, the 

oxidant flow rate being dominant in impacting the cell performance. 

 When the cathode inlet flow rate exceeds the critical value, an increase in cell 

performance is challenging as the inlet air has already met the electrochemical reaction's 

needs.  

 Therefore it can be concluded that an increase in fuel/air flows is associated with an 

increase in cell performance up to a certain range only and the rate of increase in cell 

performance decreases gradually with increased fuel/air mass flow rates. 

 Out of the three interconnector configurations studied, the SRhI configuration is better than the 

Trapezoidal interconnector. The TI configuration is better than the CRI. 

6.2 Future Scope 

The most advanced and fuel-flexible 3D numerical model of SOFC is currently available. The 

model aids in identifying potential points of failure during cell operation. Additionally, it aids in 

the selection of appropriate materials for the various cell components that are necessary for 

improved structural stability and performance. The following directions for the investigations 

conducted during this research should be the focus of future work.  
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 Carry out a detailed analysis of the polarization losses and temperature distribution for 

tapered interconnector configuration for fuel and air. 

 Parametric optimization of TI configuration by varying the channel height along with 

channel and rib width. 

 Performance enhancement by using non-hollowed trapezoidal, rectangular, elliptical, and 

semi-spherical interconnectors placed in a staggered position. 
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