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SAMMANFATTNING 
 
Miljö- och geopolitisk oro uppmuntrar samhällen till användning av förnybara energikällor 
(RES). Solceller och vindkraft producerar direktverkande el, trots dess negativa påverkan 
på säkerhet och trygghet i energiförsörjningskedjan, är det för övrigt nödvändigt att 
fastställa ett energilagringssystem och hitta mekanismer för att anpassa elnätet till en 
större variabilitet i el produktion. Biomassa (koldioxidneutralt bränsle om det hanteras på 
lämpligt sätt) kan däremot lagras, är relativt tillgänglig och efter enkla behandlingar 
förgasas och är redo att användas i kraftproduktion. Gasturbiner är en väletablerad teknik 
som blev först relevant i industriella applikationer och kraftproduktionen sedan 1940-talet. 
Användningen av biomassa i gasturbiner är ett viktigt steg mot en mer hållbar 
kraftproduktion, denna kombination visar dock tekniska utmaningar som ännu inte har 
övervunnits. 
 
Förgasad biomassa är en gas med lågt till medelhögt värmevärde som vanligtvis består av 
en blandning av gaser såsom, CO, H2, CH4, CO2 och N2 samt andra komponenter i små 
fraktioner. Dess förbränning i standard gasturbinbrännkammare kan vara instabil vid vissa 
förhållanden. Förgasat biobränsle innehåller dessutom oönskade föreningar, speciellt 
sådana kväveinnehållande föreningar som kan förhöjd NOx-utsläpp när biomassa bränns. 
 
Katalytisk förbränning är ett alternativ för användning av förgasad biomassa i en gasturbin, 
och det undersöks i denna studie. Genom att använda katalytisk förbränning, är det möjligt 
att bränna denna blandning av gaser under väldigt bränslemagra förhållanden. Genom att 
utöka de normala brännbarhetsgränserna sänks maxtemperaturen i reaktionszonen, vilket 
leder till att, den slutgiltiga NOx-bildningen minskar. Katalytisk förbränning minskar också 
vibrationsnivåer, och det är möjligt att undvika att bränsle-NOx bildas med hjälp av 
alternativa katalytiska tekniker, såsom Selektiv Katalytisk Oxidation (SCO). 
 
I den aktuella studien utvärderas möjligheten att använda katalytisk förbränning i en 
gasturbinbrännkammare. De tester som har utförts visar att det är nödvändigt att använda 
katalytiska hybrid koncepter för att uppnå turbin inloppstemperatur nivåer av moderna 
gasturbiner. De olika katalytiska förbränningsegenskaper för H2, CO och CH4 
utvärderades, samt olika tekniker för att utjämna deras brandegenskaper såsom 
diffusionsbarriären, och delvis belagd katalysator testades. Bränsle-NOx är ett annat 
föremål som behandlas i detta arbete, där selektiv katalytisk oxidation (SCO) teknik har 
använts och det nås det upp till ca 42 % av bränsle-NOx reduktion. Slutligen har även 
användning av Katalytisk Partiell Oxidation (CPO) av CH4 experimentellt undersökts. 
 
I denna studie har två one-of-a-kind testanläggningar använts, nämligen högtrycks 
testanläggning och pilotskala testanläggning. Detta ger den genomförda undersökningen 
dess unika egenskap. Slutligen den katalytiska förbrännings tillvägagångssätt gjort möjlig 
att använda av förgasad biomassa, med vissa begränsningar beroende på om det är en 
Katalytisk Lean, Katalytisk Rik eller Katalytisk Partiell Oxidation (CPO). 
 
Nyckelord: Katalytisk förbränning, gasturbiner, förgasad biomassa, kraftproduktion, 
Selektiv Katalytisk Oxidation. 
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ABSTRACT 

Environmental and geopolitical concerns encourage societies towards the utilization of 
renewable energy sources (RES). Photovoltaic and wind power can produce electricity 
directly, although their intermittent characteristic negatively affects the security and safety 
of the energy supply chain; moreover, in order to be viable it is necessary to establish 
energy storage systems and to find mechanisms to adapt the power distribution grid to 
larger production variability. In contrast, biomass (a carbon neutral fuel if adequately 
managed) can be stored, is relatively widely available, and after simple treatments can be 
gasified and ready to be used for power production. Correspondingly, gas turbines are a 
well-established technology that first became relevant in industrial applications and power 
production since 1940’s. The use of biomass in gas turbines is an important step forward 
towards more sustainable power production; however, this combination presents some 
technical challenges that have yet to be overcome. 
 
Gasified biomass is generally a gas with low or medium heating value that is usually 
composed of a mixture of gases such as CO, H2, CH4, CO2, and N2 as well as other 
c60*6nents in small fractions. Its firing in standard gas turbine combustors might be 
unstable at certain load conditions. Moreover, gasified biomass contains undesirable 
compounds; in particular the nitrogen-containing compounds that may produce elevated 
NOx emissions once the biomass is burned. 
 
Catalytic combustion is an alternative for using gasified biomass in a gas turbine, and it is 
investigated in this study. Using catalytic combustion is possible to burn such a mixture of 
gases under very lean conditions, extending the normal flammability limits, reducing the 
maximum temperature of the reaction zone, and thus reducing the thermal NOx formation. 
It also reduces the vibration levels, and it is possible to avoid fuel-NOx formation using 
alternative catalytic techniques, such as Selective Catalytic Oxidation (SCO). 
 
In the present study the feasibility of using catalytic combustion in a gas turbine combustor 
is evaluated. The tests performed indicate the necessity of using hybrid combustion 
chamber concepts to achieve turbine inlet temperatures levels of modern gas turbines. 
The different catalytic burning characteristic of H2, CO and CH4 was evaluated and 
different techniques were applied to equalize their burning behaviour such as the diffusion 
barrier, and partially coated catalyst. Fuel-NOx is another subject treated in this work, 
where a Selective Catalytic Oxidation (SCO) technique is applied reaching up to 42% of 
fuel NOx reduction. Finally, the use of Catalytic Partial Oxidation (CPO) of methane was 
experimentally investigated. 
 
In this study, two one-of-a-kind test facilities were used directly, namely the high-pressure 
test facility and the pilot scale test facility. This gives a unique characteristic to the study 
performed. Finally, the catalytic combustion approach allows the utilization of gasified 
biomass with some restrictions depending on whether it is a Catalytic Lean, Catalytic Rich 
or Catalytic Partial Oxidation (CPO) approach.  
 
Key words: Catalytic combustion, gas turbines, gasified biomass, power generation, 
selective catalytic oxidation. 
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PREFACE 

The present work is part of a Catalytic Combustion Project sponsored by the Swedish 
Energy Agency (STEM) under contract No 5110-2003-06929/2152-1 and developed at the 
Royal Institute of Technology (KTH). The project is carried out in collaboration between 
three KTH Divisions: the Division of Heat and Power in the Energy Technology 
Department, the Division of Chemical Technology and the Division of Chemical Reaction 
Engineering, these two in the Chemical Engineering and Technology Department. 
 
This work began as an experimental investigation, which relied on the utilization of the 
existing test facilities at the Heat and Power Laboratories. The results of the experiments 
performed were used to validate numerical models for catalytic combustion, confirm 
results under more real conditions, investigate the effect of different parameters, and 
create data at high-pressure conditions. 
 
In the framework of this research, several publications were produced, some of the ones in 
which the author was involved are listed in Chapter 10. Publications directly related to this 
thesis are namely: “Catalytic Partial Oxidation of Natural Gas in Gas Turbine Applications” 
(ASME GT2013-95338) and “Staged Lean Catalytic Combustion of Gasified Biomass for 
Gas Turbine Applications: An Experimental Approach to Investigate Performance of 
Catalyst” (ASME GT2013-95339) in which possible alternatives to use catalytic 
combustion of gasified biomass in gas turbines are presented. Other publications reflected 
in the thesis are: “Catalytic combustion of Gasified Biomass for Gas Turbine Applications: 
Experimental Study for Reducing Fuel-NOx Formation” (14th European Biomass 
Conference & Exhibition) in which fuel NOx problem is addressed, and also the “High-
Pressure Catalytic Combustion of Gasified Biomass in a Hybrid Combustor” (Applied 
Catalysis A, Volume 293, 2005), in which a kinetic model was developed. 
Remaining publications listed in chapter 10 are indirectly related to this thesis and reflect 
the progress of the investigation in the context of close collaboration with other 
researchers and institutions, from which much experience was gained. The author 
considers that the collaboration and discussions within these publications have influenced 
the present thesis and for that they must be acknowledged. 
  
In a wider view, this thesis attempts to facilitate the advent of cleaner energy production 
technologies that would reduce our impact on the environment, and hopefully contribute to 
a more sustainable future. 
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1 INTRODUCTION 

The modern society is driven by energy; the world demanded approximately 12,32 Gtoe1 
in 2010 [World Bank, 2013] and most of this energy is derived from non-renewable 
sources of energy. Fossil fuels provided approximately 80% of the primary energy 
consumed by the world in 2010 [WEO, 2011]. Unfortunately, the distribution of fossil fuels 
reserves is geographically imbalanced, Sayigh et al [1999], and this situation has 
produced significant geopolitical stresses on a global level. Additionally, global economic 
growth is, estimated to increase by 3,2% per annum (projected until 2020) despite the 
financial crises of 2008 [World Bank, 2009]. Observe that economic growth is linked to 
increasing energy use and carbon dioxide emissions [WEO2010], as it is depicted in 
Figure 1-1.  
 

 
Figure 1-1: World energy use, CO2 emission and GDP2 

 
It is estimated that the share of fossil fuels used in primary energy consumption would be 
slightly above 80% by 2030 [IEO, 2009] if no dramatic efforts for modifying current energy 
trends and policies are made. Figure 1-2 [WEO, 2010] shows the possible scenarios and 
the projected energy share for the New Policies Scenario.    
 
The use of fossil fuels produces a negative impact on the environment due to emissions of 
greenhouse gases. The total amount of CO2-eq released in 2009 was 32,4 gigatons (Gt). If 
current trends continue, CO2-eq emissions will reach 45,7 Gt/year in 2020 and 56,5 Gt/year 
in 2030 [World Bank, 2013].  
 
The consequence of greenhouse gas emissions is the increase in global average 
temperatures. The current trends would produce an increase of approximately 6˚C in 
overall global temperature [WEO, 2008]. The implications of this extreme temperature rise 
include: 
 

 Sea level rise of up to 3,7 meters, with 50% loss of coastal wetlands, loss of several 
islands, and yearly flooding in coastal cities. 

                                                 
1
 1Mtoe = Millons of tons of oil equivalent; 1Gtoe=1000 Mtoe 

2
 Based on Wold Bank data from 2013 and WEO 2010.  
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 Increased malnutrition, cardio-respiratory and infectious diseases, and increased 
mortality from heat waves, droughts and floods. 

 Damage to ecosystems, extinction of over 40% of the world’s species and 
widespread coral mortality. 

 Water droughts in mid to low latitudes and disappearance of glaciers. 

 Food shortages and decreased productivity of all cereal crops. 

 Unstable climate patterns and irreversible cycle of environmental destruction. 
 
 

 

 
Figure 1-2: World energy share projections for the New Policies 

Scenario [WEO, 2010] 

 

These estimates may be conservative. Smith et al [2009], and Church, et al [2009] 
reported that ocean warming is actually 50% higher than previously thought. It is very likely 
that the global climate pattern could have devastating effects on ecosystems and 
eventually on human kind, Sims et al [2004]. 
With this likely scenario, it becomes clear that achieving sustainable economic growth 
decoupled from fossil fuels is not only compulsory, but also a moral obligation. The use of 
renewable energy sources (RES) is one element of a more complete strategy. This 
strategy should include the increase in efficiency of both power generation and utilization. 
Furthermore, power supply should favour indigenous energy sources and the use energy 
storage technologies.   
 
The use of “modern” renewable energy sources (RES) such as biomass, solar and wind 
power faces great challenges to overcome, including concerns of safety and security of 
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energy supply3. Concerns for security of supply can include the issue of the intermittence 
and regional characteristics of most of “modern” RES.        
 
In places were biomass is abundant, it should be used for power generation or for 
transport. The reason for the latter is that the structure of the transport sector requires gas 
or liquid fuels, which could be derived from bio-refineries more efficiently than from 
electricity. In the case of power generation, biomass could be integrated into a 
thermodynamic cycle with pre-processing, through gasification/pyrolysis/liquefaction, or 
directly through combustion. The additional and important advantage over electricity is that 
biomass could be easily stored.     
Biomass gasification produces a gas with low/medium heating value that could be used in 
a gas turbine cycle for power production. The gasified biomass imposes some challenges 
to be burned steadily in the wide operational conditions required for a viable gas turbine. It 
requires stabilization techniques that could produce high levels of NOx.  
 
One proposed method for combusting gasified biomass in gas turbines is to use catalysts, 
Johansson et al, [1997]; Kolaczkowski, 1995, and Pferfferle et al, [1987]. Catalytic 
combustion is capable of producing an even temperature field, reducing peak 
temperatures while maintaining an average high temperature level. Commonly in catalytic 
combustion, the maximum reaction temperature is significantly lower than in conventional 
combustion and well below the temperature for thermal-NOx formation. Furthermore, 
catalytic combustion is capable of extending the flammability limits and burning Low-
Medium calorific value fuels mixtures steadily. This brings stability under partial loads in 
the turbine as well as significant reduction of vibrations, which will improve the flow pattern 
at the inlet of the turbine stage that will eventually increase the aerodynamic efficiency of 
the turbine blades. These two technologies have to be integrated in the gas turbine 
combustor that will contain the combustion catalysts. 
 
Although catalytic combustion of gasified biomass in gas turbine applications is a 
promising technology, the use of gasified biomass in gas turbines presents some 
challenges. For instance, the nitrogen-containing compounds present in gasified biomass 
react, it forms fuel-NOx on the highly active thermo-resistant catalysts, Berg et al [2000]. 
Meanwhile the sulphur-containing compounds, soot, tar and ashes can deactivate the 
catalyst while SOx is formed.  
 
In this work, a sequence of experiments has been performed to investigate the feasibility 
of firing a gas turbine with gasified biomass under experimental conditions using the 
catalytic combustion approach. Furthermore, fuel NOx reduction in the catalyst is treated 
experimentally by applying the selective catalytic oxidation method (SCO). The 
experimental work has been done using two test facilities: a high pressure test facility 
capable of performing tests at pressures up to 35 bar and a pilot scale test facility capable 
of withstanding up to 4 bar. These two test facilities were used to investigate different 
configurations of catalysts. A third test facility was involved indirectly. This is a laboratory 
scale test facility used to develop and test novel catalysts at bench scale.  
 

                                                 
3
 Concerns regarding safety and security of energy supply are referred to as the intrinsic danger that the 

supply chain represents to the surroundings (ecosystems and environment) and the availability of power 
supply respectively.   
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The most promising way to use gasified biomass in gas turbines is through the utilization 
of hybrid combustion techniques. The hybrid combustor will encompass a catalytic section 
followed by a homogenous zone, in which additional air or fuel will be added. The hybrid 
catalytic burner could either employ a rich catalytic section followed by a homogenous 
zone in which more air is added, or a lean catalytic section followed by a homogenous 
zone in which more fuel is added. These techniques may facilitate turbine inlet 
temperature levels of modern gas turbines while preventing the catalytic section from 
overheating or and undergoing degradation.    
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2 OBJECTIVES AND METHOD OF ATTACK 

The utilization of a reliable and well established technology, such as gas turbines, in 
jointure with a novel and promising technology, such as catalytic combustion, opens a 
opportunity to address the energy problem. Therefore the aim of this work encompasses 
how catalytic combustion can be applied in gas turbines. It is important to remark that the 
key element to integrate these subjects is the gas turbine combustor. The combustor 
performance would eventually determinate the success of this novel technology.   
 

2.1 Overall Objectives   

1. Investigate the feasibility of using gasified biomass and catalytic combustion in gas 
turbine applications for power production. 

2. Investigate and evaluate the use of selective catalytic oxidation (SCO) of ammonia 
to reduce fuel NOx. 

 
These objectives play an important role providing design parameters for the new 
generation of gas turbine combustors capable to handle gasified biomass or other low 
calorific value fuels.  
 
The first objective aims to present catalytic combustion technologies and the possibilities 
of integration with gas turbine for power generation technology. The coupling of catalytic 
combustion with gas turbine is one of the most viable ways to utilize biomass in power 
generation. 
 
The second objective focuses on the problem of the use of gasified biomass in gas turbine 
application, in particular the fuel NOx issue, which is relevant regarding emission 
regulations  
 

2.2 Detailed Objectives  

The objectives have been separated into more specific items, which are displayed below. 
 

1. Investigate the feasibility of using gasified biomass and catalytic combustion in gas 
turbine applications for energy production: 

 To find the parameters in which catalytic combustion stabilizes (i.e. pressure, 
ignition temperatures, fuel concentration) 

 To compare those parameters to the gas turbines requirements. 
 To identify alternatives to use catalytic combustion in gas turbines 

application. 
 

2. Investigate and evaluate the use of selective catalytic oxidation (SCO) of ammonia 
to reduce fuel NOx  

 To test experimentally the potential of SCO of ammonia for fuel-NOx 
reduction.  

 To evaluate, upon the findings, alternatives to reduce fuel NOx production. 
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2.3 Method of Attack 

This work is performed in collaboration with the Division of Chemical Technology, the 
Division of Chemical Reaction Engineering and the Division of Heat and Power 
Technology; all of them at KTH – The Royal Institute of Technology.  
 
The present work relies both on a literature survey and on experimental work for the 
overall objectives described in point 2.1. Regarding the experimental part it is important to 
mention that the experiments were performed in conditions as close as possible to the 
ones prevailing in gas turbine combustion. The data used in this thesis were obtained from 
three test facilities. Two of them were directly used and the third one was utilized in 
cooperation with the project partners. 
 
The Division of Chemical Technology develops and supplies the combustion and selective 
catalytic oxidation catalyst. These catalysts have been selected after laboratory tests that 
are performed in a laboratory-scale reactor under isothermal conditions at atmospheric 
pressure. The most promising catalysts are then tested at the pilot scale test facility or at 
the high-pressure test facility at the Heat and Power Division. The pilot test facility has 
larger flow capacity and intends to evaluate scaling effects, while in the high-pressure test 
facility the effect of the pressure is evaluated. 
 
Both test facilities are equipped with measurement systems for temperature, flows (air and 
fuel), pressure, gas analysis and sampling. The high-pressure test facility is operated 
through special designed software that controls and records the parameters under the 
experimental performance. The “Pilot-scale test facility” is coupled with a data recording 
systems; however, other parameters have to be controlled manually. It is possible to test 
single catalyst or complete configuration of multiple catalysts. The data obtained under 
different operating conditions is evaluated and used to redirect the line of investigation and 
validate models developed for catalytic reactions by the Division of Chemical Reaction 
Engineering. 
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3 CATALYTIC COMBUSTION  

Tamed fire can be considered one of the oldest technologies ever used by mankind. Its 
importance is such that it is one of the milestones in the evolution of human species. There 
is evidence that hominids used fire as early as 1,4 million years ago; however, its generally 
accepted that control of fire occurred much later, around 250 0004,5 years B.C, Steven et 
al [1989]. 
 
Two centuries ago, fossil fuels started to replace firewood as energy carrier, and 
combustion processes were not considered harmful to the environment. The major 
concerns were to reach a complete combustion with a minimum excess of air, and 
increase efficiencies through scaling up combustion facilities.  
 
After the “pre-environmental era” Beér et al [2000] that finished between 1970 and 1980, 
the view of combustion technology changed. Then, the pollution generated in combustion 
processes was gaining importance and the use of clean combustion techniques and high 
thermodynamic cycle efficiencies play a fundamental role to mitigate the combustion 
emissions.  
 
The earliest attention in pollutant control was given to NOx and SOx formation. By 
modifying the combustion conditions was possible to reduce NOx emission; today, the 
regulations regarding NOx emissions are becoming more and more stringent worldwide. 
SOx reduction in combustion processes has become also important, post or pre-
combustion control measurements are the common in modern installations. 
 
Currently, the attention is focused on CO2 emissions and greenhouse gasses. CO2 is an 
unavoidable combustion product if hydrocarbons are burned. The use of light 
hydrocarbons (low number of carbon atoms in the fuel) could reduce the total CO2 
emissions per kilowatt generated; moreover, the long term availability of natural gas 
reserves and the low NOx combustion technology incentives natural gas use in base load 
power generation cycles. However, theoretically there is a better option regarding CO2 
emissions: the use of biomass.  
 
Plants fix the atmospheric carbon (CO2 in the air) with water and sunlight through 
photosynthesis, typically less than 1% of the solar energy is stored in chemical bounds [Mc 
Kendry, 2002a]6. Biomass is the plant material that results from this photosynthetic 
process. In this way biomass captures the atmospheric carbon and when it is burned the 
carbon is released to the atmosphere to start a new fixation cycle. Then, the total amount 
of carbon in the atmosphere is kept constant.  
 
Now policies worldwide are encouraging the use of biomass in the energy production 
chain despite that the use of biomass in combustion requires preparatory steps according 

                                                 
4
According to Steven et al [1989] the control of fire is dated between 300 000 and 250 000.   

5
In the archaeological site of Terra Amata (French Riviera), vestiges dated back to 240 000 years ago were 
found. [Benditt, 1989] 

6
Photovoltaic technology can convert approximately 10-12% of the sunlight into electricity. The 
manufacturing of the solar cells are far more energy expensive that growing energy crops.   
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to the applications. Today combustion technology must focus on the use of either low-
carbon-concentration fuels or use of biomass in order to fulfil environmental requirements7 
 
 

3.1 Combustion Processes 

Combustion is generally described as “rapid oxidation generating heat and, or both light 
and heat; also slow oxidation accompanied by relatively little heat and no light” [Smith, 
1998]. Combustion depends on different sub-processes that at the moment are not fully 
understood. Transport phenomena participate actively (diffusion and advection), buoyancy 
forces and chemical kinetics are involved. All of these probably occur in turbulent regimes 
of flow. The governing equations for combustion processes rarely can be solved for the 
simple cases, and to treat more complex problems usually it is necessary to make a 
number of assumptions. Besides this complexity it is possible to understand the basic 
mechanism of combustion processes. 
 
When two molecules, one called oxidant and other reactant are close enough to interact 
under favourable conditions (pressure, temperature), they re-arrange themselves trying to 
reach a lower level of energy (hence higher stability). As result, new species are formed 
with subsequent energy release (the difference between the previous energy level and the 
subsequent energy level). In the re-arrangement an electronic transference occurs. The 
oxidant loses electrons while the reactant gains electrons. 
 
In this simple case the transport mechanisms brings the molecules together (diffusion, 
advection, buoyancy forces; electromagnetic fields); chemical kinetic is relevant to 
determine which reactions are favorable (under the conditions of the reaction; like 
temperature and pressure) and transport mechanisms separates the products, which can 
still react with others molecules. The reaction mechanism is highly complex. For instance 
the reaction of CH4 in air could have 279 different intermediate reactions, being the 
pathway (which reactions are favourable to happen) of the reaction dependent on 
temperature, pressure and concentrations. Radiation (Light) and heat is produced due to 
the re-arrangement of the electrons in electronic clouds in the products. The temperature 
is increased as consequence of the vibration of the new-formed molecules. 
 
 
 Combustion and Flames 

Combustion can occur with or without flame presence. Combustion with flame presence 
can be classified into premixed flame combustion and non-premixed flame combustion or 
diffusion flame. Furthermore, depending on the flow regimen the combustion also can be 
classified into laminar or turbulent combustion. Then for example it is possible to have a 
pre-mixed turbulent combustion flame. 
 
Regarding the non-flame combustion it is possible to mention catalytic combustion and 
high temperature air combustion (HiTAC). In these types of combustion it is difficult to 
distinguish a specific zone where the chemical reactions (combustion) take place (the 

                                                 
7
A further step in the combustion processes would be in the direction of fuel cells where hydrogen and 
oxygen combines producing electricity directly. 
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entire volume of the combustion chamber in HiTAC or on the surface of the catalyst in 
case of catalytic combustion). 
 
Pre-mixed combustion: Pre-mixed combustion occurs when the oxidant and reactant are 
mixed at molecular level before they react significantly. This kind of combustion is common 
in spark ignition engines and Bunsen burners. 
      
Diffusive combustion: In case of diffusive combustion, the oxidant and reactant are 
separated and the combustion takes place in the border region between them. This kind of 
combustion is found in a candle.   
 
High temperature air combustion: In High Temperature Air Combustion (HiTAC) the re-
circulation of heat and air is high; this recirculation dilutes the oxygen in the air fuel mixture 
down to 3%. Since the mixture is heated over the self-ignition limit of the mixture, and the 
fuel and the oxygen molecules are well mixed, a uniform heat flow and reaction rate is 
obtained. Then the temperature gradients in the combustor are small (the temperature 
difference between the hottest and the coldest spot in the combustion chamber is between 
100°C to 150°C).  
  
Catalytic combustion: Catalytic combustion can be defined as a combustion process 
where an external agent (catalyst) modifies the ordinary reaction path without being 
modified itself in the process. This kind of combustion can lower the maximum reaction 
temperature, reduces the vibrations associated to combustion process and extends the 
flammability limits. More details will be discussed further on. 
 
 

3.2 Catalytic Combustion    

In catalytic combustion, a third body is involved in the reaction, the catalyst. The function 
of the catalyst is to provide an alternative pathway between the reactants and products. In 
contrast to homogeneous combustion, where all the elements involved in the reactions are 
in gaseous phase, catalytic combustion requires a solid catalyst, it is on the catalyst 
surface (or near the surface) that most of the chemical interactions occur. 
 
The purpose of the catalyst is to reduce the activation energy of the reaction. Figure 3-1 
shows a schematic of the catalytic combustion reaction. The reactants have a certain level 
of energy. As they are absorbed to the surface the reactants move to a slightly lower 
energy level, due to the fact that generally the absorption is an exothermic reaction.  
 
Then the reactants form an “absorbed compound” after overcoming the correspondent 
activation energy barrier. This is illustrated in Figure 3-1 by the small dip at the top of the 
energy barrier. Then, “the absorbed compound” (once they get attached to the catalyst) 
would react further to absorbed products (formed on the surface of the catalyst), and finally 
the absorbed products desorb (endothermic reaction). 
 
The dashed line represents the homogeneous pathway for the same reaction. It is 
important to notice that the activation energy of the catalytic reaction is lower than the one 
of homogeneous reaction.   
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Theoretically the catalyst must remain intact after the reaction process; however, there are 
a number of factors that decrease the catalytic performance. Additionally the behaviour of 
the catalyst is extremely specific, i.e. two catalysts might respond different under similar 
conditions even though they have the similar chemical composition but manufactured with 
different methods,  
 

 
Figure 3-1: Energy pathways comparing a catalyzed and homogeneous reactions 

Hayes et al, [1997] 

 
 
 
 
3.2.1   Catalytic Combustion Mechanism 

The exact pathways of the catalytic reaction are still unknown; however in the case of 
catalytic combustion can be mentioned that the catalytic reactions are taking place in the 
porous of the catalyst. Transport and chemical kinetic phenomena play an important role 
to determinate the reaction rate. According to Hayes and Kolaczkowski [1997] a catalytic 
reaction can occur following the next steps: 
 

1.   Transport of the reactants through the boundary layer to the solid surface; since in 
the boundary layer gradients of velocity, temperature and concentration are 
significant. Both diffusion and advection plays an important role in the mass transfer 
process. 
 

2.   Diffusion of the reactants into a porous catalyst where the active material is located. 
3.    Adsorption of the reactants onto the active sites (surface). This process generally is 

an exothermic reaction (the heat release that indicates a reduction in the energy 
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level). According to most of the studies regarding hydrocarbons absorption occurs 
once the first C-H bound is broken. 
 

4.   Catalytic reaction on the catalyst surface involving at least one of the absorbed 
reactants. 

 
5.   Desorption of the reaction products. 

 
6.    Diffusion from the surface to the boundary layer. 

 
7.   Transport of products from the boundary layer to the gas stream. 

 
All these steps are illustrated in Figure 3-2. The steps 1, 2 and 6, 7 are mass transfer 
dependent, while step 3 and 4 are kinetic dependent. All these steps are important to 
determinate the reaction rate. Figure 3-3 shows how these phenomena are interrelated. 
While the temperature is low the kinetics are slow becoming the limiting factor (A to B). At 
higher temperature levels the kinetics is faster but then the mass transfer became the 
limiting factor (B to C). If the temperature increases, homogeneous reactions start to occur 
and the reaction rate increases significantly.   
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Figure 3-2: Catalytic combustion mechanism. Hayes et al [1997] 
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Figure 3-3: Reaction rate in catalytic combustion. 

 
The reaction rate increases due to temperature variation. From A to B the reaction rate is 
limited by chemical kinetics; from B to C the reaction rate is limited due to mass transport 
phenomena, if the temperature still increases homogeneous reactions start to occur 
accelerating exponentially the reaction rate; from C to D [Ersson, 2003].  
 
The Adsorption-Surface-Reaction-Desorption mechanism is an issue that remains unclear. 
However, there are few hypotheses that attempt to explain some of these steps. 
 
As Hayes and Kolaczkowsky [1997] proposed, absorption is the result of an imbalance of 
forces at the gas-solid interface. Since the surface represents a discontinuity, the 
molecular forces at the surface are unsaturated. Then when a “clean” surface is exposed 
to a gas there is a tendency for molecules to accumulate to the surface that result in a 
higher concentration there. This phenomenon is observed also in non-catalytic surfaces. 
Moreover, adsorption can be classified into physical adsorption and chemical adsorption 
(chemisorption) 
 
Physical adsorption: It is caused by Van der Waals forces that are relatively weak. 
Physical adsorption can be compared, for it similarity, to condensation. Generally 
adsorption is accompanied by heat release, which is in the order of magnitude of 
condensing processes. Physical adsorption is a non-specific phenomenon that does not 
require overcoming an energy barrier (activation energy). In catalytic combustion it plays 
an important role bringing the reactants close to the active surface. 
 
Chemisorption: It involves a rearrangement of the electronic structure of the adsorbate and 
adsorbent where chemical bonds are formed. It can be considered as a chemical reaction; 
hence, it is not rare that the heat release is of the order of magnitude of the chemical 
reactions. The formation of the chemical bounds indicates that chemisorption occurs at 
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specific location on the surface (active sites). Due to chemisorption nature, there is an 
energetic barrier that must be overcome, in other words, activation energy is required. 
Chemisorption mechanism is depicted in Figure 3-4. An important fact is that the maximum 
amount of reactants that can be adsorbed depended on the number of active sites in the 
catalyst surface. 
The transport of mass and energy is a complex process that correlates flow regimes, 
diffusion of different species and, energy release. These factors depend heavily on the 
geometry, on the flow regime, and external conditions.  
 

 

Figure 3-4: Mechanisms of chemisorption. 

 
 

 

Figure 3-5: Comparison between the temperature profile in the 
conventional and catalytic combustor. [Thevenin, 2001] 

 

 

C 

C
=

O
 

         S            S           S            S           S           S            S 

         S            S           S            S           S           S            S 

C 

C≡O 

=
C

 

=
O

 

C≡O C≡O 

H 

H H 

H 

H 

H H 

H 

=
C

=
O

 

Reactor Length 

2500 °C 

2000 °C 

1500 °C 

1000 °C 

500 °C 

Catalytic combustor 

Thermal NOx formation zone 

Non-premix combustor 

Lean premix combustor 



14 
 

 

In case of CH4 (fairly stable molecule) the catalytic reaction start once a C-H bound I 
broken as initiating step. For CO there are different mechanisms proposed: single site, 
double site and dissociative adsorption, Hayes et al [1997]. Although catalytic combustion 
can potentially reduce the thermal NOx emissions, multiple studies have shown that 
important Fuel-NOx8emissions can be produced in the catalyst. Figure 3-5 shows the plot 
of temperature against the combustion chamber axis. The use of a catalyst might 
potentially avoid the thermal NOx window formation. It is possible to reach a reduction in 
two orders of magnitude in NOx formation [Thevenin, 2002].  
 
 
3.2.2   Structure of Catalysts 

Catalyst is formed by the combination of different elements: the supporting material (or 
support), the washcoat and the active material.  
 
The support provides the physical strength to the catalyst. Unfortunately, the area 
available in the support is not large enough for a satisfactory surface reaction ratio; 
therefore, washcoats are used to increase the available area. It is in the washcoat where 
the active material is deposited, the active material is where the surface reactions occur. 
 
 Support  

The support material can be shaped in form of pellets, fibres or monoliths. For gas turbine 
applications honeycomb monoliths are used because their low pressure drop and large 
geometric surface. They must have high melting point, low thermal expansion and high 
thermal shock resistance in order to stand the conditions of gas turbine combustors. 
Moreover, the support has to be chemically inert in relation to the active material. 
 
It is possible to find ceramics and alloys as supporting materials. Ceramic materials have 
higher operation temperature, while metallic support would give higher geometric surface 
(high cell density) and higher thermal conductivity. The disadvantages of using metallic 
monoliths are that the wash-coating is difficult to achieve, and the low permissible 
operating temperature.  
 

Table 3-1: Monolith support materials [Johansson, 1999] 

Material Composition Maximum temperature (°C) 

Dense Alumina  α-γ/ Al2O3 1500 – 1600 
Mullite 3 Al2O3.2SiO2 1350 
Cordierite 2MgO.2 Al2O3.5SiO2 1200 – 1400 
Zirconia ZrO2 2200 
Silica SiO2 1100 
Silicon Carbide SiC 1550 – 1650 
Silicon Nitride Si3N4 1200 – 1540 
FeCr alloy 15%Cr, 5% Al, balance Fe 1250 – 1350 
Aluminium Titanate Al2TiO5 1800 

                                                 
8
 Fuel NOx is originated due to nitrogen containing compounds in the fuel. The nitrogen containing 

compounds are found in gasified biomass, as well as in municipal waste gasification products. In case of 
coal gasification the amount of sulphur and phosphors compounds are also important. 
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Among ceramic materials cordierite and mullite are of common use. In this work cordierite 
monoliths with a cell density of 400 cells per square inch were used.  An overview of the 
materials used as catalyst support is shown in Table 3-1.        
     
 Washcoat. 

The waschcoat is a porous material that is applied on the support surface. The objective of 
the washcoat is to increase the available area of the catalyst (m2/g). A suitable washcoat 
must have thermal stability, high pore distribution, and good adhesion to the substrate 
(support). The chemical properties of the washcoat must not diminish the reactivity of the 
active substance. The use of different washcoats with the same active substance might 
produce a different response under the same combustion conditions. In Table 3-2 a list of 
common washcoats is shown.  
 

Table 3-2: Wash coats materials, Johansson et al [1998] 

 Material  Formula  Surface Area  
m2/g (Temperature 

Application 

Hexaaluminate ABAl11O19  a 8(1400) Active phase/support 
Perovskite ABO3 b 1 (1400) Active phase 
Paladium on alumina Pd-PdO/AL2O3   Active phase 
Platinum on Alumina Pt/Al2O3   Active phase 
Spinel AB2O4 c 8(1400) Active phase/support 
Pyrochlore A2B2O7 d 3(1000) Active phase/support 
   2(1200)  
Zeolites  e  Active phase 

a) A= Alkali, Alkaline earth or rare metal. B= Transition metal (i.e. Mn, Fe, Cu, Co) 
b) A= Large ion. B=Metal ion 
c) A= Large ion (i.e. Mg, La). B= Metal ion 
d) A= Rare earth or element with an inert electron pair. 
e) B=Transition or post transition metal 
Several different ion could be ion exchanged into the structure  

 

One of the most important materials used as washcoat in combustion catalyst is the group 
of Hexaaluminates. Their principal feature is their resistance to sintering at high 
temperatures and the catalytic activity they present. Unfortunately, Hexaaluminates have 
high thermal expansion and low resistance to thermal chocks.    
 

 Active Materials 

The traditional active substances are noble metals. They offer high activity and certain 
resistance to sulphur poisoning in comparison to metal/transition oxides used for catalytic 
combustion. Pd, Pt and Rh are the preferred active substance; however, they are more 
expensive than based metal. Oxides containing Co, Cr, Mn, Fe, Cu and Ni have also 
potential as combustion catalyst, with the advantage of less expensive price.  
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3.2.3     Washcoats/Active Materials for Combustion of Gasified  Biomass 

The washcoat and the active material affect each other. Concerning gasified biomass that 
is mainly a mixture of CO, CO2, H2, CH4 and N2 there are two main groups of catalyst 
used: Hexaaluminates and Alumina [Vozesky, 2003]. 
 
 Hexaaluminates 

 A transition metal substituted Lanthanum-Hexaaluminates (LaCu, LaMn, LaCo, LaNi) 
supported on mullite catalysts were tested by Johansson et al [1997]. They reported 
the following order of ignition: CO first, then H2, and finally CH4, where CH4 was 
significantly more difficult to ignite. The activity of the catalysts decreased from the 
most active LaCu, in second order LaMn, then LaCo, and the less active LaNi. The 
optimal operating temperature for the most active catalyst was reported at 850°C at 
which all components of gasified biomass were burnt. Using LaMn catalyst on 
cordierite resulted in a lower conversion of CO and H2 in comparison to the mullite 
as support.  

 
 In a substituted Barium-Hexaaluminates catalyst, the ignition order for the BaMn 

reported was CO first, and then H2, followed by C2H4, and finally CH4, and fully 
conversion reached at 800°C. This was reported by Groppi et al [1998] and Lietti et 
al [1998, 1999]. This catalyst produced NOx in presence of NH3. However, at 850°C 
the NO produced was reduced, probably by selective non catalytic reduction 
process (SNCR) a brief description of SNCR can be found in section 4.2.1. The 
addition of CO2 and water affects negatively the conversion of CO and CH4. 

 
 Lietti et al [2000] tested BaMn, BaCo, BaFe, BaNi and BaCr hexaaluminate and 

reported the same ignition order mentioned previously. Moreover, the most active 
catalysts for CH4 were BaMn and BaFe presenting full conversion at 800°C. These 
catalysts showed high production of NOx when NH3 was added.  

 
 Precious metal impregnated substitute Hexaaluminates were tested by Johansson et 

al [1998]. Specifically Lanthanum Hexaaluminate impregnated with PaO supported 
on cordierite. The catalyst showed simultaneous ignition of CO and H2 before CH4, 
the temperature register for full conversion was 500°C is lower than LaMn. The 
conversion of NH3 was at least 50% on the PaO catalyst. The use of Pt exhibits the 
same tendencies. However with slightly lower performance. 

 
 Alumina (Al2O3) 

It presents large specific area at temperatures below 850°C. It is used both as support and 
washcoat. Alumina undergoes an irreversible change in the crystalline structure above 
850°C reducing the specific area.  

 NiO, Co/Cr and Co3O4 washcoated on alumina were tested by Johansson et al 
[1999]. The ignition register follows the order: first H2, is combusted, then CO and 
finally CH4 for all catalysts. It has been reported that the large-surface-area-
alumina-supported metal oxides are more active than hexaaluminate type oxides. 
However, the stability of the metal oxides could be lost at temperatures required for 
catalytic combustion. 
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 Lietti et al [1999] tested PaO supported on alumina, the ignition order he reported 
was: first H2, then CO, followed by C2H4 and finally CH4 encountering ignition 
temperatures lower than the Hexaaluminates based catalyst. Full conversion was 
reached at 500°C, in comparison with 800°C reported for Hexaaluminates. PaO 
catalysts are highly oxidative catalyst and when NH3 is injected it is converted in 
high percentage to NOx. 

 
 Platinum based catalysts have been investigated by Zwinkles et al [1997] and 

Johansson et al [1999]. They presented an ignition order of H2 and CO 
simultaneously followed by CH4. As it was in the case of Hexaaluminate they 
presented lower performance than PdO. (Higher fully conversion temperature and 
lower activity).  

 
 
3.2.4     Catalyst Deactivation 

A catalyst can lose its activity due to the following reasons: 
 

 Poisoning: Occurs due to the strong chemisorption of “impurities” on the active sites.  
 Sintering: Occurs due to the diminution of surface because to structural modification 

of the catalyst caused by high temperature and pressure.  
 Coking and fouling: Occurs due to the reactions occurring on the catalyst that 

produce residues. These residues are not released to the stream gases and block 
the active sites.    

 Vaporization: Occurs when the active substance vaporizes and it is released to the 
gas stream, the diminution of active substance reduces the overall conversion.  

 
 
3.2.5     High and Low Temperature Catalytic Combustion 

Thevenin [1999] and Ersson [2003] identify two catalytic combustion reaction levels 
regarding temperature: The low temperature catalytic combustion and the high 
temperature catalytic combustion. 
 
 Low Temperature Catalytic Combustion  

Low temperature catalytic combustion is defined when the working temperature is in the 
range 300°C to 500°C. It is used to eliminate traces of Volatile Organic Chemicals 
(VOC’s), unburned hydrocarbons, and other organic compounds on tail-gas (purge-gas) 
streams. It could burn out concentrations between 4-5% and hundreds of ppm with 
efficiency up to 99%9.  This technology is used to clean air from paper printing and coating 
factories, spray-painting sheds for automobiles, food processing industries, and in general 
organic chemical manufacture.  
 
Another interesting application is in the catalytic converters for natural gas. The use of CH4 
in sparks engines requires an exhaust gas treatment to meet the environmental 

                                                 
9
 Vapors of formaldehyd, benzene, toluene, xylenes, solvents (i.e. ethanol, butanol, methyl ethyl ketone, 
methyl isobutyl ketone and ethyl acetate) can be burned and are complete eliminated on platinum catalysts 
at a temperature range 200 ºC -400 °C. [Thevenin P.  2002]   
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regulations, a low temperature combustor catalyst might be able to burn the CH4 traces, 
and carbon monoxide after the engine in an environment that contains nitrous oxides, 
carbon dioxide and water. Such catalyst has to work at temperatures below 550°C. 
 
 High Temperature Catalytic Combustion 

High temperature catalytic combustion is defined when the working temperature is higher 
than 600°C, and the most promising application is in the gas turbine field; however, it 
might also be used in heaters, domestic boilers and compact reformers. 
 
Regarding gas turbine applications, it is worthy to mention that this technology is reaching 
commercial stages. The interest in catalytic combustion can be traced to early seventies 
when Pfefferle (1974 to 1975) proposed a catalytic stabilized combustion as alternative to 
conventional flame combustion. The objective is to use a catalyst to produce 
heterogeneous oxidation on the catalyst surface. This would lower the activation energy of 
the reaction, which eventually will lower the maximum reaction temperature. Moreover, the 
use of catalysts will produce a uniform temperature and velocity profiles that might reduce 
the aeromechanical instability (less noise and vibration); in addition, the use of catalysts 
expands the flammability limits that opens the possibility to use leaner mixtures with 
inherent lower adiabatic flame temperature. Lowering the combustion temperature has 
important advantages; it reduces the thermal-NOx formation as well as thermal 
requirements of the material.   
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4 NOx EMISSIONS  

4.1 Emissions from Biomass Combustion 

The use of fuels, in particular biomass, produces undesired emissions. From the 
combustion efficiency point of view only unburned hydrocarbons (HC), CO and excess of 
oxygen are important to control; although there are a number of emissions that affect the 
environment, human health and the climate that have to be controlled. These emissions 
and their effects are summarized on Table 4-1. CO2 and CH4 are the only products that do 
not harm human health directly but they enhance the greenhouse effect10. PAH’s, 
particulates, and heavy metals are carcinogenic substances besides having environmental 
impact. Dioxins and furans are extremely toxic and can cause liver and central nervous 
system damage. SOx, HCl, O3, NOx, VOC, NMVOC, NH3 and CO have combined effect in 
human health, environment and climate. Interestingly most of these substances can be 
decomposed by catalytic means in the exhaust pipes. These emissions are interrelated 
and to control them a compromise between the emissions levels and the combustion 
conditions is required. 
 
Figure 4-1 shows the emitted substances related to the fuel to air ratio. Under fuel rich 
conditions the levels of NOx are low due to the lack of oxygen, while the CO levels are 
high because of the same reason. Conversely, close to stoichiometric conditions, NOx 
levels are high, due to the high temperature, while CO emissions are low. In case of fuel 
lean conditions the emission of unburned hydrocarbons (UH) and CO are high because of 
the “slow reactions” quenching. NOx levels depend very much on different mechanisms of 
formation, and on the fuel characteristics. In case of gasified biomass the fuel-NOx 
mechanism is important; this will be treated later in this chapter. 
 

 

Figure 4-1: Emission levels as function of the air/fuel ratio (AFR) [Thevenin, 2002]. 

 

                                                 
10

 CO2 released is considered neutral because it originates mainly in matter growth from plants that capture 
CO2 from atmosphere 
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Table 4-1: Impact on climate, environment and health of the emissions from 
biomass combustion, Van Loo et al [2002]. 

Emission Biomass source Effects 

 
Carbon Dioxide: CO2 

 
Major combustion product 
from all biomass fuels 

 
Climate: Direct greenhouse gas, However 
CO2 emissions from biomass combustion 
are considered as CO2 neutral with respect 
of greenhouse effect*, since biomass is a 
renewable fuel.  
 

Carbon Monoxide: CO Incomplete combustion of all 
biomass fuels 

Climate: Indirect greenhouse gas through 
O3 formation 
Health: Reduced oxygen uptake, especially 
influences people with asthma, and 
embryos. Suffocation and death in extreme 
cases. 
 

Methane: CH4 Incomplete combustion of al 
biomass fuels 

Climate: Direct greenhouse gas. Indirect 
greenhouse gas through O3 formation. 
 

Non Methane Volatile 
Organic Compounds: 
NMVOC  

Incomplete combustion of all 
biomass fuels 

Climate: Indirect greenhouse gas through 
O3 formation. 
Health: Negative effect on the human 
respiratory system  
 

Polycyclic Aromatic 
Hydrocarbons: PAH’s 

Incomplete combustion of all 
biomass fuels 

Environment: Smog formation. 
Health: Carcinogenic effect 
 

Particles Soot, char and condensed 
heavy hydrocarbons (Tar) 
from incomplete combustion 
of all biomass fuels. 
Fly ash and salts 

Climate and Environment: Reversed 
greenhouse effect through aerosol 
formation. Indirect effect of heavy metal 
concentration in deposited particles. 
Health: Negative effect on the human 
respiratory system. Carcinogenic effect. 
 

Nitric Oxides: NOx (NO 
NO2) 

Minor combustion product 
from all biomass fuels 
containing nitrogen. 
Additional NOx may be 
formed from nitrogen in the 
air under certain conditions 

Climate and Environment: Indirect 
greenhouse gas through O3 formation. 
Reversed greenhouse effect through 
aerosol formation. Acid precipitation. 
Vegetation damage. Smog formation. 
Corrosion and material damage. 
Health: Negative effect on the human 
respiratory system. NO2 is toxic.  
 

Nitrous Oxide: N2O Minor combustion product 
from all biomass fuels 
containing nitrogen  

Climate: Direct greenhouse gas. 
Health: Indirect effect through O3 depletion 
in the stratosphere**.  
 

Ammonia: NH3 Small amount may be 
emitted as a result of 
incomplete conversion of 
NH3 formed from 
pyrolysis/gasification, to 
oxidized nitrogen containing 
components. Secondary 
NOx reduction measures by 
NH3 injection (SCR, NSCR) 

Environment: Acid precipitation. 
Vegetation damage. Corrosion and material 
damage. 
Health: Negative effect on the human 
respiratory system. 
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Emission Biomass source Effects 

 
Sulphur oxides:  SOx 
(SO2, SO3) 

 
Minor combustion product 
from all biomass fuels 
containing Sulphur 

 
Climate and Environment: Reversed 
greenhouse effect through aerosol 
formation. Acid precipitation***. Vegetation 
damage. Smog formation. Corrosion and 
material damage.  
Health: Negative effect on the human 
respiratory system. Asthmatic effect. 
 

Heavy Metals All biomass fuels contain 
heavy metals to some 
degree, which will remain in 
the ash or evaporate. 
 

Health: Accumulate in the food chain. 
Some are toxic and some have 
carcinogenic effects.   

Ozone O3 (ground 
level) 

Secondary combustion 
product formed from 
atmospheric reactions 
including CO, CH4, NMVOC 
and NOx 

Climate and Environment: Direct 
greenhouse gas. Vegetation damage. 
Smog formation. Material damage. 
Health: Indirect effect through O3 depletion 
in the stratosphere**. Negative effect on the 
human respiratory system, asthmatic effect. 
 

Hydrogen Chloride: 
HCl 

Minor combustion product 
from all biomass fuels 
containing chlorine 

Environment: Acid precipitation, 
Vegetation damage. Corrosion and material 
damage. 
Health: Negative effect on the human 
respiratory system. Toxic.  
 

Dioxins and Furanes: 
PCDD/PCDF 

Small amount may be 
emitted as result of reactions 
carbon, chlorine and oxygen 
in presence of catalyst (Cu) 

Health: Highly toxic. Liver damage. Central 
nervous system damage. Reduce immunity 
defense. Accumulate in the food chain. 
 

 
*The greenhouse effect: The natural greenhouse effect keeps Earth’s mean temperature at about 15°C. 
Without the greenhouse effect this temperature would be –18 C°. Anthropogenic sources of greenhouse 
gases are believed to contribute to an increasing greenhouse effect, causing Earth’s mean temperature to 
increase. From 1750 to 1994, the concentration of the most important greenhouse gases – CO2, CH4, and 
N2O – increased by 30, 145, and 15 % respectively (contributing to increase the greenhouse effect). 
However; particles, SO2 and NOx contribute to some degree, to a reversed greenhouse gas effect caused by 
aerosol formation. 
**Depletion of the Ozone layer: The atmospheric ozone layer is found in the stratosphere, 10 – 40 Km 
above the ground level. Ozone absorbs UV radiation and prevents damaging radiation from reaching Earth’s 
surface. Ozone might be reduced by reactions with NO, where NO would form N2O in a first reaction step. O3 
at ground level is a pollutant and a greenhouse gas. 
***Acid Precipitation: Emission of NOx, SOx, and HCl result in acid rain precipitation. 
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4.2 NOx Formation Mechanisms 

There are different NOx formation mechanisms that are acting simultaneously in 
combustion processes.  
 
 
4.2.1   Thermal NOx mechanism  

Thermal NOx is produced from the reaction of atmospheric nitrogen and oxygen at high 
temperatures. The chemical kinetics involved establishes that fuel/oxygen reaction is 
significantly faster than the thermal-NOx formation pathway. As consequence, NOx 
formation reactions can be decoupled from fuel oxidation. These reactions depend 
primarily on the temperature, Miller et al [1989]. The thermal NOx mechanism or Zeldovich 
mechanism starts to gain importance at temperatures higher than 1500°C, in which the 
concentration of NOx in equilibrium can be as high as 1500ppm. An important amount of 

NO can be formed at 1200°C; however, at this temperature the time scale for N + O  NO 
reaction is rather long [Thevenin, 2002]. In order to reduce thermal NOx the common 
strategy is to reduce the maximum temperature in the flame as well as the residence time. 
The accepted reaction path is the following. 

 
O2 + M → 2O + M      (1) 
N2 +O ↔ NO + N      (2) 
O2 + N ↔ NO + O      (3) 
 
The following equilibrium might be considered: 

 
N + OH ↔ NO + H      (4) 
 
In this reaction chain M can be any molecule, radical or surface that can act as energy 
transfer agent. 
 
 
4.2.2   Prompt Mechanism (Fenimore Mechanism)   

The prompt mechanism considers the interaction of hydrocarbon radicals produced close 
to the flame -and probably under rich conditions- with molecular nitrogen. It is believed that 
CH, CH2, C2, C2H and C intervene in this reaction path. However, the most important 
species to consider are CH and CH2. The main reactions are listed below:   

 
CH + N2 ↔ HCN + N      (5) 
CH2 + N2 ↔ HCN + NH     (6) 
CH2 + N2 ↔ H2CN + N     (7) 
C + N2 ↔ CN + N          (8) 
 
The hydrocarbon radicals and molecular nitrogen reacts to form a hydrogen cyanide group 
and atomic nitrogen, which would react later with hydroxyl groups or radicals in the flame 
and form NO and water: 
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N + OH → H + NO      (9) 
 
The NOx prompt mechanism is in some extent complicated; the accuracy in the prediction 
of the equilibrium constant has presently a factor of two, Warnatz et al [1999]. The 
activation energy for the reaction CH + N2 ↔ HCN + N is 75 kJ/mol compared to 318 
kJ/mol of the thermal NOx. Prompt NOx is produced at relatively low temperature (approx 
750°C) and it is relevant when hydrocarbons are used as fuel.   
    
4.2.3   Nitrous Oxide Mechanism (N2O) 

The nitrous oxide mechanism resembles thermal NOx mechanism. The main difference is 
the presence of a third body in the reaction (M). 

 
N2 + O + M → N2O + M     (10) 
 
After N2O might react with O to form NO: 

 
N2O + O → NO + NO      (11) 
 
According to Correa et al [1992] fuel lean conditions reduces prompt NOx formation, and if 
the temperature of the reaction is lower than 1500°C, thermal NOx formation is inhibited. 
Then, the major contributor to the NO formation is through N2O mechanism that is 
favoured at high pressures due to a third body involved in the reaction chain.   
 
4.2.4   Fuel NOx Mechanism 

The fuel NOx mechanism plays an important role in NOx emission in coal derived fuels 
and gasified biomass. The amount of fuel-bounded nitrogen in coal delivered fuels is 
between 0,5 % to 2,0 % (weight percentage) and in the gasified biomass it is typically 
between 2000 ppm to 6000 ppm. Numerous studies show that nitrogen bearing 
compounds produce NOx, An important finding is the existence of a minimum pollutant 
yield of NO that occurred at approximately φ11=1,4 , Eberius et al [1989]. The fuel NOx 
mechanism will be discussed in detail in section 5.4  
 

                                                 
11

 It is defined as the inverse of the λ value i.e. fuel / air ratio under stoichiometric conditions divided by the 
fuel/ air ratio under actual conditions.  
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4.3 Control of NOx emissions  

4.3.1   Secondary Measures 

These measurements intend to remove pollutants that are formed in the combustion 
chamber. They are implemented downstream the combustion chamber. 
  
 Selective Non-Catalytic Reduction (SNCR) 

In case of SNCR, a reducing agent (urea or ammonia) is injected into the flue gases 
stream at a suitable temperature (900°C -1000°C). The nitrogen oxides react with the 
injected ammonia (or urea) reaching a reduction of approx. 30-50% in NOx formation. 
Higher temperature would result in decomposition of the reducing agent; hence a 
decrease in NOx removal occurs. At lower temperature the rate of NOx removal will 
decrease and ammonia or urea will remain in the flue gas stream. Equations 12 to 15 are 
the most common pathways acknowledged for NOx depletion in presence of ammonia. In 
case of using urea (NH2-CO-NH2), considered as ammonia storage compound, it is 
established that urea is decomposed into ammonia, which acts as reducing agent. The 
decomposition of urea into ammonia can be summarized into two steps: Thermolysis 
reaction (equation 16) where urea decomposes into ammonia and isocyanic acid (HNCO), 
and the hydrolysis reaction (equation 17) in which isocyanic acid reacts with water to form 
CO2 and ammonia. The isocycnic acid decomposition occurs relatively fast; therefore the 
use of urea instead of ammonia does not reduce the performance in the NSCR approach. 
Equation 18 is generally accepted as the general reaction when urea is used as reducing 
agent.   
 
Ammonia reaction 
 
4NH3 + 4NO + O2 → 4N2 + 6H2O    (12) 
4NH3 + 2NO2 + O2 → 3N2 + 6H2O    (13) 
2NH3 + NO + NO2 → 2N2 + 3H2O    (14) 
8NH3 + 6NO2 → 7N2 + 12H2O     (15)     
 

Urea reaction to ammonia 
 
NH2-CO-NH2→NH3 + HNCO     (16) 
HNCO + H2O → NH3 + CO2     (17) 
 
Overall reaction urea-NO  
 
2 NH2-CO-NH2 + 4 NO + O2 → 4 N2 + 4 H2O + 2 CO2  (18) 
  

 
 Selective Catalytic Reduction (SCR) 

In SCR ammonia or urea are also injected into flue gases, this it is done when the flue 
gases are passing through a catalytic bed where NOx reacts to form N2 and water vapour. 
There are many catalyst designed for SCR processes (mainly vanadium and zeolite based 
catalyst) and they are used to facilitate the reduction reactions mentioned previously 
(equations 12 to 15). They reduce the temperature of operation and increase conversion 
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yield. The temperature window for this operation is between 285°C and 400°C. Using this 
system it is possible to reach concentrations of NOx as low as 10 ppm. In comparison to 
SNCR, SCR requires 4 times less reducing agent to reach the same NOx reduction levels. 
The cost of this technology is high, and it requires storage and handling of corrosive liquids 
(ammonia). SCR is suitable for large-scale applications. The reactions are basically the 
same to the ones discussed above, as well as the utilization of ammonia or urea.   
 
 Nitrogen Oxide Decomposition (Catalytic Absorption-SCONOx)  

It is an absorption process occurring in two main steps: First NO and CO are oxidized over 
a catalyst to NO2 and CO2 (equations 19 and 20). NO2 is adsorbed onto the KCO3 surface 
forming KNO2 (potassium nitrites) and KNO3 (potassium nitrates) then CO2 is exhausted 
(equation 21). In a second step diluted hydrogen is injected over the surface of the 
adsorbent in order to regenerate the catalyst; the nitrate species (KNO3 and KNO2) are 
decomposed into N2 and water while the N2O-adsorbing specie, KCO3, is regenerated 
(equation 22). It is possible to produce diluted hydrogen by methane reforming by particly 
oxidize it and use a water shift reaction (equations 23 and 24). This technology can reach 
up to 2ppm of NOx emissions [Thevenin, 2002]. 
 
Oxidation and absorption step 
CO + 1/2O2 → CO2       (19) 
NO + 1/2O2 → NO2       (20) 
2NO2 + K2CO3 → CO2 + KNO3 + KNO2    (21) 

 
Regeneration step 
KNO3 + KNO2 + 4H2 + CO2 → K2CO3 + 4 H2 O + N2 (22) 

 
Production of regeneration gas 
CH4 + 1/2O2 + 1.88N2 → CO + 2H2 + 1.88N2  (23) 

CO + 2H2 + H2O + 1.88N2 → CO2 + 3H2 + 1.88N2  (24) 
 
 
 
4.3.2   Primary Measures    

The aim of primary measures is to avoid the formation of pollutants, in this case NOx. The 
primary measures are focused on controlling factors that affect the combustion chemistry 
itself. The primary measures can be “wet” or “dry” technologies.  
 
 
 “Wet” Technologies 

In order to reduce thermal NOx formation, it is necessary to dilute the combustible mixture 
to reduce the temperature. In “wet” technologies water or steam is injected into the 
combustion chamber for this purpose. Water (steam) is injected in parallel with the fuel 
that mixes in the flame with combustion products, lowering the temperature and reducing 
the thermal gradients; hence, avoiding thermal NOx formation. The ratio water/ steam – 
fuel ratio is used to control the performance of wet techniques. The higher water/steam – 
fuel ratio used, the lower the NOx emissions. However, CO and unburned hydrocarbons 
emissions increase, and the combustion stability and turbine efficiency decrease. Other 
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important drawbacks are the requirement of clean water availability and the increase of 
turbine maintenance. 
 
 “Dry” technologies 

The term “Dry” technologies refer to the fact that no water is used to lower the NOx 
emissions. “Dry” low NOx technologies (DLN) encompass: Lean combustion, Reduced 
combustion residence time, Lean Premixed combustion, Rich/Quench/Lean Combustion, 
and Catalytic Combustion Systems. 
 
 Lean Premixed Combustors (LPC)   

The basic idea is to dilute the combustion gases with atmospheric air to reduce 
combustion temperatures. In this case air is mixed with fuel to generate fuel lean 
conditions. The excess of air reduces the flame temperature; hence, the thermal NOx 
emissions diminish. 
 
In practice keeping fuel lean condition under the operative range of the turbine can be 
complicated. If the turbine is already near to the flammability limits at full load operation, 
the risk of instabilities and blow out of the flame are greater at partial loads. In Figure 4-2 it 
is shown the relation between the λ value, combustion efficiency and gas turbine load (that 
is related to the combustion intensity) for two systems: (a) combustion system with low 
(average) λ value in the stabilization zone that is related to combustion systems diffusion 
and (b) a combustion system with high (average) λ value in the stabilization zone, which is 
related to pre-mix combustion systems. 
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Figure 4-2: Stable operational range in gas turbine combustors. (a) Diffusion 
combustor (b) pre-mix  combustor.    

 
In the first case (a) the design point (1) is rich enough to allow reducing fuel injection and 
warranty a relatively wide operational range (stable operation zone) at partial load 
operation before reaching the unstable combustion zone (2). Beyond this point the 
operation becomes unstable until blow out of the flame (3). The combustion efficiency in 
the same case (a) reduces gradually from maximum efficiency at the design point at 
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maximum load (A) to the inferior limit of the stable combustion (B) until reaching blow out 
conditions (C).  
 
In the case (b) corresponding to high average λ in the stabilization zone, related to pre-mix 
combustion approach, The design point (1) is leaner than the previous case, this fact 
allows very little reduction of fuel before reaching the unstable operation zone (2), to finally 
reach the blown out zone (3). As in the previous case the combustion efficiency decreases 
when the load is reduced.  
 
It is important to notice that the stable operational ranges (λDesign to λStable Comb; ηStable Comb 
to ηMax_Comb and from point 1 to point 2) are narrower in the case (b) than in case (a). It is 
also important to notice that once reached the unstable region the flame in the combustion 
chamber can large instabilities (thermo-acoustic phenomenon). In this sense Figure 4-2 
shows how promptly this unstable zone is reached at a determined partial load; but not 
how large the unstable operation zone is; this last zone has only a theoretical meaning.           
 
In order to avoid reaching the unstable operation zone some of the fuel or air must be 
diverged to create localized favourable (stable) combustion conditions. This is called 
staged combustion, and it can be used to deal with this problem. Staged combustion can 
be radial or axial. 
 
An example of radial or parallel combustion is the use of pilot flames, and reducing or 
eliminating fuel from some injectors. In axial staging the fuel might be injected at two 
points along the stream flow of the combustion chamber. It is possible to maintain the 
flame temperature low under the operative range through these approaches; however, the 
control system required adds complexity and cost to the system. 
 

 

Figure 4-3 :Variable geometry combustor K-ONE developed by GE  
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 Variable geometry  

In combustion systems, variable geometry devices can achieve staged combustion. 
Variable geometry includes adjustable burners able to generate optimum local fuel ratios 
in the combustion chamber through all the operation range. Figure 4-3 shows a combustor 
with variable geometry developed by GE. A movable cylinder with slots on the periphery 
modulates the air entrance to the combustion zone. The air reduction allows maintaining a 
stable average λ value under wide operation range. Rökke et al [2003] compared the 
variable geometry approach as a staged combustor system with infinite number of stages. 
Figure 4-4 shows a comparison between 3-staged combustion and a variable geometry 
combustor and how the equivalence ration (inverse of λ value) as function of load. The 
highest the load the lower the average equivalence ratio (dashed line), hence more stable 
combustion; the saw tooth line is produced by selectively switching off burners in the gas 
turbine combustor and redirecting fuel to the ones still operational and therefore modifying 
local air/fuel mixture concentration to more stable conditions. The drawback of this 
approach is the complexity, control issues, and cost of the system. 
 

 
Figure 4-4: Comparison of variable geometry and 3-staged combustion system; 

Rökke et al [2003]. 

 

 Lean Direct Injection (LDI)  

The objective is to reduce the mixing time in the combustion chamber and making it 
shorter that the chemical time scale, specifically in the Primary Zone where the 
combustion takes place. This will reduce the possibility of thermal NOx formation, namely 
a slow reaction at temperature below 1300°C. The flue gases would be cooled down in the 
dilution zone, quenching late slow reactions such as hydrocarbons and CO. This will lead 
to high level of emissions in these two species. Moreover, according to Richards et al 
[2001] the velocity in the diffuser might be as high as 75m/s to be effective, a situation that 
will produce an important pressure drop. 
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Figure 4-5: RQL combustion process (T inlet 300K, pressure 15 bar) Rökke et al 

[2003]  

 

 Rich/Quench/Lean Combustion (RQL) 

This strategy separates the combustion in two zones. (1)The fuel rich zone; where all the 
oxygen is consumed and (2) the fuel lean zone; where the remaining fuel is consumed. 
The objective is to stop the “slow reactions” by quenching them between the two stages. In 
Figure 4-5 the RQL aproach is illustrated. The fuel rich stage will produce large amount of 
unburned hydrocarbons, hydrogen and CO. In a second lean zone these species among 
other radicals would be burned under low and lean conditions. CO and hydrogen would 
replace the oxygen for NOx formation and eventually they can act as reducing agent for 
the NOx formed [Manual for Stationary Gas Turbines, 1999].  
 
 Catalytic Combustion 

Catalytic combustion requires a non-reacting third body involved in the combustion 
reactions. This third body or catalyst generally is a precious metal. The advantages of 
using catalytic combustion are that the lower temperature of the reaction avoids the 
formation of thermal NOx, and the extension of the flammability limits, which permits a 
stable operation in a wide range of load conditions. For these reasons catalytic combustion 
suits the requirements of gas turbines. However, there are some difficulties regarding, 
endurance, reaction stability, thermal chock resistance that have to be solved yet.     
 
Although this technology is reaching commercial stages working on natural gas, the use of 
LHV fuels such as gasified biomass still faces multiples difficulties; the problems of 
deactivation, thermal stresses and short lifetime (catalyst replacements) are not solved 
entirely. 
 
The use of natural gas conformed mainly by CH4 encounters difficulties to ignite the 
catalyst at the gas temperature delivered by the compressor; and usually requires 
additional devices to raise the temperature and initiate the catalytic reaction. 
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Solar turbines and RR Allison claims single digit emissions of NOx in laboratory 
experiments, and companies like Catalytica Energy Systems and Precision Combustion 
have developed prototypes.  
 
At commercial stage, Catalytica Energy Systems with their Xonon Technology claims 
reduced emission levels of NOx to 2,5 ppm on a modified Kawasaky GT working on 
natural gas. 
 
Regarding LHV fuels (gasified biomass, or coal gasification) no commercial product is 
been reported, although many research groups are actively working on the issue. 
    
 

4.4 Cost of NOx Control Alternatives 

According to the analysis done by ONSITE SYCOM Energy Corporation in 1999, the cost 
of different NOx control technologies varies regarding the range of power (Figure 4-6). For 
example, for a 5 MWel gas turbine, the implementation of DLN system would be 
economically the most attractive; although the NOx reduction levels are relatively low (25 
ppm).  In case of 25MWel unit, more techno-economical options are available. In this case 
the determining factor would be the maximum level of reduction in NOx emissions desired, 
and according to this study, catalytic combustion is the suitable technology reaching a 
level of NOx emissions as low as 3ppm in this range of power. The picture for the ranges 
of 150 MWel power is similar as in the case of 25 MWel. The SCONOx technology at the 
time of the study could reduce NOx emission down to 2 ppm alone. This result can also be 
obtained using a combination of different strategies. 
 
The catalytic combustion technology considered in the ONSITE SYCOM report was 
evaluated upon the supposition that all the potential NOx would be formed from the 
thermal NOx mechanism, neglecting the fuel NOx and prompt NOx mechanisms.  This 
supposition is correct, whenever fuels with low nitrogen containing compounds (Natural 
gas, Syngas, diesel) are used. When the fuel has important levels of nitrogen containing 
compounds (i.e. gasified coal and gasified biomass) the production of fuel NOx is 
important. This specific subject will be discussed further on. Although the ONSITE SYCOM 
study was done in 1999, the projection for NOx emission from catalytic combustion was 
correct. Catalytica Energy Systems claims to have reached NOx emission of 2,5 ppm 
using a catalytic combustor fired on Methane in a 1,5 MWel Kawasaki gas turbine.  
       
It is important to mention that the suitable option depends very much on the actual 
configuration of the power facility, the quality of the fuel used, the output range, and 
current environmental regulations12. 
 

                                                 
12

 In fact, it is highly probable that environmental regulations will eventually demand a single digit in NOx 
emission levels. 
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Figure 4-6: Cost of NOx control technologies. Cost to be added in US$ (1999) to 
each kWh produced due to the implementation of NOx control technology. 

[ONSITE,1999] 
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5 CATALYTIC COMBUSTION OF GASIFIED BIOMASS IN GAS TURBINE 

APPLICATIONS 

Catalytic Combustion for gas turbine application has attracted the interest of academy and 
the industry in the last 20 years. It has been appointed as one of the most promising 
technologies for emission reduction, technically only surpassed by SCONOx systems, 
although at significantly cost and complexity. 
 
Today the first commercial products are reaching the market, Catalytica Energy Systems, 
Precision Combustion Incorporated, Solar Turbines, Alstom, Kawasaki Heavy Industries, 
General Electric, are some of the companies that show interest in this technology. 
Simultaneously, many research groups are working actively in this field, and in most of the 
cases governmental organizations are involved in a close partnership and sponsoring 
catalytic combustion projects. Catalytic combustion has many potentialities; however, 
there are still problems to overcome to reach the status of reliable and flexible technology. 
 
 

5.1 State of the Art 

The idea of using catalytic combustion for gas turbine application was proposed in the 
decade of the 1970. The advantages that catalytic combustion might offer in gas turbine 
operation are important. They can be summarized as follows: 
 
 Stability of operation under a wide range of fuel lean conditions, avoiding complex 

and costly control systems. 
 Even the temperature distribution in the combustion chamber, consequently reduction 

of thermal NOx, and the lower thermal requirements for the combustion chamber. 
 Reduction of vibrations that increases structural safety of the engine. 
 Reduction of other pollutant species (CO, unburned hydrocarbons) without secondary 

measurements, avoiding extra hardware and costs. 
 
The first problem for applying catalytic combustion in gas turbine was the unavailability of 
high temperature materials; catalytic combustion supporting materials have to withstand 
temperatures at least 1000°C.  Catalytic combustion technologies moved forward with the 
advent of Hexaaluminates at the beginning of the decade of 1980. Hexaaluminates can 
withstand temperatures up to 1200°C without affecting dramatically its characteristics, 
Machida et al [1989]. Today the most suitable candidates for catalytic combustion are 
hexaaluminates and perovskites (hexaaluminates doped with metal oxides), although 
there are not catalysts capable to withstand the high temperature of the modern high 
efficient turbines (between 1400°C - 1500°C). In order to control the temperature and 
avoid damaging of the catalyst, it is of paramount importance to control the reaction rate 
(the chemical energy release ratio). 
 
Considering these constraints, the strategy often used is to combust partially the fuel in the 
catalyst (usually a metallic or ceramic honeycomb monolith) to avoid overheating of the 
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catalyst and supporting material. The complete combustion would be reached downstream 
of the catalyst in a homogeneous reaction zone. 
 
For fuel lean conditions a partially coated catalyst might be used, the objective is to “cool 
down” the coated section (where the reactions take place) with the same mixture passing 
in parallel through the uncoated (and un-reactive) part of the catalyst. This technique 
requires a fairly high heat conductivity of the supporting material. Other option is to use 
diffusion barriers to avoid the reactants and products leave/reach the active places, hence 
reducing the activity of the catalyst. It is possible also to dope the coating with an 
attenuating activity element (i.e. Barium) obtaining the desired reduced activity. 
 
For fuel rich conditions, the absence of the oxidant itself is a rate combustion-limiting factor 
used to control the temperature in the catalyst. The main problem with this concept is the 
requirement of oxidant injection that might produce auto-ignition (in zones close to the 
oxidant injection) that could damage the catalyst. 
 
Auto-ignition is a problem that is enhanced when the fuel and air mixing is poor. This might 
create zones of fuel richer concentrations that might undergo homogeneous reactions. 
Moreover, the catalyst requires an even mixture to operate to avoid hot regions that can 
damage the catalyst. It is generally accepted that the mixing evenness in the mixture prior 
to the catalysts must be less than ±5% (Jacoby, [2001]; Yong et al [1999]).   
        
The catalytic ignition temperature also represents a difficulty. The temperature delivered 
by the compressor is approximately between 250°C to 450°C. This temperature is too low 
to start the catalytic reactions when natural gas is used. In case of gasified biomass, the 
precedence of H2 and CO lower the ignition temperature and these mixtures are feasible to 
ignite at compressor exit temperature. 
 
A considerable effort is being done to find suitable catalysts with low lift-off temperature. In 
case of natural gas (mainly formed by CH4) this issue is particularly crucial due to the fact 
that CH4 is a very stable molecule and it has shown to be difficult to catalytically react at 
compressor exit temperatures. Therefore, the use of pre-heaters/burners prior to the 
catalytic section is common in the catalytic systems working on Natural Gas and lean 
conditions. In case of rich conditions the situation is more favourable since it is possible to 
regulate the oxidant concentration, which acts as controlling factor for the reaction rate 
(kinetic phenomena controls the reaction rate). According to Lance et al [2003] suitable 
catalysts for fuel rich conditions are being used with an acceptable grade of success.  
 
Table 5-1 shows projects related to Catalytic Combustion for gas turbine applications. 
More investigations concerning Catalytic Combustion for gas turbine applications are 
being done in the private sector, however their results are not available. The reference 
parameters suitable for gas turbine combustor are shown in Table 5-2, the inlet 
temperature is the discharge compressor temperature expected from single Joule-Bryton 
cycle with a working pressure range between 10 to 30 bar. It is at this inlet temperature 
level that the catalytic combustor should be optimized. The temperature discharge from 
the catalyst should correspond to the turbine inlet temperature (TIT). The TIT range 
temperature depends on the cooling strategy of the first expansion stages in the turbine 

and could vary from 1000 to 1200 C, if no cooling is used, the maximum TIT can be 
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considered as the maximum material temperature which is in the range of 850C. The 
pressure drop allowed in gas turbines should be lower than 5% to have good cycle 
efficiency. Concerning the mass flow, 100 to 200kg/s corresponds to medium size gas 
turbines, and the residence time is intended to avoid excessive combustor size. In the 
case of the lifetime, 8000 operating hours are roughly one year of operation and 
conversion efficiency should be higher than 98%. Finally, combustion intensity (CI) is a 
measure that relates the gas turbine firing power related to volume and pressure. CI for 
industrial gas turbines is in the order of 5 to 8x10 3 kW m-3bar-1. These values must be 
taken as referential 
 
 
 

Table 5-1: Catalytic combustion projects for gas turbine applications  

Projects Participants Technical information Observations 

Preeliminary study 
on Catalytic 
Combustion Concept 
as Applied to Aircraft 
Gas Turbines 
 

USAF Aero 
propulsion 
laboratory 
Write Patterson 
Air force base 
Ohio/ Enelhard 
Industries 
 

Fully catalytic reactor operated on JP-
4/ Flash back phenomena reported / 
1% pressure drop / 100% efficiency 
4-11 atm test @ 370 C inlet temp  / Φ 
≈ 0,45 / Exit temp 1100 C/ Metallic 
support catalyst / 14-22 m/s linear 
velocity 

NOx< 2ppm 
Conversion is very 
sensitive to inlet 
temperature 

Lean Burn Catalytic 
Combustion in Gas 
Turbine 
 

Shanghai Jiao 
Tong University 
/ Chinese 
Academy of 
Science 
 

Catalytic Combustion System coupled 
to a start burner and heat recuperator. 
Fuel Injection in The compressor 
stage. Start fuel injection in the start 
burner. 

Lean Methane 
Mixtures, Low TIT 
cycle, Perovskite 
Catalyst.  

General Electric General Electric 
Catalytica  

Hybrid Combustor / Post Reactor 
Homogeneous Zone 
Engine: GE9001E / 10,4 MWel 
/MultiCan Combustor 
Fuel Lean conditions /Preburner 
 

Emission out of the 
expected range 
Natural Gas 

US DOE-ATS 
(Advance Turbine 
Systems) Program 

Solar Turbines 
Siemens-
Westinghouse 

Hybrid Combustor Full Scale 
Engine: Solar Mercury 50 / Multican 
combustor 
Recuperative Turbine/  
Fuel Rich conditions/ No pre-burner 
 

Total Efficiency 40% / 
NOx < 5 ppm 
Natural Gas 
Pd base catalyst 
On going 
 

AGATA (Advance 
Gas Turbine for 
Automobiles) 

European 
Research 
Project 

Hybrid vehicle / Fully catalytic  
Engine: 60kW 
Development of Ceramic 
Components 
Catalytic Combustor/ Radial Turbine 
weel, Static Heat Exchanger 
 

NOx < 4 ppm 
Diesel/methanol 
Low levels CO and 
UHC 
Use of 
Hexaaluminates  
Finished 

ULECAT(Ultra Low 
Emission Catalytic 
Combustor) 

European 
Research 
Project 

Development of Catalytic Combustor 
for 1-5 MW gas Turbines 
Fully Catalityc / outlet temp 1000 C  
LaMnHA (Ignition Temp > 510 C ) 
PdLaMnHA (Ignition Temp 210 C) 
 

Gasified Biomass 
High level of fuel NOx 
emissions 
CO < 10 ppm 
Finished 
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Projects Participants Technical information Observations 

    
CATHLEAN 
(Catalytic Lean 
Premixed Burner for 
Gas Turbine) 
 

European 
Research 
Project 

Hybrid Combustor / Lean Premix  
From 1MW to 200MW 

Low Risk Technology 
On going 

CCT (Catalytic 
Combustion 
Technology) 

Sweden  
Royal Institute 
of Technology 
KTH-Sweden 
KoV–KET 
cooperation  

High Pressure Test Facility (35 bar / 
100 kW) 
Low Pressure Test Facility (4 bar / 
500 kW) 
Collecting Design Data 
 
 

Research in Gasified 
Biomass 
Natural Gas 
NOx fuel reduction 

Commercially 
Available XONON 

Catalytica 
Kawasaki 

1,5 kW  
Fuel lean conditions 
Natural gas 
 

NOx < 3 ppm  
CO and UHC < 6ppm 
One year of operation 

10 MW Catalytic 
combustion gas 
turbine  

GE O&G Nuovo 
Pignone 

30MW 
Natural gas on single silo burner 
Pre-burners with double catalyst and 
Burn off section  

NOx < 10 ppm 
50-100% load range 
(8000 operational 
hours difficult to 
reach) 
 

Catacel Consortium CATHLEAN 
spin-off 

Metalic based support/ Catalytic foiled 
reactors  

Different patents on 
Catalytic combustors 

 
 

Table 5-2: Designing parameters for catalytic combustion chamber for gas turbine 
applications (Kolaczkowski, [1995]; Forzatti et al [1999]; Peters et al [1990]) 

 

Parameter Description 

Inlet Temperature 280 to 480C  

Outlet Temperature 1000 to 1200C 

Operating pressure  10 to 30 bar 

Pressure droop < 5 % 

Mass flow 100 to 200 kg/s 

Residence time 10 to 30 ms 

Catalyst lifetime > 8000 hours 

Efficiency > 98% 

Combustion intensity CI*13 > 2x10 3 kW m-3bar-1  

 

                                                 
13

 *Combustion Intensity is: 

. pressurevolumecombustor

ratereleaseHeat
CI




_

__

 
 CI is calculated for stationary applications, for mobile applications this value increases in one order of magnitude 
[Kolaczkowski, 1995]. 
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5.2  Gasified Biomass in Gas Turbine Application 

Gasified biomass has special characteristics, which implies both advantages and 
disadvantages concerning catalytic combustion for gas turbines, as disadvantages we can 
mention: 
 
 The variable mixture of different gases affects the thermo chemical characteristics of 

the reaction (i.e. deflagration limits, flame velocity, heating value, auto-ignition). 
 It contains substances that can deactivate the catalysts (sulphuric and phosphoric 

substances, alkali and heavy metals among others). 
 It has low energy concentration, meaning that large amount of gases has to be 

handled in the catalytic combustor. This represents an additional problem for 
matching compressor and turbine in case of multi-fuel purposes (risk of compressor 
surge). 

 It contents pollutant precursors that are converted in the catalysts to harmful 
substances (i.e. ammonia and HCN are transformed into NOx)  

 
The advantages of using gasified biomass are the following: 
 
 Hydrogen presences in the mixture of gases facilitate the ignition of the catalyst at 

low temperatures. This makes unnecessary to preheat the mixture prior the 
combustion chamber. It has been reported that ignition can occur at as low as 210°C 
on palladium-based catalyst [Jacoby, 2001].          

 It opens the possibility of using high-pressure gasification technologies. This would 
bring the further advantage of integrated gasification systems and gas turbines 
cycles.   

 Carcinogenic substances (i.e. cyclic hydrocarbons, tar) can be catalytically 
decomposed, without post-combustion treatment systems. 
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5.3 Catalytic Combustor Types 

The configuration of the catalytic combustion can be generally classified into two 
categories: Fully catalytic combustor and partial catalytic combustor or hybrid system. 
Figure 5-1 
 
5.3.1   Fully Catalytic Combustor 

The idea of fully catalytic combustor was proposed by Sadamory et al [1995]. It consists of 
obtaining the full chemical conversion of the fuel within the catalyst sections. This 
approach would require catalysts with different operating conditions along the combustion 
chamber. Unfortunately fully catalytic combustion approach has a limitation. It can only 
deliver combustion gases up to 1100°C due the materials temperature resistance, 
Johansson et al [1998]. This approach may thus be suitable for reaching low emissions in 
turbines were the turbine inlet temperature (TIT) is below 1100°C. In theory, all the 
reactions have to occur in the surface of the catalyst; however, there is evidence, Barbato 
et al [2013], that intermediate species “escape” from the active sites on the catalyst to 
further react in gas phase. This would be matter of further investigations. 
 
 
5.3.2   Partial Catalytic Combustor/Hybrid system 

The hybrid systems design response to the necessity of higher TIT. Usually it consists of 
the use of a homogeneous post catalytic combustion zone were the desired temperature is 
reached. There are different strategies to materialize this goal.  
  
 Partially coated catalyst  

The use of partially coated catalyst allows part of the air-fuel mixture to pass through the 
catalysts without reaction. This un-reacted fraction of the air-fuel mixture is burned out 
downstream the catalytic section in a “homogeneous” reaction zone. It is in this zone 
where the gas temperature is increased to the designed temperature for the turbine 
(1300°C -1400°C). The fraction of the air-fuel mixture that travels through the catalyst 
without reaction cools down the reactive part of the catalyst keeping the temperature in the 
catalyst below 900°C. It is common to use a monolith (metallic or ceramic) with alternate 
coated channels. The reactions take place on the coated channels, while the flow (air-fuel 
mixture) in the un-coated channels cools down the monolith. 
      
 Segmented Fuel Injection  

Segmented fuel injection consists in the use of a lean mixture as input of the catalyst. The 
mixture is below the flammability limits that reduce the maximum temperature reachable 
preventing catalyst overheating. The fuel (or air-fuel mixture) is injected downstream the 
catalyst into a zone where homogeneous reaction would occur, in which the temperature 
reaches approximately 1400°C. Although this approach has proven to be viable, Furuya et 
al [1995], reaching a homogeneous mixing in the post catalytic section can be difficult to 
achieve.  
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 Segmented Air Injection 

Segment air injection consists in the use of rich mixture as input to the catalyst. The 
reaction is limited then by the oxidant availability. The problem with this technique is the 
gradient of fuel concentrations close to the oxidant injection region that would be created 
downstream of the catalyst that might produce stoichiometric reaction and NOx production.  
 
This approach was tried by Brabbs et al [1993]. Brabbs used kerosene and λ=0,13 to 0,2 
in the catalytic zone and air is injected into the homogeneous zone downstream the 
catalyst. Lance et al [2003] also used this technique to reduce the NOx emissions to 2 
ppm and CO emission from 9 ppm to 2 ppm in a range between 57% to 100% load 
conditions. This was performed in a Saturn engine from Solar Turbines.    
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Figure 5-1: Catalytic combustion approaches 
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5.4 Fuel-NOx Problem 

The amount of nitrogen containing compound in gasified biomass is typically between 
2000 ppm to 6000 ppm. Using conventional burners, the conversion of fuel-bound nitrogen 
to NOx is nearly independent of the identity of the original compound. But it is strongly 
dependent on the local combustion environment (temperature and stoichiometry) and the 
initial level of nitrogen compound in the air fuel mixture, Miller et al [1989]. Eberius et al 
[1987] used CH3-NH2 (methylamine) to simulate fuel nitrogen in combustion. Under fuel 
lean conditions about 2/3 of the fuel nitrogen was oxidized to NO while the rest was 
converted to N2. Under fuel rich conditions the amount of NO decreased, however the 
formed products like HCN and ammonia where further oxidized to NO once they were 
released. New strategies for gas phase reaction of fuel nitrogen are being developed. 
Witton et al [2003] reported that the conversion of fuel nitrogen to NOx could be as low as 
20% on conventional flame burner under controlled conditions. Nevertheless, it is highly 
probable that the level of NOx emission still remain above current and future regulations.  
 
Data suggest that the nitrogen containing compounds are thermally decomposed into HCN 
and ammonia and traces of low molecular weight nitrogen containing compounds, Miller et 
al [1989].  Apparently HCN is produced when the original nitrogenated molecule is an 
aromatic ring, while ammonia is produced from amines. According to Warnatz et al [1999] 
the thermal decomposition of nitrogen-containing compounds into HCN and ammonia is 
fast enough to be rate limiting, in contrast, the limiting steps would be further reaction of 
nitrogen atoms. 
 
In case of gasified biomass ammonia is generally accepted as main component of the fuel-
bound nitrogen, and in minor quantity HCN (i.e. traces of NH, NH2, and CN)14. When 
catalytic combustion is used the highly active catalyst, as well as the high temperature 
stable catalyst favor the conversion of ammonia to NOx.  According to Forzatti et al [1999] 
the high temperature resistant catalyst (Hexaaluminate based catalyst) could convert fuel 
bound nitrogen compounds to NOx actively. Jacoby [2001] also reported high fuel NOx 
levels in experiments performed up to 90% of conversion over several catalytic 
configurations.   
 
Different measures have been suggested to circumvent fuel NOx formation in catalytic 
combustion of gasified biomass: 
 
 Andrae et al [2003] investigated the possibility to use partially coated monoliths with 

Pt based catalyst (active/passive channel approach). This would limit the reaction 
rate preventing catalyst overheating. Moreover, after the monolith, the un-reacted and 
partially reacted streams are mixed. Then the NOx formed in the active channels 
could be reduced (SNCR) in principle with the ammonia from the un-reacted stream. 
According to Andrae’s results, under fuel lean conditions, the potential for SNCR of 
NOx reach 6% of fuel NOx reduction. On the contrary, under fuel rich conditions, the 
potential of SNCR of fuel-NOx could be as high as 95%. The problem in fuel lean 
conditions arises due to the presence of H2, CO and CH4 in the fuel which reduce the 

                                                 
14

 In biomass gasification process larger nitrogen containing compounds undergo thermal (catalytic if it is the 
case) decomposition, resulting low molecular weight nitrogen compounds or radicals.  
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optimum temperature for SNCR, while the same components chemically react and 
increase the temperature of the gases. 
 

 Johansson et al [1998] proposed that under certain conditions (fuel lean conditions, 
specific temperature range) the conversion of the components of the air fuel mixture 
is low and the conversion of the ammonia to NOx is high, the formed NOx could react 
with the remaining fuel components forming N2. In the experiments performed on 
different catalysts the minimum conversion of ammonia (fuel-bound nitrogen) to NOx 
was 11% (obtained on LaNiO3/LaO3.11Al2O3/mullite). However in case of Pt/Al2O3 
based catalyst the conversion of ammonia to NOx was 95%. This strategy depends 
on the control of multiples parameters which would mean the loss of flexibility in the 
combustion process. 
 

 Selective catalytic oxidation (SCO) of ammonia has been proposed by different 
authors (Johansson et al [1999]; Kilpinen et al [1992]; Leppälahti et al [1997]; 
Leppälahtiet al, [1998]). The idea is to decompose ammonia to N2 prior to the 
combustion chamber using non-noble catalytic surfaces. In the description of this 
technique done by Coda Zabetta et al [2000] the use of additives to enhance the 
oxidation of ammonia to N2 it is mentioned. However; the tendency is to try to avoid 
further complication in the system. This is the approach taken in this study and will be 
discussed in further chapter in more detail. 

 
 
5.4.1   Selective Catalytic Oxidation (SCO) of NH3  

 
As was mentioned above, the use of highly oxidizing catalyst favors fuel NOx production 
through the following reaction:  
   
4NH3 + 5O2 → 4NO+6H2O     (25) 

 
SCO of ammonia would favor the following reaction: 
 
4NH3 + 3O2 → 2N2+6H2O     (26) 

 
The SCO method suits best for segmented fuel or air injection. Johansson [1999] 
proposed that the first segment in the combustion chamber could be a catalyst able to 
convert mainly ammonia to nitrogen and simultaneously have low activity converting other 
fuel components (mainly CO, H2, and CH4). 
 
 
5.4.2   SCO of Ammonia Mechanism 

The selective catalytic oxidation of ammonia mechanism is still uncertain, Darvell et al 
[2003]. However three mechanisms have been suggested: 
 
The first mechanism postulates a complete heterogeneous reaction (surface reaction) and 
it was suggested for some metal oxides catalyst such as CuO/TiO and Fe2O3/TiO, Amores 
et al [1997]; Ramis et al [1996]. It could follow the next reaction path: 
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NH3 (g

15) → NH3 (ads)       (27) 
NH3 (ads) → NH2 (ads) + H+ + e-     (28) 
NH2 (ads) →N2H4 (ads)        (29) 
N2H4 (ads) → N2 (g) + 4H++ 4 e-      (30) 

 
The adsorbed ammonia (NH3 (ads)) is transformed into amide (NH2), then on the surface 
of the catalyst it reacts to hydrazine (N2H4 (ads)) as intermediate. Later hydrazine would 
react to molecular nitrogen. The electronic production would reduce the metallic 
components of the catalyst. The metal will be re-oxidized by oxygen. 
 
The second mechanism postulates homogeneous and heterogonous reactions and is 
called in-situ selective catalytic reduction (iSCR). The mechanism is described as two-
stage mechanism: 
 
NH3 (g)+ 2,5O2 (g) →NH3 (ads)+NO (g)+1,5H2O (g)  (31) 
4NH3 (ads) +6NO (g) → 5N2(g)+6H2O (g)    (32) 

 
In the first stage partial oxidation of ammonia in homogeneous (gas phase) or 
heterogeneous (adsorbed) reaction occurs to form NO or other nitrogen oxide. In the 
second stage or SCR, NO from the bulk gases reacts with the adsorbed ammonia, the 
result is molecular nitrogen and water. According to Burch et al [2000b] ammonia oxidation 
is the limiting reaction, and in the opinion of Long et al [2002] NO is formed mainly from 
NH3 in gas phase. This would mean that with higher ammonia adsorption less NO is 
formed from ammonia in gas phase. The NO formed would undergo iSCR with the 
ammonia adsorbed on the catalyst surface.  
 
The third mechanism is based on the iSCR; however, it considers the influence of other 
gas components in the mixture (i.e. CO, H2). According to Burch et al [2001] the 
modification to the iSCR would be as following. 
 
4NH3 + 5O2→ 4NO+ 6H2O      (33) 
2NO+2CO → N2+2CO2       (34) 
2NO+2H2→ N2+2H2O       (35) 

 
Here ammonia is oxidized to NO (or other nitrogen oxide specie). Later the formed 
nitrogen oxide species reacts with reductive fuel components (i.e. CO and H2). To favour 
these reactions a large excess of CO and H2 in the fuel (fuel rich conditions) is required. 
 
 

5.5 Research Needed 

Traditionally, most of the Catalytic Combustion researches are focused on Natural Gas 
utilization, while LHV fuels such as gasified biomass have received relatively low attention. 
The question if it is possible to burn catalytically LHV fuels has been answered 
affirmatively; however, until what extend it is feasible to catalytically burn LHV fuels is a 

                                                 
15

 (g) Stands for gas phase component while (ads) stands for adsorbed component onto the active site  
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subject relatively untreated, and there are no tests reported on mixture of different 
components under fuel lean conditions in the open literature, neither on the behaviour of 
combustion catalysts (for example, ignition temperature, and performance) under gas 
turbine combustor conditions. 
 
Furthermore, the vast majority of catalytic combustion data, when it is available, is under 
atmospheric conditions while in case of gas turbine application combustion occurs at 
pressurized conditions. Moreover, how does pressure affects the catalyst performance is 
still an open question. Therefore obtaining such data at pressurized conditions is important 
for defining design parameters, and for validating computer models that eventually will 
allow more accurate simulations. 
 
Another important issue that is hardly reported in the open literature is the problems 
associated to the utilization of catalyst under different flow conditions. It is of crucial 
importance to build up “hands on” experience to advance in catalytic combustion utilization 
in gas turbine applications. Other equally important aspect to realize this technology is to 
find a compromise between the demands of gas turbine combustor (size, flow, 
temperature, pressure) and the requirement for acceptable operating conditions of the 
combustion catalyst.  
 
Regarding fuel-NOx, it has been reported conversion efficiencies up to 76% using 
Fe/Al2O3 catalyst under fuel lean conditions; however, the reported testing conditions 
differs from the average conditions in gas turbine combustors. It might be important to 
know if this percentage is maintained under more real conditions, or if there are other 
solutions that can be applied to reduce fuel NOx formation. Literature survey suggests the 
utilization of additives, or pre-treatment of fuel prior to the combustion chamber. The 
question if those methods can be applicable again has not been clarified yet.   
 
In order to investigate the mentioned issues it is important to perform experiments due to 
the unavailability of a solid theoretical background for catalytic combustion. Catalyst that 
differs only in fabrication method can have a different behavior under similar testing 
conditions despite of the fact that other manufacturing parameters are kept constant (for 
example; active substance, substrate, physical dimensions). Fortunately, there are 
adequate test facilities that can be used for experimental investigation. These test facilities 
namely; the high pressure test facility, the pilot scale test facility, and the laboratory scale 
test facility are described in chapter 6, while in chapter 7 the experimental results and the 
corresponding discussions are presented.  
 
 

5.6 Research Approach  

Under the scope of the Catalytic Combustion Project that is encompassed in this study an 
extensive investigation to find suitable catalyst for SCO of ammonia was performed; it was 
also performed a stability combustion test under pressurized conditions using novel bi-
metallic catalyst and unique facilities that will be described in the next chapter. Finally a 
preliminary test of partial oxidative catalyst using Methane was performed (to produce 
Syn-gas) under fuel rich conditions.       
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Regarding the SCO of ammonia, six catalysts were selected for detailed experimental 
investigation (Table 5-3) from a number of pre-selected ones. The total list of screened 
catalyst can be found in Table 5-4. 
The selected catalysts were tested under fuel-rich and fuel-lean conditions at atmospheric 
pressure at the lab scale test facility. Under fuel lean conditions the 5% Fe/ Al2O3 showed 
the best performance reaching up to 76% of conversion of ammonia to nitrogen in a 
temperature window 350°C to 380°C. A shift in the conversion above 380°C towards NO 
formation was as well observed. Moreover, the activity of this catalyst decreases 
importantly when water is added favouring NO production. In fuel rich condition the 
catalyst that performed better reached a conversion of ammonia to nitrogen up to 80% at a 
temperature 416°C showing a conversion plateau between 380°C to 480°C. When water 
was added, the conversion dropped to 65% showing high stability between 380°C to 
480°C. Detailed information on this work can be found on Kûsar [2003]. 
 

 Table 5-3: Selected catalysts for SCO of ammonia 

Catalyst Prepared from 
substance 

Based on reference 

5% Fe/ Al2O3 Fe (NO3)3.9H2O
* [Amblard et al, 999] 

5% Mn/ Al2O3 Mn (NO3)2.4H2O
**  

   
20%CuO/Al2O3 Cu (NO3)2.3H2O

* [Burch et al, 2000a] 
1%Pt/20%CuO/Al2O3 Pt (NH3)4(OH)2

x,**  
   
2% Rh /Al2O3 Rh(NO3)3

** 
[Burch et al, 2000c] 

   
Fe-SH-27 Directly from manufacturer*** [Long et al, 2001a] 

   
x Copper nitrate used as above  
*Supplied by Riedel-de Haën AG 
** Supplied by Alfa-Aesar Johnson Matthey GmBH 
***Supplied by Alsi-Penta Zeolithe GmBH  

 
Notes on SCO of ammonia for Rich Fuel Conditions  
 
Under the catalyst screening study for this test several catalyst showed good performance 
in fuel rich conditions, transition metals like Ni, Cu, Mg and precious metals Pt, Ru have 
good performance [Vosecky;2003]. Nassos [2007] studied SCO of NH3 under rich 
conditions on Ni and Ceria based catalyst using a special micro-emulsion technique for 
catalyst manufacturing, and reported conversion to N2 between 41% and 61% using 5 wt 
% and 10 wt % active material loading at 520ºC in fuel rich regime and performed up to 
97% and 98% conversion of NH3 to N2 at 750ºC. Nassos proposed a pre-treatment of fuel 
before utilization; however, this might require injection of oxidant (air) to the fuel stream 
that activates rich burning condition. An easier approach could be to manage the air 
injection directly in the combustion chamber. An easy access to the combustor for such 
modification would be necessary. Both can-type and silo-type combustors would the most 
suitable candidates for this approach. Resistance to water is also of concern and there are 
indications that water reduces the catalyst electivity on both fuel lean and rich conditions 
being the latter the less sensitive.  
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Table 5-4: Screening catalyst for SCO of Ammonia to Nitrogen [Kûsar, 2003] . 

Catalyst Composition Composition of testing gas Conditions Temp. 
[˚C] 

N2 Yield Remarks Reference 

H3PW12O40 1050 ppm NH3, 0,5% O2, 6% CO, 4% H2 GHSV=250 000 h
-1
 600 85 Tested with rich mixture [Burch & 

Southward, 1999] 
1%Pt20%CuO/Al2O3 

 
1000 ppm NH3, 2,1% O2, 1,02% CO, 0,68% H2 

1000 ppm NH3, 9,3% O2, 5,1% CO, 3,4% H2 
GHSV=240 000 h

-1
 200 

200 
94 
15 

Lean/ rich switches tested [Burch & 
Southward, 2000a] 

1%Pt20%CuO/Al2O3 

1%Pt20%BaO/Al2O3 
1000 ppm NH3, 2,05% O2, 1,02% CO, 0,68% H2 GHSV=240 000 h

-1
 200 

200 
95 
87 

Lean/ rich switches tested [Burch & 
Southward, 2000b] 

2%Rh/Al2O3 1000 ppm NH3, 18% O2 

1000 ppm NH3, 0,275% O2, 1,02% CO, 0,68% H2 
GHSV=240 000 h

-1
 375 

625 
63 

≈100 
Second test under rich 
conditions 

[Burch & 
Southward, 2000c] 

5%Ni/Al2O3 
5%Mn/Al2O3 
5%Fe/Al2O3 

1000 ppm NH3, 18% O2 GHSV=61 000 h
-1
 550 

300 
500 

90 
98 
94 

 [Amblard,., 1999] 

10%Ag/Al2O3 1000 ppm NH3, 10% O2 100cm
3
/min, 0,1gc 160 82  [Gang,., 2003] 

10%Fe2O3/TiO2(SO
2
 4) 1000 ppm NH3, 2% O2 GHSV=200 000 h

-1
 450 94 N2 yield decreases slightly in the 

presence of water 
[Long & Yang. 
2002] 

21%MoO3/SiO2 
Bi-doped16%MoO3/SiO2 

960 ppm NH3, 9000ppm O2, 1500 ppm Ar 120cm
3
/min, 0,13gc 500 

400 
90 

≈100 
N2 selectivity decreases with 
decreasing ammonia conc., 
water strongly reduces reactivity 
of catalyst.  

[Lietti,., 2000b] 

4,1%Pd-ZSM-5 
4,2%PdO/Al2O3 
4,2%PdO/Al2O3reduced 
2,6%Rh-Na-ZSM-5 

1000 ppm NH3, 4% O2 100cm
3
/min, 0,1gc 300 

270 
250 
275 

79 
87 
90 
86 

Influence of water in feed also 
tested 
Pd-ZSM-5 is recommended for 
wet atmosphere 

[Li & Armor, 1997] 

0,13%Cr-ZSM-5 (10)** 
1,59%Fe-ZSM-5 (10)** 
0,85%Cu-ZSM-5 (10)** 

1000 ppm NH3, 2% O2 GHSV=230 000 h
-1
 450 

450 
450 

90 
99 
97 

Conversion of NH3 decreases 
slightly with water, 
Significantly by SO2 and 
SO2+H2O on Fe-ZSM –5 

[Long & Yang. 
2000] 

1,6%Fe (58)-ZSM-5 (10)* 
2,4%Fe (60)-MOR (6,4)* 
3,5%Fe (81)-HEU (5)* 

1000 ppm NH3, 2% O2 GHSV=230 000 h
-1
 450 

450 
450 

99 
97 
98 

High iron content, low Si/Al 
ratio, low NH3 concentration and 
low space velocity are favorable 

[Long&Yang. 
2001a] 

Pt-doped Fe-ZSM-5 
Ce-doped Fe-ZSM-5 
Pd-doped Fe-ZSM-5 

1000 ppm NH3, 2% O2 GHSV=230 000 h
-1
 250 

400 
400 

91 
91 
89 

Water and SO2 decreases the 
N2 yield only slightly  

[Long&Yang. 
2001b] 

*The number in parenthesis after Fe indicates the Fe exchangeable label and the other number in parentheses shows the 
ratio of Si to Al. 
**The number in parentheses shows the ratio of Si to Al  
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6 TEST FACILITIES USED IN THE STUDY 

Two test facilities were directly used in the development of this study (a high pressure 
model test facility and a pilot scale test facility), A third test facility was indirectly used 
(laboratory scale test facility), although not for the studies mentioned in this thesis. 
Therefore, with the aim of consistence this last one is also briefly described. The high 
pressure test facility and the pilot scale test facility are at the Heat and Power laboratories 
while the laboratory scale test facility is located at Chemistry Reaction Technology 
laboratories.  
 

6.1 High Pressure Test Facility 

In Figure 6-1 a scheme of high-pressure test facility is given. The test facility consists in 
general terms of a high-pressure air supply system, a high-pressure vessel that contains 
the catalytic combustor, a measuring system and a control system. The purpose of the 
facility is to simulate conditions similar to gas turbine combustor. 
 
 High-pressure air supply system 

A two-stage reciprocating compressor delivers up to 100 g/s of air at 40 bar to the test rig. 
The air is filtered and stored in 1m3 tank prior to the motorized valve installed after the 
pressure vessel; a mechanised pneumatic valve (computer controlled) is used to control 
the inlet airflow, the min/max range is in the range 1/70, Jayasuriya et al [2004].  
 
 Pressure vessel 

The pressure vessel is a cylindrical container of 300 mm of diameter and 3 meter height. It 
contains the electric pre-heaters and the catalytic combustor, which has an internal 
diameter of 35 mm and a length of 500 mm where several catalyst segments can be 
placed and instrumented. The pressure in the vessel is adjusted by controlling a 
backpressure valve located at the exit of the catalytic combustor. The electrical heaters 
(80 kW) are installed at the top of the cylinder and heat the pressurized air prior to the 
combustion chamber. Programmable temperature controllers control them. 
 
 The fuel supply 

The fuel is supplied in gas bottles and it is injected to the vessel through a set of mass flow 
controllers that makes possible to fine tune the fuel supply. The set of mass flow 
controllers (computer controlled) gives a min/max ratio about 1:700, Jayasuriya et al 
[2004]. The fuel is injected into the air stream through a fuel injection head that is circular 
pipes (10 mm) inserted from beneath and curved 180° in order to follow the downward air 
stream. The pipe is closed in one end and it has 8 circular holes of 0.8 mm diameter drilled 
perpendicularly to the axis of the pipe at approximately 15 mm from the end of the pipe.   
 
 Catalytic combustion chamber 

It is a tubular combustion chamber that can hold a number of catalysts of 35 mm diameter 
and up to 50 cm length. It is the core of the test facility where the catalytic reaction takes 
place. It is possible to instrument a number of N type thermocouples (up to 16). The 
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combustion section is well isolated; therefore it is expected to operate close to adiabatic 
conditions.  
 
 Exhaust system  

The combusted gases (flue gases) pass through a pressure reduction valve that governs 
the pressure level inside the vessel, before reaching the silencer and the spraying water 
system to cool down the flue gases allowable temperature for the exhaust duct.  

(a) 
 
 

(b) (c) (d) (e) 
 

(a) Schematic of the High Presure Test Facility; (b) Catalytic combustion section; (c) 
Fuel injection head; (d) High pressure vessel; (e) Back pressure reduction valve. 

Figure 6-1: High-Pressure Test Facility 
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 Temperature measurement  

The temperature was measured by N type thermocouples; in total 16 N-type thermocouple 
can be placed around the combustion chamber. Thermocouples of two different diameters 
are currently used (1,5 mm and 0,8 mm). To measure the temperature in the channel 
small thermocouples were used. The small thermocouples are cemented inside the 
channel and the channel is closed with ceramic cement. 
 
 Pressure measurement  

The pressure was monitored with a piezoelectric pressure transducer installed in the 
pressure vessel that contains the catalytic combustor. The pressure inside the vessel is 
controlled manually by opening or closing the pressure reduction valve. 
 
 Mass flow measurement 

The air mass flow is controlled by a digital flow meter installed at the inlet of the test facility 
and controlled by the computer with a frequency of 1 Hz. The fuel mass flow was 
measured and controlled through four mass flow controllers (2,5; 25; 63; 97 Kg/hour of 
capacity). They are connected in parallel. The mass flow controllers are directly connected 
to the computer. 
 
 Emission measurement  

To collect the gas samples a water-cooled-sampling-probe is used. It samples the flue 
gases downstream of the catalyst. It is mounted on a traverse system that allows taking 
samples at different position after the catalyst. The sampling-probe uses pressurized water 
(20 bar) for cooling and can stand temperatures up to 1800°C in continuous operation. The 
collected gases flow to the emission gas analyzers16. Additionally, a micro Gas 
Chromatograph C, VARIAN CP-490017 is also available.  
 
 Control and data acquisition system  

The data collection system has 140 channels and collects online data from the mass flow 
rates, temperatures, pressure and emissions at a frequency of 1Hz per set. The air and 
fuel flow rates are controlled through a home built control software interface, while the 
pressure in the vessel is set manually. The inlet temperature to the catalytic combustion 
chamber in controlled by the electrical heaters that are electronically controlled. The main 
control software was written in Visual Basic and interconnected to several commercial 
controlling programs for communicating with the instruments. 
 

                                                 
16

 The measured species gases are: Total Unburned Hydrocarbons (Flame Ionization Detector 3-300A 
J.U.M. Engineering); CO and CO2 and O2 (NDIR for CO2 and CO and Electrochemical cell for O2 Fisher -
Rosemount NGA 2000); NO and NOx (CLD 700 EL Eco Physic-Chemiluminiscent detector) and H2 (BINOS 
100 Fisher-Rosemount) the last instrument is only mentioned for the integrity of the description since the H2 
concentration was always below the range of the BINOS 100. 
17

 The CP-4900 is equipped with three columns each one representing one gas chromatograph. Column 1 
and 2 are both “Molsieve 5Å”-columns and can detect hydrogen, oxygen, nitrogen, methane, carbon 
monoxide and noble gases. The difference between them is that first uses nitrogen and the second uses 
helium as carrier gas. The third column is a “HayeSep A” and also uses helium as carrier gas. It is suitable 
for detection of air, methane, carbon dioxide, ethylene, ethane, acetylene and natural gas. An important 
difference between the column kinds is that the HayeSep A has a maximum allowable oven temperature of 
160ºC instead of 180ºC for the Molsieve 5Å columns. 
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 Experimental procedure 

After switching on all the systems and interconnecting and calibrating of the gas analysers, 
the desired parameters have to be set: 
 
 Air flow is set through the control software. 
 Air temperature is set on the electronic control of the electrical heaters. 
 Pressure level set manually positioning the pressure reduction valve.  

 
Once the test facility has stabilized at the desired conditions (pressure, temperature, air 
flow), the fuel is injected accordingly to the λ desired (controlled through the control 
software). The data is written in a file for further analysis (temperatures at different 
positions, pressure, and mass flows and species concentration). 
This procedure is repeated for other settings. 
 

6.2 Pilot Scale Test Facility 

In Figure 6-2 an overall scheme of the pilot scale test rig is given. The air heaters, the air 
mass flow measurement system, the combustion chamber are enclosed inside a metal 

tube of  600 mm x 4100 mm and 5mm thickness. The test facility can be divided into 
different sections:   
 
 Air heating system 

The objective of this section is to reach the required air temperature to ignite the catalytic 
reaction (approximately 300 ˚C) that is near to the common temperature at the outlet of the 
compression stage in gas turbines. 
Air heaters  
Seven electrical heaters (29-39 kW each) are used for heating up the airflow. These 
heaters are electronically controlled by a homemade control system attached to the rig. 
Detailed information is given by Jacoby [2001]. 
 
 Air mass flow measurement system 

An orifice (D = 150mm; d= 100mm) plate has been installed in order to measure the 
heated airflow [International Standard ISO 51671]. 
 
 Fuel supply system 

The fuel supply system consists in an electronic mass flow controller (Brooks instruments) 
that allows the injection of gas mixture at 6,5 bar and approximately 60 liters per minute. A 
second mass flow controller (Brooks instruments) is used to inject ammonia to simulate 
the content of nitrogen compounds in gasified biomass. 
 
 Air-Fuel mixing head 

A mixing head developed and tested in the laboratory [Jacoby, 2001] is used to obtain a 
proper mix between air and fuel; this mixing head is placed at the end of the airflow 
measuring section. 
 
 
 



Doctoral Thesis / Arturo Manrique Carrera     49 

 

 Combustion chamber 

It is the core of the test facility. It consists of two semi cylinders made of thermo-resistant 
stainless steel that can be attached to each other forming a cylindrical combustion 
chamber (φ200mmx1500mm) that contains the insulation, ceramic gaskets, and the 
catalysts. It is possible to attach a number of thermocouples. At the outlet of the 
combustion chamber the sampling point is located and it is cooled down by water pipes 
that surround it.  

 

(a) 

 
(b) (c) (d) 

(a) Schematic of the Pilot Scale Test Facility; (b) Instrumented catalytic combustion chamber; 
(c) Orifice plate for flow measure before final assembly (d) Electrical heaters. 

Figure 6-2: Pilot Scale Test Facility 
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 Catalysts 

Five different kinds of catalysts can be used. During this study all of them were 

honeycomb ceramic support: cordierite (150mmx20mm-400 cpsi). Catalysts are installed 
at 20mm of separation each other, these catalysts were mainly elaborated by incipient 
impregnation wetness method [Kûsar, 2003] and the hexaaluminate was prepared by 
precipitation of carbonates method, Berg et al [2000] ; Groppi [1998].    
 
 Measuring instruments  

The gas analysers are the same as in the high pressure test facility except for the Fisher -
Rosemount NGA 2000 intrument for CO, CO2 and O2  
 
 Experimental procedure 

The test rig is supplied with external compressed air. The air is heated up in the electrical 
heaters section. After the airflow is measured in the orifice plate, it is mixed with the 
injected fuel (previously doped with ammonia) in the mixing head and combusted in the 
catalytic combustion chamber. Although the test facility was designed to withstand 4 bars 
of working pressure all the experiments were performed at atmospheric pressure. 
 

6.3 Laboratory Scale Test Facility 

Figure 6-3 shows a schema of the Laboratory Scale Test Facility. It is formed by a glass 
reactor; fuel supply and controlling system; gas analyser system and recording system. 
 
 Glass reactor 

The core of the test facility is the electrically heated reactor. The reactor is a two-stage 
quartz tube. The first stage is 16 mm of inner diameter and 30 cm length, and the second 
stage in 6 mm and 15 cm length. The catalysts are placed at the end of the wider stage. 
Two N type thermocouples are placed upstream and downstream of the catalyst and they 
are installed inside ceramic tubes.  The reactor is electrically heated, and the temperature 
is regulated by a programmable controller. 
 
 Fuel and air supply 

The combustion air is supplied by the internal pressurized air in the laboratory, while the 
fuel is injected from pressurized bottles; the gases are feed into the reactor through mass 
flow controllers. The controllers are set in a setting board. 
 
 Gas analysers 

The gas analyser system measures NO2, NO, NH3, CO, CO2, CH4 and O2, Detailed 
information about the instrumentation can be found in Kusar [2003] . 
 
 Recording system  

The temperatures and mass flow values are recorded on line in a computer that uses 
“PcManager” software, which was developed by Alfa Laval Automation.  
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(a) Schematic of the Laboratory Scale test facility; (b) Electric furnace and quarz reactor; 
(c) Mass flow controllers. 

Figure 6-3: Laboratory Scale Test Facility. 
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6.4 Error analysis 

The error analysis is based on the partial derivative method to estimate the maximum error 
of the conversion of fuel over the catalytic combustion chamber. There are two 
approaches to calculate this conversion that are used here. The temperature based 
approach, suggested by Kolaczkowski [1995], and the species measurement approach 
with heat release correction. The temperature based approach requires the estimations of 
the following error sources: 
 
 Air Fuel Ratio and composition of the mixture 

The variation of the fuel composition influences on the stoichiometric air to fuel ratio (AFR) 
that in turn influences adiabatic flame temperature at different λ-values and fuel to air ratio 
(FAR). 
 Temperature measurement 

The temperature measurement has two error sources; the one related to the thermocouple 
manufacturing error, and the second one corresponding to radiation. Temperature 
measurement is used to determine the conversion levels.  
 Mass flow measurement 

The mass flow meters for air and fuel influence in the definition of the λ-value, which is a 
mass flow based ratio, the error depends entirely on the mass flow meter characteristics. 
This λ-value variation influences an error in the adiabatic flame temperature. 
 
The error sources mentioned above are used to determine the error in the adiabatic flame 
temperature and finally the error in the conversion in the catalytic combustion based on the 
temperature rise over the catalytic combustor. 
  
In the case of the conversion based on species concentration it is necessary to determine 
the error in the species measured to define the total conversion over the catalytic 
combustion. 
 
6.4.2   Error propagation: Conversion Based on Temperature Measurement 

  

 Stoichiometric AFR 

The variation of the fuel composition (Table 6-1) will give rise to an error in the 
determination of AFR of 0,5% (air to fuel ratio), that in turn will produce an uncertainty in 
the determination of the adiabatic flame temperature.  
 

Table 6-1: Composition of the mixture used in the experiments [AGA gas analysis] 

Component Concentration Relative error 

 [%] [%] 

CO2 32,2 2 
H2 24,0 2 

CH4 10,6 2 
CO QS -- 
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This variation in adiabatic flame temperature is approximately +/-3°C. This is determined 
by calculating the adiabatic flame temperature of the mixture for different possible 
composition corresponding to the fuel composition variation reported by the supplier [AGA 
gas] at the relevant λ conditions. The maximum relative error in the adiabatic flame 
temperature is approximately 0,023 (e.g. 2,3%) for λ higher than 5. This is shown in Figure 
6-4. 
 

 
Figure 6-4: Absolute and relative adiabatic flame temperature variation based on 

λ and variation in fuel composition 

 

 Temperature Measurement 

 
 Electric based error 

The temperature measurement uncertainty will depend on the thermocouple type, in the 
experimental campaign N-type thermocouples are used from Pentronic that has an error of 
+/-2,5°C in the -40 to 333°C and 0,75% in the 333°C to 1200°C range.  
 

 Temperature error due to radiation 

Radiation errors could be estimated using heat balance between a sphere (thermocouple 
tip) and a disc radiator. The equilibrium is reached if equation 36 is fulfilled.  
 

    (36) 
 
Where: 

ht : Convection heat transfer coefficient 
Tg : Gas stream temperature 
Tt : Thermocouple tip temperature 

Ft-c: View factor 
ε: Emissivity 
σ: Stefan-Boltzmann constant 
TC : Catalytic surface temperature 

 
ht can be calculated using the correlation for Nu proposed by Whitaker [1972]: 
 

  (37) 
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All properties are estimated at stream conditions except μsur. The (μ/μsur) quotient is 
assumed as 1,05. Red is related to the diameter of the thermocouple. Thereafter 
 

        (38) 
 
Where 

k: Heat conductivity 
d: Thermocouple diameter  

 
Ft-c is estimated for a small object in front of a disk of diameter D: 
 

      (39) 
 
Where: 

D2: Catalyst diameter 
L: Distance between catalyst and thermocouple. 

 
For the highest deviation the radiation induced error is calculated for the highest 
temperature (corresponding to ≈ λ value 5). The result is displayed in Table 6-2 together 
with the parameters used for the calculation. 
 

Table 6-2: Radiation error in temperature meassurement 

 D L d Ft-c Tc Tt Nu ht ε Δ(Tg-Tt) %Error 

 [mm] [mm] [mm] [-] [°C] [°C] [-] [W/m.K] [-] °C [-] 

Tout 35 20 0,8 0,43 950* 763 8,21 717 0,6** -22,11 -2,90 

Tin 35 20 0,8 0,43 767 375 11,1 678 0,6** -16,16 -4,31 

*950°C is the maximum temperature estimated in the catalyst surface 
** Emissivity corresponding to a thermocouple covered with a layer of alumina  
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 Mass flow measurement error 

 
 Air flow measurement 

The air flow measurement has an error in relation with the mass flow quantity. This error is 
shown in Figure 6-5 for two different mass flow ranges [Jayasuriya, 2002]. 
 

 
Figure 6-5: Relative error of air mass flow for two different ranges. 

 
 Fuel flow measurement 

The fuel flow measurement was performed by mass flow controllers, two sizes were used; 
2,5 kg/h and 2,5kg/h. The mass flow controllers have the following error characteristics 
 

Accuracy:    0,5%xReading+/-0,1%xFullSpan 
Pressure sensitivity:  0,1%xReading/bar for N2 ; 0,01%Reading/bar for H2    
Temperature sensitivity:  0,05%xReading/°C 

 

Assuming independence of these factors, the total error is calculated as: 
 

 
         (40) 

Observe that as the fuel contains 24% H2, the pressure sensitivity was recalculated by 
weighted average; the result is 0,0784%xReading/bar.  
Figure 6-6 shows selected experimental points in which the fuel relative error is below 2%. 
 

 
Figure 6-6: Relative and absolute error for fuel measurement 
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 Lambda value variation (error propagation) 

The error propagation estimation is based in the partial differentiation equation method 
described by Taylor J.R. [1997]. Equation 41 defines the λ as function of fuel to air ratio 
(FAR) at stoichiometric conditions multiplied by the current mass ratio of air and fuel. 
Equation 42 to 44 are the partial derivatives of equation 41, whereas equations 45 and 46 
are the total error propagation in absolute and relative terms respectively.  
 

      (41) 
 

Lambda error due to fuel composition 
 

  (42) 
 
Lambda error due to air flow variation 
 

   (43) 
 
Lambda error due to fuel flow variation  
 

 (44) 
 
Total error propagation  

 (45) 
 
 

    (46) 
 
The results for equation 46 and 45 are displayed in Figure 6-7. The maximum relative error 
is approximately +/- 3,1% 
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Figure 6-7: Relative and absoulte error for λ in absolute values 

 

 Adiabatic flame temperature error 

 
Using the results from the λ value variation is possible to determine the error in adiabatic 
flame temperature. This error is calculated using the first derivative of the adiabatic flame 
temperature discretized over λ. This is multiplied by the λ value variation (3,1%) and then 
normalize this results with the adiabatic flame temperature at the corresponding λ value. 
The result is displayed in Figure 6-8. The maximum relative error corresponds to λ value of 
7 - 8 and it is 1,43%. 
 

 
Figure 6-8: Adiabatic flame temperature and derivative (left). Absoulte and relative 

errors (right)  

 
 Conversion based on temperature measurement (error propagation) 

 
The conversion based on Hayes et al[1997]: As in previous case the error associated is 
determined by the partially differential derivative method. Equation 47 originates equations 
48, 49 and 50 by partial derivative.  
 

   (47) 
Where 
 Tout     : Exit temperature   (A) 
 Tinlet  : Inlet temperature (B)  
 Tadabatic : Adiabatic temperature (C) 
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Error propagation 
 

   (48) 
 

   (49) 
 

   (50) 
 
The total error is then given by equation 51 
 

 (51) 
 

However, the maximum possible error is given by: 
 

     (52) 
 

The error due to Tout is estimated as the relative radiation error of 2,90% (Table 6-2)  and 
the relative electric error of 0,75%, which are considered independent quantities. 
 

     (53) 
 

The error due to Tinlet can be estimated as the relative radiation error of 4,31% (Table 6-2)  
and the relative electric error of 0,75%, which are considered independent quantities. 
 

     (54) 
 

The temperature error due to λ variation is estimated as 1,43% (Figure 6-8) and due to the 
fuel composition (Figure 6-4) estimated as 0,21%. These quantities are considered 
independent. 
 

     (55) 
 

The maximum possible error is:  
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Applying equation 51 to test data is from experiment described in 7.2.1 is possible to 
determine the error propagation and the maximum error. This is shown in Table 6-3  

 

Table 6-3: The propagation error and the maximum error for experiment 7.2.1 

Exp. 
No 

λ 
Velocity 

 
Pressure 

 
Inlet  

Temp 
Outlet 
Temp 

Adiabatic 
 Temp 

Conversion Error 
Propagation 

Error 
Max 

  [m/s] [bar] [°C] [°C] [°C] [%] [+/- %] [+/-%] 

1 5,3 5,5 5,2 162 448 698 53 2,48 8,81 

2 6,5 5,6 5,0 160 437 608 62 2,95 8,81 

3 7,9 5,8 4,8 163 421 537 69 3,43 8,81 

4 10,6 5,9 4,6 165 372 450 73 3,97 8,81 

5 7,9 5,8 4,8 162 437 539 73 3,58 8,81 

6 5,2 5,6 5,0 160 441 706 51 2,39 8,81 

7 7,9 5,1 17,1 186 393 560 55 3,07 8,81 

 
 
6.4.3   Error propagation: Conversion Based on Species Measurement  

 
According to Coleman [1999] the error of the measurement instruments could be related to 
the calibration gases used, as the uncertainty of calibration gases usually are much larger 
that the uncertainty error from the instrument. The relative error of the calibration mixture is 
+/- 2% according to the supplier (AGA), see Table 6-4. 
 

Table 6-4: Calibration bottles used in the experments 

 

Species Bottle Concentration  Species Bottle Concentration 

CH4 606 6956 ppm  CH4 3884 0,713 

CO 606 2520 ppm  CO 3884 0,709% 

O2 606 17,7%  CO2 3884 10,0% 

N2 606 71,36%  O2 3884 5,09% 

    N2 3884 83,49% 

Species Bottle Concentration     

H2 2199 24,0%  Species Bottle Concentration 

CH4 2199 10,6%  H2 4527 10,0% 

CO2 2199 32,2%  CH4 4527 10,0% 

    CO 4527 15,0% 

Species Bottle Concentration  CO2 4527 20,0% 

CO 915 2300 ppm  N2 4527 45,0% 

N2 915 99,77%     

 
 
The error propagation of the conversion based on the emission measurement can be 
calculated by the partial derivative method based on equation 56.  
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     (56) 
 
Where 

Conin: Input measured concentration (P) 
Conout: Exit measured concentration (Q) 

 

      (57) 
 

      (58) 
 
 
Concentration relative error can be estimated as: 
 

        (59) 
 
Error propagation is displayed in equation 60: 
 

 (60) 

The conversion is evaluated for all the components in the simulated gasified biomass, e.g. 
CH4, CO, H2 and CO2. To calculate the total error is necessary to weigh their influence in 
the total heat released. This means calculate the duty heat released to the hypothetical 
total heat converted, namely 36%, 40% and 24% for CH4, CO, and H2 respectively. The 
total error results are displayed in Figure 6-9. The maximum error occurs a λ value higher 
than 15. This can be attributed to the low conversion of CH4.  
 
 

 

 Figure 6-9: Relative error due to error concentration measurement 
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The error analysis indicates that the conversion analysis based on the temperature rise 
over the catalytic reactor has a maximum error of +/- 4 %. This value is based on the error 
propagation theory; however, a maximum possible error of +/- 8,1% could be  predicted. 
This method is robust as it only requires thermocouple readings and more suitable if only 
CH4 is used as fuel; however, it does not give much information if complex mixtures are 
used. In such case the error analysis on the species conversion is more suitable as it is 
possible to analyse individual conversion components. Observe that for a valid comparison 
between these two methods the species conversion needs to be transported via thermal 
energy release. Note as well that in the relevant λ region (λ <10), both methods give 
similar relative error levels, between +/- 2% to +/-8%. 
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7 EXPERIMENTS AND RESULTS  

The experiments performed can be classified into two groups:  
 

 Pilot Scale Test Facility Investigation 
 Full Catalytic Configuration 
 Selective Catalytic Oxidation of ammonia (SCO) 

 

  High Pressure Test Facility Investigation 
 Bimetallic catalyst 
 Full configuration (2x) 
 Partial coated catalyst 
 Extended full configuration 
 Catalytic partial oxidation 

 
The main objective of these experiments is to evaluate the possibility of using a catalytic 
combustor in gas turbine applications. Both Pilot Scale Test Facility and the High Pressure 
Catalytic Combustion Test Facility were used.  
  
In the Pilot Scale Test facility the scaling effect and the non-isothermal conditions would be 
evaluated. The tests performed would clarify if there are significant differences compared 
to the test performed at the Laboratory Scale Test Facility. In the Pilot Scale test facility the 
effect of inlet temperature (ignition temperature) will be also tested; Furthermore, the 
combustion and the possibility to burn LHV fuels from extremely fuel lean conditions to 
mixtures close to standard gas turbine combustion conditions would be also evaluated. On 
the other hand in the High Pressure Catalytic Combustion Test facility the effect of 
pressure, and mixture conditions on combustion performance will be investigated. Also it 
would bring “hands on” experience in implementing this technology.  
 
In the Pilot Scale test facility two set of experiments were performed to investigate the fully 
catalytic combustion approach. One varying inlet temperature and fuel concentration and 
the other focused on the Selective Catalytic Oxidation (SCO) of nitrogen containing 
compounds. In the High Pressure Catalytic Combustion Test Facility several experiments 
were performed (Table 7-3). In these experiments the evaluations of novel catalysts were 
performed18. Also three fully catalytic combustion configurations were tested. Stability, 
combustion efficiency and capability to burn lean mixtures and low heating values fuels 
were part of the evaluation. 

                                                 
18

 Most of the catalysts used in this study were developed in collaboration with the Division of Chemical 
Technology at the Chemical Engineering and Technology Department. Monoliths of 400 cells per square 
inch (cpsi) were used as support material.     
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7.1  Pilot Scale Test Facility Investigation 

In this set of experiments the fuel composition used was a mixture of gases that resembles 
gasified biomass, namely, CO2 (32,2%); CO (33,3%); H2 (24,0 %); CH4 (10,6%) which had 
an average heating value of 9,24 MJ/Kg corresponding to a medium heating value fuel-gas 
(oxygen/steam gasification). The amount of fuel injected was between 3 and 7 gr/s 
corresponding to a 24 to 64 kWth. The experiments were carried out at inlet temperatures 
between 295°C to 370°C and the λ-value used was between 6 and 2 (bulk gas velocities of 
5m/s). All the experiments were performed at atmospheric pressure.  
 
7.1.1   Fully Catalytic Combustion Experiments 

A configuration of five combustion catalysts in the combustion chamber was used (Table 
7-1): the first segment was a Ba/Pd catalyst, followed by the Pd-based catalyst; and three 
LaMn hexaaluminate catalysts. The temperature of each catalyst segment was measured 
by cementing a thermocouple tip inside a cement-blocked channel, another thermocouple 
was placed upstream. This was done for each catalyst segment to measure the bulk gas 
temperature.  

Table 7-1: Catalyst used for catalytic combustion experiments. 

Location  Catalyst Description 

1st Segment 3%Ba/5%Pa/ LaAl11O18 Combustion stabilization-Ignition Cat. 

2nd Segment 5%Pa/LaAl11O18 :15,9 wt% Highly Active Catalyst  

3rd Segment LaMnAl11018 Thermo resistant catalyst  

4th  Segment LaMnAl11018 Thermo resistant catalyst  

5th Segment LaMnAl11018 Thermo resistant catalyst  

 
The objective of these experiments was to prove the viability of catalytic combustion in 
burning gasified biomass as fuel. Three experiments were performed varying the air inlet 
temperature in three steps: 200°C, 220°C and 260°C, were λ value was kept at 6. Figure 
7-1 shows the temperature distribution through the combustion chamber after reaching 
steady-state conditions.  Figure 7-2 depicts the comparative heat release in each catalytic 
segment. Heated air/fuel mixture reaches the Ba/Pd-based catalyst and the temperature of 
bulk gases increases notoriously. In this catalyst occurs 80 to 90% of the overall 
conversion. In the down streams segments the heat release will be in the order of 5% of 
total. In these catalysts the bulk gases experiences yet a small temperature increase and 
in the further LaMn-catalysts the temperature stabilizes. 
Although the operative temperature for the LaMn-catalyst is reached, no further increase in 
temperature is detected. This latter phenomenon could be explained due two factors: the 
presence of water and CO2 and H2O as combustion products that are adsorbed into the 
active sites; and the low levels of fuel that remains after Ba/Pd catalyst.  
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Figure 7-1: Influence of the inlet 
temperature 

Figure 7-2: Energy release for inividual 
catalyst 

.  

Figure 7-3 shows an experiment performed varying the λ-value from 5,4 to 4 to 2, The 

maximum temperature reached is approximately 1200C at λ~2. The bulk velocities used 
for these experiments were approximately 5 m/s, and the inlet temperature ranges from 

320 to 340 C. It is clear from Figure 7-3  that the richer mixture produces higher maximum 
temperature in the combustion chamber. As in the previous experiment most of the heat 
release occurs in the Ba/Pd catalyst. This is confirmed in Figure 7-4 were the energy 
release form the individual catalyst is depicted. Most of the fuel conversion still occurs in 
the Ba/Pd catalyst (60-80%); however, in this case is not as high as in previous 
experiment. Downstream, the Pd catalyst contributes with approximately 30% of the total 
conversion.  
 

  

Figure 7-3: Influence of the λ value Figure 7-4: Energy release for individual 
catalyst 

 

An important aspect in these experiments is the fact that the difference between the 
measured temperature and the adiabatic temperature is less than 30°C for the leaner 
conditions (Figure 7-5). At lower λ this agreement diminishes, in case of λ = 2 the 
disagreement is around 200°C. This might be explained because of the fact that 
dissociation reactions are not considered in Adiabatic Flame temperature calculation and 
the catalytic effect reduces the maximum activation energy. These reactions become 
important above 1000°C.   
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Figure 7-5: Adiabatic flame temperature [°C] compared to maximum temperature 
measured. 

 

 Discussion [Fully Catalytic Combustion Experiment] 

The inlet temperature of the mixture upstream the combustion chamber affects the 
catalytic reactions. This was confirmed (Figure 7-1) and it is supported by the available 
literature [Jacoby, 2001]. For three different inlet temperatures: 200°C, 220°C and 260°C, 
the outlet temperatures were 660°C, 720°C and 780°C (average values) respectively while 
λ value was kept constant. The inlet temperature influences in the share of heat release in 
the Ba/Pd catalyst. Observe also that the higher the inlet temperature the higher the 
conversion in the Ba/Pd catalyst. The effect is enhanced if the fuel concentration varies as 
can be seen in Figure 7-3 in the experiments carried out at λ=5,4, λ=4 and λ=2. The 

temperatures in the combustion chamber were 720C, 900 C, and 1200 C respectively 
(average). In this case, despite the inlet temperature variation, it is clear that the higher 
concentration of the reacting species affects positively the catalytic combustion. Kuper et 
al [1999] reported similar results working with PdO-base catalyst and CH4. Concentration 
of the reacting species firstly, and inlet temperature to the catalyst secondly are important 
factors that influence the overall combustion reaction for lean conditions.  
 
Although it has been reported that very high concentration of reactants could inhibit the 
catalytic reaction, Lietti et al [1999], in case of lean mixtures (λ > 3) every increment of 
concentration has a positive effect in the combustion process. The required λ value to fulfil 
the temperature requirements of gas turbine is approximately three for gasified biomass. It 
is possible to operate a gas turbine with lower turbine inlet temperature (TIT) with this 
concept if heat release can be tuned and avoid stressing only one of the catalyst 
segments.  
 

In the experiments performed the highest combustion efficiency recorded was above 99%. 
The conversion of CH4 among the reacting species (CO, and H2) is one of the most 
important factors that affect the overall combustion efficiency. CH4 combustion represents 
a limiting reaction factor because of the stable C-H bounds that are difficult to break 
catalytically [Thevenin, 2002]. It seems that the presence of CO and H2 might enhance the 
conversion of CH4. Combustion of CH4 in homogeneous face (gas phase) starts to 

become significant at temperatures higher than 650 C [Hayashi, 1994]. In case of 
heterogeneous reactions investigations have shown that ignition of CH4 in a catalyst starts 
around 450°C. Based on this information and on the results of the experiments performed, 
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it is possible to induce that CH4 start to burn once the temperature in the combustion 
chamber reaches at least 450°C, and then CH4 will be burnt in the next downstream 
catalyst from the ignition catalyst. This temperature can be reached due to the presence of 
H2 and CO that burns catalytically first. CH4 consumption is important to increase 
combustion performance.  
 
 Summary: Fully Catalytic Combustion Experiment  

The fully catalytic combustion experiment in the pilot test facility showed that is possible to 
achieve up to TIT of 1200°C and this maximum temperature can be modulated by 
regulation of the fuel concentration in the mixture once the ignition of the mixture in the 
catalyst occurs. The combustion efficiency is close to 99%; however, the heat release in 
the catalyst reactor is uneven, the ignition catalyst BaPd/Al2O3 is overloaded. This 
overloading is higher at lower λ, and has a negative impact in the life-length of the catalyst. 
    

  

7.1.2   Selective Catalytic Oxidation of Ammonia Experiments 

The objective of this experiment is to investigate the possibility of reducing the fuel NOx 
formation using a selective catalytic oxidation (SCO) of ammonia. Previous experiments  
done at the Laboratory Scale Test Facility shows high conversion performance; however, 
the test condition differed significantly from the standard gas turbine conditions in terms of 
size, flow and thermal isolation [Kûsar, 2003].  
 

Table 7-2: Set of catalysts used for selective catalytic oxidation (SCO) experiments. 

Location  Catalyst Description 

1st Segment 5% Fe/Al2O3 :13,9 wt% Selective Catalytic Oxidation of NH3 

2nd Segment 3%Ba/5%Pd/ LaAl11O18 Combustion stabilization-Ignition Cat. 

3rd Segment 5%Pd/LaAl11O18 :15,9 wt% Highly Active Catalyst  

4th Segment LaMnAl11018 Thermo resistant catalyst  

5th Segment LaMnAl11018 Thermo resistant catalyst   

 

For these experiments a SCO catalyst was placed as first segment, Johansson et al 
[1999]. The chosen catalyst (5%Fe/Al2O3 13,9 wt%) had shown high performance in SCO 
of NH3 to N2 in previous investigations under fuel-lean conditions (up to 76% in 
conversion) [Kûsar, 2003]. The list of catalysts used is shown in Table 7-2. The 
temperature of each catalyst segment was measured by cementing a thermocouple tip 
inside a cement-blocked channel. Additionally, a second thermocouple was placed 
downstream. This was done for each catalyst segment to measure bulk gas temperature.  
In this experiment, NOx was measured (NO2 was obtained as difference between NOx 
and NO) with on-line gas analyzers (dry basis). 
The fuel stream was doped with a mixture of NH3 4% diluted in N2 that simulates nitrogen 
containing compounds. The doped fuel (3900 ppm NH3) is mixed with the heated air in the 
mixing head (Figure 6-2). The NH3 concentration in the air-fuel mixture was in the range of 
100-150ppm. For calculating NH3 conversion, equation 61 was used [Kûsar, 2003] 
assuming that NH3 slip (NH3 out) is zero [Groppi, 1998] and all nitrogen containing (NH3) 
compounds are converted to NO or NOx and the number of moles are assumed constant.   
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ConversionNH3= (NH3 in- NH3 out- N0 out- N02 out)/ NH3in (61) 

Where  

NH3 in:     Inlet NH3 concentration.  

NH3 out:  Outlet NH3 concentration. 

N0 out:    Outlet NO concentration.  

N02 out:  Outlet NO2 concentration. (NOx-NO) 
 

 
 Discussion [Selective Catalytic Oxidation of Ammonia Experiments]  

The strategy for depleting NOx emissions is to use a SCO Fe/Al2O3 catalyst as first 
segment in the combustion chamber. The results of the pilot scale experiments on SCO on 
NH3 are displayed in Figure 7-6. The conversion of NH3 to N2 is in between 20% and 30% 
for lower inlet temperatures, and reaches up to 42% for higher inlet temperatures. This 
tendency is also observed at the laboratory scale experiments in the same range of 
temperatures (higher NH3 conversion to N2 at higher temperatures). Kûsar [2003] reported 
conversion over Fe/Al2O3 catalyst varying from 10% to a maximum conversion of 76% 

(reached at 380C) at analogous inlet temperature conditions to the ones used in this 

study (220°C- 370C). The highest conversion recorded in these experiments was 42%. It 
is important to remark that there are differences between the tests conditions used. Kûsar 
employed a bench scale test facility that works under isothermal conditions; while the pilot 
scale test facility has heat loses that resemble real conditions. Flow patterns also differ 
whether a 13 mm (bench scale) of diameter catalyst or a 150 mm (pilot scale) of diameter 
catalysts are used. The boundary layer will play a more significant role in the narrower 
catalyst (especially on the periphery) where the velocity near to the edge of the catalyst 
would be lower, improving the residence time in those regions.  
 
One crucial characteristic of the Fe/Al2O3 catalyst is that at temperatures above 380°C 
stabilization in the conversion occurs. The conversion of NH3 to NOx (approx. 70%) occurs 
most probably over the combustion catalysts. The remaining conversion of NH3 to N2 

(approx. 20%) would occur in SCO catalyst. This fact sets an operating temperature 

  
Figure 7-6: Conversion of NH3 to N2 under 

different inlet temperatures 
Figure 7-7: Nitrogen species formation 

related to the combustion chamber 
temperature.  

(*) Test were done without fuel injection 
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between 350°C – 380°C where the Selective Catalytic Oxidation of NH3 would reach a 
stable operation. 
 
According to the obtained data the SCO reactions would obey the in situ selective iSCR 
model (see section 5.4.2). The presence of other fuel components is likely to influence the 
reaction chain. There is evidence that H2 and CO compete with NH3 for active sites in the 
catalytic surface, reducing NH3 adsorption onto the active sites, hence, diminishing SCO of 
NH3 to N2. On the other hand, H2 and CO presence also favor the reduction of N, Miller et 
al [1989], (produced from gas phase degradation of NH3) to N2 instead to NO. Both effects 
seem to be counterbalanced in a wide range of temperatures (200°C to 350°C), and it 
might explain the stable conversion of NH3 to N2 recorded in this range. When the inlet 
temperature increases the gas phase degradation of NH3 would become more important 
and the presence of reducing elements like CO, H2 and NO from degradation of NH3 are of 
crucial importance to convert N into N2 according the iSCR mechanism (See equations 33, 
34,35).  
 
In fuel lean conditions the abundance of O2 would favor the conversion of N (from the gas 
phase degradation of NH3) to NO in the downstream catalysts. Therefore, it is likely that 
the conversion levels observed in Figure 7-6 would be mainly the result of surface/catalytic 
reactions on the Fe/Al2O3 catalyst rather than in gas phase reactions. In rich conditions the 
presence of reducing elements enhances the gaseous reduction of N to N2. Andrae, Kûsar 
and Kang et al [2005] reported high levels of NH3 conversion under rich conditions using 
different catalysts. 
 
Although water is present in gasified biomass, it is not considered in this study; however, a 
significant performance reduction has been observed when water was added both at fuel 
lean and fuel rich conditions [Kûsar, 2003]. The most acute situation is registered for fuel 
lean conditions. Pressure is another parameter that also must be investigated to define a 
clear picture for this NOx reduction strategy. 
 
 NOx emissions 

The presence of highly active thermo-resistant catalysts affects the NOx composition. 
Figure 7-7 shows the composition of the emissions versus the average temperature in the 
combustion chamber. The amount of ammonia that did not react into N2 is converted into 
NOx downstream, Berg et al [2000] (in the catalytic combustion area). The percentage of 
converted NH3 to NO is approx. 70% and it is fairly constant at lower temperatures, but the 
percentage converted to NO2 varies with the temperature in the combustion chamber. 
When the temperature is close to 450°C in the combustion chamber the percentage of 
NO2 in the emissions suddenly rises from around 8% to 13% (Figure 7-7). The explanation 
could be in the interaction between NO formed after the Fe/Al2O3 catalyst and the highly 
reactive catalysts at a temperature level around 450°C oxidates it further to NO2.  NH3 slip 
is converted to NO2 at temperatures higher than 450°C in combustion catalyst. 
 
Two experiments were carried out using only NH3 in the combustion chamber 
(experiments marked with “*” in Figure 7-7). In those experiments the percentage of 
conversion for NH3 to N2 was around 70%. Previous studies done by Lietti et al [1999] on 
PdO/Al2O3 and BaMnAl11O19 suggest the possibility of oxidation of NH3 to N2 on Pd-base 
catalyst at temperatures below 300°C, this seems to be true when no other fuel 
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components are present. This might indicate that absorption phenomenon occurs. CO, H2, 
CH4 might cover available active sites for SCO in the Fe/Al2O3 catalyst reducing the 
conversion efficiency of NH3 tor N2. When CO, H2 and CH4 are absent, there is larger 
surface available for SCO and the conversion efficiency for N2 reaches the highest value 
(under this conditions the conversion is around 70%). 
 
Other interesting feature of these experiments is the high percentage of NO2 in the 
emissions, despite the relatively low temperature in the combustion chamber (250°C and 
280°C) when no fuel is used. This result suggests a strong interaction between the highly 
active catalysts NH3 and NO that leave the Fe/Al2O3 catalyst. NH3 or NO are mainly 
converted into NO2 in the catalysts located downstream in the absence of fuel 
components. The mechanism of this conversion is still unclear. 
 
 Summary: Selective Catalytic Oxidation of Ammonia Experiments 

The Fe/Al2O3 catalyst for SCO of nitrogen containing compounds, present in gasified 
biomass, showed lower conversion capabilities that the ones recorded in the Laboratory 
Scale Test Facility, with a maximum conversion 42% in the former compared to 76% in the 
later. The average conversion in this experiment is in the range of 20-30%. This implies 
that the SCO pre-catalytic burning section needs to be improved by increasing the SCO 
sections. SCO of nitrogen containing compounds under fuel rich conditions might need to 
be investigated further as it present some other advantages regarding water resistant and 
durability. Unfortunately, the Pilot Scale Test Facility is no design to handle rich fuel 
mixtures.    
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7.2 High Pressure Test Facility Investigation 

The objective of these experiments is to evaluate the effect of the pressure, heating value 
and fuel concentration in catalytic combustion at standard turbine pressure levels. These 
experiments were performed in the high pressure test facility. The fuel composition used 
was a mixture that resembles gasified biomass CO2 (32,2%); CO (33,3%); H2 (24,0 %); 
CH4 (10,6%)  with an average heating value of 9,5 MJ/Kg that correspond to a medium 
heating value fuel-gas (oxygen/steam gasification). In order to simulate a lower heating 
value fuels, this mixture could be diluted with nitrogen. 
The amount of fuel injected varies from experiment to experiment from 0,5 to 5 gr/s, and 
the airflow varies from 7 gr/s to 60 gr/s. The experiments performed at high pressure (5 to 
15 bar) are listed in Table 7-3. 
 

Table 7-3: Experiment performed under high pressure conditions. *(DB) Diffusion 
barrier consisted in a layer of Al2O3 coated on a Pd:Pt/ Al2O3 catalyst    

No Experiment Characteristic Catalyst Objective 

1 Single catalyst  Bimetallic Pd:Pt/Al2O3 Reaction Stability Improvement 

2 Full 
Configuration 

First full 
configuration 
test on biomass 

Pd:Pt/Al2O3  

LaCoO3/ LaAl11O18 

LaMnAl11018 (HA1) 

LaMnAl11018 (HA2) 

Overall behavior of the catalysts  

Combustion load distribution 

Perovskites Catalyst performance 

3 Full 
Configuration 

Diffusion Barrier 

(DB ) Catalyst 

Pd:Pt/Al2O3  (DB*) 

Pd:Pt/Al2O3 

LaMnAl11018 (HA1) 

LaMnAl11018 (HA2) 

Overall behaviour of the catalysts 
Balanced combustion load 

Diffusion barrier performance 

 

4 Single catalyst  Partially coated  Pd/Al2O3 -50% 
coated channels 

Improve stability,  

Hybrid catalytic concept 

5 Full 
configuration 

Extended full 
configuration  

 

Pd:Pt/Al2O3  (DB*) 

Pd:Pt/Al2O3 

LaMnAl11018 (HA1) 

LaMnAl11018 (HA2) 

Ba:Zr/PtO3 

Full configuration 

6 Catalytic Partial 
Oxidation 

CPO Catalyst Rh-Perovskite Rich Catalytic Oxidation Approach 

 
Combustion efficiency was calculated using the equation 62 Hayes et al [1997]. 
The adiabatic temperature was calculated with Fuelsim, Skreiberg [2002]  
 

combustion = (Tout-Tin)/(Tadiab-Tin)     (62) 

 
where  Tout: Outlet temperature [ºC]. 
  Tin: Inlet temperature [ºC]. 
  Tadiab: Adiabatic temperature [ºC]. 
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7.2.1   Bimetallic Catalyst Experiments  

The objective of this experiment is to evaluate the behaviour of the bimetallic catalyst. The 
experiment was performed on a single Pd:Pt/Al2O3 on alumina catalyst at 5 bar, gas 
velocity approximately 5,5 m/s, λ variation from 5 to 10,5 , the inlet temperature was kept 
at 170°C and the exit temperature registered was in the range between 390°C and 450°C. 
One additional point was taken at higher pressure at 17,5 bar and it was performed to 
investigate the pressure influence. The experimental conditions and results can be seen in 
Table 7-4.    
The Pd:Pt/Al2O3 catalyst showed higher stability in fuel conversion than the one reported 
for Pd/Al2O3 catalyst in previous experiments. This is in concordance to the literature 
[Persson, 2004]. The conversion is calculated as percentage of the total temperature 
released under adiabatic condition. This conversion ranges from 50% to 70%. Figure 7-8 
shows experiments 1 to 6 performed at approximately 5 bar, with variation of λ-value from 
5 to 10,5. Apparently, at higher λ value conversion improves for a given pressure, inlet 
temperature and linear velocity. 
The effect of pressure in the conversion was compared in the experiments 3 and 7 (Table 
7-4). The pressure has negative effect in the conversion for a fixed linear velocity. These 
results are similar to experiments done on CH4 on the same catalyst [Persson, 2004]. 
Unfortunately; no more points at pressure between 5 and 17 bar could be investigated due 
to the unavailability of fuel. It is worth to mention that catalytic combustion of the mixture is 
unstable at λ-values lower than 4,5 due to the high reactivity of the ignition catalyst in 
presence of H2 and CO. The reactivity of the Pd:Pt/Al2O3 catalyst should be tuned down 
during manufacturing to adapt it to biomass utilization. 
 

Table 7-4: Experimental conditions for Pd:Pt /Al2O3 catalyst 

Exp. 
No 

λ 
Velocity 

 
Pressure 

 
Inlet 

Temperature 
Outlet 

Temperature 
Adiabatic 

Temperature 
Conversion 

  [m/s] [bar] [°C] [°C] [°C] [%] 

1 5,3 5,5 5,2 162 448 698 53 

2 6,5 5,6 5,0 160 437 608 62 

3 7,9 5,8 4,8 163 421 537 69 

4 10,6 5,9 4,6 165 372 450 73 

5 7,9 5,8 4,8 162 437 539 73 

6 5,2 5,6 5,0 160 441 706 51 

7 7,9 5,1 17,1 186 393 560 55 

 

 Discussion [Bimetallic Catalyst Experiments]  

Bimetallic catalysts (Pd:Pt/Al2O3) showed higher stability than monometallic catalysts that 
are used conventionally in catalytic combustion. Current studies on bimetallic catalyst 
indicate that the decomposition to Pd oxides at temperatures 630°C-700°C is prevented by 
the presence of Pt atoms. Metallic-Pd to Pd-oxide transformation is responsible for 
reactivity decreasing of the catalyst [Persson, 2004].  
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The level of conversion reached depends on the λ-value, as it is shown in Figure 7-8, at 
higher λ the conversion improves. This behaviour might indicate that the amount of fuel 
that reacts is not strongly dependent on the fuel concentration as it is on availability of 
active sites in the catalyst. Once the active sites a fully covered, then the rest of the fuel 
(close the centre line of the channel) flows through the catalyst un-reacted. 
 
It is suspected that H2 diffuses into the active sites and is the first component to react 
followed by CO. However, once the active sites are saturated homogeneous reactions 
would be needed to increase the fuel conversion levels. There is a risk, if the temperature 
raises high enough, that homogeneous reaction inside the catalytic channels and 
uncontrolled burning of the other fuel components will destabilize de system. This effect 
could be beneficial if the homogeneous reaction is moved downstream of the catalyst. 
 
According to these experiments pressure has a negative effect on fuel conversion on the 
catalysts; however, it is necessary to consider that linear velocity is the parameter that was 
kept constant. This implies that higher amount of air-fuel mass if flowing through the same 
surface when pressure is increased. Observe that under the tested conditions the reaction 
rate is limited by the fuel that reaches active sites (surface), therefore the total amount of 
non-combusted fuel increases with increasing pressure as a larger fraction of fuel passes 
through the channels unreacted as pressure increase. This effect is registered in the 
reduction of combustion efficiency. In a real gas turbine combustion chamber this un-
combusted fuel would necessarily undergo homogeneous reactions in order to match 
emissions and combustion requirements. 
 

 Summary: Bimetallic Catalyst Experiments 

Bimetallic catalyst showed superior stability performance compared to monometallic ones. 
The high reactivity of the mixture however prevented to run at λ<5,2, this due to 
preferential catalytic burning of H2 and CO. the heat release from this reaction eventually 
induces incontrollable of homogenous reaction in the mixture. The increment in pressure 
influences negatively in the conversion.    

  
Figure 7-8: Conversion of simulated gasfied 

biomass at different λ values.  

The experiments were performed under 5 bar pressure, 
constant linear velocity and inlet temperature. 

 

Figure 7-9: Effect of pressure in the 
conversion.  

The experiment performed at λ value 8 at two different 
pressures. Unfortunately no more points could be 
obtained due to the unavailability of fuel. 
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7.2.2   Full Configuration on Biomass (Perovskites Catalyst) 

The objective is to test a full configuration under pressurized conditions. The full catalytic 
configuration of catalysts can be seen in Table 7-5. The first segment is the ignition 
catalyst (Pd:Pt / Al2O3); as second segment, a medium temperature catalyst is placed 
(LaCoO3 perovskite catalyst), which have shown good behavior in previous studies and it 
is suitable as medium temperature catalyst [Ersson, 2003]; and as high temperature 
catalyst, hexaaluminates-LaMn catalysts are used. 
In a first set of experiments a variation in very lean fuel conditions was tested to 
investigate the overall response of the catalyst configuration without taking the risk of 
overheating the catalysts configuration. A second set of experiments was also performed 
to investigate the effect of using different LHV gases under the same λ conditions, and 
finally, experiment at lower λ-value was performed attempting to reach the real gas turbine 
conditions. 
The temperature distribution in the ignition catalyst (1st segment) was measured by 
cementing thermocouples (0,8mm) inside the channel in three different locations: one in 
the center and two in the periphery to ensure an even reaction rate in this catalyst. 
 

Table 7-5: Configuration of catalyst used in the experiment on simulated gasified 
biomass. 

Location  Catalyst Description 

1st Segment Pd:Pt/Al2O3  Ignition Catalyst 

2nd Segment LaCoO3/ LaAl11O18 Perovskites Catalyst 

3rd Segment LaMnAl11O18 (HA1) Thermo resistant catalyst  

4th Segment LaMnAl11O18 (HA2) Thermo resistant catalyst  

 

 Lambda Influence (λ) 

The objective is to test the influence of λ-value for very fuel lean mixtures. The tests were 
performed at 5,5 to 6 bar, gas linear velocity approximately 5,5 m/s, under very lean 
conditions (λ-value variation from 32 to 10.7) in order to not jeopardize the catalysts 
integrity. The inlet temperature was kept close to 270°C and the exit temperature 
registered was in the range between 390°C and 450°C, a mixture of gases resembling 
gasified biomass was used [CO2 (32,2%); CO (33,3%); CH4 (24,5%); H2 (10,6%)] with an 
average heating value of 9,23 MJ/Kg. In this occasion the fuel was not diluted with 
nitrogen. The conditions and the results of the experiments are shown in Figure 7-10, 
Figure 7-11 and Table 7-6. The conversion is calculated estimating the fraction of 
adiabatic temperature increase over the catalytic configuration. The temperature in the 
ignition catalyst registered a variation 35-50°C between the hottest and coldest 
temperature registered in the channels, although these values are within accepted limits 
for catalyst activity (50°C according to Jacoby [2001]) the temperature gradient across the 
catalyst diameter is comparatively high for gas turbine standards.  
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Figure 7-10: Temperature distribution for 
different fuel concentrations (λ value) 

Figure 7-11: Percentage of the total 
temperature rise in the combustion 

chamber 

 
From the temperature distribution in the combustion chamber (Figure 7-10) it is possible to 
see that the major contributor to the conversion is the ignition catalyst. The conversion 
share over this catalyst varies from 83% for λ = 32 to 90% for λ = 10 of the total reached 
conversion (100%) as it is shown in Figure 7-11. The overall conversion for the entire 
configuration is showed in the last column on Table 7-6.  
  

Table 7-6: Experiments perform under different lean conditions 
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  [m/s] [bar] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] 

1 32,19 5,82 5,13 264,5 57,3 12,8 -6,4 5,0 68,7 371 64,5% 

2 21,30 5,69 5,26 266,1 84,8 15,7 -8,7 6,1 97,9 421 63,2% 

3 16,02 5,61 5,39 267,5 107,6 19,2 -11,2 6,7 122,3 467 61,3% 

4 10,67 5,48 5,58 267,5 155,7 26,3 -14,9 8,0 175,0 555 60,9% 

  

 Heating Value variation  

The objective of these experiments is to evaluate the heating value variation on the 
catalysts performance. These experiments were performed varying the calorific value of 
the fuel injected between 3MJ/kg and 9,5 MJ/kg, The original mixture was diluted adding 
nitrogen. The tests were performed at approximately 5-6 bar, gas velocity approximately 
5,5 m/s, under constant lean conditions (λ approx. 10), the inlet temperature was kept at 
270°C and the exit temperature registered was in the range between 390°C and 450°C. 
The results of the experiments are shown in Figure 7-12.  
 
As it is expected at these lean conditions the conversion increases with increment of the 
fuel heating value (Figure 7-12) reaching up to 60% when the heating value reaches 9,5 
MJ/Kg. Although, this result can be considered trivial, (the higher the fuel concentration the 
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better the conversion) for these high λ conditions (λ), it is important to notice that it is 
possible to obtain combustion of low heating value fuels. 
 

 
Figure 7-12: Conversion for different heating 

value gases. 

 
 Experiment at lower λ 

The objective of these experiments is to evaluate the behaviour of the catalytic combustion 
chamber at fuel richer conditions. The tests were performed at approximately 7 bar, gas 
velocity approximately 5,5 m/s, under lean conditions (λ value 10 and 6). The mixture of 
gases used resembled gasified biomass [CO2 (32,2%); CO (33,3%); CH4 (24,5%); H2 
(10,6%)] diluted in nitrogen from 9,23 MJ/kg to approx. 6,87 MJ/kg, the inlet temperature 
was kept between 270°C and 310°C and the exit temperature registered was in the range 
between 490°C and 650°C.  
 
 

  

Figure 7-13: Temperature distribution for 
different fuel concentrations (λ value) 

 

Figure 7-14: Porcentage of the total 
temperature rise in the combustion 

chamber 

 
The temperature in the ignition catalyst registered a variation 35ºC – 65ºC between the 
hottest and coldest temperature registered in the channels. The condition and the results 
of the experiments are shown in Table 7-7. The conversion is calculated estimating the 
fraction of adiabatic temperature that rises over the catalytic configuration. 
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This experiment showed the same trend as the one registered at higher λ values, where 
the ignition catalyst converts most of the fuel as it is shown in Figure 7-13 and Figure 7-14, 
up to 88% of the total reached conversion. The perovskite catalyst reacts modestly 
converting only 23% and 18% of the total reached conversion for lower and higher λ 
respectively. On the other hand the hexaaluminate catalysts do not show any sign of 
activity, probably due to the low temperature of the mixture. The reaction off the perovskite 
catalyst is not sufficient to ignite the hexaaluminate catalysts.  
 

Table 7-7: Experiments perform at lower λ conditions. 
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  [m/s] [bar] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] 

1 9,96 5,51 6,76 307,6 156,0 42,0 -34,3 20,2 183,9 614 60 

2 5,73 4,96 7,31 272,8 334,1 66,4 -59,3 37,4 378,6 783 74 

 
Discussion [Full Configuration on Biomass (Perovskites Catalyst)]  
 
 High lambda influence 

Under extremely lean conditions perovskite catalyst performance is modest, reaching a 
conversion of 19% at λ = 32, and 15% at λ = 10 (Figure 7-11). It has been observed that 
the ignition catalyst consumes larger amount of fuel, basically the most burnable 
components (H2 and CO). Although perovskites catalyst presents higher resistance to 
combustion products (H2O and CO2) than bimetallic catalyst; its operating temperature is 
higher; therefore, it shows low activity. The hexaaluminate catalysts are not active 
because the temperatures are below the working range (approximately 700°C - 800°C). 
The heat release of this configuration catalyst is clearly unbalanced. The ignition catalyst is 
markedly more active than the medium and high temperature catalyst. This might lead to 
an unbalanced combustion load for richer conditions that eventually would cause 
instabilities and destroy the catalyst and must be avoided. 
 
 Heating Value Variation 

It is possible to ignite fuels with Low Heating Value; however, in order to improve the 
conversion it would be required to increase the residence time (reducing the linear velocity 
of the mixture or enlarging the combustion chamber). This would implicate the use of 
larger cross section or longer combustion chamber for a fixed power output. The main 
advantage is that the reaction rate would be controlled by mass transfer and diffusion 
phenomena rather that chemical kinetics which would give a good control of the energy 
release by modulating the fuel/air input. 
 
 Lower lambda 

At richer mixtures the performance of the perovskite catalyst improves slightly; however, 
the ignition catalyst still burns most of the fuel. This can be explained due to the high 
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activity of the ignition catalyst that might consume most of the “easy” burnable components 
in the mixture (H2 and CO), which is in accordance to the literature. Downstream of the 
ignition catalyst, the combustion products such as water and carbon dioxide might 
influence the activity of the perovskite catalyst as well. Then the combined effect of the 
difficult burnable CH4 plus the combustion products might reduce the activity of the 
perovskite catalyst. The hexaaluminates catalysts are below the operating temperature to 
be significantly active. At lower λ values (< 4) instabilities in the catalyst were also 
observed. It is possible that the reaction rate goes from being controlled by mass transfer 
and diffusion phenomena to chemical kinetics that is highly sensitive to temperature. Then, 
a small increase in the temperature level induces an exponential growth in the reaction 
rate leading to overheating of the catalyst that eventually would induce gas phase 
reactions and catalyst destruction. From these experiments it is possible to conclude that 
is necessary to modulate the activity of the ignition catalysts for gasified biomass in order 
to reach stable combustion. 
 
Furthermore, it is important to keep a balance in the working load through the combustion 
chamber to be able to avoid abrupt overheating of the catalysts. In case of this 
configuration the activity of the ignition catalyst is very high in comparison to the activity of 
the other catalysts. If an increase in the conversion is needed and more fuel is added, the 
ignition catalyst would be burned out. For this reason the activity of the ignition catalyst 
should be reduced while the activity of the intermediate temperature catalysts enhanced. 
Different methods can be applied in order to reduce the activity (conversion) on the ignition 
catalyst. It is possible to use partially coated catalyst (active/passive) channels or to apply 
a diffusion barrier to the ignition catalyst. To enhance the activity of the intermediate 
temperature catalyst very little can be done; except to engineer a catalyst able to be active 
in presence of water and combustion products or use step combustion and add fuel 
downstream to the position of the ignition catalyst. 
 
 Summary: Full Configuration on Biomass (Perovskites Catalyst) 

Very fuel lean mixtures can react in the catalytic combustor burner with moderate 
conversion levels (60% to 64%), most of the conversion occurs in the ignition catalyst, the 
temperature increase downstream this catalyst is not enough to reach the operating 
conditions of perovskite and hexaaluminate catalyst. In the case of richer mixtures the 
conversion increases (and temperature) and higher activity on the perovskites catalyst 
could be observed; however, this rise is still lower than the required to activate the 
hexaaluminate catalyst. The reactivity over the catalyst of the catalytic combustor is still 
unbalanced and the ignition catalyst usually overheats while the intermediate and high 
temperature catalyst shows modest response. Equalization of the heat release needs to 
be improved, for that it is necessary to reduce the activity of the ignition catalyst.     
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7.2.3   Full Configuration on Biomass (Diffusion Barrier Catalyst) 

 
The objective of this set of experiments is to test if the diffusion barrier technique can 
improve the heat release in the catalyst. The full catalytic configuration used can be seen 
in Table 7-8. The first segment is the ignition catalyst with diffusion barrier coating. The 
diffusion barrier consisted in a layer of Al2O3 covering the active sites, as second segment 
a bimetallic catalyst was used (Pd:Pt/Al2O3); and as high temperature catalyst, two 
hexaaluminates Lanthanum Manganese catalyst were used. 
 
 Simulated Gasified Biomass tests 

The tests were performed from 5,7 bar to 13,6 bar, gas velocity approximately 5,5 m/s, 
under lean conditions. The mixture of gases used resembled gasified biomass [CO2 
(32,2%); CO (33,3%); H2 (24,0 %); CH4 (10,6%)] diluted in nitrogen to reach an heating 
value approx. 6,8 MJ/kg, the inlet temperature was kept between 270°C and 300°C and 
the exit temperature registered was in the range between 630°C and 740°C. The 
experimental conditions and results can be seen on Table 7-9.  
The test was performed at λ values 6 and 4, due to the high reactivity registered, and to 
avoid overheating of the ignition catalyst (Pt:Pd/Al2O3 – diffusion barrier). The conversion 
obtained with this set up was between 67% and 74%.  
From the temperature distribution along the combustion chamber it is possible to evaluate 
the share of conversion corresponding to each catalyst. In this configuration the major 
contributor to the overall conversion is the Pt:Pd/Al2O3 catalyst coated with diffusion barrier 

(ignition catalyst). The conversion over this catalyst ranges between 60% and 70% approx. 
of the overall reached conversion. 
 

Table 7-8: Catalysts configuration using diffusion barrier catalyst. *(DB) The 
diffusion barrier consisted in a layer of Al2O3 coated on a Pd:Pt/ Al2O3 catalyst 

Location  Catalyst Description 

1st Segment Pd:Pt/Al2O3 (DB*) Ignition Catalyst 

2nd Segment Pd:Pt/Al2O3 Bimetallic Catalyst 

3rd Segment LaMnAl11018 (HA1) Thermo resistant catalyst  

4th Segment LaMnAl11018 (HA2) Thermo resistant catalyst  

 
Figure 7-15 and Figure 7-16 depict the temperature distribution in the combustion chamber 
for a λ value of 6 for two different pressure levels: 5,7 and 10,8 bar. Compared to previous 
tests the heat release in the Diffusion Barrier catalyst (ignition catalyst) has diminished 
from 85-90% of the total heat release to 60-70%. Pt:Pd catalyst converts between 15% 
and 20%, while hexaaluminate catalyst contribute with 17% for both cases. Although 
pressure helps to distribute more evenly the heat release in the combustion chamber also 
affects negatively to the overall combustion efficiency as it is displayed in Figure 7-19 and 
Table 7-9. Conversion reduces from 73% to 67%, there is a deep in the temperature 
profile in the HA1 catalyst that might be attributed to an unlucky placement of the 
thermocouple; despite this there is an overall increase of temperature in HA catalyst. 
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In the case of a λ value of 4, depicted in Figure 7-17 and Figure 7-18, the heat release is 
similar to the experiment at λ value of 6. In the diffusion Barrier catalyst (ignition catalyst) 
this is in the order of 68% and 62% for both case of 6,6 and 12,1 bar respectively. 
However, in contrast to the experiment done at a λ value of 6 pressure increase does not 
affect the overall conversion (Table 7-9), it only improves the heat release distribution 
along in the first section of the configuration. The heat release in the hexaaluminate 
catalyst is similar for all the cases.   
 

  

Figure 7-15: Temperature distribution for λ≈ 
6 at two different pressures 

Figure 7-16: Porcentage of the total 
temperature rise in the combustion 

chamber λ≈6 

 
The Pt:Pd/Al2O3 catalyst without diffusion barrier contributes roughly with 15% to 20%, 
while the LaMn hexaaluminate catalysts contributed with 17% of the total conversion for all 
the cases. Despite the improvement compared to case with diffusion barrier the uneven 
distribution of heat release in the combustion chamber jeopardizes the stability of the 
operation. In this particular case the reaction in the first segments leads to overheating. 
Pressure, on the other hand has influence at leaner mixtures, λ value 6, while at richer 
conditions, e.g. λ value 4, there is no influence registered (Figure 7-19).  
 

  

Figure 7-17: Temperature distribution for λ≈ 
4 at two different pressures 

Figure 7-18: Porcentage of the total 
temperature rise in the combustion 

chamber for λ≈4 
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Table 7-9: Experimental conditions and summarized results from the experiment 
performed using diffusion barrier catalyst in the ignition catalyst (first segment).  
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  [bar] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] 

1 6.1 5.7 300 234 52 -38 94 342 642 766 73 

2 4.1 6.6 290 308 70 -29 102 450 741 943 69 

3 6.2 10.8 278 191 70 -14 67 314 592 746 67 

4 3.9 12.1 270 278 95 -14 90 450 719 925 69 

 
 
 Methane tests 

A set of experiments using Methane was performed; the linear velocity was kept constant 
at 5m/s and the λ used was approximately 5, and the pressure range 5 to 12,4 bar. Only 
above 450°C of inlet temperature (see Figure 7-20) the catalyst configuration converts 
15% of the fuel at 5 bar and at higher pressure, 9,8 bar,  the conversion is reduced to 6% 
(Table 7-10).    
The energy release distribution in the combustion chamber is much better. The bimetallic 
catalyst burns more fuel than the ignition catalyst, but the hexaaluminate catalysts only 
have a marginal performance. The total conversion varies from 4,6% to 20,1% in the set of 
experiment performed on CH4.  
 
   

 

Figure 7-19: Total conversion for two different λ 
values. 
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Figure 7-20: Methane test for different inlet temperatures [°C]. Test performed at 5 
bar, λ≈5 

 

Table 7-10: Diffusion barrier concept tested on CH4. The diffusion barrier catalyst 
showed lower level of conversion (between 50% and 70% of the overall 
conversion) when compared to the use of simulated gasified biomass.  
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  [bar] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] 

1 5.1 5.0 386 14 6 -3 9 26 412 878 5.3 

2 5.1 5.1 468 35 54 -25 8 72 540 952 14.9 

3 5.1 5.2 507 50 60 -35 21 97 603 988 20.1 

4 5.0 5.2 552 39 43 -25 5 63 615 1,029 13.2 

5 5.0 10.5 563 17 17 -8 -3 22 585 1,039 4.6 

6 5.2 9.8 478 17 20 -8 1 29 508 961 6.1 

7 5.2 12.4 439 14 9 -4 8 27 466 926 5.5 

 
The inlet temperature increase, from approx. 470-480°C to 550-560°C, produced an offset 
of the temperature profile for both the pressure levels of 5 and 10 bar (see Figure 7-21). At 
high pressure the energy distribution in the combustion chamber improves by reducing the 
conversion share in the bimetallic catalyst.  
 
The Hexaaluminate catalysts have a marginal performance and the highest conversion 
occur when the second Hexaaluminate catalyst starts to operate and the ignition and 
bimetallic have the highest performance. 
 
The effect of the pressure can be seen in Figure 7-22, and indicates a large influence on 
conversion independently on the inlet temperature. The conversion drops from 15% to 5% 
once pressure increases from 5 to 10 bar approximately.    
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Figure 7-21: Pressure effect in the temperature distribution. Test performed on CH4 
at λ 5  

 
 

 
Figure 7-22: Pressure effect in the overall conversion, 

test performed on CH4 at λ 5 and two different inlet 
teperatures. 

 
 
 Discussion [Full Configuration on Biomass (Diffusion Barrier Catalyst)] 

The objective of the diffusion barrier in the ignition catalyst is to diminish the high reactivity 
in the presence of H2 and CO and obtain a better heat release distribution. The layer of 
Al2O3 diminishes the diffusion of H2 into the active sites and thwarts the transport of the 
combustion products into the main gas. The reduced mass transport towards the active 
sites induces lower reactivity. Apparently the diffusion barrier affects most of the species 
but H2. This diminishing of reactivity can be seen in the lower share of temperature rise in 
relation to the total temperature rise in this configuration. This level is smaller compared to 
previous set of experiments. This reduction corresponds approximately to 10% (compare 
Figure 7-13 and Figure 7-16).  
 
On the other hand it is expected to have different behaviour under different fuel 
components. Using pure methane with the same catalyst configuration the total conversion 
reduces dramatically, and the share on the conversion of the ignition catalyst reduces 
importantly (Figure 7-20 Figure 7-21 and Table 7-10) and a similar gain in temperature in 
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both the ignition catalyst and the diffusion barrier catalyst are reached. This could be an 
optimal distribution of the heat release in the combustion chamber. In contrast when using 
simulated gasified biomass the ratio of energy release between the ignition catalyst to the 
Bimetallic catalyst Pd:Pt catalyst is between 3:1 to 4,2:1, which is not enough to ensure 
sustainable utilization once lower λ conditions are tested. A combination of this technique 
and the one investigated in the next set of experiments could be a reasonable alternative 
to handle fuel with high contents of H2.    
Pressure influence is similar to the one detected in previous experiments, it contributes to 
equalize the heat release along the combustion chamber for both of the λ conditions 
tested, e.g. λ value 4 and λ value 6 by reducing the reactivity in the ignition catalyst. On 
the contrary the effect on the total conversion is negative as could be seen in Figure 7-19 
for gasified biomass and Figure 7-22 for methane. In the latter case the influence of 
pressure is much higher for lower conversion levels. 
In the case of λ value 4 using gasified biomass pressure does not affect the conversion 
despite the higher mass flow of the reactants for a given active site area. This might 
indicate the starting of reactions in the HA section of the combustion chamber; and 
possibly gas phase reactions start to occur due the high temperature of the stream > 
700°C (see Figure 7-17).   
 
From these experiments is possible to state that the characteristics of gasified biomass 
and natural gas differ when they are combusted catalytically under lean conditions. Natural 
gas requires highly active catalyst to be able to ignite as it can be seen in Figure 7-20, 
while gasified biomass normally is very reactive and needs an ignition catalyst with 
reduced activity. These opposite features rule out the utilization of one ignition catalyst to 
operate on both fuels (gasified biomass and natural gas) under fuel lean conditions. An 
alternative would be to try to reduce the reactivity differences between both fuels (this can 
be achieved increasing the reactivity of the natural gas, i.e. doping it with hydrogen). 
According to the experiments performed at the moment, natural gas and gasified biomass 
require the application of different ignition catalysts. 
 
 Summary: Full Configuration on Biomass (Diffusion Barrier Catalyst) 

The objective of the use of diffusion barrier catalyst as ignition catalyst improved the heat 
release in the catalytic combustor which was partially achieved. The Al2O3 layer prevented 
the diffusion of H2 and CO and it reduced the activity of the ignition catalyst. The bi-
metallic catalyst, used as intermediate temperature catalyst, increases its activity; 
however, it was not sufficient to ignite the high temperature resistant catalyst. The overall 
conversion increased compared to the previous experiment, and it was possible to run at 
richer mixtures (λ≈4). Increase of pressure on the other hand had a negative effect in the 
overall conversion for leaner mixtures (λ≈6). Finally for CH4 and fuel lean conditions it is 
not possible to use similar catalyst as for simulated biomass as CH4 is much difficult to 
ignite and higher reactivity on the catalyst is required.   
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7.2.4   Active/Passive Channelled Catalyst 

The objective of these experiments was to investigate the possibility of using a partially 
coated catalyst for hybrid catalytic combustion chambers in order to manage the heat 
release in the ignition catalyst. In order to reduce the reactivity in the ignition catalyst only 
50% of channels in the catalyst were coated. The coating was done in a way so that each 
coated channel was surrounded by 4 uncoated channels and vice versa (see Figure 7-23). 
Thermocouples (0,8 mm in diameter) were cemented in chosen passive and active 
channels for temperature measurements. The fuel used resembles gasified biomass with a 
heating value of approximately 6,8 MJ/kg. The conversion is calculated estimating the 
fraction of adiabatic temperature that rises over the catalyst.         
Table 7-11 shows the experimental conditions for the first set of experiments performed on 
this catalyst. The monolith was 3,5 cm in diameter and 3,6 cm in length. The active 
component in the catalyst was metallic platinum. It was prepared by the incipient wetness 
technique and was supported on alumina (Puralox HP-14/150, Condea). First, an aqueous 
solution of the metal ion was prepared, in this case from H2PtCl6 salt. The alumina powder 
was then impregnated with the aqueous solution, dried for 2h at 150°C, and reduced in 
hydrogen at 375°C. The catalyst powder was mixed with ethanol, boll-milled and coated 
onto the monolith. Finally the monolith was calcinated at 900°C for 1 hour. The catalyst 
powder had a loading of 1 wt.% Pt/g-Al2O3 and the wash coat loading of the total monolith 
weight was 15 wt.%. The Pd catalyst is highly active in presence of hydrogen and carbon 
monoxide; it is possible to ignite it at temperatures as low as 200°C. 
 

 
 

 

Figure 7-23 Partially coated catalyst. 50% of the channels where coated with 
Pd/Al2O3 catalyst. T1 is the temperature measured in the uncoated channels, T2 

temperature measure in the coated channels. 
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Table 7-11:Experimental conditions for 50% channels coated catalyst.  

 5 bar 10 bar 15 bar 

Case 1 2 3 4 5 6 

 λ~ 6 λ~ 4 λ~ 6 λ~ 4 λ~ 6 λ~ 4 

Fuel [gr/s] 0,81 1,09 1,62 2,42 2,40 -------- 

Nitrogen [gr/s] 0,41 0,55 0,82 1,22 1,22 -------- 

Air [gr/s] 13,0 13,0 26,0 25,9 38,9 -------- 

       

Velocity [m/s] 5,68 5,41 5,47 5,15 5,69 -------- 

Pressure [bar] 5,2 5,4 10,7 11,6 16,2 -------- 

       

λ 6,02 4,46 6,00 4,01 6,05 -------- 

       

Tin [°C] 231 227 232 218 257 -------- 

Tout [°C] 439 522 379 479 386 -------- 

ΔT [°C] 208 294 148 261 129 -------- 

Passive [°C] 485 584 450 575 462 -------- 

Active [°C] 491 597 485 688 532 -------- 

       

Tad [°C] 702 834 705 878 725 -------- 

Conversion [%] 44 49 31 40 28 -------- 

Re 821 854 1634 1745 2361  

 
The results of the experiment were used to validate a two-dimensional, steady state 
model, Andrae et al [2005]. The model considered a high laminar Reynolds number 
regime, wherein axial diffusive transport was diminished compared to the radial and 
convective transport. The model used a radial mesh discretized to 50 mesh points 
concentrated near the wall, which showed a mesh independent solution. A detailed multi-
step mechanism based on Vlachos et al [2002] was used in CHEMKIN for the solution for 
multifuel gases on Pt surfaces. After simulations with and without gas phase reactions, it 
was concluded that gas phase reactions at the experimental condition have minor 
influence on the conversion of the fuel. The main assumptions in developing the model 
were: 

 Temperature in the channel is equal to the average temperature between the active 
and passive channel, and it was reached after 1mm in the axial direction through a 
ramp function. 

 The velocity profile of the flow was flat. 

 Heat transfer upstream through conduction in the channel was neglected. 
 
The conversion levels recorded are displayed in Figure 7-24. For λ value 6, the influence 
of the pressure is negative, although beyond 10 bar pressure the tendency levels out. In 
the case of λ value 4, it was only possible to reach 11,6 bar, as a further increase in 
pressure precipitates flash-back and homogeneous reactions (e.g. gas phase reactions) 
and instable operation conditions. At λ value 4, the conversion is also affected by the 
pressure from 49% to 40% (e.g. 9% reduction) while the reduction in conversion at λ value 
6 was from 44% to 31% (e.g. 13% reduction).   
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Figure 7-24: Conversion over the partially coated catalyst 

  

 Discussion 

The conversion of the reactive species and the bulk temperature predicted from the model 
are shown in Figure 7-25. Hydrogen reacts readily in the catalyst reaching above 95% 
conversion for pressure level of 5,5 bar. Pressure negatively affects the conversion of 
hydrogen as it drops down to 70% for 16 bar and λ value 6. Continuing with CO, its 
conversion reaches 70% for 5,5 bar (independently of the λ value) and follows the same 
trend as H2. The effect of pressure on conversion is largest between 5,5 bar and 10 bar, 
compared to the reduction from 10bar to 16bar. By contrast, CH4 is shown to be more 
dependent on the λ value than on the pressure level, but the conversion levels are much 
lower. The bulk temperature follows the conversion trends of H2 and CO.    
 

  

  
Figure 7-25: Predicted conversion of reactive species and bulk temperature. 
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These results can be explained because of the limitation imposed by the thermal and 
species boundary layers, as they inhibit the mass transfer between the surface and the 
bulk gas stream. In this mechanism the diffusion coefficient is a function of temperature 
and pressure. Diffusion increases with increasing temperature but reduces with increasing 
pressure.  In these experiments as the linear velocity is kept constant, at higher mass flow 
rates, unreacted gas in the axial direction penetrate far into the channels. This effect can 
be seen in Figure 7-26, which depicts the molar concentration of H2 and CO at the centre 
line and close to the wall. An important difference in concentration can be seen between 
these two regions, with more unreacted gases at the centre line and in higher mass flow 
regimes. The rapid drop in concentration close to the wall denotes that there is a mass 
transfer limitation after ignition occurs. Note that H2 diffuses faster than CO in the radial 
direction. 
Stable combustion of the bulk gases downstream of the catalyst would be difficult to 
achieve as the overall stream temperature reduces due to the higher mass flow that 
maintains a constant overall linear velocity for an increased pressure. This can be 
observed as a decrease in conversion at higher pressures. Decreased conversion at 
increased pressure has been observed also in previous experiments. 
 

  
Figure 7-26: Molar fraction of H2 and CO for centerline and close to the catalyst wall  

  

 
 

Figure 7-27: Molar flux for H2O and CO2 for λ≈6 at different pressures 

  



88 
 

 

Observing the molar flux of H2O and CO2 (Figure 7-27) close to the wall for the 
experiments at λ value 6, it is possible to notice that as pressure increases, the 
concentration and therefore the reaction rate increases. Interestingly, the gain in reactivity 
is higher from 5 bar to 10 bar than from 10 bar to 16 bar. This positive effect cannot 
however compensate for the mass transfer limitation into the boundary layer (close to the 
wall) imposed by the pressure increase. Note as well that the ignition at higher pressure 
occurs sooner at 16,2 bar than at 10,7 bar.  
 

 

 

 
Figure 7-28: Site fraction for major surface species 

 
   
Investigating the major surface species predicted by the model, it is possible to observe 
the surface coverage of the main species. This is shown in Figure 7-28, as surface 
reactions are kinetically controlled in this region. The surface reaction rate increases 
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linearly with the availability of free surface sites, PT(s). Observe that before the ignition 
point, the surface is covered primarily by carbon monoxide, CO(s), hydrogen atoms, H(s), 
and carbon dioxide, CO2(s). Later on, after ignition of H2 and CO, the surface is covered by 
atomic oxygen, O(s), CO2(s), hydroxyl, OH(s), and free surface sites. When the average 
wall temperature is reached at 1 mm, the process is under the influence of mass transport. 
The fraction of free sites is much higher for the 5,2 bar test compared to the 10,7 bar and 
16,2 bar tests. As pressure increases, the partial pressure and adsorption rate of hydrogen 
and carbon monoxide increase. This will lead to greater coverage of CO2(s), and OH(s) 
but also lower coverage of free sites after ignition. This negative pressure dependence for 
the availability of free surface sites would restrain the overall reaction rate. 
 
The combustion efficiency of leaner mixtures is more sensitive to increased pressure 
compared to richer mixtures, as shown Figure 7-29. Finally, the developed model showed 
a good agreement with the experimental result and as it can be seen, these results 
validate the assumptions made in the model.  
 

 

Figure 7-29: Experimental and model results  

 
 Aftermath 

In the attempt to obtain data at 16 bar and λ 4, the partially coated monolith experienced 
several flash back phenomena. The temperature recorded in these cases reached up to 
1200 ºC, which is higher than the calcination temperature of the monolith of 900 ºC. There 
was a risk that the catalyst structure had deteriorated. As a result it was decided to test run 
a series of tests to evaluate the catalyst performance.  
 
The experiments were performed between 4,5 to 15,4 bar, with a gas velocity of 
approximately 4 m/s, λ values between 8 and 4,5, the inlet temperature was kept between 
270°C and 300°C and the exit temperature registered was between 385°C and 470°C. The 
experimental conditions and the results of a characteristic experiment can be seen in 
Table 7-12. In these experiments the inlet temperatures were higher (approx. 300°C). The 
total conversion over this catalyst varies between 20 % and 30%.  
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Table 7-12: Experiments performed at Active/Passive catalyst on Pd/Al2O3 50% of 
the channels were coated.  
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  [m/s] [bar] [°C] [°C] [°C] [°C] [°C] [°C] [°C] [%] 

1 4,5 4,9 5,2 288 470 182 603 543 60 859 31,9 

2 4,2 4,7 8,1 279 448 169 652 536 116 885 27,9 

3 4,6 4,3 13,5 268 385 117 667 464 203 830 20,8 

4 6,1 4,3 5,1 297 426 130 554 478 76 735 29,6 

5 6,4 4,5 7,8 298 406 109 566 463 103 718 25,8 

6 6,8 4,6 13,2 296 373 78 572 431 141 695 19,5 

 
Figure 7-30 depicts the reduction in conversion (combustion efficiency) by approximately 
15% for λ=4 and 12% for a leaner mixture λ=6. This could be attributed to the degradation 
of the catalyst in the coated channels. It is possible to observe that the combustion 
conversion reduces with pressure increase. Figure 7-31 shows the temperature difference 
between the coated and uncoated channels.  
     

  
Figure 7-30: Conversion on the 

Active/Passive channel catalyst 50% of 
the channels coated. 

Figure 7-31: Temperature difference 
between coated and uncoated catalyst 

channel. 

 
The effect of pressure is clear: the temperature difference increases with pressure and 
supports the findings of high reaction rates similar to those depicted in Figure 7-26. This 
temperature difference seems to stabilize for λ=6 below 200 ºC, contrary to the λ=4 case. 
In the latter there is a risk that homogenous reaction starts as the temperature for 
homogeneous reaction of CH4 is reached (approx. 670 ºC) before the temperature 
difference reaches a stable level.  
 
 Summary: Active/ Passive Channelled Catalyst 

The objective of using a partially coated catalyst is fundamental for a hybrid concept, 
where the aim is to have a staged combustion mode. A percentage of the fuel passes 
through the catalyst without reacting (via the uncoated channels) while the rest of it is 
combusted catalytically in the coated channels, and heat release is controlled by the 
cooling effect of the uncoated channels. The limitation found is that the heat release in the 
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coated channels is not enough to engage homogeneous reactions downstream of the 
catalyst. The homogeneous reactions occurred inside the coated channels with 
subsequent overheating of the catalyst and unstable operation (flash back).  
Modulating the heat release in the catalyst by varying the coated/uncoated channels ratio 
is a limited alternative. The difference in reactivity between sites close to the catalyst walls 
and channel-center regions is imposed by mass transfer limitations. Hence, increasing fuel 
concentration will engage homogeneous reaction of the channel-center regions. This 
occurs at λ values slightly lower than 4, and produces a general flash back inside the 
catalytic channels. Furthermore, the temperature downstream of the catalyst is too low to 
engage homogeneous reaction even with the additional fuel flowing from the uncoated 
channels.    
In order to lift the mass transfer limitation it would be necessary to increase turbulence 
levels inside the channels, with the consequence of higher-pressure losses if the 
honeycomb monoliths are used. The use of foam-type monoliths is a plausible alternative. 
Foam type monoliths offer a three-dimensional labyrinth-type structure that increases the 
turbulence levels. In such case it will be difficult to arrange an active-passive approach, but 
a dedicated channel for the unreacted fuel air mixture will be possible.        
 

Tinlet Catalyst

Tmax Homogeneous

Toulet Catalyst

Tinlet Turbine

Heterogeneous

reaction zone

Homogeneous reaction

zone

Fuel/Air

Mixture

Fresh Mixture  

Channel

Fresh Mixture  

Channel
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Catalyst

 

Figure 7-32: Hybrid concept using foam coated catalyst. 

 
A natural instability could explain the behaviour of the catalysts in lower λ experiments. 
Despite the model predictions, homogenous reactions may begin to occur due to the larger 
availability of reacting species. The temperature increase may produce a larger pressure 
drop due to the reduction in density. This situation would increase the residence time, 
favouring heterogeneous and homogenous reaction in the catalytic surface that would 
increase the temperature once again, which would re-start the cycle [Fredriksson, 2004].  
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7.2.5   Full Configuration Catalyst (Extended) 

 
A set of experiments was performed using the configuration described in Figure 7-33. The 
diffusion barrier, bi-metallic and hexaaluminate catalysts used had similar characteristic as 
the ones previously tested. The last catalyst Ba/Zr_PtO3 catalyst was selected as a high 
temperature catalyst after a screening test performed at the KTH High Pressure Test 
Facility. The Ba/Zr_PtO3 was prepared using a modified citrate route wetness method. The 
Ba/Zr_PtO3 catalyst was calcinated at 800 ºC for 10 hours and it had a 2%weight Pt and 9 
m2/g. Details of the manufacturing can be found in D’Alessandro et al [2011]. The monolith 
used had 400 cpsi and all catalysts were of 20mm length except the Ba/Zr_PtO3 catalyst, 
which was 100mm long. N-type thermocouples were placed between catalysts as well as 
upstream and downstream of the arrangement.   
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Figure 7-33: Catalytic combustor extended configuration. 

 
The general experimental conditions are displayed in Table 7-13. The fuel used was a 
mixture of gases, namely, CO2 (32,2%); CO (33,3%); H2 (24,0%); CH4 (10,6%) with a total 
heating value of 9,23 MJ/kg. This fuel resembles gasified biomass of medium heating 
value (steam /oxygen gasification). No nitrogen dilution was used.  
 

Table 7-13: Experimental conditions for extended configuration  

  Min Max 

Channel Velocity  [m/s] 3,7 4,8 

Residence time   [ms] 36 49 

Space Velocity  [1/h] 73933 101300 

Pressure*  [bar] 4,74 13,45 

Inlet temperature  [ºC] 375 457 

Fuel flow  [gr/s] 0,22 1,04 

Air flow  [gr/s] 8,76 19,74 

Lambda (λ)  5,52 30,07 

 
The combustion gases were analysed with a micro gas chromatographer specially 
customized for combustion proposes. The gas analysis was done using a Varian CP-4900 
Micro Gas Chromatographer. The calibration and details of the unit can be found in Pastrik 
[2006]. According to Coleman [1999], if the calibration of the instrument is done properly 
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the measurement accuracy and precision are dependant only on the technical 
characteristics of the measurement instrument. In this case the accuracy of the Varian CP-
4900 Micro GC is 0,13% relative standard deviation (RSD). The precision of the instrument 
is related to the calibration gases used, which normally have a deviation of +/-2% of the 
relative concentration for calibration bottles with multiple components. The gas samples 
are taken upstream and downstream of the catalytic reactor 
 

 Test Methodology 

The maximum temperature allowed for proper functioning of the catalyst is the calcination 
temperature during manufacturing. In this case it was 800 ºC. A screening test was 
performed to determine the maximum fuel flow allowed. Three pressure levels were 
investigated: 5,4 bar, 8,5 bar and 12,5 bar. The inlet temperature was set high enough to 
ensure ignition. In this set of experiments the minimum inlet temperature was 375 ºC. 
Combustion efficiency was calculated based on chromatography. As the gas sample has 
to be dried, the water level was defined using mass balance. Observe that in these 
experiments it is assumed that the amount of CO as a product of incomplete combustion 
of CH4 is negligible. 
 
 5,4 bar Results 

Figure 7-34 shows the general results for the experiment performed at 5,4 bar. In this set 
of experiments the minimum λ value tested was approximately 5,6. Hydrogen conversion 
is close to 100% for the whole λ interval, whereas carbon monoxide conversion is higher 
than 90% and it experiences a step increase of conversion at λ value 7,8 that obeys 
mostly its characteristically chemical kinetic step related to reaction temperature. On the 
other hand, methane conversion is below 20% down to λ value 6, and thereafter methane 
conversion increases sharply up to 37%. The overall conversion is between 64% and 76%, 
and the sharp increase of methane conversion is reflected in the overall conversion.     
 

 

Figure 7-34: General results at 5,4 bar 

 
The temperature profiles of the reactor for different λ values are shown in Figure 7-35. At 
higher λ, the energy release is well distributed (e.g. λ value 15,7 and λ value 9,3) and the 
heat release in the diffusion barrier catalyst is between 71% and 78%. The share of heat 
release tends to be higher in the first catalyst with increased fuel concentration, reaching 
up to 90% of the total heat release in the diffusion barrier catalyst at λ value 6,1.  
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For the second catalyst, the bi-metallic Pd/Pt, the heat release reduces with increased fuel 
concentration and varies from 28% to 15%. The hexaaluminate catalyst contribution is 
mild, on the order of 4% to 2%. Finally, the Ba/Zr_PtO3 shows a relative contribution of 
approximately 10%. The bulk temperature of the gases drops at the exit of the catalytic 
reactor. These later phenomena indicate that homogeneous combustion cannot be self-
sustained. It was not possible to test a richer air fuel mixture as flash back starts to occur. 
The richest stable point was at λ value 5,6.    
 

  

Figure 7-35: Tempearture profile for 5,4 bar experiment 

  

 8,7 bar Results 

Figure 7-36 shows the general results for the experiment performed at 8,7 bar. In this set 
of experiments the minimum λ value tested was approximately 7,2. Hydrogen conversion 
is close to 100% but lower at higher λ (e.g. λ value 21) whereas carbon monoxide 
conversion is higher than 80%. It experiences a step increase of conversion at λ value 7,8 
that mostly obeys its characteristically chemical kinetic step related to reaction 
temperature. On the other hand, methane conversion is below 20% down to λ value 7,2 for 
the whole interval. The sharp increase in conversion at lower λ value observed at 5,4 bar 
is not present at 8,7 bar. The overall conversion is between 60% and 68%.    
  

 

Figure 7-36: General results at 8,7 bar 

 
The temperature profile of the reactor for different λ values is shown in Figure 7-37. In the 
interval of the experiment the overall heat release is better distributed than at 5,4 bar. 
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However, the heat release in the diffusion barrier catalyst dominates and is between 68% 
and 77%. This heat release tends to be higher in the first catalyst with increased fuel 
concentration. It reaches the maximum heat release at the lower λ value. 
 
For the second catalyst, the bi-metallic Pd/Pt, the heat release reduces with increased fuel 
concentration and varies from 20% to 35%. The hexaaluminate catalyst contribution is 
mild, on the order of 2% to 6%, and is higher with more fuel. Finally, the Ba/Zr_PtO3 shows 
a relative contribution varying from 20% to 13%. The bulk temperature of the gases drops 
at the exit of the catalytic reactor. These phenomena indicate that homogeneous 
combustion cannot be self-sustained.      
 

  

Figure 7-37: Temperature profile for 8,7 bar experiment 

 

 12,5 bar Results 

Figure 7-38 shows the general results for the experiment performed at 12,5 bar. In this set 
of experiments the minimum λ value tested was approximately 6,7. Hydrogen conversion 
is close to 100%; however slightly lower than in the previous cases.  
 

 

Figure 7-38: General results at 12,5 bar 

 
The conversion of carbon monoxide is higher than 80% and it experiences a noticeable 
increase in conversion at λ value 7,5 to 8,5 that mostly obeys its characteristic chemical 
kinetic step related to reaction temperature.  
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On the other hand, methane conversion is below 25% down to λ value 6,5. There is a 
continuous increase in methane conversion with increasing fuel concentration, which 
seems to reach a plateau of around 20% conversion in the region of 6,5 to 7,5 λ. The 
overall conversion is between 58% and 67%.     
The temperature profiles of the reactor for different λ values are shown in Figure 7-39. At 
lower λ the energy release is well distributed (e.g. λ=29,9 and λ=13,5) where the heat 
release in the diffusion barrier catalyst is between 61% and 55%. The share of heat 
release tends to be higher in the first catalyst with increased fuel concentration reaching 
64% at λ value 6,7. For the second catalyst, the bi-metallic Pd/Pt, the heat release reduces 
with increased fuel concentration and varies from 37% to 20%. The hexaaluminate 
catalysts’ contributions are mild, on the order of 7%. Finally the Ba/Zr_PtO3 shows a 
relatively good contribution of approximately 16%. The bulk temperature of the gases 
drops at the exit of the catalytic reactor. These phenomena indicate that homogeneous 
combustion cannot be self-sustained. It was not possible to test a richer air fuel mixture as 
flash back starts to occur.      
 

  

Figure 7-39: Temperature profile for 12,5 bar experiment 

  

 Discussion  

 

 Inlet temperature influence 

It has been demonstrated previously that the presence of H2 and CO in the mixture 
requires relatively low inlet temperature to initiate the reaction. Using a gas mixture inlet 
temperature of 375 ºC (e.g. 100 ºC higher than in the partially coated catalyst test) it is 
possible to state that the catalyst is ignited and the catalytic reaction starts. 
 
Figure 7-40 shows selected experiments based on the inlet temperature. The conversion 
levels for λ value 7,3 are depicted with the wired square (CO-□) and diamonds (CH4-◊), the 
conversion levels for λ value 8,8 are represented with solid squares (CO-■) and solid 

(CH4-♦) diamonds, and conversion levels of λ value 13,5 are shown with crosses × for CO 

and + for CH4 .  
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Figure 7-40: Inlet temperature vs. conversion for selected experiments  

 
It is remarkable that the marks that represent higher conversion are lined towards the low 
inlet temperature region (close to 375 ºC), and the calculated conversion tends to be lower 
at the higher inlet temperatures (close to 400 ºC). This indicates that the catalyst ignition 
temperature is lower than 375 ºC, and once the flow reaches the ignition temperature, the 
influence of inlet temperature is mild compared to fuel concentration. This point will be 
discussed further in the next sections. 
Hydrogen levels are not shown in Figure 7-40 for clarity of the picture; however the levels 
of conversion for hydrogen are higher than 98%. Regarding CH4, there are two occasions 
in which CH4 conversion is higher than 30%, which could be attributed to the start of 
homogeneous reaction regime in the catalyst channels. 
 

 

Figure 7-41: Pressure influence for three different λ values. 

 
 Pressure Influence 

Figure 7-41 depicts the effect of pressure on the conversion of the energy carrying species 
at three different λ values, 13,5 ; 8,8 and 7,3. It also shows the overall conversion. 
In general terms, H2 shows very high conversion, of over 98%. Hydrogen conversion is 
more dependent on the fuel concentration than on the pressure. CO also shows high 
levels of conversion, higher than 80%. In the case of CO the pressure negatively 
influences the conversion, and this influence is more notable at higher λ values. The 
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conversion levels of CH4 in these experiments are between 10% and 20%. The effect of λ 
is not clear and the pressure influence is slightly negative and it is more relevant at high λ 
values. The total conversion is affected by pressure if the λ value is high or medium, but it 
is less sensitive for low λ values. This consequence could be explained by the initiation of 
homogenous reaction inside the catalyst channels.        
 

 

  

  

  

Figure 7-42: Pressure [bar] effect for different λ values. Temperature[ºC] profile 
(righ), and energy release (left) 

 

 

On the other hand, the influence of increasing pressure on the heat release can be 
observed in Figure 7-42 for the studied cases. Higher pressure tends to equalize the heat 
release in the catalytic combustor. This effect is milder at lower λ values. The pressure 
tends to reduce the diffusion of species; however, as the mixture gets richer the 
temperature increases and as a consequence diffusion rates also increase. At this point a  
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quasi-equilibrium is reached. If fuel concentration 
increases further, surface reactions reach faster 
reaction rates with subsequent heat release, which 
triggers homogeneous reactions.  
This causes further increase in bulk temperature, 
with H2 and CO the first to be depleted from the 
mixture. If CH4 is the major reacting fraction left in 
the mixture, then homogenous reaction would be 
mostly dictated by CH4. CH4 homogenous reaction 
starts to occur at 650ºC but becomes significant at 
850 ºC. Figure 7-42 shows that the energy release 
is better distributed in the combustion chamber at 
higher pressure for the three λ values investigated.  
For λ value 13,5 the activity in the diffusion barrier 
catalyst reduces from 64% to 55% for a pressure 
increase from 8,5 to 12,5 bar. Note that 
temperature profiles are almost similar. For λ value 
8,8 the behaviour is similar and the lower the 
pressure the higher the energy release in the 
diffusion barrier catalyst. It ranges from 71% to 
53% for an increase in pressure from 5,6 to 13,1 
bar. Finally, for λ value 7,3 the heat release in the 
diffusion barrier catalyst reaches 82% at lower 
pressure and 61% at 13,5 bar. The main difference 
compared to the previous cases is that the heat 
release in the downstream catalyst is higher. 
 
The concentration and pressure could be related to 

the conversion by a surface, and this approach could predict the conversion at a defined 
pressure and λ value. The surface generation strategy is depicted in Figure 7-43 
 
The approximation could be done using a parabolic or linear surface based on the linear 
regression from the obtained data. The next steps could be as follows: 
 

 Step a) The experimental data at different defined λ values is used to obtain a 
regression curve that relates conversion (either total or individual) and pressure,  

 Step b) Once the curves are defined, it is possible to select a pressure. At this 
pressure it is possible to determine the necessary points for a next curve fitting, 

 Step c) With the selected points, a new regression curve could be calculated. In the 
present case either a quadratic or linear are used. 

 Step d) Finally, the surface is generated by the definition of all curves within the 
entirely experimental range 

 
Figure 7-44 is a graphical representation of the surface generation algorithm. The three 
axes are defined as fuel concentration (λ), pressure (P) and conversion ([ ]).  
 

 

Figure 7-43: Surface generation. 
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At defined λ planes λ1 , λ2 and λ3 regression curves are plotted from the data collected 
over the tested pressure range. Then at a defined pressure (Pdefined plane) some points are 
selected as a base for a linear or quadratic regression.  
 
The collection of a continuous generation of regression curves will form a surface. 
Individual species conversion or total mixture conversion could be analysed, as could its 
dependence on the pressure and fuel concentration.  
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Figure 7-44: Graphical representation of the surface generation 

 
The result of this method is shown in Figure 7-45. From a simple examination it is possible 
to identify that pressure has greater negative influence on the conversion at leaner fuel 
mixtures compared to richer ones. Furthermore; the lower the pressure the less sensitive 
is the conversion to mixture variation. Based on experience a suitable regression fitting 
curve is selected, quadratic or linear. For the study presented here a linear regression is 
selected.  
The results from the modeling of the partial coated monolith, depicted in Figure 7-25, could 
bring light to explain this phenomenon. Because of the longer combustion chamber the 
amount of H2O and CO2 formed from the combustion process mostly affects the 
performance of the high temperature resistant segments e.g. hexaaluminates and 
perovskite used in the experiment. Ericsson et al [2006] reported a reduction in conversion 
of CH4 on Pd based catalyst on different support materials in presence of CO2 in the 
mixture and as well as in humid conditions. It is reported that the catalytic efficiency could 
drop by 20% and the light off temperature increases approximately 100ºC in humid 
conditions. In this case water is the main factor of this reduction; furthermore, Persson et 
al [2007] showed that the presence of water reduces CH4 conversion on bi-metallic 
catalyst approximately one third of its original value. 
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Figure 7-45: Surfaces corresponding to quadratic (left column) and linear regression 
(right column) for total and individual species conversion  

 

Catalytic combustion of CH4 is already difficult as the tetrahedral structure of the molecule 
makes adsorption to the active sites in the catalyst more difficult. Additionally, the 
presence of H2O and CO2 in the stream reduced the activity of the catalyst. As a result the 
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low CH4 conversion registered is noticeable. On the other hand, the mass transport, which 
limits the reaction rate of H2 and CO and has a controlling effect on the energy release, 
increases gradually as the temperature rises. Then the homogeneous phase reactions are 
favored due to the availability of oxygen. As CH4 is the species with higher concentration, 
it reacts in a homogeneous phase inside the channels. This phenomenon has been 
observed previously and during the course of these experiments. The homogeneous 
reactions are prevented from propagating as long the mixture is outside the flammability 
limits, e.g. λ values higher than 8, but for λ values lower than 7 this effect could be 
expected. Although it is difficult, it is possible to establish a quasi-equilibrium for these 
lower λ, in which initial homogeneous reactions of CH4 are on-going, as shown in Figure 
7-35. In this case the CH4 conversion reaches 35-40% (Figure 7-34). Unfortunately in this 
quasi-equilibrium condition, the conversion reaches only 85%, which is the maximum 
combustion efficiency that could be achieved. This level is too low for any application in 
Gas Turbine technology. Increasing the fuel concentration would facilitate homogeneous 
combustion inside the catalyst channels with the consequent destruction of the catalyst 
segments. Increase the inlet temperature might help but it is unrealistic in a standard gas 
turbine cycle that has a fixed compressor ratio (although special arrangements using 
piloting flames can be designed). The same reasoning could be applied in the utilization of 
variable volumetric flow. The alternative to increase the efficiency is to inject fuel at the exit 
of the catalytic reactor to engage homogeneous combustion in this post catalytic area. In 
such case the catalytic combustion will produce a hot stream of flue gases and air 
resembling hot flue gas recirculation techniques that are currently under development for 
NOx control. In such case a hybrid combustor option seems the logical step forward. 
 
As it was pointed out previously, H2 and CO are the species that react faster and are likely 
to be consumed in the first catalytic segment, e.g. the diffusion barrier catalyst. From 
examination of the temperature profiles and heat release distribution in the catalyst it can 
be concluded that the leaner the mixture, the better the distribution of the energy release in 
the catalytic combustor. Furthermore high pressure also improves the distribution of the 
energy release. This effect could be explained by the sensitivity of H2 to pressure variation. 
The higher the pressure, the more hydrogen reacts in the middle segments of the 
combustion chamber.    
 
Figure 7-46 shows the relative and absolute conversion levels for different pressures and λ 
values. In the case of absolute levels the total conversion increases with pressure and 
seems to reach a stable level somewhere around 10bar. For the individual components, 
the consumption of CH4 grows increasingly from 8 bar and up at λ value 7,3; while at λ 
value 8,8 the growth reaches a plateau at about 9 bar and up. At higher λ the absolute 
conversion is much lower. In relative terms the effect seems to be the opposite. An 
increase in pressure tends to reduce the conversion.  
H2 and CO have a different behaviour as they reach a stable consumption around 10 bar. 
For both cases, in relative terms, the conversion seems to be negative influenced by 
pressure increase. The total consumption is influenced greatly by CO, as it is the heaviest 
component in the mixture.           
 
 



Doctoral Thesis / Arturo Manrique Carrera     103 

 

 

 

 

 

 

 

 

 
 

Figure 7-46: Conversion of fuel in relative (left) and absolute (right) levels at λ of 7,3; 
8,8 and 13,5   
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 Summary:  Full Configuration Catalyst (Extended) 

The pressure has shown to have a greater negative influence in the conversion for leaner 
mixture (λ≈13.3) compared to comparatively richer lean mixtures (λ≈7.3), in which the 
pressure has a much milder effect in the conversion. The maximum conversion level 
achievable is in the order of 60-70%, which is not enough for the current standards in gas 
turbine technology. The main reason of the overall low conversion level obtained is the low 
conversion of CH4; this is because the high selectivity for H2 and CO components in the 
catalyst releases enough energy to reach favourable conditions for CH4 to enable 
homogeneous phase reactions inside the channels of the catalysts. Once this phenomena 
occurs the catalysts get destroyed due to uncontrollable higher temperature. Further 
increase in fuel concentration does not improve the overall conversion but favours the 
homogenous reactions inside the channels. This fact limits the minimum λ value 
attainable. 
However, the exit gas composition has enough oxygen to serve as first step of a 
segmented combustor, in which the secondary added fuel could be the original gasified 
biomass or other standard fuel (Table 7-14). Moreover, the relative high temperature of the 
exit gases reduces the lower flammability and makes possible to have a homogenous 
reaction capable to operate at an adiabatic flame temperature below the thermal NOx 
threshold. 
 

Table 7-14: Exit volumetric concentration for λ≈7,3 

Pressure 
[bar] 

13,5 11,6 7,9 5,5 

Temp [ºC] 718,8 687,8 661,5 646,8 
Conversion 67% 66% 66% 70% 
N2 76,0% 76,0% 76,0% 76,4% 
O2 13,8% 13,9% 13,6% 13,5% 
CO 0,4% 0,4% 0,3% 0,1% 
CH4 0,8% 0,9% 1,0% 0,8% 
CO2 6,4% 6,3% 6,6% 6,6% 
H2 0,02% traces traces traces 
H2O 2,6% 2,6% 2,6% 2,6% 
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7.3 Rich Catalytic Combustion and Partial Catalytic Oxidation 

Rich catalytic combustion possesses some key advantages compared to the lean catalytic 
combustion process. One of the major advantages of this process is the limitation of heat 
release due to the reduced chemical kinetics rate because of the limited oxygen supply. 
The oxygen control allows modulation of the maximum reachable temperature in the 
reactor. This temperature level could be set to ensure life time operation of the combustion 
system; another related advantage to the kinetic limitation is the possibility to use a wide 
variety of fuels. The oxygen depleted environment has a second advantage in case of 
using noble metals (Pd, Pt, Rh) base catalyst, which is a reduction of the metallic oxides 
formation, consequently preventing the loss of reactivity of the catalyst. Moreover, is 
possible to use a wide range of alternative materials. Furthermore, it has been reported 
[Vocsesky, 2003] that oxygen depleted regimes favor the resistance to water presence in 
the reacting mixture. Finally, in the particular case of fuel-NOx emissions, using a fuel rich 
approach allows the use of highly efficient Selective Catalytic Oxidation of N-containing 
compounds reported by Nassos [2006] and Vocsesky [2003]. 
 
Smith et al [2006] reported that this concept was tested on CH4, simulated land field gas, 
simulated refinery gas, blast furnace gas, vaporized diesel 2 and vaporized gasoline. NOx 
emissions were below 10ppm at 15% oxygen for all cases. The concept uses a catalytic 
combustion section followed by a homogenous reaction zone. A fraction of the mixture is 
used to cool down the reaction zone.  
 
In the present study a slightly different approach is proposed. A catalytic partial oxidation 
(CPO) stage is used to produce a high temperature and highly reactive mixture of H2, CO, 
and CH4 with an H2:CO ratio close to a 2:1. This process is known as Autothermal 
Reforming (ATR) and is considered as an alternative to steam reforming (SR). ATR is an 
exothermic process in contrast to the endothermic nature of SR. CPO might have several 
applications as depicted in Figure 7-47. 
 
 

 
 

 
 
 
 
 
 
 

 

 

 

 

 

 

 
 
 
 
 

Figure 7-47: Catalytic Partial Oxidation (CPO) of Methane. Fields of applications. 
Adapted from Lyubovsky et al [2004] 
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The most accepted CPO mechanism [Eriksson, 2006] encompasses direct combustion 
(63) thereafter dry (64) and steam (65) reforming of methane.      
 
CH

4 
+ 2O

2 
↔ CO

2 
+ 2H

2
O   ΔH

298 
= -890 kJ/mol   (63)  

CH
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+ CO
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2 

  ΔH
298 

= 247 kJ/mol   (64)  

(CH
4 

+ H
2
O ↔ CO + 3H

2
)x2 (ΔH

298 
= 250 kJ/mol)x2 (65)    

 
However Gibson et al. [2006] reported that the direct conversion reaction (66) could occur 
after dissociation of CH4 on Rh active sites.   
 
CH

4 
+ 0,5 O

2 
↔ CO + 2H

2 
  ΔH

298 
= -36 kJ/mol   (66)  

 
In the CPO of methane these steps may occur in the catalytic active sites, and the CPO 
catalyst used could be understood as a binary catalyst that encompasses features of a 
combustion catalyst and a reforming catalyst. In this case, the catalyst is based on Rh and 
perovskites that has shown good performance in previous investigations, Cimino et al 
[2006].   
 
7.3.1   Experimental setup 

In this set of experiments, the rich catalytic approach was used for partial oxidation of 
methane into CO and H2. According to Cimino et al. [2006] under pressurized conditions 
this reaction occurs rapidly, in 1 ms, and is possible to have a relatively small reactor due 
to the high reaction rate. In this study the catalysts used were Rh-perovskite bases that 
were prepared and characterized at the IRC-CNR in Naples. 
 

Static mixer 8mm 18mm

1 2 3 4 5

Mixture

Sampling

Thermocouple position
 

Figure 7-48: CPO reactor. 

 
Cordierite monoliths with square channels and a cell density of 600 cpsi (hydraulic 
diameter dh=0.96mm) were used. The monoliths were cut to obtain cylindrical samples 
(d=30mm, l=9-18mm). They were coated using a modified dip-coating procedure with a 

thick La2O3 (~7% w./w.)-stabilised -Al2O3 layer and finally calcinated in air at 800°C. Rh 
and perovskite precursors were deposited on the stabilised alumina washcoat through 
impregnation with an aqueous solution containing La or Mg. Detailed information can be 
found in Cimino et al [2006]. The approximate loading is 30%w./w. perovskite and 1%w./w. 
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Rh with respect to the active washcoat layer. The specific surface area after calcination 
was 70 m2/g. SEM/EDS analysis showed a good adhesion of both support and active 
phase and a uniform distribution of La and transition metal into the alumina washcoat, 
whereas Rh penetration was limited to a surface layer of <10µm. 
 
Two catalysts were installed; the first one of 8 mm length and the second one of 18 mm 
length. Temperature in the reactor was measured by thermocouples installed in the mixing 
section, upstream of the reactor, between the two catalyst segments and downstream of 
the reactor. The configuration is depicted in Figure 7-48 and the experimental conditions 
are displayed in Table 7-15.  
 

Table 7-15: Experimental conditions for CPO test 

  Min Max 

Channel Velocity  [m/s] 0,73 1,37 

Residence time   [ms] 23 35 

Space Velocity  [1/h] 76000 160000 

Pressure*  [bar] 4 13 

Inlet temperature  [ºC] 380 480 

Fuel flow  [gr/s] 0,36 0,88 

Air flow  [gr/s] 0,9 2,6 

Phi (φ) [-] 5,5 16 

*Barometric pressure 
 
The gas analysis was done using a Varian CP-4900 Micro Gas Chromatographer specially 
adapted to measure combustion species. The calibration and details of the unit can be 
found in Pastrik [2006]. According to Coleman [1999] if the calibration of the instrument is 
done properly the measurement accuracy and precision are only dependant of the 
technical characteristics of the measurement instrument. In this case the accuracy of the 
Varian CP-4900 Micro GC is 0,13% relative standard deviation (RSD), the precision of the 
instrument is related to the calibration gases used, which normally have a deviation of +/- 
2% of the relative concentration for calibration bottles with multiple components. The gas 
samples are taken upstream and downstream of the catalytic reactor.  
 
 Brief definitions 

 
Conversion: Change in the concentration of a species relative to the initial concentration. 
 
Selectivity: Percentage of converted species (CO or H2) relative to the converted original 
species (converted CH4) to target component, in this case how much of the converted 
methane is transformed in H2 or CO. 
 
Yield: The total conversion of an original species (total CH4) into a target species (H2 and 
CO). It can be calculated from the multiplication of the Conversion and Selectivity of a 
defined species. 
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7.3.2   Results 

Figure 7-49 shows the general overview of the experiments performed. Overall 
conversion, inlet and exit temperatures, and the pressure level are plotted against the 
“equivalence ratio” or Φ value. It is possible to identify that the major influencing factor in 
Catalytic Partial Oxidation (CPO) is the oxygen availability. The higher Φ implies lower 
oxygen availability for the CPO reaction. At lower Φ the CH4 conversion increases, 
whereas at higher Φ, CH4 conversion reduces.  
 

 
Figure 7-49: General results for the CPO of Methane  

 
Figure 7-50 shows other parameters with reference to Φ.  In this figure it is possible to see 
the dominant influence of the Φ value on the conversion, selectivity and yield. It is also 
possible to note that in the exit composition the percentage of H2 and CO increases and 
the concentration of CH4 reduces as direct consequence of the CPO process. Concerning 
the selectivity of CH4 the catalysts show high selectivity levels towards H2, from 85% to 
90%, and for CO from 80% to 95%. These high selectivity levels are also reported by 
Lyubovsky et al [2004] for CPO reactions. On the other hand the yield reaches a maximum 
of about 55%. It will be shown later that 30% conversion would be enough for using this 
approach in gas turbines. 
As a comparison the same information based on Φ is presented with reference to the inlet 
temperature. The inlet temperature is important to light up the catalytic partial oxidation 
reaction; this particular catalyst has a lift off temperature of 240 ºC, Cimino et al [2006]. 
Figure 7-51 shows the same parameters as Figure 7-50. It can be seen that once the 
catalyst reaches 430 ºC any increase in the inlet temperatures does not result in higher 
conversion (upper left). 
The residence time and pressure have a lesser impact on these parameters as compared 
to the influence of the Φ value (Figure 7-52). Pressure produces a scattered plot, and for 
the residence time case it is possible to observe that all data points lay beyond 20 ms of 
residence time and that there is no clear tendency.   
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Figure 7-50: Experiment of CPO of Methane referred to the Φ value 

 

 
 

 

  

Figure 7-51: Experiments of CPO of Methane referred to inlet temperature.  
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Figure 7-52: Conversion vs. pressure and residence time. 

 

 Pressure influence  

A selection of comparable points is depicted in Figure 7-53, for richer mixtures (Φ~10) the 
influence of pressure is greater that for the leaner mixtures (Φ~5,7). The yield of CO and 
H2 follows a similar trend. This could be explained because the diffusion mass transfer is 
more sensitive to pressure once the thermal energy is released, and the product of the 
reaction kinetics is reduced. This is evidence that the CPO process is mainly governed by 
chemical kinetics. The regression curves in Figure 7-53 show that the slope is 
approximately 25% more pronounced for leaner conditions. 
 

 

Figure 7-53: Pressure influence on the CPO for two different Φ values. 

 
 Entropy and Enthalpy of the mixtures 

An entropy calculation [VLEflash, 2013] is done to analyse the catalytic effect on the 
reaction and to select the optimum conditions for the applications of CPO in gas turbines, 
in this case the normalization reference is the total air and fuel mass flow incoming into the 
reactor. A theoretically rich combustion approach was used for comparison purposes. In 
this theoretical approach the use of all available oxygen for combustion is assumed and 
the products are then mixed with the rest of the un-reacted fuel. Figure 7-54 shows the 
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results for two Φ values, 5,7 and 10 at different pressures. It is possible to observe that the 
effect of pressure on the entropy is very small. 
 

Figure 7-54: Entropy and Enthalpy for CPO and rich combustion for two Φ values at 
different pressures. 
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Furthermore, the CPO process is more likely to occur as there is higher entropy change 
than in the comparable rich combustion, as can be seen in the entropy change before and 
after the CPO reactor. 
Enthalpy on the other hand indicates that more added energy is required for the case of 
CPO compared to the rich combustion approach. This is an indication that the direct 
combustion reactions and direct conversion over the catalyst active sites may occur during 
the CPO process. 
Figure 7-55 depicts a similar comparison as previously, but in this case at 10 bar for 
different Φ values. In this case the entropy change favours the mixtures closest to 
stoichiometric conditions. As in the previous case from the entropy point of view the CPO 
is more likely to occur than in the comparable rich combustion. On the other hand the 
enthalpy comparison indicates that more energy is needed for the CPO than for the rich 
combustion approach.        
  

 
 

 

  

Figure 7-55: Entropy and Enthalpy for CPO and rich combustion at 10 bar. Different 
Φ values are displayed. 

 
 Flammability limits 

Figure 7-56 depicts the flammability limits based on the exit temperature (Figure 7-49) and 
the experimental investigation by Hustad et al [1988] of flammability limits at high 
temperature. The flammability limit is strongly influenced by the CO quantity, as is the 
component that has the highest lower flammability limit (approximately twice that of 
methane). The CO concentration depends mainly on the Φ value, and the lower this value 
is, the higher CPO of methane and higher CO concentration. 
This increase of the low flammability limit is also affected by the higher pressure. In case 
of comparable conditions, the lower conversion due to higher pressure increases the CO 
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from the CPO of methane available, and as a result the lower flammability limits increases, 
as seen in the left side of Figure 7-56.  
Apparently there is a change in the conversion at approximately 10 bar (dashed lines in 
left side of Figure 7-56) that is linked to the conversion variation depicted in Figure 7-50. It 
is around this point that the flammability limit increases in the mixture. In order to have an 
easier establishment of a post CPO flame, a lower low flammability limit is desirable. The 
transition point occurs at Φ around 8-10 where the lower flammability limit increases 
rapidly with the higher oxygen availability.  
 

  
Figure 7-56: Lower Flammability Limit for different Φ values (left). Effect of pressure 

on the flammability limits for Φ~10 and Φ~5,7. 

 
 
 H2/CO ratio 

The H2/CO ratios are displayed in Figure 7-57. These ratios are very close to two (2), and 
are lower if oxygen availability increases (lower Φ value). This is an indication that the 
methane combustion stage, supported by Eriksson [Eriksson, 2006], might be favoured 
and will produce a larger yield of CO2 that in turn will produce CO in the dry-reforming of 
methane. At the same time, the H2 yield would also increase, but not as fast as to keep the 
H2/CO rate around 2, but slightly lower. 
In case of lower oxygen concentration the yield of CO in the dry-reforming of methane will 
be lower. Then the yield of H2 from the steam reforming stage will diminish, however not 
as fast as the CO yield. The result will be an H2/CO rate higher than 2. The variation of +/- 
20% of oxygen concentration will result in a variation in the H2/CO ratio from 1,90 to 2,11. 
These trends in H2/CO would change depending on the energy available for dry or steam 
reforming. 
The increase of H2O at lower Φ could be explained by the favouring of the methane 
combustion stage and the energy release that drives the dry-reforming of methane that 
consumes CO2 producing CO and keeping the H2/CO below two. In parallel the depletion 
of H2O in the steam reforming stage is slower, as steam reforming requires approximately 
twice the energy compared to dry reforming. At higher Φ values the water formation from 
the combustion process reduces as the energy to consume the CO2 in the dry reforming 
stage, and as a consequence more CO2 remains in the mixture.  
The exit temperature is an indicator of the oxygen availability that favors the combustion 
stage of the model supported by Ericsson [Eriksson, 2006]. On the other hand increasing 
pressure should have a negative influence on the H2/CO ratio since chemical equilibrium 
will move the reaction towards the lower number of moles. In this case, this will thwart the 
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H2 production from the steam reforming reaction; hence, H2O from the combustion stage 
will remain in the CO2 mixture. However, this influence seems to be weak and pressure 
and H2/CO ratios seem fairly independent. Finally the inlet temperature has a weak 
influence from 400 to 450 ºC, and above and below this value the H2/CO ratio is strongly 
influenced by the Φ value. 
The Gibson proposal discussed above might have a role to play in the CPO of methane 
but could not explain the variation in H2/CO registered during the experiments. It is 
possible that direct CPO on the Rh surface occurs in parallel to the Combustion-Dry-
Steam reforming model. Further analysis on the role of the direct CPO on the Rh active 
surface should be done to clarify this issue. 
 

 
 

 

  

Figure 7-57: H2/CO ratio referred to Φ value, exit and inlet temperature and pressure 
(solid line is the regression line for H2/CO ratio).  

 
 Temperature distribution in the CPO reactor 

Figure 7-58 shows the temperature profiles for Φ~5,7 and Φ~10 at different pressures in 
the first two rows. In the last two rows the temperature profiles for 5,5 bar and 10 bar at 
different Φ values are displayed. In the left column absolute temperature values are used, 
while in the right column the temperature rise is normalized to the total temperature rise in 
the reactor. 
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Figure 7-58: Temperature profiles for Φ~5,7 and Φ~10 at different pressure 
displayed in the first two rows, and temperature profiles for 5,5 bar and 10 bar at 

different Φ values, in the last two rows. In the left column are absolute temperature 
values, while right column is normalized to the static mixer temperature. 
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In all cases the maximum temperature recorded occurs in the first Rh/Perosvkite catalyst, 
followed by a decrease in temperature rise, and finally a slight increase This indicates that 
the energy release reactions occur rapidly, and dry and steam reforming might take place, 
or are finalizing further downstream. The effect of pressure is not very clear at Φ~5,7 
which indicates a lower energy release at 9,18 bar than at 5,08 bar, and a higher energy 
release at 10,83 bar in the first CPO catalyst for the normalized graph. It is also important 
to note that the maximum absolute temperature in the reactor is reached at 10,83 bar. 
In contrast, at Φ~10 the pressure seems to have a damping effect in the reactor as the 
temperature reduction in the second Rh/Perovskite catalyst and the maximum energy 
release in the first catalyst are lower at higher pressures. The maximum temperature in the 
reactor in this case is approximately 750 ºC. 
For the test done at 5,5 bar the energy release profile is similar for both Φ tested while the 
maximum temperature is reached at lower Φ~5,6. At 10 bar the picture is also similar for 
both Φ values and the energy release collapses in one line in the normalized figure. 

 
7.3.3   Discussion 

The entropy calculation indicates that CPO is a preferred mechanism compared to direct 
combustion despite the fact that CPO requires more energy input as the enthalpy 
calculation indicates. Regarding the CPO mechanism, it is possible that the direct 
combustion followed by the dry and steam reforming mechanism is more likely to explain 
the variation of the H2/CO ratio found in the CPO experiments. This does not exclude the 
direct CPO mechanism. It is possible that both mechanisms might be active 
simultaneously. Further investigation of this matter is necessary to explain to what extent 
one mechanism dominates the CPO process.  
 
Regarding the pressure variation, it has been shown that increased pressure has a weak 
negative effect on the conversion if the initial Φ is lower; however this effect has greater 
negative influence for medium to high Φ. If the mixture is richer the pressure effect is 
greater. On the other hand, the inlet temperature of the mixture is important as long as the 
ignition of the CPO catalyst occurs. Once the catalyst is on, the reaction is self-sustained. 
Investigations done by Cimino et al [2006] indicate that the inlet temperature could be 
reduced below 100 ºC after catalyst ignition and still have high conversion levels in the 
catalysts. In contrast, the most important aspect for the regulation of the CPO is the 
oxygen availability; a stable operation temperature could be established by controlling the 
amount of oxygen flowing into the catalyst, and this has been shown during the course of 
the experiments. It is possible to fine tune the intensity of the reaction by increasing or 
decreasing the air flow.  
  
Based on the observed results the optimal conditions for gas turbine applications are the 
following: 

 Lower low flammability limit of the exit mixture, which in this case occurs for Φ on the 
order of 10.  

 The optimum H2/CO ratio is close to 2. This also occurs at Φ of approximately 10. 

 The maximum operating temperature in the catalyst should be lower than 800 ºC to 
ensure durability of the monolith and catalyst activity. For Φ of approx. 10 the 
catalyst temperature is around 750 ºC. 
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 The inlet temperature of 400 to 450 ºC is adequate to ignite the CPO catalyst, and it 
is an achievable temperature from the compression stage in the gas turbine cycle. 

 
7.3.4   CPO Application Possibilities 

One of the possible applications for the CPO of CH4 in gas turbines technologies is flame 
stabilization. Modern combustion premix systems in gas turbines operate successfully at 
low levels of NOx emissions; however, these systems are limited to a narrow operational 
range. In order to increase this range a pilot flame is often used. The pilot flame is 
generally of non-premix type and NOx penalty is significant, since between 2 to 20% of the 
fuel could be used in the pilot flame. In the case of utilization of CPO in the pilot fuel 
stream the NOx penalty could be reduced as the high temperature stream with H2 and CO 
content is prone to widen the flammability limits. Consequently it is possible to obtain 
combustion at a lower flame temperature, below the NOx threshold limit (1500 ºC). 
Table 7-16 shows the exit composition at 5,9 and 10,8 bar from the tests performed. The 
composition is very similar for both cases and it also shows the adiabatic temperature for λ 
value 2, which is close to NOx threshold limit, and the low flammability limit (LFL) is 
estimated as approximately 5,2%. A pilot flame running in these conditions would reduce 
the NOx impact in a wider operational interval of the gas turbine. 

 

Table 7-16: Exit composition at 5,9 and 10,8 bar 

Pressure  [bar] 5,9 10,8 

Φinitial  9,8 8,2 
Conversion [%] 29,3 33,8 
CH4 [%vol] 29,8 25,4 
CO [%vol] 11,0 11,5 
CO2 [%vol] 1,4 1,4 
H2 [%vol] 21,9 22,5 
H2O [%vol] 3,1 3,6 
O2 [%vol] 0,4 0,6 
N2 [%vol] 32,4 35,0 
λ value Temp  [ºC] 1557 1570 
Exit Temp  [ºC] 718,3 795 
LFL [%vol] 5,22 5,25 

 
For a hypothetical single cycle 10 MW gas turbine with a thermal efficiency of 32%, the 
heat power input could be calculated as 31,25 MW. If methane is assumed as fuel, the 
corresponding fuel flow will be 625 gr/s. If it is assumed that 10% of the fuel is used for 
pilot proposes, it is possible to estimate the fuel and air conditions for the hypothetical 
combustor that uses a CPO pilot principle (see Figure 7-59).  
 
This combustor will have a CPO reactor, a Pilot Reaction Zone in which the produced gas 
fuel will react in the CPO reactor with the addition of air from the compressor. The Primary 
Reaction Zone will be located further downstream. It is in this zone where the rest of the 
fuel (90%) will be burned. Finally there is a dilution zone in which the final desired turbine 
inlet temperature is achieved by cooling down the flue gases.  
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The air to fuel ratio used for the Pilot Reaction Zone and the Primary Reaction was defined 
as Φ =0,5 (or λ value 2). Based on this mixture condition the air flow and exit temperature 
were calculated. Furthermore, with an estimation based on heat balance, it was also 
possible to calculate the amount of dilution air to match the final exit temperature, which 
was taken as 1100 ºC and will correspond to the Turbine Inlet Temperature of this 
hypothetical engine. 
The values of temperature and mass flow are displayed in Table 7-17 for the 2 selected 
cases from Table 7-16. The obtained values should be taken as a first approximation. In 
order to find more accurate temperature and flow figures, additional iterations would be 
required.  
There are several challenging aspects for the development of this type of combustor. The 
streams leaving the CPO reactor and the Pilot Reaction Zone have relatively high 
temperatures, and due to the short chemical reaction times there are risks of insufficient 
mixing of the cold and hot streams before reacting, flash back, and flame attachment. 
These issues will need to be addressed to design the flame stabilization strategies in these 
particular regions. 
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Figure 7-59: Schematic of a burner with CPO pilot 

 
Concerning operation, the start-up procedure of this type of gas turbine will require a 
standard approach. For instance a standard burner that would be switched off once the 
CPO operational conditions are reached. Furthermore, in order to light up the CPO 
catalyst it might be needed a pre-heating strategy, such as a pre-burner or electrically 
heated catalyst. Once the CPO reactor is ignited, the heating could be turned off as the 
CPO reaction is self-sustained. Concerning the size of the catalyst, the calculated catalyst 
volume for 5,9 bar and 10,8 bar conditions corresponds to 1,9 dm3 and 1,3 dm3 

respectively for the 10 MW gas turbine. For a gas turbine with 6 burners, the catalyst 
volume per burner will correspond to 33 cm3 and 22 cm3 respectively. Further work on this 
matter will be required to analyse this possibility in more detail.  
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Table 7-17: Temperature and flow estimation for a burner with CPO pilot for two 
pressure conditions. 

 Region Parameter Unit 5,9 bar 10,8 bar 

1 CPO Inlet Tfuel CPO [ºC] 50 50 

Tair CPO
* [ºC] 450 450 

mfuel CPO [gr/s] 62,5 62,5 

mair CPO [gr/s] 110 131 

2 CPO Outlet Tmix CPO [ºC] 718 795 

mmix CPO [gr/s] 172,5 193,5 

3 Inlet Pilot 
Reaction Zone 

 

Tair_pilot_flame
** [ºC] 220 300 

TmixCPO [ºC] 718 795 

mair pilot_flame [gr/s] 1932 1278 

mmixCPO [gr/s] 172,5 193,5 

4 Exit Pilot 
Reaction Zone 

Treaction_pilot [ºC] 1557 1570 

mreaction_pilot [gr/s] 2104 1472 

5 Inlet Primary 
Reaction Zone 

Tfuel_primary [ºC] 50 50 

Tair_primary
** [ºC] 220 300 

Treaction_pilot [ºC] 1557 1570 

mfuel_primary [gr/s] 562,5 562,5 

mair_primary [gr/s] 19125 19125 

mreaction_pilot [gr/s] 2104 1471,5 

6 Outlet Primary 
Reaction Zone 

Texit_primary [ºC] 1433 1493 

mexit [gr/s] 21792 21159 

7 Inlet 
Dilution Zone 

Tdilution_air [ºC] 220 300 

Tout primary [ºC] 1433 1493 

mdilution air [gr/s] 10964 12898 

mout primary [gr/s] 21792 21792 

8 Exit 
Dilution Zone 

Texit dilution [ºC] 1100 1100 

mcombustor_exit [gr/s] 32755 34689 

(*) Assumed temperature with a pre-heating strategy 
(**) Assumed temperature from air compression to 6 and 11 bar 
 

 Summary:  Rich Catalytic Combustion and Partial Catalytic Oxidation 

The direct combustion followed by the dry and steam reforming mechanism is more likely 
to explain the variation of the H2/CO ratio found in the CPO experiments. Furthermore, 
entropy calculation indicates that CPO is a preferred mechanism compared to direct 
combustion despite of the fact the CPO requires more energy input as the enthalpy 
calculation indicates.  
Increase in pressure has a weak negative effect in the conversion if the initial Φ is lower. It 
has greater negative influence for medium to high Φ. concerning inlet temperature is 



120 
 

 

important as long as the ignition of the CPO catalyst occurs. Once the catalyst is ignited 
the reaction is self-sustained. Investigations done by Cimino et al. [7] indicate that the inlet 
temperature could be reduced below 100 ºC and still have high conversion levels in the 
catalysts. 
The most important aspect for the regulation of the CPO is the oxygen availability; a stable 
operation temperature could be established by controlling the amount of oxygen flowing 
into the catalyst. Based on the result the optimal conditions for CPO in gas turbines 
application are the following: 
 

 Lower low flammability limit of the exit mixture. In this case it occurs for Φ ~ 10 
entering the CPO reactor.  

 The optimum H2/CO ratio close to 2. In this ratio the CPO results are optimum. It 
also occurs at Φ ~ 10 entering the CPO reactor. 

 Maximum operating temperature in the catalyst should be lower than 800 ºC to 
ensure durability. For Φ ~ 10 the catalyst temperature is approximately 750 ºC. 

 The inlet temperature of 400 to 450 ºC is adequate to ignite the CPO catalyst. If 
this temperature is not achievable after the compression stage in the gas turbine 
cycle a pre-heating strategy might be needed to ignite CPO catalyst. 

 
The high temperature flow downstream the CPO catalyst reaction zone and at the inlet of 
the Primary Reaction Zone induce a shorter chemical reaction times which increases the 
risks of insufficient mixing of the reacting streams, flash back, and flame attachment. 
These issues will need to be addressed to design the flame stabilization strategies in these 
particular regions. 
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8 Catalytic Combustor: Design Considerations 

8.1 Cycle Considerations 

8.1.1   Single Cycle Calculation 

From a simple single cycle analysis [Butghard, 1984] it is possible to derive the following 
expression for thermal efficiency: 
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where πp is the pressure ratio across the compressor and κ is the ratio of the heat 
capacities. Figure 8-1 shows the variation of the cycle thermal efficiency (ηth) against πp 
and the derivative of the ηth in relation to πp. From this graph it is possible to conclude that 
from a πp of about 10 the increase of ηth is marginal with the increase in pressure ratio.   
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Figure 8-1: Single Joule-Bryton cycle, T-S diagram and ηth vs. πp. 

 
Furthermore, the same analysis determines that the optimal compressor exit temperature 
is determined by equations 68 and 69. 
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To begin a brief analysis we define the following conditions: 

 The compressor inlet temperature, T1 is assumed to be 15 ºC (ISO conditions). 

 The maximum turbine inlet temperature, T3 is assumed to be 850 ºC, which is the 
maximum allowed temperature of Nimonic alloys without any cooling scheme. 

 κ is assumed to be 1,4 (as air)   
 
Based on these assumptions, the T3/T1 ratio is fixed in a narrow region between 3,7 and 
4,2; which in turn defines ηth. T2 could be defined from equation 43 for an optimum single 
cycle. 
Table 8-1 shows the results for a single cycle for s different T3/T1 ratio (TIT temperature 
related to the inlet compressor temperature) and the calculated variables for the single 
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cycle. According to the results of the experiments described in section 7.2.5, the 
combustor inlet temperature, T2, required to ignite the catalysts with the gasified biomass 
mixture is about 300 ºC. Observe that it is assumed that a secondary fuel injection is 
needed to reach the desired turbine inlet temperature T3. For T3 of 850 ºC, the second 
column in Table 8-1 could be taken as initial design parameters. When considering CPO of 
methane, for similar conditions it is necessary to increase T2 by about 100 ºC to reach the 
levels of inlet combustor temperatures described in 7.3. In order to achieve this, an 
additional temperature booster might be needed for ignition of the CPO process, and 
probably also during part load operation. 
   

Table 8-1: Selected values for different πp for a defined T3/T1 for single cycle 

 T3 T1 T3/T1 πp ηth T2 ΔT Tin_min 

 [ºC] [ºC]    [ºC] [ºC] [ºC] 

1 800 15 3,7 10,0 0,48 283 117 400 

2 850 15 3,9 10,8 0,49 296 104 400 

3 900 15 4,1 11,7 0,50 308 92 400 

4 950 15 4,2 12,6 0,51 320 80 400 

 

 

8.1.2   Recuperative Cycle 

From a simple recuperative cycle analysis it is possible to derive the following expression 
for cycle efficiency [Butghard, 1984]:  
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From this expression ηth is dependent on πp as in the single cycle, but it also dependent on 
the temperature ratio T3/T1 (or its inverse). T3/T1 is in this case partially decoupled from the 
pressure ratio πp because of the presence of the heat exchanger. Figure 8-2 shows the 
over-position of the ηth for a single cycle (solid line) and the ηth for the recuperative cycle 
for different T3/T1 ratio (+, □, Δ, x, ◊,○) against πp. Observe that for every T3/T1 ratio there 
is a point from which the single cycle gives better efficiency above a given πp.  
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Figure 8-2: Recuperative Joule-Bryton cycle, T-S diagram, ηth vs. πp pressure ratio 
and different T1/T3 ratio  
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For the analysis the following assumptions were taken: 
 

 The compressor inlet temperature, T1 is assumed to be 15 ºC (ISO conditions). 

 The maximum turbine inlet temperature, T3 is assumed to be 850 ºC, which is the 
maximum allowed temperature of Nimonic alloys without any cooling scheme. 

 κ is assumed 1,4 (as air). 

 The heat exchanger is a counter current ideal heat exchanger, hence; 4TTx   and 

25 TT  . 

 Maximum allowed temperature for continuous operation in the heat exchanger is 400 
ºC.  

 
Based on these assumptions the ratio T3/T1 is fixed as in the previous section; however, 
the pressure ratio πp could be variable. The characteristics of the counter current heat 
exchanger determine the possible temperature rise from T2 to T4. Using available 
correlations for shell and tubes heat exchangers it is feasible to estimate the requirements 
to have a temperature rise of 200°C between the compressor exit temperature (cold 
stream; point 2 in Figure 8-2) and the expanded gases from the turbine exit (hot stream; 
4). Olwa [2011] reported a temperature rise across a heat exchanger of approximately 450 
ºC for flue gases to air for an external fired gas turbine (EFGT) in a tube shell heat 
exchanger. Table 8-2 shows selected simulation results for different pressure ratios πp that 
have a T4 of approximately 400 ºC as the hottest temperature in the heat exchanger. 
Based on the analysis, the best option would be the cycle with the lowest πp, as 
compressors grow quickly in size for a higher πp. However, the lower πp, as well as T2 and 
T4, reduces and it would be increasingly difficult to maintain the compressor exit 
temperature with the ignition temperature of the catalysts. A good compromise would be 
option 2 but for comparison purposes option 3 is highlighted.  
 

Table 8-2: Selected values for different πp for a defined T3 / T1 for recuperative cycle 

 T3 T1 T3/T1 πp Ηth T2 T4 

 [ºC] [ºC]    [ºC] [ºC] 

1 750 15 3,6 4,8 0,56 179 379 

2 800 15 3,7 5,3 0,57 192 392 

3 850 15 3,9 5,9 0,57 204 404 

4 900 15 4,1 6,4 0,58 217 417 

5 950 15 4,2 8,1 0,57 250 400 
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8.1.3   Catalytic Combustion Possibilities   

 
 Gasified biomass with full configuration catalyst 

Based on the obtained results, the fuel lean approach for gasified biomass will require a 
post catalytic burn out zone with fuel addition. This hybrid concept will have further 
consequences depending on the cycle strategy.    
  

 Single Cycle 

The single cycle approach will require a pressure ratio πp of 10,8 for the base case 
considered in Section 8.1.1. This setting will give a relatively low inlet temperature to the 
catalytic combustor (approx. 300 ºC) and therefore a temperature booster technique must 
be used. This could be accomplished using a piloting flame, or an electrically heated 
metallic catalyst. This additional hardware might also be in operation during part load 
regimes and during the start-up procedure. A theoretical thermal efficiency of 49% could 
be reached, and the relatively high exhaust temperature (568 ºC) will be advantageous in 
a combined cycle scheme.  
  

 Recuperative Cycle 

In the case of a recuperative cycle, the πp encountered is evaluated as 5,9 and the thermal 
efficiency is 57%. The inlet temperature to the combustion chamber is 400 ºC, which 
eliminates the requirement of temperature booster techniques at full load. The addition of a 
heat exchanger (recuperator) imposes extra complexity to the hardware, and potential 
source leakages (extra maintenance). Furthermore, the size of the heat exchanger will 
impose limitations on the maximum engine power output capacity.  
 
These two alternatives might need a context evaluation. If the power plant is integrated to 
other processes (e.g. combined cycle), and the size is medium to high, it is probable that 
the single cycle approach is more convenient. On the other hand, if the engine will run 
independently from downstream processes, or in island-mode, then the recuperative cycle 
is more appealing. In fact, size limitation of the recuperator is a bottle-neck for 
generalization in favour of the recuperative cycle. 
Observe that the compressor size plays also an important role: the higher the pressure 
ratio, the larger number of stages in the compressor. This reduces the manufacturing cost.     
 

 CPO of Methane 

According to the experiments performed on the CPO, the initial inlet temperature tested of 
above 400ºC would be required; although Cimino et al [2006] reported a lower inlet 
temperature. The CPO concept will require a homogenous reaction zone downstream the 
catalytic region. 
  

 Single Cycle 

The single cycle approach will probably require an inlet temperature at least of 300ºC to 
ignite the CPO catalysts; however, once the CPO is ignited the exothermicity of the 
reaction will allow the inlet temperature to be reduced even below 100 ºC. Therefore an 
initial temperature booster technique will be required to ensure ignition, either for start-up 
or for part load operation. 
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The pressure ratio in this sense could be lower than in the case of biomass catalyst. On 
the other hand, the effect of pressure in the CPO reaction is mild; hence, the pressure ratio 
is not a determining factor. The lowest pressure level in Table 8-1 will suffice for the CPO 
concept. A theoretical efficiency of 48% will be obtained and an exit cycle temperature of 
556 ºC will be reached.        
  

 Recuperative Cycle 

The recuperative cycle could reach an inlet temperature high enough to ignite the CPO 
catalysts. However, until this temperature level is reached the combustion should rely on 
an alternative burning method, or provide the initial temperature level required to operate 
the CPO catalysts through an inlet temperature booster technique. In the latter case once 
the CPO reactor is ignited, the temperature booster technique could be deactivated, as the 
exothermic characteristics of the CPO reaction could self-sustain the reactions. In this 
case the lowest pressure ratio could be enough to operate a burner based on the CPO 
concept. This is shown in Table 8-2 with a pressure ratio of 4,8 and TIT equal to 750ºC 
and a theoretical  cycle efficiency of 56%.  
 
 

8.2 Other Considerations 

There are other important aspects in the design of a hybrid combustion chamber. The 
geometry of the combustion chamber will depend on the size of the catalyst, operation and 
maintenance strategy. A single silo combustor for small engines and can-type combustor 
for medium size engines seems the most appropriate for the catalytic approach. 
The post catalytic combustion zone is another important aspect of the design. In these 
sections the relatively high temperature streams, coming either from the lean catalytic 
approach (rich in oxygen) or from the CPO reaction (or rich in fuel catalyst) will require 
innovative flame stabilization techniques, as the chemical reaction times will be shorter 
than in the standard designs and proper mixing must be achieved faster. Therefore, 
careful aerodynamic and chemical kinetic analysis will be required. These aspects, 
although interesting and challenging, fall outside the scope of this work and will hopefully 
be part of future work.    
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9 CONCLUSIONS AND FUTURE WORK 

The novelty of this work on catalytic combustion of gasified biomass for gas turbine 
applications encompasses experimental results at relevant pressure levels, examines the 
issue of having different fuel component (H2, CO, CH4) with different catalytic burning 
characteristics, the use of novel catalyst and new applications of existing catalyst. It also 
proposes sounding strategies to overcome the limitations found of catalysts in order to be 
used in gas turbine applications, to avoid unstable operation and favour the enhancement 
of operational lifetime.  
The application possibilities of this work include guidelines for gasified biomass utilization 
such as the necessity of pre-fuel treatment to reduce fuel-NOx precursors and the use of 
pre-catalyst for SCO, and the application of hybrid catalytic concepts for stable and long 
operation. Furthermore, the use of CPO techniques could allow the use both gasified 
biomass and methane in gas turbines. Concerning the last one is possible to use it to feed 
a piloting flame for medium size gas turbines. A brief description of the necessary steps 
towards these applications is presented in section 9.2.        
 

9.1 Conclusions 

In the present work, novel types of catalysts were used. The bimetallic catalysts, together 
with the perovskites and hexaaluminate catalyst, could be used for burning gasified 
biomass. These catalysts have shown to be more stable compared to the monometallic 
ones which are commonly used.    
 
In gasified biomass the presence of relatively high amounts of H2 and CO requires new 
strategies for burning the air fuel mixture catalytically. H2 burns readily followed by CO and 
later CH4, and therefore different solutions were tried. A diffusion barrier was used to 
specifically target H2 and control the uneven heat release in the burner, and this showed 
an improvement. A partially coated catalyst was also used with partial success. Despite 
the improvements compared to the standard catalyst (fully coated and no diffusion barrier) 
the conversion of the fuel components was not complete at the tested conditions. 
 
Pressurized and atmospheric conditions induce a differentiated behaviour in how H2, CO 
and CH4 are burned in the catalysts. At atmospheric conditions the diffusivity of H2, CO 
and CH4 seem to be fairly similar, while at pressurized conditions their behaviour is 
different. Already at 5 bar CO and CH4 are diffusing at a slower rate than H2, and this trend 
seems to continue up to 10-12 bar where diffusion velocities seem to stabilize. H2 reaches 
the catalyst active sites and starts to burn, followed by CO and finally CH4. These 
differentiated behaviour generate a high reaction rate in the first section of the combustion 
chamber, in which H2 and CO are primarily burned while most of the CH4 is still in the 
mixture. This produces two effects: an increase in the relative amount of CH4 in the 
mixture and the production of water and CO2 product of the combustion of H2 and CO. 
These combustion products diminish the capacity of the downstream catalysts (ceria-
zirconia, hexaaluminates) to burn and a more “difficult” mixture with a high amount of CH4. 
The maximum conversion registered is between 60 to 70%. These conversion levels are 
well below the ones required for gas turbine operation; therefore hybrid burning 
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approaches would be needed. In the hybrid approach a catalytic section will be followed by 
a homogeneous zone to reach complete burning.  
 
Concerning the pressure effect, it is observed that pressure has a greater negative 
influence on the conversion at fuel leaner mixtures compared to richer ones. Furthermore; 
the lower the pressure level, the less sensitive is the conversion to mixture variation (λ); 
although, if measured in absolute terms (gr/s fuel consumed), pressure has a positive 
influence on the fuel consumption. 
 
 
A stable catalytic burning is achieved for a mixture of λ value 6 to 7 which is much leaner 
than that required for a practical gas turbine cycle. A fully stable combustion of mixture of λ 
3 to 4 would be required for practical applications. In the current work the maximum lean 
conditions registered are approximately λ value 4 for a partially coated catalyst, and 
around λ value 6 for a fully coated approach. Lower λ values than 4-6 induce high energy 
release in the first catalytic segment, where most of the H2 and CO is consumed, leaving 
CH4, H2O and CO2 in the gas stream. Although the downstream catalysts are high 
temperature resistant, the amount of H2O and CO2 reduce their activity. Furthermore, as 
CH4 is the main fuel component left in the stream, the heat release will be determined by 
it. CH4 requires a relatively high ignition temperature, and it initiates homogenous 
reactions as low 650ºC and becomes significant at 850ºC. It is in this temperature interval 
that homogeneous reactions inside the catalyst channels occur, causing the destruction of 
the catalyst. 
The flow velocity inside the catalyst has been chosen on the order of 5 m/s due to rig 
related considerations. These velocities are considered low if compared to standard gas 
turbine conditions. However, already at these conditions an important amount of unburned 
mixture penetrated the central line of the catalytic channels, remaining unreacted. Higher 
velocities will increase this penetration of unburned mixture; hence, the total conversion 
will be reduced. Reaching high turbulence regimes inside the catalyst channels will help 
with mass transfer; however, pressure drop through the catalyst will became exponentially 
higher. 
      
Regarding the ignition temperatures, the presence of H2 and CO in the mixture enables 
ignition of the catalyst at temperatures as low as 200ºC. This is considered an achievable 
temperature level for a single cycle with a pressure ratio π of 10. In case of a recuperative 
cycle a pressure ratio π of 6. Moreover, in order to match the linear velocities used in this 
study, a silo type combustor will be needed. This type of combustor could be easily 
retrofitted with a catalytic arrangement and a post catalytic zone; moreover, it could be 
easily serviced when needed. As mentioned above, ignition temperatures for gasified 
biomass are as low as 200 ºC; however, stable operation will be secure for temperatures 
around 250 ºC, and start up conditions will require a start-up burner, or electrically aided 
catalyst. Furthermore, load variation will also require inlet temperature stabilization 
systems, in case the combustor inlet temperature reduces below the ignition levels. In the 
turbine cycle the combustor inlet temperature is governed by the compressor stage in the 
case of single cycle or by the heat exchanger in the recuperative cycle. 
 
The catalytic partial oxidation (CPO) of CH4 was also studied as a strategy to be used in 
gas turbines. It operates at high rich conditions (Φ ~ 10) and the regulation for the CPO is 
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based in controlling the oxygen availability. The CPO of CH4 produces a mixture of H2, CO 
and CH4 that resembles gasified biomass at relatively high temperature. This mixture has 
both a lower low flammable limit and adiabatic flame temperature compared to CH4; 
hence, the potential thermal NOx is reduced. In the CPO process CO2 and water are used 
for dry and steam reforming of CH4. Moreover, the reductive environment prevents catalyst 
degradation. Additionally, it is possible to use Selective Catalytic Oxidation techniques for 
fuel NOx control. The CPO of CH4 system could be used to replace piloting flames which 
are an important source of NOx during gas turbine operation. 
 
The results of this study point to the necessity of using hybrid approaches either for LHV 
fuels with catalytic lean or for catalytic rich systems. The catalytic lean combustion 
approaches only reach a maximum conversion of 70% at stable operation. In order to have 
a practical application, the lean catalytic stage will be followed by a homogeneous reaction 
zone, in which extra fuel will need to be added in order to reach the desired target 
temperature. Using the CPO of CH4 approach or rich fuel conditions will require the use of 
a hybrid system with a rich catalytic stage followed by a homogeneous reaction zone in 
which air is added. In summary, lean and rich catalytic hybrid approaches will produce high 
temperature streams that will need to be mixed with either additional fuel or additional air. 
In both cases high temperature and high pressure chemistry will be necessary to design 
these post catalytic sections. Furthermore, post catalytic streams have to be optimally 
mixed to avoid explosion conditions. Geometry of these areas will also need careful 
design. 
The hybrid system will require the use of a piloting/assisting burner for “off design” 
conditions. This burner must be adequately sized and located. All of these steps are 
considered outside of the scope of this work and shall be considered as future work. 
 
The gasification of biomass also produces nitrogen-containing compounds, which was 
simulated in this study as NH3. The highly oxidative catalysts are prone to convert NH3 into 
NOx readily (fuel-NOx). This phenomenon has been observed during the course of the 
experiments. Fuel-NOx production can be reduced using a previous catalyst to oxidize 
selectively nitrogen-containing compounds to molecular nitrogen. According to laboratory 
scale experiments two catalysts showed the best performance: under fuel rich conditions 
CuO/Al2O3 catalyst and under fuel lean conditions Fe/Al2O3.  Fe/Al2O3 showed a N2 yield 
of up to 76% in a temperature window of 350°C to 380°C. The CuO/Al2O3 catalyst showed 
a N2 yield of up to 82% in a temperature window of 450°C to 500°C for fuel rich conditions. 
The Fe/Al2O3 catalyst was tested at the pilot scale test facility, close to engine conditions, 
where the conversion of NH3 to N2 was 30% on average and the maximum registered was 
42%. These conversion levels need to be improved in order to reach acceptable NOx 
levels. 
 
Water content in the reacting stream negatively affects the Fe/Al2O3 in lean conditions. It 
reduces the N2 yield from 76% down to 10%, in contrast to the CuO/Al2O3 for rich 
approach, in which the N2 yield reduces from 82% to 68%. These findings point to the 
necessity of treating the incoming gasified biomass upstream the catalytic combustor, 
either by drying it or by using an SCO rich approach or both. There is the option to 
integrate the nitrogen-containing compounds already in the gasification phase. This may 
consist in using a catalytic module located immediately downstream the product-gas/syn-
gas exit from the gasifier. In this module, an SCO of nitrogen containing compounds could 
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be done prior to delivery of this gas to the catalytic combustor. Treating the product gas 
after the gasification stage is a concept that has been tested for other undesired 
components in the gasification of biomass, such as tars and sulphur-containing 
compounds. 
 
      

9.2 Future Work  

This work attempted to clarify some aspects of catalytic combustion in order to bring it 
closer to a real application in gas turbines; however, due to the extension of the topic and 
limitation of resources there are still a number of issues that have been left untreated. It is 
possible to mention that the future work topics can be addressed in short, mid and long 
term.  
 
9.2.1   Short Term Work  

 Study on combustion stability in presence of highly reactive components at 
high temperature and pressurized conditions  

H2 and CO, present in gasified biomass, tend to react readily in the ignition catalyst, while 
other catalyst elements are working at idle conditions downstream. The experiments have 
shown that the ignition catalyst still remains too active. Deeper investigation has to be 
carried out on this matter. An Active/Passive channelled catalyst in combination with a 
diffusion barrier concept catalyst has yet to be tested as ignition catalyst. The metallic and 
foam matrix catalysts are also interesting options to obtain better temperature distribution 
and reduce the thermal load in the ignition zone. These experiments could be done easily 
depending on catalyst availability.  
Another important aspect is to model the instabilities observed at λ < 5. This would help to 
design alternative options to obtain smooth operation of the catalyst. Parametric studies 
could be performed, and a detailed experimental campaign may better clarify this issue.  
  

 Study on rich catalytic combustion approach and SCO of ammonia under rich 
conditions at high pressures  

Catalytic combustion under rich conditions at high pressures has shown important 
development. It is theoretically possible to equalize and control the heat release in the 
catalytic zone if the amount of oxidizer (O2) is controlled. Hence the reaction will be 
dependent on the oxygen availability rather than catalyst reactivity. Fuel flexibility could be 
explored for different fuels in order to pursue a fuel-flexible combustor able to operate on 
gasified biomass or natural gas. These two fuels differ importantly in reactivity and cannot 
be burned in the same catalytic configuration under fuel lean conditions.  
Regarding fuel NOx formation, the use of catalytic rich conditions approach might be 
advisable in order to take advantage of the Cu/Al2O3 catalyst that showed higher 
resistance to water content. It is also possible to test other SCO of the ammonia catalyst 
(for example PdNi or PdRh based catalyst). These investigations could be achievable in 
the high pressure test facility using nitrogen as inert gas to later inject fuel and air in the 
rich condition region. 
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9.2.2   Medium Term Work 

 
 Investigation on ageing and endurance of combustion catalysts 

Long-time data that shows how material and performance are affected is unavailable. This 
is one of the main obstacles for using the catalytic approach in gas turbine operation. At 
the moment it is not possible to investigate these issues except under simulated and 
reduced conditions. The common approach is ageing, poisoning, and sintering the 
catalysts artificially. Although this strategy could accurately reflect the deactivation level, 
the deactivation time is still very inaccurate. 
In order to investigate these issues it is imperative to expose the catalyst to conditions 
close to real ones, especially in the utilization of real gasified biomass. This investigation 
might require the steady production and treatment of gasified biomass to be tested under 
pressurized conditions. The hardware to achieve this has to be developed and integrated 
in the pressurized test facility. The advantage is that the technology to achieve this 
currently exists.   
 
 Hybrid catalytic combustion investigations 

It is imperative to maintain the catalyst under “mild” conditions given the thermal limitations 
of the catalyst material and the sensitivity of the catalyst‘s performance. This objective can 
be achieved using hybrid catalytic combustion systems (see section 5.3.2). Actually the 
products reaching the market use hybrid systems with a catalytic stage followed by a 
homogenous combustion or burn out zone. For this reason it is advisable to investigate the 
hybrid catalytic combustion concept for gas turbine combustors for gasified biomass 
(Figure 5-1).    
Indubitably, a number of related issues would appear in this area. For instance, in the case 
of a catalytic rich hybrid system, there is an inherent risk of explosion in the transition zone 
(from the rich fuel condition to the lean conditions required in gas turbines). The mixing in 
this area would also be of crucial importance. 
Another probable issue is the “air budget” in the combustor. The air required for cooling 
purposes in the combustor has to be carefully balanced for both low and medium calorific 
value fuels. Air for cooling purposes becomes more important depending on the maximum 
design inlet temperature to the turbine. High temperature turbine designs (approx. 1400 
ºC) require up to 25% of the total air flow passing through the combustion chamber for film 
cooling purposes (Figure 9-1). And in designs working at lower temperatures (approx. 
1275 ºC) the requirement of air cooling reduces to 15%. If the catalytic combustion used 
requires a lean mixture due to instability problems (λ = 4 to 3) this will implicate the use of 
most of the air flowing through the combustion chamber, reducing the available air for 
cooling and dilution purposes. The use of wall cooling techniques will overcome these 
difficulties until certain level of temperatures (1275°C), however the film-cooling technique 
requires a higher amount of air. A schematic of these two strategies is shown in Figure 
9-1. The airflow distribution through the combustion chamber has to be carefully evaluated 
under different load conditions and regimes to optimize its utilization. In the case of 
catalytic combustion under fuel-rich applications the air balance seems to be less critical. 
Hybrid combustion strategies would require an important combined modelling effort. 
However, combustion modelling has a large degree of uncertainty and validation of the 
model is required. This model validation would require the implementation of a 
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demonstration test facility where these concepts could be tested and improved, and this 
activity might very well be considered as future work.       
 
 
 System integration studies  

A system scale study must be performed in order to frame the maximum size and optimal 
component configuration of a gas turbine fired on gasified biomass. This study should 
include exogenous factors, for example: fuel availability, gas cleaning requirements, 
possible competing interest for raw material (an interesting question to answer will be how 
advantageous would be the use of biomass in energy production in comparison to its in 
bio-refineries, production of liquid fuels or in production of food). 
For instance, it has been reported that biomass availability is limited to approximately 50 
MWth in Europe; thus, the maximum power output from a single cycle gas turbine would be 
on the order of 15 MWel when using gasified biomass. However, the turbine size for 
practical application could be even lower, down to 1 MWel in most of the European Region. 
Table 9-1 shows the suitable characteristics of a proposed single cycle gas turbine 
combustor for gasified biomass utilization based on catalytic combustion technology.  
 
9.2.3   Long term work 

  

 Hybrid catalytic combustion investigations 

As it was mentioned before, the modelling of the hybrid catalytic combustor has to be 
verified. A demonstration test rig has to be used to perform such verification. This would 
permit the investigation of different issues, such as: how the flow balance between 
compressor and turbine is affected when using LHV gases, the utilization of SCO of 
ammonia as a separate pre combusting catalytic unit, and the response of gasified 
biomass from different raw materials. Moreover, the advantage of this test rig is that it will 
allow the testing of other combustor concepts as well (for instance, mixing enhancement 
using impinging jets, high temperature combustion, or hydrogen assisted methane 
combustion). It also enables investigate and evaluation of the performance of a catalytic 
combustor integrated with a complete cycle.    
 
 Prototype evaluation and cycle integration studies 

Based on the findings encountered in the previous steps, it would be possible to elaborate 
a prototype and test it. This would require the utilization of a demonstration test facility. 
Collaboration with industry and governmental agencies would be of paramount importance 
to realize this stage. The prototype design has to consider a previous system and market 
study that can be included as long term work.    
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Figure 9-1: Air for wall and film-cooling techniques has to be balance with the air for 
the lean conditions required in the catalyst in lean applications.  

 

 

  Table 9-1: Preliminary characteristics of a gas turbine based on catalytic 
combustion and gasified biomass for power production.        

Size 500-700 kWel Fuel power approx 1,5-2 MWth 

Compressor type Centrifugal Single stage 

Pressure ratio 6-10 
Depending on the fuel power and type of 
cycle 

Turbine type Axial 2 stages single axis 

Residence time  15-35 ms 
To give enough residence time to undergo 
catalytic reactions under different conditions. 

Fuel gas heating value 5 MJ/Nm3 
Producer gas from air gasification 
technologies 

Catalytic Combustion 
Strategy 

Hybrid system 
Low temperature in the catalytic section  to 
ensure long catalyst lifetime  

Turbine inlet temperature 1100 – 1150 K To avoid Alkali corrosion  

Heat Recovery 
Tail water heat 
exchanger (turbine 
exhaust) 

Recuperative cycle / District heating 
purposes 

Generator System / speed  
Permanent magnets 
 / 20 000-40 000 rpm  

Direct coupling to the turbine. Power 
electronics to normalize the electric power 
output.  

Integrated De-NH3 system   98 % NH3 removal  
Catalytic system. It can be integrated before 
the combustion chamber. 

Requirement of Gas 
cleaning/conditioning 
system 

0,33 to 0,5 kg/s  Fuel gas treatment capacity. 
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