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ABSTRACT 

In this thesis, several models of solid oxide fuel cells (SOFC) were developed in cell and 

system levels. These models were used in several case studies to simulate the 

performance of the cells and systems studied. In addition, the effectiveness of SOFC in 

reducing greenhouse gases was assessed through a case study. 

In cell level, a thermodynamic model, a carbon deposition model, and a quasi 2-D 

transient heat transfer model were developed. The thermodynamic model is capable of 

determining the performance of a SOFC including polarization curve, power output, and 

electrical efficiency. This model takes into account the recirculation of depleted fuel and 

internal reforming processes. The original model was improved by addressing problems 

associated with carbon deposition. The occurrence of carbon deposition was investigated 

using C-H-0 triangular phase diagrams and calculation of carbon activities. More 

detailed modeling of SOFC was accomplished by including the heat transfer mechanisms 

inside the fuel cell such as conduction, convection and radiation. In this heat transfer 

model, the transient behaviour of the cell was simulated during the heat-up and start-up 

stages. Several parametric studies, such as effect of Reynolds number and excess air 

coefficient on the performance of the cell, were conducted to better examine co- and 

counter-flow configurations of SOFC. 

In system level, integrated SOFC systems were modeled using energy and exergy 

analyses. The analyses were done using the models developed for SOFC in cell level and 

through development of thermodynamic models for other components of integrated 
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systems (e.g. gasifier, afterburner, and heat exchanger). These integrated systems 

included a gas turbine and SOFC-based cogeneration system and two SOFC and biomass 

gasification-based cogeneration systems. Performance assessment parameters, e.g. 

electrical efficiency, fuel utilization efficiency, power-to-heat ratio, and exergetic 

efficiency, as well as the exergy destructions and losses were calculated in these systems. 

The models developed in cell level were validated using the published data in the 

literature and used to simulate the performance of several cases. The results from the 

thermodynamic model showed that lower recirculation ratio, which quantifies the amount 

of depleted fuel that is recirculated to the fuel channel inlet, and higher fuel utilization 

increased the performance of the system. From the carbon deposition model, it was found 

that in order to operate the SOFC with the minimum recirculation ratio as required for 

higher electrical efficiency, the maximum possible operating temperature level and fuel 

utilization ratio should be chosen to prevent carbon deposition. It was also shown that 

gases produced from advanced gasification systems, such as twin-fluid bed and multi-

solid fluid bed, yield higher electrical efficiency for SOFC compared to those produced 

from downdraft and updraft gasifiers. The heat transfer model yielded that the counter-

flow configuration takes slightly more time to reach the steady state condition, and it has 

a better electrical efficiency for low Reynolds numbers. The study on the effect of excess 

air coefficient on the performance of the SOFC showed that taking this coefficient higher 

provides better electrical efficiency. 
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The system level models were used to simulate the performance of several cases. The 

case study, in which a SOFC and gas turbine based cogeneration system was simulated, 

pointed out that this system has a better thermodynamic performance compared to its 

competing technologies. The simulation of SOFC and biomass gasification system 

showed that selecting steam as the gasification agent yields higher electrical efficiency, 

power-to-heat ratio, and exergetic efficiency. 

Greenhouse gas emissions from uncontrolled and controlled landfill sites were compared 

through a case study. In the controlled landfill sites, the following systems were used for 

utilizing the landfill gas: flaring, internal combustion engine, gas turbine, and SOFC. The 

results showed that the SOFC has a better potential to reduce GHG emissions among the 

different technologies studied. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Fossil fuels (oil, natural gas, and coal) have been used as the main energy source since 

the beginning of the industrial revolution. Traditionally, these fuels have mainly been 

converted into electricity using technologies such as internal combustion engine, gas 

turbine, and steam turbine. Due to the increase in the global energy demand, depletion of 

fossil fuels, and increased concern over the impact of greenhouse gases on global 

warming, alternative fuel and energy systems are being sought out. Among the alternative 

fuels, biomass and hydrogen have received significant attention since these fuels can 

increase the global energy supply security, reduce the dependency on fossil fuel 

resources, and reduce the discharge of the greenhouse gas emissions to the atmosphere. 

Equally important to new fuel sources is the conversion of these fuels into electricity in 

an efficient and environmentally friendly manner. In this regard, many companies and 

researchers have been developing new electricity generation technologies to provide 

answers to the issues raised above. For example, fuel cells can convert the chemical 

energy of the fuel into electricity with high efficiency and low environmental impacts. 

Furthermore, integration of fuel cells with other technologies can even yield higher 

efficiencies. 
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1.2 Motivation 

As discussed in Section 1.1, several factors such as the global energy supply security and 

the need for generating efficient and clean energy have increased the interest in research 

related to alternative fuel and energy systems. Among these alternative systems, the 

biomass-fuelled integrated solid oxide fuel cell (SOFC) system has been identified as one 

of key energy technologies for the future since it combines the merits of renewable 

energy sources and hydrogen energy systems. 

The modeling of energy systems plays a crucial role in the estimation of the performance 

and selection of the configuration and the operation parameters of these systems. In the 

case of integrated SOFC systems, there are many aspects that should be considered for a 

complete and robust model. These include: a) taking into account different heat transfer 

and polarization modes in the SOFC, b) considering transient behavior of the SOFC, c) 

taking into account the carbon deposition problem, and d) using advanced 

thermodynamics tools such as exergy analysis. The lack of such a model for integrated 

SOFC and biomass gasification systems in the literature has been the main motivation of 

this thesis. 

1.3 Objectives 

The objectives of this thesis were: 

• To develop a thermodynamic model of a direct internal reforming SOFC operating 

with syngas. 

• To study the carbon deposition problem in direct internal reforming SOFC. 
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• To develop a transient and quasi 2-D heat transfer model to study heat-up and start-up 

stages of SOFCs. 

• To develop system level models to study the performance of integrated SOFC 

systems through energy and exergy analyses. 

• To compare SOFC with other technologies in terms of the greenhouse gas emissions 

produced from these systems. 

1.4 Thesis Outline 

The following chapter provides an overview of fuel cells, solid oxide fuel cells in 

particular, and biomass fed integrated solid oxide fuel cell systems. A literature review on 

SOFC modeling in cell, stack and system levels was also included. 

The third chapter included several modeling techniques and equations at different levels, 

i.e. from cell level to system level. Firstly, basic definitions and equations for 

thermodynamics and electrochemistry of SOFC systems were outlined. Secondly, the 

thermodynamic model for a direct internal reforming SOFC operating with syngas was 

explained. Thirdly, carbon deposition modeling in a direct internal reforming SOFC was 

discussed. Fourthly, modeling technique and equations for the transient heat transfer 

model of SOFC systems were given. Finally, modeling techniques of several integrated 

SOFC systems were discussed. 
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The fourth chapter included the results and discussion of several case studies that were 

carried out using the models discussed in Chapter 3. The validation of the models and 

several parametric studies were also included in this chapter. 

The fifth chapter was devoted to the study of a comparison of landfill site greenhouse gas 

emissions from several technologies including SOFC, gas turbine, and internal 

combustion engine. 

In the last chapter, the conclusions derived from this thesis were discussed with 

recommendations for future research. 

4 



CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

This chapter provides an introduction to the systems studied in this thesis including a 

literature review of SOFC modeling techniques. The introductory section discussed fuel 

cells, fuel cell types and applications, SOFC systems, SOFC classification as well as fuel 

options, and biomass fed SOFC systems including various integrated SOFC systems 

operating with fuel derived from biomass. In the literature review included, studies 

conducted on cell, stack and system levels in the literature were discussed in detail. 

2.2 Fuel Cells 

Fuel cells are electrochemical devices that convert the energy in the fuel into electricity 

with high efficiency and low environmental impact. A unit cell, which is the core 

component of a fuel cell, has mainly three components as shown in Figure 2.1, anode, 

cathode and electrolyte. Fuel and air are continuously supplied to the anode and cathode, 

respectively. Ions which are produced during the electrochemical reactions at one of the 

electrodes are conducted to the other electrode through the electrolyte. Electrons are 

cycled via load. An electric current is formed by the flow of electrons and it effectuates 

work on the load. 
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Figure 2.1: Schematic diagram of a fuel cell with its main components. 

A single cell can only generate a small amount of power. To generate meaningful 

quantities of power, many single cells should be brought together; a process referred to as 

'stacking'. This process is generally done by connecting single cells in series using 

bipolar plates. A bipolar plate, which is shown in Figure 2.2, is manufactured such that it 

forms channels for air and fuel to flow inside the stack. 

2.2.1 Technologies 

There are different types of fuel cells which differ from each other according to the type 

of electrolyte and fuel used. Hence, the electrochemical reactions that occur at the 

electrode/electrolyte interface and the type of ion conducting at the electrolyte change 

according to the different type of fuel cell used. Among these fuel cells, Molten 

Carbonate Fuel Cell (MCFC) and SOFC are known as high-temperature fuel cells since 
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their operating temperatures are considerably higher than the other fuel cell types. A 

comparison of the common fuel cell types is given in Table 2.1. 

(a) (b) 

Figure 2.2: Bipolar plates (Interconnect) that are used to connect single cells (a) end 
plates, (b) intermediate plates. 

Table 2.1: Common fuel cell types. 

Fuel Cell 
Type 
AFC 
PEMFC 

DMFC 

PAFC 
MCFC 

SOFC 

Mobile 
Ion 
OH" 
H+ 

H+ 

H+ 

C032 ' 

cy-

Operating 
Temperature 
50-200 °C 
30-100°C 

20-90 °C 

-220 °C 
-650 °C 

500-1000 °C 

Applications 

Used in space vehicles 
Vehicles and mobile applications, and for lower 
power CHP systems 
Suitable for portable electronic systems of low 
power, running for long times 
Large numbers of 200-kW CHP systems in use 
Suitable for medium- to large-scale CHP systems, 
up to MW capacity 
Suitable for all sizes of CHP systems, 2 kW to 
multi-MW 

Source: Larminie and Dicks [1]. 
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Proton Exchange Membrane Fuel Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), 

and Alkaline Fuel Cell (AFC) are the most common low temperature fuel cell types, 

whereas SOFC is the mostly employed high temperature fuel cell type. These fuel cell 

types are discussed in detail in the next section. 

2.2.1.1 Proton exchange membrane fuel cell (PEMFC) 

This type of fuel cell is also known as the polymer electrolyte membrane fuel cell. It 

consists of a proton conducting membrane, such as Nafion, which is chemically highly 

resistant, mechanically strong, acidic, good proton conductor, and water absorbent. 

The reactions occurring at the anode and cathode and the overall reaction are given in 

Equations (2.1)-(2.3), respectively. 

H2->2H++2e~ (2.1) 

0.5O2 +2H+ +2e~ -» H20 (2.2) 

H2+0.5O2^>H2O (2.3) 

Some main advantages of the PEMFC are: a) fast startup capability since it works at low 

temperatures, b) compactness since thin membrane electrode assemblies (MEAs) can be 

made, and c) elimination of corrosion problems since the only liquid present in the cell is 

water. 
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The main disadvantage of this type of fuel cell is the need for expensive catalysts as 

promoters for the electrochemical reaction. In addition, carbon monoxide cannot be used 

as a fuel since it poisons the cell. On the other hand, the main challenge for PEMFC is 

water management problems. Because the proton conductivity of the electrolyte is 

directly proportional to the water content, there must be sufficient water to avoid 

membrane dehydration. However, low levels of water should be present in the electrolyte 

to avoid flooding the electrodes. Hence, a balance between the production of water by 

oxidation of the hydrogen and evaporation has to be controlled. 

2.2.1.2 Direct methanol fuel cell (DMFC) 

This type of fuel cell also uses a proton conducting membrane similar to the PEMFC. The 

main difference between PEMFC and DMFC is the direct feeding of methanol to the fuel 

cell instead of reforming methanol before feeding. The reactions occurring at the anode 

and the cathode and the overall reaction are given in Equations (2.4)-(2.6), respectively. 

CH3OH + H20^>C02+6H+ +6e' (2.4) 

1.502 +6H+ +6e" ->3H20 (2.5) 

CH3OH +1.502 -> C02 + 2H20 (2.6) 

The main advantages of the DMFC are: a) usage of methanol as fuel which is a readily 

available and less expensive fuel, b) high energy density of methanol, and c) simple to 

use and very quick to refill. 
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The main disadvantage of the DMFC is the slow reaction kinetics of the methanol 

oxidation, which results in a lower power for a given size. The second major problem is 

the fuel crossover; the polymer membrane of DMFC is permeable to methanol which 

means it may diffuse from the anode through the electrolyte to the cathode. Hence, 

migrated fuel is wasted which will decrease the amount of electrons produced. It also 

reduces the cell voltage, hence the cell performance. The current approach to minimizing 

the methanol permeation rate is to limit the methanol concentration to approximately 5 

wt% despite the loss in performance [2]. 

There are two types of DMFC: active and passive. In the active type, fuel and air flows 

are controlled to get high performance. In the passive type, the air is introduced into the 

cell by natural flow, i.e. self breathing, and the fuel is infiltrated into the cells. There is 

less control over the variables of fuel and air stoichiometry in the passive type. The 

passive one is much simpler compared to the active type, but the performance is not as 

high. The active type of DMFC is useful for high power products such as laptops, LCD-

TVs, and digital cameras. Alternatively, the passive type of DMFC is good for small and 

low power products such as the fuel cell powered mp3 player. 

2.2.1.3 Alkaline fuel cell (AFC) 

The alkaline fuel cell has become popular particularly for powering space vehicles. 

However, the success of other low-temperature fuel cells has led to a decline in the 

interest in the AFC mainly due to issues related to cost, reliability, and ease of use. 
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However, there is one type of AFC which still receives attention. It is the Direct 

Borohydride Fuel Cell (DBFC) which uses a solution of sodium borohydride as fuel. 

The reactions occurring at the anode and the cathode and the overall reaction for this fuel 

cell type are given in Equations (2.7)-(2.9), respectively. 

NaBHt + SOH~ -> NaB02 + 6H20 + 8e~ (2.7) 

202 + 8e~ + AH20 -> 80H~ (2.8) 

NaBHA + 102 -> NaB02 + 2H20 (2.9) 

The main advantages of DBFC are as follows: a) formation of eight electrons from one 

mole of fuel, b) prevention of CO2 poisoning since highly alkaline fuel and waste borax 

are used, and c) simple to make it as the electrolyte and the fuel are mixed. 

The main disadvantage of DBFC is the side reaction known as hydrolysis reaction. 

Hydrogen is produced as NaBH* reacts with water. However, with modern techniques, 

hydrogen can be oxidized immediately giving eight electrons provided that the hydrolysis 

reaction is well controlled and does not proceed too quickly. 

2.2.1.4 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cell is a high temperature fuel cell that can be designed to operate in 

temperatures ranging from 500 °C to 1000 °C. Compared to low temperature fuel cells, it 

has the advantage to be simpler in design concept since there is no liquid phase. A wide 
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range of fuel such as methane, methanol, ethanol, and biomass produced gas can be used 

in this type of fuel cell; however these gases need to be reformed inside or outside the 

fuel cell. Using gases containing carbon as fuel can cause problems related to carbon 

deposition. This problem can be avoided by adjusting the steam-to-carbon ratio at the 

inlet of the fuel channel. Another advantage of this fuel cell is the ability to integrate with 

other systems, e.g. gas turbine, gasification system, etc., due to the high temperature 

exits. More details on this kind of fuel cell can be found in Section 2.3. 

2.2.1.5 Other fuel cell types 

Direct Formic Acid Fuel Cell (DFAFC), Direct Ethanol Fuel Cell (DEFC) and Bio-Fuel 

Cells (BFC) may be used in some of the small scale applications. The first two uses a 

PEM where formic acid and ethanol are used as fuel, respectively. DFAFC is 

advantageous due to its high catalytic activity, easier water management, and minimal 

balance of plant. However, performance of the cell strongly depends on the feed 

concentration of formic acid due to mass transport limitations. Generally, high feed 

concentrations are needed. DEFC may be preferable due to the advantages of ethanol 

such as high energy density, safety to use, and ease of storage. However, in the 

electrochemical reactions a lot of acetaldehyde is produced which is a very flammable 

and harmful liquid. Further, DEFC reaction kinetics is very slow and ethanol crossover is 

a problem. 

BFC may be used in very low power applications. Mainly, there are two classes of BFC; 

microbial fuel cell and enzymatic fuel cell. The first one has higher efficiency and 
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complete oxidation of fuel, but lower power density. Hence, it is more applicable for 

larger scale applications such as powering underwater equipment. The latter one has high 

power density but lower efficiency and incomplete oxidation of fuel. It may be used in 

small scale application such as implantable devices. 

2.2.2 Applications 

Fuel cells can be used in different application areas, which are generally distinguished 

from each other according to their power requirements. Main application areas are niche, 

military, transportation, and stationary power and heat generation. 

Niche applications are now becoming the main market area for fuel cells, which include 

laptops, mobile phones, camcorders, digital cameras, portable generators for camping and 

other recreational activities, and battery chargers. In each of these applications, the 

consumer prefers small, lightweight and long operated devices which may be provided by 

portable fuel cells. Further, because batteries might not be able to supply the power 

needed for the new devices with a greater amount of functions, portable fuel cells should 

be preferred since they have a higher power density. For example, fuel cells can enable 

the universal connectivity of wireless devices such as laptop computers and 3G phones. 

Currently, there are several companies developing portable fuel cells using DMFC 

technology. 

Military defense research plays an important role in the development of fuel cells since 

there is a great deal of funding in this area. Fuel cells are important for military purposes 

13 



because the future soldiers are intended to have equipment needing high power such as 

night vision devices, global positioning systems, target designators, climate controlled 

body suits, and digital communication systems. These should be light enough for soldiers 

to carry. They should also be able to operate for a long time. It is obvious that batteries 

cannot provide these energy needs at an acceptable weight. Therefore, fuel cells are 

expected to be essential for the military operations. Another important topic for military 

is using a fuel such as diesel and JP-8 that is available in the battle area in any part of the 

world. Hence, SOFC is one of the best options for the purposes where the fuel 

availability is the main criteria. PEMFC and DMFC may also be preferred depending on 

the size and purpose of a military application. 

The primary fuel for the transport sector is oil. Oil accounts for 97% of transport fuel in 

the industrialized countries with natural gas only 2% and electricity 1%. For developing 

countries, growing dependence on oil is more severe since energy demand is growing 

three times faster than in OECD countries [3]. Due to the depletion of fossil fuels, fuel 

cells have begun to replace internal combustion engines in the transportation sector. 

Among the different fuel cell types, PEMFC is the leading candidate for transportation 

sector because of its cost, high power density, size, weight, simple design, low operating 

temperature (< 120° C), and rapid start-up. On the other hand, SOFC and DMFC may be 

also used in some specific applications. For example, SOFC systems are being developed 

as an auxiliary power unit for high class car conveniences at BMW AG in Munich [4]. 

Ballard Power Systems and Daimler Chrysler unveiled a DMFC prototype in Stuttgart, 
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Germany [5]. In this system, methanol was used to power a small one-person 

demonstration vehicle. 

Stationary power and heat generation is another application area of fuel cells. MCFC and 

SOFC are the most promising fuel cell types for this kind of application due to their high 

operation temperature. These fuel cells can be used alone or together with other 

technologies such as gas turbine, steam turbine, and gasification systems in combined 

heat and power, i.e. cogeneration, applications. 

2.3 Solid Oxide Fuel Cells 

Solid oxide fuel cell (SOFC) is an energy conversion device that contains an oxide ion-

conducting electrolyte made from a ceramic material and operates at temperatures 

ranging from 500 °C to 1000 °C. The main application area of SOFC is stationary power 

and heat generation. It may also be used in transportation applications such as auxiliary 

power unit of automobiles and portable applications. 

The operation principle of a SOFC is simple. Fuel and air are continuously supplied to 

the fuel and air channels, respectively. Oxygen molecules in the air stream react with the 

electrons which are cycling via the load at the cathode/electrolyte interface and oxide 

ions are formed. These oxide ions conduct through the electrolyte and react with the 

hydrogen and carbon monoxide molecules in the fuel stream at the anode/electrolyte 

interface, and water vapor, carbon dioxide and electrons are formed. An electric current is 

formed by the flow of electrons and it effectuates work on the load. Many cells should be 

15 



connected to form meaningful amount of power, which is called stacking. Schematics of 

planar co-, counter- and cross-flow SOFC stacks are shown in Figure 2.3. 

(a) (b) 

Figure 2.3: Planar SOFC stack with (a) co-flow or counter-flow (b) cross-flow 
configuration. 

SOFCs have important advantages when compared to other fuel cell types including: a) 

simpler in concept since only solid and gas phases exist, b) no electrolyte management 

issues, c) no need for precious metal electrocatalysts, d) internal reforming of gas 

mixtures including hydrocarbons, e) ability to use carbon monoxide as fuel, and f) 

efficient thermal integration with bottoming cycles such as gas turbines. 

Some disadvantages of SOFCs over other fuel cells are: a) challenges for construction 

and durability due to its high temperature, and b) carbon deposition problem. 
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2.3.1 Classification of SOFC systems 

SOFCs may be classified according to their temperature level, cell and stack design, type 

of support, flow configuration, and fuel reforming type, as shown in Table 2.2. 

Table 2.2: Classification of solid oxide fuel cells. 

Classification 
criteria 

Temperature 
level 

Cell and stack 
design 

Type of support 

Flow 
configuration 

Fuel reforming 
type 

Types 

Low temperature SOFC (LT-SOFC) (500°C - 650°C) 
Intermediate temperature SOFC (IT-SOFC) (650°C - 800°C) 
High temperature SOFC (HT-SOFC) (800°C - 1000°C) 

Planar SOFC (Flat-planar, radial-planar) 
Tubular SOFC (Micro-tubular, tubular) 
Segmented-in-Series SOFC (or Integrated-planar SOFC) 
Monolithic SOFC 
Self-supporting (Anode-supported, cathode-supported, electrolyte-
supported) 
External-supporting (Interconnect supported, porous substrate 
supported) 
Co-flow 
Cross-flow 
Counter-flow 
External reforming SOFC (ER-SOFC) 
Direct internal reforming SOFC (DIR-SOFC) 
Indirect internal reforming SOFC (IIR-SOFC) 

2.3.1.1 Classification according to the temperature level 

SOFCs may be classified as low-temperature (LT-SOFC), intermediate-temperature (IT-

SOFC), or high-temperature (HT-SOFC). The advantages of HT-SOFC over LT-SOFC 

and IT-SOFC include: a) resistivity of cell components decreases, hence ohmic 

polarization decreases; b) electrode kinetics increase, hence the sluggishness of reactions 

decreases; which in turn decreases the activation polarization; and c) since the 
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temperature of the anode output is higher, HT-SOFC have better thermal integration with 

bottoming cycles which results in a higher system efficiency. 

Some disadvantages of HT-SOFC over LT-SOFC and IT-SOFC are: a) they require 

longer start-up and shut-down time; b) their structural integrity is weaker; c) corrosion 

rates increase; and d) material costs are higher. 

2.3.1.2 Classification according to the cell and stack design 

According to the cell and stack design, SOFCs may be classified as tubular, planar, 

segmented-in-series, and monolithic. Among these cell designs, tubular is the most 

common and developed one. Siemens (previously known as Siemens-Westinghouse) has 

been working on this design for more than 30 years. In this design, the cell components 

are deposited in the form of thin layers on cylindrical tube. Despite its simpler geometric 

configuration, planar type has not been considered at the first development stages of 

SOFC because of the issues with the sealing. However, recently there are more 

manufacturers developing planar-type SOFCs than other types because sealing problem is 

eliminated thanks to the developments in SOFC materials and using lower temperature 

SOFC. Main manufacturers are Ceramic Fuel Cells Ltd., Sulzer Hexis, General Electric 

and Mitsubishi Heavy Industries. In the monolithic design, the different cell components 

are fabricated as thin layers. The cell consists of a honeycomb like array of adjacent fuel 

and oxidant channels. Although the monolithic SOFC offer potentially the highest power 

density of all SOFC designs, their fabrication has proven to be a formidable task. As a 

result, this design is not being pursued further [6]. Mitsubishi Heavy Industries and Rolls 
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Royce [7] are manufacturing segmented-in-series SOFC which is the newest design of 

the SOFC. This design is a cross between tubular and planar geometries which have the 

advantages of thermal expansion freedom like the tubular and low cost component 

fabrication like the planar. 

The advantages of planar design over tubular design are: a) it is more compact since cells 

can be stacked without giving large voids like in the case of tubular design; b) bipolar 

plates provide simpler series of electrical connection between cells; c) since the current 

path is shorter, ohmic losses are lower; and d) fabrication costs are lower. 

The disadvantage of planar design over tubular design is the need for gas-tight sealing in 

planar design. However, in tubular design, the cells may expand and contract without any 

constraints. 

2.3.1.3 Classification according to the type of support 

SOFCs may be manufactured as anode-supported, cathode-supported, or electrolyte-

supported. As the temperature of a SOFC increases, the ionic resistivity of its electrolyte 

decreases. For this reason, for high temperature SOFCs, electrolyte-supported 

configuration is generally selected. For intermediate and low temperature fuel cells, the 

electrolyte is manufactured in a very thin form and the fuel cell is either manufactured in 

an anode or cathode-supported manner. These three types of manufacturing may be 

called self-supporting configuration. There is also an external supporting configuration: 
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interconnect- supported and porous substrate supported. However, this type of 

configuration is not commonly used. 

2.3.1.4 Classification according to the flow configuration 

Fuel and oxidant flows in a SOFC can be cross-flow, co-flow, or counter-flow. The 

choice of the flow configuration has significant effects on the temperature distribution 

within the stack. Recknagle et al. [8] have shown that, for similar fuel utilization and 

average cell temperature, the co-flow case has the most uniform temperature distribution 

and the smallest thermal gradients. 

2.3.1.5 Classification according to the fuel reforming type 

Fuels that can be used in a SOFC other than H2 and CO, which are discussed in Section 

2.3.2, must be reformed into H2 and/or CO. This reforming process may be outside the 

stack which is called external reforming, or inside the stack, which is called internal 

reforming. There are two types of internal reforming which are indirect internal 

reforming (IIR-SOFC) and direct internal reforming (DIR-SOFC). In the IIR-SOFC, the 

reformer section is separate from the other components inside the cell but in close 

thermal contact with the anode section. In the DIR-SOFC, the reforming takes place 

directly on the anode catalyst. 

The advantages of indirect reforming over direct reforming are: a) since electrochemical 

reaction and reforming reaction occur at separate catalysts, there are less simultaneous 

reactions on catalysts, which makes this type easier to control thermodynamically; b) 
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more highly dispersed catalysts may be chosen since the catalyst at the reformer section 

is only responsible for reforming; and c) carbon deposition problem is less serious. 

The disadvantages of indirect reforming over direct reforming are: a) it is difficult to 

preserve the uniform temperature distribution in the stack since the cells closer to the 

reforming section will be cooler due to the endothermic reforming reaction; and b) it is 

less efficient than direct internal reforming type. 

2.3.2 Fuel options for SOFC 

One of the main advantages of SOFC is its fuel flexibility. There might be many options 

for choosing the fuel. If these fuels are not H2 and CO, they are reformed to these gases 

which are electrochemically oxidized at the anode. 

Methane and higher hydrocarbons are reformed to H2, CO, H20 and CO2 by the steam 

reforming and water-gas shift reactions, which are shown by Equations (2.10) and (2.11), 

respectively. 

Steam reforming of hydrocarbons: CXH + xH2 O ^ xCO + (x + —)H2 (2.10) 

Water-gas shift: CO + H20 ^C02+H2 (2.11) 

Methanol is a preferable fuel due to its availability, high energy density, ready storage, 

and distribution [9]. It is an effective fuel for LT-SOFC and IT-SOFC because it can be 

efficiently reformed at lower temperatures compared to natural gas and higher 
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hydrocarbons [10]. The reactions involved in the production of hydrogen from the steam 

reforming of methanol can be represented by the widely accepted decomposition-shift 

mechanisms, which consist of Equations (2.11) and (2.12) [11]. 

Decomposition of methanol: CH3OH ^ 2H2 + CO (2.12) 

Ethanol can be considered as a very promising and reliable fuel option for fuel cells 

because it can be biochemically produced from biomass [12]. It is an effective fuel due to 

its high heating value and high hydrogen atom content. The steam reforming reaction for 

ethanol may be given as 

Steam reforming of ethanol: C2H5OH + 3H20 * 2C02 + 6H2 (2.13) 

Gas mixture produced from gasification, pyrolysis, or anaerobic digestion of biomass is 

another fuel option for SOFC [13]. This gas, which consists of various gaseous 

components such as H2, CO, CO2, H2O as well as impurities such as particulate matter 

and tars, should be treated before entering the fuel cell. There are two different options, a 

cold process involving gas cleaning at a reduced temperature and a hot process involving 

gas cleaning at a high temperature. A discussion regarding use of hot and cold gas 

cleanup subsystems in a SOFC system may be found in Reference [14]. 

Another option is using ammonia as a fuel in SOFC. Ammonia presents an inexpensive 

and convenient way of storing hydrogen. However, the potential impact of ammonia as a 
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fuel for solid oxide fuel cells has not been fully appreciated by the SOFC community. 

Catalytic cracking of ammonia reaction which is shown in Equation (2.14) represents the 

production of hydrogen from ammonia [15]. 

Catalytic cracking of ammonia: 2NH3 ^ N2+3H2 (2.14) 

Lu and Schaefer [16] investigated the possibility of using hydrogen sulfide in SOFC. 

Hydrogen sulfide is known to be an extremely corrosive and noxious gas. Hence, direct 

use of H2S in a SOFC causes anode deterioration over time. A possible option is using a 

H2S decomposition reactor integrated with an SOFC. The decomposition reaction of H2S 

is given in Equation (2.15). 

The decomposition of H2S: H2S ^H2+ — Sx (2.15) 
x 

2.4 Biomass Fed SOFC 

Biomass has increased its importance due to the fact that it can be utilized as a potential 

fuel source in advanced energy systems. Also, systems based on biomass fuel are 

considered to contribute to the sustainable development in industrialized and developing 

countries. In this regard, researchers tend to find solutions to obtain efficient and 

economical heat and electricity generation from biomass fuel. 

There are various types of biomass such as wood, crops, and municipal solid waste. 

According to 2001 data [3], biomass has a share of 10.7% in the total global primary 
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energy use and 1.1% in the world electricity production. It is expected that the biomass 

share of electricity output will increase to a point between 2% and 5.1% in 2050 

according to different scenarios [17]. Today's technology of converting biomass to 

electricity is mostly based on combustion of feedstock to generate steam that is used to 

drive the steam turbine [18]. Other technologies include externally fired gas turbines and 

biomass integrated gasification combined cycles [19]. 

Among the different types of fuel cells, MCFC and SOFC are considered the most 

promising ones for biomass-fueled fuel cells due to their high operating temperatures, 

flexibility to different fuel, and greater tolerance to contaminants. According to the 

biomass conversion method, some of the other fuel cell types may also be useful. For 

example, landfill gas and digester gas are mostly used with Phosphoric Acid Fuel Cell 

(PAFC) today and their usage with this kind of fuel cell has been successfully 

demonstrated [20]. Additionally, the suitability of biogas as a fuel for PEMFC has been 

experimentally confirmed [21]. 

Biomass fuelled integrated SOFC system is one of the key energy technologies of the 

future since it combines the merits of renewable energy sources and hydrogen energy 

systems. There has been an increasing interest in converting biomass to a product gas by 

various methods for using it as a fuel in SOFC. These methods include thermochemical, 

biochemical, or mechanical extraction methods. The last method is mostly used to 

produce bio-diesel with esterification. Thermochemical conversion methods may be 

classified as combustion, gasification, pyrolysis, and liquefaction. Biochemical 
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conversion methods are fermentation and anaerobic digestion. Among them, products 

obtained from fermentation, anaerobic digestion, fast pyrolysis, and gasification of 

biomass are suitable to be used in SOFC systems due to the compatibilities of these 

technologies, which are described in the following subsections. In Table 2.3, the 

conversion methods of several biomass feedstocks that might be used as a fuel in a SOFC 

system are shown. In all of them, the product obtained from the conversion of biomass 

must be cleaned up according to the tolerance limits of the SOFC to the contaminants, 

which are given in Table 2.4. 

Table 2.3: Biomass feedstock that might be used as fuel in SOFC systems and their 
conversion methods. 

Examples of Biomass Feedstock 
Cellulosic waste, corn stover, sugarcane waste, 
wheat or rice straw 
Sewage sludge, animal waste 
Wood, tyre rubber, starch, grape wastes, coconut 
shells 
Wood, black liquor, municipal solid waste, dairy 
manure 

Conversion Method 

Fermentation 

Anaerobic digestion 

Fast pyrolysis 

Gasification 

Product 

Ethanol 

Biogas 

Bio-oil 

Syngas 

Table 2.4: Tolerance limits of SOFC to contaminants. 

Contaminant 

H2S 

HC1 
NH3 

Si02 

Tolerance Limit 
<0.1 ppm 
<1 ppm (Poison gas) 
<1 ppm (Poison gas) 
<5000 ppm 
<1 mg/Nm3 (Deposition) 

Source: [20, 23] 
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2.4.1 Integrated SOFC systems fuelled with ethanol produced from fermentation of 

biomass 

Ethanol fermentation is a biological process in which organic material is converted to 

simpler compounds by microorganisms. These compounds are then fermented by 

microorganisms to produce ethanol and CO2. Approximately 80% of the ethanol 

produced in the world is obtained from fermentation [22]. The advantages of ethanol are: 

abundant production capacity, easy to transport, relatively free of impurities and low 

toxicity; whereas the main drawback is its cost on a dollar per Btu basis compared to 

other hydrocarbon alternatives [20]. 

Ethanol should be reformed to hydrogen to be used in a SOFC. Steam reforming, 

reforming with CO2, and partial oxidation with air are the possible ways [24]. Steam 

reforming is considered to be a better choice for integrated SOFC systems [25], which is 

shown in Equation (2.13). 

In Lully, Switzerland, Sulzer Hexis has installed an agricultural biogas plant based on 

SOFC. They successfully operated the unit for more than 5000h with fermentation gas. 

The electrical power and maximum electrical stack efficiency of the system are 857 W 

(DC) and 33% (DC, gross), respectively [25]. 
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2.4.2 Integrated SOFC systems fuelled with biogas produced from anaerobic 

digestion of biomass 

Anaerobic digestion is the biological process of microbial consumption of organic 

material to produce biogas, which is a mixture mainly consisting of methane and carbon 

dioxide, in the absence of oxygen. The chemical composition of an anaerobic digester gas 

is in the following range [26]: 55-65% CH4, 30-40% C02, 1-10% N2, and less than 0.5% 

O2. Contaminants include up to 200 ppm H2S, 4 ppm halogens, and other hydrocarbons. 

Biogas produced from the anaerobic digestion has an energy content of about 20-40% of 

the lower heating value of the feedstock, which has generally high moisture content 

organic wastes (80-90% moisture) [27]. 

The product gas from anaerobic digestion of biomass needs extensive gas cleanup 

process before it enters to SOFC due to high levels of contaminants in the gas. Then, the 

methane content in the gas should be reformed to hydrogen and carbon monoxide to be 

electrochemically reacted in the SOFC. 

In Hammarby, Sweden, biogas produced in a sewage treatment plant is converted into 

heat and electricity using three 5 kW SOFC systems [28]. 

2.4.3 Integrated SOFC systems fuelled with bio-oil produced from fast pyrolysis of 

biomass 

Fast pyrolysis is a thermochemical process in which feedstock is rapidly heated to a 

temperature around 500 °C in the absence of oxygen, and then vaporized and condensed 
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to liquid oil, which has approximately half of the heating value of the fossil oil. Other 

than the main product, bio-oil, which is up to 80% wt on dry feed, byproduct gases and 

solid char are formed. These by-products are used within the process so there are no 

waste streams [20, 29]. 

Bio-oil produced from pyrolysis of biomass is a liquid mixture of oxygenated compounds 

containing various chemical functional groups such as carbonyl, carboxyl, and phenolic 

[26]. This mixture should be reformed to hydrogen with a catalytic steam reforming 

process to be used in SOFC. The overall steam-reforming reaction of bio-oil is given by 

Equation (2.16) [30]. 

CnHmOk+(2n-k)H20 ^nC02 +{2n + m/2-k)H2 (2.16) 

Until today, there have not been any demonstration projects on bio-oil fuelled integrated 

SOFC systems. However, research and development is continuing on this subject. 

2.4.4 Integrated SOFC systems fuelled with syngas produced from gasification of 

biomass 

Biomass gasification is a thermochemical conversion technology where fuel is converted 

into a gas mixture called syngas, mainly consisting of carbon monoxide, carbon dioxide, 

hydrogen, methane, water vapor, nitrogen, but also contaminants. The composition of the 

product gas depends mainly on the fuel, gasifier type, and gasification agent. 
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Woody biomass such as residues from forestry operations or herbaceous biomass such as 

purpose-grown miscanthus can have moisture content ranging from 15% to over 60% at 

the point of harvest. Higher levels of moisture in the feedstock cause more energy 

requirement for evaporation in the gasifiers, hence the reaction temperature decreases, 

which results in poorer product gas with higher levels of tar. Due to this fact, forced 

drying of the biomass in general becomes necessary in such systems; which can represent 

the highest capital cost in the pretreatment section. In these driers, the medium needed to 

dry the solid may be selected as pure vapor or a mixture of vapor and non-condensable 

gas or combustion products [31]. In the case of SOFC, hot exit gas streams of the fuel 

cell may be circulated to the drier to reduce the moisture of the biomass. 

Since the gasification is an endothermic process, heat must be added to the gasifier; 

which may be done in two ways: autothermal or allothermal. In autothermal gasification, 

necessary heat is provided by partial oxidation within the process; whereas in allothermal 

gasification, an external source supplies the necessary amount of heat. In the latter case, 

heat for gasification may be supplied from the depleted fuel and air streams of SOFC. 

There are various gasifier types for different purposes with each of them having 

advantages and disadvantages, which are listed in Table 2.5. A survey has revealed the 

percentage of the commercially offered gasifiers as follows [32]: 75% downdraft, 20% 

fluid bed (including circulating fluid bed), 2.5% updraft, and 2.5% other types. 

According to Brigwater [32], the following selection may be done according to the scale 
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of the application: downdraft-fixed bed for small scale, bubbling fluidized bed for 

medium scale, and circulating fluidized bed for large scale. 

Table 2.5: Advantages and disadvantages of main biomass gasification reactor types. 

Reactor type 

Downdraft-fixed bed 

Updraft-fixed bed 

Bubbling fluid bed 

Circulating fluid bed 

Entrained flow 

Twin fluid bed 

Advantages 

Very simple and robust 
Low particulates and tar 
High exit gas temperature 
Moderate cost 
Simple and reliable 
Higher moisture level tolerability 
Low cost 
High thermal efficiency and 
carbon conversion 
Good temperature control 
Good scale-up potential 
Greater tolerance to particle size 
range 
Large scale applications 
Good temperature control 
Good scale-up potential 
Greater tolerance to particle size 
range 
Large scale applications 
Simple design 
Good scale-up potential 
Potential for low tar 
Good temperature control 
Greater tolerance to particle size 
range 
Large scale applications 

Disadvantages 

Lower moisture level tolerability 
Scale-up limitations 
Feed size limitations 

Very dirty product gas with high levels of 
tars 
Scale-up limitations 
Intolerant to high portions of fines in feed 
Low exit gas temperature 
High particulates and moderate tar 
Limited turn-down capability 
Some carbon loss with ash 
Higher particle loading 

High cost at low capacity 
High particulates and moderate tar 
Higher particle loading 
Difficulties with in-bed catalytic 
processing 
Costly feed preparation 
Carbon loss with ash 
Limitations with particle size 
High tar levels 
Difficult to scale-up 
High cost 

Source: Adapted from [32, 33]. 

Air, oxygen, steam or a combination of these may be used as gasification agents. Partial 

oxidation with air yields high N2 content in the product gas (i.e. -50%). For this case, the 

heating value of gas is around 5 MJ/m3. In the case of partial oxidation with oxygen, 

heating value of gas around 11 MJ/m3 without any significant N2 content achieved. 

However, providing and using oxygen is costly. On the other hand, gasification with 
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steam gives higher heating value of gas around 17 MJ/m , but at the expense of lower 

overall efficiency [32]. 

For selecting the gasifier and gasification agent for a SOFC based system, application 

area and system configuration plays an important role. There are several demonstration 

projects of SOFC based power generation systems on different power ranges such as 25 

kW, 100 kW, and 250 kW [34]. Downdraft gasifier might be selected for these kinds of 

sizes since it has a moderate cost and produce low level of contaminants. The largest 

demonstration project for SOFC based power generation system is the 1 MW hybrid 

SOFC/micro-turbine generator [35]. For this size, bubbling fluid bed might be a good 

option due to its advantages mentioned above. In this selection, as long as an effective 

gas cleanup system is designed, level of contaminant in the product gas is not an issue. 

However, more energy input and capital cost is required to clean higher level amounts of 

contaminants. On the other hand, gasification agent affects the system performance and 

cost. Since supplying oxygen is costly and air yields low heating value of the product gas, 

steam gasification seems the best option. But, if it is also desired to produce heat as well 

as electricity, this may yield lower fuel utilization efficiency since less amount of steam 

is sent for generating process heat. It should also be noted that syngas produced from 

gasification may be directly reformed in the SOFC with the steam-reforming and water-

gas shift reactions. A schematic diagram of an integrated SOFC and biomass gasification 

system is given in Figure 2.4. 
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Figure 2.4: SOFC and biomass gasifier system. 

There are more research, development, and demonstration projects on biomass 

gasification and SOFC systems compared to SOFC systems operating with gases 

produced from other biomass conversion methods. For example, in the University of 

North Dakota, an integrated IT-SOFC and downdraft gasifier system working with wood 

chips with very low ash and alkali content has been developed [36]. The main objective 

of their project was to design and build a working, self-contained biomass gasification 

power system without external heating or cooling sources and integrate it with a SOFC. 

The Norwegian University of Science and Technology (NTNU) researchers have been 

developing an integrated SOFC and gasification system with high temperature gas 

cleaning for high efficiency electricity production from biomass [37]. The main 

objectives of their study were onsite testing of a 10 kW SOFC stack integrated with a 

high temperature filter at a gasification plant and optimizing the system's overall 

performance. There are also two notable European Union financed projects which are 

Green Fuel Cell [38] and BioCellus [39]. The objective of the first one was to produce a 

gas that can meet the requirements as fuel for SOFC through reliable, up-scalable and 

cost-effective staged gasification of biomass; whereas the second one aimed to develop 
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an integrated SOFC and allothermal gasifier system in which the waste heat of the fuel 

cell is transferred into the reformer by means of liquid metal heat pipes. 

2.5 Literature Review on SOFC Modeling 

According to the purpose and needs of the model, different considerations may be taken 

into account in a SOFC model. In cell and stack level modeling, 0-D, 1-D, 2-D, and 3-D 

approaches may be chosen. Additionally, transient modeling should be used if any of the 

following or combination of them needs to simulated: heat-up, start-up, shut-down and 

load change. Stresses occurring inside the fuel cell may be calculated using 

thermomechanical modeling. Carbon deposition modeling helps in preventing the carbon 

deposition at the anode catalyst. In system level, integration of SOFC with other systems 

can be assessed through energy and exergy analyses. The studies found in the literature 

using these approaches are discussed in the following subsections. 

2.5.1 Cell and stack level modeling 

2.5.1.1 0-D, 1-D, 2-D and 3-D modeling techniques 

0-D modeling is the simplest approach to model SOFC. In this approach, the fuel cell is 

considered as a black box. Using the principles of thermodynamics and electrochemistry, 

the fuel cell is modeled to find the output parameters such as cell voltage, power output, 

and cell efficiency for different input parameters such as inlet gas composition, 

temperature of the inlet fuel and air, and fuel and air utilization ratios. For example, using 

this approach, an analysis on different options of external reforming of methane for 

SOFC was carried out by Demin et al. [40]. Steam reforming, partial oxidation, and 
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exhaust gas reforming options, i.e. reforming methane by recirculating the depleted fuel 

stream, were compared. The results showed that the most efficient way to feed a SOFC is 

by exhaust gas reforming, while the partial oxidation efficiencies showed lower values, 

especially at high temperatures. 

In 1-D modeling, two of the geometrical dimensions are ignored which leads to an 

assumption that variation of gas and electrical properties at those two dimensions are 

uniform. In this approach, co-flow and counter-flow configurations may be modeled; but, 

cross-flow cannot be modeled. The variation of gas composition, temperature, and 

current density along the fuel and air channels direction may be investigated. For 

example, Rao [41] developed a 1-D model for a tubular SOFC which accounts for the 

heat and mass transfer processes occurring within the cell as well as the electrochemistry. 

The calculated performance reflects the effect of particular system design conditions such 

as fuel composition, operating pressure, fuel utilization, and geometric parameters such 

as tube dimensions. 

When using the 2-D modeling technique, one dimension is neglected and a 2-D section is 

considered for representing the fuel cell. There might be possible selections for a 2-D 

cross-section. The most reasonable selection for a co-flow or counter-flow SOFC is 

shown in Figure 2.5. This selection includes all the components of the repeat element and 

the gas flow direction. However, the part at which the interconnect is in contact with the 

Positive/Electrolyte/Negative (PEN) structure cannot be fully taken into account with this 
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selection. There are also some studies using this approach to model cross-flow SOFC 

[e.g. 42, 43]. 
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Figure 2.5: Selection of a 2-D cross-section in a co-flow or counter-flow planar SOFC. 

3-D modeling is used when a detailed knowledge of the SOFC behavior is needed. 

Usually, commercial computational fluid dynamics (CFD) software are used for 

modeling. For instance, Yakabe et al. [44] used STAR-CD software for the thermo-fluid 

model of a planar SOFC. The molar gas composition, temperature, voltage, and current 

density distributions were calculated using a single-unit model for co-flow and counter-

flow configurations. Pasaogullari and Wang [45] developed a 3-D SOFC model which 

fully couples electrochemical kinetics with multi-dimensional gas dynamics and multi-

component transport of species. The model was implemented into the Fluent software, 

using its customization ability via user defined functions. The polarization curve, flow 
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field, species concentrations, potential, and current distributions throughout the cell were 

determined using this model. 

2.5.1.2 Transient modeling 

Understanding the transient behavior of a SOFC is important for the control of stationary 

utility generators during power system faults, surges, and switching. This analysis also 

plays a central role in the design and optimization of a SOFC during startup and 

shutdown because of the potential for damaging thermal gradients to develop within the 

SOFC components. In transportation applications, transient and partial load operations 

predominate [46]. 

At BMWAG in Munich, high-temperature SOFCs have been developed as an auxiliary 

power unit (APU) for high class car conveniences. Petruzzi et al. [4] developed a 

transient SOFC model for this system. They wrote a code in Matlab which produces a 

time-dependent profile of temperatures, currents, electrical and thermal power densities, 

and gases concentrations for the whole system. The heat-up and start-up simulations 

allow researchers: (a) to evaluate the time the cell stack needs to reach operating 

temperature from an initial temperature distribution, (b) to check the steepest temperature 

gradients occurring in the ceramic layers (which result in material stresses), and (c) to 

obtain important information about the pre-operating strategy. In the paper by Li et al. 

[47], the effect of step changes in fuel flow rate, air flow rate, and stack voltage on the 

dynamic performance of a cross-flow DIR-SOFC was discussed. They found that a 

moderate increase in the fuel flow rate improves the performance; a decrease in the air 
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flow rate can raise the stack temperature and increase the gas utilization ratios. In 

addition, an increased output voltage was found to reduce the gas utilization ratios and 

current density. Damm and Fedorov [48] developed a reduced order transient thermal 

model of a SOFC at which heating time and maximum temperature gradient are 

calculated. Their analysis showed that increasing the velocity of the hot air stream, and 

lowering the Peclet number leads to the optimal design, which minimizes heating time 

under the constraint of maximum allowable temperature gradients. Ferrari et al. [49] 

studied the transient response of a system consisting of a recuperated micro-gas turbine 

with a tubular SOFC. They developed and validated dynamic and lumped volume ejector 

models for SOFC circulation circuit. Rancruel and von Spakovsky [50] studied the 

effects of control laws and strategies and transients on the performance of a 5 kWe net 

power SOFC based auxiliary power unit. Apfel et al. [51] developed finite element 

simulation for SOFC systems for steady state and transient operation. Larrain [52] 

performed transient simulations to a counter-flow SOFC. He found that the temperature 

response to a load change is generally in the order of 10 minutes for transients from open 

cell voltage to 70% fuel utilization. Thorud et al. [53] developed a quasi two-dimensional 

dynamic model for tubular SOFC. Their results showed that air utilization should be set 

constant during load changes. 

2.5.1.3 Thermomechanical modeling 

For planar SOFC, the internal stresses in cell components are one of the problems to be 

solved. The planar SOFCs require high temperature gas seals at the edges or around the 

internal gas manifolds. For this purpose, cement, glass, and glass-ceramic seals are 
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expected to give sufficient sealing efficiency. However, the strict binding among each 

cell component generates mechanical constraints, thus a slight mismatch in thermal 

expansion coefficient among the cell components can cause a large stress. Moreover, 

because of non-homogeneous temperature distribution inside the cell, the cell 

components are irregularly deformed, adding a large internal stress [44]. 

In the study by Yakabe et al. [44], stresses in cell components were computed from 

temperature profiles. The internal stresses were estimated as a function of the cell size, 

the operating voltage, and the thermal conductivity of the cell components. Suitable 

operating conditions to reduce the internal stresses were proposed. 

2.5.1.4 Carbon deposition problem 

As discussed earlier, SOFC has the disadvantage of having the possibility of carbon 

deposition which will cause degradation in the performance of the fuel cell and 

eventually its breakdown. To prevent carbon deposition, operating parameters such as 

steam to carbon ratio and temperature, and materials should be carefully selected. 

In the literature, some theoretical and experimental studies have been carried out to 

investigate the carbon deposition problem. In theoretical studies, equilibrium 

thermodynamics is generally taken into account and possibility of carbon deposition for 

different input parameters is studied. There are also very few studies that take into 

account the chemical kinetics. For example, Assabumrungrat et. al. [54] analyzed the 

carbon formation in a DIR-SOFC fueled by methanol. In their study, equilibrium 

38 



calculations were performed to find the range of inlet steam to methanol ratio where 

carbon formation is thermodynamically unfavourable in the temperature range of 500 to 

1200 K. Sangtongkitcharoen et al. [55] compared the different reforming types, namely 

external reforming, direct internal reforming, and indirect internal reforming on carbon 

formation. They also considered hydrogen-conducting electrolytes as well as oxygen-

conducting electrolytes. Their study showed that DIR-SOFC with the oxygen-conducting 

electrolyte is the most promising choice for operation. Singh et al. [56] studied the risk of 

carbon deposition due to the tars present in the feed stream and the effect various 

parameters like current density, steam, and temperature on carbon deposition. A total of 

32 species were considered for the thermodynamic analysis, which was done by the 

Gibbs energy minimization technique. The results showed that the carbon deposition 

decreases with an increase in current density and becomes zero after a critical current 

density was reached. Steam in the feed stream also decreases the amount of the deposited 

carbon. A study similar to Singh et al.'s was done by Koh et al. [57]. The rate of carbon 

deposition and the composition of an anode gas mixture in equilibrium were predicted as 

a function of current density by minimizing the total Gibbs free energy of a system with 

21 chemical species, including a condensed phase for carbon deposition. Using 

temperatures ranging from 100 to 1000°C, Sasaki and Teraoka [58] calculated the 

amounts of equilibrium products for various fuels including alkanes, alkenes, alicyclic 

hydrocarbons, and dimethyl ether, as well as for other hydrocarbon-containing fuels such 

as biogas and coke oven gas. They concluded that, with increasing carbon number of 

hydrocarbon-related species and with decreasing temperature, a higher steam to carbon 
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ratio (S/C) is required to prevent carbon deposition. The addition of CO2 or O2 was also 

found useful to prevent carbon deposition. 

In experimental works, the effect of different anode materials and input parameters are 

generally observed. For example, Takeguchi et al. [59] showed that CaO-modified Ni-

YSZ cermet is effective in suppressing carbon deposition without deteriorating the 

reforming activity. Finnerty et al. [60] studied two different nickel/zirconia anode 

formulations and a molybdenum-doped nickel/zirconia anode. They investigated the 

effects of adding steam to the methane, the operating temperature, and doping the 

nickel/zirconia anode with a small quantity of molybdenum, on the methane reforming 

activity of the anode, the surface chemistry and the nature and level of carbon deposition. 

The main conclusion of this study was that doping the anode with small quantities of 

molybdenum (<1%) led to a substantial reduction in the level of carbon deposited on the 

anode. Koh et al. [61] tested the single cell of an anode-supported planar SOFC operating 

with hydrogen and methane to investigate the carbon deposition effects. These 

researchers suggested two different carbon formation mechanisms; which are reversible 

carbon formation at which deposited carbon may be oxidized electrochemically; and 

irreversible carbon formation where carbon particulate are formed. They concluded that 

irreversible carbon particulate is the main reason for cell performance degradation. In the 

study by Macek et al. [62], Ni-YSZ cermet materials prepared by different processes 

(sol-gel and combustion synthesis) with variations in composition and presence of 

dopants were tested by exposing these materials to methane at elevated temperatures. The 

effects of anode composition, its microstructure, and some dopants on carbon deposition 
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were studied; and the amount of the carbon deposited was determined. Their results 

showed that the sample Cs-50-Ag-Cu doped with silver and copper and prepared by the 

combustion synthesis gives less carbon deposits than other tested samples. In the paper 

by Horita et al. [63], the effect of applied voltages on surface catalytic activities at the Ni-

mesh/YSZ interfaces for CH4 decomposition and elimination of carbon deposition by 

secondary ion mass spectrometry (SIMS) imaging analysis were discussed. They 

observed a significant carbon deposition at the Ni-mesh under zero-voltage condition. 

However, they found that the applied voltages can eliminate the deposited carbon on the 

Ni-mesh effectively. In addition, they concluded that oxygen spill-over around the 

Ni/YSZ interfaces can eliminate the deposited carbon. 

2.5.2 System level modeling 

The system level modeling generally includes energy and exergy analyses of the systems. 

In energy analysis, energy balances are applied to the system and its components to find 

the thermodynamic properties of each state, and work and heat transfers within those 

components. Performance assessment parameters such as fuel utilization efficiency and 

power-to-heat ratio of the system may also be calculated. Exergy analysis is a method 

that uses the conservation of mass and conservation of energy principles together with the 

second law of thermodynamics for the analysis, design, and improvement of energy 

systems. Using this method, the locations and magnitudes of the exergy destructions and 

exergy losses may be found. 
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Solid oxide fuel cells have high operating temperatures which enable successful thermal 

integration with bottoming cycles. Most of the studies in the literature investigate the 

opportunities of integration of SOFC with gas turbine cycles, e.g. [64-66]. Integration of 

SOFC with gasification cycles, e.g. [67-69], is another promising option. There are a few 

studies searching the integration of renewable systems with SOFC. For example, 

Ntziachristos et al. [70] studied the integration of a wind turbine with a SOFC. 

Researches on analysis and modeling of biomass fueled SOFC have increased recently. 

These studies mainly focus on the effect of biomass fuel, its conversion, and operating 

conditions on the performance of SOFC and overall system, and selection of gas clean-up 

system for efficient and economical solutions. For example, Aloui and Halouani [71] 

developed an analytical model to study the effect of fuel type on polarizations and 

performance of SOFC using syngas as fuel. Yin et al. [72] calculated the electromotive 

force (EMF) for SOFC based on doped ceria electrolytes using biomass produced gas. 

Their study revealed that biomass produced gas derived EMF is very close to that of 

hydrogen. Panopoulos et al. [73] investigated the integration of a SOFC with a novel 

allothermal biomass steam gasification process. They calculated the electrical efficiency 

of the system as 36% and exergetic efficiency as 32% [74]. Cordiner et al. [75] studied 

the integration of a downdraft gasifier with a SOFC in which woody material is used as 

the fuel. Electrical efficiency of the system was calculated as 45.8%. In the paper by 

Athanasiou et al. [76], integrated SOFC, steam turbine and gasifier system was studied in 

terms of thermodynamics. The electrical efficiency of the system was found to be 43.3%. 

Landfill gas fueled SOFC systems were studied by Vasileiadis and Ziaka-Vasileiadou 
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[77], and Liberati and Spazzafumo [78]. The first one studied the catalytic reforming and 

SOFC system; whereas the latter one studied the SOFC, reformer and gas turbine system. 

In the latter one, the overall electrical efficiency was calculated as 58%. The comparison 

of cold gas cleanup and hot gas cleanup systems to be used in biomass gasification and 

SOFC systems was done by Omosun et al. [14]. They chose co-current fixed bed gasifier 

for cold gas cleanup and fluidized bed gasifier for hot gas cleanup. After taking into 

account thermodynamic and economical considerations, they concluded that hot gas 

cleanup should be preferred. 

Exergy analysis provides more insight compared to traditional energy analysis. There are 

many studies in literature on the exergy analysis of different thermal systems [79-83]. 

Exergy analysis of SOFC based systems has also increased recently. In these systems, gas 

turbine, steam turbine and/or gasification system are generally integrated with SOFC. 

Ghosh and De [84] studied the thermodynamic analysis of an integrated gasification 

combined cycle with a high-temperature pressurized SOFC in the topping cycle and a 

single-pressure, non-reheat steam turbine in the bottoming cycle. In their study, they 

assumed a constant temperature for the SOFC. They neglected polarization losses. The 

results of their study showed that an overall efficiency above 54% is achievable for the 

combined cycle. The same authors studied the exergy analysis of the same system in their 

following paper [85]. They discussed the effect of pressure ratio and temperature on the 

exergy destructions and exergetic efficiencies at the system's components. Douvartzides 

et al. [86] studied the effect of operation parameters on exergy destructions and losses 

within an ethanol-fueled SOFC system including an external steam reformer, an 
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afterburner, a mixer, and two heat exchangers. The paper by Calise et al. [87] presents a 

full and partial load exergy analysis of a hybrid SOFC and gas turbine based power plant 

which consists of: an air compressor, a fuel compressor, several heat exchangers, a radial 

gas turbine, mixers, a catalytic burner, an internal reforming tubular SOFC stack, bypass 

valves, an electrical generator, and an inverter. The plant was simulated at full-load and 

part-load operations, showing energy and exergy flows through all its components and 

thermodynamic properties at each key-point. 

2.5.3 Current issues in SOFC models 

Some models found in the literature were compared in terms of the methodology for the 

modeling. The comparison is shown in Table 2.6. This table shows that the current 

models mostly focus on DIR-SOFC which is meaningful since the material of the anode 

catalyst and the temperature level of the SOFC are suitable for internal reforming. Gas 

mixture is used commonly as the fuel since one of the advantages of the SOFC is fuel 

flexibility and CO may be electrochemically oxidized at the anode. It is possible to find 

O-D to 3-D modeling techniques in the literature. However, it should be noted that even 

authors call their papers as 3-D; some components might be modeled as 1-D, such as 

PEN structure or fuel and air channels. It may be also seen from this table that most of 

the models use finite volume method, especially the 3-D models. In addition, radiation is 

not included in the modeling in general, and thermomechanical modeling is not used to 

investigate the internal stresses in the components of a SOFC in most of the studies. 
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Table 2.6: Comparison of planar SOFC models. 

Paper number 

Reference number 

Reforming 
Type 

Fuel 

Flow 
Configuration 

Dimensional 
Modeling 

Level of 
Modeling 

Dependence 
To Time 

Method of Modeling 

Balances Included 

Heat Transfer 
Considerations 

Thermomechanical 
Modeling 
Validation with 
Experimental Data 

External 
DIR 
1IR 
Hydrogen 
Methane 
Gas mixture 
Other 
Co-flow 
Counter-flow 
Cross-flow 
O-D 
1-D 
2-D 
3-D 
Cell 
Stack 
System 
Steady-state 
Transient 

FCV 
FDM 
FEM 

Energy 

Momentum 

Convection 

Radiation 

Yes 
No 
Yes 
No 

1 

[44] 
X 
X 

X 

X 
X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

2 

[88] 

X 

X 

X 
X 
X 

X 
X 
X 

X 

n/a 

X 

X 

X 

X 

X 

3 

[4] 
X 

X 

X 

X 

X 

X 

n/a 

X 

X 

X 

X 

4 

[8] 

X 

X 

X 
X 
X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

5 

[89] 

X 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

6 

[901 
X 

X 

X 
X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 
X 

7 

[42] 

X 

X 

X 

X 

X 
X 
X 
X 

X 

X 

X 

X 

X 

8 

[91] 
X 
X 

X 

X 

X 

X 
X 

X 
X 

X 

n/a 

X 

X 

X 

X 

X 

9 

[92] 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10 

[43] 

X 

X 

X 

X 
X 

X 
X 

X 

X 

X 

X 

X 

X 

The key findings of this review study may be given as follows: 

• Thermodynamic modeling (0-D modeling) of SOFC is well developed. However, 

effect of anode recirculation has not been significantly considered in previous models. 
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• Most of the studies use only common SOFC materials in their modeling. More studies 

are needed to compare the alternative materials in overall modeling to assess the 

effect of material on the efficiency and degradation of the cell. 

• Electrochemical modeling that relates the microstructure, geometry, material 

properties, and operating parameters with voltage drop is still under development. 

• Contact resistance between anode, cathode, and electrolyte is generally neglected. 

Theoretical models are needed to obtain more accurate results. 

• Carbon deposition problem is mainly prevented by sending external steam to the 

SOFC. There have not been significant studies on preventing the carbon deposition 

by recirculating the depleted fuel. 

• Literature lacks on the radiative properties for the materials used in SOFC in the high 

temperature level. Some experimental studies need to be conducted in this aspect. 

• In multi-dimensional models, not all the heat transfer and polarization modes are 

considered. Better models are needed to assess the performance of the cell and stack. 

• Finite element method is generally used in calculating internal stresses in the 

components of the SOFC in the literature. However, this method may be also very 

useful in heat transfer modeling of the fuel cell. 

• There is a need for more experimental works, which will provide data for validation 

of the models in this area. 

2.6 Summary 

Fuel cells are electrochemical devices that convert the energy in the fuel into electricity 

with high efficiency and low environmental impact. There are different types of fuel 
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cells, which differ from each other according to the type of electrolyte and fuel used. 

Among these different types, PEMFC, DMFC, AFC, PAFC, MCFC, and SOFC are the 

main fuel cell types. Currently, the main application area of fuel cells is niche 

applications. Other areas include military, transportation and stationary power and heat 

generation. 

SOFCs have taken significant attention from the researchers because of their advantages 

such as: being simpler in concept, internal reforming of gases, fuel flexibility (e.g. 

methane, higher hydrocarbons, methanol, ethanol, biomass produced gas, ammonia, and 

hydrogen sulfide) and efficient thermal integration with other systems (e.g. gas turbine 

and gasification). However, there are some challenges for construction and durability due 

to its high temperature. In addition, carbon can be deposited at the anode catalyst which 

should be prevented to maintain the proper operation of the cell. On the other hand, 

different SOFC types can be found in the literature. These types may be classified 

according to their temperature level, cell and stack design, type of support, flow 

configuration and fuel reforming type. 

Biomass fed SOFCs are one of the most promising energy technologies of the future 

since the merits of renewable and hydrogen energies are combined in them. Once 

appropriate gas cleanup and reforming systems are designed, the following fuel can be 

used in these technologies: ethanol produced from fermentation, biogas produced from 

anaerobic digestion, bio-oil produced from fast pyrolysis, and syngas produced from 

gasification. 
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In the literature, different types and levels of SOFC models are available. In cell and 

stack level, 0-D, 1-D, 2-D, and 3-D techniques may be chosen according to the purpose 

of the model. Transient modeling is used if any of the following or combination of them 

needs to simulated: heat-up, start-up, shut-down, and load change. Thermomechanical 

modeling mainly helps us to find the stresses inside the fuel cell due to the temperature 

gradients. Suggestions to prevent carbon deposition in the SOFC can be given conducting 

numerical studies. Finally, energy and exergy analyses can be applied to integrated SOFC 

systems to assess the performance of these systems. After carrying out a literature survey 

on SOFC modeling, the current issues in this area are identified. It is found that anode 

recirculation, which is especially useful for preventing the carbon deposition, has not 

been sufficiently considered in modeling. It is also found that better models including all 

the heat transfer and polarization modes are required to assess the performance of the 

SOFC. 
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CHAPTER 3 

SOFC MODELING 

3.1 Introduction 

The modeling of a SOFC necessitates knowledge from different disciplines such as 

thermodynamics, heat transfer, fluid mechanics, mechanical design, materials science, 

economics, etc. According to the purpose of modeling, different methods may be applied 

which are discussed in detail in the following sections. 

3.2 Thermodynamics of SOFC 

3.2.1 Basic definitions 

Fuel utilization ratio: It is the ratio of the amount of hydrogen that is electrochemically 

reacted to the amount of hydrogen in the inlet stream. It may be shown as 

= NH2,utnized ( 3 1 ) 

'"H2,inlet 

Air utilization ratio: It is the ratio of the amount of oxygen that is electrochemically 

reacted to the amount of oxygen in the inlet stream. It may be shown as 

TT OT,utilized 
U„ = • 

^02,Met (2 2) 
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Excess air coefficient: Instead of air utilization ratio, excess air coefficient may be used. 

It may be defined as the amount of the oxygen in the inlet stream divided by the amount 

of oxygen that is needed for a stoichiometric reaction. The divider is equal to the half of 

the amount of the hydrogen in the inlet stream. Hence, it results in 

2/V0 

K„ = ,, 2''ntet (3-3) 
"2,/ntet 

Using the fact N^ = {NH tlj d)/2 and combining Equations (3.1)-(3.3), the relation 

between these definitions becomes 

Uf=U0-Aoir (3.4) 

It should be noted that if the fuel is reformed internally at the anode catalyst, hydrogen 

produced by the reforming reaction(s) should be added to the term NH . 

3.2.2 Basic equations 

The electrochemical reactions occurring at the electrodes when using H2 as the fuel are as 

follows: 

At Anode: H2 + 02~ -> H20 + 2e~ (3.5) 

At Cathode: - 0 2 + 2e" -> 02~ (3.6) 
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Overall: H7 +-0-, -+H20 
2 

(3.7) 

Electric current, I, may be shown as 

I -2NH2,utilized 'F (3.8) 

where F is the Faraday constant, which is approximately equal to 96485 C/mol. 

The reversible cell voltage (Nernst voltage) may be shown as 

N 2F 2F 
ln\ 

H20 

•^o2/P° KP»2 

(3.9) 

Winkler [93] derived the Nernst (or reversible) voltage in terms of temperature, pressure, 

fuel utilization ratio and excess air coefficient for a SOFC operating with pure hydrogen 

as the fuel and air (21% O2, 79% N2) as the oxidant by considering the SOFC as a 

blackbox. Based on his derivation and assumptions, and instead of using excess air 

coefficient, if we use air utilization ratio; Nernst voltage may be shown as 

VN = 
- A g f ° RT 

2F IF 
•In 

Uf 
(3.10) 

( 1 - ^ ) -
1/0.21-Ua P° 

) H J 
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The actual cell voltage may be defined after calculating polarizations, which are defined 

in Section 3.3, as follows, 

V = VN-Vohm-Vact-Vcon (3.11) 

Power output of the cell may be found as 

WFC=I-V (3.12) 

The electrical efficiency of the cell is calculated as 

WFC 
>lel,cell=Vl ^ 7 ^ 7 ( 3 - 1 3 ) 

Nf,in,efLHV 

3.3 Electrochemistry of SOFC 

There are three types of polarizations in fuel cells, which are ohmic, activation and 

concentration polarizations. These are described in detail in the following sections. 

3.3.1 Ohmic polarization 

Ohmic polarization is caused by the resistance to the flow of oxide ions through the 

electrolyte and resistance to the flow of electrons. Ohm's law describes that there is a 

linear relationship between voltage drop and current density. 
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Vohm =(ASRcontact +ASRbulk)-i (3.14) 

where 

AWbu,k=Zpk-Lk (3.15) 

k 

Resistivities of the materials are determined by experiments. The bulk area specific 

ohmic resistance [ASRbulk) is calculated by using the values of the resistivities obtained 

empirically and the length of the electron and oxide ion paths using Equation (3.15). As a 

simplification in the macro-level models in the literature, the lengths of the paths that the 

conducting substances follow are generally taken as the thickness of the components of 

the cell assuming that they are conducting in the vertical direction. 

The contact resistance is generally neglected in studies because there is not a robust 

theoretical model to calculate this resistance in literature. One of the most significant 

studies to calculate and measure contact resistances in SOFC was carried out by Koch 

[94]. In his thesis, instead of measuring the contact resistance between different 

components made of different materials, contact pairs of identical materials are 

investigated to eliminate the influence of resistive phases formed because of chemical 

incompatibility between the two materials. Although, the results of his study do not 

reflect the case in SOFC, they are still very important. He found that the measured 

resistance for a ceramic contact is a sum of two contributions which are current 

constriction due to low contact area and interface resistance due to resistive phases or 
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potential barriers at the interface. For LSM (cathode material), the interface resistance 

generally dominates at low temperatures; and, for YSZ (electrolyte material), current 

constriction dominates at all investigated temperatures. 

The common materials used in a SOFC are as follows: Ni-YSZ for anode, YSZ for 

electrolyte, LSM for cathode and magnesium-doped lanthanum chromite for the 

interconnect. However, researchers tend to find other alternatives that will increase the 

performance of the SOFC. For example, the interconnect material is nowadays high 

chromium containing steel such as Crofer22APU or E-Brite. Researchers have put more 

efforts in finding the relation between the temperature and resistivity for YSZ since the 

resistivity of the electrolyte is much higher than other components. The temperature 

dependence of the resistivities is modeled by the Arrhenius equation or modified 

Arrhenius equation. To compare the different equations for the resistivity of SOFC 

components in literature, Equation (3.16) is formed. The coefficients of this equation are 

shown in Table 3.1 and Figure 3.1 for YSZ, and Table 3.2 for the other components. It is 

seen from Figure 3.1 that there is not a significant difference between different formulas 

found in literature for YSZ. The resistivity for anode material is on the order of 10", 

whereas this for cathode and interconnect materials is on the order of 10" for the 

temperature between 500 °C and 1000 °C. 

Ci+3T-exp 
fc >^ 

^ + Cs 
v 

c6 

(Q-cm) (T is in K) (3.16) 
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Table 3.1: Coefficients of Equation (3.16) to calculate the resistivity of electrolyte 
(YSZ). 

Author 

Bossel [95] 
Bessette II et al. [96] 
Ahmed et al. [97] 
Iwata et al. [98] 

Q 
0 
0 

0.3685 
0 

c2 

3.34xl02 

2.94 xlO-3 

2.838xl0"3 

10 

c3 

0 
0 
0 
0 

c4 

-10300 
10350 
10300 
10092 

Q 
0 
0 
0 

-7.9277 

Q 

-1 
1 
1 
1 

E 
u 
E 
O 

i/i
ty

 

^ 
(0 
to 
0) 
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Figure 3.1: Ionic resistivity of YSZ as a function of temperature. 

Table 3.2: Coefficients of Equation (3.16) to calculate the resistivity of other components 
made of common SOFC materials. 

Component 

Anode 
Cathode 
Interconnect 

Q 
0 
0 
0 

c2 

9.5 xlO5 

4.2x10' 
9.3 xlO4 

Q 
1 
1 
1 

Q 
-1150 
-1200 
-1100 

c. 
0 
0 
0 

c6 

-1 
-1 
-1 

Source: Bossel [95]. 
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3.3.2 Activation polarization 

The second type of polarization is activation polarization which is due to the sluggishness 

of the reactions. It is seen that different equations are used in literature to represent this 

polarization. From the most simple to the complex: a linear equation with constant 

coefficients, Tafel equation, and Butler-Volmer equation. The first two may be derived 

from Butler-Volmer equation with some assumptions. If we assume that charge transfer 

coefficient for anode and cathode is 0.5 and substitute this value in the Butler-Volmer 

equation, it takes the form as shown in Equation (3.17). 

RT , 
Vact=Vact,a+Vact,c=Y'S'mh 

f . \ 

\llo,aJ 

RT • u-1 
+ sinh 

< I ^ 

V2Vcy 
(3.17) 

3.3.3 Concentration polarization 

When gases at the channels diffuse through the porous electrodes, the gas partial pressure 

at the electrochemically reactive sites becomes less than that in the bulk of the gas 

stream. Hence, a voltage drop occurs which is called concentration polarization. If the 

microstructure is assumed not to be a function of position, this polarization may be given 

as follows [99]. 

V„ EL 
2F 

1-E *Ja 
2F

 D .W£ ; + -EL 
2F 

In 1 + TaL RT 
2F DaVv{a)PH

b
20 j 

(3.18) 
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W^^f-ln 
r02 

P-(P-p£2)exp 
RT Tc'c 

4F DcVmP 

(3.19) 

If the microstructure is taken to be a function of position, then the following 

modifications should be done to the Equations (3.18) and (3.19); 

DaK(a) 

DX{C) 

DJa 

\Vv(a)Jeff 

fTcC 

-Be!s—D 
>orrAx)dx a{eff) 

I o Vv{a){x) 

\Vv(c)J 

'crc(x)dx c(e//» 

(3.20) 

(3.21) 

eff 
oVvlc)(x) 

It should be noted that binary diffusion is assumed to be the dominant mode of gas 

transport in this approach. These equations do not include either Knudsen diffusion or 

surface diffusion of the adsorbed species. They are also only valid for hydrogen/water 

system at the anode. 

3.4 Exergy Destructions in a SOFC 

Entropy is generated due to polarizations in fuel cells. Entropy generation rate may be 

written as follows after combining first and second laws of thermodynamics. 
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1/1/ - 1 / 1 / , / • OA, - V) 
V« = = (3-22) 

'o ' o 

Entropy generation rate per molar flow rate of hydrogen that is utilized may be shown as 

sgen. It may be calculated as follows. 

Sgen _[2-NH2M!ized-F.(VN-V)\/T0 

* » H _ nlili-riy/1 * * H2,titilized H2,utilized / o yi\ 

Using the definition of polarizations in fuel cells, Equation (3.23) may be shown as 

s =2-F-(Vohm+Vact+Vcon) 

T0 

Specific exergy destruction in a process may be shown as Equation (3.25) which is also 

known as Guoy-Stodola theorem. 

eD=T0sgen (3.25) 

Combining Equations (3.24) and (3.25), specific exergy destruction may be shown as 

eD=2-F-{Vohm+Vact+Vcon) (3.26) 
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3.5 Thermodynamic Modeling of Direct Internal Reforming SOFCs Operating With 

Syngas 

The purpose of this study is to develop a thermodynamic model of a SOFC taking into 

account the internal reforming processes and recirculation of the depleted fuel stream. 

The SOFC is modeled using the principles of thermodynamics and electrochemistry. 

A unit cell is shown in Figure 3.2. The operation principle of the cell is as follows: 

Syngas (state fl) mixes with recirculated gas mixture (state f2) and the mixture enters the 

fuel channel (state f3). Steam reforming of methane, water-gas shift and electrochemical 

reactions occur simultaneously at the fuel cell. The gas mixture exiting the fuel channel 

(state f4) has generally high water content; hence some portion of it may be recirculated 

especially for preventing the carbon deposition. The remaining depleted fuel (state f5) 

exits the SOFC. The oxidant (state al), which is air, flows through the air channel. The 

oxygen molecules in the air react with the electrons. Oxide ions are produced at the 

cathode and they diffuse to the anode through the electrolyte. The gas mixture, having 

less oxygen content than the air entering, exits the air channel (state a2). Electric current 

is produced by the flow of electrons and it effectuates work on the load. 

3.5.1 Modeling technique 

In the modeling, exit gas composition is first derived in terms of molar flow rates of gas 

species at the inlet, recirculation ratio, fuel utilization, and extents of the chemical 

reactions. Then, the extents of the chemical reactions and mass flow rate of fuel at the 

inlet are calculated solving the chemical equilibrium relations and the relation between 
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the electric current and the molar flow rate of hydrogen utilized. After finding these 

variables, air utilization ratio is calculated solving the energy balance of the fuel cell. 

Hence, cell voltage, power output, and electrical efficiency of the cell are calculated. 

' ' 

fl 13 

al 

4 

FUEL CHANNEL 

ANODE 

ELECTROLYTE 

CATHODE 

AIR CHANNEL 

a 

n e 

" r 

# € 

LOAD 

82 

Figure 3.2: Schematic of the DIR-SOFC with anode recirculation. 

The following assumptions are made in the analysis: 

• Syngas consists of the following gas species, i = {CH4, CO2, CO, H2O, H2, N2} 

• Air consists of 79% N2 and 21 % 02 . j= {02, N2} 

• Fuel cell operates at steady state. 

• Gas mixture at the fuel channel exit is at chemical equilibrium. 

• Pressure drops along the fuel cell are neglected. 

• Temperature at the channel inlets is same (Ty = Tf3 = Tgl). Also, temperature at the 

channel exits is same (T2 = Tf4 =Ta2). 

ffuel 
a: air 
1..5: states 
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• Temperature of the solid structure is midway between the inlet and exit temperatures 

[14]. 

• Fuel cell is insulated, and there is no thermal interaction with environment. 

• Only hydrogen is electrochemically reacted. CO is converted to CO2 and H2 by water-

gas shift reaction. 

• Contact resistances are ignored. 

• Radiation transfer between solid structure and gas channels is ignored. 

3.5.2 Calculation of the gas composition at the fuel channel exit 

Here the first step is the calculation of the equilibrium gas composition at the fuel 

channel exit. The equations in terms of total molar or mass flow rate of gas species at 

state ' f l ' are derived. Since it is more convenient to adjust the mass flow rate for a 

system operator, the equations are given in terms of mass flow rate of state ' f l ' . In this 

regard, the molar flow rate of gas species at state ' f l ' may be written in terms of mass 

flow rate as 

N'n=x'fi J L ~ (3-2 7) 

The states 'f2', 'f4' and 'f5' have the same molar compositions. The composition of gas 

species at these states is shown byx^4 eq. Then, the molar flow rate of gas species at the 

state ' f i ' becomes 
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N'f3 -A/}, +N'f2 =N'fl+x'fA„ -Nf2 =N'fl+x'f4ieq -{r-NfA) (3.28) 

In Equation (3.28), the recirculation ratio, r, is defined as 

Nn mf2 
r = ̂ - = —^- (3.29) 

A//4 mfA 

The steam reforming reaction for methane, water-gas shift reaction, and electrochemical 

reaction, which are shown in Equations (3.30)-(3.32), respectively, occur simultaneously 

at the cell as follows: 

CHA + H20 <^CO + 3H2 (3.30) 

CO + H20++H2+C02 (3.31) 

H2+-02^H20 (3.32) 

Let the extents of reactions shown by Equations (3.30)-(3.32) be a, b and c, respectively. 

The molar flow rate of state 'f4' is given as 

N'fA=N'f3+d' (3.33) 

where 
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dCH4=-a (3.33.1) 

d"2° =-a-b+c (3.33.2) 

dco=a-b (3.33.3) 

dC02=b (3.33.4) 

dH2=3a + b-c (3.33.5) 

dNl =0 (3.33.6) 

Here, c is the molar flow rate of hydrogen utilized in the fuel cell which can also be 

defined as follows: 

c = (NH
fl +3a + b)-Uf (3.34) 

We obtain the following equation by summing molar flow rate of gas species at state 'f4' 

by using Equations (3.33)-(3.33.6) and combining with Equation (3.28): 

N'f3=N'fl+x'fAieq-r.(Nf3+2a) (3.35) 

The total molar flow rate of state 'f3' is given as 

A/f1 +2ar 
Nf3=-£ (3-36) 

1-r 
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Combining Equations (3.33)-(3.33.6), (3.35) and (3.36), the equilibrium molar gas 

composition at the fuel channel exit results in 

<f*'eq Nf4 Nfl+2a 
(3.37) 

The molar flow rate of hydrogen utilized, c, is redefined by combining Equations (3.33.5) 

and (3.34)-(3.37) as 

l»2 [N"fl +3a + b)-Uf 

l-r + r-Uf 

(3.38) 

Hence, using Equations (3.33)-(3.33.6), (3.37), and (3.38), the equilibrium gas 

composition at the fuel channel exit is found as 

CH4 _ "71 

{f4,eq 

A/™4 -a 

<C0 

<C°2 

Nfl + 2a 

(NH
fl +3a + b) 

Nfl + 2a 

Nc
f°+a-b 

Nfl+2a 

Nc°2 +b 

({l-r)(l-Uf)°) 

{l-r + r-Ufj 

Nfl+2a 

(3.39) 

(3.40) 

(3.41) 

(3.42) 
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N"ff + 

(f4,eq - ' 

KIH-

-a-b + 
(N]l +3a + b)-Uf 

l-r + r-Uf 

Nfl + 2a 
(3.43) 

C/4,eq 

NNr2 
, v / l 

Nfl+2a 
(3-44) 

Here, a, b, and molar flow rates of gas species at state ' f l ' which are a function of rinfl 

are unknown. We need three equations to be solved simultaneously to find a, b andm/:L. 

These are the chemical equilibrium equations corresponding to the steam reforming and 

water-gas shift reactions, and the relation between electrical current and molar flow rate 

of hydrogen utilized; which are shown in Equations (3.45)-(3.47), respectively. 

Kstr=ex9[-Ag;/RT2y-^ ( X f 4 . e a ) ' ( X f 4 . e a ) 

lx"2U )(xCH/i ) VP°J 
(3.45) 

ix \ A - ° IDT 1 ' X / 4 , e q ) ' ( X / 4 , e q ' 

Kwg5 =exp[-Ags /RTZ\= 
\xf4,eq >\xf4,eq' 

(3.46) 

l = j.A = 2Fc = 2F 
(Nf\ +3a + b)-Uf 

1-r + r-U, 
(3.47) 

The temperature dependent equilibrium constant is solved by the method in which the 

change in Gibbs free energy of the reactions is used. However, equilibrium constants for 

steam reforming and water-gas shift reactions may also be found by using a simple 

relation and equilibrium constant coefficients [95]. On the other hand, instead of doing 
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calculations based on equilibrium constant, a more direct procedure which is based on 

minimization of the total Gibbs free energy may be used. In this method, it is not 

necessary to know the chemical reactions. Only, gas species that are present in the 

system, moles of species in the initial unreacted state, temperature and pressure should be 

known to calculate the equilibrium composition. Solution is found by using Lagrange 

multipliers. Further information on this may be found in the book by Perry and Green 

[100]. 

3.5.3 Calculation of the output parameters 

The cell analyzed in this study is assumed to have adiabatic boundary conditions, and the 

heat produced in the cell is carried away by sending excess air. This excess air is 

controlled by the air utilization ratio, which depends on the cooling necessity of the fuel 

cell. 

The molar flow rates of gas species at the air channel inlet and exit are defined as 

follows: 

Nol=~r- (3-48) 
2-U0* 

A / ^ = - ^ - — = — • — (3.49) 
01 2-U 21 42 U 

*- ^ ox £-J- ^<- '-'ox 

* 2 =^-c~=c-
1-U„ 2 2 

1 -1 
VUox J 

(3.50) 
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79 c 
*o2 Noi =~-^~ (3-51) 

42 Uox 

The gas composition at the air channel exit can be calculated as 

x g = ^ = _ J L ^ S E _ (3.52) •h — o Z _ •*• "ox 

No2
 _ 100/21- t ; o x 

xN
al=l-x°l (3.53) 

Here, the enthalpy flow rate of state 'fl' is calculated using an energy balance around the 

control volume enclosing the junction point by Equation (3.54). The temperature of this 

state is then found by iteration. 

Hfi=XN'fi •hi{Tx) = i:Ni
f3-h

i{Ty)-Y,Nl
n -WlJt) (3.54) 

For the insulated fuel cell, the energy balance around the control volume enclosing the 

fuel cell is written as 

I.N'n -h1 +I.NJ
al-h

J =WFC +T.N'fs-h' +ZNJ
a2 -h

J (3.55) 

In Equation (3.55), the work output term can be written using Equations (3.11) and 

(3.12), which depend on Nernst voltage and polarizations: ohmic, activation, and 
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concentration. The relations for Nernst voltage and these polarizations are given in 

Equations (3.9) and (3.14)-(3.21). 

Here the air utilization ratio is calculated through an iterative solution method using 

Equation (3.55). After obtaining air utilization ratio by iteration, terminal voltage, power 

output, and electrical efficiency of the cell are found using Equations (3.11)-(3.13), 

respectively. 

For the solution, a code is written in MathCAD. The flowchart of the MathCAD code 

used for the solution of the model is shown in Figure 3.3. 

3.6 Carbon Deposition Modeling in Direct Internal Reforming SOFCs 

Due to using fuel containing carbon, there is a possibility of carbon deposition in a 

SOFC. The carbon deposition problem should be prevented because it results in the 

growth of carbon filaments that are attached to anode crystallites, which generate massive 

forces within the electrode structure and, thereby, result in its rapid breakdown [9, 101]. 

Depending on the fuel, there might be different mechanisms causing carbon deposition. 

For example, if we take methane and carbon monoxide as the fuel, the following three 

reactions are the most possible ones for the formation of carbon. 
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Constants 

M1, R, F 

Data and equations 
to calculate the 

thermodynamic 
properties 

Define:Ty,Ts,N'n( mfl), 

No 

H Initial guesses for: a, b, mfl 

Solve Equations (3.45), (3.46) and 
(3.47) using Given-Find block. 

Give constraints: x'eq > 0, A > 0. 

6 > 0, mn > 0 

Did the Given-Find 
block give a solution? 

Yes 

Define: N'f2, N'f3, Hn, xi2(U0X), VN(U 
ox ) J

 CTc 5 CTa 5 CTe J 

P c ' Pa » P e J *ohm > "acf » ^concV^-'ox / •> ^ cell (^ ox I •> 

Wcell(Uox), N'f5, NJ
a\(U0X), NJ

a2(U0X) 

No 

*\ Initial guess for: U0 

Solve Equation (3.55) using Given-Find block 

Did the Given-Find 
block give a solution? 

Yes 

Uox > Vcell i Wcen , 77e/|Ce// 

Figure 3.3: Flow chart of the MathCAD program. 
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CHA z± C(s) + 2H2 

2C0 ^ C02 + C{s) 

CO + H2 ^C{s)+H20 

(3.56) 

(3.57) 

(3.58) 

Steam-to-carbon ratio is one of the major parameters influencing the carbon deposition 

possibility. This ratio is generally adjusted by sending sufficient amount of water vapor 

from an external source to prevent carbon deposition. Another way of adjusting the molar 

composition of the inlet is recirculating the depleted fuel at the fuel channel exit, which 

has high water vapor content, to the fuel channel inlet, as shown in Figure 3.4. 

Depleted 
fuel 

\\\ ' ^ 

Depleted ^s 
air 

Recirculated 
fuel 

Figure 3.4: Schematic of a repeat element of a SOFC with anode recirculation. 
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3.6.1 Carbon deposition boundary 

Considering equilibrium thermodynamics, carbon deposition possibility at a certain 

temperature and pressure may be determined for all possible variations of C-H-0 

systems. In the determination of the carbon deposition boundary, C-H-0 triangular phase 

diagrams are generally used, which is first introduced by Cairns and Tevebaugh [102]. In 

their study, they considered six species to be in chemical equilibrium which are H2O, 

CO2, H2, CO, C, and CH4. According to the phase rule, F=(C+P-2), six degree of freedom 

are needed. These are selected as temperature, pressure, one material balance constraint 

and three equilibrium constant equations. The material constraint is selected as one mole 

of total reactants containing a fixed O/H ratio. In the study by Broers and Treijtel [103], 

instead of O/H ratio as the constraint parameter, the partial pressure of one of the gas 

species is used. Based on these two papers [102, 103], the carbon deposition boundary is 

determined with a more current thermodynamic data and a different solution method. 

Three reactions needed to represent the equilibrium between gases are selected as steam-

reforming reaction, water-gas shift reaction, and cracking of methane reaction. Using the 

JANAF thermochemical tables [104], change of Gibbs free energy of formation of the 

chemical species are obtained for various temperatures; and using Equation (3.59), 

equilibrium constants for the selected reactions are calculated. Table 3.3 shows the 

chemical equilibrium constants of the following reactions: steam reforming reaction, i.e. 

Equation (3.30), water gas shift reaction, i.e. Equation (3.31), cracking of methane 

reaction, i.e. Equation (3.56), Boudard reaction, i.e. Equation (3.57), and shift reaction for 

carbon, i.e. Equation (3.58). 
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/C(T) = exp 
I RT J 

(3.59) 

Table 3.3: Chemical equilibrium constants of reactions. 

T(K) 
800 
900 
1000 
1100 
1200 
1300 
1400 
1500 

Kstr 

0.03096 
1.29752 

26.27617 
311.63685 
2463.98168 
14224.63263 
64018.71788 
235779.25236 

J^-wgs 

4.23010 
2.30504 
1.43813 
0.98837 
0.72956 
0.56841 
0.46162 
0.38736 

Km 

0.72762 
3.16266 
10.42663 
27.98823 
64.19021 
130.16993 
239.28786 
406.29556 

Kb 
99.40913 
5.618433 
0.570664 
0.088766 
0.019006 
0.005202 
0.001725 
0.000668 

Ĵ -src 

23.50044 
2.43746 
0.39681 
0.08981 
0.026051 
0.009151 
0.003738 
0.001723 

Let's assume the partial pressures of the gases at the equilibrium as: PCHA =a ,PCOi = j3, 

Pco=d» ?H o ~£ andPH = C, in atm. If we fix the partial pressure of methane and solve 

Equations (3.60)-(3.63) simultaneously, we may calculate the partial pressure of the gases 

at equilibrium for a fixed partial pressure of methane. 

Kstr ~ 
8-C 

a-s 

K =tt_ 
was c-

OS 

Km = 
a 

a+fi+S+£+£=P 

(3.60) 

(3.61) 

(3.62) 

(3.63) 
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For the solution, Mathcad's 'Given-Find block', which can solve a set of nonlinear 

equations effectively, is used. First, the initial guesses for the partial pressures of CO2, 

CO, H2O, and H2 are given. The program solves the equations shown above for a given 

partial pressure of CH4 and finds the partial pressure of the gases. Then, the partial 

pressure of CH4 is changed between the values for which H ratio and O ratio become 

approximately zero. The atom ratios of C, H, and O are shown in Equations (3.64)-(3.66). 

a + P + 8 

5a + 3/3 + 2S + 3£ + 2<Z 

0 ip+d+s 
5a + 3j3 + 2S + 3s + 2£ 

H=l-C-0 

Using the set of data obtained by solving the equations shown above with changing the 

partial pressure of methane, carbon deposition boundary can be formed and shown in a 

C-H-0 triangular diagram. If a given composition is above the boundary (towards the C 

vertex), then there is carbon deposition in the system. If the composition is below the 

boundary, then it may be interpreted that there is no risk of carbon deposition from the 

viewpoint of thermodynamics. 

3.6.2 Calculation of gas composition at the fuel channel inlet 

In this section, thermodynamic model to assess the performance of a DIR-SOFC, which 

is presented in Section 3.5, is improved to include the carbon deposition problem. In this 

model, gas composition at a location very close to the inlet which is at a thermodynamic 
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equilibrium is first found. This location is labeled as 'f6' in Figure 3.5. If we assume that 

local fuel utilization ratio is approximately zero at this location, only steam reforming and 

water-gas shift reactions occur. The gas composition at this location may be calculated as 

follows. 

O 

1 r 

f1 f3 

. al 

1 
1 
1 '""""" 
1 
9 

4 

FUELCHANNEL 

ANODE 

J ELECTROLYTE 
! CATHODE 

i 
AIRCHANMEL 

u 

f4 

•^ .n. 

a2 

15 

1 LOAD 

f f u e l 
a: air 
1...6: states 

Figure 3.5: Schematic of a SOFC. 

CH4 
(f6,eq 

N / 3 

Nf3+2e 
(3.67) 

( 2 = 
NH

f
2

3+3e + f 

Nf3+2e 
(3.68) 

<c° N%+e-f 

Nf3+2e 
(3.69) 

co2 
(f6,eq Nf3+2e 

(3.70) 
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H0 N%°-e-f 
*'- = ~^T ( 3 ' 7 1> 

Nil 

where 

f r \ 
N'f3=N'fi +*'«, -(Nfi + 2°) (3-73) 

yi-rj 

The extents of the reactions, e and f, can be found by solving the equilibrium reactions 

for steam reforming of methane and water-gas shift reaction simultaneously. Hence, the 

gas composition at state 'f6' is found. 

3.6.3 Carbon activities 

The equations given in Section 3.6.2 are valid when there is no carbon deposition at the 

inlet and exit of the fuel channel. Hence, if the carbon activities at the inlet and exit are 

both less than 1, these equations can be used to estimate the gas composition and it means 

that there is no carbon deposition risk in the viewpoint of equilibrium thermodynamics. 

The carbon activity can be found from one of the following equations since they give the 

same results for the equilibrium at state 'f6'. 
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_Km-x™* 
' c 4 acA = '™ f? (3.74) 

W 

vk0)2 

.COz ° c 5 - ' \?' (3-75) 
X e , 

K • xco • xHl 

_ nsrc Aeq Aeq .,, „,-. . 
° C 6 - -M ( 3 - 7 6 ) 

Xeq 

3.7 Transient Heat Transfer Modeling of SOFC 

In the transient modeling of a SOFC, it is possible to carry out simulations of heat-up, 

start-up, shut-down, and load change. In this section, modeling of heat-up and start-up 

stages are covered. In the heat-up stage, air is sent through the air channel until the solid 

reaches a prescribed temperature, which is sufficient to produce a meaningful amount of 

power. As the heat-up stage ends, start-up stage begins. In the start-up stage, air and fuel 

are continuously fed to the cell until the system reaches steady state. 

Quasi 2-D transient heat transfer models of the following configurations of planar SOFC 

are developed: 1) co-flow SOFC operating with humidified hydrogen, 2) counter-flow 

SOFC operating with humidified hydrogen, 3) co-flow DIR-SOFC operating with syngas 

consisting of CH4, H2, CO, C02, H20 and N2, 4) counter-flow DIR-SOFC operating with 

syngas consisting of CFLt, H2, CO, C02, H20 and N2. 
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The objective of this study is to model the heat-up and start-up stages for four different 

types of SOFC listed above and investigate the transient and steady-state behavior of 

these SOFC. It is intended to develop a better model considering all heat transfer modes 

namely, conduction, convection and radiation, and all polarization modes, ohmic, 

activation and concentration. 

3.7.1 Modeling technique 

The first step in the modeling of a SOFC is the formulation of the system considered 

together with the specification of the control volumes, and the coordinates. For this 

reason, the repeat element of a SOFC, found in the middle of a stack, is divided into five 

control volumes: anode interconnect, fuel channel, PEN (consisting of anode, electrolyte 

and cathode), air channel, and cathode interconnect. The Cartesian coordinate system is 

selected for all the control volumes given their specific geometry. Then, the general laws, 

e.g. conservation of mass, energy, and momentum, the particular laws, e.g. the relation 

between the cell voltage and polarizations, and the initial and boundary conditions are 

written for each of these control volumes. 

In modeling, instead of solving the conservation of momentum, some simplifications are 

made assuming fully developed laminar flow conditions. This assumption is well justified 

since the gases flow with low velocity, which is required to obtain a high fuel utilization 

ratio. Under these flow conditions, the Nusselt number becomes a single function of the 

aspect ratio for rectangular ducts. This derivation is based on solutions of the differential 

momentum and energy equations for different boundary conditions [105]. Equations 
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(3.77) and (3.78) show the Nusselt number as a function of aspect ratio for specified wall 

temperature and specified axial wall heat flux, respectively. The change of Nusselt 

number with aspect ratio (a) is also shown in Figure 3.6. 

NUn 7.541-(l-2.601a + 4.970a2 -5.119a3 + 2.702a4 -0.548a5) 

9 
8 
7 
6 

3 5 
z 4 

3 
2 
1 
0 

V vluT 

NUH 

i 
l<- ->\ 

(3.77) 

NuH = 8.235 • (l -2.0421a + 3.0853a2 -2.4765a3 + 1.0578a4 - 0.1861a5) (3.78) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Aspect ratio (a/b) 

Figure 3.6: Nusselt number as a function of aspect ratio for fully developed laminar 
flow. 

There is a discrepancy in the literature about how some of the input and output 

parameters of SOFC models are selected. Parameters such as average current density, 

fuel utilization ratio, cell voltage, and mass flow rate of the channel inlets may be chosen 

as input or output according to the purpose of the model. In the present model, the cell 

voltage, which is assumed to be equal at the top and bottom surfaces of the interconnect, 

the Reynolds number at the fuel channel inlet that controls the fuel mass flow rate, and 

the excess air coefficient that determines the mass flow rate at the air channel inlet are 
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taken as input parameters. Other input parameters selected in this study are: the cell 

geometry, the properties of materials, the ambient temperature, the molar composition at 

the fuel and air channel inlets, the mass flow rate of air for the heat-up stage, and the cell 

pressure. The expected outcome parameters of the model are: the heat-up and start-up 

time, the fuel utilization ratio, the current density, the temperature and molar gas 

composition distributions, and the power output and electrical efficiency of the cell. 

The strategy followed for the modeling of the heat-up and start-up stages is as follows. In 

modeling the heat-up period, only the heat transfer equations are solved since there is no 

fuel flow taking place in the fuel channel. At this stage, the temperature of the air channel 

is controlled so as not to cause excessive thermomechanical stresses [106]. The minimum 

solid temperature of the cell is calculated for each time step, and the air channel inlet 

temperature is set to Tmin)SOiid+100 °C for the subsequent time step. In modeling the start

up period, the temperatures of the air and fuel channel inlets are kept constant, and mass 

balances are first solved for air and fuel channels for each time step. In this solution, the 

relation between the cell voltage and the polarizations (ohmic, activation, and 

concentration), chemical equilibrium relation for water-gas shift reaction, and chemical 

kinetics of steam reforming reaction are taken into account. The molar flow rates and the 

composition of the gas species, and current density distribution through the gas channels 

are determined after the mass balances are obtained. Using these data and the temperature 

distribution obtained from the previous time step, heat transfer equations are applied to 

each control volume. Considered in the heat transfer equations are conduction between 

PEN and interconnects, natural convection in the heat-up stage, forced convection in the 
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start-up stage, and surface-to-surface radiation between the PEN and interconnects. 

Hence, the temperature distribution in a given time step is calculated, and the iterations 

are repeated until the absolute temperature difference between the two consecutive time 

steps for each node becomes less than the threshold value. This value is chosen as 10"4, 

which is low enough considering the operating temperature of the SOFC, in this study. 

The second step in the modeling is the solution of the modeling equations. Among the 

different numerical solutions, e.g. finite difference, finite volume, and finite element, 

finite difference method is used in this study because this method is straightforward for 

orthogonal grids. In applying this method, spatial and temporal domains are divided into 

several sections, which is also called meshing. After generating the mesh, finite-

difference approximations are substituted for the derivatives to convert the partial 

differential equations to an algebraic form. Then, a computer code, which is capable of 

solving the system of equations in an efficient way for different input parameters, is 

developed. In this thesis, the code for the heat transfer model of SOFC is developed in the 

Matlab. 

Final step of modeling is validation. In general, this may be accomplished through 

conducting experiments or in the case of lack of facilities, gathering the results of 

experimental studies found in the literature. However, if no experimental results are 

found in the literature, the results of numerical or analytical solutions of other authors' 

may be used for comparison. In this study, due to lack of experimental results in the 

80 



literature, the results of the SOFC benchmark test and Braun's model [107, 108] are used 

for validating the model. 

3.7.2 Modeling equations for co-flow DIR-SOFC operating with syngas 

Continuity and heat transfer equations are applied to the control volumes, e.g. 

interconnects, PEN, and gas channels. These equations are shown in Section 3.7.2.1. 

Dimensionless numbers used in these equations and the numerical solution are shown in 

Section 3.7.2.2. The output parameters of the model are shown in Section 3.7.2.3. 

3.7.2.1 Governing equations 

In a DIR-SOFC, steam reforming reaction, Equation (3.30), water-gas shift reaction, 

Equation (3.31), and electrochemical oxidation of hydrogen, Equation (3.32) occur. 

Based on these reactions, the continuity equations at the fuel channel are shown below. 

The transient terms are neglected because gases come to steady state very quickly. 

dhL -r" 

dx tfc 

-J± = ̂  + Ah: LeL (3.80) 
dx tfc tfc 

-j ' rr 'ft 

^ = ^ - A h m
w g s (3.81) 

dx tfc 

- ^ = A/i:gs (3.82) 
dx 
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dh"Hn -t\ 
H2(J i str 

dx tfc 

dhk =0 

r" 
AJ.m , el (3.83) 

(3.84) 
dx 

The steam-reforming reaction is kinetically controlled. The rate of conversion for this 

reaction is given in Equation (3.85) [88]. The rate of conversion for electrochemical 

reaction depends on the current density, which is shown in Equation (3.86). Water-gas 

shift reaction is assumed to be in chemical equilibrium. 

f -8 .2xl0 4 ^ | 
r5;=4274-PCH4-exp 

RxT 
(3.85) 

%=^ (3-8 6) 

The continuity equations at the air channel are as follows: 

dx tac 

(3.87) 

dh"„ 
— ^ = 0 (3.88) 

dx 

The chemical equilibrium relation for water-gas shift reaction is solved together with the 

relation between the Nernst voltage and the polarizations, which is shown in Equation 
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(3.11). The equations for the Nemst voltage and the polarizations are shown in Equations 

(3.9) and (3.14)-(3.21), respectively. The terms in Equation (3.11) depend on the 

temperature of the solid, pressure, gas composition, and current density. 

Solving the equations given above, the current density and the volumetric molar change 

of water-gas shift reaction are found. Hence, we can calculate the molar flow rate and 

molar composition of gas species through the gas channels. After solving the continuity 

equations together with the equations related to chemical and electrochemical relations, 

heat transfer equations are solved. These equations and their associated initial and 

boundary conditions are given below. 

The 2-D transient heat diffusion equation for the cathode interconnect can be written as 

follows: 

1 8T * & (3.89) 
2 a. .2 aci dt dx dy 

The boundary and initial conditions for the cathode interconnect can be given as follows: 

X = 0 & X = /. = > — = 0 (3.89a) 
dx 

y = 0=>— = 0 (3.89b) 
dy 
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y=tci 

-k« ~ = -^\K,a -(Tci -Ta) + hri0 -(Tci -Tpen)\+ 
fy wsond 

r ,„ \ w gas 

V W solid J 

t=o => r=r, 

kci-
(Tci TPEN) (3.89C) 

(3.89d) 

The transient heat transfer equation and the boundary and initial conditions for the air 

channel are shown below. 

BL + yJLt^ ^ hcATpEN-TahhcATci-Tahtt/iyh. 

dt+idx 
dT d (.„ r-\ 02 - ™ solid I ™ gas 

x = 0 
T = f(t)(Heat-up) 

T = TW ac (Start-up) 

(3.90) 

(3.90a) 

r = 0=> 7 = 7o+100°C (3.90b) 

A 2-D transient heat diffusion equation for the PEN can be written as follows: 

1 dT dlT 5 T 1 
2 +

 a 2 + i- ^ p f w 
aPEN dt d* fy ki 

(3.91) 
PEN 

The boundary and initial conditions for the PEN can be given as follows: 

x = 0& x = L = > — = 0 
dx 

(3.91a) 
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y = tci+tac 

dT w 
KpEN ' ~ ~ ' ["c,a ' V'PEN 'a) + "r,a ' \'PEN 'ci >\+ 

fy wsond 

y^tci+tac+tpEN^ 

' kpEN ' ~ = ~ V'cj ' WPEN ~ Tf) + hr f • (TPEN - Toi )J+ 

( M , ^ w gas 

V W solid J 

\'PEN 'ci I 

(3.91b) 

f ... \ 

fy wsolid 

w gas 

V W solid J 

\'PEN 'ai I L '''PEN 'ai' 

lfc 

r = o^r=r„ 

(3.91c) 

(3.9 Id) 

The volumetric heat generation term, q"EN, becomes 

QPEN 
I A H \ - W ; 

'•PEN 

where electrical power output per area may be given as 

(3.9 le) 

w:,=i-v. el ~' vcell (3.9 If) 

Thermal conductivity and volumetric heat capacity of PEN can be calculated using 

Equations (3.91g) and (3.91h), respectively. 

KpEN — 

ta-ka+te-ke+tc-kc 

lPEN 

(3.91g) 
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^ L = V K l + t ' V ' l + t ' K l C3.9110 'PEN t 
LPEN 

The transient heat transfer equation and the boundary and initial conditions for the fuel 

channel are shown below. 

'*•'.•* "aF+?a;fr-*<)= 
gas 

dt idx 

hcjVai - T f ) + h c , f VPEN - Tf ) + fe ''prod ' ̂ prod ~ I 'react ' ̂ react )' w solid IW 

he 

(3.92) 

x = 0 => 7 = Tw_fc (Start-up) (3.92a) 

t = 0=> T = T0 (3.92b) 

where hc,f is the heat transfer coefficient and represents the natural convection and forced 

convection in the heat-up and start-up stages, respectively. 

The 2-D transient heat diffusion equation for the anode interconnect can be written as 

follows. 

1 dT d2T d2T 
2 a..2 aai 8t dx2 dy 

(3.93) 

The boundary and initial conditions for the anode interconnect can be given as follows. 
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x = 0 & x = /. = > — = 0 (3.93a) 
dx 

y = tci+tac+tpEN+tfc 

dT waas r „ _ . . , . . ,1 f . w, 
-kai ~ = - S 5 - [ / i C J [ -(To, ~7>)+ /!,./ -(Tai -TPEN)U 1 

\ 
gas 

5y wsolid l M/SO//( so//d y 
lfc 

(3.93b) 

/ = t* + toe + tpf/v + t/c +10/ =* — = 0 (3.93c) 

t = 0=> V = T0 (3.93d) 

5.7.2.2 Dimensionless numbers 

The Reynolds number is a dimensionless number that is generally used to characterize 

the flow regime: laminar or turbulent. In a fully developed internal flow, the critical 

Reynolds number corresponding to the onset of turbulence is given approximately as 

2300 [109]. If the Reynolds number is less than this number, we can consider the flow as 

laminar. For example, Reynolds number for the fuel channel inlet is shown in Equation 

(3.94). Please note that the fuel channel has a rectangular cross section, and hydraulic 

diameter is used in the definition of Reynolds number due to this reason. In the present 

model, this number is given as input. Hence, using this number, mass flow rate of the gas 

mixture per cross section of the fuel channel at the inlet can be found. 

ml -{2-tfr - M / „ „ J 

Vmix-Vfe+Wgas) 
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We can write Equation (3.94) in terms of molar flow rate of the gas species at the fuel 

channel inlet, as shown in Equation (3.95). Here, k denotes CH4, H2, CO, CO2, H2O and 

N2. 

ReD = - ^ m'x ) fc ^ (3.95) 
" Xk,fi-Mmix-{tfc+wga5) 

Excess air coefficient, as defined in Section 3.2.1, is another input parameter of the 

transient heat transfer model. This coefficient is used to calculate the molar flow rate of 

gas species per cross section of the air channel at the inlet as follows: 

_ n02,ai foe 

™ " ( 2 - ^ + ^ / 2 + ̂ / 2 ) ' tfc 
Kir = t — * • — (3-96) 

Nusselt number is the dimensionless temperature gradient at the solid-gas surface. It is 

used to calculate the convective heat transfer coefficient in the model. This number is 

shown below: 

Nu = ̂ ^ - (3.97) 

In the numerical solution, Biot number and Fourier number, which are shown in 

Equations (3.98) and (3.99), respectively, are used. Using the Biot number, the 
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temperature drop in the solid can be compared to the temperature difference between the 

surface of the solid and the fluid. Fourier number is a dimensionless time used in 

transient heat transfer problems. 

Bi = 

Fo = 

h-L 

k 

a-t 

Lc
2 

(3.98) 

(3.99) 

3.7.2.3 Output parameters 

Using the modeling equations shown above, the output parameters can be calculated. 

These parameters are fuel utilization, power density, power output, and electrical 

efficiency of the cell. 

Fuel utilization, which is defined in Section 3.2.1, is modified for the case where syngas 

is used as the fuel and it can be calculated using 

m . . 

^^•{Ax-wsolid) 

f I 4 • n'cHA.fi + "H2,fi + "C0.fi ) • ("gas ' t /c ) 

Power density and power output of the SOFC can be found using 

WsoFc=ic,aVe-Vcell (3-101) 

89 

http://C0.fi


WSOFc=WZOFC-Lceirwsolid (3.102) 

As the main purpose of operating the SOFC is generating electricity, its performance can 

be assessed by calculating the electrical efficiency of the cell. This efficiency can be 

found using 

nel= ^ (3-103) 
LHV-Tnlftfc-wgas 

k=l 

where lower heating value, LHV, can be calculated using 

LHV-'Z[xkfrhfl<) [xCH/iji+xC0fi+xC02fi)-hfC02 
k=i (3.104) 

' \2 • XCH4 ,fi + XH2 ,fi + XH20,fi)' "f,H20
 XN2 ,fl ' " / , i 

3.7.3 Numerical solution scheme 

Among the different numerical solution methods, e.g. finite difference, finite volume, and 

finite element, finite difference scheme is chosen for solving the heat transfer equations 

because of the simplicity and straightforwardness of this method in orthogonal grids. 

The schematic of the 2-D cross section of a repeat element and the numbering scheme for 

the nodes are shown in Figure 3.7. As it can be seen from this figure, the repeat element 

has mxs nodes. The number of nodes, i.e. m and s, must be decided after conducting a 

grid independence analysis. 
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(l,s) • • (m,s) 
I Anode Interconnect I 

(l,r+3)* * (m,r+3) 
(l,r+2)f T (m,r+2) 
,, ,,. Fuel channel 
(l,r+l)j J (m,r+l) 
d,r) f t (m,r) 

PEN 
(1,P+3)V j (m,p+3) 
(l,p+2f f (m,p+2) 

(l,p+2f f (n 
Air channel 

0.P) T T (m,p) 
„ , , Cathode Interconnect 
(1,1) k . i (m,l) 

Lcell 

Figure 3.7: Numbering scheme for finite difference solution of the repeat element of the 
SOFC. 

The length of the cell, and the thicknesses of cathode interconnect, PEN, and anode 

interconnect are divided into m-1, p-1, r-p-3, and s-r-3 parts. The related equations are 

given as 

Lceli=(m-1)-Ax (3.105) 

t c /={p-l)-Ay1 (3.106) 

tpen=(r-p-3)-Ay2 

r 0 / =(s- r -3) -Ay 3 (3.108) 

The continuity equations (3.79)-(3.84) and (3.87)-(3.88) take the following forms as 

shown below: 

91 



-r, str 

V Lfc Ji 

V H2 / /+1/+1 V "2 //,r+l 
f^L + An'" —1st 

V ffc he j . 

r., 
str A-m 

vhc 
-An ("c0),+u+i=("co) /V+i+Ax 

[n"ca,) = fej +Ax-(An" ). 
V co2 / /+i,r+l V c o 2 /; ,r+l v " 'S5 ' i 

wgs 

(ri" ) =(hu0) +Ax 

V ™2 /;+l,r+l V W2 //,, 

f ^ 
r»fr - A n " + — 

r,r+l 

(nj) =(nS) + A x / - ^ ' / 2 ' 

V °2 //+l,p+l V °2 //,p+l 

^ W2 //+l,p+l V W2 //,; 

v loc y 

;,P+I 

(3.109) 

(3.110) 

(3.111) 

(3.112) 

(3.113) 

(3.114) 

(3.115) 

(3.116) 

An implicit finite different scheme is used for the solution of the heat transfer equations. 

Unlike explicit method, this method is unconditionally stable. The space derivative is 

discretized at the n+1 time level using central-difference approximation. For example, 

dx2 
i,j,n+l 

(Ax)2 + o[{Axf (3.117) 
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The time derivative is discretized using backward finite difference approximation as 

follows: 

31 
dt 

j-n+1 
i.j 

i,j,n+l At 
^ L + o(At) (3.118) 

The finite difference equations for the boundary conditions are taken as second order 

accurate. The equations are derived by considering an imaginary node outside the control 

volume and eliminating this node between the general equation for interior nodes and the 

boundary equation. The details of this approach may be found in the book by Ozisik 

[110]. As an example, finite difference equations for cathode interconnect and air channel 

are given below. 

For cathode interconnect, Eqn. (3.89) can be written as 

'i.j 
•Tn-

i.j 

At 
= aci 

(-r-n+l _-y -j-n+1 . -j-n+1 -r-n+1 
'i-l,j L''i,j + ' /+ ! , ; ' 1,7-1 • 2-Tn+1 +Tn+1 ^ 

i,J ',7+1 

Ax' AyV 
(3.119) 

Eqn. (3.119) can be shown as 
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I 1 + 2F°x,c, + 2F°yl,ci J ' TlJ1 ~ F°x,ci • T"-l,j ~ F°x,ci • TM,i ~ F°vUi ' T"hl ~ F°yUi ' T"J+1 = T"i 

(3.120) 

where 

F°x.d 

F°yl,ci 

aci-

Ax 

<*ci 

At 
,2 

•At 
, i 2 

AyV 

(3.120a) 

(3.120b) 

Equation (3.120) is valid for interior nodes from i=2 to m-l and j=2 to p-l. 

The cathode interconnect has three adiabatic boundary conditions, as shown in Equations 

(3.89a) and (3.89b). For the interior nodes of these boundary conditions, ^"J1 = ^ " y * > 

Tm+ij =Tm-{j ' a n d TiT =TiT s h o u l d b e replaced in Equation (3.120), which takes the 

form as shown below: 

(l + 2FoXiCi +2FoyUi)-T1
nJ1 -TFo^-Ttf -FoyUi -T^\ -FoyUi -T.% =T^ (3.121) 

(l + 2Foxci +2Foyl>ci)-T^ -2Foxci -T^j -FoyUi -Tn
m% -FoyUi -T^+1 =T^ (3.122) 

(l + 2FoX;C/ +2FoyUi)-Ti
n;1 -FoXiCi -T^ -Fo^-T^ -2FoyUi T ,? 1 =7}" (3.123) 
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In the above equations, Equations (3.121), (3.122), and (3.123) represent the interior 

nodes of the boundaries i=l, i=m, and j=l, respectively. 

For the interior nodes of the boundary condition shown in the Equation (3.89c), the finite 

difference equation, Equation (3.124), can be found by eliminating the imaginary node 

between the equation for interior nodes, Equation (3.124a) and that for boundary 

condition, Equation (3.124b). Equation (3.124) represent the boundary condition for j=p. 

I 1 + 2F°x,ci + 2F°yl,ci J ' TiT ~ Fox,ci • T"-l,P ~ F°x,ci • 7/+1.P ~ F0VU> ' Ti"p-1 ~ F°yW ' Ti"p+U = T"p 

(3.124a) 

T n+1 ,Tn+l _ 2B'c,a ' Wgas Ln+1 _Tn+l \ , 2Blr,l ' Wgas Ln+1 _Tn+l \ 
' ' / ,p+l ; + 'i,p-l ~ iti '\'i,p 'i,p+Xj+ lAl '\'i,p 'i,p+3) 

wsolid wsolid 

+^|i-^]-(C-Ci) 
(3.124b) 

tac V W solid 

where 

Bica 

B'r.l 

^ • A y i 

* d 

hrl-Ayl 

ka 

(3.124c) 

(3.124d) 
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-. — «— — c.a aas 

1 + 2FoXiC/ + 2FoyXci + Foylci
 y— + 

w solid 

Fo yl,ci 
2B^-W°°*+Fo 2Ayl 

Wsolid 
yl.ci 

W 
gas 

lac V W solid J 

' 'i,p /"°x,d ' '/'-l,p 

26/ • M/ 
_ C / i T n + 1 -~>Pn Tn+1 —Pn c,a vv gas - n + 1 

/ ~ ° x , d ' ' / '+ l ,p z / " ° y l , d ' ' / , p - l r o y l , e ; ' i a j " ' / , p + l W so/id 

26/V/1-M/gos 2Ay l 
f°y l ,d + f°y l ,d * — 

W solid 

1- -
W 

gas 

W solid J 

j-n+1 
' / ,p+3 — ' i,p = T" 

(3.124) 

There are also four finite difference equations for the corners of the cathode interconnect, 

which are shown in Equations (3.125)-(3.128). These equations are derived by solving 

the finite difference equations for the relevant boundary conditions. 

( l + 2FoXiCi + 2FoyUi\TS1 -2FoXiCi • T2
n? -2FoyUi • Tg1 = 7 ^ 

(l + 2Fox ci +2Foylci)-T^ -2Foxci -T^X\ -2Foyi,a ' C ? =Tm.i 

(3.125) 

(3.126) 

l + 2Foxci+2FoyliCi+FoyliCi 

^BiCJ0-wgas 

+ 
™ solid 

™r,l-
Wgas _ 2Ay l 

F°yl,d + F°yl,ci 
W solid 

W, gas 

V W solid J 

j-n+1 

-n+1 n+1 
2F°x,d • T2,P ~ 2FoyUi ' r i . p - i _ F°yi,a • 

2BL„ • w 
c,a "gas - n + 1 

1,P+1 
W solid 

2Bir,l-Wgas c 2Ayl 
F°yl,ci + F o y l , d 

W solid t„ 

W 
gas 

\ w solid ; 
' ' l ,p+3 _ ' l , p 

(3.127) 
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« -.r ->r r- 2B'c,a ' w gas 

1 + 2FoXiCi + 2FoyUi + FoyUi • B— + 
w solid 

2 S / r i - M / g o s 
F°yl,ci + F°yl,ci 

2Ayl 

w solid 

1 — 
W 

gas 

W solid ) 

" 'm,p z / "°x ,c / ' 'm- l , p 

n+1 
^•F°yl,ci ' ^m,p - l ™yl , c ; 

26/c,0-M/gos + 1 

w 
' m,p+\ 

solid 

F°yl,ci + Foyl,ci 
2Ayl 

IV solid 

1 - -
W 

gas 

W solid J 
m,p+3 — ' m,p = Tn 

(3.128) 

Equations (3.125)-(3.128) represent the corners (1,1), (m,l), (l,p), and (m,p), 

respectively. 

The set of equations representing the heat diffusion equations for the nodes of the cathode 

interconnect are given in the above Eqns. (3.119)-(3.128). In a similar way, finite 

difference equations for the PEN and the anode interconnect can be written. 

For the air channel, Equation (3.90) can be written as 

Pac ' p,ac 

fjn+1 _ j n 
1 i,p+l ' /,p+l 

At + 
("°2 • h02 \ - ("02 '

 h02 ),_! + fe • hN2 \ ~ fe • hN2 ),_! 
Ax 

K,a ( C s " C l ) + Ka ( C " C l ) fc • K \ • "solid 

2-Wgas-tac 

(3.129a) 
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The change of enthalpy for oxygen and nitrogen can be written as shown in Equations 

(3.129b) and (3.129c), respectively. 

fe2 • K2 ), - fe • h0i \_x = [h»0i ) H • {h02>i - h0iii_x)- (An^ • h021 (3.129b) 

(3.129c) 

Here, we rewrite Equations (3.129b) and (3.129c) by introducing average specific heat 

that is a function of the average temperature between two consecutive nodes to get stable 

results from the code. 

fe -hot), " f e -h0Xi = f e L ' ^ . . J C i - ^ - t p J - K ' " J , 0.129d) 

K 2 ' h"2)/" K 2 • V L i = K 2 L i ' cp."2,ave (C+i - T>-Z+i) (3.129e) 

If we put Eqs (3.129d) and (3.129e) into Equation (3.129a), we obtain 

Pac ' Cp,ac 
i,p+l i,p+l 

At + 
fe ),_! • c

P,o2i0ve ( O - 7"/-ti+i) (A"o2 • ̂  ), 
Ax Ax 

+ 
in" \ 7 \Tn+1 _ T n + 1 I 
V"A/2 /,_! ' CP,N2lave V ''.P+l '-1.P+1 / 

Ax 

^ fc " C l ) + *ca ( C 1 - C A ) fc • »02 ),. • " « * , 

2 w -t 
*- " gas l ac 

(3.129f) 
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Here, the third term in the left hand side and the second term in the right hand side are 

equal to each other. Hence, Equation (3.129f) simplify to Equation (3.129g). 

Pac ' Cp,ac 
' / ,p+l /',p+l 

At + 
( n" I r \Tn+1 _ T n + 1 I 

"02 / , _ ! ' CP,02,ave V »',P+1 ' '-1.P+1 / 
Ax 

+ 
rw2 ],_! • cp,w2;0l,e V/,P+i ^-i,p+i j _ ĉ,0\T"p+3 - T"^) + hca\T"p - T"^) 

Ax 

(3.129g) 

If we rearrange Equation (3.129g), we obtain the finite difference equation for the air 

channel which is valid from i=2 to i=m. 

Pac • Cp,ac l"02 / / - l ' CP,Q2,ave + \""l / , - ! ' CP.' W2,0Ve , 2hc,o 

At Ax 
• + • 

j-n+1 
' / ,p+l 

(h") -cn0 +(h' ) 
\ 02 lj-i P,02,ave V N2 >\-\ 'P."2,a 

Ax 
j-n+l 
'i-l.p+1 

nc,a ' '/',p+3 nc,a ' 'i,p _ Pac 'cp,ac _ n 

At 
/,p+i 

(3.129) 

The finite difference equation for the fuel channel may be written in a similar way. 

The set of equations are linearized by using the 'lagging properties by one time step' 

method [110]. Then, these equations are solved by Gauss Elimination Method. The 
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calculations continue until the solid temperature reaches a certain value for the heat-up 

period and the system reaches steady state for start-up period. 

3.8 System Level Modeling 

In this section, the modeling of several integrated SOFC systems using energy and exergy 

analyses are presented. The performances of these systems are assessed calculating 

several parameters such as electrical efficiency, fuel utilization, power to heat ratio, and 

exergetic efficiency. Firstly, a SOFC and gas turbine based cogeneration system is 

modeled to investigate the exergetic performance of the system and determine the 

locations and magnitudes of the exergy destructions in the system and exergy losses to 

the environment. Secondly, a SOFC and biomass gasification system is modeled 

thermodynamically to study the effect of operating temperature level of the SOFC on its 

performance. Finally, a detailed modeling of a SOFC and biomass gasification system is 

done to study the effect of gasification agent on the performance of the overall system 

and calculate the exergy destructions and losses. 

3.8.1 Energy analysis 

In energy analysis, a system is divided into several control volumes and laws of 

thermodynamics are applied to these control volumes to find the thermodynamic 

properties of the states of the system, and work and heat interactions within the system. 

For a control volume, continuity equation, energy balance (first law of thermodynamics) 

and entropy balance (second law of thermodynamics) are shown in Equations (3.130)-
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(3.132). For steady state steady flow processes, terms in the left hand side of these 

equations become zero. 

dm cv 
dt 

= Hmi ~H,me 

dE, cv 
dt 

= Qa/-W c l /+Im ; h,+-^- + g-Z, 
\ ( 

-Xme 
J 

he+^- + g-Ze 

- f = Z ^ + S ^ -S-, -Tme-se +Sgen 
dt j Tj / e 

(3.130) 

(3.131) 

(3.132) 

For some components, such as pump, turbine, compressor, and blower, we define 

isentropic efficiencies. For example, isentropic efficiency of a turbine, which is shown in 

Equation (3.133), compares the actual turbine power to the power that would be obtained 

in an isentropic expansion. Isentropic efficiency of a compressor, which is shown in 

Equation (3.134), compares the actual power input to the power that would be required in 

an isentropic compression. Isentropic efficiencies of other components may be defined 

similarly. For isentropic cases, the first term and the last term of the right hand side of 

Equation (3.132) (second law of thermodynamics) are equal to zero. 

V. 
W, 

cv 
st 

7S 

(Wcv)s 

w, 

(3.133) 

(3.134) 
cv 
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Some performance assessment parameters related to energy analyses are electrical 

efficiency, fuel utilization efficiency, and power-to-heat ratio of the system. Electrical 

efficiency, which is shown in Equation (3.135), is the ratio of the net power output of the 

plant to the heating value of the fuel. Fuel utilization efficiency, which is shown in 

Equation (3.136), compares the total amount of energy produced (heat and work) to the 

lower heating value of the fuel. Power-to-heat ratio, as shown in Equation (3.137), 

compares the net power output of the system to the change of enthalpy rate of the 

process. 

\""net'plant / 0 i*,c\ 

^ ' = ~ 7^7 ( 3 - 1 3 5 ) 

nfuel-LHV 

_.. ._. _ \vvnet Iplant """ ^"process ,~ '\'\£\ 

~ "fuefLHV 

pHRj3^h!3HL (3.137) 
AW 

process 

3.8.2 Exergy analysis 

Exergy is defined as the maximum work that may be achieved by bringing a system into 

equilibrium (mechanical, thermal and chemical) with its environment. At this condition, 

the pressure, temperature, and chemical potentials of the system become equal to those of 

the environment, which is also called dead state. Unlike energy, exergy is not generally 

conserved but destroyed by irreversibilities within a system. These irreversibilities may 

be classified as internal and external irreversibilities. Main sources of internal 
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irreversibilities are friction, expansion, mixing and chemical reaction. External 

irreversibilities arise due to heat transfer through a finite temperature difference. Exergy 

is lost when the energy associated with a material or energy stream is rejected to the 

environment. 

Exergy balance can be derived by combining first and second laws of thermodynamics 

[111]. The steady state form of control volume exergy balance may be given as 

0 = 1 
j V TJJ 

• Qj - Wcv + £/?,. • ex-, - I / i e • exe -ExD (3.138) 

In Equation (3.138), ex represents the specific molar exergy. The components of specific 

exergy are discussed below. ExD represents the exergy destruction rate in the control 

volume. Exergy losses are included in the fourth term of Equation (3.138). 

If we neglect the magnetic, electrical, nuclear, kinetic and potential effects, there are 

mainly two types of exergy: pyhsical and chemical. The first one measures the amount of 

work when the system comes into thermal (T = T0) and mechanical (P = P0) equilibrium. 

This condition is called as restricted dead state. Chemical exergy gives the amount of 

work when the system is brought from restricted dead state to dead state. As discussed 

earlier, at dead state, in addition to the thermal and mechanical equilibrium, the system is 

also at chemical equilibrium (u=n0)-
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The physical flow exergy for simple, compressible pure substances is given as 

ex™ =(h-h0)~T0(s-s0) (3.139) 

Chemical exergy may be calculated using the tables available in the literature, e.g. [112], 

or using the following formulas. Equations (3.140), (3.141), and (3.142) represent water, 

ideal gas mixture for the case when all the gas species appear in the environment, and 

ideal gas mixture for the general case, respectively. 

exCH=R-T-\n—^(T°] 

Xo,H20{g) ' "o 

(3.140) 

e x C H = / ? - V I x f c - l n ^ -

exCH = 2 X ex™ + « -T0 - I x * -lnxk 

(3.141) 

(3.142) 

For a hydrocarbon fuel, CaHb, chemical exergy of the fuel may be given as 

exCH = hF + (a + —) • h02 - a • hr„_ h, 'C02 2 ' 'H20(g) 

_ , b. _ _ b _ 
SF + \a + —) ' SOz

 _ a ' SC02 ~ T ' SH20(g) (To.Po) 

+ R - T 0 l n 
( x o , o , ) 

a+b/4 

' X o,C0 2 ) ' (Xo,H20(g)) 
b/2 

(3.143) 
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In the book by Szargut [112], such correlations for different fuels may also be found. 

The exergy destruction rate in a component may be compared to the exergy rate of the 

fuel provided to the overall system as follows: 

YD=^- (3-144) 
*F 

The exergy destruction rate of a component may be compared to the total exergy 

destruction rate within the system as follows: 

yl=-^- (3-145) 

The exergy loss ratio is defined similarly by comparing the exergy loss rate to the exergy 

rate of the fuel provided to the overall system. 

yL=^- (3.146) 
Ex, v 

In defining the exergetic efficiency, it is necessary to identify both a product and a fuel 

for the thermodynamic system being analyzed. The product represents the desired output 
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produced by the system. The fuel represents the resources expended to generate the 

product. Exergetic efficiency of a component or system may be given as 

£ =
 E ^ = 1_

EXD+EXL ( 3 1 4 7 ) 

ExF ExF 

Exergetic efficiency of the system can also be defined in terms of exergy destruction ratio 

and exergy loss ratio. 

* = 1 - 1 / 0 - 1 ^ (3-148) 

3.8.3 Modeling approaches and equations of the systems studied 

In this section, modeling approaches and equations of the systems studied are given. 

These systems are: a SOFC and gas turbine based cogeneration system and two SOFC 

and biomass gasification systems. 

3.8.3.1 SOFC and gas turbine based cogeneration system 

In this study, a SOFC and gas turbine based cogeneration system is analyzed. In the 

analysis, exergy balances are applied to the control volumes enclosing the components of 

the system to calculate the exergy destructions and losses. 

A schematic of this system is shown in Figure 3.8. The operation principle of this system 

is as follows: Fuel and air compressors increase the pressure of fuel and air, respectively, 
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according to the operating pressure level of the SOFC. There is always an amount of 

unutilized fuel in the SOFC exit which depends on the operation variables of the cell. 

This fuel is burned in a combustor to increase the temperature of the fuel cell exit. The 

burned gas mixture enters the gas turbine to generate power for compensating the power 

requirement of the compressors. The gas mixture leaving the gas turbine provides heat for 

increasing the temperature of the fuel and air compressor exits according to the SOFC 

inlet temperature requirement. The remaining enthalpy of the gas mixture is used to 

provide heat to generate steam in the heat recovery steam generator (HRSG). 

Figure 3.8: A SOFC and gas turbine based cogeneration system. 

Energy and exergy balances are applied to the control volumes enclosing the components 

of the system. The main assumptions made in the analyses are given below: 
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• The system operates at steady state. 

• Kinetic and potential energy effects are ignored. 

• Ideal gas principles apply for the gases. 

• Complete combustion occurs in the combustor. 

• All the steam export from the system returns as condensate. 

• Blow down requirements and deaerator vent flows of HRSG are not taken into 

account. 

• Heat losses to the environment from the components are ignored except HRSG. 

• Pressure drops along the components are ignored except HRSG. 

• Gas mixture at the fuel channel exit is at chemical equilibrium. 

The thermodynamic model of a DIR-SOFC including the carbon deposition 

considerations, which is discussed in Sections 3.5 and 3.6, is used to model the fuel cell. 

This model gives the output parameters for a single cell with a given active surface area. 

Using this model, the input and output power of all the devices are first calculated for a 

single cell. According to the desired net electrical power output of the system, the 

required number of cells is then computed. 

For the exergy analysis of the system, the following steps are applied: 

• The physical and chemical exergy flow rates are calculated. 

• The system is divided into several control volumes. 

• The exergy destruction rates for each control volume are calculated. 

• The exergy losses are calculated. 
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• The ratios related to the exergy destructions and losses are calculated. 

• The exergetic efficiency of the system is found. 

Selection of the control volumes and exergy balances are shown in Table 3.4. 

Table 3.4: Exergy balances for the control volumes of the system. 

No 

1 

2 

3 

4 

5 

6 

Control Volume 

1 — • 
A * 

3 — • 
B — * 

2 — • 
A k. 
8 — • 

—•2 

—•4 

—•5 
*6 

+ 9 

6 ^ 
—•7 
— • c 

7 - * 

0 ta» 

12—• 

—•8 
—•D 

—•11 

Exergy Balance 

EXDEST = Exi ~ Ex 2 + Ex A 

DFST ~ 3 *-*XA i ASA D 

ELDEST = Ex2 ~ Ex$ + Ex^ ~ EXfi + EXg — EXg 

DFST ~~ 5 6 HsXy •^•^c 

EXDEST = Ex7 -EXg -ExD 

XOEST = •E'XQ CIXJQ ~YI1IXJ2 EJX II 

3.8.3.2 SOFC and biomass gasification system - Study I 

In this study, an integrated SOFC and biomass gasification system is modeled 

thermodynamically. The system studied consists of a downdraft gasifier operating with 
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air, a hot-gas cleanup system and a SOFC, as shown in Figure 2.4. The operation 

principle of the system is as follows. Syngas is produced from biomass gasification. This 

gas is cleaned and fed to the SOFC where power is produced. It should be noted that the 

auxiliary components such as blowers are neglected in this study because this study only 

focuses on the performance of the SOFC rather than the overall system. 

Using the ultimate analysis of biomass, one can represent the biomass material as 

CxHyOz. The air gasification of biomass may be given as 

C H O +mHnO + AOn+3.76ANn^> x y z 2 2 2 ( 3 1 4 9 ) 

or1CH4 + a2H2 + a^CO + a^CO^ + oc^H^ + 3.76AN2 

We know the moisture content in the biomass, MC, from the ultimate analysis. MC can 

be shown as follows: 

MC = - " ^ (3.150) 
mH20{l) + mCxHyOz 

Equation (3.150) can be written in terms of molar flow rates as 

MC = -. h"2Qli)-MH2Q(i) ( 3 1 5 1 ) 

"H20[l) ' MH20(l) + "cxHy02
 - MCxHyOz 
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If we divide the numerator and denominator by ndrybjomass, we obtain 

MC = - ^ (3.152) 
™-MH20{l)+MCxHy0z 

Rearranging Equation (3.152), we can write m as 

MC -Mr H r, m= cxHyoz 

(l-MC)-MH20{l) 

There are several reactions occurring during gasification process. Some key reactions can 

be given as 

C + 2AV2<->CH4 (3.154) 

C + H20++CO + H2 (3.155) 

C + C02<^2CO (3.156) 

Equations (3.155) and the reverse of Equation (3.156) can be combined to obtain water 

gas shift reaction. 

The exit gas composition of the gasifier can be found by solving the set of equations 

consisting of atom balances, Equations (3.157)-(3.159), chemical equilibrium relations, 
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Equations (3.160)-(3.161) and the energy balance around the control volume enclosing 

the biomass gasifier, Equation (3.162). 

x = a1+a3+a4 

y + 2m = 4a± + 2a2 + 2as 

z + m + 2A,-a3 + 2«4 + a5 

^ 3 s=exp[ -Ag; g s / / ? r ]= X c ° 2 ' X H 2 

/Cm=exp[-Ag;//?r]= 

XCO ' XH20 

XCH, ( P ^ 1 

V«2 vPoy 

h°f,cxHyoz + m • h°f,H2o + * • (ho2 + 3-76/7^ ) = 

aJ>cHA
 +aiK, +aj)°c0+aji° +a5h°0+3.76Ah^ 

(3.157) 

(3.158) 

(3.159) 

(3.160) 

(3.161) 

(3.162) 
-i4 z. n2 '2 3 n2i* 

The enthalpy of formation of the dry biomass can be calculated using 

hcxHvoz = xhco2 + (V12) • hHl0 + HHVm • M C j f H 0 ; (3.163) 

where higher heating value can be calculated using the Dulong's formula 

HHVm = 338.3- C +1443 ( H - 0 / 8 ) + 9 4 . 2 S (3.164) 

where C, H, O, and S are the weight percentages in the dry biomass which is given in the 

ultimate analysis. 
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In this study, the thermodynamic model of DIR-SOFC taking into account the carbon 

deposition problem, as discussed in Sections 3.5 and 3.6, is used for SOFC modeling. 

3.8.3.3 SOFC and biomass gasification system - Study II 

In this study, an integrated SOFC and biomass gasification system is modeled. For this 

purpose, energy and exergy analyses are applied to the control volumes enclosing the 

components of the system. Different gasification agents, e.g. air, enriched oxygen and 

steam, are considered in the modeling. Performance assessment parameters for the 

systems are calculated. 

A schematic of the integrated biomass gasification and SOFC system is shown in Figure 

3.9. In this system, biomass enters the dryer to bring its moisture content to a level 

acceptable by the gasifier. According to the gasification agent, one of the following 

substances enters the gasifier: air, enriched oxygen or steam. The gas produced by 

gasification, which is called syngas, has high amounts of tar, sulphur and other 

contaminants which may cause degradation in SOFC. Due to this fact, a gas cleanup 

should be used to clean the syngas according to the SOFC impurity levels. In this study, a 

hot gas cleanup is chosen. The cleaned syngas enters the SOFC, where electricity is 

produced. To prevent the carbon deposition, anode recirculation ratio is adjusted. The 

depleted fuel and air streams enter the afterburner to burn the unused fuel and increase 

the temperature of the depleted gas streams leaving the SOFC. The burned gas is used to 

increase the temperature of air supplied by the blower to the SOFC temperature level. 
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The same gas stream supplies heat to the steam generator, and then to the gasifier in the 

case of steam gasification. Finally, the same gas stream supplies heat to the dryer and it is 

emitted to the atmosphere. 
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)Pump 

WaterTl5 

Figure 3.9: Integrated biomass gasification and SOFC systems 

A number is given to each state. In Figure 3.9, the states 20 and 22 are valid for both the 

air and enriched oxygen gasification cases. The state 21 is only valid for enriched oxygen 

gasification case. The states 13a, 13b, and 19 are only valid for the steam gasification 

case. The differences in configurations are represented with different dashed lines, which 

are labelled on this figure. 
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The main approach in the modeling is as follows. The syngas composition is first 

calculated. Then, using this composition and other SOFC operating parameters, the quasi 

2-D transient SOFC code that is discussed in Section 3.7 is run. This code gives us the 

molar flow rate at the inlet and exit of gas channels, power output, and temperature at the 

exit of gas channels for a single cell. According to the power requirement of the SOFC, 

the number of SOFC stacks that must be used in this system is found. Then, using the 

output data from the gasifier and SOFC models, the molar flow rate of dry biomass is 

calculated. Using this molar flow rate and applying energy balances to the remaining 

components, the enthalpy flow rate of all states, work input to the blowers and pump, if 

applicable, are calculated. 

The main assumptions in this model are as follows: 

• The system operates at steady state 

• Kinetic and potential energy effects are ignored. 

• Ideal gas principles apply for the gases. 

• The syngas produced by the gasifier is at chemical equilibrium 

• The impurities such as tar, sulphur, ammonia are not considered in the calculations. 

• Heat losses from the components are neglected. 

• High temperature blower for anode recirculation is not shown in the figure and its 

work input is neglected. 

• All of the steam export returns as condensate. 

• Complete combustion occurs in the combustor. 
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As an example, the modeling equations for the steam gasification case are given below. 

The chemical equation in the dryer may be shown as follows 

CxHyOz+mxH20{l) -+ CxHyOz+m2H20{l) +{m1 -m2)H20{v) (3.165) 

The gasification reaction may be given as 

c
x
H

y
0
z+

m2H2°[i) + ( m i -m2)H20{v)+AH20{v) +qadded 

aJCH. + a2H2 + a?CO + a^C02 + a^HJD 

- » 
(3.166) 

Here, we fix A, hence there are six unknowns, which are: a., a^, a~, a., a^, and 

Qadded • We need six equations to find these unknowns. These equations are 3 atom 

balances, Equations (3.167)-(3.169), two chemical equilibrium relations (water-gas shift 

reaction, Equation (3.160), and methanation reaction, Equation (3.161)), and the energy 

balance around the control volume enclosing the gasifier, Equation (3.170). 

x - ax + a3 + a4 (3.167) 

y + 2m1 + 21 = 4 ^ + 2a2 + 2a5 (3.168) 

z + m1 +/L = a 3 +2« 4 +as (3.169) 

^2,CxHyOz + m2 ' ^2,H20[I) + \ m i ~ m2 ) ' ^2,H20(v) + ^- ' ^19,H20(i/) + Qadded = 

«1^3,CH4 + «2^3°.H2 + aiK,CO + «4^3 ,C0 2 + «5^3°,H20 
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For SOFC model, the code for the transient heat transfer model is run several times to 

obtain a desired fuel utilization for a given cell geometry, cell voltage, Reynolds number 

and excess air coefficient. Using this code, output for a single cell is obtained. For this 

output, number of stacks needed for the system can be calculated as follows 

Wreq,SOFC ,~ , _ n 

"stack = (3.171) 
WSOFC • ncps 

We should take the closest integer higher than the value obtained by Equation (3.171). 

Then, power output of SOFC, molar flow rate of gas species at the fuel and air channels 

inlets and exits can be calculated for the total amount of stacks calculated. 

At this point, we can calculate the molar flow rate dry biomass entering the system using 

5 

X nk,fc.inlet 

nCxHyoz = _, k-\ M ^ (3-172) 
" y z a* + a-, + « , + a* + a^ 

If we consider complete combustion in the afterburner, the chemical reaction occurring in 

the afterburner may be given as 

"6,CH4CH4 +n6lH2H2 + KcoCO + h6C(hC02 +h6iH20H20 + h6iN2N2 + h10j0z02 + h10N2N2 -> 

(3.173) 
"ll,C02

C02 + " l l , H 2 0 W 2 0 + " l l , 0 2
0 2 +nil,N2

N2 
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The molar flow rates of gas species at states 6 and 10 are known from the SOFC model. 

We can calculate the molar flow rates of gas species at state 11 using the atom balances, 

Equations (3.174)-(3.177), and the enthalpy flow rate of this state can be found using an 

energy balance around the control volume enclosing the afterburner, Equation (3.178). 

"ll,C02 = "6,CH4 + "e.CO + h6,C02 ( 3 . 1 7 4 ) 

"ll ,H20 = 2 * "6,CH4 + "6,H2 + "6,H20 ( 3 . 1 7 5 ) 

" l l , 0 2 = "6,CO / 2 + "6,002 + "6,H20 / 2 + "lO,02 ~ " l l / X * ~ "ll ,H20 I2 ( 3 . 1 7 6 ) 

"n,w2 ="e,w2 +"io,w2 (3.177) 

"n = Sfejt A,*)+ i("io,/ • V/) (3-178) 

where k denotes CH4, H2, CO, CO2, H2O, and N2; whereas 1 denotes O2 and N2. 

The specific enthalpy of state 8 may be written as 

hB=h7 + (P* P^-Mo>r ( 3 1 7 9 ) 

Pair ' Iblower 

Specific work input to blower may be given as 

Wblower =(h9i02 +h9A{h8-h7) (3.180) 
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From an energy balance around the control volume enclosing the heat exchanger, 

enthalpy flow rate of state 12 may be found as follows: 

«i2 = " n + i f a , , • V / ) " i("9,/ -hsj) (3-181) 
1=1 1=1 

From an energy balance around the control volume enclosing the dryer, enthalpy flow 

rate of state 13b may be found as follows: 

H13b ~ X ("ll,m •^714,m] + 
m=1 (3.182) 

nCxHy02 • \^2>CxHyo2 + m2 • h2,H20{l) + K - m2 ) • hH2OM ~ ^CxHyOz ~ ™1 ' ^H20(,) J 

where m denotes CO2, H2O, O2 and N2. 

The specific enthalpy for state 16 may be written as 

ft-1e=^ + ' / l 5 < P l 6 ~ P l 5 ) , / t V (3-183) 
Vpump 

At this point, we can calculate the total heat added to the gasifier as follows: 

Qadded = Qadded ' hCxHyOz ( 3 •1 8 4) 
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Enthalpy flow rate of state 13a can be calculated as follows: 

«13a=«13*+Q«*ferf ( 3 - 1 8 5 ) 

From an energy balance around the control volume enclosing the steam generator, the 

molar flow rate of steam generated can be found as follows: 

"17 = "-12 "13° (3-186) 
"XI ~ "16 

Work input to pump may be given as 

Wpump =n17-K-h13) (3.187) 

Change of enthalpy flow rate of the process may be shown as 

^process = ("l7 " "c^Oz " 4 ( / lu ~ h15) (3.188) 

Net electrical power output of the system may be given as 

Wnet = nstack • ncps • wS0FC • Tjinv - Wblower - Wpump (3.189) 
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Electrical efficiency, fuel utilization efficiency, and power-to-heat ratio may be 

calculated using Equations (3.190)-(3.192), respectively. 

?e,=T (™£ j - V (3-190) 
ncxHvo7 •{LHV + m1-hfg) >-x"y*Jz 

FUE = W"^+AHP^ss _ Q m ) 

r>cxHyozi
LHV + mi-hf9) 

W . 
PHR= . net (3.192) 

AH 
process 

Exergetic efficiency of the system may be defined as 

Wnet + AEx.rocess 
s = -. — pocJs (3.193) 

EXch,CxHy02
 + n i 5 ' ech,H20(l) 

Here, ExchCH0 can be found using the correlation given by Szargut [112]. The 
' x y z 

correlation is modified for this study as follows: 

ExchiCxHyo2 =P\"cxHyo2 -{LHV + m, -hfg)\ (3.194) 

where J3 is defined for solid C,H,0,N compounds (for 0/C<2) as [112]: 
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1.044 + 0.016• H/C-0.3493 0 /C- ( l + 0.0531 -H/C)+ 0.0493-N/C 

1-0 .41240 /C 

The change of exergetic rate of process may be given as 

^process = ("l7 ~ ^CxHyOz ' *)• ( ^18 ~ ®f 15 ) ( 3 • l 9 6 ) 

3.9 Summary 

Several SOFC models are developed in cell, stack, and system levels. These include a 

thermodynamic model, a carbon deposition model, a quasi 2-D transient heat transfer 

model, and system level models. 

The thermodynamic model developed in this study may be summarized as follows: In the 

first part of the model, using the principles of thermodynamics, mathematical 

manipulations and definitions of some fuel cell related parameters such as fuel utilization 

ratio, fuel channel equilibrium exit gas composition is derived in terms of extents of 

chemical reactions and molar flow rate of gas species at the fuel channel inlet. Then using 

chemical equilibrium equations and the relation between the electric current and the 

molar flow rate of hydrogen that is utilized, exit gas composition of the fuel channel exit 

is found. In the second part of the model, air utilization ratio which measures the amount 

of excess air that should be sent to the air channel to carry away the unutilized heat in the 

fuel cell is calculated for an insulated fuel cell and a controlled fuel inlet and exit gas 

temperature. Hence, air channel inlet and exit gas composition, Nernst voltage, 
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polarizations and work output of the fuel cell are derived in terms of air utilization ratio. 

Using the first law of thermodynamics for the control volume enclosing the fuel cell, this 

ratio is calculated. After finding this ratio, fuel cell output parameters, such as cell 

voltage, work output of the cell, and electrical efficiency of the cell are found. 

The thermodynamic model is improved by adding the carbon deposition. The chemical 

composition of gases at a point close to the fuel channel inlet at which the local fuel 

utilization is approximately zero are found. It is assumed that only steam reforming and 

water gas shift reactions occur at this point, which are at chemical equilibrium. Two 

methods are developed to investigate the carbon deposition possibility. In the first 

method, carbon deposition boundaries are formed and shown in C-H-0 triangular phase 

diagrams. In this diagram, each gas composition corresponds to a point. If that point is 

above the boundary (towards the C vertex), then there is carbon deposition in the system. 

In the other case, there is no risk of carbon deposition from the viewpoint of 

thermodynamics. In the second method, carbon activities of the reactions that are the 

most possible ones for the formation of carbon are calculated. If the carbon activities at 

the inlet and exit of the fuel channel are both less than 1, there is no carbon deposition 

risk; in the other case there is carbon deposition. 

A transient heat transfer model is developed for simulating the heat-up and start-up 

behaviour of a SOFC. All the heat transfer mechanisms, i.e. conduction, convection, and 

radiation, and all the polarization modes, i.e. ohmic, activation, and concentration, are 

included in this model. In modeling, the heat transfer equations and chemical and 
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electrochemical relations are applied to the control volumes of a repeat element of a 

planar SOFC. These control volumes are anode interconnect, fuel channel, PEN, air 

channel, and cathode interconnect. For numerical solution, finite difference scheme is 

used and a code in Matlab is written. In this model, cell voltage, Reynolds number at the 

fuel channel inlet, and excess air coefficient are the main input parameters. Heat-up and 

start-up time, fuel utilization ratio, current density, temperature and molar gas 

composition distributions, power output, and electrical efficiency of the cell are the main 

output parameters. 

In system level modeling, energy and exergy analyses are applied to several conceptual 

integrated SOFC systems. These systems include an integrated SOFC and gas turbine 

system and two SOFC and biomass gasification system. In the energy analysis, continuity 

equation, first law of thermodynamics, and second law of thermodynamics, where 

applicable, are applied to the control volumes enclosing the components of these systems. 

As a result of energy analysis, performance assessment parameters such as electrical 

efficiency, fuel utilization efficiency, and power-to-heat ratio are calculated. In the 

exergy analysis, components of the exergy flow rates, which are physical and chemical 

exergies, are first calculated. Then, exergy balances are applied to the control volumes to 

calculate the exergy destructions within the components. Exergy losses to the 

environment are also found. Exergetic performance of the systems are assessed through 

ratios related to the exergy destructions and losses, and the exergetic efficiency of the 

integrated system. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter, validation of the models discussed in Chapter 3, and results and 

discussion of several case studies conducted using these models are presented. These 

models are: the thermodynamic, carbon deposition, transient heat transfer, and system 

level models. 

4.2 Thermodynamics and Electrochemistry of SOFC 

In this section, Nernst voltage for a SOFC operating with pure hydrogen is first 

calculated for different fuel utilization and air utilization ratios. Then, polarizations and 

specific exergy destruction are calculated for a hydrogen fed IT-SOFC. The results are 

shown and discussed in this section. 

Based on Winkler's model [93], which is considered one of the key models in 

thermodynamic modeling of SOFC, and Equation (3.10), the variation of Nernst voltage 

in terms of temperature and fuel and air utilization ratios are found, and shown in Figure 

4.1. It may be seen from Figure 4.1a that as more fuel is utilized, the Nernst voltage 

decreases since partial pressure of hydrogen at the fuel channel exit decreases. However, 

it may not be said that a fuel cell should be operated with low fuel utilization because 

electrical efficiency of the system becomes higher with high fuel utilization. Lower air 
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utilization means higher air flow rate at the air channel inlet. Figure 4.1b shows that 

choosing low air utilization makes the Nernst voltage higher. However, system cost 

increases if molar flow rate of air at the cathode inlet increases. Hence, thermodynamic 

and economic considerations should be taken into account together in deciding the 

optimum parameters. 
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Figure 4.1: Effect of (a) fuel utilization and temperature, (b) air utilization and 
temperature, on Nernst voltage. 

126 



The contribution of different polarizations and total polarization, and specific exergy 

destruction for an IT-SOFC is shown in Figure 4.2. As it can be seen from this figure, 

ohmic polarization has the highest share among the polarizations although the electrolyte 

thickness is chosen thin enough for an anode-supported SOFC. Activation polarization of 

cathode follows ohmic polarization due to having lower exchange current density than 

anode. Concentration polarization of cathode has the least contribution. It can also be 

seen from this figure that specific exergy destruction changes between 0 and 25 kJ/mol of 

utilized hydrogen for the given data. 

Current density [A/cm2] 

Figure 4.2: Contribution of different polarizations and specific exergy destruction for a 
hydrogen fuelled SOFC. 

4.3 Thermodynamic Modeling of Direct Internal Reforming SOFCs Operating With 

Syngas 

In this section, the validation of the thermodynamic model of DIR-SOFC operating with 

syngas, which is discussed in Section 3.5, is first presented. Then, a case study is 
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conducted using this model. Effect of recirculation ratio and fuel utilization on cell 

voltage, power output, air utilization ratio, and electrical efficiency of the cell are 

assessed. 

4.3.1 Model validation 

The experimental studies for DIR-SOFC lack in the literature in terms of usage of 

different fuels, and information on the input parameters used for the experiments in the 

existing papers are not clearly defined. In the present model, taking the channel inlet and 

exit temperatures different, taking the fuel cell as insulated, and using a syngas make it 

difficult to find data for comparison purpose from literature. However, experimental data 

with methane as fuel presented by Tao et al. [113] are used for comparison with the 

model results as given in Table 4.1. It is seen that the difference is in the range of ±12% 

for the voltage and ±8% for the power output. This difference is mainly due to the 

assumptions made for the model. 

Table 4.1: Comparison of the model developed with the experimental data . 

Current 
density 
(A/cm2) 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 

Cell voltage 
of the 
model (V) 
0.83 
0.794 
0.753 
0.705 
0.639 
0.57 

Cell voltage of 
the experiment 
(V) 
0.86 
0.76 
0.68 
0.62 
0.57 
0.52 

Power density of 
the model 
(W/cm2) 
0.083 
0.159 
0.226 
0.282 
0.319 
0.342 

Power density of 
the experiment 
(W/cm2) 
0.082 
0.15 
0.21 
0.26 
0.295 
0.315 

The experimental data are taken from Tao et al. [113]. 
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4.3.2 Case study 

As a case study, a typical gas mixture obtained from a pyrolysis process is used as the 

fuel. In dry basis, the composition of this mixture is as follows [114]: 21% CH4, 40% H2, 

20% CO, 18% C02, and 1% N2. Other fixed input parameters are shown in Table 4.2. 

Among them, exchange current density depends on temperature and material. For the 

temperature used in this study and common SOFC materials, these values are obtained 

from the literature [115]. Effective diffusivity through the anode and cathode mainly 

depends on material thickness and temperature. In this study, the cell is assumed to be an 

anode-supported cell and suitable values are chosen according the data given by Singhal 

and Kendall [10]. 

Table 4.2: Input values that are fixed throughout the study. 

Input 
Temperature of the exit (Tz) 
Temperature difference between exit and inlet {AT) 
Pressure of the cell (Pceii) 
Active surface area (A) 
Exchange current density of anode (ioa) 
Exchange current density of cathode (ioc) 
Effective gaseous diffusivity through the anode (Daeff) 
Effective gaseous diffusivity through the cathode (ZW) 
Thickness of anode (La) 
Thickness of electrolyte (Le) 
Thickness of cathode (Lc) 

Value 
850 °C 
100 °C 
100 kPa 
100 cm2 

0.65 A/cm2 

0.25 A/cm2 

0.2 cm2/s 
0.05 cm2/s 
500 urn 
10 um 
50 um 

Fuel utilization ratio, recirculation ratio, and current density are chosen as varying input 

parameters. Current density is taken in a range from 0.1 to a close value to its maximum 

value. Recirculation ratio is taken as 0.1, 0.2, and 0.3. When the effect of fuel utilization 
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is investigated, it is fixed at 0.2. Fuel utilization ratio is taken as 0.65, 0.75, and 0.85. 

When the effect of recirculation ratio is investigated, it is fixed at 0.85. The results of 

these parametric studies are presented in the following subsections. 

4.3.2.1 Effect of recirculation ratio 

The recirculation ratio adjusts the steam to carbon ratio of fuel entering the fuel channel, 

which is very critical to prevent carbon deposition at the anode catalyst. In this section, 

the effect of this ratio on the performance of the system is investigated and the results are 

shown in Figures 4.3-4.6. 
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Figure 4.3: Effect of recirculation ratio and current density on air utilization ratio for fuel 
utilization ratio of 0.85. 

130 



0.85 

0.8 

- ^ 0.75 

CO 
(0 

0.7 

jS 0.65 
O 
> 
"5 
c 

0.6 

0.55 

0.5 

0.45 

0.4 

0.35 
r=0.3 

1 

\ r= 0.1 

\r=0.2 
1 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 

Current density (A/cm ) 

Figure 4.4: Effect of recirculation ratio and current density on terminal voltage for fuel 
utilization ratio of 0.85. 
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Figure 4.6: Effect of recirculation ratio and current density on electrical efficiency for 
fuel utilization ratio of 0.85. 

It may be observed from Figures 4.3-4.6 that effect of recirculation ratio is not very 

significant for low current densities. For high current densities, as recirculation ratio 

increases, mass flow rate of fuel, air utilization ratio, cell voltage, power output, and 

electrical efficiency of the cell decrease. Having a lower air utilization ratio means higher 

mass flow rate of air entering from the cathode section, which in turn increases the 

operation cost of the system. However, the mass flow rate of fuel decreases in this 

condition, which decreases the operation cost. 

4.3.2.2 Effect of fuel utilization 

There is always some amount of unutilized hydrogen in the exit stream of a fuel cell and 

that the degree of utilization of hydrogen is determined by the fuel utilization ratio. 

Figures 4.7-4.10 show the effect of fuel utilization ratio on the output parameters. 
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Figure 4.7: Effect of fuel utilization ratio and current density on air utilization ratio for 
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Figure 4.10: Effect of fuel utilization ratio and current density on electrical efficiency for 
recirculation ratio of 0.2. 

134 



It may be observed from Figures 4.7-4.10 that a wider range of current density may be 

selected for lower fuel utilization ratios. As fuel utilization ratio increases, mass flow rate 

of fuel, air utilization ratio, terminal voltage, and power output of the cell decrease; 

whereas electrical efficiency of the cell increases. It may be considered controversial to 

have low power output and high electrical efficiency at the same time. This is due to the 

fact that less mass flow rate of fuel is required for higher fuel utilization ratios. Hence, it 

is seen that increasing the fuel utilization ratio improves the system thermodynamically 

and decreases the cost of fuel, but also increases the cost of the air flow entering the 

cathode section. 

4.4 Carbon Deposition Modeling in Direct Internal Reforming SOFCs 

In this section, results and discussion of the carbon deposition model that is presented in 

Section 3.6 are given. The carbon deposition boundaries for different temperature levels 

are first found. Effects of recirculation ratio and temperature level on the carbon 

deposition are then discussed for a SOFC operating with different fuels: methane and a 

gas mixture obtained from pyrolysis. Finally, effect of chemical composition of gases 

obtained from biomass gasification on carbon deposition is investigated. 

4.4.1 Carbon deposition boundary 

C, H, and O atom ratios are calculated at 100 kPa for the temperature range between 800 

K-1400 K using the method discussed in Section 3.6.1 and the results are shown in 

Figure 4.11. As it can be interpreted from this figure, for higher temperature, carbon 

deposition region becomes smaller, which means the number of C-H-0 systems that may 
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cause carbon deposition reduce. At 800 K, at C-0 axis where H ratio is zero, C and O 

ratios become 34.5% and 65.5%; at C-H axis where O ratio is zero, C and H ratios 

become 13.3% and 86.7%, respectively. At 1400 K, at C-0 axis where H ratio is zero, C 

and O ratios become 50% and 50%; at C-H axis where O ratio is zero, C and H ratios 

become 1.5% and 98.5%, respectively. 

Figure 4.11: Carbon deposition boundary of C-H-0 systems at 100 kPa. 

4.4.2 Effect of temperature level 

In calculations, three temperature levels are considered to represent different types of 

SOFC. These are 800 K (inlet) - 900 K (exit), 950 K (inlet) - 1050 K (exit), 1100 K 

(inlet) - 1200 K (exit), which represent LT-SOFC, IT-SOFC, and HT-SOFC, 

respectively. A temperature difference of 100 K is assumed in each case considering the 

cooling necessity and thermomechanical considerations of the fuel cell. The fuel is taken 
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as methane and then a gas mixture which is produced from a pyrolysis process. In all 

calculations, the pressure of the cell is taken as 100 kPa, and the active surface area is 

taken as 100 cm2. It is found that the carbon activity at the exit is always lower than the 

inlet for the operating data that is considered in this study. Since the possibility of carbon 

deposition is more severe at the inlet than the exit, only the results obtained for the inlet 

condition are shown in the following subsections. 

4.4.2.1 Fuel as methane 

When pure methane is used as a fuel in a DIR-SOFC, water is needed to initiate and 

continue the steam reforming reaction. If we do not want to use any external water 

source, some part of the depleted fuel at the exit should be recirculated since the water 

content at the exit is high due to the electrochemical reaction. However, it should be 

noted that we still need some external water for start-up operation for a short time for this 

case. 

The effects of recirculation for LT-SOFC, IT-SOFC, and HT-SOFC are shown in Figures 

4.12 through 4.14. These figures show how the composition of a gas at equilibrium 

approaches the carbon deposition boundary as the recirculation ratio increases. As it may 

be seen from these figures, less recirculation is needed as the temperature level increases. 

The recirculation ratios of 0.7, 0.5, and 0.4 are needed for LT-SOFC, IT-SOFC, and HT-

SOFC, respectively, at a fuel utilization ratio of 0.85, to prevent the carbon deposition 

problem. 
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Figure 4.12: C-H-0 diagram of a LT-SOFC operating with methane. 

Figure 4.13: C-H-0 diagram of an IT-SOFC operating with methane. 
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Figure 4.14: C-H-0 diagram of a HT-SOFC operating with methane. 

At the carbon deposition boundary, the gas mixture is at equilibrium with solid carbon. In 

equilibrium, the activity of pure solids is defined to be equal to one. Above the boundary, 

the carbon activity is greater than one; and below the boundary, the carbon activity is less 

than one. The carbon activity for LT-SOFC, IT-SOFC, and HT-SOFC at different fuel 

utilization ratios are calculated; and these results are shown in Figures 4.15-4.17. In these 

figures, the dashed line shows the carbon deposition boundaries. It may be interpreted 

from these figures that as the fuel utilization ratio increases, carbon activity decreases. In 

addition, although the carbon activity is the highest for HT-SOFC at low recirculation 

ratios, the change of carbon activity with recirculation ratio is more than others; hence, 

less recirculation is needed to obtain the no-carbon deposition conditions. 
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Figure 4.15: Carbon activity at the inlet for a LT-SOFC operating with methane. 
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Figure 4.16: Carbon activity at the inlet for an IT-SOFC operating with methane. 
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Figure 4.17: Carbon activity at the inlet for a HT-SOFC operating with methane. 
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It was shown in Section 4.3 that a recirculation ratio which is sufficiently low enough to 

prevent carbon deposition should be chosen to have the maximum thermodynamic 

performance. Due to this fact, the minimum recirculation ratio for different temperature 

levels and fuel utilization ratios are calculated and shown in Figure 4.18. It can be seen 

from this figure that as the fuel utilization ratio changes between 0.5 and 0.85, minimum 

recirculation ratio changes between 0.78 and 0.68, 0.65 and 0.51, and 0.55 and 0.4 for 

LT-SOFC, IT-SOFC and HT-SOFC, respectively. 
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Figure 4.18: Minimum recirculation ratio for preventing the carbon deposition for a 
SOFC operating with methane. 

4.4.2.2 Fuel as gas mixture obtained from pyrotysis 

In Section 4.3, the performance of a SOFC operating with a gas mixture produced from a 

pyrolysis process is discussed. In this section, carbon deposition possibility when using 

the same gas mixture is investigated. The results of the carbon deposition modeling are 

shown in Figures 4.19-4.22 for a LT-SOFC and an IT-SOFC. 
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Figure 4.19: C-H-0 diagram of a LT-SOFC operating with a gas mixture produced from 
pyrolysis. 

Figure 4.20: C-H-0 diagram of an IT-SOFC operating with a gas mixture produced from 
pyrolysis. 
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Figure 4.22: Carbon activity at the inlet for an IT-SOFC operating with a gas mixture 
produced from pyrolysis. 

Figures 4.19-4.22 show similar trends of those for methane. At the fuel utilization ratio of 

0.85, it is found that, approximately, a recirculation ratio of 0.6 and 0.3 are needed for 

LT-SOFC and IT-SOFC, respectively. In addition, carbon activities and their change with 

recirculation are found to be lower than those for methane at low recirculation ratios. The 
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results for HT-SOFC are not shown in these figures since less than 10% of recirculation 

is needed to prevent carbon deposition at the fuel utilization ratios of 0.65 to 0.85. 

The minimum recirculation ratio needed for LT-SOFC, IT-SOFC and HT-SOFC are 

shown in Figure 4.23. The results show that as the fuel utilization ratio changes between 

0.5 and 0.85, minimum recirculation ratio changes between 0.75 and 0.62, 0.46 and 0.3, 

and 0.13 and 0.07 for LT-SOFC, IT-SOFC, and HT-SOFC, respectively. 
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Figure 4.23: Minimum recirculation ratio for preventing the carbon deposition for a 
SOFC operating with a gas mixture produced from pyrolysis. 

4.4.3 Effect of chemical composition of gases from biomass gasification 

In this study, an atmospheric SOFC is assumed to operate with dry and cleaned syngas 

consisting of CH4, CO2, CO, H2O, H2, and N2. In calculations, typical gas compositions 

obtained from different gasifiers are considered, which are shown in Table 4.3. The inlet 
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and exit gas temperatures are assumed as 750 °C and 850 °C, respectively. Active surface 

area of the cell is taken as 100 cm2. It is also assumed that the cell is manufactured as 

anode-supported with the following thicknesses: 500 um anode, 10 um electrolyte, and 

50 um cathode. The effect of recirculation ratio on the carbon deposition possibility is 

investigated, and the performance of the SOFC is assessed for the no-carbon deposition 

conditions. 

Table 4.3: Typical product gas composition from different gasifiers. 

H2 

CO 
C02 

CH4 
N2 

Fluid 
bed, air 

9% 
14% 
20% 
7% 
50% 

Updraft, 
air 

11% 
24% 
9% 
3% 

53% 

Downdraft, 
air 

17% 
21% 
13% 
1% 

48% 

Downdraft, 

o2 
32% 
48% 
15% 
2% 
3% 

Multi-solid 
Fluid Bed 

15% 
47% 
15% 
23% 
0% 

Twin Fluid 
bed 

31% 
48% 
0% 

21% 
0% 

First, the recirculation ratio that prevents the carbon deposition problem is determined. 

From Table 4.4 and Figures 4.24 and 4.25, it may be interpreted that there is no carbon 

deposition for the lowest recirculation ratio that we considered in this study, i.e. r = 0.1, 

for the SOFC operating with the gases produced from the following gasification systems: 

air blown fluid bed, air blown updraft bed, air-blown downdraft bed, and oxygen blown 

downdraft bed. For the multi-solid fluid bed and twin fluid bed, a recirculation ratio of 

0.3 is needed to prevent carbon deposition at the fuel cell. 

145 



Table 4.4: Carbon activities of the syngases produced from different gasifiers. 

r=0.1 
r=0.2 
r=0.3 

Fluid 
bed, air 

0.244 
— 

— 

Updraft, 
air 

0.438 
— 

— 

Downdraft, 
air 

0.209 
~ 
— 

Downdraft, 

o2 
0.673 

— 

— 

Multi-solid 
Fluid Bed 

3.061 
1.234 
0.610 

Twin 
Fluid bed 

6.744 
1.976 
0.765 

• Fluid bed, air, r=0.1 
• Updraft.air, r=0.1 
A Downdraft.air, r=0.1 

Figure 4.24: C-H-0 diagram for determining the carbon deposition possibility for fluid 
bed-air, updraft-air, and downdraft-air. 
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n Multi-solid FB, r=0.3 

• Twin FB, r=0.1 

• Twin FB, r=0.2 
A Twin FB, r=0.3 

Figure 4.25: C-H-0 diagram for determining the carbon deposition possibility for 
downdraft-02, multi-solid fluid bed, and twin fluid bed. 
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The performance of the SOFC operating with gases produced from different gasifiers 

with the recirculation ratio that ensures no-carbon deposition conditions is also evaluated. 

The results are shown in Figures 4.26-4.29. 
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Figure 4.26: Effect of gasifier type on the air utilization ratio. 
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Figure 4.27: Effect of gasifier type on the cell voltage. 
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Figure 4.29: Effect of gasifier type on the electrical efficiency. 

The results shown in Figures 4.26-4.29 are compared for the common current density 

conditions for the different cases. It may be seen from Figure 4.26 that fluid bed case has 
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the highest air utilization; whereas oxygen blown downdraft bed case has the lowest. This 

means that higher mass flow rate of air should be sent through the air channel for oxygen 

blown draft bed case. Figures 4.27 and 4.28 show that cell voltage and power output are 

almost same for low current density conditions. However, as current density increases, air 

blown downdraft, multi-solid fluidized bed, and twin fluidized bed cases become higher 

than the remaining cases. The most important result of the study is the comparison of the 

electrical efficiencies, which is shown in Figure 4.29. According to this figure, twin fluid 

bed case has the highest electrical efficiency, and the multi-solid fluid bed case follows it. 

Air-blown downdraft and updraft options cases have the lowest electrical efficiencies. 

4.5 Transient Heat Transfer Modeling of SOFC 

In this section, validation of the transient heat transfer model discussed in Section 3.7 and 

the results of the case studies applied to this model are presented and discussed. Two case 

studies are conducted: a SOFC operating with humidified hydrogen and a DIR-SOFC 

operating with a gas mixture. 

4.5.1 Validation 

For validating the model, the results of the benchmark test, which was conducted in a 

workshop organized by International Energy Agency in 1994 [107], is used. In this 

benchmark test, nine institutions modeled planar SOFC with the same operating data. 

These institutions are: KFA-Julich (Germany), ISTIC, University of Genova (Italy), ECN 

Petten (Holland), Riso, National Laboratory (Denmark), Eniricerche (Italy), Dornier 

(Germany), Statoil (Norway), Ife-Kjeller (Norway), and Siemens (Germany). There were 
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two benchmark tests: benchmark test-1 and benchmark test-2. In the first test, a SOFC 

operating with 90% H2 and 10% H20 was modeled. In the second test, a DIR-SOFC 

operating with 17.1% CH4, 26.26% H2, 2.94% CO, 4.36% C02, and 49.34% H20 was 

modeled. The main assumption used in the test was to accept each of the polarizations in 

the anode and cathode as equal to the ohmic loss of the electrolyte. These models were 

developed under steady-state conditions. The input data for the benchmark tests are given 

in Table 4.5. In another study, Braun [108] developed a steady state model using the 

same input data and assumptions with the benchmark test. 

Table 4.5: Input data used in the benchmark tests. 

Cell geometry 
Active area [mm2] 
Anode thickness [m] 
Cathode thickness [m] 
Electrolyte thickness [m] 
Channel width [mm] 
Channel height [mm] 
Rib width [mm] 
Total thickness (with ribs) [mm] 
Operating parameters 
Temperature at the fuel channel inlet [K] 
Temperature at the air channel inlet [K] 
Pressure of the cell [kPa] 
Excess air coefficient 
Fuel utilization 
Mean current density [A/m2] 
Gas composition at the air channel inlet 
Gas composition at the fuel channel inlet 

100x100 
50* 10"6 

50xl0"6 

150xl0"6 

3 
1 
2.42 
2.5 

1173 
1173 
100 
7 
0.85 
3000 
21%02,79%N2 

90% H2, 10%H2O(Testl) 
17.1% CH4, 26.26% H2, 2.94% CO, 

4.36% C02, and 49.34% H20 (Test 2) 
Source: Achenbach [107]. 
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In this study two models, using different assumptions, have been developed for a co-flow 

and counter-flow SOFC. A transient heat transfer model was first developed using the 

same assumption for polarizations as the benchmark tests. This model is called Model-

VI. In the second model, the assumption used in Model-VI is altered in that different 

analytical equations are considered for ohmic, activation and concentration polarizations, 

as given in Chapter 3.3. This model is called Model-V2. There are some differences in 

the input and output parameters of this model and the benchmark test. Unlike the input 

parameters used in the benchmark test, fuel utilization and mean current density are taken 

as output parameters, but the cell voltage and Reynolds number are taken as input 

parameters in the present models. Since the results of the benchmark tests are given in 

steady state condition, the model is validated for this condition. 

4.5.2 Case studies 

For case studies, the same operating conditions with the benchmark tests are selected for 

comparison purpose. Transient and steady state behaviors of the SOFC are investigated. 

4.5.2.1 Case study-1: SOFC operating with humidified hydrogen 

The transient heat transfer model is simulated for the benchmark test-1 conditions [107]. 

A nodal analysis is first carried out to find the number of nodes that will make the results 

independent from the grid size. Then, the results are validated using those from the 

benchmark test and Braun's thesis. Heat-up and start-up simulations are done to find the 

change of output parameters with time. Finally, several parametric studies including the 

effect of mass flow rate of air at the heat-up stage, Reynolds number, excess air 
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coefficient, current density, and thicknesses of air and fuel channels on the output 

parameters are investigated. 

4.5.2.1.1 Nodal Analysis 

A nodal analysis is first carried out to find the number of nodes that will make the results 

independent from the grid size. In Figures 4.30-4.32, some of the results for the nodal 

analysis for the heat-up period are given. In these figures, 15 nodes in y direction are 

taken and number of nodes in x direction is varied. Mass flow rate of air is taken as 

0.0712 g/s and At is taken as 1 s. From these figures, we can see that considering 375 

nodes is sufficient to obtain grid-independent results. It should be noted that since the 

final temperature distribution of heat-up stage is used as the initial temperature 

distribution of the start-up stage, the number of nodes considered for heat-up and start-up 

stages should be equal to each other. In other words, if we find that the number of nodes 

for the start-up stage that will make the results independent from the grid size is higher 

than those for the heat-up stage, then the number of nodes for the heat-up stage should be 

adjusted accordingly. Effect of At and Ay on the results is also investigated. It is found 

that they do not have a significant effect on the results. 

A nodal analysis is done for the start-up period of the co-flow humidified hydrogen fed 

SOFC for the Model-Vl. The Reynolds number is taken as 0.67 to obtain consistent 

results with the benchmark test-1 for the given fuel utilization and the average current 

density. Some of the results for the start-up period are given in Figures 4.33-4.35. It can 

be seen from these figures that current density distribution is more sensitive to the grid 
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size. From these figures, it is found that we should take the number of nodes in the spatial 

domain as 750 nodes. Hence, the calculations are done for both of the stages, i.e. heat-up 

and start-up stages, for this number of nodes. 

o 

tu
r 

er
a 

d
m

 

01 

ol
ic

 

1 

//U " 

760 1 

750 -

740 -

730 -

720 • 

710 -

700 • 

oyu i 

*- 75 Nodes —*—150 Nodes —•—300 Nodes —•—750 Nodes 

i i 

10 

Distance to inlet (cm) 
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Figure 4.32: Sensitivity of number of nodes in the spatial domain to the heat-up time. 

•75 Nodes •150 Nodes •300 Nodes •750 Nodes 

1,000 

4 6 

Distance to inlet (cm) 

10 

Figure 4.33: Sensitivity of nodes in spatial domain to current density. 

154 



—*— 75Nodes —*—150Nodes —•—300Nodes —•— 750Nodes 

? ii-

E 
is 
•b 

ue
 

p
er

at
u

re
o

f 
f 

Te
rn

 

1,080 
1,060 
1,040 
1,020 
1,000 
980 
960 
940 
920 
900 
880 

Distance to inlet (cm) 
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Figure 4.35: Sensitivity of nodes in spatial domain to molar fraction of hydrogen. 

4.5.2.1.2 Validation 

For validating the present models, the input parameters were first calibrated. As discussed 

before, cell voltage is considered as an input parameter in the present models and not in 

the benchmark tests. The results for the cell voltage for the benchmark test-1 are given in 
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Table 4.6. From these results, the cell voltage was chosen as 0.7 V for the co-flow and 

0.71 for the counter-flow case. Average current density and fuel utilization are input 

parameters in the benchmark tests and their values are as 0.3 A/cm2 and 0.85, 

respectively. To get results closer to these values, the Reynolds number is found to be 

0.67 in Model-Vl. The same value for Reynolds number is used in Model-V2. 

Table 4.6: Cell voltage for the benchmark test-1. 

Company/Institution 

Dornier, D 

ECN Petten, NL 

Eniricerche, I 

Inst. For Energiteknikk Kjeller, N 

KFA-Julich, D 

Siemens, D 

Statoil, N 

Riso, DK 

Co-flow [V] 

0.684 

0.704 

0.722 

0.71 

0.706 

0.712 

0.702 

0.7034 

Counter-flow [V] 

0.689 

N.A. 

0.730 

0.71 

0.712 

0.716 

0.709 

0.7101 
Source: Achenbach [107]. 

Maximum and minimum values for the current density, solid temperature and air and fuel 

channel outlet temperatures are given in Tables 4.7- 4.9, respectively. From Table 4.7, it 

can be seen that the current density, found by different companies and institutions, is 

between 1020 A/m2 and 3956 A/m2 for the co-flow case, and 1080 A/m2 and 8970 A/m2 

for the counter-flow case. It can be seen from this table that the results for Model-Vl are 

between these values. When we take the average of the maximum and minimum current 

densities found by the companies and institutions that participated in the benchmark test, 

and compare these average values with the results of Model-Vl, it was found that the 
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relative error for the maximum current density is 0.78% and 3.02%, and that for the 

minimum current density is 7.22% and 2.64% for co-flow and counter-flow cases, 

respectively. The same procedure is followed for the solid temperature and air and fuel 

channel outlet temperatures, which are given in Tables 4.8 and 4.9, respectively. It was 

found that only the maximum solid temperature for the counter-flow case is not in the 

range given in Table 4.8. It is 0.57% lower than the bottom limit for the maximum solid 

temperature. This result is mainly due to the difference in modeling between Model-Vl 

and the benchmark test. In Model-Vl for counter-flow configuration, the outlet 

temperature for the fuel channel and the inlet temperature for the air channel are fixed to 

obtain a uniform temperature distribution. The inlet temperature of the fuel channel and 

the outlet temperature for the air channel were calculated. However, it is not clear how 

the inlet and outlet temperatures for the gas channels were calculated in the models by the 

companies and institutions that participated in the benchmark test. For Model-Vl, it was 

found that the relative error for the maximum solid temperature is 1.74% and 2.00%, and 

that for the minimum solid temperature it is 2.29% and 0.59% for co-flow and counter-

flow cases, respectively. For the same model, the results show that the relative error for 

the air channel outlet temperature is 1.40% and 2.26%, and that for the fuel channel outlet 

temperature is 1.58% and 1.14% for the co-flow and counter-flow cases, respectively. It 

should be noted in the comparison of air and fuel channel outlet temperatures with 

Model-Vl, the results of Siemens are neglected. It is understood from Table 4.9 that 

Siemens chose inlet temperatures of air and fuel channels as 900 °C for the counter-flow 

case, which is not the case in the models developed by the author or the other institutions 

and companies. 
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Table 4.7: Validation of maximum and minimum values of current density. 

Company/Institution 

Dornier, D 

ECN Petten, NL 

Eniricerche, I 

Inst. For Energiteknikk Kjeller, N 

KFA-Julich, D 

Siemens, D 

Statoil, N 

Riso, DK 

Braun's Thesis 

Model-Vl 

Model-V2 

Co-flow 
(max/min) (A/m2) 
3636/1686 

3614/1211 

3840/1020 

3933/1191 

3725/1237 

3863/1236 

3956/1366 

3739/1296 

3799/1211 

3760/1187 

5175/1175 

Counter-flow 
(max/min) (A/m2) 

7192/1297 

N.A. 

8970/1080 

7862/1113 

7910/1163 

8513/1135 

7391/1235 

7107/1187 

7393/1152 

7564/1202 

5530/1586 
Source (data for company/institution): Achenbach [107]. 

Table 4.8: Validation of maximum and minimum values of solid temperature. 

Company/Institution 

Dornier, D 

ECN Petten, NL 

Eniricerche, I 

Inst. For Energiteknikk Kjeller, N 

KFA-Julich, D 

Siemens, D 

Statoil, N 

Riso, DK 

Braun's Thesis 

Model-Vl 

Model-V2 

Co-flow 
(max/min) (°C) 
1070/928 

1082/899 

1069/916 

1058/930 

1059/913 

1049/909 

1098/970 

1061/924 

1059/924 

1049/903 

1043/907 

Counter-flow 
(max/min) (°C) 
1085/914 

N.A. 

1083/906 

1084/912 

1073/906 

1062/904 

1082/913 

1075/910 

1073/910 

1056/904 

1054/906 
Source (data for company/institution): Achenbach [107]. 
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Table 4.9: Validation of air and fuel channel outlet temperatures. 

Company/Institution 

Dornier, D 

ECN Petten, NL 

Eniricerche, I 

Inst. For Energiteknikk Kjeller, N 

KFA-Julich, D 

Siemens, D 

Statoil, N 

Riso, DK 

Braun's Thesis 

Model-Vl 

Model-V2 

Co-flow 
(air/fuel) (°C) 

1068/1070 

1082/1082 

1068/1068 

1055/1058 

1059/1059 

1048/1048 

1067/1067 

1059/1061 

1058/1059 

1048/1047 

1042/1043 

Counter-flow 
(air/fuel) (°C) 
1080/914 

N.A. 

1080/906 

1073/912 

1070/906 

1061/1064 

1082/914 

1070/910 

1068/910 

1051/900 

1051/900 
Source (data for company/institution): Achenbach [107]. 

When the results for Model-V2 are checked from Tables 4.7-4.9, it is seen that except for 

the current density distribution, the results are comparable with the results of the 

benchmark test and Model-Vl. The difference in the results for current density 

distribution between Model-Vl and Model-V2 is as expected since the models in the 

benchmark tests were developed using an assumption on polarizations, as discussed in 

Section 4.5.1. However, this assumption is not valid today. Detailed correlations have 

been published on the activation and concentration polarizations in the literature, e.g. [99, 

116]. However, the temperature distribution is still comparable for Model-V2 with the 

benchmark test-1. For example, for Model-V2, the relative error for the maximum solid 

temperature is found to be 2.32 % and 2.19%, and for the minimum solid temperature it 

is 1.84% and 0.37% for co-flow and counter-flow cases, respectively. Also, for this 

model, the results show that the relative error for the air channel outlet temperature is 
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1.98% and 2.26%, and that for the fuel channel outlet temperature is 1.97% and 1.14% 

for the co-flow and counter-flow cases, respectively. 

The distributions of current density, fuel channel temperature, and molar hydrogen 

fraction in the fuel channel, found by using Model-VI and Model-V2 for the co-flow 

case, are also validated with the data published by ECN, which is an institute that 

participated in the benchmark test. This validation is shown in Figures 4.36-4.38. The 

distributions for the counter-flow case, found by the companies participated in the 

benchmark test, are not available in the literature, but the distributions found by using the 

present models, are added to these figures for comparison. As can be seen from Figure 

4.36, current density trends for Model-Vl, and the model developed by ECN, are similar 

except that the current density for Model-Vl is slightly higher at the first half of the cell. 

Model-V2 has a different trend for both co-flow and counter-flow cases because of the 

different correlations for activation and concentration polarizations in this model. 

However, when we calculate the average current densities for the Model-Vl and Model-

V2, it is found that the values are very comparable with the average current density of the 

model developed by ECN, which is 0.3 A/cm2. The average current densities for the co-

flow case are 0.304 A/cm2 and 0.294 A/cm2 for the Model-Vl and Model-V2, 

respectively; whereas, those for the counter-flow case are 0.299 A/cm2 and 0.301 A/cm2 

for the Model-Vl and Model-V2, respectively. When we compare the temperature 

distribution in the fuel channel found by the Model-Vl and Model-V2 with the results of 

ECN, as shown in Figure 4.37, it can be seen that the trends are similar. The temperature 

at the fuel channel exit is found to be higher for ECN. However, when we check the 
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Table 4.9, it may be seen this temperature is comparatively higher for ECN than for that 

of the other companies and institutions. From Figure 4.38, it can be seen that molar 

composition of hydrogen has almost the same trend with ECN. 
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Figure 4.38: Comparison of molar hydrogen fraction distribution in the fuel channel 
found using the Model-Vl and Model-V2 with the benchmark test (ECN's data [107]). 

4.5.2.1.3 Transient behavior of the cell 

Heat-up and start-up simulations give the change of temperature, fuel utilization, average 

current density, electrical efficiency, power density, and molar fraction of hydrogen with 

time. These simulations are conducted for both co-flow and counter-flow cases. 

In Figures 4.39 and 4.40, temperature distributions for the co-flow case for Model-V2 are 

given for the heat-up and start-up stages, respectively. In the heat-up period, temperature 

at the air channel inlet is controlled due to thermomechanical considerations. This 

temperature increases by 100 °C more than the minimum solid temperature at each time 

step. At this stage, forced convection at the air channel, natural convection at the fuel 

channel, radiation and conduction between the solid parts affect the temperature 

distribution. The heat-up period ends when the minimum solid temperature reaches a 
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prescribed value which is chosen as 700 °C in this study. At this temperature, the 

resistivity of the electrolyte, hence the ohmic polarization becomes low enough to 

produce meaningful amount of power. In Figure 4.39, we can see that the temperature 

drops in x and y directions at the end of heat-up period, i.e. t=794 s, are approximately 

5.5 °C/cm and 11.2 °C/cm for an air flow rate of 0.0712 g/s. In the start-up period, the 

temperatures at the air and fuel channel inlets are fixed. There is a temperature rise 

through the channel length because of the heat generation due to polarizations; however 

some of this heat is carried away by the excess air sent through the air channel. The 

temperature gradients in x and y directions at the end of the start-up period are 

approximately 13 °C/cm and 2.9 °C/cm, respectively, as shown in Figure 4.40. 
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ure 4.39: 2-D temperature distributions during heat-up period (co-flow). 
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Figure 4.40: 2-D temperature distributions during start-up period (co-flow). 

Figures 4.41 and 4.42 show the temperature profiles of the counter-flow case for Model-

V2 for several times for the heat-up and start-up stages, respectively. In the counter-flow 

case, air is sent through the opposite side of the cell compared to the co-flow case. Hence, 

the temperature distribution shown in the Figure 4.41 is symmetrical to that shown in the 

Figure 4.39. The temperature gradients in the x and y directions at the end of the start-up 

period are approximately 14.6 °C/cm and 1.25 °C/cm, respectively, as can be seen from 

Figure 4.42. 
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Figure 4.41: 2-D temperature distributions during heat-up period (counter-flow). 
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The Figures 4.43-4.46 show how the average solid temperature, air channel outlet 

temperature, fuel channel inlet/outlet temperature, fuel utilization, average current 

density, electrical efficiency, power density, and molar fraction of hydrogen change with 

time. As it can be seen from Figures 4.43a-4.43c, there is nearly a linear relation between 

temperature and time for the heat-up period, which takes 794s. As start-up period starts, 

the temperature increases gradually until the system reaches steady state condition. The 

SOFC reaches this condition at 4143 s and 4233 s for the co-flow and counter-flow 

configuration, respectively. At this condition, the absolute temperature difference 

between two consecutive times is less than 10"4. However it can be seen from these 

figures that after 2500 s, there is not a significant change in the output parameters for 

both of the configurations. It can be followed from Figures 4.44 and 4.45 that the output 

parameters are zero in the heat-up period since there is no flow in the fuel channel. For 

the co-flow case, during the start-up period, average current density, fuel utilization, 

power density and electrical efficiency increase from 0.19 to 0.3 A/cm2, 0.53 to 0.83, 

0.13 to 0.21 W/cm2, and 0.29 to 0.47, respectively. The molar flow rate of hydrogen at 

the exit of the fuel channel is higher at the beginning of the start-up period compared to 

the steady state condition, as can be seen from Figures 4.46a and 4.46b. It is higher 

because of the higher fuel utilization which is due to the lower operating temperature at 

the beginning of the start-up period. Figures 4.43-4.46 show that the transient behaviors 

for co- and counter-flow configurations do not differ significantly. They have similar 

trend but the counter-flow configuration takes slightly more time to reach the steady state 

condition, as discussed above. 
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Figure 4.43: Transient behavior of SOFC fueled with humidified hydrogen: (a) average 
solid temperature, (b) air channel outlet temperature, (c) fuel channel temperature. 
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4.5.2.1.4 Parametric studies 

Several parametric studies are conducted. These studies include the effect of mass flow 

rate of air at the heat-up stage on the heat-up time, and the effect of Reynolds number, 

excess air coefficient, current density, and channel geometry on the output parameters 

such as fuel utilization, average current density, electrical efficiency, and power density. 
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Figure 4.46: Change of molar fraction of hydrogen with time for the SOFC fueled with 
humidified hydrogen for (a) co-flow case, (b) counter-flow case. 

In the base model, the heat-up time is calculated as 794 s for a mass flow rate per cross 

section of the air channel of 2.373 g/s-cm2. For different mass flow rate of air, the heat-up 

time is investigated and the results are shown in Figure 4.47. As it can been seen from 
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this figure, as the mass flow rate of air increases, the heat-up time decreases rapidly, and 

then it decreases gradually. In general, heat-up period should be minimized since there is 

no power production in this period. In addition, a rapid heat-up is generally required for 

power generation technologies and crucial for some applications such as portable 

applications. This figure shows that as the mass flow rate of air increases, heat-up time 

decreases. This result is as expected because sending more hot air increases the 

temperature at each time step, thus the fuel cell reaches the prescribed temperature 

quicker. However, increasing this mass flow rate causes an increase in the blower power 

requirement, which in turn decreases the electrical efficiency of the system. In addition, 

the operation cost increases. Due to this fact, mass flow rate of air should be selected 

after an optimization study according to the purpose of application area. 
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Figure 4.47: Effect of mass flow rate of air at the heat-up stage on the heat-up time. 
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Figures 4.48 and 4.49 show the effect of the Reynolds number on the output parameters. 

Reynolds number is directly proportional to the mass flow rate of the fuel. This flow rate 

is shown on the second horizontal axis of these figures. As it can be seen from these 

figures, Reynolds number should be greater than a certain value to get any meaningful 

results. If we choose this number very low, the code written in Matlab might give us 

imaginary numbers as the output. From Figure 4.48, we see that as Reynolds number 

increases, fuel utilization decreases, whereas average current density increases, which can 

be explained as follows: As the Reynolds number increase, molar flow rate of hydrogen 

and molar flow rate of hydrogen that is utilized increase, which in turn increases the 

average current density. However, since the increase in molar flow rate of hydrogen is 

more than the molar flow rate of hydrogen utilized, fuel utilization decreases. Power 

density has the same trend with current density, as shown in Figure 4.49, because the cell 

voltage is assumed to be constant in the modeling. It can be shown easily that electrical 

efficiency is directly proportional to the fuel utilization; hence it has the same trend with 

fuel utilization as shown in the same figure. These figures also show that counter-flow 

configuration has a better performance, e.g. electrical efficiency, for low Reynolds 

numbers that we obtain meaningful amount of fuel utilization, e.g. fuel utilization of 0.85. 

For example, for Reynolds number 0.67, electrical efficiency is 46.5% and 48.3%, for co-

flow and counter-flow configurations, respectively. 
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Figure 4.49: Effect of Reynolds number on the electrical efficiency and power density. 

Excess air coefficient, which controls the mass flow rate of air at the inlet of the air 

channel, is an important operating variable because it controls the current density, the 
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temperature of the fuel cell, which in turn affects the performance of the cell. If less 

amount of air is sent through the air channel, the temperature of the cell is increased, as 

shown in Figure 4.50. Therefore, the excess air coefficient should be carefully selected 

not to cause a thermo-mechanical problem. Figures 4.51 and 4.52 show that taking the 

excess air coefficient high provides higher performance of the cell. This performance 

increase can be explained as follows: As the excess air coefficient increases, temperature 

of the fuel cell decreases. This decrease causes an increase in the Nernst voltage, and 

decrease in the activation and concentration polarizations, as discussed in sections 4.1 

and 4.2. Hence, the current density and the performance of the cell increase. However, 

the blower power requirement and the operation cost also increase with an increase in the 

excess air coefficient. In addition, higher exit temperature from the channels, which 

necessitates lower excess air coefficient, is generally required for the integrated SOFC 

systems. Hence, an optimum excess air coefficient should be selected depending on the 

application and taking into account the performance and economics. When we compare 

the co-flow and counter-flow configurations, Figure 4.52 shows that for the excess air 

coefficient up to 9, counter-flow configuration has a higher electrical efficiency. If we 

take the excess air coefficient higher than 9, co-flow configuration has a higher electrical 

efficiency. 

A SOFC can operate at different cell voltage or average current density. The effect of 

average current density and Reynolds number on the performance of the system is 

studied and the results are shown in Figures 4.53-4.56. The results show that taking the 

Reynolds number high enables a higher operating range of the fuel cell. However, for a 
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given current density, cell voltage is lower, whereas fuel utilization and electrical 

efficiency are higher for lower Reynolds number. The results also show that counter-flow 

has slightly better performance compared to co-flow configuration. 
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The effect of the thickness of the gas channels on the performance of the cell is 

investigated as the last parametric study, and the results are shown in Figure 4.57 and 

4.58. In these results, the Reynolds number is fixed at 0.67. As it can be seen from these 

figures, fuel utilization and electrical efficiency decrease whereas average current density 
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and power density increase with an increase in the gas channel thickness. This can be 

explained as follows: Since the Reynolds number is fixed, as the channel thickness 

increases, mass flow rate of the fuel increases, which decreases the fuel utilization. The 

other parameters change accordingly as discussed before. 
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4.5.2.2 Case study-2: DIR-SOFC operating with a gas mixture 

In this study, benchmark test-2 conditions, which are given in Table 4.5, are used as the 

input data for the transient heat transfer model of the DIR-SOFC operating with a gas 

mixture consisting of CH4, H2, CO, CO2, H2O, and N2. As in the case of case study-1, the 

input parameters of the model are adjusted to obtain the given average current density 

and fuel utilization. In the first part of this study, the model is validated with the results of 

the benchmark test-2 and Braun's thesis for the steady-state condition. In the second part 

of this study, the transient behaviour of the system is studied for co-flow and counter-

flow configurations. 

4.5.2.2.1 Model validation 

In the benchmark test-2, the results are shown for fuel utilization of 0.85 and an average 

current density of 0.3 A/cm2. Since these two parameters are output parameters in the 
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model developed by the author, Reynolds number is altered until we get results that are 

close enough to these two parameters. As in the case of case study-1, two models are 

developed. In the first model, the same polarization assumption is used as the benchmark 

test and this model is named Model-Vl. In the second model, correlations for the 

polarizations are used and this model is named Model-V2. For the co-flow configuration, 

in the Model-Vl, Reynolds number is found to be 1.85, which gives fuel utilization of 

0.85 and average current density of 0.318 A/cm2. For the same configuration in Model-

Vl, Reynolds number is found to be 2, which gives fuel utilization of 0.85 and average 

current density of 0.346 A/cm2. For the counter-flow configuration, in the Model-Vl and 

Model-V2, Reynolds number is found to be 1.7, which gives fuel utilization of 0.85 and 

average current density of 0.3 A/cm2. 

The validation of the co-flow configuration for the Model-Vl and Model-V2 are given in 

Table 4.10. As the cell voltage is an input parameter in the model developed, a value 

between the maximum and minimum values of the cell voltage from the models 

conducted in the benchmark test-2 is taken, as shown in this table. From this table, it can 

be seen that the results for the Model-Vl of the co-flow case is between the maximum 

and minimum values found by the companies and institutions participated in the 

benchmark test-2 except the power. The result for power has a relative error of 3.37% 

and 5.76% with the maximum and minimum value of it, respectively, given by the 

participants of the benchmark test-2. For Model-V2 of the co-flow case, the maximum 

current density is slightly higher than the maximum value of the benchmark test because 

of the assumption on the polarizations done in this model. 
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Table 4.10: Validation of the Model-VI and Model-V2 of the co-flow configuration with 
the benchmark test-2 and Braun's model. 

Parameter 

Voltage (V) 

Power (W) 

Efficiency (%) 

Current density (A/ m2) 

8 

Solid temperature ( C) 

6 

Outlet gas temperature ( C) 

Max 
Min 
Max 
Min 
Max 
Min 

Max 
Min 

Max 
Min 

Air 
Fuel 

Co-flow 
Benchmark1 

0.65 
0.63 
19.47 
18.99 
N/A 

Max/Min 
3665/3040 
2508/1748 
Max/Min 
1034/1021 
862/847 
Max/Min 
1026/1016 
1026/1021 

Braun's model2 

0.65 

19.49 

49.8 

Model-
VI3 

0.65 

20.15 

49.5 

Model-
V24 

0.65 

21.92 

49.8 

3457 
2149 

3599 
2161 

4484 
1738 

1020 
845 

1025 
853 

1023 
858 

1014 
1019 

1022 
1024 

1022 
1023 

Data shows the results from the benchmark test. Data are taken from Braun's thesis [108]. 
2 Data shows the results from the Braun's model. Data are taken from Braun's thesis [108]. 
3 Data shows the results from the present model that uses the same assumption with the benchmark test. 
4 Data shows the results from the present model that uses the different assumption for polarizations. 

The validation of the counter-flow configuration for the Model-VI and Model-V2 is 

given in Table 4.11. When we check the results from this table, we see that the results for 

Model-VI are slightly lower than the values given for the benchmark test. This difference 

is mainly due to the methodology applied in the modeling. As discussed before, in the 

model developed by the author, outlet of fuel channel temperature and inlet of air channel 

are considered fixed; whereas it is unknown what kind of an assumption is done in the 

model used in the benchmark test. In spite of this assumption, the relative errors for 

Model-VI for power, maximum current density, minimum current density, maximum 

solid temperature, minimum solid temperature, exit temperature of air channel and exit 

temperature of fuel channel are 0.99%, 2.30%, 4.72%, 2.91%, 0.11%, 3.67% and 0.67%, 
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respectively. The results for Model-V2 are almost same with the Model-VI except the 

maximum and minimum values of current density. This difference is due to the difference 

on the assumption on polarizations between these two models. However, the average 

current densities for these two models are same, which are equal to 0.3 A/cm2. 

Table 4.11: Validation of the Model-Vl and Model-V2 of the counter-flow configuration 
with the benchmark test-2 and Braun's model. 

Parameter 

Voltage (V) 

Power (W) 

Max 
Min 
Max 
Min 

Efficiency (%) 
Current density 
(A/m2) 

Solid temperature 

Outlet gas 
temperature (°C) 

Max 
Min 

Max 
Min 

Air 
Fuel 

Counter-flow 
Benchmark1 

0.692 
0.680 
20.76 
20.40 
N/A 
Max/Min 
6554/5330 
1332/994 
Max/Min 
1089/1062 
915/906 
Max/Min 
1028/1018 
915/906 

Braun's model2 

0.693 

20.78 

53.1 

5395 
1260 

1058 
912 

1014 
914 

Model-
Vl3 

0.69 

20.2 

52.7 

5210 
1272 

1032 
907 

982 
900 

Model-
V24 

0.69 

20.2 

52.6 

4437 
1692 

1033 
909 

981 
900 

Data shows the results from the benchmark test. Data are taken from Braun's thesis [108]. 
2 Data shows the results from the Braun's model. Data are taken from Braun's thesis [108]. 
3 Data shows the results from the present model that uses the same assumption with the benchmark test. 
4 Data shows the results from the present model that uses the different assumption for polarizations. 

The results for the distribution of the output parameters through the channel length could 

not be accessed for the benchmark test. However, those results from Braun's thesis for 

the co-flow configuration are used for validation of the distribution of average solid 

temperature and current density. It can be seen from the Figures 4.59 and 4.60 that, these 

distributions for Model-Vl and Braun's thesis have the same trends. The current density 

distribution for Model-V2 is different, which is discussed below. 
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Figure 4.59: Validation for the distribution of the average solid temperature. 
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Figure 4.60: Validation for the distribution of the current density. 

In the case study, the results show that the current density distribution of Model-Vl and 

Model-V2 have different trend. However, the average current densities of these models 

are very close to each other. Since the current density is found by solving the relation 

between the Nernst voltage and the voltage losses, i.e. the polarizations, the change of 
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these voltages through the channel length is investigated. The results are given for the co-

flow configuration and shown in Figures 4.61 and 4.62 for the Model-Vl and Model-V2, 

respectively. From these figures, it can be seen that the Nernst voltage and the total 

amount of polarizations have the same trend. However, the individual or the 

combinations of the individual polarizations have different trends. From these trends, it 

can be considered that the nature of the equations considered for polarizations are 

responsible for the different current density distribution between Model-Vl and Model-

Vl. For example, for ohmic polarization, this polarization is directly proportional to the 

current density; whereas for activation and concentration polarizations, these 

polarizations are trigonometric and logarithmic functions of current density, respectively. 
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Figure 4.61: Change of voltage for co-flow configuration of Model-Vl. 
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Figure 4.62: Change of voltage for co-flow configuration of Model-V2. 

4.5.2.2.2 Transient behavior of the cell 

After validating the model, the co-flow and counter-flow simulations are carried out for 

the same cell voltage and fuel utilization, which are chosen as 0.69 V and 0.85, 

respectively. The 2-D temperature distributions are found for several time steps for both 

of the configurations and the transient behavior of the cell is investigated. 

Figure 4.63 shows the temperature distributions for the co-flow configuration at different 

time steps during the start-up period. The temperature distribution at the heat-up period is 

same as the humidified hydrogen case; hence it is not shown again in this section. As can 

be followed from this figure, there is a temperature rise with time due to fixing the inlet 

temperature of air and fuel channels at a higher temperature than the temperature of the 

cell at the end of heat-up period. The temperature at the x direction drops suddenly due to 

the endothermic steam reforming reaction and then increases through the channel due to 

exothermic electrochemical and water-gas shift reactions. For this configuration, the cell 
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reaches steady state condition at 4433 s. At this time, the temperature gradients of the 

solid part in the x and y directions are approximately 15.6 °C/cm and 1.03 °C/cm, 

respectively. The temperature distribution for several time steps for the counter-flow 

configuration is shown in Figure 4.64. As can be seen from this figure, temperature 

reaches a higher value at the steady state condition for this configuration compared to co-

flow configuration. At this time, the temperature gradients of the solid part in the x and y 

directions are approximately 7.48 °C/cm and 1.01 °C/cm, respectively. As illustration, 

the temperature gradients of the solid structure at the flow direction for co- and counter-

flow configurations are shown in Figure 4.65. The effect of steam reforming reaction, 

which causes a sudden change in the temperature gradient at the inlet of the SOFC, can 

be clearly seen in this figure. 
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Figure 4.63: 2-D temperature distributions for co-flow SOFC at different time steps. 
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Figure 4.64: 2-D temperature distributions for counter-flow SOFC at different time 
steps. 
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Figure 4.65: Average temperature gradient of the solid structure in the fuel flow 
direction 
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Figures 4.66-4.70 show how the temperature, fuel utilization, average current density, 

electrical efficiency and power density and change with time for the co-flow and counter-

flow configurations. For example, these figures show that for the co-flow case, during the 

start-up period, average current density, fuel utilization, power density, and electrical 

efficiency increase from 0.18 to 0.27 A/cm2, 0.56 to 0.85, 0.12 to 0.18 W/cm2, and 0.42 

to 0.63, respectively. 
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Figure 4.66: Change of average solid temperature with time for the DIR-SOFC operating 
with a gas mixture. 
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Figure 4.68: Change of fuel channel temperature with time for the DIR-SOFC operating 
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Figure 4.69: Change of fuel utilization and average current density with time for the 
DIR-SOFC operating with a gas mixture. 

4.6 System Level Modeling 

In this section, energy and exergy analyses, which are discussed in Section 3.8, are 

applied to several integrated SOFC systems. As a result of these analyses, performances 

of these systems are assessed, and exergy destructions and losses within these systems are 

calculated. 
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Figure 4.70: Change of electrical efficiency and power density with time for the DIR-
SOFC operating with a gas mixture. 

4.6.1 SOFC and gas turbine based cogeneration system 

In this study, a cogeneration system based on a pressurized, high temperature, direct 

internal reforming SOFC is analyzed. In such systems, pressurizing the fuel cell is a 

necessity since the cell voltage or power output of the cell increases with pressure. In 

addition, the enthalpy of the HRSG inlet increases because of the decrease in the 

temperature difference along the recuperator for the air and fuel flow sides; hence, the 

enthalpy difference rate of the process, fuel utilization ratio, and exergetic efficiency of 

the system become higher. The description of the system, and the modeling technique 

and equations are given in Section 3.8.3.1. The input data used in energy and exergy 

analysis of the system is given in Table 4.12. 

Using the modeling technique mentioned in Section 3.8.3.1 and the input data given in 

Table 4.12, the calculations are done. First, the recirculation ratio needed to prevent the 

carbon deposition is found. For this purpose, an initial recirculation ratio of 0.1 is initially 
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taken and then it is increased by 0.1 until the carbon activity becomes less than 1. The 

variation of carbon activity with recirculation ratio is shown in Table 4.13. It can be seen 

from this table that 0.4 is the minimum recirculation ratio needed to prevent the carbon 

deposition. 

Table 4.12: Input data of the system. 

Fuel 
Environmental temperature 
Environmental pressure 
Net electrical work output of the system 

Methane 
25 °C 
100 kPa 
1MW 

SOFC 
Exit Temperature 
Temperature difference between 
exit and inlet 
Pressure 
Operating voltage 
Active surface area of a single cell 
Fuel utilization ratio 
Thickness of anode 
Thickness of electrolyte 
Thickness of cathode 
Thickness of interconnect 

1000 °C 
100 °C 

1500 kPa 
0.7 V 
100 cm2 

0.85 
50 um 
150 um 
50 um 
5 mm 

HRSG (Heat Recovery Steam Generator) 
Steam drum pressure 
Pinch point 
Evaporator approach temperature 
Condensate return temperature 
Heat loss from HRSG 
Pressure drop on the air side 

1200 kPa 
10 °C 
10 °C 
25 °C 
2% 
5% 

Gas Turbine 
Pressure ratio 
Isentropic efficiency 
Electric generator efficiency 

Isentropic efficiency of compressors 

5:1 
0.85 
0.98 
0.85 
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Table 4.13: Carbon activity for different recirculation ratios. 

Recirculation ratio, r 
0.1 
0.2 
0.3 
0.4 

Carbon activity, ac 

10.14 
2.65 
1.16 
0.59 

For the recirculation ratio of 0.4, it is found that the air utilization ratio is 17% and the 

power output of a single cell is 46.17 W. The remaining thermodynamic properties, 

physical and chemical exergy flow rates, and total exergy flow rates of the states of the 

system are shown in Table 4.14. From this table, it can be interpreted that state 7, which 

is the exit of the combustor, has the highest energy quality since its total flow exergy rate 

is higher than other states. If we invent a device and bring this state into equilibrium with 

its environment, we may achieve 2.7 MW work output. After applying the exergy 

balances, the exergy destruction rates and exergy loss rates are calculated together with 

their relevant ratios. These results are shown in Table 4.15, and Figures 4.71 and 4.72. 

From Table 4.15, it can be seen that the control volume enclosing the SOFC and the 

combustor has the highest exergy destruction which is mainly due to the combustion of 

the depleted air and fuel streams of the fuel cell. They account for the 12.5% of the 

exergy of the fuel and 40.5% of the total exergy destructions. The only exergy loss to the 

environment is the exergy flow rate of the stack, which is 7% of the exergy of the fuel. 
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Table 4.14: Thermodynamic properties and exergy flow rates of the states. 

State 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

m (kg/s) 

0.032318 
0.032318 
2.815823 
2.815823 
0.032318 
2.815823 
2.848142 
2.848142 
2.848142 
2.848142 
0.036413 
0.036413 

T(°C) 

25.0 
277.6 

25.0 
420.3 
782.3 
900.0 

1093.4 
722.1 
223.0 
190.0 
188.0 
25.0 

P(kPa) 

101.3 
1519.9 

101.3 
1519.9 
1519.9 
1519.9 
1519.9 
304.0 
106.4 
101.3 

1200.0 
1200.0 

Exph (kW) 

0.000 
19.546 
0.000 

1079.644 
59.292 

2113.568 
2704.008 
1347.052 

150.848 
113.163 
30.786 

0.000 

Exch (kW) 

1660.600 
1660.600 

0.000 
0.000 

1660.600 
0.000 
3.817 
3.817 
3.817 
3.817 
0.091 
0.091 

Ex (kW) 

1660.600 
1680.146 

0.000 
1079.644 
1719.892 
2113.568 
2707.825 
1350.869 

154.666 
116.980 
30.877 

0.091 

Table 4.15: Exergy destructions and losses. 

Control Volume (CV) 

CV1 
CV2 
CV3 
CV4 
CV5 
CV6 

Stream 10 

ExD, ExL (kW) 
1.785 

77.887 
122.534 
207.601 

96.126 
6.900 

116.980 

62% 

13% 

- 6 % 

L 0 % 

7% 

• CV2 

• CV3 

• CV4 

DCV5 

OCV6 

DStreamlO 

• Utilized exergy 

Figure 4.71: Exergy destructions and losses compared to the exergy of the fuel. 
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Figure 4.72: Exergy destructions of the components compared to the total exergy 
destruction. 

The fuel utilization ratio and exergetic efficiency of the system are found to be 68% and 

62%, respectively, for the base case. Ambient temperature also affects the performance of 

the system analyzed as shown in Figure 4.73. A decrease in ambient temperature causes 

an increase in net electrical power output of the system due to the decrease in the power 

input to the compressors; but the inlet temperature of HRSG reduces which in turn 

decreases the amount of steam produced in the HRSG. When the performance assessment 

parameters are calculated, it is found that fuel utilization efficiency increases whereas 

exergetic efficiency decreases with an increase with the environmental temperature. As it 

can be followed from this figure, there are only a few percentage differences between 

these efficiencies. However, since the exergetic efficiency gives more meaningful values 

compared to fuel utilization efficiency, it may be suggested that the reader should 

consider the values of this parameter for the performance of the system. 

208 



0.8 -. 

0.75 — 

J? 0.7 — 

| 0.65 -Z 

§ 0.6 — 

0.55 — 

0.5 — 
15 

Figure 4.73: Effect of ambient temperature on the fuel utilization efficiency and 
exergetic efficiency of the system. 

In conventional cogeneration systems, a gas turbine is used as the electricity production 

device in general and its exhaust heat is recovered and utilized to produce steam. In the 

book by Bejan et al. [111], a gas turbine based cogeneration system is analyzed and it is 

found that this system has 50% exergetic efficiency. Hence, this study shows that fuel 

cell based cogeneration systems are very promising to obtain better performance. 

4.6.2 SOFC and biomass gasification system - Study I 

In this study, the system described in Section 3.8.3.2 is analyzed for a case where wood is 

used as the fuel. Performance of the fuel cell at different operating temperature levels is 

studied. The changes of the operating cell voltage, air utilization ratio, power output of 

the SOFC, and electrical efficiency of the system with current density are investigated. 

Different temperature levels for SOFC are considered, which are low, intermediate, and 

high. The manufacturing types of the fuel cells studied are chosen according to these 

209 

Fuel utilization efficiency 

Exergetic efficiency 

20 25 30 35 40 

Ambient temperature (°C) 



temperature levels. The input data and modeling parameters used in this study are shown 

in Table 4.16. 

Table 4.16: Input data and modeling parameters used in the case study. 

Fuel 

Ultimate analysis of biomass [%wt dry basis] 

Moisture content in biomass [%wt] 

Environmental temperature 

Temperature of air entering biomass gasifier 

Temperature of syngas exiting biomass gasifier 

Temperature of air and fuel entering SOFC 

Temperature difference between the inlet and exit 
of gas channels of SOFC 

Pressure of the cell 

Fuel utilization ratio of the fuel cell 

Active surface area of a single cell 

Exchange current density of anode 

Exchange current density of cathode 

Effective gaseous diffusivity through the anode 

Effective gaseous diffusivity through the cathode 

Thickness of anode 

Thickness of electrolyte 

Thickness of cathode 

Wood 

50% C, 6% H, 44% 0 

20% 

25 °C 

400 °C 

700 °Ca, 800 °C b, 900 °C c 

650 °Ca, 750 °C \ 850 °C c 

100 °C 

100 kPa 

0.75 

100 cm2 

0.53 A/cm2 

0.2 A/cm2 

0.2 cm2/s 

0.05 cm2/s 

500 um a'b' 50 urnc 

10uma 'b '150umc 

cr\ a.b,c 
50 [Am • ' 

a Case-1: Low-temperature and anode supported SOFC 
b Case-2: Intermediate-temperature and anode supported SOFC 
c Case-3: High-temperature and electrolyte supported SOFC 

Using the ultimate analysis given in Table 4.16, wood may be represented as CH1.44O0.66-

A thermodynamic modeling of the gasification system enables us to find the syngas 
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composition entering the gas clean-up system. Figure 4.74 shows the syngas composition 

at different gasifier temperatures. As expected, N2 has the highest share in the 

composition which changes between 42% and 49% with temperature. CH4 concentration 

is the lowest among the gases, which changes between 4% and 0.3% with temperature. 
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x-h2 

x-co 

x-co2 

_J x-h2o 

~~ x-n2 

1000 

Figure 4.74: Syngas composition for different gasifier temperature. 

Using the composition of syngas and other input parameters given in Table 4.16, the cell 

voltage, air utilization ratio, power output, and electrical efficiency of the system are 

calculated for different current densities for each case, and shown in Figures 4.75-4.78. It 

should be noted that without recirculation of the fuel channel exit, carbon activity is 

found to be less than 1 for all cases, which means there is no possibility of carbon 

deposition in the viewpoint of thermodynamics. It can be seen from Figure 4.75 that air 

utilization ratio decreases as current density increases. This shows us that more air should 

be sent through the air channel to carry away the excess heat from the fuel cell for high 

current density conditions. On the other hand, case-1 has the highest air utilization ratio, 
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which makes this case economically less feasible since sending excess air is costly. 

Figure 4.76 shows that case-3 may be operated in a wider current density range; however 

it has lower cell voltage compared to other cases. The power output of a single cell and 

electrical efficiency of the system are shown in Figures 4.77 and 4.78, respectively. It can 

be seen from these figures that case-1 has higher power output and electrical efficiency. 

0.2 
.2 
•a 
2 
c 
o 

at
i 

_N 

til
 

3 

< 

0.15 

0.1 

0.05 

0 4-

0 

Figure 4.75: Change of air utilization ratio with current density. 
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Figure 4.76: Change of cell voltage with current density. 
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Figure 4.77: Change of power output of a single cell with current density. 
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Figure 4.78: Change of electrical efficiency with current density. 

4.6.3 SOFC and biomass gasification system - Study II 

A case study is conducted for the system introduced in Section 3.8.3.3 using the 

modeling technique discussed in this section. The input data used for this study are given 

in Table 4.17. 
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Table 4.17: Input data used in the case study. 

Environmental temperature 25 °C 
Fuel 
Type of biomass 
Ultimate analysis of biomass f%wt dry basis] 
Moisture content in biomass [%wt] 

Wood 
50% C, 6% H, 44% 0 
40% 

Gasifier 
Moisture content in biomass entering gasifier [%wt] 
Temperature of syngas exiting gasifier 
Molar ratio of steam entering to gasifier to 
drybiomass 
Molar composition of enriched oxygen 

20% 
900 °C 
0.1 

0.35 02, 0.65 N2 

SOFC 
Power requirement of SOFC 
Number of cells per stack 
Temperature of syngas entering SOFC 
Temperature of air entering SOFC 
Pressure of the cell 
Cell voltage 
Excess air coefficient 
Active cell area 
Number of repeat elements per single cell 
Flow configuration 
Manufacturing type 
Thickness of air channel 
Thickness of fuel channel 
Thickness of interconnect 
Thickness of anode 
Thickness of electrolyte 
Thickness of cathode 
Emissivity of PEN 
Emissivity of interconnect 
Diffusivity of anode 
Diffusivity of cathode 
Porosity of anode 
Porosity of cathode 
Turtuosity of anode 
Turtuosity of cathode 

10 kW 
50 
850 °C 
850 °C 
100 kPa 
0.65 
7 
10x10 cm2 

18 
Co-flow 
Electrolyte-supported 
0.1cm 
0.1 cm 
0.3 cm 
0.005 cm 
0.015 cm 
0.005 cm 
0.8 
0.1 
0.91 cm2/s 
0.22 cm2/s 
0.5 
0.5 
4 
4 

Balance of Plant 
Temperature of exhaust gas leaving the system 
Pressure ratio of blowers 
Isentropic efficiency of blowers 
Pressure ratio of pump 
Isentropic efficiency of pump 
Inverter efficiency 

127 °C 
1.18 
0.53 
1.2 
0.8 
0.95 

214 



Using the input data shown in Table 4.17, syngas composition is first calculated and 

shown in Table 4.18. As it can be seen from this table, when enriched oxygen is used 

instead of air, molar ratio of all species except nitrogen increases due to sending less 

amount of nitrogen to the gasifier. In the case of using steam as gasification agent, the 

molar ratio of gases that are used as fuel in SOFC, i.e. CH4, H2 and CO is higher than the 

cases when we use air or enriched oxygen; however the molar ratio of H2O is lower than 

the other cases according to chemical equilibrium calculations. 

Table 4.18: Syngas compositions calculated for different cases. 

Casel: Air 
Case2: Enriched O2 
Case3: Steam 

XCHi, 

0.14% 
0.28% 
2.15% 

X"2 

11.22% 
15.74% 
43.37% 

xco 
8.16% 
11.40% 
27.38% 

xco2 

12.95% 
16.37% 
8.98% 

XH20 

22.68% 
28.80% 
18.12% 

XN2 

44.84% 
27.41% 
0.00% 

After finding the syngas composition, transient heat transfer code discussed in Section 

3.7 is used to find the fuel cell related output parameters. First, recirculation ratio is taken 

as zero and the code is run until a fuel utilization of 0.85 is obtained. At this point, the 

maximum carbon activity through the channel the length is checked. If this value is less 

than 1 for all the nodes, then there is no carbon deposition problem. If this value is higher 

than 1 for any nodes, then the calculations should be repeated with higher recirculation 

ratios until the carbon deposition is prevented. Figure 4.79 shows that the maximum 

carbon activity is less than 1 for all the nodes for all cases even if we do not recirculate 

the depleted fuel. 
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Figure 4.79: Change of maximum carbon activity with distance. 

10 

Figure 4.80 shows the current density distribution for each case. Since the molar ratio of 

gas species used as fuel in SOFC, i.e. CH4, H2 and CO, is higher for case 3, higher 

current densities for each node are obtained for this case compared to other cases. From 

Table 4.19, it can be seen that average current densities for cases 1, 2, and 3 are 0.240, 

0.246, and 0.343 A/cm2, respectively. From this table, it can also be interpreted that 

power density for case-3 is higher than the other cases since we assume the cell voltage 

as constant in the modeling and average current density is higher for case-3 than other 

cases. Another result that is found is that 13 stacks are needed for cases 1 and 2, whereas 

only 9 stacks are needed for case 3. This shows that the purchase equipment cost for 

case-3 is lower than the other cases. 
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Figure 4.80: Change of current density with distance. 

Table 4.19: Output parameters of the SOFC model. 

Casel: Air 
Case2: Enriched O2 
Case3: Steam 

r 

0 
0 
0 

Re 

10.0 
6.5 
1.5 

leave 

[A/cm2] 
0.240 
0.246 
0.343 

UF 

0.85 
0.85 
0.85 

" sofc 

rW/cm2l 
0.156 
0.160 
0.223 

Mstack 

13 
13 
9 

The 2-D temperature profiles of SOFC are shown in Figures 4.81-4.83. From these 

figures, it is seen that temperature gradient in the flow direction is the highest in case 3. 

Case 2 and case 1 follow it, respectively. It should be noted that the temperature gradients 

are still less than the maximum allowable value that could cause thermomechanical 

instability. 
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Figure 4.81: 2-D temperature profile of SOFC for Case-1 (air gasification). 
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Figure 4.82: 2-D temperature profile of SOFC for Case-2 (Enriched oxygen 
gasification). 
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Figure 4.83: 2-D temperature profile of SOFC for Case-3 (Steam gasification). 

The mass flow rates of substances entering the system are given in Table 4.20. For case 

l, we need to feed more biomass to the system, which increases the cost of fuel. In 

addition, wood needs to be cut into small pieces before feeding to the system, hence 

equipment and operation cost for pre-treatment of wood increases for this case. The 

energy input for the pretreatment operation of wood also increases. It should be noted 

that pretreatment of wood except drying is not taken into account in the analyses. From 

this table, the mass flow rate of air and water fed to the system, and steam produced and 

sent to the users can be seen. For case-3, fewer amounts of air and water are fed to the 

system, which in turn decreases the costs associated with the operation of blowers and 

pump. However, less amount of steam is produced for this case due to sending high 

amount of steam to the gasifier for initiating the gasification reactions. 
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Table 4.20: Mass flow rate of substances entering the system. 

Casel: Air 
Case2: Enriched O2 
Case3: Steam 

biomass 

te/sl 
4.048 
3.867 
1.826 

<ir (Bl) 
Tg/sl 
7.796 
6.989 
-

<r (B2) 
[g/sl 
45.648 
46.841 
45.219 

mwater 

rg/si 
7.654 
6.604 
0.7670 

msteam 

fe/sl 
7.654 
6.604 
0.6847 

The power input to the auxiliary components, and power output from the system are 

shown in Table 4.21. It can be followed from this table that net power output for case-2 is 

the highest, which is mainly due to higher amount of power obtained for the given 

number of stacks. Change of enthalpy rate of the process is found to be the highest for 

case-1 and lowest in case 3. This is because allothermal gasification is used in case-3 and 

considerable amount of energy is spent in the gasification process, hence less energy 

remains for producing steam. 

Table 4.21: Power demand for auxiliary components, net power and heat output. 

Casel: Air 
Case2: Enriched O2 
Case3: Steam 

WS0Fc 
[W] 

10140 
10384 
10031 

^blower-l 

[W] 
227.5 
204.0 
-

^blower-2 

[W] 
1332.1 
1366.9 
1319.6 

W 
pump 

[W] 
0.2 
0.2 
0.02 

Ket 
[W] 

8073.2 
8293.7 
8210.2 

AH 
L*n process 

rwi 
19741.3 
17032.9 
1765.9 

The electrical efficiency, fuel utilization efficiency, power-to-heat ratio, and exergetic 

efficiency are chosen as performance assessment parameters in this study. Results are 

shown in Table 4.22. It can be seen from this table that case 3 (steam gasification) has the 

highest electrical efficiency. However, it has also the lowest fuel utilization efficiency 
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since considerable amount of steam is sent to the gasifier and less steam is sent for 

process heating purposes. In general, producing electricity is more expensive than 

producing heat. If we compare the power-to-heat ratios, we can see that case 3 is the 

highest. It may be interpreted from this result that the primary purpose of using the 

system in case-3 should be producing electricity rather than producing heat. Exergetic 

efficiency is another way of comparing the overall system performance. In this 

comparison, the quality of the energy forms together with the quantity of the energy 

forms is considered. It is seen from Table 4.22 that exergetic efficiency for case-3 is the 

highest. When we combine all the results for performance assessment parameters, we can 

conclude that steam should be selected as a gasification agent to have a better 

performance in terms of thermodynamics and economics. 

Table 4.22: Performance assessment parameters. 

Casel: Air 
Case2: Enriched O2 
Case3: Steam 

lei 

18.5% 
19.9% 
41.8% 

FUE 

63.9% 
60.9% 
50.8% 

PHR 

0.409 
0.487 
4.649 

s 

30.9% 
30.7% 
39.1% 

We can also use combined air/steam or enriched oxygen/steam gasification agents in the 

systems. In these cases, molar ratio of oxidant to dry biomass and molar ratio of steam to 

dry biomass can be altered to get different results. However, we can expect that the 

outputs will be between each single case. For example, if we choose enriched 

oxygen/steam gasification, it is expected that electrical efficiency will be between 19.9% 

and 41.8% and fuel utilization efficiency will be between 50.8% and 60.9%. 
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Exergy destructions and losses and their relevant ratios are calculated and the results are 

shown in Tables 4.23-4.25. The results show that, for cases 1 and 2, the largest portion of 

exergy is destructed in the gasifier. This destruction accounts for 31.02% for case-1 and 

30.89% for case-2 of the exergy of the fuel, and 48.60% for case-1 and 48.15% for case-2 

of the total exergy destructions. For case-3, the magnitude of exergy destruction for 

gasifier is much lower than that for cases 1 and 2 because of using allothermal 

gasification for this case. In this case, the highest exergy is destructed in the heat 

exchanger, which is 25.65% of the exergy of the fuel and 46.44% of the total exergy 

destructions. When we compare the exergy losses to environment, it is seen that case-3 

has the highest exergy loss, which is equal to the 5.63% of the exergy of the fuel. 

Table 4.23: Exergy destructions in the components and exergy loss to the environment. 

Case 1 Case 2 Case 3 
Exergy Destructions[W] 
SOFC 
Gasifier 
Afterburner 
Dryer 
Gas cleanup 
Heat exchanger 
Blower-1 
Blower-2 
ASU 
Steam generator 
Water pump 
Inverter 
Exergy loss [W] 

664 
15727 
1622 
3018 
678 
6421 
217 
1272 
-

2235 
0 
507 
2676 

692 
14952 
1800 
2884 
507 
6453 
195 
1305 
4 
1740 
0 
519 
2489 

845 
837 
1490 
1336 
164 
5834 
-

1260 
-

295 
0 
502 
1281 
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Table 4.24: Exergy destruction ratios. 

SOFC 
Gasifier 
Afterburner 
Dryer 
Gas cleanup 
Heat exchanger 
Blower-1 
Blower-2 
ASU 
Steam generator 
Water pump 
Inverter 

Case 1 

[%] 
1.31 

31.02 
3.20 
5.95 
1.34 

12.66 
0.43 
2.51 

-

4.41 
0.00 
1.00 

y*D 

2.05 
48.60 

5.01 
9.33 
2.09 

19.84 
0.67 
3.93 

-

6.91 
0.00 
1.57 

Case 2 
yD 

1.43 
30.89 
3.72 
5.96 
1.05 
13.33 
0.40 
2.70 
0.00 
3.59 
0.00 
1.07 

[%1 
2.23 
48.15 
5.80 
9.29 
1.63 
20.78 
0.63 
4.20 
0.01 
5.61 
0.00 
1.67 

Case 3 

yD 

[%] 
3.71 
3.67 
6.55 
5.88 
0.72 
25.65 
0.00 
5.54 
0.00 
1.30 
0.00 
2.21 

* 
yD 

[%l 6.72 
6.67 
11.86 
10.64 
1.30 
46.44 
0.00 
10.03 
0.00 
2.35 
0.00 
3.99 

Table 4.25: Exergy loss ratio. 

yL[%] 

Case 1 
5.28 

Case 2 
5.14 

Case 3 
5.63 

4.7 Summary 

The results of the several case studies applied to the models and the validation of these 

models are presented and discussed in this chapter. These models include a 

thermodynamic, a carbon deposition, a transient heat transfer, and a system level model. 

The thermodynamic model of the DIR-SOFC is validated with an experimental data 

found in the literature. It is shown that the results are in good agreement. Effects of fuel 

utilization and recirculation ratio on the performance of the cell are investigated. It is 
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found that the effect of recirculation ratio is not very significant for low current densities. 

However, for high current densities, as recirculation ratio increases, mass flow rate of 

fuel, air utilization ratio, cell voltage, power output, and electrical efficiency of the cell 

decrease. The study of the effect of fuel utilization shows that a wider range of current 

density may be selected for lower fuel utilization ratios. As fuel utilization ratio 

increases, mass flow rate of fuel, air utilization ratio, terminal voltage, and power output 

of the cell decrease; whereas electrical efficiency of the cell increases. 

The carbon deposition model is applied to two cases in which methane and a gas mixture 

obtained from pyrolysis are used. The effects of temperature level and fuel utilization are 

first studied. The results show that the possibility of carbon deposition is more severe at 

the inlet of the fuel channel than the exit. For the input data taken in these case studies, it 

is found for case-1 (fuel as methane) that as the fuel utilization ratio changes between 0.5 

and 0.85, minimum recirculation ratio changes between 0.78 and 0.68, 0.65 and 0.51, and 

0.55 and 0.4 for LT-SOFC, IT-SOFC and HT-SOFC, respectively. For case-2 (fuel as gas 

mixture obtained from pyrolysis), as the fuel utilization ratio changes between 0.5 and 

0.85, minimum recirculation ratio changes between 0.75 and 0.62, 0.46 and 0.3, and 0.13 

and 0.07 for LT-SOFC, IT-SOFC and HT-SOFC, respectively. Then, the effect of 

chemical composition of gases obtained from biomass gasification is studied. It is shown 

that twin fluid bed option has the highest electrical efficiency, and the multi-solid fluid 

bed follows it. Air-blown downdraft and updraft options have the lowest electrical 

efficiencies. 
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A transient heat transfer model is developed to simulate the heat-up and start-up stages of 

a SOFC. For validation purposes, the author first developed a model, which is called 

Model-Vl, using the same assumption for polarizations as the benchmark tests. Then, the 

model is further improved by altering this assumption and considering different analytical 

equations for ohmic, activation, and concentration polarizations. The new model is called 

Model-V2. It is shown that the results of the model are in very good agreement with the 

benchmark test. The input data for the case studies are chosen consistently with the 

benchmark tests. These case studies are: a SOFC fueled with humidified hydrogen and a 

SOFC fueled with gas mixture consisting of CH4, H2, CO, CO2, H2O and N2. For the first 

case study (fuel as humidified hydrogen), it is shown that the transient behaviors for co-

and counter-flow configurations do not differ significantly. However, the counter-flow 

configuration takes slightly more time to reach the steady state condition. At this 

condition, counter-flow configuration has a better performance, e.g. electrical efficiency, 

for low Reynolds numbers that we obtain meaningful amount of fuel utilization, e.g. fuel 

utilization of 0.85. For the input data considered, it is also found that counter-flow 

configuration has a higher electrical efficiency for the excess air coefficient up to 9. If we 

take the excess air coefficient higher than 9, co-flow configuration has a higher electrical 

efficiency. For case-2 (fuel as a gas mixture), it is shown that the temperature at the flow 

direction drops suddenly due to the endothermic steam reforming reaction and then 

increases through the channel due to exothermic electrochemical and water-gas shift 

reactions. It is found that temperature reaches a higher value at the steady state condition 

for counter-flow configuration compared to co-flow configuration. The transient behavior 

of the cell is also investigated for this case. 
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In system level modeling, several integrated SOFC systems are studied through energy 

and exergy analyses. In the first study, a SOFC and gas turbine based cogeneration 

system is analyzed. It is found that the fuel utilization ratio and exergetic efficiency of the 

system are 68% and 62%, respectively. It is also shown that as the environmental 

temperature increases, fuel utilization efficiency increases whereas exergetic efficiency 

decreases. In the second study, a SOFC and biomass gasification system is studied to 

assess the performance of SOFC. The changes of the operating cell voltage, air utilization 

ratio, power output of the SOFC, and electrical efficiency of the system with current 

density are investigated for different temperatures of SOFC. It is found that for the case 

in which the SOFC operates at the lowest temperature level, higher power output and 

electrical efficiency are achieved. However, air utilization is lower for this case which 

makes this case economically less feasible. In the third study, an integrated SOFC and 

biomass gasification system is studied in detail. The performance of the system for 

different gasification agents, i.e. air, enriched oxygen and steam, is assessed. It is found 

that when we use steam as the gasification agent, we obtain the highest electrical 

efficiency, power-to-heat ratio and exergetic efficiency, but the lowest fuel utilization 

efficiency. It is also shown for case-3 (steam gasification) that the highest exergy 

destruction is in the heat exchanger that is used to increase the temperature of the blower, 

which accounts for 25.65% of the exergy of the fuel and 46.44% of the total exergy 

destructions. 
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CHAPTER 5 

REDUCTION OF GREENHOUSE GAS EMISSIONS 

USING VARIOUS THERMAL SYSTEMS IN A LANDFILL SITE 

5.1 Introduction 

Global warming, which is a specific case of global climate change, refers to the increase 

in the average temperature of the atmosphere and oceans in recent decades, and the 

projected continuation of this increase. The drivers of climate change are seen as: 

changes in the atmospheric concentrations of GHGs and aerosols, land cover, and solar 

radiation [117]. According to the Intergovernmental Panel on Climate Change [117], 

rti 

most of the increase in global average temperatures since the mid-20 century is linked to 

the observed increase in the anthropogenic GHG concentrations. 

The four long-lived GHGs, which are released due to human activity, are: CO2, CH4, N2O 

and halocarbons. The effect of these gases on global warming is assessed using an index 

called 'global warming potential' (GWP), which is a measure of how much a given mass 

of GHG contributes to global warming relative to a reference gas (usually CO2) for which 

the GWP is set to 1. For a 100-year time horizon, GWPs of C02, CH4, and N20 are 

reported to be: 1, 25 and 298, respectively [117]. Using this index, one can calculate the 

equivalent CO2 emission by multiplying the emission of a GHG by its GWP. 
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Municipal solid waste may have significant effects on the production of GHG as well as 

other environmental problems and human health if it is disposed in landfills where there 

are no treatments and processes. There are several steps in the production of GHG from 

waste. Waste is first decomposed by aerobic bacteria until all the oxygen is consumed. 

Then, organic acids are produced in the absence of oxygen, which is followed by 

methanogenic state in which organic materials are decomposed into CH4 and CO2. The 

leachate is also produced, which may contaminate the groundwater. There are also 

explosion risks due to the release of flammable gases, e.g. CH4. To prevent the health and 

environmental effects of landfills, these sites should be properly designed and operated. 

For example, while the groundwater may be protected by using liners and leachate 

collection systems; gas collection, treatment and processing systems must be used to 

reduce the GHG effect. 

Energy may be produced from MSW through technologies such as: incineration, 

gasification, and generation of biogas and its utilization. Landfill gas can be converted 

into fuel and energy forms by direct combustion, chemical energy storage, introducing it 

into the natural gas grid, and electricity generation. Electricity generation from landfill 

gas can be accomplished by technologies such as the internal combustion engine, gas 

turbine, the Stirling engine and fuel cells. Bove and Lunghi [118] compared several 

technologies used to generate electricity from landfill gases, and showed that the internal 

combustion engine, which is the most widely used technology due to economical reasons, 

presents the poorest environmental performance. On the contrary, fuel cells are shown to 

be the cleanest electricity generating systems; however they are not yet economically 
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feasible. There are different types of fuel cells and most of them may be fueled by LFG. 

However, low temperature fuel cells need a reformer to convert the fuel into hydrogen. 

Additionally, in all fuel cell types, LFG should be cleaned according to the impurity 

tolerance levels of the fuel cell. Lombardi et al. [119] compared conventional treatments 

with the following alternatives: the direct LFG feeding to a fuel cell; the production of a 

hydrogen-rich gas, by means of steam reforming and CO2 capture, to feed a stationary 

FC; and the production of a hydrogen-rich gas, by means of steam reforming and CO2 

capture, to feed a vehicle FC. Their study reveals that LFG reforming to a vehicle FC has 

the lowest specific greenhouse effect emission. Spiegel et al. [120] demonstrated the 

operation of a commercial phosphoric acid fuel cell (PAFC) with LFG. Their system 

produces up to 137 kW power, 37.1% efficiency at 120 kW, and exceptionally low 

secondary emissions. Lunghi et al. [121] conducted life cycle assessment analysis of a 

molten carbonate fuel cell (MCFC) system for LFG recovery for an evaluation of 

environmental consequences, and to provide a guide for further environmental impact 

reduction. Duerr et al. [122] analyzed a biogas fueled alkaline fuel cell (AFC). They 

chose the AFC because of its very low freezing point of the potassium hydroxide 

electrolyte (~ -50 °C). 

In this study, GHG emissions from an uncontrolled landfill site are compared with those 

from controlled landfill sites in which flaring, conventional electricity generation 

technologies such as internal combustion engine (ICE) and gas turbine (GT), and an 

emerging technology, the SOFC, are utilized. For this comparison, GHG emission from 

each technology is first found for each year of its lifetime for a selected case study using 
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the method developed by the author. Then, the global warming impact ratio and specific 

lifetime GHG emission are calculated for each case. Consequently, the most effective 

technology is determined. It should be noted that GHG emissions are calculated using on 

site direct emissions (from flaring, ICE, GT or SOFC), without taking into consideration 

the life-cycle emissions occurring during manufacture of the infrastructure (engine, 

flares, cells, pipes), production and delivery of auxiliary materials, auxiliary energy 

consumption, gas cleaning treatment and so on. 

5.2 Landfill Processes 

In a landfill site, LFG, which is composed of methane, carbon dioxide and non-methane 

organic compound (NMOC), i.e. ethane, butane, hexane, hydrogen sulfide, etc., is 

generated due to a series of biological processes. Over time, the amount of gas generated 

increases until such time the site reaches its capacity. Subsequently, the amount of gas 

generated begins to decrease due to the reduction in the organic material components. 

Because of the adverse environmental effects of the LFG, this gas should be collected 

and properly utilized by flaring or electricity generation technologies. In the following 

subsections, LFG generation and collection processes are discussed. 

5.2.1 Calculation of landfill gas generation 

Landfill gas generation from MSW can be calculated using the software called 

LandGEM, which was developed by the U.S. Environmental Protection Agency [123]. 

This software is based on a 1st order decomposition rate equation for quantifying 
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emissions from the decomposition of landfilled waste in MSW landfills, which is shown 

in Equation (5.1) [124]. 

" i (MA -k.t-
^ , = Z Z * V -Jr -ekt" (5.1) 

;=iy=o.i \W J 

From Equation (5.1), annual methane generation in a year can be calculated. Generally, it 

is assumed that landfill gas has a composition of 50% CH4 and 50% CO2. Hence, total 

landfill gas generation may be found by doubling the result from Equation (5.1). 

Methane generation rate, k, is a function of factors such as moisture content, availability 

of nutrients for methane-generating bacteria, pH, and temperature of the waste mass. The 

potential methane generation capacity, L0, depends on the type and composition of the 

waste placed in the landfill. The Clean Air Act (CAA) default values, which are based on 

federal regulations for MSW landfills laid out by the CAA for k and L0, are, 0.05 year"1 

and 170 m3/ton, respectively [124]. 

5.2.2 Landfill gas collection 

Landfill gas generated by the decomposition of organic materials should be collected in a 

well designed and managed site due to environmental, health and energetic 

considerations. The quantity of gas collected is estimated by multiplying the generated 

landfill gas by collection efficiency. According to the EPA [123], collection efficiencies 

at well designed landfills typically range from 60% to 85%, with an average of 75%. A 

very well designed collection system, i.e. 85% efficiency, should have the following 

features: a composite bottom liner consisting of a synthetic (plastic) layer over 2 feet (0.6 

231 



meter) of clay or similar material; soil cover applied over newly deposited refuse on a 

daily basis; no significant off-site lateral migration of landfill gas; a comprehensive 

landfill gas collection system with vertical wells and/or horizontal collectors providing 

100% collection system coverage of all areas with waste within a few years after the 

waste is deposited; a gas collection system which is operating effectively so that all wells 

are fully functioning (i.e., relatively free of liquids and drawing landfill gas under 

vacuum) [125]. 

The GHG emission routes in a well-designed landfill site with a collection system are 

shown in Figure 5.1. These routes will be discussed in detail in the following sections. 

LFG 
Generated 

Uncollected 
Gas 
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Collected 
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CH4 oxidation 
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electricity/heat natural gas 
production grid 
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Figure 5.1: Greenhouse gas emission routes in a landfill site with LFG collection system. 
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5.3 Thermal Systems Considered 

Flaring (direct combustion) is the traditional approach to utilize the collected LFG for 

reducing the GHGs in a landfill site. The flaring of LFG is an economical approach, and 

also it reduces the risk of explosion of uncontrolled LFG emissions. The operation 

principle of landfill gas flare is simple; LFG is ignited by bringing it into contact with a 

supply of air. Different configurations of conduit and chambers can be used for this 

purpose. In today's market, open and closed flare types are available. Open flares burn 

landfill gas as open flames, whereas closed flares burn landfill gas in a vertical, 

cylindrical or rectilinear enclosure. Details of these flare types may be found in the report 

by Environment Agency and Scottish Environment Protection Agency [126]. On the 

other hand, since the collected gas has a considerable amount of heating value, it may be 

utilized to produce electricity and/or heat. The most commonly used technology for 

utilizing LFG is internal combustion engines, followed by gas turbines. Additionally, 

SOFC are very promising candidates to be used in landfill sites in the future due to their 

advantages discussed in the previous and following sections. These technologies are 

discussed in detail in the following subsections. 

5.3.1 Internal combustion engine 

The internal combustion engine (ICE) is the most widely used technology for electricity 

generation from LFG, mainly because of its economical feasibility. These engines are 

attractive because they are compact and easy to transport. The main disadvantage is the 

high amounts of NOx and CO emissions produced by these engines as compared with 

other technologies, which contribute to the air pollution. Lean-burn spark ignition 
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engines are the most common type of ICE used in landfill sites. When these engines are 

operated using LFG, engine power ratings are commonly reduced by 5 to 10 percent 

[127] compared to operation using natural gas. It should be noted that before the LFG is 

fed to the ICE, moisture and particulates must be removed according to the tolerance 

limits of the engine, so as not to reduce the engine efficiency and reliability and increase 

the necessity for more regular maintenance. 

The power output of these engines varies between 300 kW and 3.6 MW for an individual 

unit [128]. Generally, many ICEs operate together according to the LFG generated to 

produce more power. A typical landfill site operating with this type of engine should also 

include a gas flare to burn any LFG collected in excess of maximum requirements of the 

engine, to burn LFG when the generated gases are low enough to justify the operation of 

the engine, and to operate during the maintenance. 

5.3.2 Gas turbine 

Gas turbine is the second most popular technology that utilizes LFG. The majority of gas 

turbines presently operating at landfills are the simple cycle, single shaft type. They are 

very similar to natural gas turbines except that, because of the low heating value, the 

number of fuel regulating valves and injectors are doubled [129]. During its operation, 

large quantities of air enter the compressor. After the air is compressed, it mixes with fuel 

in the combustor, and the combusted gas expands in the turbine where power is produced. 

Some amount of this power is used to drive the compressor. 
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Compared to ICEs, gas turbines have lower NOx and CO emissions, and also fewer 

moving parts. Their exhaust can also be utilized in a cogeneration application. However, 

if electricity generation is more important in an application, the gas turbine is 

disadvantageous since it has a lower electrical efficiency than the ICE. Other 

disadvantages are having a high capital cost, being sensitive to LFG supply loads and 

ambient air temperature variations, and not being suitable for moderate size landfills. For 

small size landfills, microturbines are generally selected instead of gas turbines. 

5.3.3 Solid oxide fuel cell 

The SOFC is an emerging technology that is expected to replace conventional energy 

systems like ICEs and gas turbines once it has become economically competitive. The 

SOFC has higher electrical efficiency, lower emissions, a higher exhaust gas temperature 

that makes it possible to be used in cogeneration applications, quieter operation and fewer 

moving parts compared to conventional systems. For more information on SOFC, please 

refer to Chapter 2. 

There have been demonstrations of SOFC operation using biogas, e.g. [130, 131]. These 

demonstrations include biogas production from wastewater in a sewage treatment plant 

and animal waste. It has been recently reported that a planar SOFC unit in Finland, which 

will produce 20 kW of electric power and 14-17 kW of thermal output, is believed to be 

the first SOFC in the world that is fueled by LFG [132]. 
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5.4. Analysis of Greenhouse Gas Emissions 

In this section, a method for calculating GHG emission from a landfill site without an 

active collection system is first described. Then, methods for calculating GHG emissions 

from landfill sites in which the collected LFG is utilized by flaring, conventional 

electricity generation technologies such as ICE and GT, and SOFC, are discussed. 

Finally, some parameters for comparing these technologies are introduced. 

5.4.1 Landfill site without an active collection system 

In a landfill site without an active collection system, not all of the methane generated is 

emitted to the atmosphere. A portion of the methane generated is oxidized while passing 

through soil and landfill covers. The fraction of methane that is oxidized is generally 

taken as 10% [133]. The oxidation of methane reaction is given as Equation (5.2). 

CH4 + 202 -> C02 + 2H20 (5.2) 

If we neglect the NMOC portion of the LFG, total GHG emissions from this kind of a site 

may be expressed as shown in Equation (5.3). It should be noted that the equations in this 

paper are derived for a LFG composition of 50% CH4 and 50% CO2. However, similar 

equations may be derived with simple modifications to these equations for different ratios 

ofCH4andC02 . 
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5.4.2 Landfill site with an active collection system 

In a landfill site with an active collection system, LFG is recovered by vertical wells or 

horizontal collectors. The recovered gas can be flared, or utilized to generate electricity 

by technologies such as gas turbines, ICEs or fuel cells. In the following subsections, the 

methodologies for calculating the GHG emissions, when flaring and these electricity 

generating technologies are used in a landfill site, are discussed. 

5.4.2.1 Flaring 

The combustion of methane may also be represented by Equation (5.2). If we assume that 

all the collected gas is flared, and a small portion of the collected gas is vented during the 

routine and unscheduled maintenance, total GHG emissions from the site can be found by 

using Equation (5.4). 

mGHG.coll = I ' ^ - ^ / J x ^ G H G . u n c o I l l + ^ ° " x(mGHG.flare)J ( 5 ' 4 ) 

where GHG generated due to flaring is; 
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5.4.2.2 Electricity Generation Technologies from LFG 

5.4.2.2.1 Internal Combustion Engine 

GHG emissions per energy output of ICEs suitable for LFG operation are given in the 

literature [119]. Using this emission data, amount of collected LFG, electrical efficiency 

of the ICE, days of operation of the engine per year and higher heating value of the fuel, 

one may calculate the total GHG emissions from such a landfill site using Equation (5.6). 

In this equation, it is assumed that after year, tdOWn, engines stop operating and collected 

LFG is burned. There is also enough number of ICEs that can utilize LFG even at the 

year when its generation is at maximum level. 

m GHG.coll = t T ( ( l - 7 c o „ ) x ( m G H G . u n c o l l l + ^ ' ' > < ( m G H G . I C E l l + 

v 
* final 

GHG.ICE/y 

f ( d - ' ^ K s H G . u n c o l l i +77co" X(mGHG.flare)y 
*down 

(5.6) 

where GHG generated from ICE can be calculated as; 

mGHG.ICE =(T/365)x{mLFG.gen *hhvxTjICE xs ICE /3600)+ ( l - r / 3 6 5 ) x m G H G f | g r e (5.7) 
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5.4.2.2.2 Gas turbine 

Since there is insufficient data in the literature regarding GHG emissions from LFG 

fueled gas turbines, a simple model is developed by the author. In this model, it is 

assumed that air gas composition is: 77.48% N2, 20.59 02 , 0.03% C02 and 1.9% H20. 

For the fuel-air ratio, A , the combustion equation may be written as shown in Equation 

(5.8). 

A (0.5CH4 + 0.5CO2) + 0.7748A/2 + 0.2059O2 + 0.0003CO2 + 0.019H2O ->• 

(1 + A)(xNi N2 + x0i 02 + xCOi C02 + xH20H20) 

The exit gas composition of the combustor may be shown using Equations (5.9)-(5.12). 

w2
 : 

o 2 • 

co2 

0.7748 
i + X 

0..2059-J 

1 + X 

1 + 0.0003 

i + X 

0.019+ X 

1 + A 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

Applying an energy balance around the control volume enclosing the combustor, as 

shown in Equation (5.13), A hence exit gas composition may be calculated. 
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0 = -0 .02- /V / -LHV + Nf -hf+Nci-hci -Nco-hco (5.13) 

The first term in the right hand side of Equation (5.13) denotes the assumed heat loss 

from the combustor. 

The total GHG emissions from a landfill site, where a gas turbine is used for electricity 

production, may be calculated using Equation (5.6), if the mG H G |CE is replaced with 

mGHG GT w m c n *s shown in Equation (5.14). 

A+0.0003 Mco2 
\ 

m G H G G T = ( T / 3 6 5 ) X \mLFG.aenX = X T ^ + ( l - r / 3 6 5 ) x m , , , , , , fl (5.14) 
A MLFG j 'GHG.flare 

5.4.2.2.3 Solid oxide fuel cell 

GHG emissions per LFG entering the system may be found using the model discussed in 

Section 4.2. After finding the GHG emissions from the SOFC, the total GHG emissions 

from the landfill site may be calculated in a similar method as conducted with ICEs and 

gas turbines. 

5.4.3 Comparison of LFG utilization technologies 

Two parameters are proposed for comparing the usefulness of technologies in reducing 

the global warming in landfill sites. The first parameter is called 'global warming impact 

ratio', as shown in Equation (5.15). This ratio quantifies the GHG emission reduction 

when an active collection system is used. If there is no emission from the landfill site 
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when an active system is used, this ratio is equal to 100%. If this ratio is equal to one, it 

also means there is no contribution to global warming from this landfill site. 

r = lmGHG.uncoirmGHG.coll) /mGHG.uncoll (5-15> 

The second parameter is called 'specific lifetime GHG emission' which may be defined 

as the ratio of the total GHG emission from the landfill site in its lifetime to the total 

amount of useful energy produced from LFG. This ratio is shown in Equation (5.16) and 

is useful to compare GHG emissions for the same amount of power produced from 

different technologies. From the point of view of global warming and energy, the lower 

the ratio is, the more effective the technology is. 

„ GHG.coll (r i/-x 
a = - (5.16) 

mCHA.gen +mC02.gen J X *«* ^/365xhhv/3.6xi?el 

5.5 Case Study 

For the case study, it is considered that the landfill site, which is filled with municipal 

solid waste, opened in 2008 and it will accept waste for 20 years. The annual waste 

acceptance rate is taken as 200,000 ton/year. Clean Air Act (CAA) default values, which 

are based on federal regulations for MSW landfills laid out by CAA, are considered for 

the methane generation rate and the potential methane generation capacity. The LFG 
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composition is considered as 50% CH4 and 50% CO2. Other input data are given in Table 

5.1. The results obtained using the data in Table 5.1 are presented in the following 

section. 

Table 5.1: Input data for case studies. 

Fraction of oxidized methane 
Fraction of vented gas in flare 
Collection efficiency 
The year that the electricity production ends 
Number of days that electricity producing 
technology operates per year 
Higher heating value of LFG 
Specific GHG emission ratio of ICE 
Electrical efficiency of ICE 
Combustion chamber inlet temperature of GT 
Gas turbine inlet temperature 
Gas turbine electrical efficiency 
Operating cell voltage of SOFC 
Fuel utilization ratio of SOFC 
Inlet gas temperature of SOFC 
Exit gas temperature of SOFC 
Active surface area of a single cell 

10% 
1% 
75% 
2088 
320 

14829 MJ/tones 
0.551 tonnes.C02/MWh [1191 
35% 
850 K 
1520 K 
28% 
0.65 V 
85% 
850 °C 
950 °C 
100 cm2 

5.6 Results and Discussion 

Generated and collected LFG, and GHG emissions for each scenario were calculated 

using the methodology described in Section 5.4. Then, to find the most effective 

technology, a comparison of the different scenarios was carried out. 

Annual gas generation rates for all components of the LFG, i.e. methane, carbon dioxide 

and NMOC, were calculated by LandGEM software. The results are shown in Figure 5.2. 

As can be seen from this figure, LFG generation increases until the final year it accepts 
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the waste. Then it decreases exponentially. For this landfill site, which has a 20 year 

lifetime, the site continues releasing GHGs for 120 years more after it stops accepting 

waste as can be seen from this figure. Taking an average collection efficiency of 75%, 

collected and uncollected LFG and its components were calculated for each year and 

shown in Figure 5.3. 
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Figure 5.2: Annual gas generation of LFG and its components. 
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Figure 5.3: Collected and uncollected amount of LFG and its components. 
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For a landfill site without an active collection system, some amount of methane will be 

oxidized and converted into carbon dioxide. Remaining gases will be released into the 

atmosphere. Given that high amounts of methane, which is 25 times more contributing to 

global warming than carbon dioxide, are released in this case, this gas should be collected 

and utilized since it has a considerable amount of heating value and high global warming 

potential. In this study, different technologies for utilizing the collected gas were 

considered. These include flaring, and electricity generation technologies such as ICE, 

gas turbine and SOFC. Annual GHG emission from the landfill site for each technology 

is shown in Figure 5.4. For example, in the final year that the site will accept waste, i.e. 

2028; 366831 tonnes-CCh.eq could be released to the atmosphere from a site without an 

active collection system. Using the most economical solution, which is flaring, GHG 

emissions would be much lower, 153456 tonnes-CCh.eq. However, there is no electricity 

production when flaring is used. In the case where a gas turbine is used to utilize the 

LFG, GHG emissions would be slightly lower than the case of flaring, which is found to 

be 151404 tonnes-CC^.eq. The most effective technologies for reducing GHG emissions 

are ICE and SOFC. For the peak year, when ICE and SOFC are utilized, the site produces 

GHG emissions of 127430 and 134208 tonnes-C02.eq, respectively. It should be noted 

that, for all technologies, it is considered in the calculations that many power generators 

of the same type operate together, and they may be replaced with new ones if necessary. 

Additionally, after the year 2088, due to the low methane generation, it is assumed that 

collected gas will be sent to gas flare instead of the power generator. 
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Figure 5.4: Total GHG emissions for various LFG utilization methods. 

As previously mentioned, the results obtained by using the methodology discussed in 

Section 5.4 were used in constructing Figure 5.4. When modeling an ICE, the specific 

GHG emission ratio of the ICE, which has unit of tonnes.C02/MWh of an existing 

engine, was taken from the literature [119] and used in Equation (5.7). In the case of the 

gas turbine, a simple model was developed as discussed in Section 5.4.2.2.2. Using input 

data given in Table 5.1, the fuel/air ratio on a molar basis was calculated to be 0.070935. 

According to this ratio, exit gas composition of the gas turbine was found to be 72.3% 

N2, 12.6% 02 , 6.7% C02 and 8.4% H20. Finally, in the case of the SOFC, the model is 

discussed in Section 5.4.2.2.3. Using input data given in Table 5.1, performance of a 

single cell can be found and is shown in Figure 5.5. For the type of fuel used in this 

study, it is reasonable to assume a 0.65 V cell voltage. At this voltage, the corresponding 

current density and electrical efficiency is 0.28 A/cm2 and 40.3%, respectively. It is also 
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found that for 1 ton of LFG entering a SOFC system, 0.98595 ton C02.eq GHG is 

emitted to the atmosphere. 

0.6 0.8 1 1.2 

Current Density [A/cm2] 

Figure 5.5: Performance of the SOFC. 

Figure 5.6 shows the comparison between different technologies operating at controlled 

landfill sites in terms of their effect on production of GHGs. As shown in Figure 5.6, the 

simplest solution, which is flaring, will reduce the GHGs by 58%. Hence, this result 

reveals the fact that an active collection system together with a gas flare would be very 

effective in reducing the GHG emission if an economical solution is desired and there is 

no consideration of getting benefit from this gas to convert it into electricity. This figure 

also shows that using an ICE results in the highest global warming impact ratio, which is 

slightly higher than the ratio when SOFC is used. The gas turbine has the least global 
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wanning reduction potential of the electricity production technologies studied in this 

paper. 
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Figure 5.6: Global warming impact ratio for different scenarios. 

Since each technology has different electrical efficiency and global warming potential, a 

more meaningful comparison between the controlled landfill sites studied may be 

conducted calculating the total GHG emissions in the lifetime per total amount of energy 

produced for each technology. The results of this comparison are shown in Figure 5.7. It 

may be seen from this figure that the SOFC has the lowest specific lifetime GHG 

emission among the technologies studied, which is 2.3836 tonnes CC^.eq/MWh, when 

the SOFC is only used for electricity generation. Since the SOFC has a high exhaust 

temperature, useful heat may be produced which would increase the fuel utilization 

efficiency of the system. Producing work and heat at the same time, which is called 

cogeneration, the specific lifetime GHG emission may be further reduced to 1.1217 

tonnes C02.eq/MWh, as shown in Figure 5.7. 
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Figure 5.7: Specific lifetime GHG emission for different scenarios. 

5.7 Summary 

Greenhouse gas emissions from uncontrolled and controlled landfill sites are compared. 

In the controlled landfill sites, the following systems are used for utilizing the landfill 

gas: flaring, internal combustion engine, gas turbine, and SOFC. For comparison, GHG 

emission from each system is first found for each year of its lifetime using the models 

developed by the author. Then, the global warming impact ratio and specific lifetime 

GHG emission are calculated to determine the most effective system in reducing the 

GHG emissions. 

The results show that flaring, which is the simplest and most economical solution, 

reduces the total GHG emissions in the lifetime of the site by 58% compared to the 

uncontrolled case. Among the different technologies, the SOFC seems to be the best 

option to reduce GHG emissions. This technology reduces the GHG emissions by 63%, 
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and has a specific lifetime GHG emission of 2.38 tonnes CCh.eq/MWh when it only 

produces electricity and 1.12 tonnes CCh.eq/MWh when it is used in a cogeneration 

application. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

SOFCs are considered as one of the most feasible energy conversion devices for 

converting the fuel to heat and electricity due to its advantages such as ability to integrate 

with bottoming cycles, high efficiency, fuel flexibility, and low greenhouse gas 

emissions. The performance of such devices can be assessed through modeling. In this 

thesis, several models of SOFC were developed at different levels including cell, stack 

and system levels. These models include a thermodynamic model, a carbon deposition 

model, a transient heat transfer model, and a system level model using energy and exergy 

analyses. Additionally, the effectiveness of SOFC on reducing greenhouse gases was 

discussed through a case study in which landfill gases are utilized by various thermal 

systems. 

A new 0-D model for DIR-SOFC was developed using the principles of thermodynamics 

and electrochemistry. In this model, the recirculation of the anode exit gas stream and a 

multi-gas mixture as the fuel were considered. The effects of recirculation ratio and fuel 

utilization ratio on the performance of the SOFC were studied. It is found that lower 

recirculation ratios and higher fuel utilization increases the performance of the system in 

terms of thermodynamics viewpoint. 
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A new approach to modeling carbon deposition in DIR-SOFC was proposed. In this 

approach, carbon deposition was prevented by adjusting the recirculation ratio. The 

effect of temperature level and the chemical composition of the fuel on the carbon 

deposition possibility were studied. The results were illustrated in C-H-0 triangular phase 

diagrams. The change of activity and the minimum recirculation ratio with temperature 

and fuel utilization ratio were also calculated. It can be concluded from this study that in 

order to operate the SOFC with a minimum recirculation ratio to prevent carbon 

deposition as required for higher thermodynamic performance, the maximum possible 

operating temperature level and fuel utilization ratio should be chosen accordingly. For 

the range of operating data investigated, such a condition was achieved at the fuel 

utilization of 0.85 for HT-SOFC. According to the thermodynamic considerations, the 

minimum recirculation ratio should be 0.4 and 0.07 for a HT-SOFC operating with 

methane and a typical cleaned gas produced from pyrolysis, respectively, at a fuel 

utilization of 0.85. It was also shown that gases produced from advanced gasification 

systems, such as twin-fluid bed and multi-solid fluid bed, yield higher electrical 

efficiency for SOFC compared to those produced from downdraft and updraft gasifiers. 

A new transient, quasi 2-D heat transfer model of SOFC was developed. In this model, all 

the polarizations (e.g. ohmic, activation and concentration), and heat transfer modes (e.g. 

conduction, convection and radiation) were taken into account. The transient model gives 

the change of output parameters, such as temperature, fuel utilization, average current 

density, electrical efficiency, power density and molar fraction of gases with time at the 

heat-up and start-up stages for co- and counter-flow configurations. Two cases were 
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studied in which the input data that were taken was found to be consistent with the 

benchmark tests for validation purposes. These case studies were: SOFC fed with 

humidified hydrogen and DIR-SOFC fed with a gas mixture. For validation, a model 

using the same assumption on polarizations with the benchmark tests was first developed. 

Then, the model was further improved by altering this assumption and using updated 

electrochemical relations on polarizations. It was found that the results were in very good 

agreement. The results of the first case study showed that the transient behaviors for co-

and counter-flow configurations do not differ significantly. They have similar trend but 

the counter-flow configuration takes slightly more time to reach the steady state 

condition. It was also found that counter-flow configuration has a better performance, e.g. 

electrical efficiency, for low Reynolds numbers which is needed to obtain high fuel 

utilization. The effect of excess air coefficient on the performance was studied. It was 

shown that taking this coefficient high provides better electrical efficiency. A comparison 

between the two configurations for the input data taken showed that counter-flow 

configuration has a higher electrical efficiency for the excess air coefficient up to 9. For 

higher values of this coefficient, co-flow configuration has a higher electrical efficiency. 

As a final parametric study, the effect of gas channel thickness on the performance of the 

cell was studied. It was shown that fuel utilization and electrical efficiency decreases 

whereas average current density and power density increases with an increase in the gas 

channel thickness. In the second case study, transient behavior of the cell was 

investigated. The results were validated using the benchmark test and Braun's thesis 

[107, 108]. It was also found that the results are in very good agreement. 
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In system level modeling, three cases were analyzed through energy and exergy analyses. 

These cases included a SOFC and gas turbine cogeneration system and two SOFC and 

biomass gasification systems. The results of the case study, in which the SOFC and gas 

turbine cogeneration system was analyzed, showed that this system has a 68% fuel 

utilization efficiency and 62% exergetic efficiency. It was also shown that this system has 

a better thermodynamic performance compared to its competing technologies. In the 

second case study, a biomass gasification and SOFC system was analyzed to assess the 

performance of the SOFC in this integrated system. The results of this study showed that 

if we chose to operate the SOFC at low temperature level, we get higher electrical 

efficiency from SOFC but we also obtain higher air utilization ratio, which increases the 

operation cost of the system. In the third study, a detailed modeling of SOFC and 

biomass gasification system was done and the effect of gasification agent on the 

performance of the system was discussed. This study showed that steam gasification 

yields the highest electrical efficiency, power-to-heat ratio and exergetic efficiency, but 

the lowest fuel utilization efficiency. 

The effect of SOFC on greenhouse gas (GHG) reduction was assessed through a case 

study in which several technologies were used to utilize the landfill gas. In this study, 

GHG emissions from an uncontrolled landfill site were compared with those from 

controlled landfill sites in which flaring, conventional electricity generation technologies 

such as ICE and GT, and SOFC were utilized. It was shown that even with the simplest 

solution, which is flaring, total GHG emissions in the lifetime of the site can be reduced 

by 58% compared to the uncontrolled case. Among the different technologies, the SOFC 
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seems to be the best option, as it reduced the GHG emissions by 63%, and had a specific 

lifetime GHG emission of 2.38 tonnes CCh.eq/MWh when it only produced electricity 

and 1.12 tonnes CCh.eq/MWh when it was used in a cogeneration application. Hence, 

this study has shown that SOFC is very effective in combating global warming. 

6.2 Recommendations 

The recommendations for future research in the area of SOFC modeling are given below. 

• In this thesis, 0-D and quasi 2-D SOFC models were developed for co- and counter-

flow configurations. A 3-D model can be developed to obtain better results for these 

configurations. This kind of a model can also be developed for cross-flow 

configuration. 

• In this thesis, the control volume was selected as the repeat element in the middle of 

the stack with adiabatic boundary conditions. It was assumed that all the cells in the 

stack have the same characteristics with this repeat element. The model can be further 

improved by considering the heat interactions between the adjacent cells in stack 

level. 

• Carbon deposition model was developed based on thermodynamics equilibrium. A 

better model can be developed by considering simultaneous elementary mechanisms 

using a homogeneous kinetic model. 

• Different degradation modes in a SOFC can be analyzed. These modes include 

mechanical issues such as: interfacial thermal stress, sealing and crack propagation; 

and chemical and electrochemical issues such as: sulfur poisoning, microstructure 
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change (including grain growth to cause the reduction of three phase boundary), and 

accidental oxidation and reduction. 

• In this thesis, heat-up and start-up simulations were carried out. Load change can also 

be analyzed using the transient heat transfer model developed in this study. 

• Energy and exergy analyses were applied in system level modeling for assessing the 

thermodynamic performance of the integrated SOFC systems. Thermoeconomics can 

also be applied to these systems to find the cost flow within the system and cost of the 

final products. 

• A multidisciplinary optimization can be carried out to maximize the efficiency, and 

minimize the cost and greenhouse gas emissions of integrated SOFC systems. 
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