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Sammanfattning 
 
 
Stigande oljepriser och ökande medvetenhet kring den globala 
uppvärmningens effekter har på senare år lett till ett ökat 
intresse för biobränslen för uppvärmning, t.ex. i form av ved- 
eller pelletseldning. En dålig förbränning kan dock ge upphov till 
utsläpp av hälsovådliga ämnen som exempelvis vissa 
cancerogena kolväten, kolmonoxid och kväveoxider, samt 
dessutom en lägre verkningsgrad. Om förbränningen sker med 
för liten lufttillförsel kommer bränslet inte att fullständigt 
förbrännas med utsläpp av kolväten och kolmonoxid som följd. 
Om å andra sidan alldeles för mycket luft tillförs förbränningen 
sjunker förbränningstemperaturen, vilket leder till utsläpp av i 
huvudsak kolmonoxid samt till en lägre verkningsgrad. 
 
Mängden luft som ger en bra förbränning varierar dock med t.ex. 
bränslets kvalitet, fukthalt etc., och även över tiden under en 
eldningscykel (från upptändning till det sista av glödförbrän-
ningen). Nyckeln till miljövänlig och kostnadseffektiv ved- eller 
pelletseldning är alltså en kontinuerlig reglering av lufttillförseln. 
En sådan reglering har hittills endast undantagsvis tagits fram 
och testats för vedpannor och pelletsbrännare, i huvudsak 
beroende på att det saknats enkla och billiga sätt att automatiskt 
avgöra hur bra förbränningen är i ett visst läge i eldningscykeln.  
 
En möjlighet till övervakning av förbränningen är genom mätning 
av kolväte- och kolmonoxidhalten i rökgaserna samt luft-
överskottet (det senare uppskattas via syrehalten i rökgaserna), 
vilket ger en bra bild av huruvida tillförseln av luft är för liten 
eller för stor i ett visst ögonblick av förbränningen. Arbetet bakom 
denna avhandling har därför varit inriktat på att utveckla och 
testa en viss typ av enkla gaskänsliga givare (sensorer) för att 
möjliggöra kontinuerlig bestämning av rökgassammansättningen 
samt reglering av förbränningen i flis-, pellets-, och vedpannor. 
 
Sensorerna utgörs av fält-effekt-transistorer baserade på halv-
ledarmaterialet kiselkarbid (SiC) men där styret består av ett 
katalytiskt material som står i direkt kontakt med omgivande 
atmosfär (i det här fallet rökgaserna). SiC är ett beständigt 
material som tål både de höga temperaturerna och den korrosiva 
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miljön i rökgaserna. När olika ämnen (t.ex. kolväten) från 
rökgaserna träffar det katalytiska materialet kan dessa 
sönderdelas eller reagera med andra ämnen på ett sådant sätt 
att det påverkar det elektriska fältet i halvledaren och därmed 
strömmen genom transistorn. Olika ämnen reagerar olika 
mycket och på skilda sätt för olika katalytiska material och 
temperaturer. Därigenom kan en bild av rökgassamman-
sättningen skapas. 
 
Genom att undersöka olika material och materialkombinationer 
för styret samt detaljerat studera hur sensorerna påverkas av 
typiska rökgaskomponenter som syre, kolmonoxid och kolväten, 
både i välkontrollerade experiment i laboratoriemiljö och i riktiga 
rökgaser, har ett system bestående av två gassensorer och ett 
termoelement kunnat tas fram som ger en uppskattning av 
halten oförbränt material (kolväten och kolmonoxid) i rökgaserna 
samt information om orsaken till utsläppen; för liten eller för stor 
lufttillförsel. Ett reglersystem baserat på gassensorerna har vid 
tester på en 40 kW vedeldad villapanna också visat sig ge 
avsevärt lägre utsläpp av framförallt kolväten men också 
kolmonoxid jämfört med en oreglerad förbränning. 
 
Från studierna av olika materialkombinationer och på material 
av olika struktur har även några mer generella idéer kring 
sensorernas egenskaper kunnat läggas fram som i en framtid 
möjligen skulle kunna användas för att utveckla sensorerna mot 
nya tillämpningar. En tillämpning som sensorteknologin 
eventuellt redan kan vara mogen för är övervakning av halten 
ammoniak i rökgaserna från mindre eller medelstora 
fjärrvärmeverk/ kraftvärmeverk i vilka SNCR (Selective Non-
Catalytic Reduction) används för att minska utsläppen av 
kväveoxider.  
 
SNCR innebär att ammoniak tillsätts rökgaserna ganska nära 
förbränningen och därmed kommer att reagera med 
kväveoxiderna under bildning av ofarliga ämnen som kväve och 
vatten. Om för mycket ammoniak tillsätts kommer dock 
överskottet som släpps ut att kunna ombildas till kväveoxid, 
varför doseringen noggrant behöver regleras. Tester i ett 5,6 MW 
fliseldat kraftvärmeverk har visat på goda möjligheter att 
uppskatta överskottet av ammoniak med hjälp av en eller flera 
kiselkarbid-baserade gassensorer.  
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Abstract 
 
 
Increasing oil prices and concerns about global warming have 
reinforced the interest in biofuels for domestic and district 
heating, most commonly through combustion of solid biomass 
like wood logs, hog fuel and pellets. Combustion at non-optimal 
conditions can, however, lead to substantial emissions of 
noxious compounds like unburned hydrocarbons, carbon 
monoxide, and nitrogen oxides as well as the generation of soot. 
 
Depending on the rate of combustion more or less air is needed 
per unit time to completely oxidize the fuel; deficiency of air 
leading to emissions of unburned matter and too much of excess 
air to slow combustion kinetics and emissions of mainly carbon 
monoxide. The rate of combustion is influenced by parameters 
like fuel quality – moisture and ash content etc. – and in what 
phase the combustion takes place (in the gas phase through 
combustion of evaporated substances or on the surface of char 
coal particles), none of which is constant over time. 
 
The key to boiler operation, both from an environmental as well 
as a power to fuel economy point of view, is thus the careful 
adjustment of the air supply throughout the combustion process. 
So far, no control schemes have been applied to small-scale 
combustors, though, mainly due to the lack of cheap and simple 
means to measure basic flue gas parameters like oxygen, total 
hydrocarbon, and carbon monoxide concentrations. 
 
This thesis reports about investigations on and characterization 
of silicon carbide (SiC) based Metal Insulator Semiconductor 
(MIS) field effect gas sensors regarding their utility in emissions 
monitoring and combustion control applications as well as the 
final development of a sensor based control system for wood fired 
domestic heating systems. 
 
From the main sensitivity profiles of such sensor devices, with 
platinum (Pt) and iridium (Ir) as the catalytic metal contacts 
(providing the gas sensing ability), towards some typical flue gas 
constituents as well as ammonia (NH3), a system comprising four 
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individual sensors operated at different temperatures was 
developed, which through the application of Partial Least 
Squares (PLS) regression, showed good performance regarding 
simultaneous monitoring of propene (a model hydrocarbon) and 
ammonia concentrations in synthetic flue gases of varying 
content. The sensitivity to CO was, however, negligible. The 
sensor system also performed well regarding ammonia slip 
monitoring when tested in real flue gases in a 5.6 MW boiler 
running SNCR (Selective Non-Catalytic reduction of nitrogen 
oxides with ammonia). 
 
When applied to a 200 kW wood pellet fuelled boiler a similar 
sensor system was, however, not able to follow the flue gas 
hydrocarbon concentration in all encountered situations. A PCA 
(Principal Components Analysis) based scheme for the 
manipulation of sensor and flue gas temperature data, enabling 
monitoring of the state of combustion (deficiency or too much of 
excess air), was however possible to develop. The discrepancy 
between laboratory and field test results was suspected and later 
on shown to depend on the larger variation in CO and oxygen 
concentrations in the flue gases as compared to the laboratory 
tests. 
 
Detailed studies of the CO response characteristics for Pt gate 
MISiC sensors revealed a highly non-linear sensitivity towards 
CO, a large response only encountered at high CO/O2 ratios or 
low temperatures. The response exhibits a sharp switch between 
a small and a large value when crossing a certain CO/O2 ratio at 
constant operating temperature, correlated to the transition from 
an oxygen dominated to an almost fully CO covered Pt surface, 
originating from the difference in adsorption kinetics between CO 
and O2. Indications were also given pointing towards an 
increased sensitivity to background hydrogen as being the 
mediator of at least part of the CO response. Some general 
characteristics regarding the response mechanism of field effect 
sensors with differently structured metal contacts were also 
indicated. 
 
The CO response mechanism of Pt metal MISiC sensors could 
also be utilized in developing a combustion control system based 
on two sensors and a thermocouple, which when tested in a 40 
kW wood fired boiler exhibited a good performance for fuels with 
extremely low to normal moisture content, substantially 
decreasing emissions of unburned matter.   
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  1. Introduction 
 
 
 
The “generation”, distribution and “consumption” of energy (heat 
and power) has worldwide been a matter of intense debate over 
the last decades. Although variations in the earth’s distribution 
of various resources, differences in heat and power demand, and 
cultural / political differences affect the local discussions, a 
more general issue of concern is the steady increase in 
combustion of hydrocarbon fuels – mainly fossil – for the 
generation of electricity, vehicle propulsion etc, and its effect on 
the environment. Oxides of nitrogen and sulphur, contributing 
to the acidification of ground water and the removing of ozone 
from the stratosphere as well as the generation of photo-
chemical smog (together with certain hydrocarbon compounds)1, 
and unburned hydrocarbon residues, capable of condensing to 
particles with carcinogenic properties2 that can penetrate far 
into the pulmonary system, are examples of emissions from the 
combustion of for instance oil and coal derived fuels. 
 
The major combustion products, however, are carbon dioxide 
and water, where CO2, being a greenhouse gas, is the substance 
of concern. The rapidly increasing concentration of carbon 
dioxide in the atmosphere is believed to contribute to global 
warming and the foreseen resulting climate- and environmental 
effects (raising sea levels due to the melting of polar ice, 
thunderstorms and floods etc.). At the Kyoto convention in 1997 
most of the industrialized countries therefore agreed on a 5.2% 
average reduction of carbon dioxide and other greenhouse gas 
emissions, compared to the 1990 level, during the period 2008-
2012. For the European Union, ambitions are set at 8 % for the 

                                                 
1 Ristinen et al., 1998, pp. 298-300 
2 Warnatz et al., 2000, pp. 260-263 
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same period and in the United States* at 7%, followed by 
Canada and Japan (6 %). This is supposed to be partly 
accomplished through increased fuel taxes and environmental 
levies1, whereas even stricter legislation is expected for emission 
levels of nitrogen oxides and hydrocarbons.2 
 
Besides the effort to lower the consumption of energy (“save 
energy”), a lot of time and money is spent on increasing the 
efficiency of generation and distribution of heat and power by 
the improvement and development of new technology. Moreover, 
to meet the Kyoto commitments and future challenging 
restrictions, many countries have also targeted for a substantial 
contribution to the heat and electricity production from 
renewable sources.3 Especially since it is believed that a 60 % 
reduction of greenhouse gases is needed in the long run.4 
 
Other driving forces than political (taxes, fees, governmental 
subsidies) behind the replacing of fossil fuels by renewables 
include oil prices, which are expected to increase as the world 
consumption rate approaches the production rate, and the 
diversification of energy sources, reducing the dependency on oil 
and coal supplies in case of international conflicts. Especially 
private transportation and domestic heating is very sensitive to 
oil prices, which is one of the factors behind the increasing 
number of sold wood / pellet fuelled household boilers / stoves 
in Sweden.5 One of the main objectives in the competition for 
customers from a manufacturer point of view is thus to bring 
about new technology that will minimize the fuel consumption, 
naturally also reducing CO2 emissions. 
 
The trend within car industry is pointing towards so-called lean-
burn engines, engines operating with excess air in relation to 
the fuel.6 These kinds of engines have an increased efficiency of 
converting the chemically bound energy in the fuel to vehicle 
propulsion, the currently most popular being the diesel engine. 
For diesel engines, the gain in efficiency is mainly due to the 
larger difference in temperature between the expanding gases 

                                                 
* The Kyoto Protocol has, however, as yet not been signed by the U.S. government 
1 Duffin, 2000 
2 see for instance: http://www.dieselnet.com/standards.html 040917 
3 Laughton, 2000 
4 Duffin, 2000 
5 Cooper et al., 2003, p. 35 
6 Burch, 2004 
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and the gas composition leaving the cylinder, as compared to 
other engines.1 The higher operating temperature and the lean 
conditions lead, however, to increased formation of nitrogen 
oxides2 and a severe impairment of NOx reduction by the three-
way catalyst3, respectively. 
 
In order to deal with this problem some different strategies are 
under development, the NOx storage catalyst4 and selective 
catalytic reduction (SCR) of nitrogen oxides, with ammonia (NH3) 
or hydrocarbons as reducing agents,5,6 being the currently most 
promising. To ensure that the stringent legislation is met, there 
is, however, a need for proper dosage of the reducing agents as 
well as monitoring of the system as a whole, so-called on-board 
diagnostics (OBD), not to emit large amounts of NOx / NH3 / 
hydrocarbons etc, if some part (e.g. the catalyst) starts to 
degrade or suddenly is found malfunctioning. 
 
Renewables include such vast energy sources as hydro-, wave-, 
tidal- and wind power as well as solar and geothermal energy 
and energy from biofuels, and for the Scandinavian countries 
where the source of hydroelectric power is abundant, the usage 
of renewable sources is already very well above the ambitions of 
the European Union. This does not mean that it is infeasible to 
further consider the renewable options. In Sweden, like in many 
other countries, alternatives replacing the nuclear power will be 
needed in the near future, alternatives which should not 
contribute to increasing levels of greenhouse gases and/or 
atmospheric pollutants. 
 
In many countries around the world, the largest contribution to 
energy production from renewable sources currently comes from 
biomass, especially applying to developing countries and 
countries like the United Kingdom – in the latter making up 80 
% of the energy from renewables7 – where hydroelectric power is 
much less abundant. In Sweden biofuels are also already 
extensively used for the production of heat in both domestic and 
district heating systems and is considered as one of the more 

                                                 
1 Borghi et al., 2002, pp. 20-21 
2 Warnatz et al., 2001, pp. 237-240, 257 
3 Burch, 2004 
4 Takeuchi et al., 2004 
5 Amiridis et al., 2004 
6 Gabrielsson, 2004 
7 Fells, 2000 
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potent renewable energy sources.1 Especially since generation of 
heat from electricity is highly questionable in terms of efficiency. 
 
Biofuels are considered to be a renewable source of energy and 
give no net contribution to the atmospheric CO2 level as long as 
the annual off-take is equal to or lower than the annual growth. 
There is also no net contribution of heavy metals or sulphur to 
the environment,2 and the actual emissions of sulphur and 
nitrogen oxides from direct combustion of biofuels are 
substantially lower as compared to coal and oil.3 The emissions 
of particulate matter are also lower.4 The use of forestry residues 
– lops and tops – also results in the withdrawal of nitrogen from 
the forest, which is beneficial for many regions where the soil 
already is saturated with nitrogen, decreasing the risk of 
acidification.5 The ash produced from biomass combustion is 
basic and can be returned to the harvested site without causing 
any problems. 
 
Sometimes municipal and industrial waste is included in the 
definition of biomass and there is certainly a potential in energy 
production from waste, especially since the fuel normally is 
regarded as for free or even profitable to take care of. Today, 
most municipal solid waste is disposed of by means of landfills, 
with the issues of leaching of toxic compounds and emissions of 
methane (a greenhouse gas) to the atmosphere as a result of 
microbial action. Only a small fraction is incinerated with heat 
recovery, but following the growing problem of finding suitable 
sites for landfills, this is expected to increase manifold.6  
 
But even though biomass is considered to give no net 
contribution to atmospheric CO2, the combustion of various 
biofuels may locally still produce somewhat increased 
atmospheric levels of nitrogen oxides and sulphur dioxide as 
well as “unburned” hydrocarbons. So from a health policy as 
well as environmental point of view, it is desirable to optimize 
the combustion process in order to reduce overall emissions. 
The presence of unburned material in the flue gases – mainly 
hydrocarbons and/or carbon monoxide – also indicates non-

                                                 
1 Granqvist et al., 1996 
2 Granqvist et al., 1996, p. 1 
3 Pitcher et al., 2000 
4 Wereko-Brobby, 1996 
5 Granqvist et al., 1996, pp. 1-2 
6 Boyle, 2004, p. 160 
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optimal combustion regarding overall efficiency of the boiler, 
which, in addition to increased environmental pollution, 
naturally results in an impairment of the power to fuel economy.  
 
In case of large-scale power plants, analytical instruments are 
installed to keep track of the flue gas composition and complex 
automatic control systems are implemented in order to keep the 
combustion process as close to optimum as possible, even 
though parameters affecting the combustion process constantly 
change. And in the case of properly designed and equipped 
boilers running at constant and high loads with a well-defined, 
homogeneous fuel, it has been shown possible to adjust the 
boiler parameters once to keep a high efficiency of conversion 
and a low level of emissions1, but this is seldom applicable in 
real-world situations. 
 
For smaller sized boilers – up to a few MW – it has so far been of 
no economical interest (nor for legislative reasons) to invest in 
precise analytical instruments for monitoring and control of the 
combustion, however. Still, these boilers, out of pure necessity, 
are run at intermittent and varying loads, most often with 
crude, varying fuels and/or fuel quality, which will influence the 
combustion through differences in combustion characteristics 
(as will be clarified shortly). Many of the boilers in this range are 
producing power locally to smaller industries, like saw mills, or 
hot water for local / district heating systems and naturally the 
output of power and/or heat has to match the demands quite 
closely not to waste fuel and money. 
 
Besides fuel quality, the fuel utilized will probably also vary due 
to seasonal variations and variations in price and supplies, 
making flexible designs and hence a more automatic control of 
the combustion process desirable. When also including log fired 
boilers used in domestic heating systems a new dimension is 
added. In addition to varying fuels and fuel quality there are 
also many personal ways of firing and several of these lead to 
conditions far from the ones characterizing optimal combustion, 
resulting in somewhat lower efficiency and increased emissions. 
Some of the problems can be solved by improving the design 
and equip household boilers / heating systems with an 
accumulation tank, but some kind of combustion control is still 

                                                 
1 Cooper et al., 2003, p. 2 
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desirable in order to automatically adjust for variations in fuel 
and fuel quality as well as bad firing habits. 
 
To summarize, it seems likely that combustion of biofuels for the 
production of heat and power is a field that will continue to 
grow, at least for the next 20-30 years, probably also over the 
full scale; from domestic heating via local / district heating to 
large-scale power plants. Different kinds of fuel will most 
probably also be used; refuse derived fuel (RDF), energy crops, 
various forestry residues and wood logs to bring up a few, with 
varying quality and combustion characteristics. In the same 
period of time, the problem of environmental pollution is 
expected to gain more and more attention leading to stricter 
legislations and increased taxes regarding emissions of for 
instance nitrogen oxides and unburned hydrocarbons.  
 
Therefore, cheap means of measuring important flue gas 
constituents are of interest for assisting in the monitoring and 
control of biomass fuelled combustion systems to reduce 
emissions and gain a better power to fuel economy, especially 
applying to small-scale boilers but possibly in the long run also 
for replacing the more expensive equipment of large power 
plants. And the development of such a technology is also forced 
by the need from automotive industry to measure a number of 
basic exhaust parameters for combustion control and control / 
monitoring of exhaust after-treatment systems. 
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  2. Combustion of solid biofuels 
 
 
The biomass resources come in a variety of forms; wood, 
sawdust, straw, rape seed, waste paper, household refuse, 
sewage, tropical crop wastes like bagasse and rice husks etc, 
and are also quite commonly processed into for instance 
charcoal and less commonly gaseous and liquid fuels. They are 
all based on hydrocarbon species though, making up the bulk of 
the biomass. There are also a number of ways to extract and 
convert the chemical energy from carbon-carbon and carbon-
hydrogen bonds into heat, mechanical work and/or electricity, 
one of which is direct combustion, whereby carbon and 
hydrogen atoms combine with oxygen and energy is released in 
the form of heat. 
 
In addition to carbon and hydrogen constituents, solid biofuels 
contain significant amounts of oxygen, water and ash, as well as 
minor contributions from nitrogen and sulphur. The oxygen is 
chemically bound in the fuel and can make up as much as 45% 
of the weight of dry wood.1 Moisture can exist in two forms in 
solid fuels; as free water and as bound water. Free water exists 
between cell walls in trees and crops and is also drawn into 
pores of for instance waste paper by capillary attraction. Bound 
water is held by physical adsorption and exhibits a small heat of 
sorption. Ash is the inorganic residue remaining after the fuel is 
completely burned and is mainly composed of calcium, 
potassium, magnesium, manganese and sodium oxides.2  
 
The composition of solid fuels is reported on an as-received, on 
a dry or on a dry, ash-free basis. The moisture content on an as-
received basis is the mass of the fuel moisture divided by the 
mass of the moisture plus the mass of the dry fuel and ash. For 
example, if the as-received moisture content is 50%, on a dry 

                                                 
1 Borman et al., 1998, p 48 
2 Strand, 2004 
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basis it is 100%. The energy content of a fuel is measured by its 
calorific value [J/kg]. There are two measures of calorific value, 
gross calorific value and net calorific value, but for practical 
purposes it is sufficient to determine the net calorific value since 
this is the heat available as a useful energy form. Sometimes the 
terms higher and lower heating value are also used. The higher 
heating value corresponds to the amount of heat released when 
the fuel initially at 25°C is reacted and all products, as well as 
free and bound water, are returned to 25°C. For the lower 
heating value, however, the water is not condensed. 
 
Another general feature of biomass is that the raw material 
normally decomposes rather quickly, resulting in an impairment 
of the calorific value, and so represents a poor long-term energy 
store.1 In addition, biofuels, as compared to oil and coal, suffer 
from low energy- and bulk density, which makes transportation 
more expensive and necessitates the use of relatively large 
equipment for handling and burning. To improve these and 
some other characteristics, biomass is often converted prior to 
its use. The conversion processes of biomass may involve 
reduction of water content, resulting in the simultaneous 
increase in its thermal value, and improvement of handling 
characteristics by for instance turning the material into a gas or 
a liquid (or most often both), which also ensures its 
preservation. 
 
There are two major types of “chemical” biomass conversion 
processes, namely thermal and biological, whereby biomass is 
converted into useful fuels by means of heat treatment or 
microbial action. Solid biofuels can for instance serve as a 
source of hydrogen for fuel cells through pyrolysis, followed by a 
reforming of the fuel into hydrogen and carbon monoxide, or 
provide biogas for e.g. public transportation systems through 
anaerobic digestion. But from now on focus will be on direct 
combustion of solid fuels not “chemically” altered from the state 
of the raw material. 
  
 
 
 
 
 

                                                 
1 Boyle, 2004, p. 147 
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2.1. Solid fuels 
 
 
All forms of solid biomass are cellulose materials that can be 
broadly classified as woody or non-woody. The woody category 
may be further split into softwoods and hardwoods. Softwoods 
are evergreen trees with needles, sometimes called conifers, 
while the term hardwoods refer to broad-leafed trees that shed 
their leaves. In addition to woody fuels from natural forests, 
plantations of fast growing trees suitable for coppicing such as 
hybrid poplars and willow have started to emerge as an 
alternative source. The obvious reason is a five to ten times 
larger annual yield from these hardwood energy forests as 
compared to natural forests. An alternative to the short rotation 
coppicing could also be modified conventional forestry, where 
coniferous trees are planted at relatively high density (5000 pr 
ha) and vigorously thinned later, yielding some early harvests.1 
 
The hardwoods are generally denser than softwoods. Softwoods 
are made up of vertically oriented, hollow, tubular fibers from 2 
to 7 mm long that can hold substantial amounts of free water, 
just as the large openings scattered between groups of fibers, 
known as resin ducts. Hardwoods on the other hand have 
shorter fibers and are more porous than the softwoods. 
 
Dry wood consists of cellulose, hemicelluloses, lignin, resins 
(extractives) and ash-forming minerals. Cellulose – (C6H10O5)n – 
is a condensed polymer of glucose – C6H12O6 – and represents 
40 to 45 % of the dry weight of wood. Hemicellulose consists of 
various sugars other than glucose that encase the cellulose 
fibers and represent 20 to 35 % of the dry weight. Lignin – 
C40H44O6 – is a non-sugar polymer that gives strength to the 
wood fiber, accounting for 15 – 30 % of the dry weight. Wood 
extractives include oils, resins, gums, fats, and waxes etc, which 
usually do not exceed a few percent. The minerals making up 
the ash amount to 0.2 to 1 % by weight and are dispersed 
throughout the cells in molecular form.2 
 
For woody biomass resources, as will become clear shortly, the 
moisture content is the main determinant of available energy. 
For example, air-dry wood (about 15 % moisture content on a 

                                                 
1 Boyle, 2004, p. 165 
2 Borman et al., 1998, p. 49 
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dry basis) has a calorific value of about 16 MJ/kg whereas green 
wood (100 % moisture content on a dry basis) has a value of 8.2 
MJ/kg. The energy value of dry woody biomass can be taken to 
be about 18.7 MJ/kg. Softwoods have generally a somewhat 
higher value and temperate hardwoods a slightly lower value.1 
 
The woody biofuels utilized in direct combustion systems for the 
production of heat and energy can be further grouped in 
accordance with origin and physical form. Fuelwood / Firewood 
refers to direct use of chopped or limb wood as a source of 
energy, normally with no upgrading of the raw material other 
than drying. Firewood is mainly used for domestic heating and 
the heating value is normally almost entirely determined by the 
moisture content, but the degradation of long-term stored 
fuelwood in wet climates may also contribute significantly to an 
impairment of the available energy. Dead wood materials that 
have already started to degrade are also commonly used as a 
fuel for heating and gives together with the varying moisture 
content rise to the large variations in fuel quality encountered in 
the field of household heating. 
 

 
Fig. 2.1. The above scheme stresses the importance of wood and 

paper industry residues in heat and energy production from 
biomass combustion (North et al., 2000). 

 
 

Wood, woody energy crops, small trees from the thinning of 
plantations, forestry residues from the harvesting process 
(trimming of felled trees for example) – lops and tops – wood 

                                                 
1 Wereko-Brobby, 1996, p. 21 
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waste from industry – off-cuts and bark from for instance 
sawmills – and/or demolition wood from for example 
construction sites can also be utilized in the form of hog fuel 
(mill residue of bark, chips and fines of a wide size range), whole 
tree chips or saw fines. The real economical potential for the 
production of heat and energy by direct combustion lies in 
forestry residues and industrial woody byproducts and these are 
already extensively used for district heating in Sweden.1 Some 
important sources of woody biofuels and their origin are 
presented in Fig. 2.1. 
 
Bark, however, differs from hardwood and softwood in both 
structure and composition. Extractives in bark range from 20-
40 % as compared to a few percent in wood. The ash content is 
also greater than in wood and constitutes typically 1 to 3 % of 
the total dry weight.2 And in addition to largely varying bark 
content, the hog fuel, chips and saw fines are of quite varying 
quality with respect to moisture content and density. Most often 
the fuel is made up of chips or fines from different kinds of wood 
and sometimes even waste paper or lignin from the paper 
industry is intermixed. 
 
In order to homogenize the fuel, increase the heating value and 
also improve storage and shipping characteristics, the energy 
crops, forestry residues and waste wood are sometimes milled 
together to very fine pieces, dried and then compressed to 
pellets or briquettes. Pellets are more compact than briquettes, 
with a moisture content of about 8 % and characteristics similar 
to coal. Pellets can also easily be pulverized again and utilized in 
powder burners. One of the advantages of powder is the low 
amount of water, 4 to 6 %, another being good burning 
characteristics. Briquettes have a slightly lower density and 10-
15 % moisture content. Pellets and briquettes are somewhat 
more expensive per kWh output energy and are today mainly 
used in domestic heating systems. A summary of the most 
important characteristics of wood-derived as well as non-woody 
solid biofuels is presented at the end of the chapter. 
 
Non-woody biomass consists of agro wastes, all kinds of waste 
associated with farming and processing of crops like cereal 
straws, bagasses, rice husks etc, and energy crops like 

                                                 
1 Granqvist et al., 1996, p. 4 
2 Borman et al., 1998, p. 49 
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switchgrasses. The two most important determinants of the 
energy value of non-woody biomass are the moisture and ash 
content. While the ash content of wood is fairly low and 
constant, that of crop residues can vary from about 1 to more 
than 20 %1 and this affects the energy value. On an ash-free 
basis the energy value of crop residues is slightly less than that 
of wood since they have a lower carbon (about 45 % as 
compared to 50 % for wood) and higher oxygen content. 
 
The average calorific value of dry annual plant residues is about 
17.6 MJ/kg (on an ash-free basis). At 15 % moisture content 
(ash-free) the heating value of these residues is about 15.0 
MJ/kg and if the ash content is 10 %, then the actual energy 
value would be about 13.5 MJ/kg (at 15 % mc db). 
 
Straw has some similarities to energy grasses harvested in 
summer; the chemical composition is almost the same with a 
high percentage of ash and both exhibit a water content of about 
15 %. Switchgrass harvested in spring, however, has a lower 
moisture content and a higher ash fusion temperature.2 Other 
European countries have more extensive experience with straw 
burning. Denmark, for instance, has set up more than 50 straw-
fired district heating systems in rural areas over the last 
decades, mostly in the range of 3-5 MW. 
 
Straw, bagasse and energy grasses, like most other crop 
residues, are bulky (low bulk and energy density) and thus 
expensive and difficult to transport. And another drawback of 
energy crops or crop residues is the seasonality of supply, 
putting demands on storage facilities. In order to facilitate 
storage and shipping, even straw and energy crops can be 
processed into briquettes and pellets. In this way crop fuels can 
also be combusted in the same kinds of systems as used for 
wood derived fuels, possibly decreasing investment costs. On 
the other hand, the combustion characteristics of pellets and 
briquettes from straw and energy crops are inferior to the wood 
based ones due to a higher alkali and ash content. 
 
Some other crop residues / alternative fuels have also been 
considered, for instance cereals and residues from olive oil 
production. Cereals are quite easy to handle with a larger bulk 

                                                 
1 Wereko-Brobby, p. 22 
2 Granqvist et al., 1996, p. 6 
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and energy density as compared to many other crop residues 
and should in principle be possible to burn in the same way as 
pellets. The cereals have a comparably high nitrogen content, 
however. The production of olive oil in the Mediterranean 
countries leaves behind 2 million tones of byproducts (mainly 
seeds) annually. This residue is well suited for combustion with 
its high density and heating value. The moisture content is also 
substantially lower as compared to wood chips and the amount 
of sulphur present is very low, less than 0.1 %.1 
 
 
 
 
 Table 2.1. Some important data for various fuels2 
 
 
Fuel   Net calorific Moisture content Ash  
   Value [MJ/kg] [%] (as-received) [%] 
 
Hog fuel/ chips  9,4  40-49 ( 45 ) 1,5-3 
Saw fines  6,8  30-64  ( 57 ) <0,4 
Bark ( softwoods )  5,6  50-60  ( 55 ) 2-3 
Energy forest, fresh 8,3  48-55  ( 50 ) 1-2,5 
Energy forest, air-dried 11,9  25-30  ( 30 ) ~1 
Powder ( wood )  17,6  3-5  ( 5 )  0,5 
Pellets ( wood )  16,2  7-8  ( 8 )  0,7 
Briquettes ( wood ) 15,5  12-15  ( 12 ) 0,7 
Straw   14,4-15,5 12-14  ( 12 ) 4-16 
Energy grass  13,7-15,5 12-20  ( 15 ) 4,5-7 
Cereal   12,6  ~20  1,5 
Olive oil prod residues 17,3  5-19  ( 5 ) 3-6 
 

 
 
 
 
 
 
 
 
 
 

                                                 
1 Granqvist et al., 1996, p. 8 
2 Granqvist et al., 1996, p. 17 
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2.2. Combustion thermodynamics 

 
 
 
In general, combustion of hydrocarbon fuels is a complex 
mechanism involving a large number of so-called elementary 
reactions, some of which consume and others which release 
energy. The overall (global) result is however the combining of 
carbon and hydrogen atoms with oxygen atoms in forming 
carbon dioxide and water with the release of energy. A general 
equation for the reaction may be written 
 

CαHβOγ + (α + β/4 - γ/2)(O2 + 3.76 N2) →  
α CO2 + β/2 H2O + 3.76(α + β/4 - γ/2) N2 (2.1.) 

 
if air is used as the oxidant. The above balance corresponds to 
stoichiometric conditions, where theoretically no oxygen is 
present among the products and all of the fuel has been 
consumed when the reaction has ceased. The stoichiometric 
fuel/air ratio by weight is: 
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f
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mf f  (2.2.) 

 
and the equivalence ratio - Φ - is defined as the actual fuel/air 
mass ratio - fa - divided by the stoichiometric fuel/air ratio. 
 

s
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2.2.1. First law analysis – heat recovery 
 
 
An energy balance on the above-mentioned generalized 
combustion process at constant pressure yields: 
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  Q is the amount of heat absorbed by the system 
  W is the amount of work done by the system 
  g is the gravity 

me/mi is the mass of the matter leaving / entering the 
system at any instant 
he/hi is the enthalpy per mass (or per mole) of the matter 
leaving / entering the system at any instant 
ve/vi is the velocity of the matter leaving / entering the 
system at any instant 
ze/zi is the elevation of the matter leaving / entering the 
system at any instant 

 
In most solid biofuel combustion applications the useful energy 
is released in the form of heat and the energies associated with 
flow and elevation of matter (kinetic and potential energy) are 
normally much smaller than the internal energy of the fuel 
released during combustion, why (2.4.) may be simplified as: 
 

i
i

e
e h

dt
dmh

dt
dm

dt
dQ ∑∑ −=  (2.5.) 

 
Taking the whole combustor as the system, which the process 
can interact with diabatically, ignoring heat loss through 
radiation and conduction, the heat transferred from the 
combustion reaction (2.1.) to the system during the entire 
process can be obtained through integration of (2.5.), noting 
that the heat absorbed by the system is -Q. This quantity is 
determined solely by the state of the reactants and products 
entering and leaving the combustor, i.e. the difference in 
enthalpy between products and reactants. 
 

rp HHHQ −=∆=  (2.6.) 
 
The enthalpy per mole (or mass) of a substance depends on the 
energy bound in chemical bonds as well as translational, 
vibrational and rotational energy of the molecules, i.e. the 
temperature and, to a much lesser extent, pressure. The 
enthalpy of formation, ∆hf, for a given substance is defined as 
the change in the reaction enthalpy involved in the formation of 
this substance from its elemental constituents in their most 
stable state (C graphite, H2, O2, N2 gas) at a given pressure and 
temperature. The values of ∆hf at 298 K and 1 bar, designated 
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∆hf
o, are tabulated for many compounds. To obtain the enthalpy 

of formation for species i at some other temperature the 
following relationship can be used: 
 

∫ ∆=∆−∆
T

T
ipff dTTcatThatTh

0

)()()( ,0  (2.7.) 

 
where ∆cp,i is the difference in specific heat between the 
compound produced and the elements making up the reactants. 
In addition any change of state of the reactants or the product 
occurring between T0 and T  must be taken into consideration. 
Regarding combustion of solid fuels, the heat of vaporization of 
the fuel is normally negligible compared to the increase in 
enthalpy with temperature, while both the fairly high specific 
heat as well as latent heat of vaporization of water may have a 
large impact on the enthalpy of the product mix. 
 
 

Table 2.2. Enthalpy of formation, ∆hf
°, and combustion, ∆hc

°, for 
various compounds. The ∆hc

° values are calculated from eq 2.8, 
assuming complete combustion in oxygen, forming CO2 and H2O 

at 1 bar and 298 K.1  
 
Chemical formula ∆hf

° [kJ mol-1] ∆hf [kJ mol-1] ∆hc
° [kJ mol-1] 

    at 600 K 
 
H2 (gas)  0.0  0.0  285.8 
CH4 (gas) -74.6  -83.0  890.8 
C2H2 (gas) 227.4  226.4  1301.1 
C2H6 (gas) -84.0  -96.8  1560.7 
C3H6 (gas) 20.0       -  2058.0 
C3H8 (gas) -103.8  -120.0  2219.2 
C4H10 (gas) -125.7       -  2877.6 
CH2O (gas) -108.6  -113.5  570.7 
C2H6O (gas) -234.8  -247.3  1366.8 
C6H12O6 (solid) ~ -1270       -  ~2800 
CO (gas)  -110.5  -110.2  283.0 
CO2 (gas) -393.5  -393.8  0.0 
H2O (liquid) -285.8       -  0.0 
H2O (gas) -241.8  -244.8  0.0 
 

                                                 
1 CRC Handbook of chemistry and Physics, 78th ed, CRC Press, New York, 1998 
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Turning back to the general reaction (2.1.), the equations (2.5.) 
and (2.6.) imply that the ∆h (enthalpy per mole of fuel) of the 
reaction is related to the ∆hf of reactants and products by 
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(2.8.) 

 
if it is assumed that the air enters the combustor at 
approximately 25°C and atmospheric pressure. Multiplying the 
enthalpy of reaction by the amount of fuel would then provide a 
measure of the possible heat recovery. Noteworthy, the amount 
of heat recovered depends to some extent on the temperature of 
the products leaving the combustor and especially whether or 
not the water produced is condensed. ∆hf

o and ∆hf values for 
some different hydrocarbon fuels and typical combustion 
products are given in table 2.2. 
 
The above calculation, however, refers to an idealized case, 
where combustion is complete and occurring under 
stoichiometric conditions, leaving no oxygen or unburned 
material behind. This is for various reasons seldom the case in 
practice. Still, the concepts introduced can be used also for 
analyzing real, non-ideal combustion processes and 
applications. One can for instance conclude that the enthalpy of 
reaction per mole of fuel depends on the equivalence ratio, Φ. If 
not all of the fuel is completely oxidized to CO2 and H2O, |∆h| will 
be smaller since ∆hf for the fuel or possible reaction 
intermediates is less negative than α∆hf(CO2) + β/2∆hf(H2O). 
Conversely, if quite much of unreacted O2 (and thus more of N2) 
is present among the products, |∆h| will once again be smaller 
since the ∆hf for O2 and N2 is less negative at higher 
temperatures of the gas mixture leaving the combustor. And any 
other unaltered specie present in the combustion process, e.g. 
moisture (H2O) in the fuel or air used for combustion, will 
absorb some of the energy released in the reaction, contributing 
to a smaller value of |∆h|. 
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Fig. 2.2. The variation of Gibbs free energy as a function of the 
advancement, z, of a hypothetical chemical reaction (see also eq. 
2.20.). The z value at which chemical equilibrium is reached for 
the reaction is determined by the minimum in Gibbs free energy, 

where ∆G=0. 
 
 

2.2.2. Second law – chemical equilibrium 
 
 
The second law of thermodynamics implies that a chemical 
reaction proceeds as written at a given temperature and at 
constant pressure if the variation - G∆  - in the free enthalpy 
function TSHG −=  is negative and in the opposite direction if 

0>∆G , where G  depends on the composition of the reacting gas 
mixture. I.e, at some point an equilibrium between reactants 
and products might be established where G  passes through a 
minimum (see Fig. 2.2.).* For a system of i species in chemical 
equilibrium 
 

0)( , =pTdG  (2.9.) 

i
i

i gNG ∑=  iii Tshg −=  (2.10.) 

                                                 
* The situation where all of the reactants are converted to products is of course also a kind of 
equilibrium (point of stability) but not of much interest in this context 
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Since  
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the free enthalpy for species i  can be written as 
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Introducing o
ii

o
i Tshg −= and noting that i

i xp
p ≈ , where ix  is the molar 

fraction of species i  in the mixture, then 
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Now, consider a general reaction, which might be represented by 

 
aA + bB → cC + dD  (2.14.) 

 
and let z  represent the advancement of the reaction ( )10 ≤≤ z , then 

ddzNd
cdzNd

bdzNd
adzNd

D

C

B

A

=
=

−=
−=

)(
)(
)(
)(

 (2.15.) 

 
and the equilibrium criterion (2.9. and 2.10.) becomes 
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If the left hand side of equation (2.18.) is defined as ln Kp and if po is taken to 

be 1 atm, the equation for chemical equilibrium becomes 
 

badc
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xx
xxK −−+×=  (2.19.) 

 
When solving for the equilibrium composition of a reacting gas 
mixture, the reactions to be considered are identified and the 
equilibrium constants evaluated at the specified temperature. 
Then the atom balance constraints for the system are taken into 
account and an equilibrium equation is written for each of the 
specified reactions using (2.19.). This set of equations is solved 
simultaneously to obtain the species mole fractions at 
equilibrium. Once the equilibrium composition and the state of 
the “products” have been determined, an estimation of the 
enthalpy of the mixture leaving the combustor, and thus the h∆  
of the reaction, can be obtained. 
 
Taking, for simplicity, the general reaction (2.14.) as an example, 
assuming that no other species or reaction intermediates are 
involved, the h∆  of the reaction will be given by 
 

)()1()()1()()( BhbzAhazDhzdChzch ffff ∆−+∆−+∆+∆=∆  

)()( BhbAha o
f

o
f ∆−∆−  (2.20.) 
10 ≤≤ z  depending on the equilibrium 

 
One complicating circumstance is that the values of Kp, and thus 
the equilibrium composition, depends on temperature, while at 
the same time the chemical reactions evolve heat, changing the 
temperature, where the amount of heat released is determined by 
the “equilibrium” condition. The enthalpy of reaction and 
equilibrium equations are therefore normally solved numerically 
in an iterative process. 
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2.2.3. Combustion kinetics and fluid dynamics 

 
 
Another question of concern is whether or not equilibrium is 
actually attained. The first aspect to consider is the rate at which 
reactions proceed, i.e. how fast equilibrium can be approached 
when the temperature changes and whether or not equilibrium 
can be reached before the combustion products leave the 
combustor? 
 
A reaction that takes place through a collisional encounter 
between two or possibly more species is called an elementary 
reaction. As an example, consider the oxidation of carbon 
monoxide to carbon dioxide. The overall process can be viewed as 
the result of the simultaneous elementary reactions 
 

CO + O2 → CO2 + O 
 

CO + O + M → CO2 + M 
      (2.21.) 

CO + OH2 → CO2 + OH 
 

CO + OH → CO2 + H 
 

where M refers to a third body (e.g. O2, CO2 etc.) and the two last 
reactions require the presence of hydrogen / water in the 
reacting mixture. This is however always the case for combustion 
of hydrocarbon fuels. 
 
The rate of each elementary reaction stems from individual 
encounters between molecules as well as the energy required to 
break and form new chemical bonds. The reaction rate is thus 
proportional to the product of the reactant concentrations. For a 
general reaction 
 

AB + C → A + BC (2.22.) 
 

[ ] [ ] [ ] [ ] [ ][ ]CABk
dt
BCd

dt
Ad

dt
Cd

dt
ABd

===−=−  (2.23.) 

 
where k is the rate constant and of the so-called Arrhenius form 
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RT
E

ekk
−

= 0  (2.24.) 
 

0k  is the pre-exponential factor and E  is the energy required to bring the 
reactants to the reactive state referred to as an activated complex 

 
The overall rate of for instance carbon monoxide oxidation is 
determined by the rate of the underlying elementary reactions 
and thus the concentration of the different species involved as 
well as temperature. A detailed modeling therefore requires many 
other elementary reactions involving CO, O, H, OH, HO2, H2O2, 
H2O and O2 to be considered. The most important elementary 
reactions involving H and O are given in table 2.3. 
 
To simplify the evaluation of combustion kinetics, experimental 
rate laws for the conversion of some simple compounds have 
been deduced, applicable to certain concentration, temperature, 
and pressure intervals. These laws vary to a great extent for 
different reactions but besides the concentration of the species 
involved, raised to a power of n  (any number), also always 
depend on temperature, most often according to the Arrhenius 
expression (2.24.) but commonly also as Tn, n  any number, 
positive or negative, integer or non-integer. Sometimes the total 
pressure also influences overall reaction rates but in almost all 
practical cases of solid fuel combustion, the pressure does only 
vary negligible from the atmospheric pressure. 
 
 
Table 2.3. Some important gas-phase reactions involving H2 and 

O2.1 
 
 
 Elementary reaction  Activation energy E 
 
 H2 + O2 → 2 OH•   163.0 kJ mol-1 
 H• + O2 → OH• + O•  70.3 kJ mol-1 
 O• + H2 → OH• + H•  39.5 kJ mol-1 
 OH• + H2 → H2O + H•  21.5 kJ mol-1 
 H• + O2 + M → HO2• + M  0 
 
 
 

                                                 
1 Borghi et al., 2002, p. 91 
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Many gas-phase reactions are initiated by the formation of an 
extremely reactive species, which sets off a series of reactions 
leading to the formation of products. Such a process is referred 
to as a chain reaction. The chains are the ways radicals 
(molecules with an unpaired electron) and atoms are shuffled 
through the set of reactions. Although difficult to apply in detail 
to complex systems, the concepts strictly apply to all systems 
and are helpful in thinking about the mechanisms of reaction 
sets. In initiating reactions, radicals are formed from stable 
species, whereas the number of radicals is kept constant in chain 
propagating reactions, only the identity of species changes. Chain 
branching reactions produce more radicals than are destroyed, as 
opposed to terminating reactions, in which all radicals involved 
are destroyed either by gas-phase reactions or by collisions with 
surfaces. 
 
Detailed oxidation mechanisms for hydrocarbon fuels can involve 
several hundred such reactions but are most often initiated by 
the abstraction of a hydrogen atom by an oxygen molecule of 
sufficient energy, resulting in the formation of a hydrocarbon 
radical. And as a broad simplification it may be helpful to think 
of lean (excess air in relation to the fuel) combustion reactions as 
proceeding along a primary path such as 
 

RH → R• → HCHO → HCO → CO → CO2 (2.25.) 
 

still bearing the other elementary reactions in mind. The 
oxidation process of higher hydrocarbons can also be initiated by 
the breaking of a carbon-carbon bond resulting in the formation 
of for instance ethyl radicals (C2H5). 
 
The overall rate of hydrocarbon oxidation is thus determined by 
many elementary reactions, but, except for the oxidation of CO to 
CO2, to a large extent influenced by the rate at which initiating 
reactions occur. This is due to the fact that reactions involving 
radicals as reactants normally have smaller activation energies 
(see for example table 2.3.). In combustion process modeling, the 
combustion is therefore often considered to occur in two steps. 
 

CαHβOγ + (α/2 + β/4 - γ/2) O2→ α CO + β/2 H2O 
       (2.26.) 

α CO + α/2 O2 → α CO2 
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The second aspect of equilibrium, and the more severe regarding 
combustion of solid fuels, is spatial equilibrium. If the system is 
not well mixed, i.e. there is a spatial variation of the species mole 
fractions in the reacting mixture, as for combustion of solid fuels, 
mass transfer also comes into play. Most practical combustion 
applications also involve fluid flow, almost always of turbulent 
character, and heat transfer. The precise model for reactive 
turbulent flows is still not resolved but if all the equations 
describing fluid dynamics, mass and heat transfer could be 
identified and solved, simultaneously with the kinetic and 
thermodynamic equations, the precise state and composition of 
the gas mixture leaving the combustor would be possible to 
determine. 
 
This procedure is incredibly complicated, however, and there is 
no reason to dwell upon such a detailed treatment. Since, as 
mentioned in the beginning of this chapter, the useful energy is 
released in the form of heat, the aim regarding design and control 
of combustors must be to maximize Q (the heat absorbed by the 
combustor) with respect to the fuel. Therefore, focus will onwards 
be on the most important phenomena influencing the amount of 
heat absorbed by the combustor per mass of fuel, i.e. the 
conversion efficiency, with the basic principles from this chapter 
in mind. 
 
 
 

2.3. The combustion cycle 
 

 
The combustion itself proceeds through three elementary steps, 
mainly as a function of temperature; drying, where the moisture 
is driven off, followed by devolatilization of various hydrocarbon 
vapors, liquids and tars and finally combustion of the remaining 
char coal. The relative significance of these three stages depends 
on the quality (mainly moisture and carbon content), size and 
kind of fuel utilized. For larger particles, drying, devolatilization, 
and char burn occur to a large extent simultaneously. 
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For a pulverized fuel, the water is vaporized and forced out of the 
particle rapidly before volatiles are released, while due to a 
temperature gradient within larger particles (e.g. wood chips), 
moisture is evolved from inside the particle at the same time as 
volatiles are being driven off near the surface. The high vapor 
pressure in the pores of the fuel during devolatilization of outer 
layers, forces some of the moisture towards the centre until the 
pressure builds up throughout the particle. Hence, drying of a 
large solid piece of fuel initially involves inward migration of the 
water vapor as well as outward flow. And when a log burns on a 
fixed bed, drying, devolatilization, and char burn occur 
simultaneously until most of the initial mass is lost (see also Fig. 
2.3.). The drying time thus depends on moisture content, size 
and structure (mainly porosity) of the fuel. 
 
When the drying of a small fuel particle or a zone within a larger 
one is completed, the temperature rises and the solid fuel begins 
to decompose, releasing volatiles. Since volatiles flow out of the 
solid through the pores, external oxygen cannot penetrate into 
the particle, and hence the devolatilization is referred to as the 
pyrolysis stage. The rate of devolatilization and the identity of the 
pyrolysis products depend on temperature and type of fuel. For 
firewood, the hemicellulose pyrolyzes at 225-325°C, the cellulose 
at 325-375°C, and the lignin at 300-500°C. Certain extractives, 
such as terpens, which amount to only a few percent in wood but 
to as much as 40% in bark, escape at less than 225°C. The 

Fig. 2.3. Cross-section of
a fuel particle in a 

convective flow of hot 
gases, showing the 

development of different 
layers as a function of 
moisture content and 
temperature. An outer 

layer of char is separated
from the intact interior by 

a thin layer where 
devolatilization is taking 

place (Borman et al., 
1998). 

 



2. Combustion of solid biofuels 

 26

devolatilization rate will be low as long as moisture is released 
from inside the fuel particle since the outflowing water vapor 
reduces the heat transfer to the surface of the particle. 
 
The pyrolysis products then ignite and form an attached flame 
around the particle (see Fig. 2.4.). The flame in turn heats the 
particle, causing enhanced devolatilization. As long as water 
vapor is flowing out of the particle, the flame will be weak, 
however, and the flame temperature low. At the base, in the 
interior of the flame, the various hydrocarbon vapors, liquids and 
tars quickly break down so that the pyrolysis products may be 
considered to consist of short-chained hydrocarbons, carbon 
monoxide, carbon dioxide, hydrogen and water vapor. The exact 
composition is a function of heating rate and the fuel utilized. 
The pyrolysis products burn as a diffusion flame as supplied air 
(oxygen) entrains the volatiles.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In a thin zone, often referred to as the flame front, where there is 
a good mixture of the reactants (“fuel” and oxygen), vigorous 
reactions are taking place. Chemical equilibrium does not exist in 
or close to this zone due to the steep temperature gradients and 
many short-lived species, like OH-, ethyl-, and methyl radicals, 
are found here. This is also one of the reasons why non-
completely oxidized species, like some hydrocarbon (mainly C1- 

Fig. 2.4. Schematic picture of 
the diffusion flame formed 
around a fuel particle upon 
ignition, as oxygen entrains 
the pyrolysis products. The 
different boundaries shown 

correspond to surfaces where 
there is either 1% of 

combustible volatiles (outer 
dotted line) or 1% oxygen 

(inner dotted line). The solid 
line represents the reaction 

zone, where vigorous 
reactions take place and 
radicals may be found. 
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and C2-) fragments, CO, and H2, can escape oxidation in the 
flame. The other major cause of unburned material is flame 
extinction. There are two effects: flame extinction by strain and 
flame extinction at walls. 
 
Flame extinction due to strain is a phenomenon that only 
depends on processes in the gas mixture. High strain of flame 
fronts (caused e.g. by intense turbulence) leads to local flame 
extinction. If the mixture does not reignite, some fuel will leave 
the reaction zone effectively without being burned. The 
importance of flame extinction due to strain is increasing with 
increasing excess of air as well as with very fuel-rich conditions, 
where temperatures are lower and thus reaction times may 
become longer than the mixing times. Flame extinction at the 
walls is caused by interaction of the flame with the walls of the 
combustor, where heat transfer to the wall and removal of 
reactive intermediates (e.g. radicals) by reactions at/ on the 
surface of the wall are the dominating effects. 
 
In the postflame zone, given a good mixing of the gases and a 
long enough residence time at elevated temperatures, most of the 
products come to equilibrium or possibly shifting equilibrium in 
almost all cases of practical interest. The equilibrium is strongly 
shifted towards H2O and CO2 if a sufficient amount of oxygen is 
provided but in case of deficiency of air not all of the reaction 
intermediates escaping the flame will be converted to CO2 and 
H2O. In case of too much of excess air, however, the unreacted 
oxygen and nitrogen will absorb some of the energy released in 
the combustion reaction, increasing their enthalpy. Both cases, 
referring back to equation (2.8.), correspond to a lower value of 
|∆h| and thus less of heat absorbed by the combustor per mass 
(or per mole) of fuel. 
 
The extra (secondary) airflow (amount of oxygen per unit time) 
needed for complete oxidation of the fuel depends on the amount 
of “unburned” material* escaping the flame and the kind of fuel 
utilized. The higher the carbon and hydrogen content of the fuel 
(in relation to oxygen) the more of “external” oxygen is needed for 
complete oxidation. The amount of non-completely oxidized 
material escaping the flame zone per unit time depends on the 
                                                 
* The term unburned material is a bit misleading since it gives the impression of the substance 
being unaffected throughout the combustion process, which is naturally not the case. 
“Unburned” refers to the fact that the substance is not completely oxidized to carbon dioxide 
and water. 
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temperature of the flame as well as the rate of devolatilization, 
which on the other hand depends on the amount of outflowing 
water vapor, the temperature and the composition of the fuel 
particle. If normal (outdoor) air is used as the oxidant, the 
relative humidity also influences the amount of air needed for 
complete oxidation since dry air contains 20.9% oxygen (per unit 
volume) while air with a certain humidity contains less (per unit 
volume). 
 
The final step in the solid fuel combustion process is char 
combustion. When devolatilization is completed, char and ash 
remain. When no volatiles are escaping and since char is porous, 
oxygen can diffuse through the external boundary layer and into 
the char particles. The solid carbon reacts with oxygen at the 
surface to form carbon monoxide and carbon dioxide, but 
generally CO is the main product. Carbon monoxide then reacts 
outside the particle to form CO2. 
 

C + ½O2 → CO 
      (2.27.) 

CO + ½O2 → CO2 
 
 

The carbon surface also reacts with carbon dioxide and water 
vapor according to the following reduction reactions. 
 

C + CO2 → 2CO (2.28.) 
 

C + H2O → CO + H2 (2.29.) 
 

The reduction reactions are generally much slower than the 
oxidation reaction and, unless the reacting mixture is depleted of 
oxygen, only the former reactions usually need to be considered 
for combustion. 
 
The burning rate of char depends on oxygen concentration, gas 
temperature and char size and porosity. The porosity of wood 
char is about 0.9 (90% voids) and the internal surface area is on 
the order of 10 000 m2/g. The kind and extent of mineral matter 
(ash) in the solid fuel may also influence the reaction rate. As 
char burns, the minerals, which are dispersed as submicron 
particles in the fuel, are converted to a layer of ash on the char 
surface. The ash layer can have a significant effect on heat 
capacity, radiative heat transfer, and the surface reactions, as 
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well as result in increased diffusive resistance to oxygen, 
especially late in the char burn stage. The global reaction rate of 
char combustion (forming CO2) is, however, substantially lower 
than that of devolatilization and combustion of pyrolysis 
products, giving rise to other requirements regarding the amount 
of air per unit time needed for complete oxidation of solid carbon. 
 
The amount of heat absorbed by the combustor – Q – 
throughout the whole combustion cycle, and thus per mass of 
fuel, is mainly affected by the moisture content of the fuel, the 
amount of air provided, and the extent of mixing of the reacting 
gases. The use of high-quality fuel is more of an economical 
issue, where for instance wood pellets are quite expensive 
whereas demolition wood or forestry residues in many situations 
may be considered as almost for free, and the mixing of reacting 
gas constituents, obtained by highly turbulent flows, is a 
question of combustor design. The amount of air added in the 
combustion process is however possible to automatically adjust 
(control) in order to prevent incomplete combustion and/or the 
situation where too much of the heat generated is being absorbed 
and convected out the chimney through unreacted O2 and N2. 
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Fig. 2.5. The diagrams show resulting concentrations of different 
flue gas species following firewood combustion, where the same 
amount of air is provided throughout the combustion cycle. Note 

the variations in oxygen concentration and its relation both to 
emissions of unburned material and the flue gas temperature. 

pyrolysis 
 Char combustion 

    drying 
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The amount of oxygen needed for complete combustion varies 
both by time and by the phase of combustion (drying, pyrolysis, 
char combustion) (see also Fig. 2.5.) as well as kind of fuel and 
fuel quality, however, so from an operation point control (OPC) 
point of view, the airflows have to be actively controlled 
throughout the combustion cycle. To be able to do this, the state 
of the combustion process must be evaluated at each instant in 
time, one alternative being continuous evaluation of the state 
and composition of the flue gases leaving the combustor. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 2.6. The above diagrams show the experimentally obtained 
“relationships” between flue gas oxygen concentration and 

emissions of unburned material for two different cases of fuel 
wood combustion. 
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The aim is to have as little of oxygen present in the flue gases as 
possible, but due to the complex interaction between flow, 
turbulence, rate of devolatilization, kind of fuel, fuel quality etc., 
this amount is not constant for all encountered situations (see 
Fig. 2.6.) In some cases an oxygen concentration of 7% in the flue 
gases is optimum to achieve complete combustion and 3-4% 
corresponds to substantial emissions of unburned material, 
whereas in other cases 3% corresponds to complete combustion 
and 7% is almost too much, as will be clarified later (This 
example is taken from firewood combustion in a domestic heating 
system). Thus, to achieve the goal of automatic control it is 
believed that in addition to oxygen concentration determination 
also monitoring of unburned material (CO and hydrocarbons) is 
needed. And where pollutant emissions matter, new controller 
strategies should include, in addition to oxygen and unburned 
material, information about pollutants like CO and NOx. 
 
 
 

2.4. Pollutant formation 
 
 
As already seen, emissions of substances like hydrocarbons and 
carbon monoxide can result from incomplete combustion and 
more particularly from the case of air deficiency (in relation to the 
fuel). There are, however, also other sources of pollutant 
emissions, where four different principal causes behind the 
emissions can be identified: 
 

• Those due to incomplete combustion 
resulting from poor mixing of fuel and 
oxidant, insufficient residence time for 
complete oxidation, misfiring etc. This kind 
of emissions is thus the result of non-
optimal combustor design and sets the 
baseline-level for pollutant emissions of non-
completely oxidized species. 

 
• Those caused by incomplete combustion due 

to deficiency of air. 
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• Those due to incomplete combustion arising 
from the attainment of chemical equilibrium 
or very slow combustion kinetics. 

 
• Those resulting from the presence of 

“impurities” in the fuel, particularly sulphur 
and nitrogen. 

 
where for instance the third is a significant contributor to CO 
emissions. 
 
 

2.4.1. Carbon monoxide 
 
 
CO is quite toxic and starts to become dangerous at mixing ratios 
above 50 ppm. Combustion is responsible for approximately 40% 
of all CO emissions through the incomplete combustion of 
carbonaceous compounds. Incomplete combustion can result, in 
addition to situations where the local or overall equivalence ratio 
is too high, from too short residence time in the combustion 
zone, or from attaining equilibria such as: 
 

C + CO2 ↔ 2 CO 
 

CO2 + H2 ↔ CO + H2O 
 

CO formation through these reactions are however only favoured 
at high temperatures and in most practical cases the CO formed 
in the flame or from surface reduction of CO2, is oxidized through 
reaction with molecular or atomic oxygen in the postflame zone, 
given good mixing and enough residence time at elevated 
temperatures. 
 
But for increasingly lean combustion (too much of excess air), as 
exemplified by for instance the char combustion phase in the 
example in Fig. 2.5, the rate of CO oxidation is, due to a lower 
temperature, too slow for the reaction to actually reach 
equilibrium before the flue gases are being emitted to the 
surrounding atmosphere, raising local CO concentrations. But 
CO is at least not accumulated in the atmosphere, since 
equilibrium eventually will be attained (the atmospheric lifetime 
of CO is approximately 2.5 months). 
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Soots, although difficult to oxidize, can also produce CO through 
the reaction: 
 

Cn + OH• → CO + Cn-1 + H• 
 
The rate constant is high, but the reaction is generally slow since 
the OH• concentration is low. The OH radical is normally found 
in substantial numbers only in or close to the flame front, but 
can also be formed in the flue gases through 
 

H2O + M → H• + OH• + M 
 
if the temperature of the gases is sufficiently high to overcome 
the high activation energy of the reaction, which is practically 
never the case for combustion of solid biomass. 
 
 
 
 

2.4.2. Hydrocarbon related pollutants - soots 
 
 
In the case of unburned hydrocarbons, the terminology 
“pollutant formation” may or may not be correct depending on 
whether the hydrocarbon species have emanated directly from 
the fuel or whether they have actually been generated during the 
combustion process. Low molar mass alkanes and alkenes are 
direct products from incomplete combustion of the fuel. These 
compounds constitute one of the ingredients in the formation of 
peroxyacetyl nitrate (PAN), which is an eye-irritant and a toxic to 
vegetation. Laboratory simulations have indicated that PAN and 
ozone appear during photo oxidation of hydrocarbon / NO2 / air 
mixtures which is why PAN is more readily formed in sunny, high 
traffic density and highly industrialized cities. 
 
Non-completely oxidized hydrocarbon fragments produced in the 
flame zone can also act as precursors in formation of 
polyaromatic hydrocarbons (PAH), some of which are 
carcinogenic1,2 (like benzo(a)-pyrene C20H12), and the subsequent 
generation of soot. Acetylene – C2H2 – formed in high amounts 
under fuel rich conditions is the most important precursor of 

                                                 
1 Warnatz et al., 2001, p. 261 
2 Cooper et al., 2003, p.27 
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PAH`s. C2H2 can react with either CH or CH2 to form C3H3, two of 
which can form the first ring after recombination to an aliphatic 
C6H6 and rearrangement into benzene. The reason is that the 
oxidation of C3H3 is very slow. 
 

 
 

2 C3H3 → H2C=C=CH-CH=C=CH2 →    
 
 
  
The formation and growth of polyaromatic hydrocarbons from the 
benzene structure is then sustained by further addition of 
acetylene (in two steps) followed by ring closure. One suggested 
mechanism for growth of the molecules; alternating radical 
formation, through an H-atom attack, and acetylene addition, is 
given in Fig 2.7.1 
 
 

 
 
 

Fig. 2.7. shows the ring growth process by acetylene addition in 
formation of polyaromatic hydrocarbon structures, as suggested by 

Frenklach et al. (1991) 
 
 
Further growth of PAHs is probably also the most important 
mechanism initiating soot formation. The first step is the 
formation of particle-like structures by conglomeration of poly-
aromatic molecules, which also have the possibility to grow by 
addition of mainly acetylene and/or through coagulation with 
other carbonaceous particles (see Fig. 2.8.).  

                                                 
1 Frenklach et al., 1991 
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Fig. 2.8. Schematic reaction path leading to soot formation 
(Warnatz et al., 2001). 

 
The surface of these particles also contain radical sites which can 
provide suitable locations for the creation of stable bonds to 
other molecules, e.g. carcinogenic molecules that can be carried 
on the crest of such small soot particles, penetrating the 
respiratory system. The amount of soot produced increases with 
increasing equivalence ratio, even more than as predicted by 
thermodynamic equilibrium, possibly due to the slow, kinetically 
controlled soot oxidation. 
 
 

2.4.3. NOx formation 
 
 
The notation NOx includes all the gas-phase oxides of nitrogen: 
NO, NO2, N2O3, N2O, and even HNO3. The two most noxious of 
these oxides for the respiratory tract are NO, which starts to be 
dangerous above mixing ratios of 25 ppm, and NO2, with the 
value of 5 ppm on the same measure. Furthermore, NO2 can 
combine with atmospheric water vapor to form HNO3, which 
together with sulphurous and sulphuric (H2SO3 and H2SO4) acid* 
                                                 
* Remark: Pollutant emissions originating from sulphur and its compounds is not covered in this 
chapter since biofuels normally do not contain that much sulphur and since the reduction of sulphur 
dioxide/trioxide emissions at present does not seem achievable just by changing the parameters of the 
combustion process. 
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is almost entirely responsible for acid rain fallout, and NO2 also 
plays a major role in the mechanism leading to PAN. Four 
principally different routes to NOx formation have so far been 
identified: 
 

• The Zeldovich-mechanism (“Thermal” NO) 
• The Fenimore-mechanism (“Prompt” NO) 
• Fuel-bound NO 
• The nitrous oxide route 

 
The Zeldovich mechanism includes the following elementary 
reactions: 
 

N2 + O• → NO + N• 
 

N• + O2 → NO + O• 
 

N• + OH• → NO + H• 
 
The first reaction is, due to a high activation energy, the rate 
limiting step in the overall reaction. The Zeldovich mechanism is 
therefore increasingly important at high temperatures, thus the 
alternative term “thermal” NO, and is also favoured by a long 
residence time of the reacting gas mixture at elevated 
temperatures. When the temperature is lowered the NO formed 
does, however, not revert back to N2 and O2 as predicted by 
equilibrium, since this reaction is very slow at ambient 
temperatures. Hence, if air is used as the oxidant, NO is an 
immediate cause of pollution. 
 
 

 
 

Fig. 2.9. Experimentally 
obtained values of thermal 
+ prompt NO formation as 
a function of equivalence 

ratio in premixed 
combustion, compared to 

calculations of the 
individual contributions of 

the two mechanisms 
(Warnatz et al., 2001). 
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In a zone very close to the flame front, CH radicals can react with 
molecular nitrogen and form HCN, which then reacts further to 
NO, a mechanism originally proposed by C.P. Fenimore. NO 
resulting from this mechanism is often also termed prompt NO 
and is a significant contributor under fuel rich conditions (and 
close to stoichiometry, see also Figs. 2.9. and 2.10.). The 
conversion of nitrogen bound in the form of amines, pyrroles, 
pyridines, porphyrins, etc, to NOx follow to a large extent the 
same route as Fenimore NO (see Fig. 2.10.). It is presently 
assumed that the fairly large nitrogen-containing molecules are 
decomposed under combustion conditions, giving rise to smaller 
molecules like HCN and NH3, which in turn react to form NO. 
This reaction is faster than formation of NO through the 
Zeldovich or Fenimore routes, however, since molecular nitrogen 
does not have to be involved.  
 

 
 

Fig. 2.10. Gas-phase conversion paths for fuel-bound nitrogen, 
involving NO formation (Glarborg et al., 1986) 

 
 
The rate limiting steps of NO-formation from fuel nitrogen are the 
reactions: 
 

N• + OH• → NO + H• 
 

N• + NO → N2 + O• 
 
which compete for the N-atoms. The nitrous oxide mechanism is 
analogous to the thermal mechanism in that O-atoms attack 

 
             NH3             HCN 
                ↕    ↑ 
Fuel nitrogen→ HCN ↔ HNCO → NH2 NO 
               ↕ ↕          ↕ 
               CN  →  NCO  →  NH → N   ↓ 
 
     N2 
       ↓ 
     HCN  
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molecular nitrogen. However, with the presence of a third 
molecule M, the outcome of this reaction is N2O. 
 

N2 + O• + M → N2O + M 
 
The N2O may subsequently react with oxygen atoms to form NO. 
This mechanism has a low activation energy and can much more 
readily take place at lower temperatures than formation of 
thermal NO, but is only promoted at high pressures and is 
therefore normally an insignificant contributor to NOx emissions 
in solid fuel combustion. 
 
All the forms of NO can then combine with oxygen or react with 
peroxy radicals RO2, where R corresponds to an alkyl chain, 
forming NO2. Subsequently, the following reaction can occur: 
 

NO + NO2 ↔ N2O3 
 

with equilibrium possibly attained. The final result is a blend of 
N2O, NO, NO2, and N2O3, globally referred to as NOx. 
 
NO formation from the Zeldovich mechanism is promoted by high 
temperatures and stoichiometric or lean mixtures (in practice up 
to a certain point, where temperature starts to fall). Conversely, 
prompt NO is favoured by fuel-rich conditions while NO 
formation from fuel-bound nitrogen has a minimum at slightly 
fuel rich conditions. The total amount of NO produced in 
premixed combustion thus has a minimum for a value of Φ (the 
equivalence ratio) just above 1 (see Fig. 2.11.) and increases with 
increasing excess of air (up to a certain point), increasing 
temperature, and increasing residence time in the combustion 
zone. 
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Fig. 2.11. The diagrams show experimentally obtained (left) and 

simulated (right) values for the amount of nitrogen oxides, 
hydrocyanic acid and ammonia resulting from combustion of 

propane in air as a function of the equivalence ratio. HCN and NH3 
can subsequently be converted to NOx (Warnatz et al., 2001) 

 
 

 2.5. Emissions reduction 
 
 
Treating together all the major pollutants from biomass 
combustion, the remedy to emissions of unburned material – CO, 
hydrocarbons, and soot – is the use of slightly lean conditions, 
long enough residence time in the combustion zone, good mixing, 
and high temperatures. This is, as just pointed out, however, 
conditions leading to a larger production of NOx. One way of 
treating this problem is by modifying the combustion process 
itself. Two-stage stratified combustion is used to minimize NOx 
production from fuel-bound nitrogen. In the first stage, the fuel is 
combusted under slightly fuel-rich conditions (1.3<Φ<1.5) 
whereas complete oxidation of the fuel through addition of excess 
air is obtained in the second stage, maintained at a low enough 
temperature to prevent the generation of thermal NO. 
 
This approach is difficult to apply to combustion of solid biofuels 
though, since it requires good control of the equivalence ratio at 
every instant in time. More common to stationary combustion of 
solid fuels is Flue Gas Recirculation (FGR). Because of the high 
activation energy of the thermal NO mechanism, any measure 
that suppresses peak temperatures will also lower the NO 
output. Thus, it would be beneficial to inject an “inert” diluting 
gas such as nitrogen or water, whose additional heat capacity 
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lowers the peak temperature. But even better is the use of 
exhaust or flue gases, which are reasonably inert, for this 
purpose, since less of the heat produced is convected out the 
chimney. Low NOx is also achievable for increasingly lean 
combustion, leading to lower temperatures in the combustion 
zone, which on the other hand gives rise to increasing CO 
emissions. A lower bound to Φ thus occurs when CO emissions 
become unacceptably high. 
 
Some other strategies in decreasing NOx emissions have therefore 
been developed, commonly referred to as “post-combustion 
processes”. One such measure is catalytic conversion of NOx into 
the harmless N2 and H2O. For stationary combustors, a catalyst 
is often used where the surface reactions of nitrogen oxides with 
added ammonia (in the form of ammonium sulphate, urea etc.) is 
promoted over a wide temperature range. The overall reaction 
with pure NO is generally accepted to be1 
 

4 NH3 + 4 NO + O2 → 4 N2 + 6 H2O 
 
whereas the full mechanism of NO2 conversion presently is not 
clear. This process is generally termed “Selective Catalytic 
Reduction” (SCR) of NOx by ammonia (or shorter ammonia-SCR). 
A different use of catalysis is to change the fuel before it is 
burned, so called fuel reforming. The conversion of CH4 to CO 
and H2 by the addition of water, prior to actual combustion, gives 
lower NOx emissions due to lack of CH radical formation. This 
approach is however mainly applicable to premixed combustion 
of e.g. natural gas or to burners used in conjunction with 
gasifiers, which convert part of the solid biomass into a gaseous 
fuel, and not to direct combustion of solid fuels. 
 
The large catalytic beds needed are however expensive, 
containing quite high amounts of precious metals, and are 
therefore normally not considered for small- or medium-sized 
boilers. An alternative to NH3-SCR, at least for medium-sized 
boilers, is the thermal DeNOx process patented by Exxon and 
which is more familiar under the name “Selective Non-Catalytic 
Reduction” (SNCR) of NOx by NH3. In this process NH3 is added to 
the flue gas stream, where at sufficiently high temperatures NH3 
reacts with OH radicals in the gas phase to form NH2•. This 

                                                 
1 Heck et al., 1995, pp. 193, 166-174 
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radical then reacts with NO, forming N2 and water or possibly 
N2H• + OH•, where N2H• subsequently generates N2. 
 
If the temperature is too high, however, NH2• is instead oxidized 
to form NO. Thus, the selective reduction of NO is possible only 
within a rather small temperature window, as seen in Fig. 2.12. 
The amount of ammonia added in this process must not be too 
large either, since any excess NH3, which is emitted to the 
atmosphere, would again lead to NOx pollution through the 
oxidation of NH3 by atmospheric oxygen.1 
 

 

 
 
From an emissions point of view the key to boiler operation is 
thus the careful adjustment of airflows and, in case of FGR, the 
recirculation of flue gas, as well as the injection of NH3 in the 
case of SNCR. To achieve the goal of minimized pollutant 
emissions through such a control scheme, continuous 
monitoring of unburned material – hydrocarbons and CO – as 
well as NOx and/or NH3 in the different phases of combustion as 
well as for various fuels and fuel qualities is considered a 
prerequisite. 
 
For a more detailed treatment of solid fuel combustion and 
pollutant formation, the books by Borghi et al. (2002), Borman et 
al. (1998), Gardiner (2002), and Warnatz et al. (2001), which this 
chapter has been largely based on, are highly recommended. 

                                                 
1 Warnatz et al., 2001, pp. 254-255 

Fig. 2.12. The 
relationship between 
the efficiency of  NOx 

conversion and 
temperature for 
Selective Non-

Catalytic Reduction  
(SNCR) of NO by 

ammonia (Warnatz et 
al., 2001). 
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  3. Commercial sensor technologies 
 
 
The adjustment of operation, with sensors monitoring the 
exhaust and flue gases, in order to increase power to fuel 
economy and reduce emissions is considered in many current 
applications, including biomass combustion and gas turbines.1 
Practically no small-scale (20kW-a few MW) boilers in domestic or 
district heating systems have, however, to date been equipped 
with units to control the combustion process, mainly due to the 
lack of cheap and simple means of measuring basic flue gas 
parameters like oxygen concentration and unburned material. In 
addition to low manufacturing and maintenance costs, sensors 
applicable to combustion control also have to exhibit properties 
like reliability and robustness within the corrosive and high 
temperature environment. 
 
These are, however, not the only requirements. A useful sensor 
also has to exhibit a good sensitivity as well as selectivity towards 
the substance of interest. The sensitivity of a sensor towards a 
certain analyte is defined as the differential change in sensor 
signal in response to a differential change of analyte concen-
tration. 
 

[ ]( ) [ ]( )
[ ]i

i
i A

AfAs
∂

∂
=  (3.1.) 

 
where Ai is the substance of interest. Note that the sensitivity in 
itself is a function of analyte concentration. The sensitivity of a 
sensor towards Ai is intimately connected to the terms resolution 
and detection limit. The higher the sensitivity towards Ai in a 
certain range of concentrations, the greater the ability to resolve 

                                                 
1 Beedie et al., 1996 
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small changes within these concentrations against a background 
of random noise. And the better the sensitivity at low 
concentrations, the lower the detection limit. 
 
The selectivity pattern of a sensor at a certain concentration (or 
possibly in a range of concentrations) is the vector composed of 
all the s([Ai]) values for the i species in the mixture of interest. A 
more general and not unusual situation is the existence of 
interaction effects, where the presence of one or more species can 
increase or decrease the sensor’s sensitivity to some other 
specie(s). In this case, one might think of the selectivity pattern 
as an i-dimensional matrix of sensitivity values. A sensor with 
good selectivity towards the substance of interest is one 
exhibiting a large s([Ai]) value towards this substance while at the 
same time having small sensitivities towards all the other i-1 
species within the range of concentrations encountered in the 
probed medium, including possible interaction effects. A perfectly 
specific sensor is one where all of the s([Ai]) values are zero at all 
concentrations of interest, except for the analyte. 
 
Various sensor technologies have already been developed or are 
under development to (at least partly) meet these and the other 
requirements from such combustion control applications as 
mentioned above, among these different kinds of optical and 
solid-state sensors, like the family of resistive-type metal oxide 
semiconductor (MOS) sensors and the electrochemical cells 
based on oxygen-ion conducting materials such as ZrO2 
(zirconia). 
 
 
  3.1. Optical sensors 
 
 
The development of fiber optics and low cost tunable diode lasers 
in the visible – near-IR range (0.63 – 2 µm; AlGaAs, InGaAsP, 
InGaAs/InP) has opened up new possibilities regarding optical 
diagnostics, allowing exploitation of absorption and emission 
bands of species like H2O, CO2, CO, and NOx. The sensor system 
includes, besides diode lasers, optical isolators, fibers, and 
photodetectors (commonly photodiode elements) and with the 
utilization of fiber components for wavelength division 
multiplexing, multiple lasers can be combined into an array of 
sensors (see Fig. 3.1.). The sensor system can monitor either 
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absorption, emission, scattered light or fluorescence, where 
absorption is the most readily to provide quantitative data. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.1. Schematic representation of a wave-length multiplexed 
diode-laser sensor for gas temperature determination and 

combustion products monitoring. 
 
 
Absorption techniques rely on the Lambert-Beer law, which 
relates the transmitted intensity of narrow-linewidth radiation of 
frequency ν through a uniform medium of length L to the 
intensity of the incident radiation by the spectral absorbance κνL: 
 

Lve
I
I κ

ν

ν −=








0

 (3.2.) 

 
Iν is the monochromatic laser intensity at frequency ν after 
propagating a pathlength L in the light absorbing medium, 
whereas I0 designates the incident intensity and κν the spectral 
absorption coefficient (cm-1). Near a spectral line this coefficient 
can be expressed as: 
 

( ) ( )00, νννκν −= gpXTS abs  (3.3.) 
 

where S(T,ν0) is the temperature-dependent transition line-
strength centered at ν0. Xabs is the mole fraction of the absorbing 
species, p is the total pressure and g(ν-ν0) is the frequency-
dependent line-shape function normalized such that: 
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1=∫ νν dg  (3.4.) 

 
The function κν depends on temperature through Doppler 
broadening and on both pressure and temperature through 
collisional broadening. The temperature dependence of the line-
strength arises from Boltzmann population statistics, governing 
the internal energy level population distribution of the absorbing 
species. 
 
If the gas temperature, line strength and absorption path are 
known, the measured transmission may be directly related to the 
absorbing specie’s partial pressure (mole fraction). It is usually 
possible to select a transition such that temperature related 
variations of the line-strength can be neglected over some limited 
range (a few hundred K). Corrections using separate temperature 
measurements may also be performed. 
 
Absorption sensors have been tested in both laboratory 
facilities1,2 and large-scale boilers3,4 regarding mole fractions 
determination of flue gas species. Strong interferences with high 
temperature water vapor limits the sensitivity towards minor 
species such as NOx and CO in real world situations5,6, but the 
monitoring of major substances like H2O, CO2 and O2 has been 
demonstrated both in the laboratory and in industrial 
furnaces.7,8,9 The light emitted from the flame due to relaxation of 
electronically excited radicals like OH* and CH* (chemo-
luminescence) and rotation-vibration emission bands from H2O, 
CO2 and CO have also been utilized mainly for flame temperature 
and equivalence ratio determinations.10,11 This approach provides 
more of qualitative than quantitative data, however, and is also 
applied mainly for control of premixed combustion in for instance 
gas burners / gas turbines. 

                                                 
1 Mihalcea et al., 1997 
2 Mihalcea et al., 1998 
3 Ebert et al., 2000 
4 Sonnenfroh et al., 1997 
5 Sonnenfroh et al., 1997 
6 Webber et al., 2000 
7 Upschulte et al., 1999 
8 Teichert et al., 1997 
9 Mihalcea et al., 1998:2 
10 Carter et al., 2003 
11 Chou et al., 1995 
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Optical techniques possess many promising features, they are for 
instance exhibiting a good spatial and temporal resolution, but 
one practical problem is that of obscuration of the light collecting 
fiber by deposition of soot and solid particles. Moreover, 
mechanical vibrations can introduce pointing-instabilities in the 
incident beam, which may induce amplitude instabilities in the 
transmitted radiation and severely degrade the response of 
absorption sensors.1 In the case of a non-homogeneous 
composition of the gas flow, a single optical sensor might also not 
provide a true picture of the global emissions situation. An 
alternative, in relation to the above-considered problems, would 
be the use of solid-state gas sensors exposed to combustion 
products in the exhaust stream. 
 
 
  3.2. Solid-state sensors 
 
 
A wide range of solid-state gas sensors have to date been 
developed mainly for applications such as gas leakage detection, 
indoor air quality and operating point control in automotive 
applications. These are now being adapted, and still other 
technologies are investigated or under development, in order to 
also facilitate monitoring of pollutant emissions and control of 
after-treatment systems as well as combustion control in 
furnaces / boilers. 
 
Most commercial solid-state gas sensors are presently based on 
semiconducting metal oxides, where the materials most 
commonly employed are tin dioxide (SnO2), titanium dioxide 
(TiO2) and zirconium dioxide (ZrO2) doped with other oxides (such 
as cupper oxide, CuO) or catalytic materials like platinum (Pt) 
and palladium (Pd). Semiconductor gas sensors monitor changes 
in the conductance of the material due to interaction with gas-
phase species, e.g. by adsorption and/or catalytic reactions at 
active sites (involving intrinsic point defects, such as oxygen 
vacancies, and/or extrinsic point defects, such as segregated 
metal atoms). 
 
In general, electronic, ionic or mixed electronic/ionic conduction 
can contribute to the overall conductivity of homogeneous, 

                                                 
1 Ebert et al., 2000 
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isotropic oxides. For low-voltage signals, the motions of different 
charged particles may in addition be considered as independent 
of each other. 
 

ionNionionheionicelectronictotal σσσσσσσσ +++++=+= ...21  (3.5.) 
 
Basic thermodynamics require the equilibrium bulk oxide 
structure to be unequivocally determined by the ambient oxygen 
partial pressure and the temperature. Since the driving force 
behind gas-solid interactions is minimization of the Gibbs free 
energy – TSHG −=  – and formation of point defects, such as 
oxygen vacancies, is characterized by both increasing enthalpy 
and entropy, intrinsic defects are negligible at low temperatures 
and favoured at high temperatures. Thus, ionic conduction is 
increasingly important at elevated temperatures, where both the 
defect density and the ion mobility through vacancies (empty 
lattice positions in the material) are higher, and may be used to 
monitor for instance exhaust oxygen concentration. 
 

 
 

Fig. 3.2. The equivalent circuit describing the different 
contributions from changes in surface, bulk, grain boundary, and 

contact conductivity to the overall conductivity of a general 
polycrystalline metal oxide semiconductor sensor (Göpel et al., 

1996). 
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The general response of metal oxide semiconductor sensors is a 
change of the voltage-current characteristics triggered by 
chemical reactions at the surface, in the bulk, at contacts, or at 
grain boundaries, with varying importance of the different 
contributions for different devices. The I/V-characteristics is 
usually frequency-dependent and an equivalent circuit describing 
the different contributions from changes in surface, bulk, grain 
boundary, and contact conductivity to the overall conductivity of 
a general polycrystalline film is given in Fig. 3.2. 
 
 

3.2.1. Resistive-type metal oxide semiconductor sensors 
 
 
The first established and probably most well-known family of 
solid-state gas sensors comprises the resistive-type metal oxide 
semiconductor (MOS) sensors. Most of the commercially available 
devices are based on SnO2 and manufactured by a ceramic 
fabrication process. Structured SnO2 sensors may also be 
produced through thick-film technology, where tin dioxide pastes 
prepared from SnO2 and/or Sn powders with the use of inorganic 
additives and organic binders, are printed onto electrode-covered 
alumina (Al2O3) substrates. Finally, SnO2 sensors may also be 
fabricated through well-defined evaporation or sputtering 
processes as thin films on top of interdigital electrodes using 
different substrates such as Si wafers (covered with thermal 
oxides or nitrides), Al2O3 ceramics, or even sapphire. 
 
Some other materials of interest are TiO2 and WO3, and MOS 
sensors for detection of reducing gases (CO, H2, and 
hydrocarbons) based on gallium oxide (Ga2O3) have also been 
presented.1 In respect of NH3 sensing molybdenum trioxide 
(MoO3) has been reported to be a suitable material.2 At an 
operation temperature between 400 and 450°C the sensitivity 
towards NH3 is good with a linear senor response of up to at least 
500 ppm and a detection limit on the order of 5 ppm. The sensor 
device exhibits some, although not very severe, cross-sensitivity 
towards NO, O2, and water vapour.3 Of common importance are 
subsequent annealing (“pre-ageing”) procedures; to form oxides 
with a controlled concentration of intrinsic defects from the as-

                                                 
1 Fleischer et al., 1995 
2 Mutschall et al., 1996 
3 Prasad et al., 2003 
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prepared films by heating at high temperatures in a well-defined 
ambient atmosphere at constant oxygen partial pressure. 
 
The resistive-type metal oxide sensors are normally operated at 
temperatures where the main contribution to variations in sensor 
signal originates from changes in the electronic conductivity of 
the material. For these electronic conductors the gas sensitivity 
is due to charge transfer during chemisorption and catalytic 
reactions at the surface and at grain boundaries. The basic 
concept is illustrated in Fig 3.3. A donor-type interaction requires 
occupied electronic orbitals of the adsorbing atoms or molecules 
above the Fermi level, whereas an acceptor-type interaction 
requires unoccupied electronic orbitals below EF. Coulomb 
interaction between Y+ and X- surface species may lead to neutral 
molecules (Y+X-), which subsequently desorb from the surface 
and thereby complete the sequence of elementary steps of 
heterogeneous catalysis to form the molecules YX. The 
occupation of donor- or acceptor-states leads to a change in the 
band bending at the surface and ionic bonds formed between the 
gas-phase species and the semiconductor upon adsorption thus 
influences the concentration of free electrons near the surface of 
the solid (Fig. 3.4.). 
 

 
 

Fig. 3.3. The diagram describes the charge-transfer reactions 
taking place during chemisorption of different kinds of compounds 
at semiconductor surfaces. In this case, Y and X act as donors and 

acceptors, respectively (Göpel et al., 1996) 
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These reactions most often involve adsorbed negatively charged 
molecular (O2-) or atomic (O-) oxygen species as well as hydroxyl 
groups (OH) at different surface sites. Metallic surface dopants 
may act as specific adsorption sites for the dissociation of O2 
(and hence may increase the surface concentration of reactive O- 
species) and for the adsorption and catalytic reactions (mainly 
oxidation) of molecules to be detected. The relation between 
donor- and acceptor-type as well as any intermediate species will 
determine the surface conductivity.  
 

 
 

Fig. 3.4. shows the band bending (–e∆Vs) at the surface and the 
change in work function ∆Φ  of SnO2, resulting in a depletion of 

free electrons at the semiconductor surface, upon chemisorption of 
NO2 (Göpel et al., 1996).  

 
 

For polycrystalline oxide materials, the largest contribution to 
overall ambient-dependent conductivity changes comes from the 
grain boundaries (see Fig. 3.5.). Of particular importance for 
practical applications are SnO2 nanocrystalline samples with 
crystallite diameters smaller than the Debye length of electrons 
in SnO2, the occurrence of which seems to be almost 
independent of preparation conditions (see also Fig. 3.6.). 
 
Enhanced selectivity towards different substances can to a 
certain extent be obtained through the choice of material, doping, 
pretreatment and annealing conditions and, since conduction 
changes upon exposure to different gas components usually 
show different maxima as a function of temperature, the careful 
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adjustment of operation temperature. Thus, a wide variety of 
resistive-type metal oxide semiconductor sensors have been 
developed from a huge scheme of preparation parameters. But, 
although recent findings point towards good possibilities of 
improvement,1,2,3,4 the performance of resistive-type sensors in 
both exhaust and flue gas NOx and CO monitoring has so far 
been poor, mainly depending on selectivity and stability 
problems5,6. The former applies especially to non-premixed lean 
burn situations, where both varying oxygen concentration and 
incomplete combustion simultaneously can be encountered. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.5. The most important mechanism contributing to the gas 

sensitivity of resistive-type metal oxide semiconductor (MOS) sensors. 
The electrons have to overcome a potential barrier, the size of which 

depends on the identity of the chemisorbed species, e.g.oxygen anions, 
when passing the grain boundaries. This will result in an ambient 

dependant conductivity of the material, lower in the presence of high 
oxygen concentrations and higher when facing reducing gases like CO 
and hydrocarbons. a denotes the barrier height in air and b the barrier 

height in presence of reducing gases 
 
 
 
 
 
                                                 
1 Comini et al., 2002 
2 Cabot et al., 2004 
3 Ivanov et al., 2004 
4 Sung Choi et al., 2004 
5 Tanaka et al., 1991 
6 Francioso et al., 2003 
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Fig. 3.6. Influence of particle sizes and contacts on the 
conductivity of a SnO2 thin film. Note the special behaviour of 

nanocrystals having Debye lengths LD larger than the radius of the 
crystals (Göpel et al., 1996) 

 
 

3.2.2. Solid electrolyte based sensors 
 
 
In some related groups of material and at slightly more elevated 
temperatures, there is also a minor or larger contribution to the 
response from bulk diffusion (conduction) of e.g. oxygen anions 
through (most commonly oxygen) vacancies in the material. One 
such group comprises the perovskite-like alkaline-earth 
stannates, barium stannate (BaSnO3) possibly being the most 
promising.1,2,3 The to date most successfully used material in the 
field of combustion monitoring and air to fuel ratio (A/F) control 
in automotive applications, however, is zirconium dioxide (ZrO2), 
normally doped with yttrium oxide (Y2O3) and designated YSZ 
(yttria stabilized zirconia). The dopant, in addition to stabilizing 

                                                 
1 Lampe et al., 1995 
2 Lampe et al., 1995:2 
3 Cerdá et al., 2002 
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the cubic crystallographic form of zirconia at elevated 
temperatures, introduces oxygen vacancies, effectively making 
ZrO2 a solid electrolyte possible of O2- ion conduction. 
 
Both potentiometric and amperometric electrochemical cells 
based on ZrO2 with two catalytically active Pt electrodes have 
been devised for A/F control and oxygen concentration 
determination.1,2,3 Oxygen molecules undergo dissociative 
adsorption at the electrodes, picking up electrons from Pt. At 
temperatures above 300°C, O2- ions drift from high to low oxygen 
partial pressure by diffusion through vacancies in the material, 
creating an electromotive voltage U across the electrodes 
according to Nernst`s law. 
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where U is the voltage drop between the two electrodes, Uoffset an 
offset voltage partly dependent on a possible temperature 
difference between the electrodes, R  the universal gas constant, 
T  the electrode temperature, n  the number of electrons involved 
in generating the potential (in the present case 4=n ), F  the 
Faraday constant, po2 the partial oxygen pressure of the sample 
gas and po2,ref the known oxygen partial pressure of a reference 
sample. This relationship is based on thermodynamic 
equilibrium and fast kinetic reactions at the electrode interface. 
 
This setup thus allows continuous determination of the excess 
oxygen mole fraction in exhaust and flue gases by exposing one 
of the electrodes to the exhaust (or flue gas) stream and the other 
(the reference electrode) to pure air, see Fig. 3.7. This device gives 
a highly non-linear output, though, exhibiting a low sensitivity to 
variations in oxygen concentration in the “far” lean (excess air) 
region, and is mainly used for detection of the switch-point 
between lean and rich (excess fuel) conditions in premixed 
combustion. Since the state of the raw gas mixture reaching this 
so-called λ-sensor (λ=Φ-1) is not in thermodynamical equilibrium, 
this has to be achieved at the active electrode, why such sensors 
are operated at temperatures above 600°C  

                                                 
1 Fouletier, 1983 
2 Maskell et al., 1986 
3 Logothetis et al., 1992 
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Fig. 3.7. Typical designs of the potentiometric (left) and the 
amperometric (right) zirconia sensors, revealing the basic principles 

of operation. 
 
 
The cell to the left in Fig. 3.7. may also operate as an 
electrochemical oxygen pump, however. By applying a voltage 
difference across the cell electrodes, oxygen may be 
electrochemically transferred through the electrolyte from the 
cathode to the anode. The corresponding oxygen flux is related to 
the current, I , by Faraday`s law. 
 

nF
I

dt
dN

pump

O =2  (3.7.) 

 
where NO2 is the mole number of oxygen and n  is the number of 
electrons involved in the pumping of one mole of oxygen. 
 
A basic setup for oxygen detection using an electrochemical 
pumping cell is also sketched in Fig. 3.7. A voltage is applied to 
the zirconia cell such that the internal electrode is at a negative 
potential. Oxygen will then be electrochemically removed from a 
cavity “sealed” from the exhaust stream by a diffusion barrier. 
The diffusional influx of oxygen is governed by a linear diffusion 
law. 
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where σo2 is the leak conductance with respect to oxygen, po2 the 
partial pressure of oxygen in the flue gas stream, and po2,ν the 
partial pressure of oxygen within the internal volume. Under 
steady state conditions (constant po2,ν) the balance of the fluxes 
(3.7.) and (3.8.) gives. 
 

( )vOOO pp
nF
I

,222
−= σ  (3.9.) 

 
If the voltage applied to the pumping cell is sufficiently high, po2,ν 
may be almost zero since the diffusion barrier restricts transport 
of O2 to the inner cavity. A limiting condition is then achieved, 
where the pumping current is controlled by the diffusion rate and 
is proportional to the oxygen mole fraction in the exhaust or flue 
gas stream. This concept has been further developed in order to 
also cope with situations of oxygen deficiency (in relation to 
combustible species in the exhaust or flue gases), situations not 
commonly encountered in the field of biomass combustion and of 
no interest to monitor, why the review article by Visser et al. 
(1993) is recommended for a detailed treatment of these devices.* 
 
Deviations from the standard Nernstian model may be observed 
when zirconia sensors are used to monitor combustion gases, 
however. This phenomenon is due to the fact that lean 
combustion of solid biomass simultaneously can give rise to high 
oxygen as well as CO and/or hydrocarbon concentrations. The 
equilibrium oxygen partial pressure at the active electrode may 
thus differ from the real oxygen partial pressure through O2 
consumption caused by catalytic reactions between oxygen and 
unburned species. For present oxygen sensor designs, this 
process is enhanced by temperature and becomes quite 
important for temperatures exceeding approximately 650°C.1 
 
 

3.2.2.1. Mixed potential sensors; CO and NOx sensors 
 
 
Examining in more detail the electrical potential of oxygen sensor 
electrodes, this potential is determined by the equilibrium oxygen 

                                                 
* Neither from an efficiency- nor from an emissions point of view is there a desire to control the solid 
biomass combustion process close to stoichiometry since, due to insufficient mixing of reacting gases 
etc., this state is automatically corresponding to more of emissions and lower efficiency. 
1 Docquier et al., 2000 
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partial pressure at the three-phase boundary (TPB) between gas, 
metal electrode, and solid electrolyte. The main interactions of 
gas phase oxygen molecules with the electrodes and the solid 
electrolyte correspond to dissociative adsorption and subsequent 
incorporation. 
 

O2,gas + 2A ↔ 2Oads (3.10.) 
 

Oads + VO
” + 2e- ↔ O2-

electrolyte + A (3.11.) 
 
where A denotes a free adsorption site and VO

” an oxygen ion 
vacancy. The reaction rate depends, besides basic thermo-
dynamic relations, strongly on the electrochemical and catalytic 
properties of the electrode material. The catalytic and electro-
chemical activity of the metal electrodes is thus essential for 
issues like selectivity, sensitivity and short response times. In 
general, the number of TPBs should be maximized in the sensor 
design. 
 
Now consider the presence of minor species like CO in the gas 
mixture, resulting from thermodynamic non-equilibrium 
situations as stressed before. In addition to reactions (3.10.) and 
(3.11.), the following processes might be considered at the three-
phase boundary.  
 

COgas + Oads ↔ CO2,gas  (oxidation) (3.12.) 
 

COads + O2-
electrolyte ↔ CO2,ads + VO

” + 2e- (3.13.) 
 
A classical Pt electrode, due to the rapid dissociative adsorption 
of oxygen and the rapid oxidation of minor species, more or less 
only operates as an oxygen electrode when exposed to air, and its 
potential is determined by the excess oxygen concentration (and 
in most practical cases thus almost fixed under a constant O2 
concentration). If, on the other hand, the Pt electrode is replaced 
by a weakly active electrode, the gases are no longer in 
thermodynamic equilibrium at the electrode surface and electro-
chemical oxidation of CO (3.13.) will gain in importance over the 
oxidation and dissociation reactions (3.12.) and (3.10.). In the 
ideal case, the electrode potential will instead be determined by 
the electrochemical reduction and oxidation reactions (3.11.) and 
(3.13.). These reactions, corresponding to different electrode 
potentials, take place simultaneously and form a local cell that 
determines a so-called “mixed potential” at which the cathodic 
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(3.11.) and anodic (3.13.) reactions proceed at an equal rate (see 
Fig. 3.8.). The electrochemical oxidation of CO will therefore give 
rise to non-Nernstian electrode potentials and an upward shift of 
the sensor signal. 
 

 
 

Fig. 3.8. Illustration of how the “mixed” potential, φMix, is 
established. The potential is given by the condition that the net 
current from all involved electrode reactions, with their different 

equilibrium potentials (φ1, φ2), is zero. 
 
 
Most mixed potential sensors operate in the range 500-600°C 
and are designed like classical potentiometric sensors. Inside a 
half-open cylindrical ceramic YSZ tube a Pt reference electrode is 
exposed to atmospheric air, whereas the non-Nernstian electrode 
is exposed to exhaust or flue gases on the outer tube surface. An 
alternative is the use of two different electrodes exposed to the 
exhaust stream, evaluating the potential difference between these 
two.1 The materials of the non-Nernstian electrodes are chosen 
so that reactions are greatly influenced by adsorption and 
desorption processes. Some of the materials investigated for this 
purpose have been CdO, SnO22, LaMnO33 and binary Pt alloys 
with Au.4 
 
Mixed potential sensors based on zirconia have been reported for 
CO and NOx detection in flue gas monitoring5,1 but the 
                                                 
1 Okamoto et al., 1981 
2 Miura et al., 1998 
3 Sorita et al., 1997 
4 Vogel et al., 1993 
5 Jakobs et al., 1996 
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interpretation of the signal from such sensors is difficult. In the 
case of CO detection there is, besides the large influence from 
varying oxygen partial pressure in the gas stream, a pronounced 
cross-sensitivity towards unburned hydrocarbons and in 
particular H2.2,3 In the case of NOx, the situation is even more 
compelling, NO being able to be oxidized to NO2 and NO2 to be 
reduced to NO, resulting in a counteracting of the signal from NO 
by NO2 in a NO/NO2/O2 mixture.4 
 
 

3.2.2.2. Multi-electrode sensors 
 
 
To treat the NOx problem and also reduce the influence of 
oxygen, more advanced zirconia based sensors have been 
developed, comprising more than one electrochemical cell. In a 
typical NOx sensor setup the sensor is comprised of two cavities 
connected in series, see Fig. 3.9. The flue gases diffuse into the 
primary chamber, where a pumping voltage (typically about 400 
mV) is applied to an electrochemical cell with an electrode 
material virtually inactive for electrochemical oxidation/ 
reduction of NO/NO2 (at the specified temperature and pumping 
voltage conditions), removing O2 from the sampled gas. The 
remaining gas constituents then flow to the second 
compartment, where NOx molecules are detected either by a 
potentiometric or an amperometric cell. The most critical part of 
multi-electrode sensors is the first electrode, and for each 
compartment geometry (diffusion barrier, length and diameter of 
the cavity, electrode length, etc.), the operation temperature and 
potential must be adjusted properly.5 
 
The mechanism of NO and NO2 detection by multi-electrode 
sensors is not completely clarified however. Two possible 
pathways have been suggested; either the catalytic conversion of 
NO to NO2 in the first chamber with the subsequent detection of 
only NO2 in the second6 or the reduction of NO2 to NO in the first 
and a further reduction into N2 and O2 in the second,7 where the 

                                                                                                                                            
1 Lu et al., 1997 
2 Miura et al., 1998 
3 Sorita et al., 1997 
4 Miura et al., 1996 
5 Somov et al., 2000 
6 Kunimoto et al., 1999 
7 Kato, et al., 1998 
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oxygen current is measured and thus related to NO+NO2 
concentration in the flue gases. Similar solutions have also been 
proposed for CO monitoring and quantification of hydrocarbons, 
utilizing the electrochemical oxidation of these species at the 
second electrode.1 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.8. Schematic picture of a multi-electrode zirconia based 
sensor, e.g. for NOx sensing. 

 
 
 
Ideally, only the compound of interest (e.g. NO) should diffuse to 
the second chamber. In practice, however, there is always some 
small amount of oxygen left in the gas mixture and the 
concentration varies with the flue gas oxygen partial pressure. 
The determination of NO concentrations in the ppm-range in 
presence of several percent oxygen with multi-electrode sensors 
is therefore a delicate matter. As an example, the multi-layer 
ceramic NOx sensor fabricated by NGK2 contains an additional 
pumping and an additional measuring electrode combined with a 
complicated control of the whole setup to get rid of the influence 
from oxygen. 
 
Besides the complexity of multi-electrode sensors and the related 
fabrication costs, the main disadvantage of all amperometric 
devices is the linear relationship between sensor signal and 

                                                 
1 Schmidt-Zhang et al., 2004 
2 Kato et al., 1996 
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analyte concentration, which gives a poor resolution and makes 
detection of low concentrations difficult. The sensitivity is too low 
for an operation in the lower ppm range. Mixed potential sensors 
on the other hand have very good sensitivity to ppm levels of 
minor species like CO and NOx, but suffer, as already pointed 
out, from cross-sensitivity problems and, due to the fact that the 
reactions determining equilibrium electrode potential are under 
kinetic control, and thus highly susceptible to electrode sintering 
and poisoning, poor long-term stability. 
 
Oxygen concentration determination with ion conducting ZrO2 
based sensors is a mature technique. The challenge now 
concerns the improvement of minor species detection in terms of 
selectivity, sensitivity, accuracy, and durability. For present CO 
and NOx sensors, the detection limits determined under 
laboratory conditions are in the range 10-50 ppm1,2 but seem 
somewhat higher in real-world combustion applications, from 50-
100 ppm.3 Under the same conditions, uncertainties of 10 to 
25% are typical for NOx and CO mole fraction measurements and 
are also influenced by sensor ageing.4 The everyday progress in 
the field of solid electrolyte based gas sensing makes the 
technology one of the most promising for flue gas monitoring and 
combustion control, however. Current development includes new 
sensor designs to reduce fabrication costs and improve 
performance,5,6 as well as investigations of alternative electrolyte 
and electrode materials7,8,9 and the application of catalytic 
filters10,11 to improve sensitivity, selectivity and stability. 
 
 
 
 
 
 
 

                                                 
1 Hasei et al., 2000 
2 Lu et al., 1997 
3 Kato et al., 1998 
4 Docquier et al., 2002 
5 Magori et al., 2003 
6 Schmidt-Zhang et al., 2004 
7 Dutta et al., 2005 
8 Yoon et al., 2001 
9 Zosel et al., 2004 
10 Ono et al., 2004 
11 Szabo et al., 2002 
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3.2.3. Calorimetric sensors 
 
 
Another kind of solid-state sensor devices utilizing catalytic 
properties are the calorimetric sensors. The calorimetric sensors 
work by the principle that heat generated from catalytic 
exothermic reactions, within certain limits, is proportional to the 
concentration of combustibles in the exhaust or flue gases.1 A 
thermoelectric device, such as a thermocouple, measures the 
temperature rise caused by the reactions. By applying catalytic 
materials more or less selective in the oxidation of various gas 
constituents, like CO and unburned hydrocarbons to the 
thermocouple, HC and CO sensors can possibly be realized. 
 
One of the main advantages with this kind of sensor is that it 
essentially monitors the heating values of hydrocarbon 
molecules, giving rise to a signal more proportional to the total 
hydrocarbon content in the exhaust or flue gases as compared to 
other solid-state devices, where hydrocarbon monitoring relies on 
the extraction of hydrogen from the molecules. On the other 
hand, these sensors are more sensitive to flow variations, due to 
forced convection of heat, and need an oxidative environment for 
catalytic combustion, ruling out combustibles monitoring in case 
of fuel rich combustion (mainly encountered in automotive 
applications).2 There are also some problems with cross-
sensitivities between different reducing gases as might be 
expected. 
 
 

3.2.4. Zeolite based sensors   
 
Another class of materials that has received considerable interest 
for gas sensing are the zeolites. Especially the zeolite material H-
ZSM5 has drawn much of attention due to its ammonia sensing 
abilities. Zeolites are alumosilicates (AlxSi1-xOy) with a well-
defined porous crystal structure, which depends on the ratio of Si 
to Al atoms. Aluminium ions (Al3+) that replace silicon ions (Si4+) 
in the lattice have to be charge compensated due to their different 
valences, most commonly through the adsorption of hydrogen 
ions (protons) in the lattice. These protons are mobile throughout 

                                                 
1 Williams et al., 1984 
2 Wu et al., 2004 
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the lattice, rendering the material ion conductivity, where the 
conductivity is determined by the mobility of the charge carriers. 
 
In presence of ammonia the conductivity is enhanced, 
presumably through the formation of ammonium ions (NH4+), 
which are less strongly bound to the lattice and thus more 
mobile. The temperature of operation of the zeolite based sensor 
device is 480°C and exhibits a good sensitivity towards ammonia 
even at concentrations below 5 ppm. The only significant cross-
sensitivity has been shown to be towards water vapour, most 
likely due to the formation of H3O+ ions.1 
 
 
For a more detailed treatment of the sensor technologies in this 
chapter, the book chapter by Göpel et al. (1996), the book edited 
by Sberveglieri et al. (1992), and the review articles by Miura et 
al. (2000), Göpel et al. (2000), and Reinhardt et al. (2002), which 
this chapter is largely based on, are strongly recommended. 
 
 
 
 
 

                                                 
1 Moos et al., 2002 
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  4. SiC based field effect sensors 
 
 
 
Gas sensitive field effect devices based on the semiconductor 
silicon carbide (SiC)1 or other wide band gap materials like 
diamond,2 GaN and AlxGa1-xN3 have also shown good possibility 
of realizing sensors for high temperature applications. The wide 
band gap of SiC and related materials permits their use as 
semiconductors at elevated temperatures (up to 800°C for SiC) 
without suffering intrinsic conduction effects and the material is 
also chemically inert, what makes it suitable for use in aggressive 
environments, such as exhaust or flue gases. 
 
By applying a catalytic material to semiconductor/insulator 
structures, capacitor-, Schottky diode- or transistor devices with 
gas sensing properties and a simple readout can be constructed, 
as realized in the mid 70’s for Metal Oxide Semiconductor 
structures with Pd as the metal, silicon dioxide (SiO2) as the 
insulator and silicon (Si) as the semiconductor (Pd-MOS)4* The 
electrical characteristics of the device was found to change upon 
exposure to hydrogen, reflecting the partial pressure of hydrogen 
in the ambient. 
 
Much of experimental work has been performed over the last 30 
years in elucidating device characteristics and basic gas sensing 
mechanisms for various field effect sensors and designs. The 
different Metal Insulator Silicon Carbide (MISiC) sensor devices 
have also been tested in several high temperature applications 
like monitoring of individual cylinders in the exhausts of a 

                                                 
1 Lloyd Spetz et al., 2004 
2 Gurbuz et al., 1995 
3 Schalwig et al., 2002:2 
4 Lundström et al., 1975 
* Note: The MOS notation is only used when the semiconductor is Si and the insulator SiO2, although 
many other semiconductor/insulator structures exist 
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gasoline engine,1 ammonia measurements in diesel exhaust SCR 
systems,2,3 and λ control.4 The MISiC transistor device’s speed of 
response has also been investigated and found to be in the order 
of milliseconds to a second.5 
 
 

4.1. Metal Insulator Semiconductor devices 
 
 

 

 
 
 
 
 
 
                                                 
1 Larsson et al., 2002 
2 Svenningstorp et al., 2000 
3 Wingbrant et al., 2005 
4 Wingbrant et al., 2003:1 
5 Wingbrant et al., 2003:2 

 
Fig. 4.1. The band 

diagram of the Metal 
Insulator Semi-

conductor (p-type) 
”junction” at zero 

applied bias. Ec and Ev 
refer to the energies of 

the conduction and 
valence bands, 

respectively, Eg is the 
band gap (Ev-Ec), and EF 
the Fermi energy. eΦm 
and eΦs are the metal 
and semiconductor 
work functions, the 

energy required to raise 
an average electron to 
the vacuum level Evac. 

The electron affinity, χ, 
specifies the energy 

difference between the 
vacuum level and the 

bottom of the 
conduction band (Singh,

1994). 
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4.1.1. MIS Capacitors 
 
 
Fig. 4.1. shows a pure Metal Insulator Semiconductor (MIS) 
structure with a p-type semiconductor substrate. For an ideal 
MIS structure in thermal equilibrium and no externally applied 
forces (such as an applied bias), the Fermi levels of the individual 
parts are aligned, causing band bending at the surface of the 
semiconductor. The band bending at the semiconductor is 
determined by the difference in work function between the metal 
and the semiconductor. By applying an external bias, the band 
bending can be removed. The compensating bias, referred to as 
the flat band voltage, VFB, is given by 
 

smFBV Φ−Φ=  (4.1.) 
 

where Φm and Φs are the metal and semiconductor work 
functions. Starting from the flat band condition, there are three 
important regimes when biasing the MIS structure (see also Fig 
4.2.). 
 
If a negative bias (as compared to VFB) is applied to the metal, 
with respect to the semiconductor (p-type), a negative charge is 
deposited on the metal and an equal amount of positive charge is 
accumulated at the semiconductor-oxide interface due to band 
bending. The valence band approaches the Fermi level at the 
surface of the semiconductor, causing an accumulation of holes 
at the interface. This situation is referred to as accumulation. 
The difference between the Fermi level in the metal and the 
semiconductor is the applied bias. 
 
If, on the other hand, a positive bias is applied to the metal, the 
bands bend downwards, causing the valence band to move away 
from the semiconductor Fermi level close to the surface. As a 
result, the density of majority carriers (the holes) at the surface 
falls below the bulk value. Since the region close to the interface 
is effectively depleted of mobile charge carriers, this mode is 
termed depletion. 
 
If the positive bias on the metal is increased further, the 
conduction band at the oxide-semiconductor interface will be 
approaching the Fermi level. As a result, the electron density at 
the interface starts to increase and when the lowest allowed 
energy of the conduction band eventually is in the vicinity of the 
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Fermi level, the electron density becomes very high and the 
semiconductor near the interface has electrical properties like an 
n-type semiconductor. This situation is referred to as inversion, 
since the p-type semiconductor at the interface has been 
“inverted” to exhibit n-type behaviour. 
 

 
 

Fig. 4.2. shows the band diagram and the density of charges at 
the interface semiconductor surface of the MIS capacitor as a 

function of applied bias, where three distinct cases can be 
identified, (a) accumulation of holes at the surface following a 

negative bias on the metal, (b) depletion of holes due to a positive 
applied bias, and (c) inversion, where minority carrier electrons are 

attracted to the surface by a large positive bias (Singh, 1994). 
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The band bending is described by means of the quantity eΦs, 
where e is the electronic charge of an electron and Φs the surface 
potential, which is the difference between the intrinsic Fermi 
level at the surface and the bulk intrinsic Fermi level. When eΦs 
is zero, the bands are flat. The generally accepted definition of 
inversion is that the n-type (electron) concentration at the 
interface should be equal to or larger than the bulk p-type (hole) 
concentration. This is equal to the requirement that the intrinsic 
Fermi level should be positioned a distance ΦF below the Fermi 
level at the surface of the semiconductor, where ΦF is the 
distance between the intrinsic Fermi level and the Fermi level in 
the bulk of the semiconductor. Thus, the surface band bending 
at the onset of inversion is given by 
 

Finvs Φ=Φ 2)(  (4.2.) 
 
This condition is known as the threshold inversion point and the 
applied bias creating this condition is known as the threshold 
voltage. 
 
The width of the region depleted of mobile holes under positive 
bias conditions can be found from 
 

½
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eN
W ε  (4.3.) 

 
If an even greater positive bias than the threshold voltage is 
applied to the metal, the conduction band will be positioned a 
little closer to the Fermi energy, but the change in the conduction 
band and intrinsic Fermi levels at the surface is only slightly 
affected. While the surface electron concentration increases 
exponentially with surface potential and thus changes by orders 
of magnitude, the width of the depletion region, according to 4.3, 
is almost unaffected. The depletion region has effectively reached 
its maximum width. 
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When operated as a capacitor, the capacitance-voltage 
relationship is the most interesting property of the MIS structure. 
The capacitance of a device is defined as 
 

dV
VdQVC )()( =  (4.5.) 

 
dQ is the differential change in charge accumulated at either the 
metal or the semiconductor resulting from a differential change 
in voltage, dV, across the capacitor. The capacitance of a device 
as a function of applied bias is, in practice, measured through 
the superimposing of a small AC voltage on the applied DC 
component. 
 
When a negative voltage (as compared to VFB) is applied to the 
metal, holes accumulate at the oxide-semiconductor interface, 
why a small change in voltage across the MIS capacitor will 
cause a differential change in both the electron concentration at 
the metal-oxide interface and the concentration of holes at the 
semiconductor surface. The differential changes occur at the 
edges of the oxide and the capacitance of the MIS device in 
accumulation is just the oxide capacitance. 
 

ox

ox
oxacc d

CC ε
==  (4.6.) 

 
εox is the permittivity and dox the thickness of the oxide, 
respectively. 
 
In depletion, when a small positive voltage is applied to the 
metal, a small increase in voltage will give rise to a small increase 
in the depletion region width. Since the depletion region is 
effectively depleted of mobile charge carriers, the differential 
change of charge will thus take place at the metal-oxide interface 
and at the far end of the depletion region (through the 
broadening of this region). The total capacitance in depletion will 
be given by the capacitance of the oxide and the capacitance of 
the depletion region, acting in series. 
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εs is the permittivity of the semiconductor in the depletion region 
and W the width of the depletion region. As the depletion region 
width increases, the total capacitance decreases. 
 
At the threshold inversion point, the maximum depletion width is 
reached, a condition that would yield a minimum capacitance 
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ε
ε  (4.8.) 

 
in case no inversion charge is present at the semiconductor 
surface. In practice there is normally a small concentration of 
electrons at the surface of the semiconductor, however, and as 
the positive voltage on the metal is increased even further, the 
differential change of charge once again occurs at the oxide-
semiconductor interface, while the depletion region width stays 
constant. In case of low frequency AC signals, the inversion 
capacitance is given by the capacitance of the oxide (4.6.). The 
typical C-V characteristics of an MIS capacitor at both low and 
high frequencies of the applied AC voltage is given in Fig. 4.3. 
 
 

 
Fig. 4.3. The C-V characteristics of an MIS capacitor at high and 

low frequencies (Neamen, 2003) 
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At high frequencies of the superimposed AC voltage, the rate of 
the two processes responsible for changes in the inversion charge 
density; minority carrier diffusion from the p-type substrate 
across the depletion region or thermal generation of electron-hole 
pairs within the depletion region, is too low for keeping up with 
the differential changes in applied voltage. In the limit of very 
high frequency, the inversion layer charge will not respond to a 
differential change in capacitor voltage at all and the total 
capacitance is determined by Cmin (4.8.), see also Fig 4.3. Low 
frequency values in this respect are typically below 1 kHz, while 
large values are of the order 1 MHz. 
 
This current-voltage relationship corresponds to an ideal MIS 
capacitor, however. In practice there is always some fixed 
charges present in the oxide and charges at the oxide-
semiconductor interface, the latter due to allowed energy levels 
within the bandgap at the interface (caused by the abrupt 
termination of the periodic structure). Since the amount of fixed 
charge in the oxide is not a function of gate voltage the only effect 
of this charge is to shift the C-V curve to more negative voltages 
(4.9.), the shape of the curve being unaffected (see also Fig. 
4.4.(a)). Regarding interface states, charge can flow between the 
semiconductor and the interface states. In general, acceptor 
states exist in the upper half of the bandgap and donor states in 
the lower. An acceptor state becomes negatively charged if the 
Fermi level is above the state and a donor state becomes 
positively charged if the Fermi level is below the state, else they 
are neutral. The net charge of the interface states is thus a 
function of applied voltage (across the MIS capacitor), implicating 
that the amount and direction of the shift (compared to the ideal 
capacitor) changes as the applied DC voltage is changed. From 
Fig. 4.4.(b) it can be seen that the real C-V curve will be less steep 
than the ideal. 
 

ox

ss
smFB C

Q
V −−= φφ   (4.9.) 

 
Qss is the equivalent amount of charge placed at the semiconductor oxide 
interface (the amount of hypothetical charges at the semiconductor/oxide 

interface that would have the same effect on electrical characteristics as the real 
charges spread throughout the oxide) 
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4.1.2. MIS field effect transistors 
 
 
A lot of different kinds of Metal Insulator Field Effect Transistor 
(MISFET) designs and modes of operation have to date been 
developed, but all are intimately related to the MIS capacitor 
since the current through the MISFET device is due to flow of 
charge in an inversion layer (also referred to as the channel 
region) adjacent to the oxide-semiconductor interface. The cross-
section of a common MISFET design is shown in Fig. 4.5. The 
metal in the MIS part of the structure is referred to as the gate, 
while the current through the device enters at the heavily doped 
n-type region termed drain and leaves the transistor at the 
corresponding n-type region called source. 
 
The basic principles of operation can be exemplified considering 
the n-channel (p-doped semiconductor substrate) enhancement-
mode MISFET (see for instance Fig. 4.5.). Enhancement mode 

Fig. 4.4. The effect of 
fixed charges in the 

oxide of a MIS capacitor 
is to shift the C-V curve 
in parallel to the ideal 
curve. In the case of 
surface states at the 
semiconductor/oxide 

interface the C-V curve 
will be “flattened out” 
since these states can 
be either occupied or 

vacant (thus neutral or 
charged) depending on 
the applied bias (Singh, 

1994). 
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only refers to the fact that no inversion layer exists at zero 
applied bias. The source and substrate terminals are normally 
held at ground potential, why the static drain current / drain-to-
source voltage, ID-VDS, characteristics is determined by the gate-
to-source voltage, VGS, as well as VDS. As long as the gate to 
source voltage is kept below the threshold voltage, VT, of the MIS 
capacitor structure and the applied drain-to-source voltage is 
small, there is no electron inversion layer, the drain-to-substrate 
p-n-junction is reverse-biased, and no current will flow between 
source and drain. 
 

 
 

Fig. 4.5. Schematic of a general MISFET device. S, D, and G refer 
to source, drain, and gate terminals, respectively. Body is 

commonly also termed substrate backside (Neamen, 2003). 
 
 

If on the other hand VGS > VT, an inversion layer will be created so 
that, when a small drain voltage is applied, the electrons in the 
inversion layer will flow from source to drain. For small VDS 
values, the channel region has the characteristics of a resistor. 
 

DSdD VgI =  '
nnd Q

L
Wg µ=  (4.10.) 

 
gd is the channel conductance when VDS → 0 and is determined 
by the width W and the length L of the channel as well as the 
mobility of the electrons, µn, in the inversion layer and the 
inversion layer charge per unit area, Qn

’. As already stated, the 
inversion layer charge is a function of applied bias on the metal, 
and the channel conductance can thus be modulated by the gate 
voltage. 



4. SiC based field effect sensors 

 75

 
Fig. 4.6. The diagrams show how the source to drain current of a 
MISFET device is changing with increasing drain voltage when the 
gate voltage is kept constant, as well as the underlying physical 

reasons (Neamen, 2003). 
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Since an increasing gate voltage gives rise to an increasing 
channel conductance, the ID/VDS ratio will be larger for larger gate 
voltages, as long as the drain to source voltage is small (see Figs. 
4.6. and 4.7(b).). As the drain voltage increases, the voltage drop 
across the oxide close to the drain terminal decreases, which 
means that the induced inversion charge density and hence the 
channel conductance near the drain also decreases. This will 
result in a decreasing slope of the ID versus VDS curve with 
increasing drain voltage (see Figs. 4.6. and 4.7(b).) 
 

 
Fig. 4.7. shows in (a) the situation when the drain to source 
voltage is larger than the saturation voltage, in (b) the ID-VDS 

characteristics at constant gate voltage, and in (c) the drain current 
vs. gate voltage when keeping a constant drain to source voltage 

(Sima, 2000). 
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At the point when VDS is equal to or larger than the difference 
between the gate voltage and the threshold voltage, the lateral 
electric field close to drain is equal to or stronger than the 
vertical one induced by the gate voltage. In this situation, the 
vertical field is unable to attract the electrons to the surface at 
the drain end of the channel since they are swept by the stronger 
lateral field into the drain terminal (see Figs. 4.6. and 4.7(a).). 
This condition is referred to as channel pinch-off and the drain-
to-source voltage at which this happens is called the saturation 
voltage, VDS,sat, which is given by 
 

TGSsatDS VVV −=,  (4.11.) 
 
An increase of VDS beyond VDS,sat expands the region in which the 
lateral field is stronger than the vertical, effectively moving the 
pinch-off point closer to the source (see also Fig. 4.6.). The 
voltage drop across the region close to the semiconductor surface 
between drain and the pinch-off point is VDS-VDS,sat, which is the 
voltage increase beyond VDS,sat. The remaining part of the drain-to-
source voltage drop, which is VDS,sat, has thus to be found in the 
still existing channel region between source and pinch-off. The 
strong electric field between pinch-off and drain offers little 
resistance to electrons. This means that the potential drop VDS-
VDS,sat has very little influence on the drain current, which is 
effectively determined by the number of electrons appearing from 
source at the pinch-off point instead, a number in turn 
determined by the constant voltage drop VDS,sat across the channel 
region. VDS,sat on the other hand is according to (4.11.) solely 
determined by the applied gate voltage.  
 
As long as the applied drain-to-source voltage is larger than the 
saturation voltage, the applied gate voltage - the gate-to-
substrate field - will thus determine the drain current, as can be 
seen in Fig. 4.7(b), hence the name “field effect” transistor. The 
drain current versus gate voltage characteristics for an n-channel 
enhancement-mode MISFET operating in saturation mode is 
shown in Fig. 4.7(c).  
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The relationship between the drain current and the gate-to-
source and drain-to-source voltages is quantitatively described 
by 
 

( )[ ]22
2 DSDSTGS

oxn
D VVVV

L
CWI −−=

µ
 (4.12.) 

 
in the non-saturation region, and in the saturation region by 
 

( )2

2 TGS
oxn

D VV
L
CWI −=

µ  (4.13.) 

 
The first Metal Insulator Semiconductor gas sensor devices based 
on SiC were independently presented by two research groups in 
1992, capacitors at Linköping Universiy, Sweden, and Schottky 
diodes at NASA Glenn Research Centre in Cleveland, Ohio, 
USA.1,2 Capacitors are simple to fabricate and robust, while 
Schottky diodes, although just as easy to manufacture, suffer 
from poor long-term stability and reproducibility problems. 
Capacitors on the other hand require the more complex 
capacitance measurement setup, why the first gas-sensitive SiC 
based field effect transistor was introduced in 1999.3 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
1 Spetz et al., 1992 
2 Hunter et al., 1992 
3 Savage et al., 2000 
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The Metal Insulator SiC Field Effect Transistor (MISiCFET) 
currently in use as a gas sensing device1 is a somewhat more 
complex structure compared to the conceptual n-channel 
enhancement-type MISFET in Fig 4.5, as can be seen in Fig. 4.8, 
and the static current-voltage relationships are naturally 
described by slightly different equations. But regarding gas 
sensing applications, the same basic principles still apply. 
 
The current design2 includes a buried channel region, 
corresponding to the source and drain terminals being located in 
the subsurface region of the semiconductor so as to remove the 
channel region from the surface of the semiconductor and the 
interface states present at the SiC-SiO2 interface. The insulator is 
a layered structure of SiO2/Si3N4/SiOx, where the silicon nitride 
serves the purpose of a passivation layer, reducing the effect of 
defects in the SiO2, that otherwise may give rise to leakage 
currents through the insulator. Presently it is difficult to grow a 
high-quality SiO2 on top of SiC, thus quite much of defects, fixed 
charges and interface states are present in the oxide and at the 
oxide-semiconductor interface. The MISiCFET transistor is also a 
normally-on device, which means that even at zero applied bias 
on the gate, a small current can be made to flow between source 
and drain. 
 
This chapter, treating the general electrical characteristics of field 
effect capacitors and transistors, was largely based on the books 
by Neamen (2003), Sima (2000), and Singh (1994). 
 
 

4.2. Sensing mechanism 
 
 
 

4.2.1. Signal transduction 
 
As seen in the case of fixed oxide charges, the flat band voltage 
and C-V curve of an MIS capacitor can be shifted towards more 
negative (or positive) values, in relation to the amount of charge, 
giving rise to a parallel shift if the net value and position of the 
charge is independent of bias voltage (at least within certain 

                                                 
1 Savage et al., 2001 
2 ACREO AB, Electrum 236, 164 40 Kista, SWEDEN 
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limits) (see eq. 4.9.). The C-V characteristics may also be parallel-
shifted if an intrinsic voltage drop is introduced in addition to the 
externally applied bias or if the metal and/or semiconductor 
work functions are changed (4.9.). 
 

Vext + ∆Vintr = Vbias (4.14.) 
 
Where Vext is the externally applied voltage, ∆Vintr is the voltage 
drop inside the device, and Vbias is the true value of the bias on 
the MIS capacitor. 
 
Similarly the ID/VGS characteristics of the MIS field effect 
transistor may be shifted (in parallel) towards more negative (or 
positive) voltages when operated in saturation mode. In addition, 
any changes in resistance of, for example, the metal gate or 
contact materials will give rise to changes in the C-V or I-V 
characteristics of these devices, due to the dependence on bias 
voltage, however not parallel.  
 
Thus, if any flue gas constituents are able to introduce 
concentration dependent charges, and/or voltage drops within 
the device, or change the work function at the interface surfaces 
of either the metal or the semiconductor, these species could be 
detected, possibly even quantitatively. This requires the injection 
of charge to or charge separation - dipole formation - at the 
interfaces, or species possible of changing the work function to 
adsorb at the inner metal / semiconductor surfaces. 
 
When atoms or molecules adsorb on a surface, this is most often 
followed by charge transfer and thus separation of charge as well 
as a change in work function of the material. One kind of field 
effect based gas sensor, the Suspended Gate Field Effect 
Transistor – SGFET – utilizes this fact. In SG field effect 
transistors, the metal gate is suspended from the oxide so as to 
create a small gap, large enough to facilitate rapid diffusion of 
ambient gas molecules to the “inner” surface of the metal. The 
sensor response is directly related to the change in work function 
of the metal, resulting from adsorption of the analyte molecules 
as compared to ambient air (in reality oxygen). 
 
For the MIS field effect devices there is, however, no “gap” (see 
page 90 though). It is commonly assumed that there is no 
penetration of the insulator by atoms or molecules at the 
moderate temperatures most often used for sensor operation and 
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it has been shown that the diffusion of hydrogen in SiC is 
negligible below approximately 500°C.1 Even for a dense metal 
film, however, hydrogen atoms (and only hydrogen atoms) can be 
“dissolved” in and rapidly diffuse through the film of commonly 
used field effect sensor gate metals (e.g. Pd, Pt)2,3, why extensive 
work on the detection of hydrogen with field effect gas sensor 
devices has been performed ever since it was introduced in 1975 
by Lundström et al., and many device characteristics and 
sensing principles have been thoroughly studied and elucidated. 
 
 
 

4.2.2. Chemical sensing – surface and interface chemistry 
 
 
Hydrogen molecules adsorb dissociatively on most transition 
metals and, most importantly, on the metal gates utilized in 
MISiC sensor devices. Under the assumptions that a dynamic 
equilibrium exists between the gas (at pressure P) and the 
adsorbed layer at constant temperature, that the adsorption 
takes place in one layer (a so-called monolayer), there is a 
defined number of equivalent adsorption sites on the surface, the 
heat of adsorption is independent of the number of adsorbed 
molecules / atoms and that a hydrogen molecule approaching 
the surface either will stick to the surface or elastically scatter 
from already occupied sites, the rate of adsorption can be 
modeled as  
 

2)1( Θ−= Pkr aads   (4.15) 
 
where P is the ambient pressure of hydrogen, Θ the coverage of 
hydrogen (the ratio between number of occupied hydrogen 
adsorption sites and total number of such sites), and ka the rate 
constant for the adsorption process according to 
 

)(22)(2 AHAgH ak −→+  (4.16) 
 
 
 
 
                                                 
1 Linnarsson et.al., 2000 
2 Katsuta et.al., 1979 
3 Katsuta et.al., 1979:2 
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Similarly, the rate of desorption can be expressed as 
 

2Θ= ddes kr  (4.17.) 
 
where kd is the rate constant of desorption, the reverse of the 
reaction in eq. (4.16.). At steady-state (equilibrium) the rate of 
adsorption equals the rate of desorption and the equilibrium 
hydrogen coverage can be resolved as a function of ambient 
hydrogen pressure (at constant temperature): 
 

PK
PK
'1

'
+

=Θ      
d

a

k
kK ='  (4.18.) 

 
This expression is the so-called Langmuir isotherm for 
dissociative adsorption. As briefly mentioned in section 3.2, 
however, the driving force behind interactions between solid 
surfaces and gas phase molecules is the minimization of Gibbs 
free energy, G=H-TS. The change in free energy ∆G=∆H-T∆S, at 
constant temperature, when specie i adsorbs at the surface 
determines the rate at which adsorption and desorption occurs, 
thus the equilibrium coverage of i at pressure P. 
 
In the presence of energetically different adsorption sites or the 
existence of interaction between adsorbed species, the 
assumption of coverage-independent heat of adsorption ∆Hads , 
and thus the Langmuir isotherm, is no longer valid. To account 
for this case, some other models for the coverage as a function of 
pressure have been put forward, one example being the Temkin 
isotherm (4.19.), for which it is assumed that the adsorption 
enthalpy changes linearly with pressure. By the use of two 
empirically determined constants, the coverage as a function of 
pressure can be obtained from 
 

( )PCC 21 ln=Θ  (4.19.) 
 
The hydrogen atoms adsorbed on the metal surface can diffuse 
through the metal film to the metal/oxide interface. As for all 
kinds of diffusion between any locations A and B, the net amount 
of specie i traveling towards B (or A) at any instant is just 
dependent on the concentration of specie i at A and B. At steady-
state (the same concentration at A and B) there will be no net 
flux of, in this case, hydrogen between the outer and inner 
surfaces of the metal. 
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Hydrogen atoms can adsorb on the inner metal surface as well as 
on the oxide, changing the work function of the metal and giving 
rise to a separation of charge as the hydrogen is polarized upon 
chemisorption (see Fig. 4.9.), thus shifting the C-V characteristics 
of the MIS capacitor or the ID-VGS characteristics of the transistor. 
A typical shift of the I-V curve upon exposure to hydrogen 
containing ammonia for a MISiC transistor is shown in Fig. 4.10. 
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This shift, at a certain current, is also commonly referred to as 
the sensor response. The amount of hydrogen adsorbed at the 
interface, and consequently the size of the shift, is related to the 
surrounding hydrogen pressure through the “pressure”-
dependent adsorption processes at the outer surface and at the 
interface, thus allowing a simple means of quantitatively 
measuring the ambient hydrogen pressure. It has been shown 
that adsorption of hydrogen at the interface more closely follow a 
Temkin type behaviour,1,2 indicating an existence of different 
adsorption sites, or an interaction between adsorbed hydrogen 
atoms. 
 
It has also been concluded that the dominating hydrogen 
adsorption site, both in respect of energetics and size of the 
voltage shift, is on the surface of the oxide (SiO2) for a Pd-SiO2-Si 
field effect structure.3,4 The diagram in Fig. 4.11. shows a cross-
section of the sensor structure and an energy diagram 
corresponding to the different heats of adsorption. The hydrogen 
atom adsorbed at the metal surface gives rise to a dipole moment 
substantially smaller than, and in opposite direction to, the 
adsorption of hydrogen on the oxide. The exact nature of the 
adsorption site on the oxide or the adsorption complex is 
presently not clear, though, but the formation of OH-groups on 
the oxide has been indicated.5 Electrically, however, the hydrogen 
atoms adsorbing on the oxide, could be viewed either as protons, 
adsorbing on the lattice oxygen to form OH groups, with a mirror 
charge in the metal, or as dipoles, with no principal difference for 
the resultant intrinsic voltage drop responsible for the sensor 
response. 
 
 
 
 
 
 
 
 
 

                                                 
1 Dannetun et al., 1984 
2 Eriksson et al., 1997 
3 Fogelberg et al., 1995 
4 Eriksson et al., 1998 
5 Wallin, 2005 
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Fig. 4.11. Schematic illustration of the potential energy of a 
hydrogen atom in a Pd-MOS device. The dominating adsorption 
site is seen to be at the surface of the oxide. ∆H is the heat of 

adsorption and ∆E is the difference in heat of adsorption between 
the different adsorption sites (Eriksson et al., 1998)  

 
 
 
So far, the discussion has dealt with the case when only 
hydrogen is present in the ambient, and the surface coverage 
thus only dependent on adsorption and desorption of molecular 
hydrogen. This is however, never the case in reality. Also other 
constituents of the surrounding atmosphere may adsorb to the 
surface and affect the surface coverage of hydrogen in different 
ways, e.g. by reducing or blocking hydrogen adsorption or by 
removing hydrogen from the surface through chemical reactions 
(see Figs. 4.9. and 4.12.). Oxygen, for instance, also adsorbs 
dissociatively on commonly used gate metals at normal sensor 
working temperatures. The desorption of oxygen is very low at 
these temperatures, however, and below 300°C oxygen can only 
be removed from the surface at any appreciable rate through the 
reaction with other atoms or molecules, such as hydrogen in the 
formation of water.1 
                                                 
1 Masel, 1996 
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The implication is that the direct relations between hydrogen 
pressure and sensor response, as discussed earlier, no longer 
holds between the partial hydrogen pressure and the response in 
an atmosphere also containing other gaseous species. A model 
for the interfacial coverage and response of Pd-SiO2-Si capacitors 
towards hydrogen pressure in the presence of a varying 
background of oxygen was obtained from ultrahigh vacuum 
(UHV) studies and calculations1, which was later compared to 
test results obtained under atmospheric pressure conditions. It 
was remarkably found that the model very well predicts the 
sensor’s sensitivity towards hydrogen, in the presence of oxygen, 
also at atmospheric pressures.2 In essence, the coverage of 
hydrogen at the inner and outer surfaces varies over a wide 
range of pressures in case of low oxygen pressures, but as the 
oxygen pressure increases, a pressure-dependent interfacial 
coverage of hydrogen only appears for higher gas phase 
pressures of hydrogen. The response from the MIS field effect 
sensor can thus still be tied to partial hydrogen pressure in a 
hydrogen/oxygen mixture, the detection limit appearing at higher 
hydrogen pressures however. 
 
In the case of other hydrogen containing molecules, the same 
basic principles apply if hydrogen atoms can be extracted from 
the molecules upon adsorption. This is for example probably the 
case with certain kinds of hydrocarbons (see for instance paper 
I). Another hydrogen containing specie of interest is ammonia, 
NH3. When the sensitivity of Pd-MOS devices towards ammonia 
first was discovered, it was thought that ammonia dissociates on 
the catalytic metal surface, producing hydrogen atoms.3 At the 
operating temperatures of Pd-MOS devices (typically below 
200°C) ammonia is not assumed to dissociate on the catalytic 
metal surface to produce free hydrogen atoms, however, although 
it might be oxidized in presence of oxygen, forming water and 
molecular nitrogen / nitrogen oxides.  
 
Some new hypotheses were introduced, following the discovery 
that ammonia sensitivity was intimately related to porous metal 
films.4,5 Work function changes of the outer metal surface, along 
                                                 
1 Fogelberg et al., 1996 
2 Johansson et al., 1998 
3 Winquist et al., 1983 
4 Spetz et al., 1988 
5 Spetz et al., 1989 
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the metal/oxide border, upon adsorption of ammonia could 
possibly give rise to a change of the C-V or I-V characteristics due 
to capacitive coupling through the cracks and holes in the metal 
film. Since ammonia in itself is a molecule with a strong dipole 
moment, a strong polarized layer on the metal, at the border of 
the oxide, or even on the exposed oxide by spill-over from the 
metal film (i.e. the diffusion of species adsorbed on the metal out 
onto the oxide), could possibly also be formed. 
 
Later work by Löfdahl, however, stressed the importance of 
three-phase boundaries (between metal, oxide, and ambient 
atmosphere).1 The results pointed towards actual dissociation of 
ammonia at special sites located at the three-phase boundary, 
producing free hydrogen atoms, giving rise to the polarized layer 
at the metal/oxide interface as discussed earlier. Moreover, it 
was shown that a thin film of SiO2 applied on top of a dense Pt 
film, exhibiting practically no ammonia sensitivity, substantially 
increased the sensitivity to ammonia,2 a strong indication that at 
least part of the normally encountered field effect sensor 
response to ammonia originates from hydrogen production at the 
three-phase boundaries. 
 
The presently most probable mechanisms behind ammonia 
sensitivity, as seen for thin, porous metal films, seem to be either 
a dissociation of ammonia at three-phase boundaries, creating 
hydrogen that can adsorb at the interface and possibly on the 
bare oxide, or the adsorption, through spill-over from the metal, 
of a charged species (NH4+ or some other reaction product of 
ammonia) on the oxide, close to the metal/oxide border, in the 
cracks and holes of the film (see for instance Fig. 4.12.).3 
 
As for the other interesting flue gas constituents, much less work 
has been performed in trying to resolve the mechanisms behind 
the observed sensitivity towards for example CO and other non-
hydrogen containing species. Some possible explanations have 
been discussed, however. A common theme seems to be the 
requirement of a porous metal film (see Fig. 4.12.). 
 
 

                                                 
1 Löfdahl, 2001  
2 Åbom, 2002 
3 Eriksson et al., 1999 
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Firstly, CO could possibly adsorb directly on the oxide if the 
metal film is porous, giving rise to a polarized layer influencing 
the electrical characteristics of the field effect device.1 Carbon 
monoxide might also, through catalytic oxidation, increase the 
sensitivity towards background hydrogen by the removal of 
oxygen from the metal surface.2 Conversely, CO could possibly 
block hydrogen dissociation and thereby lower the sensitivity, 
and thus influence the sensor signal, towards background 
hydrogen.3 A slightly different hypothesis explores the possibility 
that the CO response originates from a reversible 
reduction/oxidation of a platinum oxide layer on the surface of 
the metal gate, inducing work function changes that, close to the 
border between metal and oxide, could be detected by capacitive 
coupling through the pores in the porous metal film.4 
 
In a more recent study it is suggested that the sensitivity towards 
many of the hydrogen- as well as non-hydrogen containing 

                                                 
1 Eriksson et al., 1994 
2 Nakagomi et al., 1997 
3 Eriksson et al., 1997 
4 Nakagomi et al., 1997 
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compounds, also NO and NO2, may have a common cause.1 The 
mechanism involves spill-over of atomic oxygen from the metal to 
the oxide surface, and in particular negatively charged oxygen 
anions, which are suggested to be able to change the I/V-
characteristics of the device if the metal gate and the substrate 
are connected (short-circuited). The ionic charge on the oxide will 
result in a decreased band bending and a decrease in the 
number of mobile electrons in the channel region, thus a shift of 
the ID/VGS relation towards higher VGS values. In the presence of 
reducing gases like CO or hydrocarbons, surface reactions will 
lead to a lower concentration of oxygen anions. Additionally, 
these gas molecules, including NO2, will contribute to a surface 
dipole layer through creation of dipoles via acid-base reactions. 
Both effects lead, in the case of reducing gases, to an increased 
band bending and consequently a change in the electrical 
characteristics of the device. 
 
 

4.3. Sensitivity, selectivity, stability 
 
 
As indicated in the last section, the sensitivity towards different 
gases is influenced by the structure of the metal film, very nicely 
shown in a study of local sensor responses as a function of 
thickness/porosity when applying thickness gradients of different 
metals as gate materials on MIS capacitors,2 a dense film only 
exhibiting sensitivity, and thus selectivity, towards hydrogen or 
hydrogen-containing compounds capable of producing free 
hydrogen atoms at the metal surface. The structure of the metal 
film is influenced by the metal deposition process, as thoroughly 
investigated by Åbom and co-workers.3 
 
Furthermore, since much of the difference in sensitivity for 
different compounds is determined by surface reactions, the 
sensitivity, and selectivity, pattern of a sensor device can be 
influenced by the composition of the gate material. The options 
include various choices of metals, since different metals show 
differences in catalytic activity towards different chemical 
substances (see for instance paper I), Pt, Ir, and Rh to mention a 
few, or multiple layers / alloys of different metals. The addition of 
other materials to the metal film, promoting or blocking certain 
                                                 
1 Schalwig et al., 2002 
2 Klingvall et al., in press 
3 Åbom, 2002 
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reactions, is another alternative, the addition of SiO2 to a Pt film, 
increasing the NH3 sensitivity, being an example.1 
 
As known from the field of catalysis, the structure of the crystal 
face exposed to the gas mixture also influences the rate of 
different surface reactions, surfaces exhibiting much of defects 
(vacancies, adatoms, kinks etc.) and highly stepped surfaces 
generally being more reactive. NO decomposition / oxidation is 
for instance believed to take place more or less only at steps or 
other similar defects.2 Recent findings, indicating that the 
properties of the metal face exposed to the ambient atmosphere 
may be influenced by the support material,3 also open up 
possibilities of tuning the surface reactions by the proper choice 
of oxide. 
 
The sensitivity, at least towards hydrogen and hydrogen-
containing species, is however also influenced by the structure 
and identity of the metal/oxide interface, as investigated in some 
recent studies. A better adhesion between the metal film and the 
oxide was shown to correlate well with a decreased hydrogen 
sensitivity, which might be due to a smaller amount of 
adsorption sites at the interface as compared to a film with less 
points of contact, or a larger separation of charge, leading to a 
larger dipole moment of the adsorbed hydrogen atoms, or a 
combination of the two.4 It has also been shown that a slightly 
increased sensitivity towards hydrogen can be obtained by 
exchanging SiO2 for Al2O3, probably due to a larger concentration 
of hydrogen adsorption sites at the metal/oxide interface in the 
case of Al2O3.5 There is however no indication that the structure 
of the interface would influence the selectivity pattern of the 
sensor device, which is more intimately related to the 
characteristics of the outer metal surface. The outer surface 
might, as mentioned, possibly be modified by the identity of the 
oxide, though. 
 
One of the more obvious parameters influencing sensitivity and 
selectivity is the operating temperature (see for instance paper I). 
Since, normally, the maximum rate at which different surface 
reactions proceeds, occur at (slightly) different temperatures, this 
                                                 
1 Åbom, 2002 
2 Somorjai et al., 2002 
3 Burch et al., 2002 
4 Åbom, 2002 
5 Salomonsson et al., submitted 
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feature can be utilized to tune the selectivity towards one or more 
species. Thus, the main possibilities in achieving sensors with 
different sensitivity and selectivity patterns is through 
modification of the gate material - identity, composition and 
structure – adjustment of the operating temperature and possibly 
by applying different oxides. Disregarding hydrogen (and possibly 
ammonia), so far no MISiC field effect gas sensor has been 
developed exhibiting a selectivity towards a single substance 
good enough for the application of the sensor technology in 
exhaust or flue gas monitoring of that substance. 
 
Moreover, when operated at high temperatures and/or in 
aggressive environments (exhaust or flue gases), the sensor 
devices suffer from a slow rearrangement of the gate material (as 
can be seen in Fig. 4.13.) and possible further annealing of 
contacts, leading to irreversible changes in the electrical 
characteristics of the device, and thus the sensor signal. This 
might be overcome by an annealing step prior to any real 
measurements, but so far no good annealing scheme has been 
obtained without a serious loss of sensitivity. Recent findings, 
however, indicate that it might be possible to substantially 
decrease the rearrangement of the metal film by applying a 
protective layer on top of the film, enough porous to still allow 
diffusion of gas molecules to the gate metal.1 
 

 
 
 
Fig. 4.13. SEM pictures of the porous Pt film on a MISiC transistor 
prior to (left) and after (right) an annealing step at 500°C for 16 h 

in simulated flue gases.  
 

                                                 
1 Wingbrant et al., in manuscript 
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  5. SiC FET based multi-sensor systems 
 
 
 
In the field of flue gas monitoring and combustion control there 
is, as we have seen, a need to simultaneously and on-line 
quantify oxygen and various combustion products. Over the past 
decades, researchers all over the world have put a lot of effort 
into the development of sensors for each of the important 
exhaust or flue gas constituents, where much of the emphasis 
has been on selectivity. At present, emissions monitoring and 
combustion control could possibly be realized by the application 
of a wavelength-multiplexed optical sensor system or a series of 
multi-electrode ZrO2 electrochemical cells, solutions (presently) a 
bit too complex and expensive for being implemented in small-
scale combustion applications though. 
 
Since most of the other technologies developed suffer from cross-
sensitivity problems, as seen earlier, alternatives to the one 
sensor, one substance correspondence approach have started to 
emerge and receive increasing interest, to a large extent 
underpinned by the need for on-board diagnostics (OBD) of 
exhaust after-treatment systems from the automotive industry. 
One alternative would be the combination of fairly selective 
devices (e.g. SiC based field effect sensors and mixed potential 
sensors) to obtain a qualitative picture of the state of combustion 
or possible flue gas after-treatment processes. This approach has 
been demonstrated using a combination of one SiC FE sensor 
(Pt-MISiC) and one indium tin oxide (ITO) resistive-type metal 
oxide semiconductor sensor to monitor the filling and 
regeneration of a NOx storage catalyst in an exhaust after-
treatment system.1 
 

                                                 
1 Schalwig et al., 2004 
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Another alternative is the use of an array of less selective 
sensors. To resolve the complex signals (“patterns”) from such an 
array into concentrations of different gas species or a qualitative 
measure of the state of combustion, statistical and mathematical 
methods commonly referred to as multivariate data analysis (or 
chemometrics) are employed. This concept has so far mainly 
been applied to so-called electronic noses and tongues intended 
for use in classification of “objects” with complex and partly 
unknown composition, chemical or biological solutions, or 
species quantification in any complex and/or varying matrix, e.g. 
classification of wines, determination of food quality, microbial 
activity etc.1 
 
 
 
 
  5.1. Multivariate data analysis 
 
 
A commonly encountered situation when, e.g., trying to evaluate 
or implement a sensor system based on less selective sensors in 
emissions monitoring, is the existence of several “independent” 
variables - the sensor signals - and a few (commonly three to five) 
dependent (response) variables - concentrations of individual flue 
gas constituents - where the covariation between variables, also 
response variables, may be substantial. It has for instance been 
concluded in chapter 2.3. that CO and HC concentrations may 
co-vary under certain conditions and that NOx and CO 
concentrations are related at other conditions. Furthermore, it is 
desirable to obtain some kind of relation, qualitative or 
quantitative, between the variables (sensor signals) and the 
response variables (concentrations) from a set of observations, 
normally arranged in two matrices, X and Y, according to 
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1 Söderström, 2003 
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Just by looking at the signals from the m sensors and directly 
comparing them to the individual concentrations, it is very 
difficult to get a picture of the information the sensor 
combination is able to provide. 
 
Under the assumption that there is a relation (covariation) 
between the different variables, as well as between the dependent 
variables, determined by an underlying structure – a few latent 
variables – a reduction in dimensionality of the data, without 
loosing that much of (non-redundant) information as compared 
to the original data, ought to be possible. As an example, the 
individual concentrations of HCs, CO, and NO may to a certain 
extent be tied to flue gas oxygen concentration (deficiency or too 
much of excess air) and moisture content of the fuel, these two 
being the latent variables, while the sensor signals may be tied to 
the relation between HC, CO, and O2, thus also affected by the 
underlying latent variables. The underlying structure may not 
always be transparent, however, and how the data reduction 
should be performed to retrieve most of the useful information in 
a specific application is also a question of concern. 
 
 

5.1.1. Principal components analysis 
 
One way of reducing the dimensionality of data to find the more 
important qualitative relationships between sensor signals and 
emissions, and possible information about the underlying 
structure, is through the introduction of a few new variables, so-
called principal components (PCs), tj, linear combinations of the 
old 
 

xaxaxaxaxat jmjmjjjj '332211 =++++= L  (5.2.) 
 
where aj is determined as the vector (direction) in sensor signal 
space with the largest sample variance, subject to the following 
constraints 
 

1' =jj aa ,   0' =ij aa ,   ji <   (5.3.) 
 
The orthogonality requirement, aj’ai=0, ensures that the new 
variables are independent, thus more likely reflecting underlying 
latent variables. To find the coefficients defining the first 
principal component, the elements of a1 are chosen so as to 
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maximize the variance of t1 (without violating aj’aj=1). The variance 
of t1 is given by 
 

1111 ')'()( aSaxaVartVar ==  (5.4.) 
 
where S is the variance-covariance matrix of the original 
variables. It can be shown that maximizing a1’Sa1 under the 
constraint a1’a1=1 leads to the solution that a1 is the eigenvector of 
S corresponding to the largest eigenvalue λ1.1 To obtain the 
second component, a2’Sa2 is maximized under the constraints in 
(5.3.), leading to the solution of a2 being the eigenvector 
corresponding to the second largest eigenvalue. 
 
Since ai is an eigenvector of S, corresponding to the eigenvalue λi 
 

iiaS λ=  (5.5.) 
 

thus    ( ) iiiiiiii aaaatVar λλλ === ''  (5.6.) 
 
The total variance of the m independent principal components 
possible to obtain will equal the total variance of the original data 
set, which can be expressed as 
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It is thus possible to determine the fraction of the total variation 
that the first l new variables (PCs) will account for as 
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In many cases this value is large even for a small number of 
principal components. Typically 2 or 3 PCs can account for 80-
90% of the variation in the original data set, why the original m-
dimensional sensor signal space can be reduced to a two- or 
three-dimensional one with only a minor loss of information. 
 
                                                 
1 Chatfield et al., 1980 
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The (principal component) scores are the original n observations 
expressed in the new variables 
 

ik
k

kjij xat ∑=  
mk
lj
ni

L

L

L

1
1
1

=
=
=

  (5.9.) 

 
Normally, the n observations of a variable are scaled and 
normalized before calculating the PCs and the scores, however. 
To avoid that any one of the original variables will have a 
disproportionately large influence on the result, in relation to the 
actual information it provides (due to a different unit of the 
variable or a range of values for the corresponding observations 
some order of magnitude larger than in the case of other 
variables), the observations are commonly divided by their 
respective variable standard deviations, followed by subtraction 
of the variable means from the resulting values. Other scaling 
procedures exist, but this is probably the most common and is 
referred to as auto-scaling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sensor 1

Sensor 2

Sensor 3

PC #1

PC #2 

Fig. 5.1. shows the reduction of a three-dimensional sensor 
signal space to a plane, spanned by the two orthogonal 
directions (principal components) in sensor signal space 

exhibiting the largest variation in the original data (open circles). 
The new data set (filled circles) constitute the projection of the 

original data onto this plane.  
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Geometrically, the scores can be visualized as the projection of 
the observations in n-dimensional space on a plane or a 
hyperplane, spanned by the principal components. The case 
where n observations from three sensors have been expressed by 
two new variables (projected onto a plane) is shown in Fig. 5.1. 
By identifying the corresponding values of flue gas 
concentrations for each score, general trends and information 
about the underlying latent variables can possibly be obtained. 
 
Through the so-called loadings, the projections of the old 
variables on the new ones, it is also possible to obtain 
information on what variables that contribute most information 
about a certain latent variable. As an example, if the second 
principal component is to a large extent correlating with the 
amount of CO in the flue gases and MISiC sensors with Ir as the 
gate material have large values for PC #2 in the loading plot, Ir 
based MISiC sensors are important for the possibility of 
obtaining information regarding CO in the flue gases. Moreover, 
the loadings can also give valuable information about similarities 
between sensors (variables). Two sensors with practically the 
same loadings most probably exhibit very similar selectivity 
patterns, regarding the gas matrix of interest. 
 
 

5.1.2. Partial least squares regression 
 
 
Frequently it is also of interest to quantitatively relate 
observations from the m variables (sensor signals) to a number of 
response variables (flue gas HC, CO or NO concentrations), 
relations that later on can be utilized to estimate response 
variable values from measurements of the variables only. This 
applies especially to cases when response variables are difficult 
or expensive to measure. Due to the stressed multicollinearities 
between “independent” variables (sensors) and the existence of 
multiple response variables, ordinary multiple linear regression 
will not perform very well, however. 
 
Partial Least Squares (PLS) is a regression method utilizing the 
assumption of an underlying structure useful for the description 
of both variables and response variables observations and is 
intimately related to PCA. The linear PLS model finds, just as for 
PCA, a few truly independent, “new” variables, tj:s, linear 



5. SiC FET based multi-sensor systems 

 99

combinations of the original, which are estimates of the latent 
variables or their rotations and supposedly also good predictors 
of the response variables. 
 

ik
k

kjij xwt ∑=  T = XW (5.10.) 

 
ipij

j
pjip ftcy += ∑     Y = TC’ + F (5.11.) 

 
The new variables (the X-scores, tj:s) should also give a good 
summary of the original X-data, so when multiplied by the 
loadings, pjk, exhibit small x-residuals, eik. 
 

ikijjkik etpx += ∑     X = PT + E (5.12.) 

 
The Y-residuals, fip, express the deviations between the observed 
and modeled responses. Combining (5.10.) and (5.11.) a multiple 
regression model can be obtained. 
 

ip
k

ikkpip
k
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j

pjip fxbfxwcy +=+= ∑∑∑  (5.13.) 

 
Y = XWC’ + F = XB + F (5.14.) 

 
The PLS regression coefficients describing the relation between 
variables X and response variables Y can thus be obtained as 
 

kj
j

pjkp wcb ∑=  B = WC’ (5.15.) 

 
To extract these coefficients from a set of observations 
(comprising both X- and Y-data, e.g. sensor signals and CO, HC, 
and O2 concentrations) while at the same time keeping both the 
X- and Y-residuals small, a number of different algorithms have 
been developed, one of the more familiar being the NIPALS 
algorithm.1 
 
 
 
 

                                                 
1 Wold et al., 1984 



5. SiC FET based multi-sensor systems 

 100

 
(i). Chose a starting vector, u, usually one of the Y columns, and then calculate 

the X-weights. 
 

uu
uXw

'
'

=  such that 1=w  (5.16.) 

 
(ii). Calculate the X-scores, t: 

 
wXt =  (5.17.) 

 
(iii). Calculate the Y-weights, c: 

 

tt
tYc

'
'

=  (5.18.) 

 
(iv). Calculate an updated set of Y-scores, u, to be used in eq. (5.16.) 

 

cc
cYu
'

=  (5.19.) 

 
Repeat steps (i) through (iv) until the changes in t are small 

 

ε<
−

new

newold

t

tt
 610−≈ε  (5.20.) 

 
(v). Remove the present component from X and Y and use the new matrices in 

(i) to (iv) to calculate the next component. 
 

tt
tXp

'
'

=  'ptXX new −=  'ctYYnew −=  (5.21.) 

 
Continue step (i) to (v) until there is no more significant information in X about 

Y. 
 

 
This procedure clearly illustrates the general feature of all PLS 
algorithms; to extract the regression coefficients by finding new 
X- and Y-variables, X- and Y-scores, such that the covariance 
between the X- and Y-data sets in these new variables is 
maximized. 
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Geometrically, the PLS regression method can be viewed as a 
projection of the original n observations from the m variables on 
an l-dimensional hyperplane such that this plane well 
approximates the original X data set at the same time as the 
projected data points on this plane, the scores tij, correlate well 
with the response variable values. The weights wa and ca give 
information about how the variables combine to form the 
quantitative relation between X and Y. Hence, as with PCA, these 
weights are essential for the understanding of which X-variables 
that are important in modeling a certain response variable Y, and 
which X-variables that essentially provide the same information. 
 
The part of the original data not explained by the model is of 
diagnostic interest. Large Y-residuals indicate that the model is 
poor, and a normal probability plot of the residuals of a single Y-
variable is useful for identifying outliers in the relationship 
between T and Y. The Root Mean Square Error (RMSE) of 
prediction is a measure of the uncertainty of the estimations 
when applying the PLS model to an X-data set similar to the one 
used when constructing the model. 
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  (5.16.) 

 
For a more detailed treatment of principal components analysis 
and partial least squares regression, the book by Everitt et al. 
(1991) and the review article by Wold et al. (2001), provide a good 
insight of the topic. 
 
 
 

5.2. Sensor arrays – the story so far 
 
 
The feasibility of flue gas monitoring by arrays of less selective 
MISiC, and to some extent also MOS, sensors has already been 
investigated through field tests in both exhaust and flue gases, 
conducted over the past 7-8 years. Various combinations of 
MISiC devices, both Schottky-type and transistors, with dense Pt 
and Ir as well as thin, porous Pt and Ir films as gate materials, 
operated at different temperatures, have been tested. The MOS 
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devices have been commercially available sensors from the 
FIGARO 2000 (FIGARO Engineering Inc., Sensbanishi, Mino, 
Osaka, 562, Japan) and FiS SP (FiS Inc., 3-36-3, Kitazono, Itami, 
Hyogo, 664-0891 Japan) series. It must however be pointed out 
that these sensors are not primarily intended for use in flue gas 
monitoring or combustion control and therefore not optimized for 
the aggressive flue gas environment. 
 
 

5.2.1. Emissions monitoring 
 
 

 
Fig. 5.2. The estimated vs. real CO concentrations when using a 
PLS model based on 2 MISiC, 3 MOS and 1 amperometric zirconia 
oxygen sensor. The same model was applied to two separate days 
of measurements, one (to the left) and five (to the right) days after 

the initial measurement (which was used to build the model) 
(Unéus et al, 2000). 

 
 
Figs. 5.2. and 5.3. show estimations of flue gas CO and NO 
concentrations from a 500 kW wood pellet fuelled boiler based on 
two partial least squares regression models.1 The models were in 
turn based on arrays comprising, in the case of CO, 2 MISiC 
Schottky devices, 3 MOS sensors and an amperometric zirconia 
oxygen sensor, and in the case of NO, 4 MISiC sensors, 4 MOS 
sensors and the oxygen sensor. Better predictions were obtained 
when also including the furnace temperature and the fuel-feeding 
rate in the model. The models to predict (estimate/ measure) flue 
gas concentrations of CO and NO from the sensor signals were 
applied to two days of measurements, one and five days after the 
initial measurement. In the case of CO prediction, the correlation 
                                                 
1 Unéus et al., 2000 
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was still quite good, indicating that this model may be valid up to 
at least about one week after the first measurement, in this 
special case (boiler design and operation, fuel, sensor setup etc.). 
The slope of predicted vs. real CO concentration was deviating 
slightly from 1 on the 5th day, however. 
 

 
Fig. 5.3. The estimated vs. real NO concentrations when using a 
PLS model based on 4 MISiC, 4 MOS and 1 amperometric zirconia 
oxygen sensor. The same model was applied to two separate days 
of measurements, one (to the left) and five days (to the right) after 

the initial measurement (used to build the model) (Unéus et al, 
2000). 

 
 
Regarding NO, the predictions were less good both when applied 
one and five days later. This might be due to the influence from 
more strongly varying CO concentrations since all of the used 
sensors also have a more or less pronounced sensitivity to 
carbon monoxide, or result from a drift in the signal from the 
relevant sensors for NO monitoring. The variation of CO 
concentration in the flue gases from this particular boiler was in 
between approximately 80 to 500 ppm, which is quite large 
compared to the NO variation – 60 to about 100 ppm. This larger 
relative variation of CO is probably the main reason behind the 
better and more stable predictions of CO as compared to NO. 
 
The oxygen concentration can readily be monitored by the 
amperometric zirconia electrochemical cell. The sensor system 
has thus shown some possibilities to simultaneously monitor O2, 
CO and NO concentrations in this specific application, values, as 
discussed in chapter 2.3. and 2.4, useful for the control of 
combustion. There is however a point in testing the performance 
of the sensor system excluding the zirconia oxygen sensor since 
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the production cost of this device is considerably higher than for 
the others. 
 
A comparison of the separate contributions of MISiC and MOS 
sensors to the sensor system’s ability of CO monitoring, 
excluding the zirconia sensor from the models, has indeed been 
conducted.1 In this study the concentrations of O2, CO, NO, SO2, 
CH4 and NH3 have been artificially and individually varied by the 
introduction of these gases in the flue gas channel after 
combustion. A PLS model based on 3 MISiC sensors, using only 
one principal component (PC), was built and compared to a 
similar PLS model based on an array of MOS sensors. The root 
mean square error (RMSE) value of the MISiC based model was 
5.2, which in this case is equivalent to the possibility of 
measuring the CO concentration within ±10 ppm of correct value. 
In the case of MOS sensors the best RMSE value obtained for CO 
prediction was 15.4. The use of MOS sensors together with the 
MISiC sensors did not enhance the ability to predict CO either; 
the best RMSE value for a combination of MISiC and MOS 
sensors being 7.3.  
 
 

5.2.2. Control strategies 
 
In the other approach – monitoring the state of combustion – the 
idea is to specify an “ideal” flue gas composition (or set of 
compositions) of corresponding to optimal combustion (as defined 
from the trade-off between efficiency of combustion and 
emissions) and then identify the corresponding sensor signals. 
For this purpose, a control unit could be designed to keep track 
of the quality of combustion by way of defining a volume (or 
volumes) in n-dimensional sensor signal space, outside of which 
the system indicates non-optimal combustion. For ease of 
implementation, however, the n dimensions (typically more than 
four) are normally reduced to two or sometimes three by applying 
statistical methods like principal component analysis (PCA). 
 
This approach has been tested in a 100 MW biomass fuelled 
power plant,2 where the composition of flue gases corresponding 
to optimal combustion was specified to contain medium levels of 
CO (50-200 ppm) and about 5 % oxygen. Three more “states of 

                                                 
1 Unéus et al., 1999 
2 Unéus et al., 2005 
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combustion” were selected/identified as follows and compared to 
a two-dimensional representation (A PCA with two principal 
components) of the signals from one MISiC transistor device and 
three MOS sensors. 
 

1. Medium CO (50-200 ppm) and medium O2 
(~5%) 

2. Low CO (0-20 ppm) and very high O2 (10-
20%) 

3. Low CO (0-40 ppm) and high O2 (~7%) 
4. High CO (100-500 ppm) and low O2 (below 

4%) 
 

 
As can be seen from Fig. 5.4, the sensor signals corresponding to 
each of the states cluster together in different parts of the PCA 
chart (score plot), in the case of state 2 and 3 separated from 
each other as well as from 1 and 4. The reason why the clusters 
representing state 1 and 4 are confounded is probably due to 
similar CO and, to some extent, O2 concentrations for these 
states. 
 
This allows an area of state 1 in the score plot, not confounded 
with state 4, to be chosen to represent optimal combustion and 
as long as the signals from the sensor system stay within these 
limits, no further control actions have to be taken. Whenever the 
signals no longer satisfy the criterion, relevant parameters for 
boiler operation, e.g. the different airflows, have to be changed to 
return to optimal combustion, i.e. the defined area in the PCA 
score plot. The major problem of this approach, though, is to 
identify the relevant parameters and in what way they ought to 
be changed in order to bring the combustion process from any 
certain state to the preferred one (state 1 in this case). In this 
case however, it seems like the variation in CO concentration 
dominates the first component, which can give some useful 
information on how to change boiler settings when the signal 
from the sensor system is drifting out of the preferred optimal 
combustion area, along this particular direction. 
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Fig. 5.4. PCA score plot of the signals from one MISiC and three 
MOS sensors subjected to flue gases from a 100 MW boiler. The 
different states of combustion, as identified above, are indicated 

by their respective area in the PCA chart (Unéus et al., 2005). 
 
As before, one could also try to achieve operation point control 
through simultaneous CO and NOx emissions monitoring, and in 
particular fine tune the boiler operation within the outer limits of 
the “optimal” state, as defined by 1 above, for best possible 
performance. This idea was tested by using data corresponding 
to states 1 and 4 for the training and validation of a PLS model 
for CO. The model was then used in trying to estimate (predict) 
the CO concentration at two separate occasions (when the boiler 
was operating in state 1 or 4) 14 and 32 days after the first 
measurement (see Fig. 5.5.). When compared to real 
concentrations, however, the results proved to be unsatisfactory 
with uncertainties of about 100 ppm. One possible reason could 
be long-term stability problems of one or more of the sensors 
involved, another the fact that this sensor combination might not 
have sufficient predictive ability towards CO in presence of 
varying concentrations of other gases. 
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Fig. 5.5. Estimated vs. measured CO concentration for two data 

sets obtained 14 (left) and 32 (right) days after the initial 
measurement (the training data set) (Unéus et al., 2005). 

 
 
From this pioneering work it was concluded that a more detailed 
and fundamental knowledge about sensor characteristics, 
response patterns, long-term stability, etc, in flue gases was 
needed, as well as a deeper understanding of the sensor response 
mechanisms behind the characteristics. Some of the remaining 
black-box features also needed to be lifted from the use of PCA 
on sensor arrays; what do the main trends in a PCA score plot 
from MISiC/MOS sensors actually correspond to regarding flue 
gas composition. A further investigation of the potential for a 
system based on only SiC FE sensors and the development of 
new sensing layers for MISiC devices to improve simultaneous 
detection of minor species, such as NOx and CO, from an array of 
MISiC sensors was also considered interesting. 
 
The aim of this present work, the research project, is thus to be a 
humble contribution to the development and characterization of 
SiC FE based sensors as well as development of suitable sensor 
combinations / sensor systems optimized for the specific 
application of combustion control in small-scale biomass fuelled 
local and domestic heating systems in order to increase power to 
fuel economy and reduce emissions. 
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  6. Materials and methods 
 
 
 
The SiC based field effect sensors under investigation have been 
both of the transistor and capacitor kind and different metal/ 
oxide combinations have been studied in the course of this work. 
The structure of these materials and their characteristics under 
gas exposure, in well-defined laboratory set-ups as well as during 
field tests, have been studied with the aid of e.g. gas analysis 
instruments and surface analytical equipment. A short summary 
of the materials, methods and experimental set-ups used are 
given below. 
 
 
 

6.1. Sample preparation 
 
 
 
The MISiC transistor transducer has been designed and 
processed from 4H-SiC wafers, with a 5 µm n-doped epi-layer, at 
ACREO AB, Electrum 236, SE-164 40 Kista, Sweden (see also 
Fig. 4.8.). The insulator is composed of a thermally grown silicon 
dioxide (SiO2) on top of which an LPCVD deposited silicon nitride 
(Si3N4) layer is formed and subsequently densified by wet 
oxidation at 950°C, the latter process also resulting in a thin 
native oxide (SiOx) on the surface of the nitride. The total 
thickness of the insulator is approximately 80 nm. 
 
The ohmic contacts to drain, source and the backside of the SiC 
substrate consist of 50 nm Ni, annealed in argon (Ar) 10 min at 
950°C, and 50 nm TaSix + 400 nm Pt deposited on top of the Ni 
as a corrosion protection layer. The gate metal contacts have 
been deposited by sputtering or evaporation through a shadow 
mask. Four different kinds of metal gate contacts have been 
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processed in the course of this work; porous films of Pt and Ir 
and two differently processed dense films of Pt, one where a 10 
nm TaSix layer has been deposited on top of the oxide to increase 
the adhesion of the Pt film. 
 
The porous Pt films have been sputtered at a background Ar 
pressure of approximately 50 mTorr to a thickness of about 25 
nm whereas the porous Ir films have been processed either by 
evaporation through a shadow mask to a film thickness of about 
20 nm or sputter deposited at the same background pressure as 
for the porous Pt ones to film thicknesses ranging from 25 to 60 
nm. The TaSix + dense Pt films have been processed by 
sputtering of a 10 nm TaSix layer followed by a 100 nm thick Pt 
film at a background Ar pressure of about 2 mTorr. The other 
kind of dense Pt film was deposited through a two-step 
sputtering procedure, where a 10 nm Pt layer was sputtered at a 
background pressure of 50 mTorr followed by sputtering of an 
extra 30 nm at a low background pressure of approximately 2 
mTorr. The initially deposited porous layer is assumed to relieve 
some of the stress existing between the oxide and a dense Pt film, 
and so increasing the adhesion of the finally processed film. 
 
The capacitor structures have also been processed from 4H-SiC 
wafers with a 5 µm n-doped epi-layer, the first step being the 
formation of an insulator layer analogously with the transistor 
case. For some of the devices an extra insulating layer of MgO 
(magnesia) has been evaporated on top of the silicon oxide (SiOx) 
to a total thickness of approximately 80 nm and annealed in 
oxygen ambient at 500°C. The ohmic contacts to the backside of 
the SiC substrate consist of approximately 100 nm nickel (Ni) 
annealed at 1000°C in Ar and 50 nm TaSix + 400 nm Pt 
deposited on top of the Ni. The metal contacts have been sputter 
deposited through a shadow mask, porous films at a background 
Ar pressure of 50 mTorr and dense films according to the two-
step sputtering process presented above. The area of the metal 
contacts was made large - 36 mm2 - in order to facilitate 
simultaneous sensor signal and reaction products monitoring. 
0.7 mm2 large bonding pads composed of 5 nm chromium (Cr) 
and 250 nm gold (Au) were deposited on top of the metal films. 
 
During all gas measurements the sensor devices (both transistor 
and capacitor structures) have been glued to a ceramic alumina 
(Al2O3) substrate, with a thin resistive-type Pt heater wire inside 
(to be able to heat the sensor devices), mounted on a header with 
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16 gold plated pins, enabling electrical connections to be made to 
the sensors (see Fig. 6.1.). The sensors’ ohmic contacts and 
bonding pads have been connected to the pins via gold wires 
welded to both the contacts and the pins. A Pt100 temperature 
sensor for control of the sensors’ temperature of operation has 
also been mounted on the ceramic heater. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.2. Sensor characterization 
 

 
 
The structure of the deposited oxide and metal films has been 
studied with Scanning Electron Microscopy (SEM) and especially 
in the case of the oxide surfaces by Atomic Force Microscopy 
(AFM), both prior to and after exposing the sensor devices to test 
gases. 
 
In all gas measurements the transistor devices have been diode 
coupled (gate, source, and the backside of the substrate 
connected and grounded) and operated at a constant current of 
67 µA, taking the drain to source/gate voltage as the sensor 

Fig. 6.1. To facilitate 
electrical characteri-

zation and gas 
measurements the 
MISiCFET sensor 

devices are glued to a 
heater substrate 

mounted on a 16-pin 
header with gold-plated 

contacts. The 
transistors’ohmic 

contacts are connected 
to the contacts on the 
header through gold 
wires and a Pt100 

temperature sensor for 
temperature control is 
also mounted on the 

heater substrate. 
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signal. All measurements with the capacitor devices were run at 
constant capacitance, close in value to the inflexion point of the 
C/V-characteristics (See also Fig. 4.3.), as controlled by a 
capacitance meter (Hewlett Packard 72B) and a software based PI 
controller (developed by Ingemar Grahn at Linköping University). 
The applied DC bias voltage to keep a constant capacitance is 
taken as the sensor signal, measuring at 1 MHz frequency of the 
applied AC voltage.  
 
In the case of laboratory measurements commercial mass flow 
controllers (Bronckhorst HIGH-TECH B.V., Nijverheidsstraat 1A, 
7261 A Ruurlo, The Netherlands) have been used in conjunction 
with commercial software (FlowBus FLOW DDE 32, Bronckhorst) 
to supply the gas mixtures used for sensor response 
characterization. The sensors have been mounted in a stainless 
steel housing during gas exposure and all gases used were dry 
and of 99.99% purity or better. NO might be partly oxidized to 
NO2 and is denoted NOx. 
 
For the measurements on large area capacitor devices a mass 
spectrometer has been connected to the gas flow just 
downstream of the sensor location, in order to facilitate 
monitoring of substances produced in reactions taking place on 
the sensor surfaces. 
 
The equipment used during most of the field tests allows the on-
line continuous withdrawal and passing of heated (above dew-
point) gas from the flue gas channel (chimney) over the sensors 
through a sample probe (including a rough, ceramic-type filter to 
protect against the impact of fly ash), a heated membrane pump, 
heated sample lines and a heated stainless steel chamber 
(~180°C), where the sensors have been mounted. The sensor 
system is further composed of thermally insulated and shielded 
electronics for temperature control (applying both to sensors and 
sample lines) and data acquisition, supplied by AppliedSensor AB 
(AppliedSensor AB, Teknikringen 6, SE-583 30 Linköping, 
Sweden). The system allows the simultaneous evaluation of 16 
MISiC sensors. 
  
In order to correlate sensor and sensor array performance with 
flue gas composition, various gas analyzers for the determination 
of NH3/CO/CO2/NO/NO2 (based on techniques like IR 
spectroscopy and, in the case of NOx, chemoluminescence) as 
well as an FID for total hydrocarbon and a paramagnetic cell for 
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oxygen concentration have been connected to the gas flow. 
Control and boiler parameters like airflows, load, fuel feed rate, 
furnace temperature, etc, have also been recorded. The complete 
setup is shown in Fig. 6.2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6.2. Schematic representation of the experimental setup used 
during most of the field measurements. 

 
 
In case of the combustion control experiments on a 40 kW wood 
fired boiler, the sensors were mounted directly in the flue gas 
channel, according to Fig. 6.3., separated from the main flue gas 
stream only by a coarse filter. The 16-pin header is mounted in 
an outer tube connected to the flue gas channel, while an inner 
tube, ending just in front of the sensors, extends into the centre 
of the flue gas channel. Due to the lower pressure at the centre of 
the flue gas channel as compared to close to the wall, flue gas 
will enter the outer tube at the wall of the flue gas channel, flow 
through this tube, pass over the sensors, and then exit through 
the inner tube. 
 
During the combustion control experiments the boiler was also 
equipped with two adjustable dampers, one for the total primary 
and one for the secondary airflow (see also Fig. 6.4.). Except for 
electronics controlling the operation temperature of and 
providing the constant current to the sensors, a microcontroller 
unit was used to sample the signals from the two sensors and 
the thermocouple used to monitor the combustion process as 
well as providing the analog output signals determining the 
positions of the dampers. A PC was connected to the 
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microcontroller unit for flexibility in designing the control 
scheme. The translation of sensor and thermocouple signals into 
control actions was made through a LabView™ based software 
program. 
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Fig. 6.3. Mounting of the sensor devices in the flue gas 
channel. 

Fig. 6.4. 
Schematic cross-
section of the 40 
kW wood fired 

boiler used during 
the field tests. The 
sensor location is 

also indicated. The 
primary air is 
supplied both 

directly into the 
combustion zone at
the bottom of the 
fuel compartment 
and from above at 
the top of the fuel 

compartment. 



7. Summary of results 

 115

 
 
 
 
 
 
 
  7. Summary of results 
 
 
 
From the results obtained during tests in simulated flue gases 
(paper I), it seems like stable operation can be obtained (at 
moderate temperatures), after an annealing period of about three 
weeks, for all of the MISiCFET sensors presently at use in the 
research regarding emissions monitoring. Of importance is 
however that the flue gas composition is not varied too much, 
e.g. exchanged for pure air, during operation, since this seems to 
reversibly affect the sensors’ performance (Fig. 7.1.). The 
sensitivity to the different gases also decreased during the 
annealing process, quite dramatically in the case of sensors with 
Ir as gate material, possibly due to a reduction of catalytic 
activity of the gate materials. 
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Fig. 7.1. The evolution over time of the different sensors’ signals 
towards a specific composition of simulated exhaust (75 ppm of 
CO, NOx, C3H6, C2H6, NH3 and H2 in 10% O2 in N2) when run at 

400° C in randomly varying concentrations of these gas 
constituents. ( a ) denotes a period of 72 h of exposure to air at 

400° C and ( b ) one week in air at room temperature. 
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Fig. 7.2. Response profiles (sensor response vs temperature) for 
the Ir sensors towards some interesting gas constituents at 250 

ppm. 
 
In the range of concentrations tested (0-250 ppm), there is 
notably no significant sensitivity for any of the sensors to ethane 
(or propane, data not published) – a model saturated 
hydrocarbon – over the temperature interval applicable to long-
term operation of SiC based field effect sensors and for the 
background conditions of approximately 10% oxygen in nitrogen. 
Both Pt and Ir sensors also show a very low sensitivity towards 
CO, as compared to hydrogen, propene – a model unsaturated 
hydrocarbon – and ammonia, for concentrations in the range 0-
250 ppm and in the presence of 10% oxygen. On the other hand, 
a pronounced NH3 response, with negligible interferences from 
NOx and propene was found for MISiCFET sensors with Ir as the 
gate material when operated at approximately 250°C (see Fig. 
7.2.). 
 
Indications towards rough simultaneous estimations of propene 
and NH3 concentrations in presence of independently varying 
concentrations of CO, NOx, and H2 by an array of different 
MISiCFET sensors, operated at different temperatures, utilizing 
partial least squares regression, were also obtained from 
laboratory experiments (Fig. 7.3.). 
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Fig. 7.3. Predicted vs real concentrations for the PLS training and 
validation data sets for both propene and ammonia. The models 
are based on signals from twelve individual MISiCFET sensors 

and the training and validation data sets were obtained five days 
apart. 

 
 
 
The latter result was also shown to be possible to utilize for the 
monitoring of ammonia slip from a 5.6 MW biomass fuelled boiler 
during ammonium sulphate injection in an SNCR field test (Fig. 
7.4.), with only small interferences from other flue gas 
constituents (paper II). Better estimations of the ammonia 



7. Summary of results 

 118

concentration were obtained for exponentially adjusted 
(according to the Temkin isotherm) sensor signals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When tested for emissions monitoring in a less well-designed and 
non-optimized 200 kW wood pellet fuelled boiler (paper III) the 
same combination of sensors was no longer able to provide good 
predictions of hydrocarbon concentration (although being within 
the same range as tested under laboratory conditions) for all 
situations encountered, however (Fig. 7.5.). Taking into account 
that total hydrocarbon and CO concentrations most often co-vary 
in flue gases, the sensor signals still seemed to correlate also 
with the flue gas CO concentration to a certain extent, compare 
to B in Fig. 7.5. The CO emissions from this particular boiler 
were, however, substantially larger than the CO concentrations 
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underestimates high concentrations of ammonia and 
overestimates some of the intermediate concentrations, whereas 
the adjusted model (according to the assumption that the sensor 
response towards ammonia follow a Temkin type isotherm) does 

not.  
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investigated in the laboratory tests and the oxygen concentration 
also varied from 3 to more than 15% during normal operation. 
 
Still, a rough picture of the state of combustion could be 
obtained through the separation of emissions situations caused 
by too much of excess air and conditions caused by deficiency of 
air from each other as well as from the states signified by low 
overall emissions (and medium oxygen concentrations) in a 
principal component analysis based on 4 MISiCFET sensors and 
the flue gas temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7.5. Simultaneous estimation of CO and total hydrocarbon 
concentrations in flue gases from a 200 kW wood pellet fuelled 
boiler through a PLS regression model based on 16 MISiCFET 
sensors. The multivariate regression models are applied to two 

days of measurements separated five days in time. A and B 
denotes obvious failures of the model. 

 
 
 
From detailed studies of the CO response characteristics of Pt 
gate sensors under well-defined laboratory conditions (paper IV) 
it was found that the CO response exhibits an oxygen and 
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temperature dependent switch from a small to a large value when 
increasing the CO/O2 ratio or lowering the temperature of 
operation (for a constant CO/O2 value). At low CO 
concentrations, compared to the background oxygen level, and at 
high temperatures only a small response was encountered, while 
at high CO concentrations and low oxygen conditions the 
response was just as large as for hydrogen or propene (see Fig. 
7.6.), thus providing an explanation for the discrepancy between 
earlier laboratory and field test results as well as for the failures 
of the PLS model in Fig. 7.5 (compare to the situations marked A 
and B in Fig. 7.5).  Sensors with a dense Pt metal gate contact 
did not exhibit any response at all for CO/O2 ratios below the 
value at which the switch to a large response occurs. The sensor 
response also increases with increasing temperature up to the 
temperature at which the response switches to a low value, above 
which the response for the porous Pt sensors seems to be 
independent of temperature.  
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of the CO response of both dense and porous Pt MISiC 
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The switch in sensor response was also shown to be correlated to 
the switch between an oxygen dominated and an almost fully CO 
covered Pt surface, as monitored through the CO2 formation rate 
which is known to be low on Pt when the Pt surface is highly CO 
covered, the CO oxidation rate being much higher for an oxygen 
dominated surface.1 Generally a large sensor response was 
encountered whenever the CO2 formation was low, implying a CO 
covered Pt surface, and vice versa; a low sensor response being 
correlated to a high CO oxidation rate (see Fig. 7.7.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Upon addition of hydrogen to the CO/O2 mixture the CO self-
poisoning could be broken, if the CO/O2 value was not too large 
in comparison to the hydrogen concentration, leading to a switch 
from low to high CO2 formation, followed by a decrease in sensor 
response. For higher CO/O2 values the hydrogen added did not 

                                                 
1 Johansson et al., 2001 
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Fig. 7.7.  In (a) the amount of CO2 and H2 present in the gas 
flow downstream of the sensor location during exposure of one 
porous Pt/SiO2 sensor sample to various CO concentrations at 

5% O2 and 200°C, where a pulse of 500 ppm H2 has been added
to each CO pulse. The corresponding sensor signal is given in (b) 
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break the CO coverage, and thus did not increase the CO2 
formation rate. The sensor response increased slightly, however, 
from an already large value, indicating that hydrogen can 
“penetrate” the CO layer without breaking the CO coverage (see 
Fig. 7.7.). 
 
Similar CO oxidation characteristics were found for MISiC 
capacitor sensors with the metal/insulator interface composed of 
dense platinum/magnesium oxide (MgO), but practically no 
sensor response was encountered for the concentrations and 
temperatures investigated (see Fig. 7.8.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These results, the insensitivity of dense Pt/ SiO2 sensors towards 
CO at higher temperatures or at low CO/O2 ratios and the overall 
insensitivity of dense Pt/ MgO devices towards CO, also give 
indications on the response, at least partly, being mediated 
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through an increased sensitivity to background hydrogen, 
especially if the theoretical prediction that the Pt/ MgO material 
system when applied to MISiCFET devices should exhibit a very 
low sensitivity to hydrogen is correct.1 
 
From the CO response characteristics of porous Pt/ SiO2 and 
porous Pt/ MgO sensors, both exhibiting a CO response for all 
concentrations and temperatures investigated, it seems likely, 
however, that one or more processes other than the increased 
sensitivity to background hydrogen also contribute to the CO 
response of devices with porous metal contacts, one candidate 
being the removal of oxygen anions from the surface of exposed 
oxide areas. 
 
The CO response characteristics of Pt gate MISiCFET sensors 
was also possible to utilize in the development of a system based 
on two porous Pt sensors and a thermocouple for control of the 
combustion process in small-scale wood fired boilers (paper VI). 
Examining Fig. 7.6 more closely it is seen that a Pt gate sensor 
operated at fairly low temperatures (about 200°C) will give a large 
response to 1000 ppm CO at practically any oxygen 
concentration, whereas a sensor operated at 300°C only exhibits 
a large response to 1000 ppm CO for really low oxygen 
concentrations. The response towards propene – a model 
unsaturated hydrocarbon – was shown to follow the same 
pattern, while saturated hydrocarbons have been shown not to 
influence this sensor response pattern. 
 
By following the signal from the sensor operated at a lower 
temperature it is thus possible to get information about the 
emissions situation regardless of the oxygen level, while the 
sensor operated at a higher temperature provides information 
about the flue gas oxygen level, a large response significant of low 
oxygen conditions and emissions due to deficiency of air, and a 
very low response indicating no emissions or high flue gas oxygen 
concentration, corresponding to too much of excess air. An 
example of a firing cycle where the signals from two porous Pt 
sensors operated at 240 and 325°C, respectively, have been 
compared to the emissions and flue gas oxygen concentrations is 
given in Fig. 7.9. 
 
 

                                                 
1 Bogicevic et al., to be published 
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The optimal situation would, as also indicated in Fig. 7.6, of 
course be the use of dense Pt sensors, at least in the case of the 
sensor operated at high temperature, since the response would 
go to zero for low CO and high oxygen concentrations, facilitating 
really easy evaluation. But when exposed to the corrosive flue 
gases at these temperatures the dense Pt films slowly restructure 
into porous ones, why there is no use in trying to utilize such 
sensor structures. 
 
Finally, Fig. 7.10 gives an example of a firing cycle where the 
primary and secondary airflows continuously have been adjusted 
with two dampers, utilizing the information about flue gas 
composition provided by the two MISiCFET sensors and a 
thermocouple measuring flue gas temperature, in order to control 
the combustion process. The results from the sensor based 
combustion control experiments also showed a substantial 
average reduction in both hydrocarbon and CO emissions, 
especially for fuel of very low to normal moisture content. 
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Fig. 7.9.  The response characteristics, over one firing 
cycle, of two MISiCFET devices operated at different 

temperatures when subjected to real flue gas compared to 
the flue gas CO, hydrocarbon, and oxygen concentrations. 
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Fig. 7.10.  The diagrams show the positions of the primary and 
secondary air dampers (0 corresponding to closed, i.e. no flow 

through the damper, and 50 to fully open, i.e. maximum flow through 
the damper) related to the flue gas temperature and the sensor 

signals, when the sensor based control system was applied to a 
firing cycle. The emissions of unburned matter and the resulting flue 

gas oxygen concentration is also given. 
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 8. Future work 
 
 
Well, as of this thesis I believe there is not so much more to be 
done in this field…   it is surely ruined for centuries! 
 
Actually, during the course of ones doctoral studies and the more 
investigations being undertaken the ratio of knowledge to results 
decreases exponentially. The number of observations that need 
more experimental investigations, sidetracks interesting to follow 
up and completely unrelated ideas that show up in the mind of a 
coffee loaded experimentalist during long nightshifts in the lab 
could fill ten more volumes like this one. And I definitely do not 
have the intention to present that list here, but merely give a 
taste of some complementary investigations, sidetracks and new 
ideas worth considering for future work in this area. 
 
Firstly, there is an urgent need for a better understanding of the 
mechanisms underlying the sensitivity of field effect devices 
towards most substances. If more general mechanisms can be 
formulated it might also be possible to rationally develop new as 
well as tailor existing field effect gas sensor devices for both 
current and future applications.  
 
This might for instance be accomplished through simultaneous 
sensor signal measurements and spectroscopic studies of the 
identity of species adsorbed to the sensor surface as well as 
continued  investigations on product formation from reactions on 
the sensor surface during gas exposure and trying to tie sensor 
response characteristics to the kinetics of these reactions. 
 
The influence of insulator identity is another interesting area for 
continued research, which probably can give a lot of information 
about sensing mechanisms as well as the importance of sensor 
structure for the sensitivity towards different substances, as well 
as ideas about sensor designs for new applications. 
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A third area of interest is the possible application of conducting, 
and in some cases catalytically active, metal oxides as gate 
materials in field effect devices, which might provide properties 
allowing new applications to be exploited. 
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