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Abstract 

Solid Oxide fuel cells (SOFC), is one of the fuel cell types with a greater potential as a 

commercial electrical power generator. As a high temperature fuel cell type (600-1000ºC), 

presents one of the biggest opportunity to be integrated in a polygeneration system combining it 

with existing infrastructure to provide heat and power in a efficient way. Furthermore, unlike 

other types of fuel cells, SOFC can work using a wide variety of fuels, meaning that with some 

reformation; most of the commercially available fuels can be utilized, and even some relatively 

sustainable fuels that are not yet commercial, such as gasified biomass. 

The main part of this thesis focuses on the design of two gasifier models, one for partial 

oxidation gasification and other for steam gasification, both models where verified using 

published experimental results and simulations. Afterwards the models were integrated to work 

with a SOFC system. Several key parameters where analyzed in other have a complete view of the 

behavior of the system. The system was studied by changing different parameters like fuel cell 

operating temperature, fuel cell operating pressure, fuel composition, and moisture content. 

Finally another part of the thesis is to analyze two different systems, one integrating gasifier and 

SOFC, and other studying the integration of the gasifier system to a combine cycle system, 

SOFC-Micro Gas Turbine. 

The study concludes, as expected, that there is an inverse correlation between the moisture level 

in the fuel and the efficiencies in all the systems. Also the model shows that increasing the cell 

operating temperature will reduce the number of cell needed in order to achieve the design power 

output. 
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1 Introduction 

 

Fuel Cells are energy conversion devices, converting chemical energy directly into electricity, 

having clear advantages over other types of conversion devices, enclosing higher efficiency, 

lower pollution, lower noise and better reliability. Fuel cells also have the advantage that can 

be integrated to existing energy infrastructure, without creating stress to the system. A lot of 

research still needs to be done on the behavior of different types of fuels used on the fuel 

cell system.  The present master thesis will create a model for the behavior of an Advance 

Solid Oxide Fuel Cell (ASOFC) using 3 different types of fuels in the system, giving a wider and 

more precise understanding of the system, giving opportunity for further improvement in 

the system. 

 

      

1.1 Background and Problem Description 

 

Solid Oxide fuel cells (SOFC), is one of the fuel cell types with a greater potential as a 

commercial electrical power generator. As a high temperature fuel cell type (600-1000ºC), it 

present one of the biggest opportunity to be integrated as a toping cycle in a combine cycle 

arrangement. Furthermore, unlike other types of fuel cells, SOFC can work using a wide 

variety of fuels, meaning that with some reformation; most of the commercially available 

fuels can be utilized, and even some relatively sustainable fuels that are not that 

commercial, like gasified biomass. 

Although the SOFC present this fuel flexibility, the composition of the fuel utilized has an 

important effect in the power output generated by the fuel cell (Athanasiou, et al. 2006), for 

this reason the selection, design and optimization of the gasification unit represent an 

important part of the combine cycle design process. The composition of the gas also affects 

the efficiency of the fuel cell and the combine cycle system (Athanasiou, et al. 2006). The 

effect that different gas composition will have in the efficiency and power output of the fuel 

cell will be analyzed utilizing a model for the combine cycle system. 

Finally different key parameters for the gasification unit to meet the demands of the 

selected fuel cell stack size will be presented. This part is critical to analyze the viability of 

using the gasification unit.   
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1.2 Objective 

 

The main objectives of this work are:  

 Create a numerical model of the gasification  

This will allow a theoretical analysis of the possibilities to use a solid fuel by means of 

gasification in a fuel cell stack. The selection will be based on literature survey of the most 

proper technologies available according to already tested gasifiers. 

 Analyze the effect of different gas composition in the Fuel Cell. 

In order to select the fuels those are the fittest for each application, since the composition 

have an important impact in the performance of the fuel cell stack.    

 Define optimal parameters for the gasification units in order to meet the fuel cell 

system requirement. 

The aim for the gasification model is to be able to operate according to the demands 

imposed by the fuel cell system, in order to do that the parameters of the system operation 

must be adjusted for different applications.  

 

1.3  Methodology 

 

The main part of the report is the development of a numerical (theoretical) model of the 

gasification unit that will provide the fuel to power the Fuel Cell. This will be done using 

Matlab model to calculate the biogas produced and the composition of the biogas. Defining 

at the same time the main components needed in for the gasification unit.  

The selection of the proper gasification unit will be mainly focus on the one that allow a 

better performance for the fuel cell, meaning that research in the area shall be done in order 

to select the proper unit. Other important parameter to take into account in the selection 

criteria of the gasification unit will be the efficiency in the gas production.  

Finally the last part will be the effect of different gas composition in the system, this will be 

analyzed based on the theoretical Fuel Cell- Micro Gas Turbine model, in this part the 

analysis will be specially focus on seen the effect in the efficiency and power output of the 

fuel cell, and changes in the characteristics of the system.    
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2 Frame of reference 

 

2.1 Fuel Cell  

 

Fuel cells are energy conversion devices that convert chemical energy directly into 

electricity, another way to explain it is to say that the fuel is being ‘burnt’ or combusted in a 

simple reaction (Larminie and Dicks 2003).  

 

                1 1 
 

Equation 1 1is the most common reaction in a fuel cell system since hydrogen is used as a 

fuel for the majority of fuel cell families. Though to understand how the current flow is 

created in a fuel cell is, the different parts of the system need to be explained. There are 3 

main components in a fuel cell: 

 

1. Anode: Is the electrode from which electrons flow (Larminie and Dicks 2003), this 
electrode is the one where the fuel introduce the system.  

2. Cathode: Is the electrode into which the electrons flow (Larminie and Dicks 2003), 
this electrode is the one where the oxygen or air is introduce to the system. 

3. Electrolyte: is an ionic conducting material, that conduct the ions needed to 
complete the reactions. It should not be electron conductive, since this will short 
circuit the cell.  

 

 

Figure 1: Components of a typical fuel cell     (Larminie and Dicks 2003). 
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As can be seen in Figure 1, in a fuel cell the fuel is fed to the anode, generally in a constant 
manner. Likewise an oxidant is fed constantly to the cathode, been air the most common 
and easy to use (Larminie and Dicks 2003). As it is been fed the fuel undergo an electro 
chemical reaction, that takes place at the electrode, producing a flow of ions through the 
electrolyte, this entails a complementary increase in the voltage that creates a current that 
can be used to drive a load. 
 
The fuel cell is similar to a battery in many aspects; however there are important differences, 
since in the battery the energy is store in directly inside the device, in which latter it makes it 
possible to make it available from the battery itself (EG&G Technical Services, Inc. 2004). All 
this means that the battery will cease to produce electrical energy when the reactants are 
consumed. The fuel cell, in contrast, converts the energy store in a fuel, using an oxidant, 
approximating a combustion system. According to the EG&G in principle, the fuel cell 
produces power for as long as fuel and the oxidant are supplied. 
 
The main operating characteristics those are common for all fuel cells types, and bring to 
light the importance of the fuel cells in the future of power generation. These characteristics 
are:   

 There is a direct conversion from chemical energy to electricity, increasing the 
efficiency of the system.  

 There are not moving parts in the whole system reducing the needs for maintenance 

 Quiet operation, there is basically no vibration or noise produced by the cell during 
operation. 

 Load following capability, the fuel cell is one of the easiest systems to follow the 
demand, increasing or reducing the electricity production in an easy way. 

 Stand alone operation, there is basically no need to attend or operate the fuel cell in 
site, reducing the operational cost. This also presents an opportunity for remote 
operations. 

 Modular design, the cells can be manufacture to match the demand.  

 High efficiency and performance operating at off design loads.       
 

These characteristics are common for all fuel cell types, however there are other 

characteristic that comes specifically to each type. The usual way to classify the fuel cells is 

according with which material is used as an electrolyte; this selection will affect the main 

characteristics of the fuel cell system. It will also determine the reactions that will take place 

in the fuel cell, and the ions that will be conducted in the electrolyte.  The more frequent 

types of fuel cell are the following (Larminie and Dicks 2003): 

 Proton Exchange Membrane (PEMFC): The electrolyte material is a polymer that can 

conduct ions. Very suitable for portable applications, having fast start up time and no 

corrosive liquids. Operation temperatures 50-100 ºC. 

 Alkaline Fuel cell (AFC): Is a very reliable, mature technology. It has been tested for 

several applications with very high efficiency and performance. However it has 

corrosive liquid acid and almost not tolerance to CO2 pollution. Operating 

temperatures 50-200 ºC.  
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 Phosphoric Acid (PAFC): Have a highly concentrated phosphoric acid as an 

electrolyte, which creates problems in handling the fuel cell. In the other hand is very 

mature technology, having high efficiency in partial load. Operating temperatures 

between 180-250 ºC.    

 Molten Carbonate (MCFC): Uses a molten mixture of alkaline metal carbonate, one 

of its main advantages is that it is very tolerant to CO and don’t need expensive 

catalysts. However it has very low sulfur tolerance. The operating temperature varies 

between 600-700 ºC.     

 Solid Oxide (SOFC): Uses an oxide ion conducting ceramic, have a high efficiency than 

the molten carbonate, and can tolerate more sulfur. Have several problems with the 

materials needed to operate it and the temperature gradients inside the cell. More 

details about this type of fuel cell will be studied in the next chapter. Operating 

temperatures 500-1000 ºC.     

The selection of the electrolyte material will determine the optimal range of operating 

temperature, which is an important design characteristic for a fuel cell system, as will be 

seen later in this work. In this thesis analysis will be focus in the SOFC, as a continuation of 

the results obtained by Rizwan Raza (Raza 2011) PhD thesis and Mahrokh Samavati 

(Samavati, Design and integration of SOFC with gasifier and microgas turbine 2012) Master 

Thesis. 

 

2.2 Advance Solid Oxide Fuel Cell (ASOFC) 

 

Solid Oxide Fuel Cells (SOFC) is one of the type of fuel cells that have one of the biggest 

potentials for commercial development, mainly because of the high efficiency as an energy 

conversion device and the fuel flexibility (Raza 2011) it posses. Like any other type of fuel 

cell, SOFC is composed by an anode and a cathode, separated by an ion conducting material, 

in this case a ceramic electrolyte (Larminie and Dicks 2003). It is important to denote that 

the in order for this to work the electrolyte should be a non porous surface, so only the ions 

are able to pass through it (EG&G Technical Services, Inc. 2004). The SOFC works allowing 

oxygen ions from the cathode to the anode; this put the ions in a position to react with the 

fuel, as shown in Figure 1. 

The main advantages of the SOFC comes from the fact that both the electrode and the 
electrolyte are solid during all the operational time, this means that a SOFC is a complete 
solid state device, meaning that there is no need to deal with liquid in the electrolyte. Derive 
from this fact comes other advantages of the SOFC, the cells can be configure in basically any 
shape needed for the application require (EG&G Technical Services, Inc. 2004). Other main 
advantage is that the kinetics of this type of fuel cell is relatively fast, and unlike the MCFC, 
there is no necessity for CO2 at the cathode, reducing the complications in the design 
(Larminie and Dicks 2003).   
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Other advantages with having a solid ceramic as an electrolyte of the fuel cell lighten the 
corrosion problems in the system. The solid electrolyte helps to prevent the electrolyte 
movement and reduces the problems of flooding of the electrodes. Another important 
characteristic of the SOFC is there capacity to generate high fuel efficiencies, as can be seen 
in Figure 2, as high as any other type of fuel cell. And like the MCFC, the high operating 
temperature raises very realistic possibilities to be used in combine cycle arrangements, 
providing the possibility of electrical efficiencies of more than 60%, also this extra heat can 
be used for other possible applications, especially cogeneration. Finally from the 
environmental point of view there are several advantages in the use of SOFC, there is 
practically no acid, gas or liquid and practically no solid particles emissions, this also reduces 
the corrosion relative to the other types of fuel cell.  
 
On the other hand there are several disadvantages in the use of SOFC. First of all since the 

regular SOFC works at very high temperatures (800-1000 ºC) this creates a lot of thermal 

stress in the materials used as electrolyte, especially because there are thermal expansion 

differences among the materials in the cell, creating problems with fuel sealing and 

deformation in the cell structure, especially for flat plate configuration (EG&G Technical 

Services, Inc. 2004), due to the temperature gradients created internally in the cell. Second 

of all the high temperature also means that the material selection for the cell is narrowed to 

a small special types of materials, like synthesized ceramic materials, that have good thermal 

stability at high temperature; however in general this materials are expensive and difficult to 

manufacture (Larminie and Dicks 2003). Another disadvantage can come with the corrosion 

of the metal components that interconnect the stack can become an important problem 

(EG&G Technical Services, Inc. 2004).   

 

 

Figure 2: Comparison of efficiency of different Power Generation Systems (Raza 2011) 
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To overcome all this problems new electrolyte materials are been develop that can conduct 

ions at lower temperatures, around 400-600 ºC, solving the problems that comes with the 

high temperature operation, and also allowing cost reductions in the materials and in the 

construction, this lower temperatures types are also know as Low Temperature Solid Oxide 

Fuel Cell (LTSOFC) or Advance Solid Oxide Fuel Cell (ASOFC). The lower temperature, also 

effectible increases the life span of the stack and the thermal cycling that the fuel cell can 

undergo (Raza 2011).    

 

 

 

Figure 3: Basic components of SOFC, with the cathode and anode reactions (Larminie and Dicks 2003).   

 



-8- 
 

ASOFC have one of the broader fuel flexibility among all the fuel cell types (Raza 2011). This 

is possible because of three main advantages this fuel cells posses, first it have one of the 

biggest resistances to pollutants in the fuel of any of the fuel cell types (Larminie and Dicks 

2003), second it can use hydrogen and carbon monoxide as a fuel ( (Athanasiou, et al. 2006), 

(Larminie and Dicks 2003), (Cimenti and Hill 2009)) as can be seen in Figure 3  and last but 

not least the capacity of internal fuel reforming( (Larminie and Dicks 2003), (Petersson and 

Ho 2010), (Selimovic and Palsson 2002)).  

Several studies have tested different fuels in a SOFC stack, they go from fuels mainly made of  

carbon like coal (Shoko, et al. 2006), some hydrocarbons liquid fuels like diesel ( (Petersson 

and Ho 2010), (Mulot 2005), (Dobbs, et al. 2008)) methanol ( (Cimenti and Hill 2009), ethanol 

(Cimenti and Hill 2009), and some gaseous fuels like natural gas ( (Selimovic and Palsson 

2002), (Cimenti and Hill 2009)), gasified biomass( (Fryda, Panopoulos, et al., Exergetic 

analysis of solid oxide fuel cell and biomass gasification integration with heat pipes 2006), 

(Athanasiou, et al. 2006)) and of course the typical fuel for fuel cells hydrogen (Larminie and 

Dicks 2003), (Mulot 2005)).    

Another interesting possibility of using ASOFC is the possible use of carbon fuel directly into 

the anode (Shoko, et al. 2006); this concept is known as direct carbon fuel cells. In this 

concept the solid carbon, which can be some fuel derived from coal or biomass charcoal, is 

fed directly into the fuel cell, without an intermediate step, like gasification (EG&G Technical 

Services, Inc. 2004). The main advantage of the direct carbon fuel cell is that theoretically, it 

allows very high energy conversion efficiency. Nonetheless the technology is still not well 

commercially developed, with the need to increase reliability and solve some problems with 

the fuel feeding, yet it has the potential to be an important player in the future of coal-based 

electricity generation. 

 

The performance of a SOFC will depend strongly in the fuel selected to operate it. Especially 

the propose fuel reformer will change depending on the fuel. For this thesis 3 fuels where 

selected in other to build the model, this are lignite, animal waste and wood chips. 

 

3 Reformation of the fuel 

 

Practically any type of commercially available fuel will need reformation in order to be used 
in a fuel cell stack. The fuel reformation is usually a conflicting design decision, first of all the 
requirements of the reformer will necessary increase the capital cost of the system, second 
the design of the reformer will affect the efficiency and the performance of the whole 
system (Stassen 1995). However this lost in performance and efficiency is sometime 
preferable in order to be able to use a fuel that is available in site, reducing the need for 
additional infrastructure to provide fuel for the system or because the fuel that will be 
reform can be found in an abundant and probably is cheap way in the site.  
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In the case of the biomass, as well as other solid fuels, the best way to extract the energy 
contain in the fuel is converting it into useful energy carrier for the system ( (FAO 1986), 
(Barrio May 2002)).  This reformation process will take some energy, usually part of the 
energy contain in the fuel, meaning that part of the energy in the fuel will be lost in the 
reformation. Another alternative is to use a source of waste heat that can be useful to 
process the solid fuel into a useful fuel gas; however this type of high temperature waste 
heat is difficult to find.      
 
The fuel reformation is defined as the conversion of a commercially available gas, liquid, or 
solid fuel to a fuel gas suitable for the fuel cell operation (EG&G Technical Services, Inc. 
2004). An appropriate reformation will convert the fuel into a useful fuel for the fuel cell, 
preferably hydrogen rich fuel gas, adapting it to the specific fuel cell requirement and, at the 
same time, clean the fuel gas from harmful components that will affect the operation of the 
system.    
 

The reformation process will have several steps to produce a useful fuel, this are: 

1. Thermo chemical conversion 

2. Fuel gas Cleaning 

3. Fuel gas Cooling 

 

The thermo chemical conversion is the most important part of the process to produce a 

suitable energy carrier to power the fuel cell system. The thermo chemical conversion is also 

known as gasification (Barrio May 2002).  

 

3.1 Gasification 

 

 

The gasification is a very old technology; it has been use commercially since the 1830’s  

(Stassen 1995). The gas produced from coal or biomass gasification was used mainly for 

lighting in the begging. By 1880’s the gasified gas was use for a first time to power an 

internal combustion engine (Stassen 1995). However because of the abundance of other 

types of fuels (gasoline, diesel, etc) and the unreliable operation of the gasifiers, especially to 

follow changes in power demand, did not allow this technology to spread more widely. 

In the second quarter of the XX century two factors allowed a reborn of the gasification, the 

first one the invention of the Imbert gasifier, by Georges Imbert, that allowed a better and 

cheaper gasification of wood (GIRARD, ROUSSET and VAN DE STEENE 2007) and the Second 

World War that produced a serious shortage in petrol fuels, in this period more than half a 

million cars where adapted to work on gas from gasification. In the 1970’s with the oil crisis 

again the interest in gasification was renewed.  
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As can be seen there has been a renew interest for the gasification when there is an increase 

in the prices of liquid and gaseous fossil fuels (FAO 1986), whoever when the oil is available 

again the gasification units have been abandoned. The reason for these up and downs in the 

utilization of gasifiers has been “because the wood gasifiers somewhat low efficiency, the 

inconvenience in operation and the potential health risk from toxic fumes.” (LaFontaine and 

Zimmerman 1989).  

Gasification can be defined as the processes of converting carbon based fuels into a mixture 

of burnable gases, mainly carbon monoxide and hydrogen. This process is more widespread 

to use solid fuels like wood, waste or coal. Other purpose of the gasification unit is to clean 

the fuel of harmful constituents (LaFontaine and Zimmerman 1989). However for some 

specific applications the fuel will need further cleaning. 

It can be done basically by two methods, using steam or by partial oxidation the fuel. The 

first method require a source of heat in order to produce the steam that will produce the 

gasification, this process is call steam gasification or steam formation this usually produce a 

medium heat value fuel gas. (GIRARD, ROUSSET and VAN DE STEENE 2007) 

In the second method the fuel is force to undergo a partial oxidation, also known as 

incomplete combustion. The fuel to be gasified is partially burned in an oxidant agent, 

usually air, this method do not need external heat source however part of the available fuel 

is burned in order to promote the gasification. If pure oxygen is use as an oxidant medium 

heat value fuel gas can be produce, however since the main agent use is air, typically low 

heat value fuel gas is obtain. This is due to the fact that the gas obtain is diluted with 

nitrogen in the air.  

The gasification process is done in basically 4 steps that are happening simultaneously inside 

the gasifier ( (Barrio May 2002), (FAO 1986)). These are: 

 Drying  

 Pyrolysis 

 Char gasification  

 Combustion 

 

Figure 4 shows how these different zones are distributed among the gasification units. It can 

be seen that the main difference between them is that in the updraft gasifier the gasification 

take place before the combustion, leading an important differences in the fuel gas 

composition.   

In both gasifiers the first step is drying of the fuel, step that simply takes the moisture out of 

the solid fuel by increasing its temperature as it goes into the hot zones of the gasifier. The 

duration of this step can be reduce by doing a pre drying of the solid fuel, reducing the time 

necessary to start up the unit. Another important consequence of the moisture content in 

the fuel is that it can reduce, in a non trivial amount, the efficiency of the gasification.  
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Figure 4: Distribution of the different zones inside the gasifier (GIRARD, ROUSSET and VAN DE STEENE 2007) 

 

The next stages define the gas composition, also the type of cleaning that will be needed 

further in the process. The analysis for the order stages will be made separately since they 

need to be better understood.  

 

 

3.1.1 Pyrolysis 

 

The first process consists in the degradation of the biomass in its volatile components, 

mainly gases that do not need chemical reactions to be extracted from the biomass, the 

pyrolysis process start at around 200 °C. The atmosphere where the pyrolysis is been done 

have practically no effect in the process, however if there is an oxidizing agent present in the 

atmosphere, the gases produced mind be affected after the pyrolysis. When the process 

happens in an oxidizing environment the pyrolysis is call devolatilization, however most of 

the times the two terms are use as equivalent (Barrio May 2002). 
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The main products of the pyrolysis process are gases like CO2, CO, H2O, H2 and N2. However 

the proportions of this compounds to be found is difficult to predict, and will depend in 

different variables like pressure, temperature, pyrolysis atmosphere, size and geometry of 

the fuel, residence time, reaction time, biomass type or the type of reactor ( (Barrio May 

2002), (LaFontaine and Zimmerman 1989), (FAO 1986)). These gases are mixed with other 

organic compounds like tars and other hydrocarbons.   

The pyrolysis process takes a critical part in the control of the composition of the final gas 

produce; this is because for the majority of the biomass types, around 80% of the dry 

biomass can be converted into volatiles compounds. Sometimes is important to reduce the 

amount of tars and other liquid hydrocarbons, this can be done by increasing the 

temperatures in the process (FAO 1986).  

 

3.1.2 Char Gasification 

 

This is the second part of the chemical decomposition process that takes place inside the 

gasification unit. After the volatile matter is pyrolyzed the char is left, in the gasification 

stage the solid char, that contains a great deal of carbon, is converted into a mix of gases. 

Char gasification is an endothermic process, requiring heat that is provided; most of the 

times provided by burning part of the fuel go through the process. The gasification process, 

as can be seen in  

Figure 5, chemically convert the solid carbon into mainly CO and H2, but also other gases can 

come out of it like methane.  

The solid carbon reacts with the carbon dioxide and the water from the pyrolysis process 
producing carbon monoxide and hydrogen, effectively increasing the amount fuel gas 
available after the process. The conditions under that the pyrolysis was done will have an 
important influence in the reactivity characteristics of the char (Barrio May 2002). However 
the main variables that this process depend basically are the particles sizes, temperature, 
pressure, gasification agent and the concentration of the reactants ( (Turns 1996), (Barrio 
May 2002), (Tunå 2008)). The char gasification takes place in temperature between 700 ºC 
to 1000 ºC.   
 
The presence of the pyrolysis gases during the gasification process can considerably reduce 
the gasification rate. However, for biomass-derived fuels, the amount of volatile substances 
and the different types of ash-forming materials can help to increase the reactivity of the 
char increasing the field of gasification (Moilanen and Saviharju 1997). Also that the 
moisture content of the fuel in fast pyrolysis increases the reactivity. 
 
It is important to indicate that most of the times what is denote as gasification is the whole 
process of drying, pyrolysis, combustion and char gasification. That is why the process is also 
known as pyrolysis by partial oxidation (Barrio May 2002). 
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Figure 5: Char gasification model. (GIRARD, ROUSSET and VAN DE STEENE 2007)    

After the gasification step the gas may contain CO, CO2, H2, H2O, N2 and CH4, plus other small 
amounts of tars, light hydrocarbons, chart particles and ash. The amount of each of this 
component will depend on the characteristics of the gasification process.   

 

3.1.3 Combustion  

 

The combustion step is done at the point where oxidant is richer; this is near the input of the 

oxidant, in the bottom part for the updraft and near the middle part for the downdraft. This 

is a critical part of the conversion process since all the heat to sustain the endothermic 

reactions in the gasifier is taken from this area. This combustion process also serves to 

convert and oxidize most of the condensable products coming from the pyrolysis zone (FAO 

1986).  

This combustion reaction takes place between 1200 ºC to 1500 ºC. One of the critical parts 

of this step is to have an evenly distributed oxidant entrance, in order to have an even 

distributed combustion, gasification and pyrolysis, obtaining also an even composition in the 

fuel gas produce. 

The final fuel gas produce by gasification have had different names according with the use or 

the fuel source use to produce the fuel gas, historically the fuel gas produced by solid fuel 

gasification has been known as town gas, syngas, illumination gas, producer gas, wood gas, 

etc (Stassen 1995). 

 It is important to notice that all the steps are occurring at the same time inside of the 

gasifier, and that all are necessary to sustain the reactions taking place inside the gasifier, 

since no external heat input is used, this relationships are illustrated by Figure 6, where can 

be seen that most of the heat generated in the combustion step is used in the char 

gasification, a very endothermic step, and a minor part of the heat is used to take forward 

the pyrolysis. The amount of heat needed for drying the biomass is not show in Figure 6; this 

is because the amount of heat needed will depend in the amount of water present in the 

fuel in the form in moisture; however this heat can be an important amount if there is a lot 

of moisture in the fuel.  
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Figure 6: Flow of mass and energy during the different steps of the gasification, in this case of biomass (Barrio May 
2002).  

 

3.2 Gasifiers 

 

Gasifier is defined as a gas generator unit that does the process of gasification. It has two 

purposes, first to generate the gas and second to serve as a filter to clean the gases of 

impurities, such as ash, chlorine, etc. So we can consider it as an energy converter and a 

filter (LaFontaine and Zimmerman 1989). Even though the gas is somehow cleaned by the 

gasifier is still dirty for fuel cell application, since it contains small amounts of tars, soot, ash 

and other pollutants.   

Different types of gasifiers had been developing throughout the years to fulfill different 
needs and adapt to different resources. Different types of gasifiers present different 
advantages and disadvantages, and the design choice for one or other will come from 
different factors like, cost, fuel type or final use of the fuel gas.  
 
Each of the different gasifiers will have different behaviors and different economic result 
depending on the conditions that the system is operated and the fuel that is provided to the 
system.  
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3.2.1 Types  

The gasifiers can be classified in the two basic types, the fixed bed and the fluidized bed.  

Fixed Bed: Characterized for been utilized for small scale applications, up to 10 MW fuel 

power but typically less than 1 MW. Calls fix bed because there are not moving parts to do 

the gasification process.   

The main limitation to scale up this type of gasifiers is that big diameters designs tent to 

create uneven temperature distributions affecting the quality of the gas, however is the 

most common type of gasifier used throughout history. The main disadvantage of this type 

of gasifier that it can present problems with the low density solid fuels and the pressure 

drop to can be important in this type of gasifier.  

Fixed bed can be divided in 3 types according on how the fuel gas is leaving the gasifier:  

 Updraft: The air enters from the bottom and the gas is collected in the top of the 

vessel. Produce a gas with high tar and ash content.  

 

 Downdraft: The air is feed in the middle and the gas is collected in the bottom of the 

vessel, it produces a relatively tar clean gas.  

 

 Cross draft: The air is feed in the middle and the fuel gas is collected in the middle.  

 

Figure 7: Different types of fixed bed gasifiers. (Stassen 1995) 

Fluidize bed: The biomass is gasified in a bed of material, usually sand. This bed is heat in 

other to promote the gasification of the fuel. The products are then taken from the top. This 

type is better to use at high scale applications. The working principle is that the oxidation 

agent is injected from the bottom fluidizing the sand bed. This causes the volatiles and the 

fuel gas to be driven up and then they are taken out to be use.   

According with Maria Barrio (Barrio May 2002) this type of gasifier present higher though 

output capability and greater fuel flexibility, accepting low density feedstock. However have 

some problems with the gas quality control, mainly for particle and alkali metal content 

control in the fuel gas.  
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Other important aspect to take into account is the cost of the system, it is higher than the fix 

bed gasifiers, especially high for the pressurize type, making this types less competitive in 

small scale applications. There are different types of fluidized bed with are: 

 

 Bubbling FB 

 

 Circulating FB  

 

 Pressurized FB  

 

Other advantages of this type of gasifiers are that it allows a higher outputs and a more 

complete fuel conversion, effectively increasing the conversion of the fuel. However due to 

its complicated and expensive operation not many of the fluidize bed reactors have been use 

commercially around the world, with examples in Germany, Finland and Sweden (Barrio May 

2002).   

 

 

 

Figure 8: Types of Fluidized bed gasifier (TZENG May 2007) 
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3.2.2 Uses 

 

The fuel gas produce, since is a low quality gas it have limited uses. This uses have been 

traditionally divided mainly in two groups (Stassen 1995): 

 Power applications: To produce electricity or mechanical work, through an internal 

combustion engine. Fuel cells can be included in this group since the main purpose of 

the fuel cell is to produce electrical power.  

 

 Heating applications: The gas use directly for heating applications, burning it in order 

to provide some process heat.  

 

The main difference between the two applications, referred to the gas processing, is that the 

power application needs a cleaner gas with less impurities, like particles, tars and soot.  

The type of gasifier use is related to the scale of the application, as can be seen in Figure 9, 

for different fuel capacity demands different technologies are preferred to be use. However 

the selection of the technology has an effect on the fuel gas composition, since different 

gasifier technologies produce gases with different compositions.  

The principal reasons for not using the fixed bed for high power rates is that the diameter for 

such application would create uneven temperature gradients among the area of the gasifier, 

creating problems in the gas composition, especially increasing the amounts of tars, 

condensable and unburned hydrocarbons in the fuel gas. This is especially critical in power 

generation applications since it can cause the power output to be unreliable and can 

effectible damage the engine, fuel cell or other device used for power generation.         

   

 

Figure 9: Preferred Gasification technology at different scales (Larson 1998) 
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Other possible use for the gasification is as a base for synthesizing liquid fuels like methanol 

or ammonia (Barrio May 2002), from the gas produced, however for this application a low 

nitrogen concentration in the fuel gas is needed, meaning that air cannot be used as a 

gasification agent if the purpose of the fuel gas is to produce liquid fuel. The liquid fuel can 

be use in for mobile applications; however there is a possibility to use a gasification unit 

directly for mobile applications, specially the downdraught gasifiers fuelled by wood or 

charcoal had power cars, buses, trains, boats and ships (FAO 1986) and had proved to be an 

important source of power in emergencies situations.  

Though there are this main use the most recommended use for gasification is power 

generation ( (Barrio May 2002), (FAO 1986), (LaFontaine and Zimmerman 1989), (Stassen 

1995), (Boots and Elliot 1993)), creating fuel gas for heating purposes makes not much sense 

unless for some reason the solid fuel cannot be used for the heating. Creating a liquid fuel is 

usually not economically efficient from a gas fuel, especially if there is access to inexpensive 

source of liquid fuel.   

The power generation can be an economical option, especially in a combine cycle 

arrangement since the fuel can be utilize in a more efficient manner, the gasification can 

increase the amount of energy converted to electricity, even taking into account the energy 

loss during the conversion process.   

 

3.2.3 Comparison and Selection 

 

The system proposes for this work is 5 kWe ASOFC stack, these correspond to around 10 kW 

heat. According with Figure 9 at this fuel power demand there are 3 possible options, 

Updraft, Downdraft and Bubbling Fluidized Bed.  

The updraft gasifier is one of the most common ones used throughout history, it`s main 

advantages is its simplicity, that have a high charcoal burn-out and internal heat exchange 

leading to low gas exit temperatures and high equipment efficiency, as well as the possibility 

of operation with many types of feedstock (FAO 1986). However this type of gasifier is not 

recommended for operating in power generation applications, because it produces a gas 

with high tar and high ash content, increasing the need for further cleaning of the fuel gas, 

this been one of the reasons of why it have greatly reduce its use in the modern times 

applications.  

Also this type can present risks of explosion and can present problems with pipes that 
conduct the fuel gas, because of tar condensing and ash in the fuel gas, this been the main 
reason for the gas produced form this type of gasifier been used for heating applications, 
where the tars and ash don’t represent a important problem. 
 
Between the 2 remaining types the Bubbling Fluidized Bed and Downdraft, Table presents 
advantages and disadvantages of the use of each of them. According with the literature 
survey and analyzing information from both Table and Figure 9 can be concluded that the 
most suitable model to should be based on a downdraft gasifier.  
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The most important drawback of the downdraft gasifier is the problems that it presents 
when is operating with a number of fuels, particularly the fuels that have low density give 
rise to flow problems and excessive pressure drop, meaning that some solid fuels have to be 
pre processed  before use. Other important disadvantage are the problems with slag (melted 
ash) formation, especially for fuels with high ash content ( (FAO 1986), (Barrio May 2002)), 
this is because the high temperatures that the fuel undergo in the downdraft gasifier. 
 
Another slight drawback of this system compared to updraft, is that present a slightly lower 
efficiency, because of a deficient internal heat exchange, this also produces a fuel gas with a 
little lower heating value. 
 
Because of its design, this type of gasifier force the fuel gas to pass through the combustion 
zone, thermally converting the tars and light hydrocarbons into other lighter components. 
This is the reason that this type of gasifier generates relatively high hydrogen yield and low 
tar content fuel gas, reducing the amount of post cleaning that the fuel gas need.  
 
Other advantage of this type of unit is that there is a great deal of experience in it use for 

power generation, especially for spark ignition engines, even if the gas requirements for the 

both systems is not exactly the same, the lessons learned in the pass for internal combustion 

engines systems can be apply for fuel cell systems. Also this type of unit are well fit to the 

size of the propose Fuel Cell-Micro Gas system.  

 

Table 1: Comparison between Downdraft and BFB gasifiers (based on characteristics presented by (Barrio May 2002) 

  Downdraft Bubbling Fluidized Bed 

Advantages 

High ash content feedstock 
possible Good gas solid contact and mixing 

Relatively clean gas is produced High specific capacity 

High carbon conversion efficiency 
Easily start and shut down, fast 
heat-up 

Easy to construct and operate Best temperature distribution 

Prove commercial technology Tolerates fuel quality variations 

Low tar fuel gas Broad particle-size distribution 

  High carbon conversion efficiency 

    

Disadvantages 

Hot spots with exothermic 
reaction 

Conflicting temperature 
requirement 

Possible ash fusion on grate High dust content in gas phase 

Channeling possible Ash not molten 

Low specific capacity Limited in the capacity size 

Long heat-up periods   

Large and uniform pellets needed   

Not automated operation   

Molten slag possible   
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On the other hand the fluidize bed reactor become a viable option if the system fuel capacity 

increases, usually in more than 1.5 MW thermal (Barrio May 2002). Other reasons to prefer 

fluidize bed are related to the physical characteristic (density, particle size, moisture) of the 

solid fuel used. The fluidize bed gasifiers are more suited to process solid fuels that are not 

homogenous; this is because the fluidization can better mix the fuel in the interior of the 

gasifier providing a better and more complete gasification under this solid fuel conditions 

(Barrio May 2002). Also since the control of the temperature is easier in this type of gasifier, 

slag formation in the bed (FAO 1986).      

A major drawback of this type of gasifier is in the control of the tars in the fuel gas. Also if 

the reactivity of the solid fuel is not good there can problems in completing conversion of 

the char, leaving an important amount of the solid fuel unprocessed. Finally there can be 

problems responding to changes in load, requiring a relatively stable operation (FAO 1986). 

This type of gasifier is not typical for small application, because of problems with the control 

of the fluidization and the fact that at lower power levels other options are cheaper (Stassen 

1995).   

What can be concluded, is that the decision on which gasifier to use needs to taken base on 

the operational conditions for each system;  however, in a broad sense,  for a system with a 

fuel cell as the main power generation device a downdraft gasifier is recommended for 

lower power levels. For higher power levels a bubbling fluidize bed is a better option. 

  

3.3 Fuel Produce  

 

The fuel gas produce will depend on 3 main factors ( (Zainal, et al. 2001), (He, et al. 2010)) 

that will define the equilibrium point for reactions taking place gasification unit. These 

factors are:  

 Characteristics of the gasification agent used 

 Type of gasifier   

 Gasification temperature  

 

These different characteristics provide the bases for the thermodynamic equilibrium 

composition in the model. In order to predict the exact composition of the fuel gas after 

gasification unit several reactions need to be calculated. However, since the majority of 

these reactions are not predominant, the overall composition can be approximated with 

mainly 4 reaction equations ( (Zainal, et al. 2001), (Barrio May 2002), (He, et al. 2010), 

(Facchinetti 2012)). Even when two models will be developed, the basic equations for the 

gasification process are the same; however in each model the different equations will have 

different weights in determining the final composition prediction.  



-21- 
 

The main reactions that mainly define the composition of the fuel gas during the gasification 

are:  

 

Methane Reforming Reaction                      

1 

2 

 

Water Gas Shift Reaction                          

1 

3 

 

Methanization Reaction                 

1 

4 

 

Boudouart Reaction                

1 

5 

 Tar Decomposition                                                   

1 

6 

 

(Hou and Hughes 2000) 

 

All these reactions are endothermic and are slow at low temperature, so usually more than 

800 °C is needed in order to reduce the amounts of tars, and to promote a more complete 

reformation of the solid fuel, the char, and the reform of the different volatilization 

products.  

Chemical reactions 2 and 3 describe the reformation reaction of the volatile matter in the 

biomass, especially important in the first stage of the gasification. During the pyrolysis other 

reactions take place, mainly in the formation of different hydrocarbon components, like light 

saturated and unsaturated hydrocarbons ( (Larson 1998), (He, et al. 2010)). As can be seen 

an important source of hydrogen for the system comes in this two stages.       

In the reactions 4 and 5 the char gasification stages are shown, as had been say usually this 

reactions occurs after the pyrolysis and they equilibrium is very dependent on the particle 

size of the solid fuel. Many other components are formed during this stage, like tars and 

other liquids hydrocarbons; however this components are in a so small traces that can be 

ignore (Purdon 2010).  Furthermore in this stage some char and ash can contaminate the 

fuel gas.   

The reaction 6 describe in, general terms, how different tar components are thermally 

decompose, however it should be denoted that there is a broad definition on what types of 

tars are formed (Vreugdenhil and Zwart 2009), and therefore not all tars formed in the 

gasification reactions can be approach in the same way,  the most common way to divide the 

types of tars is  into reactive and not reactive tars (He, et al. 2010). This will be analyzed in 

more detail further into this work.                        
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Finally for the calculation of the methane it should be pointed out that as long as water-gas 

shift reaction equilibrium is attained, it makes no different which are the non hydrocarbons 

products (Reed 1981). This is because the hydrogen for the methanization reaction is mainly 

formed from the water gas shift reaction.    

 

3.3.1  Fuel Processing 

 

According with the Fuel Cell Handbook, in theory any substance capable of chemical 
oxidation that can be supplied continuously can be “burned” as fuel at the anode of a fuel 
cell. The same can be say about the oxidant, if a fluid that can be chemically reduced at a 
sufficient rate (EG&G Technical Services, Inc. 2004). However the use of commercially 
available fuels directly into the fuel cells is still not practical. Most fuel cells in operation 
today use gaseous hydrogen, a synthesis gas rich in hydrogen or a fuel specifically design for 
the stack operation for a fuel (Larminie and Dicks 2003). 
 
The fuel processing is define as the conversion of a commercially available gas, liquid, or 
solid fuel to a fuel gas reformate suitable for the fuel cell anode reaction (EG&G Technical 
Services, Inc. 2004). The main objective of fuel processing is to provide the system by 
decomposing the fuel into compounds or elements that can be optimally utilized for the fuel 
cell as fuel in the anode. In general the ultimate goal is to produce hydrogen, to use it as an 
energy carrier to the fuel cell.  
 
The main advantage of the pure hydrogen is that it presents a very high reactivity in the fuel 
cell,   and do not present any harmful characteristic for the fuel cell operation. Also it can be 
produced from several widely available chemicals or extracted from most of the petrol 
derived and bio fuels commercially available, other important source is water electrolysis, 
however is usually not economically feasible (Larminie and Dicks 2003).  
 
The oxidant of choice in any practical application is oxygen, the main reason been that is 
widely available from air (EG&G Technical Services, Inc. 2004). For some special applications 
pure oxygen can be use, however this may increase the costs in a non trivial amount.  
 
There are 3 main aspects that most be achieve in the fuel reformation. The first and main 
one is to produce an effective energy carrier for the fuel cell, this is usually a mixture of 
gases that can be burn in the fuel cell or that are at least inert for the anode reactions ( 
(Selimovic and Palsson 2002), (EG&G Technical Services, Inc. 2004), (Larminie and Dicks 
2003)). The second aspect of the fuel processing is the cleaning and removal of harmful 
gases. Most of the raw fuels usually have harmful constituents that can reduce the 
performance of the fuel cell. The main components that are aim in the cleaning are mainly 
sulfurs, as can be seen in Table 2; affect all of the fuel cell types. Other important 
components are halides and ammonia which can produce a degradation of the fuel cell 
(EG&G Technical Services, Inc. 2004). The final aspect of the fuel processing is to obtain an 
optimal conversion from the raw fuel to the fuel gas; this also means to process the fuel gas 
to obtain the specific requirements for the system to perform in the optimal way.   
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Table 2:  Behavior of different types of gases with different Fuel Cell types (EG&G Technical Services, Inc. 2004).  

Fuel Gas PEMFC AFC PAFC MCFC SOFC 

H2 Fuel Fuel Fuel Fuel Fuel 

CO Poison Poison  
Poison  
(<0.5%) 

Fuel Fuel 

CO2 Diluent Poison  Diluent Diluent Diluent 

CH4 Diluent Poison Diluent Fuel Fuel 

H2O Diluent Poison Diluent Diluent Diluent 

Sulfur - Poison 
Poison   

(<50 ppm) 
Poison  

(<0.5 ppm) 
Poison  

(<1.0 ppm) 
 

To determine the amount of reforming that will be needed for a specific fuel several 
parameter most be taken in consideration.  
 
 

3.3.2 Fuel availability 

 

This is one of the main designs factors to define the characteristics of the reformer. Several 
fuels can be considered to fuel a fuel cell stack. There are 2 main reasons to choose to burn a 
fuel in a fuel cell stack rather than in a regular way.  

 

a. Increase fuel utilization: this comes from the fact that fuel cells can increase 
the efficiency of the system. 
 

b. Be in compliance with environmental regulations. 
 

One of the most common commercial fuels used for fuel cell operations is natural gas; this is 
because it is an abundant fuel and is rich in hydrogen, however it is common to provide 
these units with wide fuel flexibility, especially for light petrol distillates, like gasoline or 
naphtha (EG&G Technical Services, Inc. 2004). Other important fuels considered for fuel cell 
are dimethyl ether (DME) and methanol (Raza 2011).  
 
It is important to highlight that gasoline can be customized for fuel cells, increasing the 
performance of the system and reducing the reformation need. Since many of the additives 
will not be needed this gasoline can be produced at lower cost. The other alternative is 
naphtha, which is a common refinery product, but is not use in ICE because of its low octane 
(EG&G Technical Services, Inc. 2004). The main advantage of these 2 fuels is that they can be 
distributed using existing infrastructure. The heavier distillates, like bunker and diesel, are 
usually not suitable for fuel cell operations because of the high sulfur content.      
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Finally more abundant fuels can be suitable for specific applications, especially stationary 
multi megawatt application. A fuel cell system can increase the fuel utilization of the most 
abundant fossil fuels, coal, along with all other solid fuel types like biomass and waste 
(Barrio May 2002), which can be utilized by means of gasification. Some problems can come 
with sulfur in the coal or chlorides and alkaline with the waste and the biomass respectably.   

 

3.3.3 System size 

 

This is one of the most important parameter in determining the type of reformation that will 
be needed. In general for small applications, usually less than 500 W, pure hydrogen is used, 
because at this power levels usually it is no economically feasible to do any amount of 
reformation.  

 
In general terms, the bigger the capacity for the fuel cell system means that the higher is the 
incentive to reform a given raw fuel. This is because in order to produce from the fuel an 
effective energy carrier an important investment needs to be done.         
 

 

3.3.4 Operating temperature 

 

One of the main factors in determining the reformer is the cell temperature. First of all, since 

most of the types of fuel reformation require high temperature, the higher the operating 

temperature of the fuel cell there is less need for cooling in the fuel gas. On the other hand 

in low-temperature fuel cells, all the fuel must be converted to hydrogen before it can be 

use in the fuel cell (EG&G Technical Services, Inc. 2004). In addition, the anodes of most of 

the low temperature fuel cells are heavily poisoned by carbon monoxide, this means that the 

reliability of the reformer needs to be very high.  

For the higher temperature fuel cells there is a lesser need to clean up all of the light 

hydrocarbons, because some amount of hydrocarbon and even carbon monoxide can be 

internally reform inside the fuel cell or they can be burned as a fuel. Also in the high 

temperature fuel cells, low contents of aromatic hydrocarbons and alkenes helps to sustain 

the activity in cell (EG&G Technical Services, Inc. 2004).  

The operating temperature also helps prevent the carbon deposition, since in higher 

temperatures the conditions can be created to reduce and prevent soot and carbon 

formation (EG&G Technical Services, Inc. 2004), the in fuel reforming is for most of the 

carbon is converted in to carbon dioxide or methane. However, when reforming higher 

hydrocarbon fuels there is a tendency to increase the soot and carbon formation (Purdon 

2010). 
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4 Fuel Gas Cleaning 

 

 

The cleaning is one of the main parts of the fuel processing. In this step all the harmful 

components in the original fuel are taken away, so the fuel gas does not cause problems in 

the operation of the fuel cell. The main problems that can be produce are: decrease in the 

efficiency of the system as well as system performance, anode poison meaning that the 

electrochemical reaction reactivity is reduce, and corrosion, especially in the metal 

components of the system. In general terms, a SOFC system is one of the most resistant to 

different types of poisoning and contamination with different components in the fuel.  

When reforming a solid fuel there are 3 main products that most be clean up. The first and 

easier to remove from the system are the char that had not been gasified and ash that are 

mixed with the fuel gas. Usually this can be scrubbed by cyclone removers or particle filters 

bags, which can extract nearly all the particles from the fuel gas stream without the need of 

extra complicated equipment. Both this systems have the advantage that can be used at 

high temperatures, between 700 to 750 ºC (Alb. Klein Technology Group 2012). This type of 

contaminations is proportional closely related to the amount of ash in the fuel.    

The second product from the reformation that needs to be clean is the tars and heavier oils 

that form during the gasification process. The amount of tars and oils levels in the fuel gas 

will depend heavily in the type of gasifier technology used (EG&G Technical Services, Inc. 

2004). 

The tar amounts in the fuel gas produced from updraft gasifiers, posses an average value of 
about 50g/Nm3, is higher than in any other gasifier (Milne and Evans 1998). Fluidized beds 
and Circulating Fluidized Bed goes to an average of about 10 g/Nm3 (Milne and Evans 1998). 
For the downdraft gasifiers will depend on how it is operated.  When operated according to 
specifications, produce the cleanest gas in respect to tar formation, typically less than 1 
g/Nm3 ( (Milne and Evans 1998), (Zainal, et al. 2001), (Barrio May 2002), (Stassen 1995)). It is 
important to point out that during the routine operation of a downdraft gasifier is common 
to have higher than 1 g/Nm3, due to non standard operation.  
 
There are mainly 2 ways to reduce the amounts of tars in the fuel gas, this are thermal 
conversion and catalytic destruction (Milne and Evans 1998).  
 
For the thermal conversion a very high temperatures is required, minimally around 1000°C, 
usually higher and needs a long residence time to promote the conversion of most of the 
tars present in the fuel gas, so that the remaining fuel gas can be used without mayor 
problems in the fuel cell system. (Vreugdenhil and Zwart 2009).  This method has several 
cost problems, involving materials and also it produces soot, which can cause carbon 
deposition in the cell. Also the aromatic tars like, especially the benzene are the least 
reactive of the light hydrocarbons (Milne and Evans 1998).  
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A important way to increase the conversion of tars is to add steam to the mixture, this 
promote the conversion of aromatic hydrocarbons and tars, however it promotes the 
formation of phenols but this are easier to reform in a catalytic methods. To generate the 
steam there are not mayor problems because the gasification process, overall, is exothermic, 
meaning that waste heat boilers can be installed without mayor problems (Reed 1981). 
 
Also oxygen or air can be added to enhance the conversion of the tars. When oxygen is 
added at selective stages, some types of tars can be preferentially oxidized; this helps to 
prevent a specific type of tars for been formed (Milne and Evans 1998). Adding air has the 
mayor disadvantage that it dilutes the fuel gas, reducing its heating value.  
 
The other way to reduce the amount of tars in the fuel gas is to use catalytic conversion. This 
type of conversion uses a catalytic material that promotes the destruction of the tars at 
lower temperatures than the thermal reforming. There are 2 main types of catalyst; the 
most common ones are the non-metallic catalysts, mainly dolomites (Milne and Evans 1998). 
The other common type of catalysts are the metallic catalysts such as Ni, both types have 
been extensively studied.  
 
 The usual way to integrate the catalysts is treat the fuel gas after the gasification, destroying 
the tars after they are created. For the fluidize bed the catalyst can be feed directly with the 
biomass and in this way destroying the tars while they are created (Milne and Evans 1998). 
The use of Ni allows a lower temperature for the destruction whoever when used in-situ, the 
results have not been promising due to a combination of coking and friability (EG&G 
Technical Services, Inc. 2004).  
 
Another way to use the catalyst is to create secondary beds; this has been proved to be 
more effective for both types of catalysts. However the duration of most reported catalyst 
tests has been quite short (EG&G Technical Services, Inc. 2004), this is a critical aspect of the 
process since a relatively long activity time is required for this method to be economically 
effective, especially if the catalyst used is Ni.  
 

4.1 Sulfur Cleaning  

 

Sulfur compounds are one of the most destructive to the reactivity of the fuel cell, and 
especially in a SOFC stack this compounds are one of the few that come with the solid fuel 
that poisons the anode reactions, as can be seen in Table 2, effectively affecting the 
performance of the system.  
 
The main sulfur compounds that can be found in a fuel cell system are H2S and COS. For the 
amount of cleaning that is needed will depend in which type of material is used in the 
anode, the poisoning is usually reversible (EG&G Technical Services, Inc. 2004). The range of 
tolerance for the SOFC can go from nearly 10 ppm to 35 ppm. However the ranges from 1 
ppm levels reductions in the performance can be seen in the system. An advantage of the 
SOFC is that the loss in performance is not continuous and the degradation stabilizes shortly 
after it is started (Larminie and Dicks 2003).   
 



-27- 
 

Some fuel cell very high temperatures tests have shown that for SOFC that are all ceramic 
components can have a tolerance up to 3000 ppm of sulfur, however this require a 
temperature of around 1,000 ºC, introducing other problems to the system (EG&G Technical 
Services, Inc. 2004), like expensive components and reduce life of the interconnectors and 
the life cycle reduction. If a catalyst is used in the fuel processing system, the SOFC sulfur 
tolerance will be a secondary problem since the fuel processor catalyst tolerance to the 
sulfur is usually very low, near 0.1 ppm.  
 
There are 2 methods for sulfur removal, hydrodesulphurization (HDS) and high temperature 
removal. The hydrodesulphurization is also known as low temperature sulfur cleanup, it is 
usually reserve for low boiling points fuels, this method is generally less costly and less 
complicated than other removal methods, and that is the reason why is prefer to be used 
when it is possible. In the case of fuel cells it is almost mandatory to use with the low 
temperature ones.  
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(Larminie and Dicks 2003) 
 
As can be seen in reaction 7 all the sulfur compounds in the fuel are converted to H2S, this is 
usually done in a temperature range between 300 ºC to 400 ºC, and in an atmosphere of 
excess hydrogen, like the fuel gas this reaction is typically complete. The second reaction in 
the process, reaction 15, the H2S is mix with the zinc oxide forcing it to react take the sulfur 
out as ZnS. Some problems can be encountered in the reaction if alkalis are found in the fuel 
gas; this is especially common when the fuel gas is derived from biomass or some liquid 
hydrocarbon.   
 
The zinc oxide reaction is optimized at the temperature range of 350 to 400 °C. Also a 
catalyst is needed, usually nickel or cobalt, which is placed together with the zinc oxide 
(EG&G Technical Services, Inc. 2004). 
 
It is important to notice that there is an important difference when there is a need to 
remove sulfur from a gaseous fuel or a liquid fuel. The sulfur in a liquid fuel is usually 
removed after it is converted to a gas (EG&G Technical Services, Inc. 2004), if not a 
combination of other, more expensive, desulphurization processes needs to be applied, like 
oxydesulfurization (ODS), ionic liquid extraction or thermophilic biodesulfurization (TBDS) 
(Campos Martin, et al. 2010). All this processes have advantages and disadvantages relative 
to the other, however if the liquid can be vaporized is better to use the HDS process. 
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Since the HDS process require an important reduction in the temperature of the fuel gas is 
more suited for low temperature fuel cell systems, however for SOFC, this reduction in 
temperature is not necessary, and increases the overall cost of the system, adding several 
heat exchangers to the system. The HDS is especially disadvantageous in systems that will 
undergo internal reforming (Larminie and Dicks 2003).   
 
For this reason it is thermodynamically and economically feasible for high temperature fuel 
cell systems to use a high temperature sulfur cleaning system (HTDS). This method uses a 
sorbent to extract the sulfur components from the fuel gas. The sorbent is usually based on 
rare earth oxides, like lanthanum, praseodymium or cerium (Tufts 2010). However this 
method does not have a broad commercial base. Other interesting high temperature 
method is the Direct Sulfur Recovery Process (DSRP). The process extracts elementary sulfur 
from the process, using molybdenum as a catalyst.  
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(Gupta 2007) 
 

This process has the disadvantage that requires a relative high pressure in order to work 
well, near 20 bars, and a high temperature between 500 -600 ºC. This working parameter 
can add an important cost to the desulfurization system. The system allows a removal of 
nearly 99.9% of the sulfur, and does not need to change the sorbent, adding an important 
advantage (Gupta 2007).    
 
For sulfur removal in the reformer, the presence of significant concentrations of steam in the 
fuel gas has a negative impact in both methods, this is because it have a negative effect in 
the on the reaction equilibrium, this will lead to an increase in the concentration of H2S than 
the one that would be achieved with a dry fuel gas (Gupta 2007).  
 
The composition of the fuel gas after the sulfur removal and the cleaning process will be 
tightly related to the amount of oxidant, steam in the fuel gas before the cleaning and how 
well the design of the reactor is. 
  
If the fuel needs to be treated to be ultra low sulfur, it would be necessary to combine 
several of the cleaning systems. It is usually preferred to have HDS system for the 
desulfurization, since it has been proven during several decades and with many types of 
fuels. On the other all the steps that are required for a low temperature cleanup system, 
enlarge the process complexity and cost, at the same time increasing the costs and reducing 
the reliability ( (Gupta 2007), (EG&G Technical Services, Inc. 2004)). Also several of the 
processes works at different temperatures, a consequence of this, the systems as a whole 
can become a labyrinth of heat exchanger and cleanup systems. 
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5 Gasifier Characteristics  

 

The gasifier of choice for the system is the downdraft. In this type of gasifier the fuel is feed 

from the top usually using a hoper that prevents the need for the fuel to be feed constantly. 

Air is supply at an intermediate level usually closer to the bottom, it also can be introduce at 

different points in the reactor, in order to get different compositions in the fuel gas. The gas 

is collected at the bottom of the reactor. Ash and unburned char can be collected in the 

bottom of the reactor usually with a collector. 

As can be seen in Figure 10 internally the gasification unit is divided in 4 steps that are 

equivalent to the different parts of the gasification process. Also other control equipment 

needs to be added to the gasifier to help during the partial load operation. The main 

auxiliary are the ones used to control the air feed into the system. The other important 

control equipment is the ignition source to start up the gasifier, usually positioned near the 

air entrance throat.  

The first step is to feed the solid fuel into the system. It is introduced into the gasifier from 
the top; in general there is no need to use complex fuel feeding equipment (FAO 1986), but 
this will depend in the type of fuel that is been feed. It is not necessary to completely seal 
the hoper because small amounts of air leakage can be tolerated at this spot (Barrio May 
2002). While the fuel goes though the temperature starts raising, because of the heat 
transfer from the parts with higher temperature of the gasifier, this cause the drying of the 
solid fuel. 
 
As the fuel continue to flow to the inner parts of the gasifier the water evaporated continue 
with the fuel adding water vapor to the gasification reaction. The water in the fuel generally 
is the main source of water for the water gas shift reaction, reaction 3, if no other source of 
steam is added to the process. Most of the water vapor will react to produce hydrogen in 
the fuel gas, and the remaining will go out as moisture in the gas (He, et al. 2010). 
 
As the fuel continues down it starts to undergo pyrolysis, causing the bigger molecules in the 
solid fuel to decompose into smaller ones, and to be converted into gases. This process 
continues as the gases continue to go down with the solid fuel, and as they get to the hotter 
zones of the gasifier only the char is left over from the solid fuel. As the gases continue to 
flow down and come in contact with the air entering at the throat, they are combusted 
providing the heat needed for the endothermic reactions, like char gasification, methane 
formation and the water gas shift reactions, reactions 2 to 5.          
 
The combustion zone produces a quick increase of the temperature of the gas going up to as 
high as 1,500 ºC, high endothermic characteristics of the combustion reactions (Barrio May 
2002). Then main objective of the design is to avoid the cold spots on the system. This is 
achieved by controlling the velocity of the air into the system and selecting suitable gasifier 
geometry (FAO 1986). 
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Figure 10: Schematic design for a downdraft gasifier (FAO 1986). 

 
Two methods are used to control the combustion reactions and to produce an even 
distribution of the temperature in the combustion zone (FAO 1986).  
 
 

 Create a reduction in the diameter of the reactor at the point where the air is 
entered to the system, the point that is known as the throat. 
 

  Spreading the air inlet evenly around the throat, preventing to get areas where there 
is less oxygen.    
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A critical characteristic that will define the composition of the fuel gas are define in 
combustion and reduction zones of the gasifier. The first attribute to define the final 
composition of the fuel gas is the residence time in the hot zone; the second is if the 
temperature in the combustion zone is too low (FAO 1986).  
 
In both cases, if the resident time is too short or the temperature is too low, the result would 
be the same; the bigger molecules will not have time to be thermally disintegrated and can 
get away with the fuel gas (Stassen 1995). If the amount of this molecules is not much, they 
are harmless to the system, because they can be internally reformed in the SOFC system 
(Athanasiou, et al. 2006), however if the amount of this components is too large then some 
problems can be caused by condensation of tars and oils in the lower temperature cleaning 
process.  
 
To reduce the amount of tars and oils during the operation of the reactor there is an 
empirical maximum amount of solid fuel mass that is recommended to be process through 
the throat. The maximum value recommended for mass processed is around 0.36 Kg/cm2/h 
(Brandini 1983); a higher value may cause an important pressure drop alongside the reactor.  
There is not a specific minimum recommended value for the reactor, and it would be related 
to the amount of isolation that the reactor possesses. Below a certain value the maximum 
temperature in the reactor is too low and tar production start rising rapidly.    
 

The traditional minimum value for the mass process had been around 30-40 % of the 
maximum value (Kungliga Ingenjör Vetenskaps Akademien 1979), however with modern 
reactor with better isolation values as low as 15% can be achieve, giving the gasifier a wider 
range of operation.    
 

After the combustion zone the char continue to react converting the heat from the 
combustion zone into chemical energy. At this point is important to maximize the char 
conversion, in order to increase fuel utilization.  
 

In the bottom part of the gasifier unit both the ashes and the fuel gas needs to be somehow 
taken out of the system. The usual way is to take the gas directly to the cleaning system, if 
some cleaning is needed, or burn it directly into the burners if the gas is used for heat 
generation. The ashes which are produce from the gasification of the solid fuel need to be 
intermittently removed from the bottom of the gasifier, even for small scale systems, the 
ash collecting system should be preferably some form of continuous removal system (Barrio 
May 2002). If this is not possible it needs to have a larger capacity, making it possible to 
store the ash created in the reduction zone, helping to prevent blockages in the flow of the 
fuel gas. 
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5.1 Efficiency 

 
The efficiency of the gasification unit can be calculated through the Cold Gas Efficiency 
(CGE). By definition the CGE is the total energy contained in the fuel gas divided by the total 
energy contained in the solid fuel originally inputted to the system (Purdon 2010).  
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CGE= Cold Gas Efficiency (%) 
Hg= Lower heating value fuel gas (KJ/m3)  
Hs= Lower heating value solid fuel (KJ/Kg) 
Qg= Volumetric flow of the fuel gas (m3/s) 
Ms= Mass flow of the solid fuel (Kg/s) 
(FAO 1986) 
 
The usual value for the CGE is between 55 to 70 %, depending on the type of gasifier and its 
design, furthermore it may vary due to different design decisions, like thermal isolation, 
temperature in the combustion zone, air to fuel ratio; or solid fuel characteristics, like 
moisture content, fuel composition and char gasification conversion ratio.   
 
Also the CGE is a very important factor in determining the economic feasibility of using a 
gasifier system, since the cost of the system is very sensible to its efficiency (Barrio May 
2002). The CGE is also an important factor to measure how good the technical operation of 
the gasifier is and provides important information on the state of the reactor.  
 

5.2 Solid Fuel 

 

The solid fuel selection affects the behavior and the design of the gasification unit. A typical 
mistake is to assume that any type of solid fuel which can be feed into the hoper in the top 
of the gasifier can be used as fuel (FAO 1986).  
 
According to most of the researchers several of the difficulties that affect the new users of 
gasifiers are caused by the use of inappropriate fuels to the gasifier design that is operated. 
The main problems found with a bad selection of fuels are:  
 

 Reduce power output  
 

 Reduce gas lower heating value 
 

 Increase amount of tars in the fuel gas 
 

 Over heating in the gasifier, possible damage to parts due to overheating.  
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 Huge pressure losses 
 

 “ lag Cakes”, when the ash melts and stick to the reactor damaging parts of it. 
 

 Slower fuel gas production speed  
 
There are different types of fuels that can be used in the gasifier. They can be process fuel 
like charcoal, all carbon forms, the most common one been peat,( (Barrio May 2002), (FAO 
1986), (Athanasiou, et al. 2006)), also most of the types of woods ( (Reed 1981), (FAO 1986), 
(Barrio May 2002), (Kungliga Ingenjör Vetenskaps Akademien 1979), (Brandini 1983)), wood 
waste (branches, twigs, roots, bark, wood shavings and sawdust) ( (Barrio May 2002), (FAO 
1986), (Bhavanam and Sastry 2011), (Brandini 1983)), as well as a several agricultural 
residues (maize cobs, coconut shells, coconut husks, cereal straws, rice husks, etc ( (FAO 
1986), (Reed 1981), (Bhavanam and Sastry 2011)) and animal waste ( (Bhavanam and Sastry 
2011), (Reed 1981)). 
 
However it is necessary for the gasifiers to keep the fuel properties, in general terms, within 
reasonably ranges. This is common with most of the energy systems, in the sense that some 
fuel process is require, however with the gasifiers operation, the responsibility of the 
process is pass to the operator of the gasifier instead of passing it to an external operator. 
The harsh limits for the fuel specifications are well documented for the gasifiers reported to 
be in operation during the Second World War (FAO 1986). The problem of having a 
homogenous fuel can be solved by a wider utilization of the reactors, having the possibility 
mass produce a standard fuel, which can achieve the required chemical and physical 
characteristics (Kungliga Ingenjör Vetenskaps Akademien 1979).     
 
Different types of fuels present different difficulties and requires a different approach in the 
design and the sometimes at the method of gasification, and occasionally even changes in 
the technology used to produce the gasification.  
 

The most important fuel properties that the gasifier needs to be design for are:   
 

 Moisture content 
 

 Volatile matter content 
 

 Ash content and ash composition 
 

 Particle sizes 
 

 
For all this reasons is important know the type of fuel that is going to be used before hand 
the design of the gasifier is prepared, also it is important to know what type of preparation is 
needed for the fuel before it can be used in the gasifier, this can add a important cost to the 
operation of the gasifier.  
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If a fuel have not been used in a gasifier tests are require in order to guarantee a safe and 
smooth operation, and also to  be certain that the fuel gas produced meets the physical and 
chemical composition requirements for the system. 
 
For this work 3 types of solid fuels are going to be tested:  
 
Table 3: Selected fuel chemical composition (Reed 1981) 

Fuel C H N S O ASH 

Lignite 64.00% 4.20% 0.90% 1.30% 19.20% 10.40% 

Redwood 53.50% 5.90% 0.10% 0.00% 40.30% 0.20% 

Animal Waste 42.70% 5.50% 2.40% 0.30% 31.30% 17.80% 

 
The main reason to choose these types of fuels is to test the results with fuel types that have 
different chemical properties and with possible different fuel gas outcomes. However the 
model cannot test the effect of the physical properties of the fuel, like density and particle 
sizes, which may cause problems during the operation.  
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6 System Models  

This section discusses the different model that where combine in order to obtain the results. 

The way the models works is explain, emphasizing the input variables and the basic 

equations used to solve the models.  

For this model where program in a way that the inputs from one feed the next, so there is 

continue flow of data from one to the other. The way they are connected is as follow: 

 

 

 

6.1 Fuel Cell system model 

The ASOFC model is based on the one develop for the thesis work “Polygeneration system 
based on low temperature solid oxide fuel cell/ Micro gas turbine hybrid system evaluated 
comparing the theoretical polarization” by Mahrokh Samavati.   
 
This model compares the experimental values from a low temperature fuel cell and creates a 
mathematical model that will predict the behavior of the fuel cell stack. The most basic 
equation to calculate the reversible voltage in the cell is the Nernst Equation: 

 

        
  

  
     

      

        
                Nernst Equation           

1 

12 

  

  

E= Reversible voltage for the cell (V) 
Eº= Electromotive force at standard pressure (V)  
R= Universal gas constant (J/mol K) 
T= Operating cell temperature (K) 
F= Faraday constant (s A / mol) 
P= Partial pressure of reactants and products 
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Using equation 12 and calculating the losses through the entire operating range the 
polarization curve can be obtain. It is call polarization curve because it reflects the losses 
that the system undergoes while the power demand increases. There are 4 main sources of 
losses for the voltage:  
 

1. Open circuit voltage is less than the reversible voltage. 
 

2. When the reactions begin there are losses that occur, this are known as activation 
losses, is important at low current densities. 
 

3. Friction losses due to resistance present in the materials of the cell, also known as 
ohmic losses, this losses increase with the increase of the current density.   
 

4. Losses in the mass transfer to the electrodes, this is a major problem at high current 
densities.  

 
So the model describe subtract this losses to the Nernst voltage to obtain the actual voltage 
in the cell.  With the voltage calculated, there are 2 other main characteristics that need to 
be accurately predicted, these are power density output and the polarization curve and both 
these curves can be seen in Figure 11.  
 

 
Figure 11: Theoretical vs. Experimental curves power density and voltage, for the original fuel type (Samavati, Design 
and integration of SOFC with gasifier and microgas turbine 2012)  

 
This curve would be calculated for different fuels, assuming that all the components in the 
fuel cell stack remain the same, like anode and cathode material, temperature, pressure, 
etc., the main difference in the behavior of different curves will be in the composition of the 
fuel gas that is feed to the stack. This way the model will show which fuel presents a better 
performance for the system.   
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The model works almost perfectly in the normal operating range of fuel cell, usually between 
0.5 -0.7 volts. It can be seen in Figure 11 the behavior of both curves is almost identical, 
especially between 0.2 – 0.6 A/cm2. On the other hand the model diverges from the real 
behavior of the system for small current density levels and for very high current densities. 
This is because the deficient knowledge about the values for the variables that governs both 
the activation losses and the mass transport losses. In order to find these variables more 
experiments are needed, because they are not only dependent on the type of material, but 
also in the type of reactants that are used in the fuel cell stack. However for the purposes of 
this work, accuracy in the activation and mass transport losses are not of importance, since 
the operating range of the fuel cell is out of these limits.  
 
Another important aspect that the model shows is the heat produce by the fuel cell stack. 
This is an important characteristic for the system because if there is not enough heat 
produce in the system the methane and other light hydrocarbons cannot be internally 
reform in the stack. The amount of heat that is internally produced is calculated from the 
equation 13:  
 

 

                                  Heat generation 
1 

13 
  

 

         -                  Total heat produce 

1 

14 
(Samavati, Design and integration of SOFC with gasifier and 

microgas turbine 2012) 

 
To calculate the amount of heat that is left after the internal reforming the model subtract 
the heat need to do the reforming (Qr) to the heat generated (Qgen), as is seen in equation 
14. However in general the amount of heat needed for the internal reforming will not signify 
a huge burden for the system, mainly because the amount of fuel that needs reforming is 
usually do not exceed 25 % of the total fuel gas. 
 
 

6.2 Gasifier Model 

 

The model for the gasifier is based on the behavior of the gasifier units, specially the 

downdraft gasifier. According with the characteristics of each gasifier and the literature 

survey this type of gasifier is the most suited for a combine operation with a Solid Oxide Fuel 

Cell, because in general terms it has a high hydrogen yield and low tar content in the fuel 

gas, reducing the amount of cleaning that the fuel gas need. Also this type of units are well 

fit to the size of the propose Fuel Cell-Micro Gas Turbine system.  
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The model is based on the basic reaction that occurs inside the gasifier. Reaction 15 is the 

basic form of the partial oxidation reaction, the equation is as follow: 

 

                                                                 

1 

15 
                                                              

(Zainal, et al. 2001)  

Other light hydrocarbons and tars are created during the partial oxidation process however 

the amounts are low enough so that they can be neglected (Gopalakrisna 2005). In this 

reaction equation there are 6 unknown variables X1, X2, X3, X4, X5 and X6.  

The solution will provide the composition of the fuel gas that will be use to fuel the fuel cell. 

The further cleaning will eliminate the pollutants present in the fuel gas; however the 

cleaning process will not provoke a mayor change in the fuel gas composition. The different 

pollutants to be clean will be assumed according with the common pollutants found in 

different studies that had been publish for a downdraft gasifier.  

In the model the value for n, the oxygen contend in the fuel gas, would be assume as 0, so all 

oxygen is consume in the partial oxidation of the solid fuel, and there is no need for further 

calculation of this value.      

Other important reaction for the gasification is the steam formation, reaction 16. If steam is 

used as gasification agent this will be the main reaction taking place in the reactor, however 

even if oxygen or air are used as gasification agents this reaction will take place, because in 

most of the cases there will be moisture in the fuel.   

 

                                                      1 

16                                                     

 

(Umeki, et al. 2009) 

 

The main difference between the partial oxidation reaction and the steam formation is that 

there will be more hydrogen in the steam formation reaction because the water gas shift 

reaction, reaction 3, will be greatly promoted. In this reaction X1, X2, X3, X4 and X5 

represent the same unknown variables as for the partial oxidation reaction, while X6 also 

represent the amount of gasifier agent introduced to the system but in this case it would be 

in the form of vapor, and not air. 

In both reactions the partial oxidation, reaction 15 and steam formation, reaction 16, there 

are values that need to be obtain from the different solid fuels inputs. In the first place the 

values for α, β, γ and σ, these values are directly dependant on the type of solid fuel used in 

the gasifier. From Table 4 the different values for each of the number can be seen for 

different fuel types, for α=1.  



-39- 
 

Table 4: Chemical composition and equivalent elemental composition for α= 1. (Reed 1981) 

Fuel Type C α H β O γ N σ 

Lignite 64.00% 1.0000 4.20% 0.7875 19.20% 0.2250 0.90% 0.0121 

Redwood 53.50% 1.0000 5.90% 1.3234 40.30% 0.5650 0.10% 0.0016 

Animal Waste 42.70% 1.0000 5.50% 1.5457 31.30% 0.5498 2.40% 0.0482 

 
Other value that has an important impact in the overall reaction is the amount of moisture in 
the fuel, w in reactions 15 and 16. Several studies try have been done in order to investigate 
the optimal point of moisture in the fuel, like (FAO 1986), (Barrio May 2002), (LaFontaine 
and Zimmerman 1989).   
 
It is important to specify that in the model the nitrogen acts as an inert gas, meaning that 
that there is no NOx formation. This assumption can is close to the reality since there is not 
enough oxygen in the reactor for a complete combustion and the temperature in the reactor 
is not very high.  
 

 
Figure 12: Composition change in the fuel gas with a change in the moisture content (FAO 1986).  
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Also another important assumption is that all carbon will react to CO, CO2 or CH4 in the 
reality for the system some light hydrocarbons will be formed and this will take part of the 
carbon, and also part of the carbon will stay in the ash because it will not react in the 
gasifier. An important factor for the model is that the fuel should have some carbon on it, it 
there is no carbon in the fuel it will not be possible to calculate all the other gases.  
 
It can be seen in Figure 12 that in general terms with an increase in the moisture content in 
the solid fuel, the amount of hydrogen produced have the tendency to increase, the same 
happens with the carbon dioxide, however the carbon monoxide have a tendency to 
decrease very fast.  
 
Also, after a certain amount of moisture in the solid fuel, the moisture in the fuel gas is 
increased almost in the same proportion as it is increased in the solid fuel, meaning that not 
further reaction is taking place from the moisture. Whoever the point at which this happens 
will change depending in the fuel type and the type of gasification that is used. In general 
terms there the hydrogen yield will increase be increased abruptly for partial oxidation 
gasification and for fuels with high carbon content.  
 
Finally in all the stages of the reactor it is assume that the ash formed during the gasification 
process do not changes the chemical reactions kinetics. This is a very delicate subject to 
study since depending in which elements are in the ash the reaction kinetics may change 
heavily.  
 

6.3 Gas cleaning model 

 

Fuel gas cleaning is an essential part of the system. The model however is very basic, with a 

lot of assumptions. Most of the behavior of the components is based in the description of 

the components by manufacturers, and the model is not aim to predict perfectly how the 

cleaning system is suppose to work.  

For the whole cleaning system there is one main input that is steam for quenching and 

scrubbing the fuel gas, this step is more important for fuels with low moisture content in 

partial oxidation reactions. 

Also during this step is assumed that all the carbon monoxide reacts by means of the water 

gas shift reaction, reaction 3. This is necessary to increase the amount of hydrogen in the gas 

and to reduce the calculations in the fuel cell model.  

The first stage of the gas cleaning system in the model is the particle filter; in this case a high 

temperature filter is used in order to simplify the system, reducing the need for heat 

exchangers and complicated configurations for the cleaning system.  

The second stage is to crack the tars that have been created in the gasification process, in 

the system this is done by means of catalytic destruction; the tar levels can be taken to 

nearly zero.  
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Finally the last stage of the cleaning is the sulfur removal; this is probably the most critical 

stage for the fuel cell system since the sulfur can poison the anode and reduce reactivity of 

the cells. For this work it is assumed that the removal system will remove all the sulfur in the 

fuel gas, so that there is no need calculate its effect in the system. However for a real system 

this effect needs to be taken into consideration since it cans permanently damage the 

reactivity of the cells.  

  

7 Model Results and Discussion 

 

In this section the different models are taken separately in order to understand the meaning 

of the different variables and outputs and how the changes in the output of the different 

models affect from one to the other. The models where solve using Matlab (Version 

7.12.0.635 (R2011a)), for the fuel cell model there was some data to compare the results but 

for the gasifier models the results where compare by literature survey of different gasifier 

units that have been publish.   

The fuel cell model is analyze taking into consideration that the power output from the 

system would be 5 kWe, the working pressure for the system is 1 bar and air is used as the 

oxidation agent. In the model it is assume that the voltage of the system to be at 0.6 V.  
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Figure 13: System layout from right to left: Gasifier, gas cleaning, FC and combustor.  

 

For the gasification models the main change would be the type of fuel in the system, for all 

the models would be assume a working pressure of 1 bar. It is important to highlight that the 

physical difficulties presented in the gasification process are not taken into consideration in 

the models, only the chemical properties. The results can be optimized for different 

objective, increase efficiency, increase power output, fuel flexibility or increase heat output.     

 

7.1 Fuel cell model results 

 
 
Since the basic code for the fuel cell model is based on the work of Mahrokh Samavati 
(Samavati, Design and integration of SOFC with gasifier and microgas turbine 2012) the basic 
results of the model have already been tested. The first part of the model to be studied is 
the reaction of the system to different compositions in the fuel gas.  
 
The first study shows that the power density of the fuel cell increases by increasing the 
methane in the fuel gas; this is clearly seen in Figure 14, when the cell is operated at 550ºC, 
the higher the amount of methane in the fuel the higher the power density. This increase in 
the power density is an important factor that needs to be optimize for different 
combinations of fuels, because the more methane in the fuel the more need for internal 
reforming in the cell.  
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Figure 14: Theoretical power density calculation for different fuel gas compositions.  
 
 
The internal reforming will demand more heat from the cell stack, this can be seen clearly in 
the Figure 15 it that the amount of heat generated internally in the fuel cell for most of the 
operating range of the stack is capable of handling methane up to around 60 % of the fuel 
gas, when operated at 550 ºC. However for low currents levels and high methane 
concentrations in the fuel gas some problems with the internal reforming can be 
encountered and extra heat for pre reforming may need to be added to the system.  
 
 

 
Figure 15: Net heat available in the fuel cell stack after internal fuel reforming 
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However this is not much of a concern since the regular operating range for the fuel cell 
system is around the 0.6 A/cm2. Nevertheless is important to carefully handle the low 
current operation stage for the system, and the minimal operating current for the system 
needs to be establish based on the type of fuel that is been feed to the system. Nonetheless 
for broad fuel utilization a minimum of 0.3 A/cm2 is a safe approach.  
 
Other of the important parameters to optimize for the model is the operating temperature 
of the fuel cell stack. This particular parameter has a noticeable effect in the overall behavior 
of the stack model, effectively changing power densities, operating voltage, heat availability 
and efficiency.  When the working temperature increases, in general terms it is expected to 
show an increase in the operating voltage, this can be confirmed in Figure 16. As a 
consequence there will be an increase in the power output from the system, when the stack 
is operated at the same current output.  
 
This means that an increase in the working temperature of the stack will carry an increase in 
efficiency of the fuel cell system; however this will not be clearly shown in the model since it 
is design fix to an electrical output of 5 kW from the stack, meaning that the current density 
will be different for different temperature levels, producing small visible changes in the 
efficiency of the stack.   
  

 
Figure 16: Effect of operating temperature in the cell voltage    

 
It can also be seen that the net amount of heat available for internal reforming is reduced 
when the operating temperature increases, reducing the amount of fuel that can be 
processes by internal reforming. It can be seen in Figure 17 that for around 650 ºC operating 
temperature the fuel cell needs to operate to a current level higher than the 0.3 A/cm2, with 
the methane level of only 25 % of the volume of the fuel gas.  
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Figure 17: Effect of operating temperature in the net heat generation, 25 % Methane in fuel gas.    

 
This can present serious problem for fuel gases that needs to undergo a higher internal 
reforming, like Figure 18 shows if there is 50 % methane in the fuel gas with an operating 
temperature of 650 ºC, the minimal power level is around 0.5 A/cm2. This means that the 
operating conditions need to be carefully selected for each type of fuel.  
 

 
Figure 18: Effect of operating temperature in the net heat generation, 50 % Methane in fuel gas.     

 
Other factor of importance for the system is the operating pressure at which the fuel gas is 
feed. Even though that it is possible to model this parameter for this system it is plausible for 
the gasifier to work in a pressurize environment, because this will incur into prohibitive costs 
for the overall system at this small scale. However it is clear that for the fuel cell stack there 
is a little increase in the overall efficiency and heat production.      
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7.2 Lignite Results 

 

The results for the gasification model needs to be taken from 3 different angles, this are the 
different fuels propose to be used in the system. The first one to be analyzed is the lignite; it 
is a fuel that contains very high carbon content and low oxygen content, as can be seen in 
Table 5.  Also it is important to notice that the typical composition of the ashes of this fuel 
can influence in the chemical kinetics of the system, since some of the elements present in 
the ash can act as catalytic agents for some of the reactions.  
 
Table 5: Chemical composition for lignite. (Reed 1981) 

Fuel C H N S O ASH 

Lignite 64.00% 4.20% 0.90% 1.30% 19.20% 10.40% 

 

7.2.1 Partial Oxidation 

The gas composition of this fuel will present very high nitrogen content in the fuel gas, 
because of the need to compensate the need for the lack of oxygen in the solid fuel by 
introducing more air to the mix in the reactor. It also can be seen that if the moisture levels 
in the fuel are low, a very low hydrogen field is obtain, been the lowest of all the fuels 
studied. Also is the fuel that produces the highest amount of CO, again specially for low 
moisture levels. This is expected because of the high carbon and low oxygen content in the 
fuel. 
 

 
Figure 19: Fuel gas composition for lignite after partial oxidation gasification.  
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A behavior that is expected for this fuel is that CO, CO2 and CH4 contents to be relatively 
high. For low moisture levels in the fuel the main component of the fuel gas, besides the 
nitrogen that would be all the time the highest, is the CO. While the moisture increases both 
CO2 and CH4 increases, the CO2 increases because the water gas shift reaction is promoted 
since there is more water in the system, increasing also the hydrogen yield. The increase in 
the methane can be explained because of the quenching that reaction has in the increase 
moisture environment.   
 
After the cleaning system is pass, the fuel gas undergo an important change since all the CO 
is force to react with steam, increasing the hydrogen in the system levels in the system, 
obtaining a important increases in the hydrogen content to almost 25 % for the low moisture 
gas. However because of the CO reaction the CO2 level is increase in the final fuel gas.  
 
Nitrogen and methane are maintained almost at the same level from after or before the 
cleaning system.   
 

 
Figure 20: Fuel gas composition for lignite after cleaning system.  

 

7.2.2 Steam Gasification  

Since the steam gasification implies that there is no dilution gases the yields for the different 

fuel gases would be greatly increase. In the case of the steam gasification the main 

component in the fuel gas would be the hydrogen. 
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Figure 21: Fuel gas composition for lignite after steam gasification.  

Because of the high amount of carbon in this fuel the using this gasification technology will 

provide the lower amount of hydrogen, relative to the other solid fuels, however providing 

the highest yield of methane, to a little more than 15% for low moisture content lignite. 

After the cleaning it is important to notice that the CO2 level is stabilize to around 35 % 

regardless of the moisture content in the fuel. This makes sense since the amount of steam 

injected to the system will reduce all the CO level, because of the water gas shift reaction.    

 

Figure 22: Fuel gas composition for lignite after cleaning system.  
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7.3 Redwood Results  

 

The Redwood is a type of wood that posses low level of ash and high amount of oxygen. The 

carbon level is in the average for the wood meaning that it is a good representation for the 

behavior of different types of woods.  A very good advantage of this wood type is that its 

sulfur content is almost inexistent, reducing the probabilities of reducing the reactivity of the 

system.   

Table 6: Chemical composition for Redwood. (Reed 1981) 

Fuel C H N S O ASH 

Redwood 53.50% 5.90% 0.10% 0.00% 40.30% 0.20% 

 
 

7.3.1 Partial Oxidation 

 
The fuel gas produce by this type of solid fuel is balance, containing more or less the same 
levels of H2, CO, CO2 and CH4. As usual with partial oxidation fuel gases the main component 
in the mix is the nitrogen, been present in a much lower level than for the lignite.  
 
It is important to notice that the moisture plays an important role in the gas composition. 
There is an optimal point in around 30 % moisture in the solid fuel. Al this point the nitrogen 
is minimal, and the hydrogen and methane reach a maximum, producing a higher heating 
value fuel.  
 

 
Figure 23: Fuel gas composition for Redwood after partial oxidation gasification.  
 



-50- 
 

The redwood produces the higher yield of hydrogen of all the partial oxidation gases, since 
after the cleaning system the amount of hydrogen in the fuel is a little more than 30% for 
low moisture content fuel. Also the amount of methane is relatively high.  
 
A significant aspect of this solid fuel is that it has the lower amount of nitrogen for all the 
solid fuels, because to its high oxygen content. Also the small amount of ashes and sulfur 
present in the fuel allow reducing the cost and complexity of the cleaning system, reducing 
at the same time the operation and maintenance cost. 
 
It is important to notice that if the moisture level is more than 30 % there is a reduction in 
the hydrogen yield and the methane level is practically maintain the same; this is because 
the entire amount of CO has completely reacted at this point.  
 

 
Figure 24: Fuel gas composition for Redwood after cleaning system.  
 
 

7.3.2 Steam Gasification  

 

This solid fuel type is the one that produces the higher hydrogen yield of all the fuels. An 

important aspect of this fuel type is that the amount of CO2 is the highest of the 3, reducing 

the methane production, but also increasing the amount of hydrogen. This can be explained 

because of the high amount of oxygen present in the fuel.  

For this fuel gas the levels of nitrogen and sulfur components are practically zero.  
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Figure 25: Fuel gas composition for Redwood after cleaning system. 

 

After the cleaning the fuel gas present basically 3 components which are H2, CO2, and CH4. 

Because of the low levels of sulfur and ashes of this solid fuel the cost of the cleaning system 

can be reduce. After the cleaning the hydrogen composition would be near 60%.        

 

Figure 26: Fuel gas composition for Redwood after cleaning system.  
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7.4 Animal waste 

 
Animal waste is not a specific type of fuel, but a general term used for manure and other 
types of waste from the animals. The general composition described in Table 7 is an average 
of all the types that can be found; in general terms they have a balance composition of the 
different element, except for the sulfur that is in low content. Of all the fuels studied in this 
work is the one with the highest amount of ash, and is usually found with a high amount of 
moisture on it. This fuel can present problem while been feed to the gasification system 
because of its low density, especially if the gasifier is of the downdraft type. 
 
Table 7: Chemical composition for Animal Waste. (Reed 1981) 

Fuel C H N S O ASH 

Animal Waste 42.70% 5.50% 2.40% 0.30% 31.30% 17.80% 

 

7.4.1 Partial oxidation  

The gas produce by this solid fuel type resembles, in the chemical composition to the one 

produced by the redwood. It has a balance combination of H2, CO, CO2 and CH4, producing a 

lower hydrogen yield and a less CO. The amount of nitrogen is slightly higher in this fuel gas, 

but the difference is not that important.  

Like the Redwood there seems to be peak in performance near 25 % moisture content in the 

system, where the CO is completely reacted. Also past this point the performance of the 

system is reduced and hydrogen yield starts to go down. The methane stays practically at the 

same level after this point.    

 
 
Figure 27: Fuel gas composition for Animal Waste after partial oxidation gasification.  
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The main problems with this fuel may be found in the physical handling of the fuel. Because 
of the physical properties of the fuel it may be difficult to gasify. Also the post processing of 
the fuel may present problems because of the amount of ashes presented in the fuel.  
 
After cleaning process the amount of hydrogen is increased for the low moisture contend 
fuel gas. According to the model it can reach a maximum of slightly less than 30%. The 
amount of methane is the maximum of the 3 fuels with nearly 8% in volume.   
 
 

 
 
Figure 28: Fuel gas composition for Animal Waste after cleaning system.  
 
 

7.4.2 Steam gasification 

 

Like for the partial oxidation this fuel gas resembles the one produced by Redwood, with a 

lower yield for hydrogen and slightly higher amount of methane. For this fuel type the 

amount of CO and CO2 before the cleaning would be almost at the levels, around 20 %, 

especially for high moisture content in the solid fuel.     
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Figure 29: Fuel gas composition for Animal Waste after steam gasification.  

As it had been say the main difference between the animal waste and the redwood is in the 

cleaning system, the animal waste would require a more precise cleaning system, including 

more frequent recollection of the ashes and the a good sulfur cleaner.  The fuel gas after the 

cleaning system present high hydrogen yield and relatively high methane levels, presenting 

the lowest CO2 levels among the fuel gases produced by steam gasification.   

 

 

Figure 30: Fuel gas composition for Animal Waste after cleaning system.  
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7.5 General results 

After analyzing the gas composition for the different solid fuel types it is important to check 

the behavioral differences that this different fuel gases composition cause in the system. The 

first characteristic to analyze is the Cold Gas Efficiency (CGE), which is one of the main 

parameters to measure in a gasification unit.   

 

7.5.1 Efficiency for partial oxidation gasification  

 

Figure 31 show the different CGE for the different fuel types. It clearly shows that the 

Redwood presents the highest efficiency of the 3 fuels, also that there is a general trend to 

reduce the CGE while the moisture content in the fuel increases. This is because more of the 

fuel needs to be burned in the reactor in order to provide the heat to evaporate the water 

from the fuel.  

 

 

Figure 31: Cold Gas Efficiency for different fuel types, partial oxidation gasification.  

 

Also it is important to notice that the lower efficiency is found in the lignite, this is because 

the low oxygen content in the fuel obliges to increase the air input to the system increasing 

the dilution in the fuel gas by nitrogen. This also have an important effect in the heating 

value of the fuel gas. 
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The CGE is important when analyzing the gasification process say a lot on how good is the 

gasification going, however it does not say much about the real efficiency of converting the 

solid fuel into gas fuel. This is seen in Figure 32 that shows the efficiency of the whole 

gasification system.  

The reason for a lower efficiency in the when having a low moisture content in the solid fuel 

is because there is a need for water vapor injection for scrubbing and promoting the water 

gas shift reaction in the fuel gas, and the lower the moisture content the higher the amount 

of water needed to be injected. Because of the low moisture content there is a need to 

inject more steam into the system reducing the efficiency of the system.  

One interesting point of the graph is at around 30% moisture content for the redwood there 

is a maximum efficiency point for the overall system, around 62% efficiency. Also the animal 

waste presents a peak in around 25% moisture content of 59 % efficiency. For the lignite the 

maximum efficiency is nearly 44%, with moisture content in 40 %, this much moisture in the 

fuel can cause problems during the gasification process.   

 

 

Figure 32: Efficiency for the combine gasification and cleaning process, for different fuel types partial oxidation 

gasification.  
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7.5.2 Efficiency for steam gasification 

 

As expected the efficiencies for the steam gasification system are higher than those 

presented by the partial oxidation system. For the steam gasification model there fuel that 

presents maximum efficiency CGE is the lignite. It can be seen in Figure 33 that efficiency 

levels are higher for this type of gasification, especially for low moisture content. 

This is expected because now steam is been feed directly to the fuel increasing the water gas 

shift reaction rate and the extra water in the form of moisture only increases the steam 

needed to heat the whole system up to the gasification temperature.   

The reason for the lignite to have so high efficiency is because it presents the highest 

amount of carbon among the 3 solid fuels promoting the reaction with the steam. This also 

means an increase amount of CO2. For the steam gasification the lower efficiency is 

presented by the animal waste, because of the composition of the fuel the reactions to 

produce fuel are that well promoted.  

Again like for the partial oxidation case, the CGE say more about how good the gasification is 

done, and the real efficiency of the system should be taken including the cleaning system. 

Like the CGE for the total efficiency the maximum value is for no moisture content, however 

for the total efficiency the animal waste posses a higher efficiency. 

 

 

Figure 33: Cold Gas Efficiency for different fuel types, steam gasification.  
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If animal waste is used a cost optimization needs to be done, because the animal waste 

usually comes with high moisture content, meaning that reducing the moisture content will 

increase the efficiency of the system but will also increase the cost of the fuel. Also if there 

moisture content in the fuel is not reducing the efficiency gains are lost quickly.   

 

 

 

Figure 34: Efficiency for the combine gasification and cleaning process, for different fuel types steam gasification.  

 

 

The redwood and the lignite also present a high efficiency for the lower moisture levels; this 

may be more feasible for these types of fuel than for the animal waste, however reducing 

the amount of moisture from the fuel could also increase the cost of the fuel.  

To resume the best efficiency for each system is presented in Table 8, it can be seen that for 

each technology there is a different gasification temperature and moisture content in the 

fuel. For the steam gasification the best efficiency is at 0% moisture content, however as it 

have been discussed before this will increase the cost of the solid fuel, 10% moisture content 

was assume.  
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Table 8: Best efficiency for each gasification technology 

  Downdraft Steam 

Fuel Lignite Redwood Animal waste Lignite Redwood Animal waste 

H2 10.32 17.97 17.59 37.9 45.34 45.83 

CO 10.65 4.83 1.96 33.69 25.58 23.56 

CO2 15.91 22.75 24.07 12.3 18.12 16.74 

CH4 2.02 4.86 5.15 15.37 10.88 11.38 

N2 61.1 49.6 51.22 0.1 0.01 0.01 

Tgas (ºC) 900 900 900 800 800 800 

Moisture (%) 25 25 25 10 10 10 

 

 

7.5.3 Fuel cell System 

 

The main characteristics to analyze from the fuel cell system are the behavior of the fuel cell 

with the different types of fuel in the polarization curve and the power density curves. These 

curves will describe the difference in running the fuel cell with different types of fuels and 

the effect of the composition changes in the fuel cell behavior.  

It can be seen that the variation between the different types of fuel gas is bigger for the 

gases obtain by partial oxidation, this is clearly seen in Figure 35 that shows that the lignite 

have a much lower voltage level and power density than the gas produce from redwood and 

animal waste. The redwood fuel gas is a little more power dense than the animal waste, but 

not for much however. These differences can be explained because of the dilution that 

happens in the partial oxidation because of the use of air in the process.    

On the other hand the gases produces from steam gasification generates more homogenous 

curves in both polarization and power density. For this case the lignite produces the most 

power dense fuel gas, however the difference is not immense compare to the other 2 fuels, 

this can be seen in Figure 36.  

It is important to highlight that changing the fuel cell working temperature do not have an 

important effect in the overall performance of the system.  
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Figure 35: Polarization and power density curve for different fuel type partial oxidation.  

The power density for the fuel gases produce with the steam gasification process. In general 

the power density for the fuel gases produced by stream gasification is nearly 10% higher 

than the power density produce by the partial oxidation gas. This ratio is even higher for the 

lignite because of the high nitrogen dilution that the partial oxidation lignite gas posses.  

 

 

Figure 36: Polarization and power density curve for different fuel type steam gasification.  
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It is important highlight that for the analysis of the different power densities and polarization 

curves the fuel gas used was the one that presented the best efficiency fuel gas for the 

overall gasification system, as presented in Table 8.  

It may be important to check the overall fuel cell efficiency for all the moisture levels; this 

can be seen in Figure 37 and Figure 38, for partial oxidation fuel gas and steam gasification 

fuel gas, respectively.  

This new perspective reveals that the efficiency in the fuel cell system is not at its maximum 

point at the same levels as the maximum efficiency for the gasification system.  

In the Figure 37 it can be seen that the maximum efficiency of all the fuel gases from partial 

oxidation system is the animal waste at 30% moisture content in the fuel. For the redwood 

the peak is reach at 35% moisture level, while for the lignite as it have been seen before the 

efficiency peaks at a moisture content as high as possible. However the difference between 

the lower efficiency and the highest is around 2.75% meaning that the difference is not as 

important as the efficiency gains in the gasification unit.    

 

 

Figure 37: Fuel Cell Efficiency for different fuel types, partial oxidation gasification.  

 

For the steam gasification the highest efficiency is for the moisture content to be as low as 

possible, and as expected the 3 curves are closer one to each other than for the partial 

oxidation fuel gases. The difference between the lower efficiency and the highest in Figure 

38 is scarcely 1.4%.  
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Figure 38: Fuel Cell Efficiency for different fuel types, steam gasification.  

 

Also something important to notice is that the efficiency levels for the steam gasification, 

which are near 44%, are lower than the ones obtain for the partial oxidation system, near 

47%.  This difference can be explained because of the nature of the fuel cell model.  

 

 

Figure 39: Number of cells in the fuel cell stack for different fuel gases, partial oxidation gasification.  
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The model tries to obtain 5 KWe from the system at a current density level of around 600 

mA /cm2, meaning that when the power density changes the numbers in of cells in the 

system changes to adapt for the new power output, however this also means that the 

efficiency of the system will change accordingly. So at the 600 mA /cm2 the efficiency for the 

partial oxidation gasification system is higher than for the steam gasification.  

It is also important to notice that the amount of cell in the system to obtain the 5 KWe, the 

lower the power density more cells are needed in the system to obtain that power level. It 

can be seeing that highest number of cells in a system is for the lignite with around 300 cells, 

as the Figure 39 shows. For the other fuel gases it can be seen that this amount goes down 

to around 230 cells for the animal waste and 220 cells for the redwood. The number of cells 

changes according with the power density level of the fuel gas meaning that for very high 

moisture content in the solid fuel, the number increases. 

For the steam gasification fuel gases the number of cells goes near 150 cells for the different 

fuel gases, been the lowest one the lignite with 148 cells. The animal waste has 152 cells and 

the redwood present the worst performance with 155 cells in the stack.  As expected Figure 

40 shows that the amount of cells for each fuel increases with increasing moisture content in 

the solid fuel.    

 

Figure 40: Number of cells in the fuel cell stack for different fuel gases, steam gasification.  

Other important factor for the amount of cells in the stack is the working temperature of the 

fuel cell. This can be seen in both Figure 41 and Figure 42, for partial oxidation gasification 

and steam gasification respectively. It have been discuss before that the working 

temperature have an effect in the efficiency and this is translated to a significant increase in 

the number of cells in the stack.  
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Figure 41: Number of cells in the fuel cell stack for different fuel gases with changing fuel cell working temperature, 

partial oxidation gasification.  

The increase can be significant like it is seen in Figure 41  the amount can go from near 400 

cells for temperatures as low as 500 ºC to as low as 190 cells for high temperature operation 

near the 600 ºC. For the steam gasification the difference is not that big but still important 

going from around 150 cells in the stack at 500 ºC to nearly 100 cells at 600 ºC.  

 

Figure 42: Number of cells in the fuel cell stack for different fuel gases with changing fuel cell working temperature, 

steam gasification.  
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This is important factor to take into consideration because the number of cells can greatly 

reduce the cost of the fuel cell system. Further analysis is required in order to determine the 

optimal working temperature of the stack, since increasing the temperature gives higher 

efficiency and lower number of cell but decreases the life of the system.  

7.5.4 Heat availability 

The heat available for the further utilization in the system is heavily dependent on the 

working temperature of the fuel cell system and the type of fuel gas that is feed into the 

system. As Figure 43 shows there is an important increase in the heat available for the 

lignite, this can be explained because the lignite fuel gas is more diluted by nitrogen than the 

fuel gas generated from redwood or animal waste, meaning that the nitrogen is also heated 

during the gasification and fuel cell operation adding more mass to the gases that go to the 

heat exchanger, and therefore increasing the amount of heat available.   

Another thing that can be seen from Figure 43 is that there is practically the same amount of 

heat available independently of the moisture contentment in the fuel, only when the 

moisture content is very high to more than 35% there is an important increase in the 

amount of heat available from the steam in the flue gases.   

 

 

Figure 43: Heat available for different fuel types.  

 

There can be an important increase in the amount of heat available from the system if the 

useful temperature to recover is low enough to do condensing of the water vapor in the flue 

gases. This can increase the amount of heat available up to 40% (Nordstand 2005). 
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Figure 44: Heat available for different fuel types, with changing fuel cell working temperature, partial oxidation 

gasification 

It is interesting to see the behavior of the available heat to the fuel cell working 

temperature. This can be seen analyzing the Figure 44  and Figure 45. As expected the then 

the fuel cell working temperature is increased the heat available is reduced. The amount of 

heat can be reduce in nearly 30% just by increasing the working temperature of the fuel cell 

stack from 500 ºC to 600 ºC.  

 

 

Figure 45: Heat available for different fuel types, with changing fuel cell working temperature, steam gasification 
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This can be predicted from the fact that an increase in the fuel cell working temperature will 

increase the electrical efficiency of the system, at the same time this will reduce the amount 

of heat available for other functions.  

It is interesting analyze the different efficiencies of the fuel cell system. In Figure 46 the 

different efficiencies of the fuel cell system are shown for the fuel gas from red wood with 

changing moisture content. It can be seen that the system efficiency peaks at 30% of the 

moisture content in the solid fuel. The maximum electrical system efficiency in this figure is 

nearly 28%, with 60% heating efficiency meaning that the total efficiency of the system 88%. 

In the next figure, Figure 47, it can be clearly seen that the change in the heating efficiency is 

more important when changing the fuel cell working temperature than the change in 

electrical efficiency. It is important to highlight that even when the amount of heat available 

the efficiency of the heat production from the system is more or less sustain, because with 

the increasing power density, the number of cell is reduce implying a more or less static 

efficiency in the heat production, but a reduction in the total heat available.    

      

 

Figure 46: Electrical, heating and total efficiencies for the fuel cell stack system for redwood, partial oxidation 

gasification.    

The total efficiency of the system is nearly 75% according to Figure 47. This shows that the 

heating efficiency of the system is around 50% and the electrical efficiency around 25%. This 

figure also shows that the total efficiency and the heating efficiency almost do not change in 

while changing the fuel cell working temperature, only a few perceptual points can be gain 

by increasing the working temperature.  
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Figure 47: Electrical, heating and total efficiencies for the fuel cell stack system with changing fuel cell working 

temperature for the redwood, partial oxidation gasification. 

For the steam gasification the behavior of the system is completely different than from the 

partial oxidation. In Figure 48 it can be seen that the maximum efficiency peak at nearly 0 

moisture content in the solid fuel. The fuel gas produced from the steam gasification 

generates a higher electrical efficiency than the one from partial oxidation, but a much less 

heat efficiency.     

 
Figure 48: Electrical, heating and total efficiencies for the fuel cell stack system for redwood, steam gasification.    
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Figure 49: Electrical, heating and total efficiencies for the fuel cell stack system with changing fuel cell working 

temperature for redwood, steam gasification. 

It is important to notice that the change in the working temperature of the fuel cell system 

have a bigger effect in the fuel gas generated from the steam than the one generated from 

partial oxidation. This is especially accurate for the heating efficiency that gains almost 10 

perceptual points.  

 

Figure 50: System efficiency for the different type of fuels, partial oxidation gasification.  
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The difference can clearly be seen when comparing Figure 47 with Figure 49. It is important 

to highlight that the total efficiency of the system for the partial oxidation gasification fuel 

gas is higher than the one from the fuel gas produce from the steam gasification.  

Finally it is important to show the total system electrical efficiency for each type of fuel. This 

is calculated by dividing the electrical output, fixed at 5 kWe, between all the energy that is 

putted in the system in the form of solid fuel.  

The Figure 50 shows that the fuel gas with higher efficiency for the partial oxidation system 

is the redwood at 30% moisture content, peak at around 28% electrical efficiency. This is a 

very good efficiency for this type system taking into account the sizes of the system and the 

fact that fuel used is not the best for the fuel cell system.  

The next best fuel is the animal waste; its peak efficiency is reach at 25% moisture content 

with nearly 27 % electrical efficiency. This has proven to be a very good fuel from the 

chemical point of view but is not that good for gasification with downdraft technology due 

to problems while feeding the fuel.     

The worst performance of all the fuels is the lignite that does not reach the 20% electrical 

efficiency at any moisture content. The main advantage of this fuel is that it is easy to find 

and is relatively homogenous due to a great deal of commercialization of the fuel.   

 

 

Figure 51: System efficiency for the different type of fuels, steam gasification.  
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On the other hand all the fuels process by the steam gasification gets a very high electrical 

efficiency, with all of them reaching to nearly 30% efficiency. Something to highlight from 

this process is that most of the fuels presents more or less the same performance. The best 

performing fuel in this case, as show in Figure 51, is the animal waste with 31% electrical 

efficiency.  

The other 2 fuels present a similar behavior with an electrical efficiency of around 30%. Both 

fuels present almost the same behavior when increasing the moisture content. It is 

important to notice that changing the fuel cell working temperature do not have a huge 

impact in the overall electrical efficiency. 

As a final electrical efficiency of almost 30% is one of the best that can be found for systems 

that use gasification at this small power levels.   

Finally Table 9 shows the final results for the different systems that where modeled during 

this work. The first thing to highlight from the table is that the fuel cell stack electrical power 

is fixed at 5 kWe; from this value all the other values are calculated.  

Second of all it is clear that the different gasification technologies serve different purposes. 

All three of the fuel gases produced from the downdraft gasification technology present very 

low electrical efficiency in general around 25% and going to a value as low as 18% for the 

lignite fuel gas. However this disadvantage is compensated from the fact that amount of 

heat produced in the system is greatly increased presenting a very good combine heat and 

power efficiency, reaching to as high as 79% for the animal waste.      

The steam gasification technology produces a better quality fuel gas, which is translated to a 

better electrical efficiency. The 3 fuel gas produce with this technology are very homogenous 

in their behavior in the fuel cell system. All the fuel gases present an electrical efficiency of 

around 30%, and a combine heat and power efficiency of around 68%.  

As can be inferred from this the steam gasification technology is preferred when the 

electricity production needs to prioritize and the heat is not demanded as a primary service 

from the system. On the other hand if both heat and electricity are needed the partial 

oxidation gasification technology should be preferred since it will present a better fuel 

utilization and usually can be installed and operated with a lower cost than the steam 

gasification technology.     

The last of the results come from the combine cycle of a fuel cell with a micro gas turbine. 

This calculation gives the best electrical efficiency for all the fuel gas types, in around 40% 

which is a very high efficiency for a system at this small scale. In the combine system the 

heating efficiency is lower than the electrical efficiency because the amount of heat usable is 

little.  
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Table 9: Results for different fuel types and different systems  

  Downdraft- SOFC Steam- SOFC Steam-SOFC/MGT 

Fuel Lignite Redwood 
Animal 

waste 
Lignite Redwood 

Animal 

waste 
Lignite Redwood 

Animal 

waste 

Tfc (ºC) 550 550 550 550 550 550 550 550 550 

Pel (kW) 5 5 5 5 5 5 6.71 6.69 6.7 

Pheat 

(kW) 
11.5 9.11 9.21 6.36 6.72 6.67 4.58 4.95 4.89 

ᶯel (%) 18.07 27.1 27.93 29.35 29.41 30.4 39.2 39.28 40.6 

ᶯCHP 

(%) 
59.55 76.47 79.38 66.51 68.91 70.89 65.94 68.33 70.25 
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8 Conclusion and Future Work 

 

As results of this work two gasification models where develop for fuel cell application; this 

was done by modeling the reactions of the gasification system in Matlab. This models where 

combine with a model of a low temperature SOFC, in order to evaluate the behavior of the 

fuel cell system when using gasified solid fuel and evaluate the overall performance of the 

system.  The outcome of these models can be summarized in:  

1. After a careful research about the different types of gasifiers and observing their 

performance in different applications it can be concluded that there are 2 main 

gasifiers that are suitable to be used for fuel cell application, these are the downdraft 

or Imbert Gasifier and a steam reformer.  

 

2. The fuel gases produced from the steam gasification clearly present a better quality, 

with a higher heating value and, for fuel cell applications it contains an important 

amount of hydrogen in the fuel gas. When comparing the individual results of each of 

the gasification systems it can be observe that high carbon content fuels, like the 

lignite, are not recommended for partial oxidation gasification due to the fact that 

they will produce too much CO and most probably will present complications with 

carbon in the ash and particles in the fuel gas. Another complication is that this fuels 

present low levels of oxygen meaning a lot of oxygen needs to be introduce to the 

system signifying that a lot of nitrogen as a dilution gas in the mix; this problem can 

be overcome by using pure oxygen as a gasification agent although this will hugely 

increase the cost of the system, that is usually use because of the low cost it posses.    

 

3. Fuels like the redwood and the animal waste posses a reasonably good chemical 

composition for gasification producing middle heating value fuel gases, however the 

animal waste can present problems during the gasification because of its physical 

properties, like low density or high moisture content. For this type of fuel other 

gasification technology, besides the downdraft gasifier are recommended, according 

with the literature survey the best technology for this task is a fluidize bed gasifier.   

 

4. The highest efficiency for the partial oxidation system for the redwood and the 

animal waste is at around 25% moisture content. This point should be more precisely 

establish for each gasification unit since it can change according with the operation 

of the unit. On the other hand for the steam gasification the lower the moisture 

levels in the fuel the better for the performance of the system and the higher 

efficiencies.  

 

5. The electrical efficiency of all fuels is better when produced from the steam 

gasification; also it is possible to say that the fuel gas produced from the steam 

gasification is easier to clean and probably will cause fewer problems in the 

operation of the fuel cell stack, due to less nitrogen dilution and less pollutants.  
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6. Fuel gases produced from the partial oxidation have a lower performance between 

the two technologies; nevertheless it can be useful if the system needs to produce 

more heat than electricity.  

 

8.1 Future work 

The results from this work shows the technical potential of using solid fuel by means of 

gasification to power a fuel cell stack in a polygeneration system, in order to better 

understand and improve the system future work is needed:      

 Further cost/benefit analysis in an attempt to observe which of the gasification 

technology to use in order to optimize the lower cost in the gasification technology 

and the cost of the fuel cell stack because of the need to increase the amount of cells 

in the system. 

 Experimental work is needed in order to test different configurations for the system 

in order to adjust the working parameters of the overall system to the reality.  

 Different fuels need to be tested in order to see which one is more suited for the 

specific purpose of the system also a cost/benefit analysis for the different fuels. 

The modeling of the fuel cell system had shown the feasibility of the using a solid fuel to 

power a fuel cell stack by means of gasification, the prospective deployment of this system 

can lead to the important reductions in emissions for small scale systems, allowing the 

introduction to renewable fuels like wood or animal waste. However the system should be 

design and operated base on the consumer requirement so it advantages could be fully 

exploit.    
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