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ABSTRACT 

The ambitious targets of the European Union in increasing the use of renewable 

energies to 20% of Europe’s energy needs, call for urgent changes, including in the 

biomass sector. The share of solid biomass for heating purposes could be further 

increased by replacing oil- and gas-fired furnaces with biomass boilers and by 

expanding the spectrum of biomass raw materials for small-scale combustion 

systems. The interest in using non-woody biomass fuels for heat production has 

been increasing in Europe due to two main factors. First, the market for fossil fuels 

is unstable and their prices are continuously rising. Second, the increase 

competition for woody biomass between the heating sector and other industries, 

have increased the price of wood. As a result, the interest for alternative biomass 

fuels is growing rapidly, covering woody materials of low quality, energy crops and 

forest residues. 

The present work aims at investigating the technical and environmental feasibility 

of using non-woody biomass fuels in existing small-scale combustion appliances 

developed for burning wood. Therefore, combustion tests with different non-woody 

biomass fuels and in different combustion appliances were performed in standard 

laboratory conditions and in households under real life conditions (field tests). The 

laboratory tests were performed using seven different fuels (straw, Miscanthus, 

maize, vineyard pruning, hay, wheat bran and Sorghum) while in the field tests 

straw, Miscanthus and maize were burned. The gaseous and particle emissions, the 

slag tendency and the efficiency of the combustion systems operated with non-

woody biomass fuels were analysed and when possible compared with the legal 

requirements defined in FPrEN 303-5. The limitations of the investigated 

combustion appliances when operated with non-woody biomass fuels were analysed 

and discussed. 

Among the investigated fuels, Miscanthus, vineyard pruning and hay could be burnt 

in most of the tested combustion appliances while fulfilling the legal European 

requirements (defined in FprEN 303-5) in terms of emissions and efficiency. The 

non-woody biomass fuels showed problems with ash accumulation and slag 
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formation and could only be burned without unwanted shutdowns in combustion 

appliances adapted to manage high ash content fuels. Straw, wheat bran and maize 

were the most problematic fuels regarding slagging. The combustion appliances 

require appropriate technological developments to manage the strong variability in 

terms of chemical and thermal properties of the non-woody biomass fuels. The 

results of the laboratory tests were generally in agreement with the field test results 
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1 INTRODUCTION 

Energy plays a crucial role in the development of economies and is decisive for the 

social well being offering personal comfort and mobility. The present global energy 

system is mainly fossil-fuel based and in the year 2011 fossil fuels accounted for 

87% of the total global primary energy consumption [1]. Combustion of fossil fuels 

is the most important source of green house gases – the main drivers of climate 

change. Furthermore, the world’s usage of fossil fuels is unsustainable and its 

supply depends heavily on a small number of countries. Over the past three 

decades, issues of energy security, increasing fossil fuel prices and climate change 

have encouraged many countries to increase biomass use for the production of heat, 

electricity and transport fuels. Biomass is presently the largest global contributor of 

renewable energy supplying more than 8.5% of the global final energy consumption 

in 2010 as presented in Figure 1 [2]. 

 

Figure 1: Renewable Energy share of global final energy consumption in 2010 [2]. 

The potential to increase the biomass use is significant; unused agricultural and 

forest residues and industrial wastes, energy crops and aquatic biomass are 

examples of biomass sources with potential to be further explored [3]. The current 

global energy use of biomass is approximately 50 EJ Yr-1 [2] and according to [4] the 
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global annual potential of bioenergy supply in 2050 can be as high as 1100 EJ Yr-1 

(depending on the scenario analysed). 

In December 2008, the European Union adopted an integrated energy and climate 

change policy with the following targets for 2020, also called the “20 20 20 targets” 

[5]: 

 cut greenhouse gas emissions by 20%; 

 reduce energy consumption by 20% through increased energy efficiency; 

 meet 20% of the energy needs from renewable sources. 

These challenging targets requires mobilisation of the existing technologies that 

make use of sustainable energy sources, biomass included.  

1.1 BIOMASS FOR DOMESTIC HEAT PRODUCTION 

Combustion of biomass for heat production is the oldest and most common way of 

converting solid biomass to energy. Still today, the predominant use of biomass 

consists of fuel wood used in simple inefficient stoves for domestic heating and 

cooking (see Figure 1) [2], [3]. Modern combustion systems for domestic heat 

production are however available on the market. These systems are normally 

operated with wood in the form of logs, chips or pellets and show energy 

efficiencies of up to 90% [6], [7]. Modern combustion systems are well accepted by 

the users because operate automatically and have a high operational comfort [7], [8]. 

In 2009, approximately 80% of the heat production in the European Union comes 

from fossil fuel sources [9]. Oil- and gas-burners as well as electricity based heaters 

are commonly used in small-scale heating systems in Europe. Therefore, there is an 

important opportunity to increase the share of renewable energy in the heating 

sector by substituting oil, gas and electricity with biomass boilers.  

As a consequence of an increased biomass utilisation, the demand for woody 

biomass fuels, wood pellets in particular, and related appliances have been 

increasing in the last decade [2]. To fulfil the currently high demand for wood 

pellets, Europe is already dependent on imports from e.g. Canada [10]. Moreover, 

the increased competition for woody biomass between the heating sector and other 

industries, e.g. sawmills and pulp and paper industries, lead to an increase of the 

price of wood [11]. 
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1.2 THE NEED FOR ALTERNATIVE BIOMASS FUELS 

Traditional wood resources will not be able to respond to the increased demand of 

biomass e.g. [10], [12], [13]. They must be complemented with new and alternative 

biomass fuels. There is a growing interest for alternative biomass fuels in several 

European countries, covering woody materials of low quality, energy crops and 

agricultural and forest residues e.g. [13–15]. Research has shown that non-woody 

biomass has a high potential as fuels and there are several social and economic 

benefits from expanding the spectrum of biomass raw materials [3], [12], [16].  

The behaviour of non-woody biomass fuels used in medium and large scale 

combustion plants has thoroughly been investigated, e.g. [17–19]. However, 

insufficient research has been carried out regarding the feasibility of using non-

woody biomass fuels in small-scale combustion systems. Therefore, it is important 

to investigate the capabilities of existing small-scale technologies in burning non-

woody biomass fuels. Combustion tests can provide important information to boiler 

manufacturers by showing the limitations of the existing boiler technologies and by 

identifying important parameters and improvements required to adapt them for a 

broader spectrum of biomass fuels. 

Combustion of woody biomass causes emissions of gases and particulate matter 

which can seriously affect human health [20], [21]. The introduction of new biomass 

fuels that potentially may cause higher emissions into the residential heating sector 

must be thoroughly evaluated via combustion tests.  

1.3 OBJECTIVES 

The aim of this thesis has been to investigate the technical and environmental 

feasibility of using agricultural biomass fuels in existing small-scale combustion 

appliances primarily designed for combustion of wood pellets. The main objectives 

have been to: 

 investigate the gaseous and particulate emissions during combustion of 

agricultural fuels and compare with European legal standards, FprEN303-5 

[22]; 

 investigate the combustion appliances energy efficiency when agricultural 

fuels were burned and compare with European legal standards, FprEN303-5 

[22]; 
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 identify possible operational problems and technical limitations of the 

combustion appliances when using agricultural biomass fuels; 

 identify possible differences between combustion appliances operated in the 

laboratory and in field tests under real life conditions in terms of emissions, 

energy efficiency and operational problems. 
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2 THEORETICAL BACKGROUND 

This chapter provides theoretical background information on biomass standards 

(section 2.1), ash related problems and emissions during biomass combustion 

(sections 2.2 and 2.3 respectively), combustion technologies for domestic heat 

production (section 2.4) and non-woody biomass fuels (section 2.5). 

2.1 BIOMASS STANDARDS 

Biomass is available in many forms and comes from many different sources, e.g. 

forest products, agricultural residues, dedicated energy crops, animal manure 

(dung) and other organic wastes, as presented in Figure 2. 

 

Figure 2: Illustration of the various types of biomass resources.  

Over the past decade there has been a substantial increase in the amount of 

biomass being used for energy in Europe. As trade between countries becomes more 
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widespread, it is necessary to create international standards to facilitate buying and 

selling biomass fuels and combustion appliances. Standardisation is therefore a key 

issue to guarantee product quality and gain market confidence 

2.1.1 CLASSIFICATION OF SOLID BIOMASS FUELS 

The European Committee for Standardization developed a standard for the 

classification of solid biofuels EN 14961-1 [23]. The purpose of this classification is 

to allow the possibility to differentiate and specify raw material based on origin 

with as much detail as needed. The classification is based on the origin and source 

of the biomass in question and is divided into the following sub-categories: 

 woody biomass trees, bushes and shrubs; 

 herbaceous biomass from plants that have a non-woody stem and which die 

at the end of the growing season. It includes grains and their by-products 

such as cereals; 

 fruit biomass from the parts of a plant which are from or hold seeds; 

 blends and mixtures of the above. 

If appropriate, also the actual species (e.g. spruce, wheat) of biomass should be 

included [23]. The fuel production chain should be clearly traceable from source to 

the point of use. The definition of solid biofuels excludes demolition timber, all 

animal-based biomass (e.g. manure, meat and bone meal) and aquatic biomass (such 

as algae). 

2.1.2 STANDARDS FOR SOLID BIOMASS FUELS 

Several European countries (Germany, Austria, Sweden; Swizerland and Italy) 

implemented national standards for solid biomass fuels with the aim of facilitating 

the compliance and selection of combustion equipment by assuring the quality of 

the fuels. These standards and regulations differ greatly from one another. In order 

to harmonise and better compare biomass fuels on an international basis, European 

standards have been developed. The European Committee for Standardisation, CEN, 

had a mandate from the European Commission to develop standards for solid 

biofuels, under Technical Committee (TC) 335 Solid Biofuels [24]. The CEN has 

published a number of standards and pre-standards, which have been partly 

upgraded to full European standards (EN) [8]. Since the introduction of these 

standards in 2010, any previous national standard has been withdrawn or adapted 

to suit the new EN standards. 
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The International Organization for Standardization (ISO) is working since 2007 on 

International Standards for solid biofuels. The ISO standards will be available within 

a few years and will replace all European EN standards [8]. 

2.1.3 CERTIFICATION AND TESTING STANDARDS 

Before installation of biomass appliances is allowed, they have to pass the efficiency 

and emission requirements of the current European standards as well as the 

national/regional regulations. 

In the late 1990s consensus test requirements for combustion appliances started to 

emerge with the aim of improving the appliances performance. The first European 

product standards on most commonly used residential solid fuel fired appliances 

approved in 1999 by the CEN TC 295 [21]. The standard EN 303-5, “Heating boilers – 

Part 5: Heating boilers for solid fuels, hand and automatically stocked, nominal heat 

output of up to 300 kW – Terminology, requirements, testing and marking” has been 

in use since 1999 for solid fuel-fired boilers [22]. Other European standards were 

defined for other heating appliances, as shown in Table 1. These standards consider 

requirements with respect to materials, design and construction, safety, 

performance, appliance instructions, marking, evaluation of conformity and type 

testing of the appliance.  

Table 1: European standard for testing different heating appliances. 

Standard Name Type of appliance 

EN 303-5 Heating boilers for solid fuels, hand and automatically stoked, 

nominal heat output of up to 300 kW - Terminology, requirements, 

testing and marking 

Boiler 

EN 12809 Residential independent boilers fired by solid fuel – Nominal heat 

output up to 50 kW – Requirements and test methods. 

Boilers 

EN 12815 Residential cookers fired by solid fuel – Requirements and test 

methods 

Room heaters 

EN 13229 Inset appliances including open fires fired by solid fuels – 

Requirements and testing methods 

Room heaters 

EN 13240 Room-heaters fired by solid fuel – Requirements and test methods Room heaters 

EN 14785 Residential space heating appliances fired by wood pellets – 

Requirements and test methods 

Room heaters 

EN 15250 Slow heat release appliances fired by solid fuel – Requirements 

and test methods 

Room heaters 
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2.1.4 REGULATIONS FOR BIOMASS APPLIANCES 

Performance regulations for heating appliances operated with solid biomass aim at 

increasing the quality of the installed appliances. The regulations comprise the 

European standard 303-5, national requirements and quality labels. The regulations 

encourage the European countries to improve their technologies and at the same 

time consider the different performance levels of the appliances by e.g. defining 

different emission and efficiency classes for boilers in the EN 303-5. 

European Level 

The FprEN 303-5 [22] defines standards for solid fuels boilers with a nominal heat 

output of up to 500 kW. The standard defines legal requirements for carbon 

monoxide (CO), organic gaseous carbon (OGC) and dust emissions as well as thermal 

efficiencies for three different boiler classes operated with biogenic fuels (see Table 

2 and Table 3). 

Table 2: European emission legal requirements for manually and automatic stoking boilers for biogenic 
fuels [22]. 

St
o
k

in
g
 

Nominal 

Heat 

Output 

[kW] 

Emission Legal Requirements [mg m-3 at 10% O
2
] 

CO OGC Dust 

Class 

3 

Class 

4 

Class 

5 

Class 

3 

Class 

4 

Class 

5 

Class 

3 

Class 

4 

Class 

5 

M
an

u
al

 

≤ 50 5000 

1200 700 

150 

50 30 150 75 60 
>50 ≤150 2500 

100 >150 

≤500 
1200 

A
u

to
m

at
ic

 ≤ 50 3000 

1000 500 

100 

30 20 150 60 40 
>50 ≤150 2500 

80 >150 

≤500 
1200 

 

Table 3: Minimum efficiency requirements for different boiler classes in Europe [22]. 

Boiler Class Nominal Heat Output– Q [kW] Minimum efficiency - ɳ
K
 [%] 

Class 5 
Q < 100 87 + log Q 

Q > 100 89 

Class 4 
Q < 100 80 + 2 log Q 

Q > 100 84 

Class 3 
Q < 300 67 + 6 log Q 

Q > 300 82 
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National Levels 

All the EU member states are allowed to append legal requirements for heating 

appliances to the EN standards. Austria, Germany, Denmark, Finland and Sweden 

have different requirements which are stated as country deviations in Annex C of 

the same standard. The Austrian legal requirements are among the strictest and 

most complete. It is for example the only European country regulating NO
x
 

emissions. For these reasons, the Austrian legal requirements in terms of emissions 

and minimum efficiencies for standardised biomass fuels are presented on Table 4 

and Table 5 respectively.  

Table 4: Austrian emission legal requirements for standardised biomass fuels [22]. 

Stoking Biomass Fuels 
Small-scale 

appliance type 

Emission Legal Requirements [mg MJ-1] 

CO NO
x
 OGC Dust 

Manual 

Wooden fuels 
Room heaters 1100 150 80 / 50 a 60 / 35 a 

Central heaters 500 150 / 100 a 50 / 30 a 50 / 30 a 

Other  

standardised  

fuels 

Q < 50 kW 1100 300 50 60 / 35 a 

Q > 50 kW 500 300 30 60 / 35 a 

Automatic 

Wood pellets 
Room heaters 500 b 150 / 100 a 30 50 /25 a 

Central heaters 250 b 150 / 100 a 30 /20 a 40 /20 a 

Other wooden  

fuels 
All 250 b 150 / 100 a 30 50 /30 a 

Other  

standardised  

fuels 

All 500 b 300 30 /20 a 60 / 35 a 

a) Values applying from 1.1. 2015; b) The value can be exceeded by 50% during partial load operation at 

30% of nominal output. 

 

Table 5: Minimum efficiency requirements for different boilers categories in Austria [22]. 

Boiler Nominal Heat Output– Q [kW] Minimum efficiency - ɳ
K
 [%] 

Manually loaded 

< 10 79 

>10 <200 71.3 + 7.7 log Q 

> 200 89 

Automatic loaded 

< 10 80 

>10 <200 72.3 +7.7 log Q 

> 200 90 
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2.1.5 QUALITY LABELS 

Quality labels are voluntary schemes that identify a product that meets specific 

environmental performance criteria and are awarded by a third-party organization. 

The performance criteria are typically higher in the Eco-labels than the minimum 

requirements of the EN product standard and national regulations [25]. These labels 

include the Austrian “Umwelzeichen” (environmental label), the German “Blue 

Angel” and the Nordic “Swan” (common system for Sweden, Norway, Denmark and 

Finland).  

2.2 ASH RELATED PROBLEMS 

During combustion of biomass, inorganic elements, such as alkali metals, sulphur, 

chlorine and some heavy metals are released from the fuel to the gas phase. They 

react with each other or with other components of the flue gas in complex 

mechanisms, forming a variety of compounds which may be in gaseous, liquid or 

solid state. These compounds can cause slagging, fouling and corrosion in 

combustion devices, reducing its performance and damaging the equipment. 

Furthermore, they may cause harmful emissions of gases and particulate matter 

[19], [26]. 

2.2.1 RELEASE OF INORGANIC ELEMENTS 

During the devolatilization phase the most volatile elements of the fuel are released 

to the gas phase. The most important volatile elements in biomass are the alkaline 

metals potassium (K) and sodium (Na), sulphur (S) and chlorine (Cl) because they 

play an important role in gaseous and aerosol emissions [27], deposit formation and 

corrosion [28]. The heavy metals zinc (Zn), lead (Pb) and cadmium (Cd) are also 

released to the gas phase during combustion conditions and are particularly 

important on the formation of aerosols [26]. 

Release of Cl 

Cl is released as Cl
2
 (g) and reacts with water vapour forming HCl (g) during 

devolatilization phase [29], [30]. Cl can otherwise react with K or basic 

functionalities on the char surface [29]. Further Cl release is due to reaction of metal 

chlorides with carboxylic groups of the char matrix, whereby HCl is released and K 

is bound to the char matrix [29], [31]. From 700 to 830°C nearly all Cl is evaporated 

from the char as KCl (and to a less extent NaCl) due to the very high volatility shown 

by alkali chlorides [29], [32]. 
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Release of alkali metals (K and Na) 

Alkali metals comprise both potassium (K) and sodium (Na), but potassium is the 

dominant source of alkali in most biomass fuels. Furthermore, the functions and 

roles of Na in the ash transformation reactions are similar to those of K [30], [33] 

and potassium can be exchanged with sodium in most of the reactions. [29] 

presumed that at temperature of 200 to 400°C, K is released from the original biding 

sites and migrates to the pores or surface of char particles as salts (mainly KCl (s) 

and K
2
CO

3
 (s)). From 700 to 830°C the alkali release is predominantly in the form of 

alkali chlorides (KCl and NaCl). Between 830 and 1000°C K
2
CO

3
 is decomposed and K 

is released to the gas phase as KOH or as free K atoms. Potassium from the char 

matrix and from potassium silicates can be released to the gas phase at 

temperatures above 1000°C [29]. Besides being influenced by the combustion 

temperature, the K release, is strongly dependent on the K/Si and Cl/K molar ratios 

and is also influenced by the alkaline earth metals [32]. 

Release of S 

It is believed that the first step of S release in biomass fuels is due to the 

decomposition of organic S compounds of low thermal stability during 

devolatilization [32], [34]. As a result, S release below 500°C is highly dependent on 

the ratio between organic and inorganic sulphur in the fuel. S is released to the gas 

phase as elemental sulphur, S
2
(g), which is oxidized to sulphur dioxide, SO

2
(g) [30] 

depending on the oxygen availability. These forms of S can be captured by the char 

at temperatures between 400 and 950°C. During char combustion the char bound S 

is most probably transformed into sulphates such as K
2
SO

4
, Na

2
SO

4
 and CaSO

4
. At 

temperature above 700-800°C silica content have an influence on the S release [35].  

Release of heavy metals 

Easily volatile heavy metals such as Zinc (Zn) and lead (Pb) are released into the gas 

phase during the pyrolysis phase as Zn (g) and PbO(g). According to [34] an almost 

complete release is observed at 850°C. Zn and Pb retention is observed due to the 

partial incorporation on these elements into (alumina)-silicates. At 1150°C all the Pb 

is released from the fuels. Research from [36] also supported the theory that Zn is 

almost fully volatilised and its amount in PM correlated well with the Zn fuel 

content. 
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2.2.2 ASH TRANSPORT AND DEPOSIT FORMATION 

The inorganic material of biomass fuels is non-combustible and therefore it will be 

transformed into ash during combustion. Two types of ashes are formed, namely 

bottom ashes and fly ashes. The latter can be subdivided into coarse fly ashes, 

particles with diameter larger than 1 μm, and aerosols, solid or liquid particles 

suspended in a gas with diameter less than 1 μm [36], [37]. Bottom ashes are the ash 

fraction produced in the combustion chamber. The ash of certain biomass fuels can 

form deposits on the combustion area and furnace walls (slagging) or on cooled 

surfaces (fouling). When the ash deposits contain certain elements or compounds 

erosion and corrosion of metal can occur [18], [19]. 

Slagging 

Slagging are deposits in a molten or highly viscous state on furnace wall or other 

surfaces exposed to predominantly radiant heat [38], i.e. formed on or near the 

grate (near high temperature flames). These sintered deposits are either glassy 

fused coatings or agglomerates of ash bonded together with a glassy material [39]. 

The alkali, alkali earths and silica (SiO
2
) are the main ash components in the 

formation of slag, i.e. Ca, Mg, K, Na as oxides, hydroxides or metal organic 

compounds, will form low-melting eutectics with silicates [39]. For biomass, K is the 

most troublesome alkali elements of concern. Silica is often a major element in ash 

rich fuels and does not pose a problem for biomass boilers by itself, since it has a 

melting point higher than 1650°C. However, the silicate matrix can retain the 

potassium leading to low melting and sticky alkali-silicate compounds which slag at 

normal boiler furnace temperatures [38]. As seen earlier in this chapter, the Si, Cl 

and alkali-earth contents have a strong influence on the K release and consequently 

also on the slagging characteristics of the biomass fuel. Silica rich fuels retain K in 

the bottom ash (highly polymerized slags) while Ca and Mg enhances the volatility 

of K as a result of the competition for positions in the silicate matrix [40], increasing 

the melting behaviour of the ashes [41]. Other particles may also adhere on the 

surface of the silicate melts forming aggregates that grow in size. Bridges between 

similar glassy materials can be formed [42]. The silicon content in sand or soil 

contaminations are relatively inert in the combustion process compared with the 

silicon dispersed in the organic structure. However, it enhances the total silicon 

content in residual ash, promoting slag formation since it can be partly dissolved in 

slag melts [13], [42]. According to [42] the amount of slag produced during 

combustion is affected both by the burner and fuel type, whereas the composition 
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and the strength of the slag are mostly influenced by the fuel ash composition. 

Slagging can disturb the combustion process and in cases of severe slagging can 

lead to an unscheduled shut down of the boiler [42]. 

Fouling 

Fouling refers to deposits build up of species that have vaporized and then 

condensed. This may  occur in the cooler furnace region where the heat exchanger 

equipment is located [38]. Fouling is usually initiated by the deposition of a thin 

layer of condensed vapours (mostly alkali salts). This layer may provide a sticky 

surface that captures larger impacting particles dominated by a combination of 

silicates and sulphates. As the deposits grow, the temperature of the outer deposit 

layer increases due to its insulating effect. This may result in melting and the 

formation of a liquid layer at the deposits’ surface, which will capture almost any 

impacting particle and therefore cause rapid deposit build-up [43]. These deposits 

reduce the heat transfer and thus the efficiency of the combustion unit. Fouling 

deposits can also lead to the blocking on the heat exchanger section, causing severe 

problems to the system. According to [18], the elements Si, K, Ca, Cl, S and to some 

extent P appear to be the principal elements involved in the fouling of boiler 

surfaces. 

Corrosion 

Corrosion is the deterioration of intrinsic properties of a material and can be caused 

either directly by gas phase species, by deposits or by a combination of both [16]. 

Corrosion and erosion of metal caused by ash deposits are due to elements such as 

Si, Cl and S. When Si is present, the metals are exposed to chemical attack because 

protective layers of oxides can be relatively soluble and/or reactive in silica slags 

[19]. Moreover, the compounds formed from Cl and S in combination with Na and K 

present in the fuel can cause corrosion in the boiler [17]. 

2.2.3 PARTICULATE MATTER 

The total particles are formed by the coarse particles and aerosols (or fine particles). 

The coarse particles from wood combustion mainly consist of elements such as Ca, 

Mg, Si, K and Al and are formed due to the entrainment of fuel and ash particles 

from the fuel bed with the flue gas [37]. This fraction increases with the boiler load 

and is strongly dependent upon the combustion technology, the design of the 

combustion unit and the process control system used [44]. 
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Figure 3: Particle formation in wood biomass combustion [45]. 

In residential biomass combustion systems coarse fly ashes usually only provide 

minor contributions of up to 10 wt% to the total particulate matter [46]. Several 

studies on burning wood in residential combustion system have shown that particle 

emissions are dominated by submicron particles [36], [37], [47]. The fine particles 

consist of both vaporised inorganic matter and carbonaceous particles [48]. Under 

unsatisfactory combustion conditions, the particle emissions are dominated by 

particles of incomplete combustion. The inorganic ash particles always remain as a 

background constituent and at optimised combustion conditions the inorganic 

particles dominate the mass of particles emissions [46], [49]. The inorganic aerosols 

are generally formed from species that have vaporized and undergo gas phase 

reactions (see Figure 3). As soon as the vapour pressure of a compound exceeds the 

saturation pressure, they saturate and form fine particles by nucleation or 

condensation on existing surfaces. Nucleation and condensation are always 

competing processes, and when enough surface for condensation is available, 

nucleation can partly or even totally be suppressed. The nucleated particles grow 

further by coagulation and agglomeration, condensation and surface reactions [41], 

[45]. Moreover, the entrainment of small amounts of submicron refractory oxide 
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particles (CaO, SiO
2
 and MgO) from the fuel bed contributes to inorganic aerosol 

formation [37].  

2.3 EMISSIONS 

Critically related to the properties of biomass are pollutant emissions generated by 

combustion that influence the local, regional and global environment. The local 

environment is affected mainly by particle emissions and other products of 

incomplete combustion. The regional environmental is affected by acid precipitation 

originated mainly from NO
x
 and SO

2
 emissions. Biomass combustion can affect the 

global environment by emissions of direct or indirect greenhouse gases and through 

ozone depletion [21]. 

Ideal combustion can be defined as the complete oxidation of all fuel components. 

Assuming ideal combustion, the basic elements that compose biomass fuels (C, H, S, 

N and O) will be found in one of the following forms CO
2
, H

2
O, SO

2
, N

2
 and O

2
 in the 

flue gas [50]. However, biomass combustion is more complex and the emissions are 

influenced by the chemical and physical fuel properties [51] as well as by the type of 

combustion equipment [52] and mode of operation [53]. In a combustion process, all 

these variables interact together and produce an extensive variety of emission levels 

and substances. Primary pollutants from combustion include NO
x
, SO

x
, CO, C

x
H

y
, tar, 

HCl/Cl
2
, PAH, PCDD/PCDF, heavy metals, particulate matter, and incompletely 

burned char particles [26], [54], [55]. 

2.3.1 EMISSIONS FROM INCOMPLETE COMBUSTION 

The basic conditions required for a complete combustion are well known: 

 sufficient supply of combustion air for complete oxidation; 

 sufficiently high temperature for chemical reaction kinetics; 

 sufficiently long residence time at high temperature; 

 sufficient mixing (turbulence) of fuel components and air, e.g. [54] 

When these conditions are not simultaneously and completely fulfilled during 

combustion, products of incomplete combustion (PIC) are formed as solid or 

gaseous by-products (see Figure 4). However, when sufficient oxygen is available, the 

temperature is the most important variable due to its exponential influence on the 

reaction rates [21].  
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Figure 4: Paths to PIC’s formation [56]. 

PIC’s are different kinds of carbonaceous materials consisting of CO, polycyclic 

aromatic hydrocarbons (PAH), volatile organic compounds (VOC), particle matter 

(PM), small amounts of ammonia (NH
3
) [50]. Furthermore, the combination of 

incompletely burned char in fly ash and relatively high excess air may lead to 

emissions of dioxins and furans (PCDD/PCDE) [57]. Residential wood combustion is 

considered as a major emission source of PIC´s [54]. However, the release of this 

class of pollutants is mainly influenced by the combustion equipment and process 

[19]. According to [26] an effective reduction of PIC’s can be achieved by an 

optimized combustion process, providing good mixing between fuel and air, 

sufficient residence time (>1.5 s) at high temperatures (> 850°C) and low total excess 

air ratio. The complete oxidation takes place in the secondary combustion zone 

which is accomplished by appropriate nozzle designs as well as optimized 

combustion chamber geometry and size [8], [57]. 

Several studies have shown the dependency of PIC emissions on the combustion 

technology. It has been shown that PAH concentrations from old technology stoves 

can be up to 300 times higher than those of modern wood-chips boilers [58]. 

Substantial differences in PAH emissions between different combustion 

technologies were found. When air staging was applied in batch fired technologies 

PAH emissions was reduced drastically [59]. Furthermore, it has been shown that  by 

substituting old-type wood boiler with modern wood boiler attached to a storage 

tank or with a pellet boiler can reduce the methane emissions by 8 to 9000 times 
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[60]. Similarly, a reduction of the PM emissions observed in residential areas could 

be substantially reduced by exchanging the existing small-scale combustion systems 

to modern boilers. Typical PM emissions from modern pellet boilers operated at 

100% load can vary from 10 to 30 mg MJ-1, while older residential heating appliances 

show higher PM emissions, 65-150 mg MJ-1 or higher [52], [61]. 

Carbon monoxide (CO) 

Carbon monoxide is formed during combustion as a final intermediate product of 

the conversion of fuel carbon as can be seen in Figure 4. CO is further oxidized to 

CO
2
 if oxygen is available in a rate which primary depends on temperature. 

Therefore, CO is regarded as a good indicator of the combustion quality [21]. CO 

emissions are particularly influenced by the type of combustion system [46], [52], 

[61] operation mode [46], [53], [62–64], type of controlling technology [65] and to 

some extent the moisture content of the fuel [60], [66], [67]. 

 

Figure 5: CO emissions as a function of the excess air ratio [68]. 

Figure 5 shows the CO emission level as a function of excess air ratio for different 

biomass combustion applications. For each system an optimum excess air ratio 

exists: higher excess air ratios will result in a decreased combustion temperature, 

showed experimentally by e.g. [60], [69] while lower excess air ratios will result in 

inadequate mixing conditions. 
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Polycyclic Aromatic Hydrocarbons (PAH) 

PAH are a large group of compounds which consist of two or more fused aromatic 

rings made entirely from carbon and hydrogen [70]. They are intermediates in the 

conversion of fuel carbon to CO
2
 and fuel hydrogen to H

2
O [21]. Domestic 

combustion of solid fuels make a significant contribution to the total PAH emission 

[70]. 

Volatile Organic Compounds (VOC) 

Volatile organic compounds are all the intermediates in the conversion of fuel 

carbon to CO
2
 and fuel hydrogen to H

2
O.  

Particles 

Particle emissions from incomplete combustion consist of soot, char and tar [21]. 

Soot consists of elementary carbon and its formation is a complicated multi-step 

process. Soot is formed under fuel-rich conditions in which hydrocarbons fragments 

have a greater probability of colliding with other hydrocarbon fragments and 

growing rather than be oxidised to CO and CO
2
. These fragments are cracked into 

smaller pieces and react with one another and the surrounding gases to form 

aromatic rings. To these aromatic rings, alkyl groups are added and form polycyclic 

aromatic hydrocarbons (PAH). Thereafter, the PAH particles grow larger by surface 

growth and agglomeration, resulting in soot particles composed of agglomerates of 

smaller spherical particles [49], [71]. Tar is a complex mixture of condensable 

hydrocarbons with a molecule weight larger than benzene. The hydrocarbons are 

produced in the pyrolysis phase and if the temperature in the combustion zone is 

too low or there is insufficient air supply for their oxidation, they condense on 

earlier produced particles or produce new tar particles as soon as the temperature 

decreases [45], [49], [71]. Char particles may be entrained in the flue gas due to their 

low specific density, especially at high flue gas flow rates, contributing to the 

particle emissions. Under poor combustion conditions, particles are mostly formed 

of elemental carbon and organic material [72]. 

Dioxin (PCCDs and PCDFs) 

Dioxin is a general term for a group of chemical compounds consisting of 75 

polychlorinated dibenzo-p-dioxins (PCDDs) and 135 polychlorinated dibenzofurans 

(PCDFs). Under standard atmospheric conditions, all dioxins are solid and are 

characterised by low vapour pressure and limited solubility in water [73]. 
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Incomplete combustion of organic material in the presence of chlorine causes the 

formation of chlorinated organic by-products [74]. There is some empirical 

evidence, although not conclusive, that the burning of wood in the presence of 

chlorine or inorganic chlorides may increase PCDD/Fs formation [73]. Dioxin 

formation is a complex process that is influenced by many factors, such as 

temperatures, oxygen levels and the presence of particles and potential catalysts 

(Cu). Stoichiometrically, very low chorine levels are needed for producing significant 

levels of dioxins if the conditions are favourable [74]. 

Ammonia (NH
3
) 

Small amounts of NH
3
 may be produced as a result of incomplete conversion of NH

3
, 

which occurs in special cases at very low combustion temperatures [21]. 

2.3.2 EMISSIONS FROM COMPLETE COMBUSTION 

The following components are emitted to the atmosphere as a result of complete 

combustion. 

Carbon dioxide (CO
2
) 

Carbon dioxide is the main product from combustion of biomass, originated from 

the carbon content of the fuel. The CO
2
 emissions from biomass combustion are 

regarded as being CO
2
 neutral once it is sequestered by growing biomass. 

Nitrogen oxides (NO
x
) 

Nitrogen oxides compounds, collectively termed NO
x
, comprise nitric oxide (NO) and 

nitrogen dioxide (NO
2
). The NO emitted is rapidly oxidized by ozone to NO

2
 in the 

atmosphere. Combustion of biomass results on emissions of NO
x
 which are formed 

from three well documented mechanisms: thermal, prompt and fuel NO
x
 e.g. [21]. 

Thermal NO
x
 is formed through the oxidation of the nitrogen with oxygen in the 

combustion air at temperatures higher than 1300°C according to the Zeldovich 

mechanism. Prompt NO
x
 results from the reaction of the intermediate radical CH 

with the nitrogen from the air forming HCN (according to the Fenimore mechanism), 

which at high temperatures reacts further to NO, following the reaction steps of 

Fuel NO
x
. Fuel NO

x
 is formed from the oxidation of nitrogen species released with 

the volatiles and the oxidation of the nitrogen retained in the char. As a result of the 

comparatively low combustion temperatures in domestic appliances burning 
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biomass, the yields of thermal and prompt NO
x
 can be considered small or 

negligible and fuel NO
x
 is the major source of NO

x
 [75]. 

The release of fuel N during the thermal decomposition of solid biomass fuels is a 

very complex process. Three stages of the fuel N release can be identified [76], as 

presented in Figure 6. 

 

Figure 6: The three stages of NO
x
 formation [76].  

In the first stage, the volatile-N is released in the primary pyrolysis together with the 

majority of volatiles of the fuel. The experimental investigation of [77] observed that 

the fraction of volatile N increased with increasing fuel N content. Furthermore the 

fraction of volatile N was plausibly higher in fuels which contain more N bound to 

proteins (higher volatility) than in aromatic compounds. The major NO
x
 precursors 

during biomass pyrolysis are NH
3
 and HCN. Furthermore, part of the fuel N can be 

directly converted to NO during pyrolysis stage due to the high O/N ratio in 

biomass fuels [77]. HNCO is also a NO
x
 precursor, but is generally found in smaller 

amounts than NH
3
 and HCN [78]. During pyrolysis considerable amount of tars that 

contain nitrogen are released from the fuel. In the second stage, the thermal 

cracking and combustion of tar provides additional sources of HCN and NH
3
 [57], 

[79]. The extent of the decomposition depends on surrounding conditions, such as 

temperature and stoichiometry [79]. In the third stage, during combustion of the 

char residue, the char-N mainly forms NO while the rest is converted to N
2
. The NO 

formed may be effectively reduced to N
2
 over biomass char as a result of its catalytic 

effect on NO formation and reduction [80]. Therefore, the partitioning of fuel-N 

between the volatiles and the remaining char during devolatilization is potentially 

important for final NO
x
 formation. The split between the volatile-N and char-N is 
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roughly proportional to the volatile matter in the fuel [19] but is also dependent on 

other parameters such as temperature, heating rate and particle size [75], [79]. 

 

Figure 7: Fuel-N conversion pathways [57]. 

The released nitrogen species react further in the gas-phase. Figure 7 shows 

conversion pathways of Fuel-N. NH
3
 is converted to NH

2
 by a reaction with OH-, O- or 

H- radicals (hydrogen abstraction). Successively smaller NHi- radicals are formed. 

Each NHi- radical can undergo subsequent reactions forming either NO or N
2
; if a 

NHi radical reacts with OH, O or O
2
 will form NO but if it reacts with NO will form 

N
2
. At high temperatures the oxidation reaction rate is much faster than the N

2
 

formation. At intermediate temperatures the formation of N
2
 is maximised and at 

low temperatures both reaction rates are slow. HCN reacts with an O- radical 

forming NCO, which is in turn converted to an N- radical by two rapid hydrogen 

abstraction reactions. The N radicals can either form NO through oxidation or N
2
 by 

a reaction with NO molecules. The amount of fuel N forming NO or N
2
 depends 

therefore on the stoichiometry, total nitrogen content and temperature [78], [79]. 

Sulphur oxides (SO
2
) 

Sulphur oxides are the term given to both SO
2
 and SO

3
, emitted during biomass 

combustion as a result of the oxidation of fuel sulphur. SO
2
 is the main SO

x
 formed 

during combustion while SO
3
 is emitted in smaller amounts at lower combustion 

temperatures [21]. The SO
x
 emissions increase with increasing fuel sulphur content 

[81]. However, only a part of the fuel sulphur will be emitted; a significant fraction 
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will remain in the ashes while a minor fraction is emitted as a salt (K
2
SO

4
) or as H

2
S 

at lower temperatures [21], [57]. 

Particle matter (PM) 

Inorganic particles are mainly influenced by the chemical composition of the fuel 

and consist primarily of vaporized inorganic species such as K, Na, S, Cl as well as 

easily volatile heavy metals. By gas phase reactions different compounds are formed 

such as alkaline metal sulphates, chlorides and carbonates [36], [46]. Coarse fly 

ashes entrained from the fuel bed can also contribute to the inorganic particle 

matter. 

Hydrogen Chloride (HCl) 

A minor amount of hydrogen chloride (HCl) can be formed during combustion of 

biomass containing chlorine. Besides HCl, the fuel chlorine can be emitted as alkali 

chlorides (KCl and NaCl). 

2.3.3 HEAVY METALS 

All biomass fuels contain small amounts of heavy metals (e.g. Cu, Pb, Cd and Hg). 

During combustion, they will either remain in the ash or evaporate. The heavy 

metals can attach to surface of particles emitted to the atmosphere or be contained 

inside fly-ash particles [21]. 

2.4 DOMESTIC HEAT PRODUCTION TECHNOLOGIES 

Combustion systems for domestic use should be able to satisfy the heat demands of 

the dwelling owners. The fuel used should be inexpensive and easy to transport and 

store. The system must be practical, ensure a trouble-free operation, have a high 

operational comfort and be efficient and reliable. There are a number of devices 

being developed for flue gas cleaning [44], [82]. However, it is currently too 

expensive to install highly efficient cleaning devices and secondary emission 

reduction measures are seldom used in small-scale combustion units [59], [69]. It is 

therefore essential to avoid dust formation or other emissions as early as in the 

combustion process. In this last decade, great advances have been made in 

combustion technology with respect to higher efficiency and reduced emissions [6], 

[7]. A number of appliance types have been developed to provide central heating 

using furnaces or boilers, or more localized heat using stoves or fireplaces. 
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2.4.1 TYPES OF FUELS 

The most common fuels used in small-scale systems are wood in different forms: 

sawdust and shavings (from wood processing industries and sawmills), wood logs, 

wood-chips, briquettes and pellets. The three latter are especially well suited for 

residential biomass market, since they provide the possibility of more automated 

and optimized systems with higher combustion efficiency and less products of 

incomplete combustion [42]. Furthermore, pellet burners can replace oil burners in 

existing boilers reducing the payback time [21]. Due to their advantages and fuel 

qualities, the use in the residential sector has grown substantially in recent years [2]. 

2.4.2 RESIDENTIAL BATCH-FIRED APPLIANCES 

Batch-fired appliances are fuelled by intermittent loading of a batch of fuel, usually 

logs, into the combustion chamber. These appliances often operate with an excess 

of fuel in the combustion chamber and the heat output is normally regulated by 

controlling the supply of primary combustion air. Therefore, in order to avoid a fuel 

rich zone with large quantities of unburned material and to ensure complete 

combustion, secondary air should be supplied after the primary combustion zone. 

The level of emissions depends largely on the combustion chamber design to 

achieve a good secondary burning. Batch-fired appliances include fireplaces, wood 

stoves, heat-storing stoves (Mansory heaters) and wood log boilers [8]. 

2.4.3 WOOD PELLETS APPLIANCES AND BURNERS 

Compared to traditional firewood, pellets provide possibilities for automation and 

optimization, with high combustion efficiency and low amount of combustion 

residues. The fuel is added continuously to the combustion air in the correct 

proportion to give the desired heat output. The burning rate is therefore controlled 

by the rate of fuel supply rather than by restricting the primary air supply used in 

wood stoves. The fuel is fed automatically into the combustion chamber by means 

of an auger from a storage hopper. The combustion air is supplied by an electric fan 

that may also provide a distinct secondary air flow [21]. The fan can be placed at the 

combustion air inlet or at the flue gas exit of the furnace. Modern wood pellet 

appliances are equipped with automatic ignition via a hot air fan in the burner [8].  

Depending on the way how the pellets are fed into the furnace, three basic 

principles of wood pellet combustion systems can be distinguished: underfeed 

burners, horizontally fed burners and overfeed burners. Figure 8 presents a 

schematic representation of the three principles. 
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Figure 8: Basic principles of wood pellet combustion [8].  

In underfeed systems (also called “underfeed stoker” or “underfeed retort 

burners”), a stoker screw feeds the fuel horizontally into the bottom area of the 

retort from where the fuel is pushed upwards and is spread on the retort. Primary 

air is fed into the combustion chamber sideways through the retort and flows 

upwards and the flame burns in an upwards direction too. The ash gets discharged 

at the edge of the retort and falls into an ash box placed underneath. [8]. These 

burners are best suited for fuels with low ash content [17]. 

In horizontal feed burners, the fuel is introduced horizontally into the grate with 

the help of a stoker screw. During combustion, the fuel is moved or pushed 

horizontally from the feeding zone to the other side of the pusher plate or the grate. 

While the fuel is drying, gasification and solid combustion take place. Primary air is 

supplied from both underneath and above the bed of embers. The flame can burn 

horizontally or in upwards direction. The ash gets discharged at the edge of the 

grate and falls into an ash box placed underneath. 

In top feed burners, the pellets are transported by a feeding screw to a shaft 

whereby they fall onto a grate. This type of furnace allows exact feed of fuel 

according to the current heat demand. Furthermore, the separation of the feeding 

system and the fire bed ensures the effective protection against back-burn into the 

fuel storage. The dropping pellets may cause however, elevated particulate matter 

emissions from the fuel bed. Primary air is fed from underneath the grate and flows 

upwards through the fuel bed. The flame burns upwards. The ash is removed 

manually or mechanically by a dumping grate and falls through the grate into an 

ash box underneath. 

There are basically two types of pellet furnaces, namely pellet stoves and pellet 

central heating systems.  
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Pellet stoves 

Special stoves have been designed to burn pelletized material. They are equipped 

with an integrated storage box by which the stove self-supplies the fuel. The fuel 

reservoir is sufficient for a few hours to a few days of operation depending on the 

construction [8]. Underfeeding and top feeding are the most common combustion 

technologies for pellet stoves. Their operation is dependent on electricity to run the 

fan that controls the combustion process by varying the supply of combustion air. 

In the latest technological developments, the quality of combustion is regulated by a 

carbon monoxide sensor which aims at optimal combustion air supply at all times 

[6]. A pellet stove can also provide hot water by integrating a heat exchanger. 

Central heating systems (Pellet boilers) 

Central heating systems supply the heat for the rooms of an entire building from 

one central point. The heat is carried by water and released through different types 

of heating surfaces (radiators, floor or wall heating surfaces). Such systems can also 

be used in so called micro-grids that supply heat to a series of separate buildings. 

Depending on the interface between boiler and burner, there are three types of 

central heating systems, i.e. boilers with an external, integrated or inserted burner 

[8]. Pellet boilers operate fully automatically with top feed, underfeed and 

horizontal feed burners. In some boilers the oxygen concentration is measured by a 

lambda probe to control the combustion air. Some burners also operate with a 

flexible fuel feeding controlled by the heat demand [8]. 

2.4.4 WOOD-CHIPS APPLIANCES 

Wood-chips appliances are also used for domestic heating, however are more 

common for heating larger houses, farms and district heating systems. The 

advantages of using woodchips instead of firewood are the automatic operation and 

lower emissions due to the use of feed rate rather than air supply to control heat 

release rate. 

2.4.5 COMBUSTION APPLIANCES FOR NON-WOODY BIOMASS FUELS 

Combustion appliances adapted for non-woody biomass fuels are already on the 

market [83]. A list of manufacturers of such appliances in several European 

countries (Sweden, Finland, Germany, Austria and Denmark) is given in the same 

report. Altogether, 42 manufacturers were recognised in 2007. However, to meet the 

increased demand for non-woody biomass fuels, combustion appliances need to be 
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further developed and optimized aiming at a higher fuel and load flexibility to avoid 

slagging, fouling, corrosion and high emissions [83]. 

2.5 NON-WOODY BIOMASS FUELS 

Compared to stem wood, non-woody biomass fuels generally have lower heating 

value, higher content of nitrogen, N, sulphur, S, and chlorine, Cl, high ash content, 

high content of alkali metals, (potassium, K, and sodium, Na). Non-woody biomass 

fuels also usually have lower ash fusion temperature and sometimes higher content 

of phosphor [10], [84], [85]. These properties affect the combustion process and 

resulting emissions, posing challenges to the combustion technology [56], [86–88].  

Table 6 presents the possible advantages and disadvantages of widening the 

spectrum of biomass fuels used for heat production [16].  

Table 6: Advantages and disadvantages of widening the spectrum of biomass fuels.  

Advantages Disadvantages 

 Inexpensive; 

 renewable energy source (with the 

potential of increasing the share 

of renewable energies in the 

energy supply); 

 diversification of the fuel supply; 

 reduction of the agricultural and 

forest residues;  

 potential use of low quality soils 

and restoration of degraded 

lands. 

 Increased emissions of e.g. NO
x
 

and particles; 

 increased ash related problems, 

e.g. slagging and corrosion; 

 potential life time reduction of 

the combustion appliance (e.g. 

due to corrosion);  

 potentially increased competition 

for food and feed production. 

 

2.5.1 NON-WOODY BIOMASS FUELS IN EUROPE 

Among the non-woody biomass fuels available, energy grains, straw, hay, 

Miscanthus and red canary grass (RCG) (see Figure 9) are the most common in 

several European countries [83]. 
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Figure 9: Fields of Miscanthus (left) and red canary grass (right) [38].  

Energy grains 

The most common grains are barley, rye, triticale, wheat and oat. The use of energy 

grains for heat production has been discussed in several countries and research on 

this subject has been performed [89–92]. Compared with woody fuels, energy grains 

have a higher ash content and a higher content of nitrogen, chlorine, sulphur, alkali 

metals and phosphor [10], [93]. Slagging, corrosion and emissions of HCl, NO and 

particles can be expected during combustion of energy grains [10], [83]. 

Straw 

Straw is the dry stalk of a cereal plant after the nutrient grain or seed has been 

removed. Due to its high availability, the interest in using straw as a fuel is 

increasing and research on straw combustion is being conducted in several 

European countries [14], [32], [94]. The high availability of straw, the low moisture 

content, the relatively low nitrogen content and the ease of handling and 

transportation (e.g. bales or pellets) are some favourable qualities. The limitation is 

related to combustion problems arising from high ash content and low ash melting 

point. Straw firing could lead to rapid and excessive fouling of boiler heat 

exchangers as well as slagging in furnaces [95]. Furthermore, corrosion problems 

can be observed due to the high amounts of K, Na, Cl and S in straw when compared 

to woody biomass [17], [96]. 

Hay 

Hay is a mixture of grasses, legumes and/or other herbaceous plants. The 

composition depends greatly on the region where it grows. The combustion 

characteristics of hay are comparable to the ones of straw [83]. It has been found 
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that hay briquettes can be successfully burned in domestic wood stove with similar 

performance and emissions to that of other woody briquettes [97]. 

Miscanthus 

Miscanthus x giganteus has been evaluated in Europe for the last years as an energy 

crop. The rapid growth (the full establishment stand takes 3 to 5 years, during 

which time the yields increase in each successive year) and high biomass yield of 

Miscanthus makes it a good choice as a biomass fuel [98]. According to the 

European research results over this novel crop, the chemical composition is 

favourable for combustion [99]. Compared with straw, Miscanthus has lower alkali 

and chlorine contents making it a less problematic fuel than straw. The main 

problem during combustion of Miscanthus is the low ash melting point. The ash 

shows clear sintering tendencies at temperatures as low as 600°C, which can be 

explained by the combination of relatively high silicon content, together with 

potassium and fluxing agents such as iron [99]. 

Red canary grass (RCG) 

Research on RCG as a fuel has mainly been conducted in Finland and Sweden. RCG  

is grown on land not used for food production [38] and is suitable for cultivation in 

most agricultural regions, including cold climates. The grass reaches a height of 

about two meters in autumn, and the cultivation and harvesting techniques are 

similar to conventional harvesting [38]. The chemical composition of RCG depends 

strongly on the soil type. If grown in clay or humus rich soils, RCG can reach an ash 

content of 9-11% or 3-4% respectively [100]. Compared to wood, RCG contain higher 

levels of Si and K and at the same time higher amounts of Cl, N, and S. 

2.5.2 MANAGING ASH-RELATED PROBLEMS 

Several potential ways of overcoming the ash-related problems connected to 

combustion of non-woody biomass fuels are discussed in the following. 

Fuel Leaching 

This method consists of removing troublesome elements in biomass by washing the 

fuel with water to reduce slagging and fouling in furnaces. By leaching the ash 

content can be considerably reduced and the ash melting temperature increased 

[101], [102]. However, this method requires large amounts of water. The leachate 
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(water with dissolved biomass elements) is very rich in nutrients and can be used in 

agricultural fields as a fertilizer. 

Additives 

Among the different methods to solve ash-related problems, the use of additives is 

the one with the most extensive experimental data produced and reported e.g. [12], 

[90], [91], [95], [103], [104]. Additives can be added already during the pelletising 

process or supplied directly during the combustion of the fuel.  

The use of additives can abate ash related operational problems by the following 

mechanisms [103]:  

 capturing problematic ash species via chemical adsorption and reactions [95], 

[105]; 

 physical adsorption, aerosols can be captured by porous additive particles 

with large surface areas and transported out of the combustion systems [90], 

[106] 

 increasing the biomass melting temperature by altering and/or diluting the 

ash composition with refractory elements, e.g. Si, Al and Ca [91]. 

Depending on their reactive component, the additives can be sorted into four 

groups. 

 Aluminium or Aluminium-silicates based additives: it has been shown that Al 

containing additives bind potassium in the form of potassium aluminium 

silicates [107–109], which prevent slagging due to their high melting points 

(above 1500°C [12]). Simultaneously, the Al containing additives may prevent 

the vaporization of the alkali metals reducing particle emissions [90], [92], 

[110] 

 Calcium based additives: as an alkali earth metal, Ca can dissolve into 

potassium silicate melts and force K release to gas the phase [40]. As a result 

Ca can incorporate the silicate matrix forming Ca-silicates which have higher 

melting temperatures than K-silicates and fuel slagging tendencies can be 

improved [111]. Calcium additives are however more active in combustion of 

biomass fuels that are rich in phosphorus and potassium [89], [93]. Calcium 

rich additives react with gaseous P and form Ca-Phosphates which have high 

melting temperatures. According to ternary diagrams, the different ash 

components have ash melting temperatures ranging from 736°C and 1560°C 
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[89]. Ca-based additives may also prevent particle emissions by formation of 

Ca/Mg-K-Phosphates which are less volatile than pure K-Phosphates [95]. 

 Phosphorus rich additives: This class of additives has been scarcely 

investigated. However, a study from [112] has shown that phosphoric acid 

used as an additive in biomass fuels containing high contents of K and Si and 

a certain amount of Ca, reduce ash sintering and bed agglomeration in a 

fluidized bed reactor.  

 Sulphur based additives: The main effect from sulphur based additives is to 

convert KCl into K
2
SO

4
 (sulphation reaction) reducing corrosion. Compared to 

the KCl, the K
2
SO

4
 has a rather high melting temperature, about 840°C, which 

makes it less problematic in terms of deposition [103], [113]. 

Combustion in small-scale appliances require inexpensive additives which at the 

same time are easy to handle and without toxic residues [90]. Furthermore, it should 

be noted, that the use of additives increase the ash content of biomass fuels, usually 

increase the operating costs of pellet production and can also increase the emission 

of coarse fly ashes. These facts must be taken into account when inorganic additives 

are used [8]. 

Co-combustion 

A co-utilization of biomass with other types of fuels can be advantageous with 

regard to cost, efficiency, and emissions [114]. Ash-related problems associated to 

combustion of certain non-woody biomass fuels could also be reduced or mitigated 

by mixing problematic fuels with less problematic ones. The most typical fuels 

studied for co-combustion with biomass are peat [115], [116], coal [21], [114] and 

municipal sewage sludge [117]. The addition of these fuels can reduce the chlorine 

content in the deposits by both capture of K in ash components of the added fuel 

and/or by sulphation of KCl due to the high sulphur content of the added fuel [118]. 
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3 MATERIAL AND METHODS 

Combustion tests with several agricultural fuels in different combustion appliances 

were performed in laboratory conditions and in households under real life 

conditions (field tests). This chapter describes the non-woody biomass fuels (section 

3.1), the combustion appliances (section 3.2) and the combustion tests procedures 

(section 3.3). 

3.1 BIOMASS FUELS 

In total, seven non-woody biomass fuels were investigated in the laboratory. Three 

of these were also tested in field tests. 

3.1.1 DESCRIPTION 

The laboratory combustion tests used pelletized fuels from wheat straw (Triticum 

aestivum), Miscanthus (Miscanthus x giganteus), maize (Zea mays), vineyard pruning 

(from Vitis vinifera), wheat bran, hay and Sorghum (Sorghum bicolor). Some of the 

raw materials are shown in Figure 10. 

   
Figure 10: Some of the raw materials (prior to pelletising) used in the laboratory test; from left to right: 
maize, straw and hay bales. 

Straw and maize pellets were produced from raw materials harvested during spring. 

Miscanthus raw material was harvested between January and March. The whole 

plant of maize, stem and cob with maize grains, was pelletized. Sorghum was 

harvested in September [119]. Wheat bran is the hard outer layer of a wheat grain. It 

is normally a by-product of milling in the production of refined wheat flour. Hay is a 
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mixture of grasses, legumes and/or other herbaceous plants. No information 

regarding the place of growth and the time of harvesting are available for the pellets 

from vineyard pruning, wheat bran and hay.  

The biomass fuels used in the field tests were straw and Miscanthus pellets and 

maize cob chips (see Figure 11). The straw raw material was harvested in the 

summer while Miscanthus and maize raw materials were harvested in the end of 

April and beginning of March respectively. 

Figure 11: Fuels used in the field tests; from the left to the right straw pellets, Miscanthus pellets and 
maize chips. 

3.1.2 FUEL CHARACTERISTICS 

Chemical and thermal properties of the fuels were analysed according to the 

relevant standard methods and the properties are presented in Table 7 and Table 8. 

Table 7: Properties of the fuels used in the laboratory and field tests.  

Setting Fuel 
LHV 

[MJ kg-1] db 

Moisture 

[wt%] 

Ash 

[wt% db] 

IDT 

[°C] 

Laboratory 

test 

Straw 1) 15.8 7.9 5.7 800 

Miscanthus 1) 16.1 8.7 3.3 1010 

Maize 1) 15.7 8.7 3.4 910 

Vineyard pruning 1) 16.5 8.4 2.7 795 

Hay 1) 15.5 7.5 7.4 670 

Wheat bran 2) 15.2 13.7 5.7 1140 

Sorghum 1) 16.0 7.9 7.9 990 

Field test 

Straw 3) 15.6 8.7 14.3  

Miscanthus 1) 18.0 9.1 2.5  

Maize 4) 17.6 13.7 2.4  

1) pellets with a diameter of 6 mm; 2) pellets with a diameter of 8 mm; 3) pellets with a diameter of 6 

mm and addition of lime in the fuel storage; 4) chips 
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Table 8: Composition of the fuels tested in the laboratory and in field tests. 

 Laboratory test Field tests 
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 Elemental analysis [wt% dry basis] 

C 47.0 48.9 47.5 45.7 45.9 46.4 46.9 42.8 47.8 45.3 

H 5.8 5.8 5.9 6.3 5.7 6.1 5.8 5.5 6.0 6.3 

N 0.6 0.2 1.2 0.4 1.1 3.0 1.1 0.7 0.2 1.1 

S 0.09 0.04 0.11 0.00 0.13 0.24 0.11 0.10 0.04 0.17 

O 41.5 42.0 42.0 44.9 38.5 38.5 38.2 36.1 43.5 44.6 

 Trace elements [mg kg-1 dry basis] 

Al 1050 180 350 n.d. 2280 614 n.d. 1700 80 100 

Ba 23 6 4 n.d. 46 123 n.d. 42 9 2 

Ca 2650 1000 1800 n.d. 6300 18772 n.d. 1600 1350 1200 

Cr 12 4 16 n.d. 17 18 n.d. 12 4 7 

Fe 840 355 310 n.d. 936 2456 n.d. 820 100 115 

K 7750 2600 5100 n.d. 10200 264912 n.d. 15400 3150 4800 

Mg 700 420 1450 n.d. 2460 61754 n.d. 2450 720 58 

Mn 40 37 24 n.d. 103 2105 n.d. 85 34 15 

Na 230 150 105 n.d. 1200 9737 n.d. 340 34 42 

P 430 300 2000 n.d. 2460 174561 n.d. 1500 195 1800 

Si 13750 9790 4700 n.d. 12600 15614 n.d. 12300 7450 3400 

Zn 4 12 21 n.d. 26 1316 n.d. 13 8 18 

Cl 1000 250 680 n.d. 1090 16140 n.d. 1450 650 650 

1) pellets with a diameter of 6 mm; 2) pellets with a diameter of 8 mm; 3) pellets with a diameter of 6 

mm and addition of lime in the fuel storage; 4) chips; n.d. not determined. 

The standard analytical methods used to determine the different biomass properties 

are described in Appendix A: Analytic Methods. 

3.2 COMBUSTION EQUIPMENT 

The combustion appliances used in this study were available in the market and were 

primarily developed for woody fuels. The characteristics of the tested appliances are 

presented in Table 9. The combustion appliances were assigned with an “L”, or “F” 

corresponding to the laboratory and field tests respectively. The schematics of the 

combustion appliances are shown in Figure 12 
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Table 9: Key characteristics of the combustion appliances used in the laboratory and field tests. 

Combustion 

Appliance 

Heat 

Output 

[kW] 

Control 

principle 
Fuel supply Burner Ash discharge 

L1 15 
Flue gas 

temperature 
Under feed Burner plate 

Continuously ash 

dropping over the 

grate edge 

L2 25 Lambda Under feed Burner plate 

Continuously ash 

dropping over the 

edge 

L3 10 Open-loop Top feed Burner pot 

Continuously 

through the burner 

pot 

L4 15 Lambda Horizontal feed Grate 
Horizontal grate 

movements 

F1 15 
Flue gas 

temperature 
Under feed Burner plate 

Continuously ash 

dropping over the 

edge 

F2 35 Lambda Horizontal feed Grate Vibrating grate 

F3 35 Lambda Horizontal feed Grate 

Falls into an ash 

screw which 

transports the ash 

to the ash box 

 

 

 

 

d) 
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a) b) 

c) 

 

d) 

 

e) f) 

Figure 12: Combustion appliances used in the combustion tests; a) L1 and F1, b) L2, c) L3, d) L4, e) F2 
and f) F3. 

3.3 EXPERIMENT METHOD 

The laboratory combustion tests were performed at the premises of Bioenergy 

2020+ GmbH (former Austrian Bioenergy Center) and at test stands of project 

partners (TU-Wien and manufacturer of combustion appliance L1). The combustion 

appliances were operated at full load and for a limited period of time (4 to 

24 hours). The field tests were conducted in three households and were operated 

during one heating season with variable heating loads according to the heat demand 
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of the dwellings. Table 10 presents the place, duration and load used during the 

combustion tests as well as the type of combustion appliances. 

Table 10: Place, duration and load of the combustion tests in the laboratory and field tests. 

Type of 

combustion 

tests 

Test location 
Combustion 

Appliance 
Duration Load 

Laboratory 

tests 

Manufacturer of 

combustion 

appliance L1 

L1 8 hours Full load 

Bioenergy 2020+ L2 24 hours Full load 

TU-Wien L3 4 hours Full load 

Bioenergy 2020+ L4 10 - 12 hours 
Full load (exceptions 

explained in Publication III) 

Field tests 

Sarlensbach F1 1 heating season Variable load 

Feldkirchen F2 1 heating season Variable load 

Amstetten F3 1 heating season Variable load 

 

Table 11 presents the fuels used in the laboratory and field tests combustion 

appliances respectively. 

Table 11: Fuels used in each combustion appliance. 

Fuels 
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L1 x 1) x 1) x 1) - - - - 

L2 x 1) x 1) x 1) - - - - 

L3 x 1) x 1) x 1) - - - - 

L4 x 1) x 1) x 1) x 1) x 1) x 2) x 1) 

F1 x 3) - - - - - - 

F2 - x 1) - - - - - 

F3 - - x 4) - - - - 

x tested; - not tested; 1) pellets with a diameter of 6 mm; 2) pellets with a diameter of 8 mm; 3) pellets 

with a diameter of 6 mm and addition of lime in the fuel storage; 4) chips 

In the field tests using combustion appliance F1, lime was added to the straw pellets 

prior to combustion as an attempt to avoid slagging. Approximately 10 g of lime 

was added per 100 g of straw pellets. Furthermore, the settings of certain 

combustion appliances used for standard wood were changed as follows: 
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 the grate of combustion appliance L4 was set to move more frequently 

(described in more detail in Publication III); 

 combustion appliance F1 was set to operate at a high air ratio in order to 

keep the temperatures in the glow bed area low and prevent slag formation 

(described in more detail in Publication I); 

 the ash removal system of combustion appliance F2 was set to operate more 

frequently, i.e. every hour (described in more detail in Publication I). 

3.3.1 EXPERIMENTAL SETUP 

The experimental setup of the combustion tests performed at Bioenergy 2020+ 

GmbH is presented in Figure 13. The tests performed at the other sites (laboratory 

and field tests) had similar arrangements. The field tests appliances were visited 

once during the heating season for measurements. 

 

Figure 13: Schematic representation of the experimental setup. 
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3.3.2 MEASURED PARAMETERS 

Several parameters were continuously monitored during the combustion tests. 

Similar parameters were measured in the field test appliances once in a heating 

season for a period of 4 hours. The parameters were: 

 temperature in the combustion chamber (except in the field tests); 

 feed and hot water temperature (except in the field tests); 

 flue gas temperature; 

 chimney draft; 

 gaseous emissions; 

 mass of the combustion appliance including fuel (exclusively in L2 and L4). 

Data was recorded every 20 - 30 seconds (for L1), every two seconds (for L2 and L4) 

and every ten seconds (for L3). Furthermore, average values for periods of 15 to 

60 minutes were calculated during steady state conditions, i.e. when the flue gas 

temperature was stabilized. The parameters measured in the field tests appliances 

were recorded every second. 

The total coarse and the major fine dust fraction in the flue gas were collected in a 

cartridge filter of quartz wool. The dust emissions were measured in combustion 

appliances L3, L4, F1, F2 and F3 with a minimum of three repetitions.  

The measurement devices and principles as well as the range and accuracy of the 

monitored parameters are presented in Appendix B: Measurement Devices. A 

detailed description of the calculations, formulas and assumptions, can be found in 

Appendix C: Calculations. 

3.3.3 COMBUSTION FEASIBILITY STUDY 

The combustion feasibility of the fuels was assessed in terms of emissions (CO, NO
x 

and particles), efficiency and slag tendency. The assessments were done by 

comparing the emissions and efficiency values from burning the fuels in the tested 

combustion appliances, laboratory and field tests, with the legal requirements 

defined in FprEN 303-5 [22]. This standard however, does not define legal 

requirements for NO
x
 emissions. Austria is the only European country with legal NO

x
 

emission requirements for boilers with a nominal heat output below 150 kW 

operated with standard non-woody biomass fuels. For this reason, the assessment 

study was made by comparing the emissions and efficiency values with the Austrian 

legal requirements defined in the country deviations of the FprEN 303-5 [22]. 
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Three feasibility levels represented by green, yellow and red colour were defined. 

The following rules were used to assign feasibility levels to the fuels: 

- emissions below / efficiency above the legal requirements in more than 80% 

of the appliances tested; 

- emissions below / efficiency above the legal requirements in between 50% 

and 80% of the combustion appliances tested or when a fuel was tested in 

only one combustion appliance. 

- emissions below / efficiency above the legal requirements in less than 50% 

of the combustion appliances tested. 

Similarly, the slag tendency assessment was done by appointing to each fuel one out 

of three feasibility levels, according to the following rules: 

- no unwanted shutdowns in more than 80% of the combustion appliances 

tested; 

- no unwanted shutdowns in between 50% and 80% of the combustion 

appliances tested or when a fuel was tested in only one combustion 

appliance; 

- no unwanted shutdowns in less than 50% of the combustion appliances 

tested. 

When a fuel is assigned with the colour green, it can be used in most of the 

combustion appliances fulfilling the European legal requirements (Austrian 

deviations) or without unwanted shutdowns due to slagging or ash lumping. 

Therefore, it is considered a good fuel for heat production in the majority of the 

tested combustion appliances. 

When a fuel is assigned with the colour yellow, it either did not fulfil the European 

legal requirements (Austrian deviations) or unwanted shutdowns occurred due to 

slagging or ash lumping during combustion in more than one of the combustion 

appliances tested. Therefore, the fuel may not be feasible for heat production in 

some of the tested combustion appliances. The colour yellow is also assigned to 

fuels tested in one combustion appliance for the reason that a single result is not 

reliable to assess the feasibility of a fuel.  
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When a fuel is assigned with the colour red, it is not feasible for heat production in 

more than half of the tested heating appliances. 

Two main reasons can explain the attribution of yellow or red to a fuel: 

 problematic fuel and/or 

 unsuitable combustion appliances. 
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4 RESULTS AND DISCUSSION 

This chapter presents, discusses and compares the main results of the combustion 

tests performed in the laboratory and in households. Section 4.1 compares the 

characteristics of the different fuels. Sections 4.2, 4.3 and 4.4 discuss the results of 

the emissions, efficiency and deposit formation during combustion. In each of the 

former sections the fuels’ combustion feasibility levels in terms of emissions, 

efficiency and slag formation are presented. Relevant boiler technology aspects are 

discussed in section 4.5. In section 4.6 the results between laboratory and field tests 

are compared. Finally, section 4.7 discusses and presents the fuels that are assessed 

to have the largest potential to be used as fuels for small-scale heat production.  

4.1 FUEL CHARACTERISTICS 

The chemical and thermal properties of the agricultural fuels are shown in Table 7 

and Table 8. Compared to standard wood pellets, these fuels have significantly 

different fuel characteristics. The heating values are 5% to 20% lower than typical 

wood pellets. The ash contents are approximately 8 to 15 times higher than in 

typical wood pellets. In terms of moisture contents, all the agricultural fuels showed 

values comparable to wood, in average 8.4 wt%, with the exception of wheat bran 

pellets and maize chips which show moisture contents of 13.7%. Small variations in 

terms of carbon, oxygen and hydrogen contents were observe between standard 

wood pellets and the tested fuels. The carbon content of the agricultural fuels were 

in average 10% lower, while the oxygen contents were in average 3% higher than in 

standard wood pellets. The hydrogen contents of the investigated fuels were similar 

to the content in standard wood pellets. The nitrogen contents were 2 to 30 times 

higher than in standard wood pellets. In terms of sulphur contents, vineyard 

pruning, Miscanthus and straw pellets are comparable to standard wood pellets. The 

other tested fuels showed sulphur contents up to 2.5 times higher than standard 

wood pellets.  
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Figure 14: Fuel ash composition of a) straw pellets tested in the laboratory, b) straw pellets tested in 
the field tests, c) Miscanthus pellets tested in the laboratory, d) Miscanthus pellets tested in the field 
tests, e) maize pellets, f) maize chips, g) hay pellets and h) wheat bran pellets.  

 

a) b) 

c) d) 

e) f) 

g) h) 
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Figure 14 shows the shares of alkaline metals (Na+K), alkaline earth metals (Mg+Ca), 

phosphorus (P), Silicon (Si) and other trace elements (excluding chlorine and 

sulphur) in the agricultural fuels. These elements are presented due to their 

importance in deposit and particle formation (see section 2.2). The inorganic 

content of the straw pellets tested in the laboratory and in field tests show strong 

differences particularly in terms of the alkali metals and silicon contents. The two 

samples of Miscanthus and maize have, on the contrary, very similar fuel ash 

compositions. In comparison to standard wood pellets, the shares of alkali metals in 

the agricultural fuels were 40% to almost 80% higher. In terms of alkali earth metal 

the tendency was reversed, standard wood pellets showed 60% to 85% higher 

contents of alkali earth metals than the agricultural fuels. Miscanthus was the 

agricultural fuel with P content similar to standard wood pellets. The remaining 

fuels had P contents 50% to 90% higher than standard wood pellets. The majority of 

the agricultural fuels tested had Si contents 50% to 70% higher than standard wood 

pellets. Wheat bran showed a relatively low Si content which was five times lower 

than in standard wood pellets.  

Based on the thermal properties of the agricultural fuels, there is no indication that 

these fuels would be difficult to use in small-scale combustion appliances. However, 

the chemical composition of the fuels is significantly different and therefore, a 

strong variability in terms of combustion behaviour, i.e. emissions and deposits 

formation, between the fuels may be expected.  

4.2 GASEOUS AND PARTICULATE EMISSIONS 

This section shows the gaseous and particulate emissions during combustion and 

discusses relevant observations made during the experiments. The emissions from 

burning standard wood pellets in the different combustion appliances are also 

shown as means of comparison. These values were obtained from FJ-BLT [120] 

which is an Austrian accredited laboratory that tests combustion appliances 

according to the European standards EN 13240 and EN 303-5 (see Table 1). 

4.2.1 CO EMISSIONS 

The CO emissions from burning the tested agricultural biomass fuels are presented 

in Figure 15. CO emissions during combustion of standard wood pellets [120] are 

also shown. 
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Figure 15: CO emissions from burning the agricultural fuels and typical values for corresponding 
combustion of standard wood pellets. The red line corresponds to the CO emissions requirement 
according to the Austrian deviations of the FprEN 303-5 [22]. 

Typical CO emissions during wood combustion are in the range of 15 mg MJ-1 and 

100 mg MJ-1. The CO emissions during combustion of the agricultural fuels were in 

general higher, varying from 9 mg MJ-1 with Miscanthus in combustion appliance L2 

and 1000 mg MJ-1 with straw in combustion appliance L3. Among the non-woody 

biomass fuels, straw, maize and hay showed the highest CO emissions. Miscanthus 

and vineyard pruning showed CO emissions comparable to those of wood 

combustion. Despite significant variability, the CO emissions were always below the 

legal requirement defined in FPrEN 303-5 [22] for boiler class 3, 3000 mg m-3 at 

10% O
2
 which corresponds to approximately 2000 mg MJ-1. The requirements for 

boiler classes 4 and 5 are respectively 1000 mg m-3 at 10% O
2
 (approximately 

670 mg MJ-1) and 500 mg m-3 at 10% O
2
 (approximately 330 mg MJ-1) (see Table 2). 

All the fuels with exception of straw pellets burned in L3 and F1 could fulfil the 

requirement for boiler class 4. For boiler class 5, in addition to straw combustion in 

appliance L3 and F1, also maize combustion in appliances L1 and L3 could not fulfil 

the European legal requirements. 

Austrian legal requirements for 

CO emissions (500 mg MJ-1) 
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The Austrian CO legal requirement of 500 mg MJ-1 was fulfilled by almost all the 

fuels. Straw burned in combustion appliances L3 and F1 was the exception. 

Table 12 presents the results of the combustion feasibility assessment for the 

different fuels in terms of CO emissions. 

Table 12: Results of the combustion feasibility assessment in terms of CO emissions. 
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Number of combustion 

appliances tested 

(laboratory and field tests) 

5 5 5 1 1 1 1 

Feasibility in terms of CO 

emissions 

       

Green – CO emissions below 500 mg MJ-1 during more than 80% of the time; Yellow – CO emissions 

below 500 mg MJ-1 between 50% and 80% of the time or when the fuel was tested in just one boiler; Red 

– CO emissions below 500 mg MJ-1 during less than 50% of the time. 

The high CO emissions during combustion of straw, and to a lesser extent maize, 

could have been a result of disturbances in the combustion process caused by slag 

or ash lumping (explained in Publications I, II and III). For a given fuel, the CO 

emissions varied between combustion appliances, indicating that these emissions 

are influenced by the boiler technology. For example, combustion of Miscanthus in 

appliance L4 resulted in CO emissions of approximately 20 mg MJ-1 while in 

appliance L3 the CO emissions were ten times higher. The reasons for the variations 

in CO emissions among different combustion appliances are the following: 

 design of the combustion chamber (see Publications I, II and III); 

 controlling technologies; lambda controlled combustion appliances (L2, L4, 

F2, F3 and F4) show a better combustion performance than temperature (A1 

and F1) or open-loop (L3) controlled combustion appliances (see Publications 

I and II); 

4.2.2 NO
X
 EMISSIONS 

The NO
x
 emissions are presented in Figure 16. Typical values of NO

x
 emissions 

during combustion of standard wood pellets combustion [120] are included. 
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Figure 16: NO
x
 emissions from burning the agricultural fuels and typical values for corresponding 

combustion of standard wood pellets. The red line corresponds to the NO
x
 emissions requirement 

according to the Austrian deviations of the FprEN 303-5 [22]. 

NO
x
 emissions from burning standard wood pellets varied from 55 mg MJ-1 and 

100 mg MJ-1. These values were exceeded during combustion of the agricultural 

fuels with a maximum during combustion of maize in combustion appliance F3 (360 

mg MJ-1) and minimum during combustion of vineyard pruning (120 mg MJ-1). In 

terms of legal requirements, all the fuels can fulfil the NO
x
 emissions legal 

requirements of 300 mg MJ-1, as stated in the Austrian country deviations of the 

FprEN 303-5. The exceptions were maize burned in combustion appliances L2, L4 

and F3 and straw burned in combustion appliance L3. 

Table 13 presents the results of the combustion feasibility assessment for the 

different fuels in terms of NO
x
 emissions. 

 

 

Austrian legal 
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emissions (300 mg MJ-1) 
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Table 13: Results of the combustion feasibility assessment in terms of NO
x
 emissions. 
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Green – NO
x
 emissions below 300 mg MJ-1 during more than 80% of the time; Yellow – NO

x
 emissions 

below 300 mg MJ-1 between 50% and 80% of the time or when the fuel was tested in just one boiler; Red 

– NO
x
 emissions below 300 mg MJ-1 during less than 50% of the time. 

An increase of NO
x
 emissions was observed with increasing fuel nitrogen content 

(Publications I, II and III). However, fuels with similar nitrogen contents showed 

different NO
x
 emissions in different combustion appliances (Publications I and II), 

highlighting the importance of the combustion technology. It was shown in 

Publications I and III that a reduction in NO
x
 emissions could be accomplished by 

lowering the lambda value. During combustion of maize pellets in combustion 

appliance A4, the NO
x
 emissions were reduced with 22% by changing the lambda 

from 2.0 to 1.7; with this change maize could be in compliance with the Austrian 

law (explained in Publication III). 

4.2.3 SO
2
 EMISSIONS 

The SO
2
 emissions varied according to the fuel sulphur contents. The highest SO

2
 

emissions were found during combustion of wheat bran (330 mg MJ-1) followed by 

Hay (75 mg MJ-1) and Sorghum (70 mg MJ-1) in combustion appliance L4 (Publication 

III). These fuels were the ones showing the highest sulphur content (see Table 8). 

The European standard FprEn 303-5 does not define legal requirements for SO
2
 

emissions. However, these emissions and possible corrosion problems are 

controlled by defining maximum sulphur fuel contents in fuel standards. For 

example, the maximum allowed fuel sulphur content for standard wood and bark is 

0.04 wt% db, 0.08 wt% db respectively [121]. Wheat bran, hay, Sorghum, maize and 

straw sulphur contents exceed the existing thresholds and therefore their future use 

in small-scale heating appliances might be limited. 
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4.2.4 DUST EMISSIONS 

Figure 17 presents the dust emissions during combustion of the tested agricultural 

fuels. Typical values for combustion of standard wood pellets [120] are also shown. 

 

Figure 17: Dust emissions from burning the agricultural fuels and typical values for corresponding 
combustion of standard wood pellets. The red line corresponds to the dust emissions requirement 
according to the Austrian deviations of the FprEN 303-5 [22] 

The highest dust emissions were obtained during combustion of straw in 

combustion appliance L3 (340 mg MJ-1) and maize in combustion appliances L3 and 

F3 (260 mg MJ-1 and 210 mg MJ-1 respectively). Miscanthus and vineyard pruning 

showed the lowest dust emissions, which were comparable to the values observed 

during wood combustion. According to FPrEN 303-5 [22], the dust emissions for 

boiler class 3 should not exceed 200 mg m-3 at 10% O
2
 (approximately 133 mg MJ-1). 

The majority of the fuels tested in boiler L4 fulfil the European requirements for 

boiler class 3 with the exceptions being straw and wheat bran pellets. Miscanthus 

pellets burned in appliances L3 and F2 as well as combustion of straw pellets in 

appliance F1 resulted in dust emissions below 133 mg MJ-1. The Austrian legal 

requirement for dust emissions, stated in the country deviation of the FprEN 303-5 

[22], is however stricter; the dust emissions of boilers with automatic stoking 

operated with standard non-woody biomass fuels in Austria must not exceed 60 mg 

Austrian legal requirements for 

dust emissions (60 mg MJ-1) 



4. Results and Discussion 

 
 

  
49 

 
  

MJ-1. Among the fuels tested, only Miscanthus, vineyard pruning and hay burned in 

combustion appliances L4 and F2 could fulfil this requirement. 

Table 14 presents the results of the combustion feasibility assessment for the 

different fuels in terms of dust emissions (according to the Austrian deviation of 

FprEN 303-05). 

Table 14: Results of the combustion feasibility assessment in terms of dust emissions. 
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Green – dust emissions below 60 mg MJ-1 during more than 80% of the time; Yellow – dust emissions 

below 60 mg MJ-1 between 50% and 80% of the time or when the fuel was tested in just one boiler; Red – 

dust emissions below 60 mg MJ-1 during less than 50% of the time. 

4.3 EFFICIENCY 

The efficiency of the combustion appliances during combustion of the agricultural 

fuels is presented in Figure 18, which also includes typical values for combustion of 

standard wood pellets [120].  

All the fuels satisfied the minimum efficiency requirements defined in the FprEN 

303-5 for boiler class 3. Combustion appliances F1, L1 and L3 operated with maize 

could not reach the minimum efficiency requirements for class 4 of the same 

standard. In addition to the already mentioned appliances and fuels, combustion 

appliances F2 and F3 showed efficiencies below the legal requirements for class 5. 

The Austrian legal requirements were fulfilled by all the combustion appliances with 

the exception of appliance L1 operated with maize pellets. 
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Figure 18 Combustion appliance energy efficiency from burning the agricultural fuels and typical 
values for corresponding combustion of standard wood pellets. 

Table 15 presents the results of the combustion feasibility assessment for the 

different fuels in terms of efficiency. 

Table 15: Results of the combustion feasibility assessment in terms of efficiency 
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during less than 50% of the time. 
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The efficiencies obtained during combustion of the non-woody biomass fuels in 

combustion appliances L2 and L4 were comparable to the efficiencies obtained 

during wood combustion (Publication III). Combustion appliance L3 showed 

efficiencies in the range of 4 to 8 percentage units lower with the non-woody 

biomass fuels than when wood was burned. This appliance was operated with an 

excess air ratio, in the range of 2.5 and 4.5, and the unburned carbon found in the 

ashes varied from 0.96% (straw combustion) to 8.5% (maize combustion). The low 

efficiencies could therefore be connected with poor char and gas-phase burn-out. 

The combustion appliance L1 was operated with a lambda of 2.5 during combustion 

of maize, which could partly 1 explain the relatively low efficiency, 12 percentage 

units lower than when wood was burned.  

The combustion appliances F1, F2 and F3 showed in general lower efficiencies than 

appliances L2 and L4. The accumulation of deposits in the heat exchangers after 

several months of operation could have led to a reduction of the efficiencies. 

Additionally, the efficiency of combustion appliance F1 was reduced with increasing 

excess air ratio (λ=3) (Publication I).  

4.4 DEPOSITS 

Ash accumulation and slag formation was observed during combustion in the 

laboratory and field tests. Figure 19 shows the grate of three combustion appliances 

at the end of the combustion tests with straw pellets. Straw and wheat bran were 

the fuels showing the strongest slag tendency among the tested fuels (Publications II 

and III).  

 
Figure 19: Grate of the combustion appliances a) L2, b) L4 and c) F1, at the end of the combustion tests 
with straw pellets. 

                                            
1 There might be other reasons for the low efficiency observed by combustion appliance L1. 
The combustion tests in this appliance were carried out in the laboratory of the combustion 
appliance L1 manufactures and by their staff. 

a) b) c) 
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During combustion of straw and maize unwanted shutdowns of combustion 

appliances L1, L2 and L3 occurred due to slag formation and ash accumulation on 

the grate or burner pot. The same did not occur when the same fuels were used in 

combustion appliances L4, F1, F2 and F3. 

Table 16 presents the results of the combustion feasibility assessment for the 

different fuels in terms of slag tendency based on the combustion appliances 

unwanted shutdowns during combustion of a certain fuel. 

Table 16: Results of the combustion feasibility assessment in terms of slag tendency. 
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Green – No unwanted shutdowns during more than 80% of the time; Yellow – No unwanted shutdowns 

in between 50% and 80% of the time or when the fuel was tested in just one boiler; Red – No unwanted 

shutdowns during less than 50% of the time. 

Combustion appliance L4 and F2 were able to effectively remove ash lumps and slag 

from the grate due to the moving grate. The addition of lime in combination with 

the increased excess air ratio reduced the slag formation in F1 (Publication I). The 

burner design of combustion appliances F3 allowed the ash to be easily discharged 

to the ash box (Publications I and II). 

Deposit accumulation on the heat exchangers of boiler L4 was observed during 

consecutive combustion tests (see Figure 20). After a total operational time of 

110 hours without cleaning the heat exchangers, the boiler efficiency decreased 

with approximately 10% (explained in Publication III). 
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Figure 20: Deposits in the heat exchangers after a) 39 h, b) 55 h, c) 85 h and d) 110 h of boiler 
operation.  

4.5 BOILER TECHNOLOGY 

The combustion appliances showed different abilities in burning the tested 

agricultural biomass fuels. Combustion appliance L3 was the least adequate in 

terms of ash handling and pollutant emissions which were connected to the burner 

pot and combustion chamber designs respectively (Publications I and II). A strong 

limitation of combustion appliances L1 and L2 was the burner plate design. 

Considerable improvements of the ash handling capacity of appliance L2 was 

accomplished by changing the burner plate (Publication II). The other appliances L4, 

F1, F2 and F3 were able to remove the ash or slag from the grate/plate area and 

unwanted shutdowns did not occur during the testing period. The emissions could 

be further reduced by improving the combustion chamber design and control 

systems (Publications I, II and III). Lambda controlled combustion appliances operate 

at a constant lambda and therefore showed lower emissions than open loop or 

temperature controlled appliances (Publications I and II). As shown in section 4.1, 

the chemical composition and physical properties of these fuels can vary 

considerably and as a consequence will have different air demands during 

a) b) 

d) c) 
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combustion (Publication III). It is therefore important to make the combustion 

appliance control system more flexible by e.g., improving the control algorithm so 

that the operation settings are changed according to the fuel type. The NO
x
 

emissions are also influenced by the type of combustion technology. It was observed 

that fuels with similar nitrogen contents showed different NO
x
 emissions. 

Differences in the combustion chamber design, as well as the position and the 

proportion of the primary and secondary air supply were pointed out as possible 

reasons for the differences in NO
x
 emissions (Publications I and II). Furthermore a 

reduction of lambda was shown to reduce the NO
x
 emissions (Publications I, II and 

III). 

4.6 LABORATORY VERSUS FIELD TESTS 

The results from the combustion tests made in the laboratory and in the field 

showed small differences. The following observations were concordant in both sites: 

 straw was the most complicated fuel to burn in combustion appliances 

optimised for wood. In all the combustion tests with straw pellets ash caking 

and slag formation were observed; The absence of combustion problems in 

the field tests were partly due to a high excess air ratio, which reduced the 

temperature on the grate, and partly to the addition of lime; 

 Miscanthus showed emission values similar to the values observed during 

wood combustion; 

 maize was a problematic fuel concerning NO
x
 emissions due to its high 

nitrogen content.  

The main divergence between the results from laboratory and field tests was in 

terms of efficiency. The combustion appliances tested in the field tests generally 

showed lower efficiencies than similar combustion appliances tested in the 

laboratory. This was probably due to the accumulation of deposits in the heat 

exchangers as already explained in section 4.3.  

4.7 COMBUSTION FEASIBILITY 

The combustion feasibility of the fuels was assessed in terms of emissions, 

efficiency and slag tendency. The results are summarised in Table 17. 
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Table 17: Results of the combustion feasibility assessment in terms of emissions, efficiency and slag 
tendency. 
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Miscanthus gathered the most number of “green lights” in the feasibility study 

making it the best fuel tested. The dust emissions were the weakest aspect of 

Miscanthus; the emissions exceeded the Austrian legal requirements during 

combustion in approximately 30% of the combustion appliances tested.  

Combustion of maize exhibited dust and NO
x
 emissions higher than the Austrian 

legal requirements in more than 50% of the combustion appliances. Furthermore, in 

40% of the combustion appliances, unscheduled shutdowns occurred due to 

slagging. 
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The feasibility study showed that straw is a complicated fuel for small-scale 

combustion appliances. High emissions, low efficiencies and slagging problems were 

observed in more than 50% of the heating appliances. The most significant problems 

related to straw combustion were high dust emissions and slag tendency. The dust 

emissions were above the Austrian legal requirements and operational shutdowns 

due to slag occurred in more than 50% of the tested appliances. 

To accommodate the fact that vineyard pruning, hay, wheat bran and Sorghum were 

only tested in one combustion appliance, the results for these fuels were assigned 

with a “yellow light” for all the evaluated parameters. Further combustion tests 

would be necessary to draw conclusions regarding the feasibility for heat 

production in small-scale combustion appliances. However, the available data from 

vineyard pruning and hay combustion indicated that the emissions and efficiency 

requirements defined in the FprEN 303-5 [22] can be fulfilled. These fuels could 

therefore potentially be used for heat production. Sorghum and hay fulfilled all the 

legal Austrian legal requirements except in terms of dust emissions. 

4.8 ARE NON-WOODY BIOMASS FUELS AN OPTION FOR SMALL-SCALE 

COMBUSTION SYSTEMS? 

Among the agricultural fuels tested only Miscanthus is a standardized fuel in 

Austria (ÖNORM C 4000 [122] and ÖNORM C 4001[123]). It was also the least 

problematic fuel regarding emissions and ash related problems. Other fuels like 

vineyard pruning and hay might be good candidates for further research and 

potential standardisation and utilization for heat production. Based on the results 

from the combustion tests, straw and maize are not recommended to be used in 

existing small-scale combustion systems. Straw and maize could however be 

converted for example into heat or electricity in medium or large combustion 

plants. In these plants, secondary emission reduction measures for NO
x
 and dust 

emissions can potentially be installed. Furthermore, large plants for biomass fuels 

are normally prepared to deal with ash-related problems, for example by the use of 

water- cooled walls and/or flue gas re-circulation to keep the temperature in the 

furnace low and avoid slagging [19]. Other options are the use of additives or co-fire 

with coal, peat or sludge [19], [57], use new alloys or new forms of ceramic 

composite coating. Furthermore the surface temperatures of super-heaters can be 

decreased to avoid high temperature corrosion [57]. 
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Figure 21: Diagram explaining a possible model for continuous research to increase the use of biomass 
fuels in small-scale combustion appliances. 

The present interest in widening the spectrum of biomass raw materials for heat 

production in small-scale appliances can be realised through further improvements 

of the combustion technology. Devices for handling high ash content fuels and a 

flexible combustion control were shown to be key factors for combustion appliances 

using non-woody biomass fuels. These improvements could lead to less problematic 

combustion processes with a greater number of non-woody biomass fuels. Higher 

emissions are expected during non-woody biomass fuels combustion than when 

wood is burned. While it is reasonable to assume that these emissions will be 

decreased as combustion technology develops, the commercial introduction of non-

woody biomass fuels could be accommodated through special legal requirements 

for non-woody biomass fuels, as already included in the new draft of the EN 303-5 

[22]. However, this standard lacks legal requirements for NO
x
 emissions. It was 

shown in this work that some agricultural fuels have substantially higher nitrogen 

contents than wood and therefore, the resulting NO
x
 emissions might be too high to 

be neglected.  

For farmers, the possibility of burning non-woody biomass fuels like agricultural 

residues or energy crops is an attractive option. Farmers could use low quality soils 

to grow energy crops. The agricultural residues or energy crops could be used as 

fuels for heating households and stables, reducing farmers’ fuel costs. 
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The increase of biomass raw materials for heat production will require continuous 

research and evaluation of different options for fuels as combustion technologies 

develops. The approach described in the diagram of Figure 21 can be used as a 

model for this development. 
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5 CONCLUSIONS 

The technical and environmental feasibility of seven different agricultural fuels for 

heat production and the performance of several commercially available combustion 

appliances have been evaluated. Agricultural fuels could be used for heat 

production in some of the combustion appliances for domestic heat production as 

long as the appliances were adapted for burning high ash content fuels. The 

following conclusions were drawn: 

 Miscanthus could be burned in all of the tested small-scale combustion 

systems fulfilling the Austrian legal requirements defined in FprEN 303-5 [22] 

in terms of emissions and efficiency. Vineyard pruning and hay were only 

tested in one boiler and fulfilled the Austrian legal requirements defined in 

FprEN 303-5 [22]. 

 Straw and maize are complicated fuels and are difficult to use in existing 

small-scale combustion appliances. 

 The agricultural fuels could only be burned without unwanted shutdowns in 

heating appliances that has been adapted to manage high ash content fuels, 

i.e. with an effective mechanism or design for ash discharge. 

 The combustion appliances need appropriate technological developments in 

terms of boiler control and ash management devices to deal with agricultural 

fuels which show a strong variability in terms of chemical and thermal 

properties. 

 The results of the laboratory and field tests were in agreement with the 

exception of the boiler efficiency. The heating appliances tested in the 

laboratory reached however, higher efficiencies than the appliances tested in 

the households. 
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6 FUTURE WORK 

Additional research is still required in order to prepare the way for broadening the 

spectrum of biomass materials for domestic heat production. Below, suggestions 

and comments for further research are given to complete the present work:  

 Make long term combustion tests in the laboratory with the objective to 

determine: 

o how long a combustion appliance can be continuously operated with a 

certain non-woody fuel without unwanted shutdowns due to e.g. 

slagging; 

o the influence of each non-woody fuel on heat exchanger deposit 

accumulation; 

o required periodicity for the cleaning of the heat exchanger walls 

during continuous operation with a certain non-woody fuel. 

 Test vineyard pruning, wheat bran, hay and Sorghum in other combustion 

appliances. 

 Make further tests with combustion appliance L4 with the objective of 

optimising the existing control settings (e.g. moving grate and air ratio) for 

each fuel. 

 Investigate technical ways of adapting the combustion appliances for a high 

fuel flexible, such as: 

o system control; 

o mechanical parts and devices; 

o combustion chamber. 

 Investigate other possibilities of improving the combustion behaviour of the 

fuels by using additives or mixtures of different raw materials. 

The increased share of biomass in the EU and in the world is directly connected with 

the continuous search for potential new biomass fuels. It would therefore be 

important to: 

 Assess new biomass raw materials for heat production by: 
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o finding and investigating important fuel parameters; 

o finding and demonstrating suitable fields of application, e.g. heat 

production in small or medium/big scale combustion systems; 

 Standardize non-woody biomass fuels in an European level 

 Create incentives for farmers to produce and use agricultural biomass fuels 

for heat production among the European countries. 

 Encourage combustion appliance manufacturers to develop systems with 

high fuel flexibility. 
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APPENDIX A: ANALYTIC METHODS  

The ash and water contents of the pellets were analysed according to CEN/TS14775, 

at 550°C and DIN 51718, respectively. The higher heating value (HHV) was 

determined using an adiabatic bomb calorimeter according to ÖNORM CEN/TS 

14918. The lower heating value (LHV) was calculated from the HHV based on the 

water content of each fuel. The content of the major elements, carbon (C), hydrogen 

(H) and nitrogen (N) were determined according to prCEN/TS 15104. The ash 

forming elements (cations and sulphur) were determined by microwave digestion. 

The Cl content is determined by analysing a solution of the combustion gases 

dissolved in deionised water via IC. The ash melting behaviour was determined 

according to DIN 51730. The ash was produced according to CEN/TS 14918, it was 

pressed to a small geometric body, it was heated up under a microscope and the 

geometric changes were noted. 
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APPENDIX B: MEASUREMENT DEVICES 

Table 18 presents the measurement devices and principles as well as the range and 

accuracy (when available) of the parameters monitored in the different combustion 

test sites. 

Table 18: Measurements devices, principles, range and accuracy. 

Location 
Measurement 

device 
Measured variable 

Measurement 

principle 

Measurement range and 

accuracy 

Bioenergy 

2020+ 

NGA 2000 

exhaust 

analyser 

O
2
 [v%] Paramagnetic 0 - 2 to 25 ± 1% FV 

  CO [ppm] NDIR 0 - 200 to 5000 ± < 1% FV  

  CO [v%] NDIR 0 - 0.5 to 10 ± < 1% FV 

  CO
2
 NDIR 0 - 1 to 20 ± 1% FV 

  NO NDIR 0 - 250 to 2500 ± 1% FV 

  NO
2
 UV 0 - 50 to 500 ± 1% FV 

  SO
2
 UV 0 – 300 to 3000 ± 1% FV 

 Thermocouple 

Temperatures in 

the combustion 

chamber and of the 

flue gas [°C] 

Type K 

-40 to 1000;  

0.004*T ± 1.5 where 

T=measured temperature 

 
Resistance 

thermometer 

Hot and feed water 

temperatures [°C] 
Pt 100 

0 to 850 ± (0.15 + 0.002*T) 

where T is the measured 

temperature 

 
Endress 

Promag 50 P 
Volume flow [l s-1] 

Magnetic – 

inductive 
0 to 30 ± 0.5 

 
Mettler 

Toledo PTA 

Mass of the 

combustion 

appliance including 

fuel [kg] 

Load beam 300 to 3000 ± 0.04 – 0.3 kg 

 
Tubular filter 

device  
Dust Gravimetric 

According to DVI 2066 / 

sheet 2 (1993) 
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Table 18 cont’d: Measurements devices, principles, range and accuracy. 

Location 
Measurement 

device 
Measured variable 

Measurement 

principle 

Measurement range and 

accuracy 

Laboratory at 

TU-Wien 

Fisher 

Rosemount 

Binos 

O
2
 Paragmagnetic  

  CO
2
 IR  

  CO IR  

  NO UV  

 Thermocouple 

Temperature of the 

combustion 

chamber and of the 

flue gas 

Type K 

-40 to 1000;  

0.004*T ± 1.5 where 

T=measured temperature 

 
Tubular filter 

device 
Dust  Gravimetric 

According to DVI 2066 / 

sheet 2 (1993) 

Manufacturer 

of 

combustion 

appliance L1 

Testo 350 XL O
2
 [v%] Electrochemical 0 to 25  0.8 

  CO [ppm] Electrochemical 
0 to 10000 10 (up to 99.0) 

and 5% (up to 2000)  

  NO [ppm] Electrochemical 
0 to 3000  5.0 (up to 99.0) 

and  5 (up to 2000) 

 Thermocouple Temperatures Type K 

-40 to 1000;  

0.004*T ± 1.5 where 

T=measured temperature 

Field Tests 
Rbr – ecom 

SGPLUS 
O

2
 [v%] Electrochemical 0 to 25  125 

  CO [ppm] Electrochemical 0 to 40000  200 

  NO [ppm] Electrochemical 0 to 10  0,5 

  NO
2
 [ppm] Electrochemical 0 to 200  10 

  SO
2
 [ppm] Electrochemical 0 to 4000  200 

  CO
2
 [v%] IR 0 to 20  1 

FV – Final value; NDIR – Non dispersive infrared; UV – Ultraviolet; IR – Infrared  
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APPENDIX C: CALCULATIONS 

The combustion calculations and the methods used to determine the boiler 

efficiencies are described below. 

Air ratio 

The oxygen and air demand (O
2,min

 and L
min

) for stoichiometric combustion are 

calculated per kg of fuel using the following equations: 

][     .7,0.55,5.7,0.86,1 13
min,2 2 fuelOHSC kgmxxxxO  Equation 1 

][     
21,0

13min,2
min fuelkgm

O
L  Equation 2 

Where x
C
, x

S
, x

H
 and x

O2
 are the mass percentage of carbon, sulphur, hydrogen and 

oxygen respectively in dry fuel. It is assumed that all the nitrogen present in the fuel 

will be released in the form of N
2
. The dry flue gas volume (V

fg,d,min
) generated is 

determined from: 

][     
21,0

79,0
..8,0.68,0.85,1 13

min,2min,, fuelNSCdfg kgmOxxxV  Equation 3 

The air ratio (λ) is calculated using the O
2
 (O

2,gen
) and CO

2
 (CO

2,gen
) content in the flue 

gas (in volume percent), from equations 4 and 5 respectively: 

min

min,,

,2

,2
1 21

1
L

V

O

O dfg

gen

gen
 Equation 4 

min

min,,

,2

max,2
2 11

L

V

CO

CO dfg

gen

 Equation 5 
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CO
2,max

 is the volume percentage of carbon dioxide in the flue gas for complete 

combustion of the fuel, and is calculated using: 

min,,
max,2

85,1

dfg

C

V

x
CO  Equation 6 

Volume of flue gas generated 

The volume of dry flue gas generated during combustion per kg of fuel is given by: 

][   )1( 13
minmin,,, fueldfgdfg kgmLVV  Equation 7 

and the volume of moisture in the flue gas is determined using: 

][  24,11,11 13
fuelwaterHW kgmxxV  Equation 8 

where x
water

 is the mass percentage of water in the fuel. The total volume of flue gas 

generated per kg of fuel, V
fg
, during combustion is the sum of equations 7 and 8: 

][     13
, fuelwdfgfg kgmVVV  Equation 9 

Emissions in mg Nm-3 for 13% O
2
 and mg MJ-1 

The concentrations of CO, NO
2
, NO and SO

2
 (E

CO
, E

NO2
, E

NO
, E

SO2
 respectively) were 

measured in ppm and further converted into mg Nm-3 for 13% of O
2
 and into mg MJ-1 

as follows: 

i
fg

iOxigeni O
ppmEmgNmE

,2
%13

3

21,0

13,021,0
 Equation 10 

1000
21,0

21,0
/ min,,

,2 LHV

V

O
ppmEMJmgE dfg

fg

i
ii  Equation 11 

Where the subscript i indicate properties of CO, NO
2
, NO2 and SO

2
, ρ is the density 

and O
2,fg

 is the volume percentage of O
2
 in the flue gas. 

                                            
2 In the conversion of the concentration of NO in the flue gas into mg Nm-3 for 13% O2 or into mg MJ-1 the density 
used in equations 10 and 11 is the density value of NO2. 
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Efficiency 

The boilers efficiency was calculated using an indirect method by measuring the 

losses occurring in the boiler as described in FPrEN 303-5. 

)(100% sFUAthodIndirectMe qqqq   Equation 12 

In Equation 1, q
A
 is the thermal loss in the flue gas, q

U
 is the loss due to unburned 

fuel carbon in the flue gas, q
F
 is the loss due to unburned carbon in the solid residue 

(ash) and q
S
 is the radiation heat loss from the boiler surface. q

A
 and q

U
 were 

calculated using Equation 14 and 15 respectively. 

LHV
TTcpVcpVq airfgwaterwfgdfgA

1
))(( ,

 
Equation 13 

LHV
VCOq dfggenU

12640
10 ,

6
  Equation 14 

Here, V
fg,d

 is the volume of dry flue gas generated during combustion per kg of fuel, 

V
w
 is the volume of moisture in the flue gas, T

fg
 and T

air
 are the temperatures of the 

flue gas and ambient air respectively, cp
fg
 and cp

water
 are the specific heat capacities 

of the flue gas and water respectively and CO
gen

 is the CO content in the flue gas. 

Based on previous findings (see Publication III) the loss due to unburned carbon in 

ash (q
F
) was considered irrelevant and therefore it was assumed zero in the 

efficiency calculation (equation 12). 

The radiation heat losses (q
S
) used were taken from the user’s manual of the 

combustion appliances and are presented in Table 19. 

Table 19: Radiation heat losses (qS). 

Combustion Appliances A1 A2 A3 A4 F1 F2 F4 

Surface heat losses (q
S
) 0,01 0,4 20 0,01 1 1 0,8 
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CHALLENGES IN SMALL-SCALE COMBUSTION
OF AGRICULTURAL BIOMASS FUELS

L. CARVALHO,1,2 J. LUNDGREN,2* and E. WOPIENKA1

1Austrian Bioenergy Centre, Rottenhauserstrasse,
 1, 3250 Wieselburg, Austria

2Division of Energy Engineering, Luleå University of Technology,
 971 84 Luleå, Sweden

Straw, Miscanthus, maize, and horse manure were reviewed in terms of fuel characteristics. They
were tested in existing boilers, and the particulate and gaseous emissions were monitored. The ash
was analyzed for the presence of sintered material. All the fuels showed problems with ash lumping
and slag formation. Different boiler technologies showed different operational performances. Maize
and horse manure are problematic fuels regarding NOx and particulate emissions. Miscanthus was
the best fuel tested. Due to the big variation of fuel properties and therefore combustion behavior
of agricultural biomass, further R&D is required to adapt the existing boilers for these fuels.

Keywords: Agricultural fuels; Combustion; Emissions; Ash; Slagging

INTRODUCTION

Currently, the share of renewable energy in the European Union (EU) is slightly
above 6% and according to the European Commission’s white paper (1997), the
goal is to double this value by the year 2010. Biomass accounts for about one-
half of the renewable energy used in the EU (Commission of the European Com-
munities, 2005) and there is large potential to further increase the utilization.
Therefore, biomass is expected to play an important role in reaching the European
Commission’s target. In particular, the share of solid biomass for heating purposes
can be further increased by replacing oil- and gas-fired furnaces with biomass
boilers and by expanding the spectrum of biomass raw materials for small-scale
combustion systems, e.g., agricultural residues and energy crops. Furthermore, the
interest in using alternative biomass materials for small-scale combustion systems
has been increasing in several European countries. The main reason is higher
prices for woody biomass due to an increased demand. It may also be expected
that the competition for wood will continue to increase mainly due to the follow-
ing reasons: 

*Address all correspondence to Joakim.Lundgren@ltu.se
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• The demand for woody biomass in sawmills and the pulp and paper in-
dustry

• The future production of the second generation of automotive fuels based
on woody biomass
The increasing demand and sale of small-scale pellet boilers in several
European countries, e.g., Austria and Germany, which have led to an in-
creased demand of fuel supply, i.e., woody materials

There are several benefits from growing energy plants or using agricultural
residues for energy purposes. Energy crops can provide a supplemental income for
farmers and at the same time prevent soil erosion. Furthermore, the utilization of
a broader variety of biomass materials can create more job opportunities for power
and agricultural equipment industries. Straw is an agricultural residue that typically
is used as bedding material for cattle or left on the fields as soil fertilizers. How-
ever, in places with dry climate, the full-grown straw may not be suitable as fertil-
izer and could instead be valorized as biomass fuel. Another interesting new and
alternative residue that can be used as a fuel for energy purposes is horse manure
mixed with different bedding materials such as straw and wood shavings. As one
measure to reduce the ever-increasing amount of refuse at landfills, the European
Commission has decided to prohibit deposition of organic materials in Europe.
Due to this, stable owners need to find practical, environmental, and economic al-
ternatives for handling the horse manure. One possibility is composting and fur-
ther use as fertilizer. However, according to Lundgren and Pettersson (2004), this
possibility is only economically viable if the land is sufficiently near the manure
production to minimize transportation costs. On the other hand, horse manure may
contain oat weeds and cereal, and farmers normally hesitate to accept this type of
fertilizer on their fields. Consequently, the combustion of horse manure for heat
generation is an attractive solution for stable owners and riding schools. This un-
refined fuel, due to practical reasons, should only be used in situ and in combus-
tion systems with a heat capacity higher than ~100 kW.

Despite the high availability, rapid growth, abundance, or underutilization,
agricultural residues and energy crops have, in general, certain physical and
chemical properties that may induce problems during combustion. In addition to
their relatively low heating value, on average 5–10% lower than wood, they have
higher ash contents, lower ash melting points, and higher concentrations of nitro-
gen (N), sulphur (S), and chlorine (Cl) than typical woody fuels (Werther, 2000).
Large ash quantities in connection with low ash melting points can cause distur-
bances by the formation of deposits in combustion systems not prepared for non-
wood fuels. The sintered deposits or slags are either glassy fused coatings or
agglomerates of ash bonded together with a glassy material (Miles, 1996). The al-
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kali (sum of potassium and sodium oxides), alkali earths (sum of magnesium and
calcium oxides), and silica (SiO2) are very important ash components in the forma-
tion of slag. Silica is often a major element in ash-rich fuels and does not consti-
tute a problem for biomass boilers itself due to the high melting point (= 1713oC).
However, silicon (Si) in combination with potassium (K) can lead to formation of
low-melting-point compounds that may slag at normal boiler furnace temperatures
(800–900oC) (Miles, 1996; Obernberger, 1998). Calcium (Ca) and magnesium
(Mg) normally increase the melting temperature of ashes (Obernberger, 1998).
Results from chemical characterization of slag samples show that they consist of
a large number of different particles held together by a "sticky" silicate melt
(O
..

hman, 2004). High concentrations of sulfur, nitrogen, and chlorine intensify the
emissions of sulphur dioxide (SO2), nitrogen oxides (NOx), and hydrogen chloride
(HCl) and may cause the formation of dioxins and furans under unfavorable com-
bustion conditions (Werther, 2000). According to Obernberger (1998) and Van
Loo and Koppejan (2002), the guiding ranges for nitrogen, sulfur, and chlorine in
biomass fuels (in weight percent of dry fuel) for unproblematic thermal utilization
are as follows:

• N concentration below 0.6% for NOx emissions
• Cl concentration below 0.1% for HCl emissions and 0.3% for dioxins and

furans emissions
• S concentrations below 0.2% for SOx emissions

Chlorine and sulfur are, besides promoting the formation of deposits, also in-
volved in corrosion reactions of metals (Obernberger, 1998; Bryers, 1996; Van
Loo and Koppejan, 2002). Furthermore, combustion of any type of biomass fuels
also involves emission of particles from inorganic materials and particles due to
an incomplete combustion process. The inorganic material is a result of entrain-
ment of ash particles and salts, basically consisting of K, Na, S, Cl, and Zn
(Brunner et al., 2006) in the flue gas. Particle emissions from incomplete combus-
tion include soot, char, and condensable organic particles (tar) (Van Loo and Kop-
pejan, 2002; Johansson, 2003). The emission of the latter type of particles, as for
CO emissions, may be a result of too low combustion temperatures, too short
residence time, or lack of available oxygen (Van Loo and Koppejan, 2002).

Over the years, small-scale biomass combustion systems have reached a high
quality performance level. The efficiency has increased, the emissions have de-
creased, fully automatic operation systems have been developed, and the combus-
tion technology has been optimized for woody biomass fuels. The future utiliza-
tion of a wider base of raw materials for thermal conversion in small-scale com-
bustion systems requires further research and development of the existing boiler
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technologies. The challenge is to adapt and develop these systems, enabling a
trouble-free operation with low emissions also when burning nonwoody and
lower-quality biomass fuels.

The increasing interest in alternative biomass materials in Austria has led to
the creation of threshold values for the combustion of nonwoody biomass fuels in
small-scale combustion systems with nominal heat output up to 400 kW. This
new regulation, Article 15a B-VG Schutzmaβnahmen betreffend Kleinfeuerungsan-
lagen Laenderexpertenkonferenz Heizungsanlagen, will come into force in all fed-
eral states of Austria in the near future. This directive specifies emission limits
for nonwood standardized fuels for carbon monoxide (CO), nitrogen oxides (NOx),
organically bound carbon (OGC), and total suspended particles (TSPs). The new
regulation also defines stricter limits for OGC and TSP for wood combustion than
the present directive. At present, no official regulations for small- and medium-
scale biomass combustion plants concerning emissions of CO, NOx, or TSP exist
in Sweden, but there are recommended limits. In Sweden, there is no emission
limits for small-scale systems appliances up to a nominal heat output of 500 kW,
but only guideline emission levels for CO and TSP that are recommended to be
followed. Table 1 shows the future limits in Austria and the recommended emis-
sion values in Sweden. The units of the threshold values for Austria and Sweden
are presented in mg/MJ and mg/Nm3, respectively. It should be pointed out that
the CO emission limit in Sweden is one-half of that in Austria, while Austria has
a stricter emission limit for TSP, at almost one-half of the Swedish value.

There is no common legislation for emission limits for small- to medium-
scale biomass appliances within the EU. Emission limits for selected European
countries are presented in Van Loo and Koppejan (2002).

The main objective of this study has been to review the fuel characteristics
of a variety of agricultural raw materials such as straw, Miscanthus, maize, and
horse manure mixed with two different bedding materials, namely, wood shavings
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TABLE 1  Emission limits for standardized fuels in Austria for automatically fed boilers up
to a nominal heat output of 400 kW, according to Laenderexpertenkonferenz Heizungsanlagen
(2007) and recommended emission values in Sweden, for small-scale combustion appliances
up to a nominal heat power output of 500 kW, according to Van Loo and Koppejan (2002)

Region Fuel CO NOx OGC TSP

Austria
Wood 500* 150* 30* 50*

Nonwood 500* 300* 30* 60*

Sweden Wood 500** – – 350**

 *Value in mg/MJ
**Value in mg/Nm3 at 11% O2



and straw. Furthermore, the fuels that may cause technical and environmental
problems were identified. Combustion tests were carried out with the different
fuels, and the gaseous and particulate emissions were surveyed. Different boiler
technologies with thermal outputs in the range of 10 to 350 kWth were tested, and
their combustion performance for handling nonwoody biomass fuels was analyzed.

EXPERIMENTAL

Combustion Systems and Fuels

The combustion tests were carried out in biomass boilers available on the market.
The boilers had originally been developed and optimized for woody biomass
fuels. Table 2 gives an overview of the boiler characteristics relevant for this
paper. A more detailed description of boilers S1 and S2 can be found in Lund-
gren et al. (2004a,b).

Straw, Miscanthus, and maize (whole crop), harvested in different years,
were pelletized (with diameter of 6àmm) and burned in the different pellet boilers
(see Table 3).

The horse manure fuels are inhomogeneous and used exactly as delivered
from the horse boxes, i.e., no drying or refining. The share of bedding material
(straw or wood shavings) typically constitutes 40–80%wt, depending on how care-
ful the horse boxes are cleaned.
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TABLE 2  Relevant characteristics of the pellet boilers used in the combustion tests

Boiler
Nominal heat
output [kW]

Fuel supply Control principle Ash discharge

Boiler A1 15 Under feed Flue gas temperature
Continuously ash dropping

over the grate edge*

Boiler A2 25 Under feed Lambda
Continuously ash dropping

over the grate edge*

Boiler A3 10 Top feed Open loop control
Continuously though

the grate

Boiler A4 15 Horizontal feed Lambda
Moving grate (horizontal
movements in predefined

intervals)*

Boiler S1 350 Horizontal feed Lambda
Ash continuously dropping

over the grate edge*

Boiler S2 150 Horizontal feed Lambda
Ash continuously dropping

over the grate edge*

*The ash was then carried automatically via a screw conveyor to the ash box.



Combustion Tests

The combustion tests were performed partly in Austria and partly in Sweden. The
combustion tests preformed in Austria were carried out at the Austrian Bioenergy
Centre (ABC) laboratory in Wieselburg and at test stands of project partners. The
tests were carried out at full load over a period of 4–24 h. The gaseous emissions
as well as other relevant parameters, e.g., temperatures in the combustion cham-
ber, flue gas temperature, and total mass of the system, were measured continu-
ously. NDIR (nondispersive infrared) instruments were used for NO, CO, and
CO2. For O2 and NO2 measurements, a paramagnetic cell instrument and an ul-
traviolet cell were used. With the exception of boiler A4, all pellet boilers were
operated with the settings used for burning standard wood fuels. In boiler A4,
which is equipped with a moving grate, the grate cleaning intervals were short-
ened to more effectively remove the ash from the primary combustion area. A
second set of experiments with boiler A2 were made after substituting the burner
plate with a smaller one. Total dust emissions were measured for the combustion
tests performed in boilers A3 and A4.

In Sweden, experiments with horse manure mixed with different bedding
materials as fuels were carried out partly in a test laboratory in Boden (boiler S1)
and partly in a demonstration plant in Timrå (boiler S2). The former has a thermal
output in the range of 150 to 350 kW while boiler S2 operates in the range of 50
to 150 kW. NDIR instruments were used for NOx, CO, and CO2. For O2  meas-
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TABLE 3  Fuels used in the combustion tests

Fuel Boiler A1 Boiler A2 Boiler A3 Boiler A4 Boiler S1 Boiler S2

Wood pellets x x x x

Straw pellets (harvested
in 2004)

x x x

Miscanthus pellets (harvested
in 2004)

x x

Maize pellets, whole crop
(harvested in 2004)

x x x

Straw pellets (harvested
in 205)

x x

Miscanthus pellets (harvested
in 2005)

x x x

Maize pellets, whole crop
(harvested in 2005)

x x x

Horse manure with wood
shavings

x x

Horse manure with straw x



urements, a paramagnetic cell instrument was used. Measurements of dust emis-
sions were carried out in boiler S2 during five different combustion experiments.

RESULTS AND DISCUSSION

Fuel Characteristics

Table 4 shows the lower heating values (LHVs), ash softening temperatures, and
the composition of the main and trace elements in the fuels tested. Even though
the straw, Miscanthus, and maize whole-crop raw materials show some variations
between the two years, for simplicity, only the fuel properties of the materials
harvested in 2005 are shown.

Based on the composition of the different fuels, high NOx emissions are ex-
pected during straw, maize, and horse manure combustion, since they have more
than three times higher nitrogen content than wood fuels. The two horse manure
mixtures and the straw pellets have a concentration of Cl that might cause prob-
lems with corrosion and HCl emissions. All the agricultural fuels show lower sof-
tening temperatures (horse manure fuels not analyzed), higher ash contents, and
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TABLE 4  Fuel properties of the biomass fuels tested

Fuels
Wood
pellets

Straw
pellets

Miscanthus 
pellets

Maize
pellets

Horse
manure

and wood

Horse
manure

and straw

LHV [mg/MJ]dry fuel 18.8 17.3 17.8 17.5 18.1 16.3

Softening temperature
[oC]

>1100 800 1010 910 – –

Moisture content [%] 9.4 7.9 8.7 11.7 57 59

Fuel Composition [%]dry fuel

Ash 0.2 5.7 3.3 3.4 7.3 14.7

C 50.7 47.3 47.3 45.9 48.6 43.6

H 5.9 5.8 6.0 6.3 5.8 5.6

N 0.2 0.7 0.2 0.9 0.9 1.8

S <0.02 0.1 <0.1 <0.1 0.14 0.26

Cl <0.1 0.2 <0.1 0.1 0.26 0.46

Fuel composition, trace elements [mg/kg]dry fuel

Si 10 10 600 9 800 3 600 10 500 27 100

K 450 14 000 1 000 7 800 5 200 13 700

Na <10 90 25 30 600 800

Ca 800 2 500 1 600 900 8 300 9 400

Mg 150 800 1 000 1 100 4 200 2 800



higher concentrations of Si and K than wood. Consequently, problems with ash
sintering could be expected, especially for straw pellets and horse manure and to
a smaller extent for Miscanthus and maize.

Ash and Slag

As expected, ash-related problems were observed in almost all the experiments
carried out with agricultural biomass fuels. Miscanthus and maize proved to be
the least problematic, followed by horse manure and straw. A higher degree of
sintering could be seen in the ash samples from the manure mixed with straw
than when wood shavings were used as fuel.

In boilers A1 and A2, big ash lumps were accumulated in the plate area,
and the fire was extinguished after a few hours of operation, especially during
combustion of straw. At the end of the combustion tests with boiler A3, big and
compact ash lumps, with the shape of the burner plate, were formed when straw
and Miscanthus were burned. Almost no ash was found in the burner plate at the
end of the experiment with maize pellets. Furthermore, almost no slag was found
on the grate at the end of the combustion experiments in boiler A4. After the ex-
periments in boilers S1 and S2 using horse manure mixed with wood shavings as
fuel, sintered material could be found among the ash. During the experiments with
horse manure mixed with straw, large sinter cakes or slag were found on the
grate after shutdown.

Operational Performance

The effect of the ash accumulation and slag formation on the operation of the
boilers differed depending on the combustion technologies. Some boilers shut
down by quenching of the fire after a few hours of operation, while others were
able to remove ash and slag from the combustion zone and thus could be oper-
ated for a longer period of time.

With the exception of boiler A3, the emissions and the other parameters
were measured during a minimum of two to three hours of steady-state combus-
tion in all the boilers tested in Austria. In boiler A3, very short periods of steady-
state combustion, in general less than one hour, were achieved. The use of a
smaller plate in boiler A2 increased the space between the walls and the burner
plate for the ash to fall down into the screw conveyor. This resulted in consider-
able improvement in the ash-removal capacity of the boiler for all fuels and in
particular for maize pellets. Additional changes in the boiler design, e.g., using an
even smaller plate with downward-bending edges or installing a mechanical clean-
ing system, might be required to strengthen the ash-removal ability of the boiler.
Boiler A4 was the Austrian boiler with the best performance in removing the ash
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from the combustion area. The moving grate, whose settings could be adapted for
different fuel properties, proved to be a good tool for handling fuels with high
ash content. Despite the slag tendency of the horse manure fuels (in particular the
straw mixture), the ash could slide down toward the screw conveyor without op-
erational problems and both of the Swedish plants could be operated continuously.
Table 5 shows the operational performance associated with the boilers’ capacity to
handle high ash-content fuels.

All the boilers were equipped with automatic fuel feeding, by means of a
worm screw. In none of the combustion systems tested in Austria were problems
related to the feeding observed. The testes carried out in Sweden were done with
fuel fluctuations. In the straw case, the fluctuations were caused by long straws
that were rolled up on the feeding screw center forming a plug, and for the
wood-shaving case, caves and vaults were formed above the fuel-feeding screws
inside the fuel storage.

Emissions

The CO, NOx, and total dust emissions from the combustion tests are shown in
the figures. In order to evaluate and compare the different fuels and boiler tech-
nologies, the emission values are juxtaposed with the future limit values in Aus-
tria for standardized biomass fuels. For means of comparison and when available,
emission values from the combustion of standard wood pellets, in the boilers
tested in Austria, and standard wood chips, in boiler S1, are shown.

The CO emissions were in most cases low and below 500 mg/MJ as shown
in Figure 1. Comparing the fuels, straw pellets showed the highest CO emissions
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TABLE 5  Operational performance of the tested boilers

Fuels Boiler A1 Boiler A2 Boiler A3 Boiler A4 Boiler S1 Boiler S2

Straw × ×(~)* × ~ – –

Miscanthus � ×(×)* × ~ – –

Maize whole crop � ×(�)* ~ � – –

Manure and wood
shavings

– – – – � �

Manure and straw – – – – ~ –

� worked well
~ Worked with some problems
× Did not work
– Fuel not tested

• Symbol inside the parenthesis corresponds to the performance of boiler A2 after the change.



in all the boilers, followed by horse manure mixed with straw, horse manure
mixed with wood shavings, maize whole crop, and Miscanthus. The high CO
emissions during combustion of straw pellets are mostly due to disturbances of
the burning process caused by, e.g., ash melting or ash lumping. Relatively high
CO emissions were also noticed during combustion of the horse manure mixtures
(wood shavings as well as straw). This was in both casesàdue toàthe uneven fuel
feeding rate causing an unstable combustion process.

When comparing the different boiler technologies tested, it can be seen that
the CO emissions are lower in boilers A2, A4, and S1 than in boilers A1 and A3.
This difference can partially be explained by the different controlling technologies
used. The difference can be easily seen in Figure 1. Lambda controlled boilers
can operate at a constant excess air ratio independent of the fuel and therefore
show a better capacity of adaptation for different fuel qualities than temperature-
or open-loop-controlled boilers. The high CO emissions measured in boiler A3 are
also connected to its design, which leads to too-low combustion temperatures and
low mixing in the secondary combustion zone. Boilers A2 and A4, as well as
boilers S1 and S2, can achieve a good combustion process when operated with
agricultural fuels. The other boilers require a more flexible regulation concept
when operated with agricultural fuels in order to reduce the CO emissions.
Figure 2 shows the NOx emissions in the different boilers. The emission threshold
for wood, 150 mg/MJ, is exceeded by almost all the fuels. Therefore, it is impor-
tant to make special NOx emission limits for nonwood fuels. Moreover, only Mis-
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canthus and straw can fulfill the future limit for nonwood standardized fuels of
300 mg/MJ in Austria Laenderexpertenkonferenz Heizungsanlagen, 2007.

Figure 3 shows the NOx emissions in the different boilers, as well as values
from the combustion of wood pellets in boiler A1 as a function of the nitrogen
content in the fuels. In all the combustion systems, as expected, an increase of the
NOx emissions can be seen with the increase of nitrogen content. It can also be
noticed that fuels with the same nitrogen content show different NOx emissions
when burned in different boilers. This means that, apart from the fuel charac-
teristics, the boiler technology also has an important influence on the NOx emis-
sions. Boiler A3 showed the lowest NOx emission values for all the fuels tested.
Despite the high excess air ratio in boiler A3, (varying between 2.5 and 3.5), the
mixing of the volatiles with air is poor. Therefore, the primary nitrogen-containing
components do not get oxidized but react further with, e.g., hydrocarbon radicals
and CO, leading to low NOx emissions. The highest NOx emissions were shown
by boiler A1. The NOx emission curves in Figure 3 for boilers A2 and A4 follow
each other closely.

Differences in the combustion chamber design, which influence the residence
time and mixing of air and volatiles, as well as the position and proportion of pri-
mary and secondary air supply and fuel bed height (Padinger, 1999), are possible
reasons for the differences in NOx emissions observed between the boiler tech-
nologies. Furthermore, the NOx emissions are also affected by the excess air ratio
used, i.e., NOx emissions increase with increasing lambda values (Padinger, 1999;
Eskilsson, 2004). Therefore, a further reduction of NOx emissions is possible by a
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combination of improvements of the boiler technology and control strategies that
enable a complete combustion of the fuel at low air ratios.

Figure 4 shows the results from the total dust measurements made in boilers
A3, A4, and S2. The dust emissions from boilers A3 and S2 are clearly much
higher than from boiler A4. In boiler A3, the operational period with most of the
fuels was short (30 min to 1 h) due to problems with slag. Therefore, the dust
emissions measured may be higher than that of steady-state full-load operation.
Extremely high dust emissions where registered for boiler S2, mainly due to badly
optimized control parameters, e.g., primary air supply, and it is doubtful whether
these emission values are representative. Further measurements at better operating
conditions are certainly required to be able to draw any conclusions. Dust emis-
sions from boiler A4, especially when burning Miscanthus, were below the thresh-
old value and comparable to emissions resulting from wood combustion. In
general, the emission limit was exceeded when straw and maize were burned. In
boilers A3 and S2, since they show relatively high CO emissions, a decrease in
the dust emissions could be accomplished by ensuring a complete combustion.

CONCLUSIONS

All the boilers tested required further improvements, in terms of boiler design,
combustion technology, and/or controlling strategies in order to reach the same
level of combustion performance with agricultural fuels as they presently show
with wood. The main problems observed were related to ash accumulation on the
combustion area and high emissions.

Influence of the Type of Fuel

The emissions from Miscanthus combustion were in general below the threshold
value for non-woody fuels in Austria (Laenderexpertenkonferenz Heizungsanlagen,
2007) and in most cases were very close to the values observed for wood when
burned in existing pellet boilers. However, a trouble-free operation with Miscan-
thus can only be accomplished in boilers that can handle ash-rich fuels. NOx

emissions in small-scale combustion systems are generally a result of the fuel-
bound nitrogen in the biomass. Further optimizations of the combustion technolo-
gies are probably not enough to reduce NOx emissions to the existing threshold
value for wood combustion in Austria, especially for nitrogen-rich fuels like
Maize. Therefore, new emission limits for the combustion of nonwood fuels are
needed. Maize and horse manure mixed with bedding material, due to their high
nitrogen content, are problematic fuels concerning NOx emissions, which were
close to or exceeding the threshold value of 300 mg/MJ. Most of the fuels tested
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showed problems with ash accumulation and slag formation. The Si and K con-
tents were shown to be important indicators of ash sintering degree during com-
bustion. Straw pellets and horse manure mixed with straw are difficult fuels to
burn in boilers optimized for wood due to their high ash content and low ash
melting points. In all experiments, ash caking and slag formation was observed in
the primary combustion zone, which sometimes also disturbed the burn out of the
fuel and led to increased emissions of CO.

Influence of the Boiler Technology

 The results from the combustion tests have shown that all the boilers require im-
provements in order to reach the same level of combustion performance with ag-
ricultural fuels as they presently show with wood. The fuels tested can be burned
in existing pellet boilers with CO emissions below the threshold value. However,
the type of controlling technology has shown to be an important aspect to achieve
even lower emissions. Lambda controlled boilers showed the lowest CO emis-
sions. Steady-state combustion processes with different types of fuels can only be
assured by using a control technology that can adapt the burning conditions to the
different fuel properties. Furthermore, by minimizing the CO emissions and other
products of incomplete combustion, the dust emissions can be further reduced.
Another important aspect affecting the emissions is the excess air ratio. On the
one hand, an increase of the excess air ratio can to a certain extent decrease the
CO emissions considerably and can help to avoid ash accumulation and slag for-
mation by lowering the glow bed temperature. On the other, an increase of excess
air ratio can also lead to increased NOx emissions and reduced system efficiency.
Therefore, the best approach is to improve the combustion chamber design and air
inlets in order to provide sufficient mixing, temperature, and residence times at
minimum air ratios. The improvement of the controlling technology also plays a
crucial rule in order to regulate the excess air ratio, i.e., to minimize the lambda
value without compromising a complete combustion process. Staged combustion,
or other primary NOx reduction measures, should be further investigated and im-
plemented in small-scale combustion systems.

Despite the high degree of sintering shown by some of the fuels tested, the
boilers with, e.g., a moving grate, could effectively remove the ash from the pri-
mary combustion zone. The future use of agricultural biomass fuels will require
further development of the existing boiler technologies associated with the com-
bustion chamber design and ash removal system in order to minimize the emis-
sions and to effectively remove the ash from the primary combustion zone.
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Abstract 

The increasing demand for woody biomass increases the price of this limited resource, 

motivating the growing interest in using woody materials of lower quality as well as non-

woody biomass fuels for heat production in Europe. The challenges in using non-woody 

biomass as fuels are related to the variability of the chemical composition and in certain fuel 

properties that may induce problems during combustion. The objective of this work has been 

to evaluate the technical and environmental performance of a 15 kW pellet boiler when 

operated with different pelletized biomass fuels, namely straw (Triticum aestivum), 

Miscanthus (Miscanthus x giganteus), maize (Zea mays), wheat bran, vineyard pruning (from 

Vitis vinifera), hay, Sorghum (Sorghum bicolor) and wood (from Picea abies) with 5% rye 

flour. The gaseous and dust emissions as well as the boiler efficiency were investigated and 

compared with the legal requirements defined in the FprEN 303-5 (final draft of the European 

standard 303-5). It was found that the boiler control should be improved to better adapt the 

combustion conditions to the different properties of the agricultural fuels. Additionally, there 

is a need for a frequent cleaning of the heat exchangers in boilers operated with agricultural 

fuels to avoid efficiency drops after short term operation. All the agricultural fuels satisfied 

the legal requirements defined in the FprEN 303-5, with the exception of dust emissions 

during combustion of straw and Sorghum. Miscanthus and vineyard pruning were the best 

fuels tested showing comparable emission values to wood combustion. 
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1. Introduction 

During the last 30 years, small-scale wood combustion systems have been well developed and 

reached a high quality and performance level in Europe. The energy efficiency has increased, 

the emissions have decreased, fully automatic operation systems have been developed and the 

combustion technology has been optimized for woody biomass fuels [1, 2]. Automatically 

stoked systems are normally based on staged combustion, i.e. two main combustion zones are 

created in order to maximize the burnout rates. The primary combustion zone is located on a 

grate or burner plate where drying, devolatilization and char combustion takes place. The 

secondary combustion zone is located above the grate in the combustion chamber where the 

combustible gases are oxidized [2, 3]. Furthermore, each combustion zone has its own air 

supply; primary and secondary air are supplied in the fuel bed and in the combustion chamber 

[4]. In this way, automatic pellet boilers can show efficiencies higher than 90% (based on the 

lower heating value) with CO emissions below 50 mg Nm-3 at 13% Vol. O2 [3] (which 

corresponds to approximately 46 mg MJ-1) under steady state combustion conditions. 

Presently, the market for fossil fuels is unstable and their prices are constantly rising. 

Furthermore, Europe has the target of reaching its share of renewable energies to 20% by 

2020 [5] and biomass can play an important role. However, the increasing competition for 

woody biomass in the heating sector, sawmills and pulp and paper industries are increasing 

the price of wood [6]. As a result, the interest for alternative biomass fuels is growing rapidly, 

covering woody materials of low quality, energy crops and agricultural and forest residues [7-

12]. There are several benefits from expanding the spectrum of biomass raw materials used in 

small-scale combustion systems [13]. Besides increasing the use of renewable energies, 

energy crops can provide a supplemental income for farmers and at the same time show the 

potential of restoring degraded lands, preventing soil erosion. The value of the agricultural 

and forest residues can be increased by using them as fuels and more job opportunities for 

power and agricultural equipment industries can be created. However, burning non-woody 

fuels in small-scale heating systems is a challenging option [11, 14, 15]. Compared to wood, 

non-woody biomass assortments have higher ash contents and a higher content of critical 

inorganic elements. Ash related problems are therefore expected, which affect the dust 

emissions [16] and cause problems during combustion due to e.g. slagging [10, 17]. Slag on 

the grate of small-scale pellet boilers may disturb the combustion process (e.g. higher CO 

emissions [11]) and lead to unwanted shutdowns of the boiler [18]. High concentrations of 

nitrogen (N), sulphur (S) and chlorine (Cl) in agricultural fuels increase the emissions of 
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nitrogen oxides (NOx), sulphur dioxide (SO2) and hydrogen chloride (HCl), respectively [4, 

16]; they may also cause the formation of dioxins and furans under certain combustion 

conditions, e.g. intermittent combustion [19, 20]. Nitrogen oxides can be formed during 

combustion by three mechanisms referred to as thermal, prompt and fuel-bound NOx. The 

thermal and prompt NOx formation paths become active at temperatures above 1300°C [21] 

which are normally not reached in small-scale combustion systems. Consequently, nitrogen 

oxides are assumed to be formed mainly from fuel nitrogen during biomass combustion and 

therefore can not be completely avoided [21, 22]. Minimization of NOx emissions by 

optimizing the combustion conditions is however possible by air or fuel staging [4, 16]. The 

release of SO2 and to a lesser extent SO3, result from the oxidation of the fuel sulphur [11, 

16]. These emissions are usually not significant for wood combustion due to the low sulphur 

contents of the fuel. However, at sulphur concentrations higher than 0.2 wt % dry basis, SO2 

emissions start to be relevant due to its important role in corrosion [16]. Both NOx and SO2 

have significant health effects (e.g. respiratory problems) [23] and are harmful gases to the 

environment contributing to acid rain. Incomplete combustion can lead to emissions of carbon 

monoxide (CO), OGC (organic gaseous carbon), PAH (polyaromatic hydrocarbons), soot and 

tar. CO is generally considered an indicator of the combustion quality for the reason that it is 

oxidized to CO2 in the presence of oxygen and at a rate which depends on the combustion 

temperature, residence time and mixing rate between the combustible gaseous species from 

the fuel and air [3, 4, 16]. Biomass combustion also leads to relatively high dust emissions. 

Wood burning is one of the major contributors of primary particle to the atmosphere during 

winter times over large parts of Europe [24-28] and small-scaled combustion systems in 

particular play an important role [26-28]. The dust emissions can consist of both vaporised 

inorganic matter (mainly alkaline metals, sulphur and chlorine) and carbonaceous particles. 

Under poor combustion operation practises (e.g. unsatisfactory air supply) which occur for 

example in old residential heating appliances [29, 30] the dust emissions are high and 

dominated by particles of incomplete combustion. Typical dust emissions from modern pellet 

boilers operated at 100% load can vary from 10 to 30 mg MJ-1, while the emissions from old 

residential heating appliances are between 65 to 150 mg MJ-1 or higher [29, 30]. The 

inorganic part always remains as a background constituent and efficient combustion of wood 

results in mainly inorganic fine particles [30, 31] typically dominated by alkaline metals, such 

as potassium sulphates, chlorides and carbonates [32, 33]. An increase in dust emissions is 

therefore expected when agricultural fuels are burned due to their high content of alkaline 

metals. However, the release of alkaline metals is influenced by other fuel elements, mainly 
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chlorine, silica and sulphur which are also present in agricultural fuels and will therefore 

influence the dust emissions. While chlorine content enhances the release of alkali metals due 

to the formation of volatile alkali metal chlorides, silicates can react with potassium 

preventing its vaporization [34, 35]. Furthermore and according to [36] sulphur in the fuel 

may inhibit the effect of chlorine through a sulfation reaction, in which the alkali metal 

chloride is converted to less volatile alkali metal sulphate.  

The emissions and ash related problems during combustion of agricultural residues in medium 

and large scale combustion plants have been thoroughly investigated, e.g. [37-39]. However, 

there is still insufficient information available regarding their suitability in small-scale 

systems and whether they can be burned in accordance to the existing threshold values. 

Combustion of woody biomass causes emissions of gases and particulate matter which can 

seriously affect human health [23,40]. The introduction of new biomass fuels that potentially 

may cause higher emissions into the residential heating sector should be first thoroughly 

evaluated based on results from combustion tests. Furthermore, it is important to investigate 

the capability of the existing small-scale technologies in burning non-woody fuels. 

Combustion tests provide important information to boiler manufactures by showing the 

limitations of the existing boiler technology and by identifying important parameters and 

improvements required to adapt them for a broader spectrum of biomass fuels. 

The objectives of the present study are (i) to evaluate the technical and environmental 

performance of a 15 kW wood pellet boiler when burning different agricultural biomass fuels 

and (ii) to investigate the feasibility of different agricultural fuels for residential heat 

production. The feasibility study was done by comparing the gaseous and particle emissions 

as well as the boiler efficiency with the legal requirements defined in the FprEN 303-5 (final 

draft of the European Standard 303-5, Heating boilers – Part 5: Heating boilers for solid fuels, 

manually and automatically stoked, nominal heat output of up to 500 kW – Terminology, 

requirements, testing and marking) [41]. 

2. Material and Methods 

2.1. Fuel properties 

The combustion tests were done with pelletized fuels from wood (Picea abies) with 5% rye 

flour and seven agricultural raw materials: straw from wheat (Triticum aestivum), Miscanthus 

(Miscanthus x giganteus), maize (Zea mays), vineyard pruning (from Vitis vinifera), wheat 

bran, hay and Sorghum (Sorghum bicolor). Straw was harvested in the Spring of 2006. 
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Miscanthus was harvested between January and March of 2006. Maize was harvested in the 

Spring of 2006 and all the plant (stem and cob with maize grains) was pelletized. Wheat bran 

is the hard outer layer of a wheat grain. It is normally a by-product of milling in the 

production of refined wheat flour. Hay is a mixture of grasses, legumes and/or other 

herbaceous plants. Its composition depends greatly on the region where it grows. Detailed 

information about the Sorghum pellets tested is given elsewhere [42]. No information 

regarding the place of growth and the time of harvesting is available for the pellets from 

vineyard pruning, wheat bran and hay. 

Chemical and thermal properties of each of the experimental pellets were analysed according 

to the relevant standard methods and the properties are presented in Table 1.  

Table 1: Properties of the investigated pellets. 
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Diameter [mm] 6 6 6 6 6 6 8 6 
LHVa [MJ Kg-1] dry basis 18.90 15.78 16.09 15.74 16.50 15.46 15.18 15.95 
Moisture [wt.%] 10.2 7.9 8.7 8.7 8.4 7.5 13.7 7.9 
Ash [wt.%]db 0.21 5.71 3.26 3.39 2.70 7.40 5.70 7.90 
Proximate analysis [wt.%] dry basis 
Carbon (C) 47.1 47.30 47.30 45.9 45.71 45.94 46.40 46.90 
Hydrogen (H) 6.17 5.80 6.00 6.30 6.30 5.72 6.08 5.81 
Nitrogen (N) 0.19 0.66 0.24 0.89 0.39 1.07 3.04 1.08 
Sulphur (S) 0.10 0.10 0.03 0.09 0 0.13 0.24 0.11 
Oxygen (O) 46.3 40.43 43.17 43.43 44.90 38.54 38.54 38.20 
Inorganic species of the fuels [mg/kg fuel] dry basis (relevant for the present study) 

Alkali metals (K+Na) n.d. 14130 1012 7867 n.d. 11400 
27464
9 n.d. 

Alkali earth metals (Ca+Mg) n.d. 3342 2613 2003 n.d. 8806 80649 n.d. 
Chlorine (Cl) n.d. 1720 214 1024 n.d. 1090 16140 n.d. 
Silicon (Si) n.d. 10620 9829 3613 n.d. 12600 15614 n.d. 

Phosphorous (P) n.d. 716 318 1999 n.d. 2460 
17456
1 n.d. 

Zink (Zn) n.d. 5 13 17 n.d. 26 1316 n.d. 
a LHV Low Heating Value; n.d. Not determined 

 

The ash and moisture contents of the pellets were analysed according to CEN/TS 14775, at 

550°C and DIN 51718, respectively. The lower heating value (LHV) was calculated from the 

HHV based on the moisture content of each fuel. The higher heating value (HHV) was 
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determined using an adiabatic bomb calorimeter according to ÖNORM CEN/TS 14918. The 

content of the major elements, carbon (C) and nitrogen (N) were determined according to 

prCEN/TS 15104. The total sulphur (S) was determined using the CEN/TS 15289 method. 

The oxygen (O) content was calculated by difference according to equation 1. 

)(100% SNHCAshwtO  (1) 

2.2. Combustion equipment 

The combustion tests were performed in a commercially available pellet boiler illustrated in 

Figure 1. The boiler had a nominal thermal capacity of 15 kW and was equipped with a 

lambda sensor (LSM 11). Primary combustion air was supplied from below the grate and 

secondary air from above the fuel bed.  

 

Figure 1: Schematic layout of the pellet boiler (commercial version). 

The boiler had a horizontal feed burner with fuel pellets supply via a horizontal feed screw. 

The ash removal was done by the conveying fuel and by a horizontal movement of the grate. 

On the opposite side of the fuel feeding there was an opening where the ash residues fell 

down into the ash box, placed below the grate. In the opening there was an agitator that 

rotated perpendicularly to the fuel and ash transport and destroyed possible ash lumps and 

slag. The agitator was not included in the commercial version. Several combustion parameters 

could be set in the boiler control. The relevant and modified parameters for the combustion 
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tests were: air ratio, fuel load and grate movement. The grate movement parameters controlled 

the frequency and the period of the movements.  

2.3. Experimental test setup 

The combustion tests were performed at the laboratory of Bioenergy 2020+, Lower Austria 

(48.117ºN 15.136ºE, 270 m above mean sea level). The combustion tests with each type of 

pellets were planned to last a minimum of 8 to 12 hours in steady-state conditions. A 

schematic of the experimental setup is presented in Figure 2. 

 

Figure 2: Schematic layout of the experimental setup. 

The temperatures in the combustion chamber and of the flue gas (TFG) were continuously 

monitored using K-type thermocouples. The feed and hot water temperatures (TFW and THW) 

were maintained at 55 C (±2°C) and 75°C (±2°C) respectively and were monitored using Pt-

100 thermocouples. The chimney draft (P) was continuously measured using a pressure 

transmitter PTL2-K. The data was acquired every second during the steady-state operation of 

the boiler and average values were calculated for periods of one hour. 

The settings used for the moving grate, air ratio and fuel load are presented in Table 2. 
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Different settings for the grate movement parameters were used in the combustion tests with 

wood and agricultural fuels, owing to their large differences in ash contents. The difference in 

fuel load during wheat bran and Sorghum combustion is explained in section 3.1.1. 

Table 2: Settings used during the combustion tests. 

Fuels 
Moving grate 

Air ratio 
[-] 

Fuel load 
[%] 

Frequency of the movement 
[h-1] 

Movement duration 
[s] 

Wood with 5% rye flour 0.5 0,1 2 100 

Straw, Miscanthus, maize, 
vineyard pruning and hay 

36 1,5 2 100 

Wheat bran 36 1,5 2 50 

Sorghum 36 1,5 2 75 

 

2.3.1. Measurement of gaseous and particulate emissions 

A constant flow of flue gas (0.8 L s-1) was extracted and transported to the gas analyser 

(NGA 2000) through heated sampling probes and lines. The concentrations of CO2, O2, NO2, 

NO, SO2 and CO in the flue gas were continuously monitored. The measurement principles of 

the gas analyser were paramagnetic for O2, non-dispersive infra-red for CO, NO, and CO2, 

and ultraviolet cell for SO2 and NO2 determinations. The gaseous emissions were acquired 

every second. The particulate matter was sampled isokinetically using a gravimetric method 

as described in VDI 2066/sheet 2 (Measurement of particulate matter in flowing gases). The 

total coarse and the major fine dust fraction in the flue gas were collected in a cartridge filter 

of quartz wool. The particulate matter was sampled at least three times in each experiment. 

The emission values were converted to mg MJ-1 of fuel heat input. 

2.3.2. Measurements of the fuel mass flow 

The boiler was placed on a scale (Mettler Toledo PTA with an accuracy of 0.04–0.3 kg) in 

order to determine the amount of fuel used during each combustion test (see Figure 2). The 

mass flow of fuel on the grate was calculated for each experiment by dividing the total 

amount of burned fuel by the total time of the combustion test. The mass flow of ash on the 

grate was calculated based on the ash content of each fuel and by subtracting the amount of 

ash lost in the form of dust emissions. 
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2.3.3. Slag tendency measurements 

The slag tendency of a biomass fuel was analysed through sieving, as described in [43]. The 

ash from the ash box was sieved at the end of each combustion test. The ash particles retained 

in the sieve of 5.6 mm mesh size were considered slag. The percentage of slag in the ash was 

calculated for each test. 

2.4. CO and NOx vs lambda 

The lambda probe allowed the boiler to operate at a relatively constant lambda value. 

However, small lambda variations (2.0 ± 0.3) were observed during the combustion tests. 

These variations were most probably due to the type of lambda probe used by the boiler (see 

section 2.2) which has a high resolution signal for lambdas around one. Continuous 

measurements of CO and NOx acquired during combustion could therefore be compared to 

the variations in the lambda value. 

2.5. Efficiency 

The boiler efficiency was calculated using an indirect method by measuring the losses 

occurring in the boiler as follows. 

)(100% sFUAthodIndirectMe qqqq  (2) 

In Equation 2, qA (%) is the thermal loss in the flue gas, qU (%) is the loss due to unburned 

fuel carbon in the flue gas, qF (%) is the loss due to unburned carbon in the solid residue (ash) 

and qS (%) is the radiation heat loss from the boiler surface. qA and qU were calculated using 

Equation 3 and 4 respectively. 

LHV
TTcpVcpVq airfgwaterwfgdfgA

1))(( ,  (3) 

LHV
VCOq dfggenU

1264010 ,
6  (4) 

Here, Vfg,d (m3 kg-1) is the volume of dry flue gas generated during combustion per kg of fuel, 

Vw (m3 kg-1) is the volume of moisture in the flue gas, Tfg (°C) and Tair (°C) are the 

temperatures of the flue gas and ambient air respectively, cpfg (kJ (kg K)-1) and cpwater 



13 
 

(kJ (kg K)-1) are the specific heat capacities of the flue gas and water respectively and COgen 

(μm-3 m-3) is the CO content in the flue gas.  

The loss due to unburned carbon in the ash (qF) was determined for wood pellets and other 

agricultural fuels, e.g. Sorghum and were below 0.02%. The influence of this loss on the 

efficiency was considered irrelevant and therefore qF was assumed zero in the efficiency 

calculations (Equation 2). 

The radiation heat loss from the boiler surface (qS) was assumed to be 1% of the total heat 

output, as stated in the boiler user’s manual. 

3. Results and discussions 

The results of the combustion tests are presented and discussed with regard to boiler 

technology aspects, emissions and efficiency. 

3.1. Boiler technology aspects 

Three important aspects of the boiler technology, 1) fuel feeding, 2) air ratio and 3) ash 

management, are presented and discussed. 

3.1.1. Fuel feeding 

The combustion tests were performed at full load, i.e. at 100% fuel feeding, with the 

exception of the tests with wheat bran and Sorghum pellets, performed at 50% and 75% load 

respectively, as shown in Table 3. The reason for the reduced loads was that both wheat bran 

and Sorghum burned out more slowly than the other biomass fuels. As a result, a stable fire 

bed could not be formed between two consecutive movements of the grate and unforeseen 

shut downs of the boiler were continuously occurring. The fuel load of wheat bran and 

Sorghum were therefore reduced until a continuous operation for the stipulated amount of 

time was possible. 
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Table 3: Mass flow of fuel, energy load and mass flow of ash determined for each combustion 

test. 

Fuel Vineyard 
pruning Hay Straw Miscanthus Maize Sorghum a Wheat 

bran b 

Wood with 
5% rye 
flour 

Fuel mass flow [kg h-1] 4.45 4.25 4.21 4.06 3.62 3.11 2.52 4.06 

Energy load [kW] 20.39 18.27 18.44 18.14 15.83 13.76 10.61 21.32 

Mass flow of ash [kg h-1] 0.119 0.311 0.232 0.132 0.119 0.240 0.140 0.007 

a Operated at 75% nominal load; b Operated at 50% nominal load. 

 

Considering only the fuels operated at 100% nominal load and with equivalent operating 

settings of the fuel screw, the mass flow of fuel varied considerably when different fuels were 

used. Fuel mass flows ranging from 3.62 to 4.45 kg.h-1 were observed, corresponding to a 

variation of approximately 20%. As a result, the energy input to the boiler also varied 

considerably and proportionally to the mass flow of fuel. The energy load ranged from 

15.83 kW with maize to 20.39 kW with vineyard pruning. The variability in both mass and 

energy flows can be explained by differences in the bulk density. Pelletized agricultural and 

forestry biomass commonly show bulk densities ranging from 480 to 700 kg m-3 [11, 44-48]. 

Other factors that may influence the fuel feeding are pellet size [46], amount of fines [47] and 

the surface of the pellets [47]. The mass flow of ash varied between 0.12 to 0.31 kgh-1, due to 

different fuel mass flows and different ash contents of the experimental fuels (ash contents 

ranging from 3.3 to 7.9 wt% dry basis in Miscanthus and Sorghum respectively). 

3.1.2. Excess air ratio 

Each combustion unit has a characteristic CO versus air ratio curve when operated with a 

certain biomass fuel. Such curves give the air ratio that minimizes emissions and maximizes 

the efficiency. Furthermore, to ensure a complete combustion, a good utilization of the 

combustion chamber (with even gas flow distribution) as well as uniform temperature 

distribution (avoiding local temperature peaks) should be achieved by optimising the 

combustion chamber and nozzle geometries [40]. Therefore, the CO characteristics can also 

be used to assess the suitability of the combustion chamber dimensions in burning a specific 

fuel. Figure 3 illustrates the CO versus air ratio curves for each of the investigated biomass 

fuels for the applied combustion unit. 
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Figure 3: CO emissions as a function of the air ratio. 

Most of the biomass fuels show a clear and smooth CO characteristic curve. As expected, 

each side of the curves show a sharp and a gradual increase of the CO emissions at low and 

high air ratios respectively. 

In the present boiler, the minimum CO emissions are obtained at air ratios of 1.6-1.8 for 

Miscanthus and maize, 1.8-2.0 for vineyard pruning, 1.9-2.1 for hay and Sorghum and 2.0-2.2 

for wheat bran. The CO emissions were consistently high for straw pellets relative to the other 

fuels. Therefore, the most favourable air ratio interval to minimize CO emissions was not 

clear. Nevertheless, the lowest CO emissions for straw pellets were obtained at air ratios of 

2.0-2.1. The high variability of the CO emissions exhibited by straw and to a smaller extent 

by wheat bran and maize, indicates a difficulty of the boiler in achieving stable combustion 

conditions with these fuels. 
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Several reasons can explain the differences in the excess air ratios to minimise CO emissions 

found for each fuel, (i) the combustion chamber was designed for woody fuels and therefore, 

their size and shape were not optimal for all the fuels; (ii) the residence time on the grate was 

not optimal for all the pellets; (iii) slagging and ash lumping on the grate; (iv) the boiler 

control does not fully adapt the burning conditions to the different biomass fuels. The boiler 

was operated at lambda values averaging 2.0 however, the plots of Figure 3 showed that some 

of the fuels required lower or higher air ratios in order to minimize CO emissions. 

3.1.3. Managing high ash contents 

Ash and Slag 

Slag is sintered ash formed on or near the grate and which strength (i.e. degree of sintering) is 

mostly affected by the fuels composition [17]. Ash caking and slag was formed in different 

amounts during the combustion tests. The percentage of slag present in the ash of straw, 

maize, Sorghum and wheat bran ranged from 20% to 45% while the ash from Miscanthus, 

vineyard pruning and hay exhibited values of slag below 1%. Further discussion on the 

different slagging behaviour of the fuels is given in [43]. The boiler was able to effectively 

remove the ash lumps and slag from the grate due to the moving grate and the agitator (not 

included in the commercial version), allowing the boiler to operate for the stipulated time 

period of 8 to 12 hours. 

Ash depositions on the heat exchanger surfaces 

Combustion-generated fly ash particles are responsible for ash deposition on the heat transfer 

surfaces which will lead to reduced heat transfer [38, 39]. In the present study, several 

consecutive combustion tests with different fuels were performed without cleaning the heat 

exchanger between the tests. During these test runs, a progressive increase in flue gas 

temperature was observed. After a total operational time of 110 hours, the boiler efficiency 

had decreased with approximately 10%, due to the continuous build up of deposition on the 

heat exchanger walls that inhibited proper heat transfer between the flue gas and the feed 

water. Table 4 shows the effect of cleaning the heat transfer surface on the boiler efficiency 

during combustion of different fuels. 
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Table 4: Boiler efficiency during combustion with and without prior cleaning of the heat 

exchangers and total number of accumulated hours the boiler was operated without cleaning 

of the heat exchanger. 

Fuels 
Heat exchanger not cleaned between tests Heat exchanger cleaned between test 
Accumulated operational time 
of the boiler [h] 

Efficiency 
[%] 

Efficiency [%] 

Miscanthus 39 89.2  90.5 

Straw 55 88.4 b 90.8 

Miscanthus with additive a 63 89.6 91.3 

Maize 85 83.7 c 89.0 

Straw with additive a 110 79.9 90.2 

a The combustion tests with pellets containing additives were outside the scope of the present work. However, 

they were one of the fuels tested without cleaning of the heat exchangers. The efficiency results were therefore 

important to show the built of deposits. b The flue gas temperature increased with 5ºC in approximately 5 h. c The 

flue gas temperature increased with 10ºC in approximately 7 h. 

The efficiencies shown in Table 4 were calculated based on the heat input and output of the 

boiler (direct method), owing to the inaccuracy of the indirect method in these particular 

cases. Efficiency drops due to the accumulation of ash particles in the heat exchanger walls 

can be avoided by frequently cleaning the heat exchangers. 

3.2. Boiler limitations and potential improvements 

Three main boiler limitations were found when agricultural biomass fuels were burned in the 

wood pellet boiler. The first was connected to the combustion chamber; based on the results 

of the CO characteristic curves shown and explained in section 3.1.2, the design of the 

combustion chamber was most probably not optimal for all the agricultural fuels. The second 

limitation was related to the boiler lambda control; the boiler was unable to adjust to an 

optimal air ratio. The optimum lambda value for some of the fuels was either lower or higher 

than the one the boiler was using (1.9-2.0). Finally, the third boiler limitation was related to 

the heat exchangers. It was observed that in consecutive combustion tests, the efficiency was 

progressively decreasing due to ash accumulation on the heat exchangers. 

Several modifications in the boiler technology are required to improve the combustion of 

agricultural fuels. The boiler control system should be more flexible in order to better adapt 

the burning conditions to the different fuels. That could be done, e.g., by improving the 

control algorithm of the boiler so that the operation settings are changed according to the fuel 
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type. The user could insert key fuel properties or the system could have already a database 

with the different fuel properties and the user would only need to choose the fuel type prior to 

combustion. The boiler would then adapt the air supply and fuel feeding to the desired heat 

output. In this way, the problems related with the combustion chamber design would also be 

reduced. Finally, heat exchangers with automatic cleaning systems would be recommended in 

the interest of keeping the high comfort and low maintenance level of the present boiler. The 

mechanisms for cleaning of the heat exchanger and moving grate could be connected to the 

controlling unit and the cleaning intervals would be a function of the fuel type.  

3.3. Emissions 

The gaseous and particulate emissions are presented and compared with the legal 

requirements defined in FprEN 303-5 [41]. 

3.3.1. CO emissions 

The CO emissions varied significantly among the studied agricultural fuels and were in 

general higher than when woody biomass was used, with the exception of Miscanthus 

(Figure 4). Hay, wheat bran and straw pellets showed the highest values of 280, 224 and 

223 mg MJ-1 respectively, which were eleven to fourteen times higher than the emissions 

from wood pellets. The CO emissions from maize, vineyard pruning and Sorghum were 

comparatively low and just two to five times higher than the emissions from wood pellets. 
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Figure 4: CO emissions in units of mg MJ-1and percentage of slag particles in the ash of the 

different fuels. The error bars correspond to the SEM (Standard Error of the Mean). 

The difference in CO emissions between agricultural and woody fuels can be explained by the 

control system of the boiler, i.e. the boiler could not adapt the combustion air to the needs of 

the different agricultural fuels, as verified in section 3.1.2. For example, wheat bran and hay 

were burned at an air ratio of 2.0. However, a reduction in the CO emissions is to be expected 

if the boiler would be operated at a lambda value of 2.1 with both fuels (Figure 3). 

Additionally, the CO emissions observed during combustion of straw and wheat bran could be 

partly explained by the slag formed, whereas 40% and 37% of the ash from straw and wheat 

bran respectively, consisted of slag (Figure 4). The formation of ash lumps and slag could 

have caused an uneven flow of combustion air through the fuel bed which could in turn 

impair the char and gas-phase burnout.  

The FprEN 303-5 defines CO emissions for automatic stoked boilers with a nominal heat 

output below 50 kW operated with biogenic fuels. The CO emissions legal requirements for 

boiler classes 3, 4 and 5 are 3000 mg m-3 at 10% O2 (approximately 2000 mg MJ-1), 1000 m-3 

at 10% O2 (approximately 670 mg MJ-1) and 500 mg m-3 at 10% O2 (approximately 330 

mg MJ-1) respectively. All the fuels tested can fulfil the CO emissions legal requirements for 

the three boiler classes. 
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3.3.2. NOx emissions 

Figure 5 shows the NOx emissions and the nitrogen conversion rate as a function of the 

different nitrogen contents of the agricultural fuels tested. The combustion temperatures were 

below 1300°C and therefore the NOx emissions are expected to be only due to variations in 

the nitrogen bound in the fuel [4, 21]. 

 

Figure 5: NOx emissions (left axis) and nitrogen conversion rate (right axes) as a function of 

the nitrogen content of the biomass fuels. The error bars correspond to the SEM (Standard 

Error of the Mean). 

As expected, the NOx emissions show a growing trend towards higher fuel nitrogen contents. 

However, the two quantities were weakly correlated, as also observed by other authors, e.g. 

[7, 11, 49]. The weak correlation can have several explanations. On the one hand, high 

concentrations of CO or other carbon compounds may inhibit NOx formation [50, 51]. Carbon 

monoxide has been shown to enhance the rate of NO reduction over different carbonaceous 

materials [52;53]. On the other hand, the catalytic effect of char and ash may also influence 

the NOx emissions [39, 50]; the NO formed by the char may be re-adsorbed on the char 

surface and form N2 by a following reaction with NO or NO can be reduced by CO catalysed 

by char [22]. The minerals present in biomass may enhance the rate of the NO char reaction, 

indicating a potential of this reaction for NOx control [53]. Consequently the catalytic effect 
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of char must be taken into account in fuels with high ash contents [54] and in fuels with high 

content of catalytic active substances like calcium, magnesium, iron and potassium [22, 39, 

55]. 

The combustion of agricultural fuels resulted in higher NOx emissions than when woody fuels 

were burned. In terms of legal requirements, the FprEN 303-5 [41] does not define NOx 

emission limits. Among the country deviations stated in the same draft standard, Austria is the 

only European country with legal NOx emissions requirements for boilers with a nominal heat 

output below 150 kW operated with non-woody fuels. All the tested agricultural fuels, with 

the exception of maize, fulfil the NOx emission legal requirements (300 mg MJ-1) according to 

the Austrian law. 

 

Figure 6: NOx emissions as a function of the air ratio for maize, hay, Miscanthus and wheat 

bran. 

The plots in Figure 6 show the effect of the lambda variation on the NOx emissions. When 

maize was burned at a lambda of 1.7, the NOx emissions were reduced with about 22% to 270 

mg MJ-1 without compromising complete combustion (see Section 3.1.2). In this way, maize 

was compliant with the Austrian legal requirements in terms of NOx emissions. Similarly, 

Miscanthus operated at a lambda of 1.6-1.7 would reach a 16% reduction in NOx emissions to 

about 175 mg MJ-1. It can also be observed that when the boiler was operated at a lambda of 

2.1 with hay and wheat bran instead of 2.0, which was found to be the optimal level in terms 

of CO emissions (see Section 3.2.1), the NOx emissions would increase with approximately 

18% and 6% respectively, making wheat bran incompliant with the Austrian NOx emission 

requirement. The reductions and increases on the NOx emissions when the air ratio was 
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decreased and increased respectively were probably connected with the conditions in the 

primary combustion zone. It is well known that a considerable reduction of the NOx emissions 

can be reached by applying staged combustion, i.e. creating an understoichiometric primary 

combustion zone and providing a mean residence time of 0.5 s between primary and 

secondary combustion will favour the reduction of fuel-N to N2 [4].  

3.3.3. SO2 emissions 

As presented in Table 5, the SO2 emissions varied as a function of the fuel sulphur content. 

The lowest and the highest emissions of SO2 were obtained during combustion of Miscanthus 

(26 mg MJ-1) and wheat bran (227 mg MJ-1) respectively.  

Table 5: Sulphur content, SO2 emissions (± SEM) and sulphur conversion rate (± SEM) of the 

tested fuels. SEM stands for Standard Error of the Mean. 

Fuel Wheat 
bran Hay Sorghum Maize Straw Miscanthus Vineyard 

pruning 

Wood 
with 5% 
rye flour 

S content in the fuel 
[wt%] dry basis 0.24 0.13 0.11 0.09 0.10 0.03 0.02 0.01 

SO2 emissions 

[mg MJ-1] 
220 ± 2.7 75 ± 0.6 70 ± 1.3 58 ± 0.5 44 ± 0.8 26 ± 0.7 7.2 ± 0.9 3.4 ± 0.0 

Sulphur conversion 
rate [%] 73 ± 0.9 44 ± 0.4 52 ± 1.0 51 ± 0.3 35 ± 0.7 70 ± 1.8 32 ± 1.7 37 ± 0.0 

 

Corrosion problems might be expected during combustion of wheat bran due to its high 

sulphur content (above 0.2 wt% dry basis) [16]. The sulphur conversion rate was not strongly 

affected by the sulphur content. The lowest and the highest sulphur conversion rates were 

observed during combustion of vineyard pruning (32%) and wheat bran (73%) respectively. 

3.3.4 Dust emissions 

Figure 7 shows the dust emissions from the boiler when operated with the tested fuels. In 

general, with increasing ash content of the biomass fuel also the particle emissions increased 

considerably [56]. However, no clear correlation was found between the particle emissions 

and the ash content of the fuels.  
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Figure 7: Particle emissions in units of mg MJ-1. The error bars correspond to the SEM 

(Standard Error of the Mean). 

The emissions from burning hay, wheat bran and Sorghum pellets were lower than expected, 

given the high ash contents of these fuels. Alkaline metals are key fuel components 

responsible for the inorganic fraction of the dust emissions. Other relevant species are S, Cl 

and some heavy metals such as Zn (zinc) [16, 31, 36]. The high dust emissions observed 

during straw, maize and wheat bran combustion may be connected to their high contents of 

alkali metals and sulphur. The high dust emissions from burning straw can also be connected 

with a high level of products of incomplete combustion given the fact that the CO emissions 

were high (220 mg MJ-1). Despite the high alkali metals and sulphur contents in wheat bran 

(275 and 2.4 g kg-1 of fuel respectively), the particle emissions were relatively low (78 mg 

MJ-1). In comparison to straw, the alkali metals and sulphur contents were approximately 20 

and 2 times higher respectively in wheat bran, while the resulting dust emissions were 45% 

lower. The dust emissions while burning hay were 60% lower than when straw was burned. 

However, the alkali metals and sulphur contents in the two fuels were very similar. The 

relatively low dust emissions shown by wheat bran and hay could be explained with the 

relatively high content of silica. The volatility of potassium was probably significantly 

reduced by the incorporation into silicate structures [34, 35]. The high amount of sintered ash 
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observed during combustion of wheat bran, 40% of slag (Figure 4) confirms the retention of 

potassium in the ash. 

The emissions while burning agricultural fuels were in general higher than when wood was 

used. All the fuels tested, with the exception of straw and Sorghum, fulfilled the dust 

emissions requirement of the FprEN 303-5 [41] for boiler class 3 operated with non-woody 

fuels (200 mg m-3 at 10% O2 or approximately 133 mg MJ-1). The dust emissions 

requirements for boiler classes 4 and 5 are respectively 60 and 40 mg m-3 at 10% O2, 

corresponding to approximately 40 and 27 mg MJ-1. These requirements are only applicable 

to woody fuels. However, vineyard pruning and Miscanthus fulfilled the dust requirements for 

both boiler classes. Among the deviations in the dust emission requirements of some of the 

European countries, it is important to stress the cases of Austria and Germany due to their 

stricter requirements. In Austria, the dust emissions of boilers with automatic stoking operated 

with non-woody fuels should not exceed 60 mg MJ-1 and from January 1, 2015 this limit will 

be lowered to 35 mg MJ-1. According to the current Austrian law, only Miscanthus, vineyard 

pruning and hay could be burned in the studied boiler. The German deviation only includes 

emission limits for non-woody biomass fuels to appliances installed after 31.12.2004. From 

that date on, the dust emissions from boilers with a nominal heat output between 4 kW and 

30 kW and burning e.g. straw and grains, should not exceed 20 mg m-3 at 13% O2 

(approximately 13 mg MJ-1). Among the agricultural fuels tested, only Miscanthus can fulfil 

the future emission limits of Austria and Germany in the tested boiler. 
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Figure 8: Boiler efficiency during combustion of the investigated fuels. The error bars 

correspond to the SEM (Standard Error of the Mean). 

3.4. Efficiency 

Figure 8 represents the combustion efficiency of the boiler operated with the tested biomass 

fuels. The boiler showed efficiencies close to or higher than 90% when operated with 

agricultural fuels. Boiler efficiency was highest with wheat bran (94%) and Miscanthus 

pellets (94%) and lowest with Sorghum pellets (89%). The boiler satisfied the minimum 

efficiency requirements defined in the FprEN 3003-5 [41] with all the fuels tested and was 

always above the requirements for boiler classes 3, 4 and 5 (74%, 82% and 88% respectively). 

4. Conclusions 

The technical and environmental performance of a 15 kW pellet boiler fired with different 

fuels were evaluated. 

 Boiler technology: 

 the automatic feeding system and the lambda control were unable to adjust to 

an optimal level for a broad variety of non-woody biomass fuels; 

 the design of the combustion chamber is not optimal for all the biomass fuels 

(see chapter 3.1.2); 
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 adequate ash management devices were important to enable the boiler to 

manage fuels with high ash contents; 

 ash accumulation on the heat exchanger walls rapidly reduced the boiler 

efficiency. 

 It is recommended that boilers for burning agricultural fuels have flexible control 

systems, automatic cleaning of the heat exchangers and should be adapted to manage 

high ash content fuels. 

 The emissions from burning agricultural fuels were in general higher than when 

woody biomass was used. Nevertheless, all the agricultural fuels satisfied the legal 

requirements defined in the FprEN 303-5 with the exception of straw and Sorghum 

regarding dust emissions. 

 Only Miscanthus, vineyard pruning and hay can fulfil Austrian legal requirements of 

NOx and dust emissions (stated in the country deviations of the FprEN 303-5 [41]). 

 The boiler showed efficiencies close or higher than 90% with all the agricultural fuels 

and met the minimum permissible efficiency requirement defined FprEN 303-5 for 

boiler classes 3, 4 and 5. 
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