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Abstract 
Quality aspects of wood pellets and their use have been of utmost importance since the 
development of the pellet market in the early 1980s. Research and hard-earned knowledge have 
resulted in advancements in the field, but there are still uncertainties in the pellet industry about 
how different quality aspects affect combustion performance.  

The focus of this work has been on pellet quality, with investigations divided into three main topics: 
1) the effect of physical properties of pellets on their combustion properties, 2) the effect on particle 
emissions due to manipulation of the ash chemistry by means of additives and, 3) how radio 
frequency identification (RFID) technology can be used to achieve traceability of bulk pellets.

In the literature it is not clear how physical pellet quality parameters affect the combustion behavior. 
To gain knowledge regarding the perception of pellet quality in practice, interviews with pellet 
industry representatives were made initially. This was followed by detailed combustion experiments 
to investigate how the key quality parameters moisture content, density, and durability affect the 
ignition behavior and the conversion time. A large number of well-defined pellet samples produced 
from four different raw material mixes were used. The results showed that during stable combustion 
conditions, i.e., high temperature and sufficient air supply in a fully functioning combustion system, 
these parameters have little practical influence on the combustion performance. However, the 
results from the detailed laboratory experiments indicated that the choice of raw material can have a 
more profound effect on both ignition behavior and conversion rates, although the full-scale tests 
indicated that this was of little practical importance.  

Fuel design, i.e. choosing fuels or making adjustments to the fuel based on ash composition, can be 
used to lower particle emissions. This concept was demonstrated during combustion tests that were 
performed in three individual campaigns in medium scale boilers, 0.2 MWth, 2 MWth and 4 MWth 
respectively. In the campaigns, peat was utilized to alter the ash transformation reactions, reducing 
the emission of particulate matter less than 1 micron (PM1) during combustion of woody biomass, 
while keeping the slag formation at a manageable level. This was achieved by designing fuel blends of 
woody biomass with carefully selected Scandinavian peats rich in Si, Ca, and S. In one of the 
campaigns, softwood-based stemwood pellets were co-pelletized with different additions of peat (5 
and 15 wt %) before combustion. In the other campaigns, peat was added as a separate fuel feed to 
Salix chips (15 wt % peat) and softwood-based stemwood pellets (10 and 20 wt % peat). The results 
showed that, no matter how peat was added to the fuel, the fuel design approach provided PM1 
reductions of between 30 - 50 % for all fuel blends. The PM1 reduction could be achieved without 
causing operational problems due to slagging in any of the three commercial boilers used, although 
an expected increased slagging tendency was observed.   

RFID systems are used today for the tracking of well-defined entities; i.e. the RFID tag is linked to an 
object - a container, a person etc. While RFID technology has been used in this way in the energy 
sector to monitor biofuel transport to and from transshipment sites and energy plants, it is not 
known to have been used for tracing bulk biofuels, i.e. a fuel that cannot be seen as a stand-alone 
entity. To demonstrate the potential of using RFID technology to trace bulk fuel transportation, three 
tests were performed. RFID tags were placed together with biomass pellets before being conveyed 
through a distribution chain, from pellet producer to combustion plant. The two first tests were 
large-scale trials to investigate if specific RFID tags could be correlated to a specific fuel when fed into 
the furnace. The third test was performed to see how RFID tags distributed over time in a logistics 
chain. The results showed that it is possible to trace a bulk biofuel flow using RFID technology, from 
production site to furnace, although care must be taken to optimize the method, such as using an 
appropriate number of tags.        
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Abbreviations, chemical symbols and formulas, prefixes, units 

Abbreviations 

Bi   Biot number; ratio of external convection to internal conduction 
ca        circa 

Capex        capital expenditures 

Da         Damköhler number; ratio of chemical reaction rate to mass transfer rate 

d.b. dry basis 

e.g. exempli gratia (for example)  

etc. et cetera 

FSP Fibre Saturation Point 

i.d. id est 

m mass  

n number of replicates 

PAH polycyclic aromatic hydrocarbon 

PM1 particulate matter (< 1 µm) 

TGA thermogravimetric analysis 

th thermal 

w.b. wet basis  

Chemical symbols and formulas 

As         arsenic 

C         carbon 

Ca        calcium 

Cd       cadmium 

Cl        chlorine 

CO        carbon monoxide 

CO2    carbon dioxide 

Cr         chromium 

Cu       copper 

CXHY      hydrocarbons 

H         hydrogen 

H2O       water, steam 

Hg       mercury 

K         potassium 

Mg        magnesium 

N         nitrogen (elemental) 

N2         nitrogen (molecular) 

Na        sodium 

NaOH  sodium hydroxide 
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NOX   nitrogen oxides 

O  oxygen (elemental) 

O2   oxygen (molecular) 

Pb  lead 

S  sulphur 

Si silicon 

SiOx  silicon oxides 

SO2  sulphur dioxide 

Zn    zinc 

Prefixes 

m   milli (10-3) 

c  centi (10-2) 

d   deci (10-1) 

k   kilo (103) 

M   mega (106) 

G    giga (109) 

T   tera (1012) 

Units 

°C   degree centigrade 

g   gramme 

h   hour 

J    joule 

m   metre 

m3     cubic metre 

min    minute 

s    second 

t  tonne (metric ton, 1 000 kg) 

vol %  volume percent 

W   watt (J/s) 

Wt %   weight percent 



8 

Table of contents 
1. Introduction 9 

1.1. Pellet quality 9 

1.1.1. Pellet production 9 

1.1.2. Distribution 12 

1.1.3. Pellet quality assurance 12 

1.2. Combustion of solid biomass fuels 13 

1.3. Combustion of wood pellets 16 

2. Research objectives 18 

3. Methodology 19 

3.1. Effect of physical properties on combustion characteristics 19 

3.1.1. Survey 19 

3.1.2. Combustion tests 19 

3.1.3. Ignition tests 20 

3.1.3. Macro-TGA of single pellets 21 

3.1.3. Lab tests with multiple pellets 22 

3.1.3. Validation in full scale 23 

3.2. Peat as additive to reduce PM emissions 24 

3.2.1. Co-pelletized fuel 25 

3.2.2. Separate fuel feed 25 

3.3. Traceability of a bulk pellet flow 25 

3.3.1 RFID tags 26 

3.3.2.      Procedure 26 

3.3.3.      Economics 27 

4. Results and discussion 28 

4.1. The effect of physical properties on combustion characteristics 28 

4.1.1. Survey 28 

4.1.2. Ignition tests 28 

4.1.3. Macro-TGA of single pellets 29 

4.1.4. Lab-scale tests with batches of pellets 31 

4.1.5. Validation in full scale 33 

4.2. Peat as additive to reduce PM emissions 36 

4.3. Traceability in a bulk pellet flow 37 

5. Conclusions 41 

6. Future work 42 



9 

1. Introduction
Wood pellets was introduced to Sweden in the 1980s and was initially used only in large combustion 
facilities, mainly re-milled and combusted in pulverized form [1]. Since then, pellets have 
experienced a large growth to become a global commodity. This is highlighted by the period between 
2012 and 2018, when the global pellet market increased by over 10 percent annually [2]. Europe is 
the largest market at present, where the pellets are used for small scale residential heating, large 
scale district heating as well as co-firing applications [3]. In this study, only pellets for combustion 
applications were considered. 

As the domestic market evolved in Europe, quality issues regarding handling properties and 
combustion performance emerged [4]. These issues could be linked to low durability of the pellets 
and rough handling during transportation. When delivered to the customer, the high pressure that 
was used to force the pellets into the pellet storage caused substantial fragmentation as a result. The 
sawdust particles accumulated in the storages and gave rise to feeding issues that affected 
combustion performance. In addition, ash-forming elements and contaminants that came with the 
raw material, such as N, S, Cl and heavy metals, also created high emissions of air pollutants and 
formation of ash lumps in the boilers. The need for relevant standards to control pellet quality 
became apparent and today there are many established national standards. The standards all have 
one common purpose: to give the customer good quality pellets.  

What, then, constitutes good pellet quality? There are many subjective views on the matter and 
numerous objective studies have been made to clarify this. Despite all the efforts, it is often unclear 
if combustion related problems depend on the inherent pellet quality, transport and handling, or the 
pellet burning equipment. 

1.1. Pellet quality 
The final combustion performance of pellets depends on a long chain of processes during pellet 
production, distribution and storage. 

1.1.1.   Pellet production 
There are mainly six different process stages, directly or indirectly, related to pellet production: raw 
material acquisition and handling, drying, fractioning/screening, pelletizing, cooling, and storing, see 
Figure 1. Each of these stages will, in some way, affect the combustion quality of the pellet and/or its 
handling properties. The latter refers to its resistance to fragmentation during transport and 
unloading at the customer. These are linked factors [5] inasmuch as, e.g., a change in screen size of 
the mill will affect the particle size distribution, which in turn will affect the intra particle structure of 
the pellets, which in turn will affect the combustion behavior.  
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Figure 1. The different stages in wood pellet production, from raw material acquisition to storage of the final 
product. The data represent typical values after the stages are completed. 

Raw material acquisition. The composition of the chosen raw material is of vital importance to the 
resulting pellet quality. Wood pellets for combustion purposes are primarily made of high-quality 
forestry assortments such as sawdust or saw shavings, but forestry raw materials of inferior quality, 
such as bark, as well as agricultural products such as straw, bagasse, peanut- and seed shell, grain 
stalks and straw can also be used. The forestry-based raw materials consist either of by-products 
from sawmill industries or can be biomass taken directly from the forest that is then pre-treated for 
pellet production.  

On a structural level, woody biomass consists of cellulose, hemicellulose, lignin, extractives, and      
inorganic material that results in ash after combustion. Cellulose is the main component that builds 
up the cell structure, while hemicellulose is associated with binding together the cellulose strands. 
Lignin acts as a bonding agent, giving support and linking together the cell structure, and counteracts  
degradation of the cells. Extractives are a group of non-cell wall components such as fatty acids, 
waxes, resins and oils [6], of which there are thousands of different compounds. Ash consist mainly 
of elements such as Al, Ca, Fe, Mg, P, K, Si, Na, while elements such as As, Cd, Co, Cr, Cu, Hg, Mn, Mo, 
Ni, Pb, Sb, V and Zn are also present to a minor extent.  

The raw material is most often used as-received in the drying process, which is the first main 
production step. However, raw material preparation can also occur at the pellet production site, e.g 
in separate sieve and/or milling steps. This is done to get a homogenously sized material for the 
drying process and to prepare material that is too large to handle for the ensuing fractioning process. 
The storage time of the raw material has a profound effect on the durability of the pellets. A storage 
time of a couple of month or more can increase the durability of the pellet by up to several 
percentage points [7 - 9] and is linked to the reduction of extractives during storing [9]. Extractives 
are believed to block active binding sites between the individual grains of the pellets [9].  

Raw material
Energy content: 2.0 - 4.1 kWh/kg
Moisture content: 20 - 55 %
Bulk density: 170 (sawdust) - 290 (hardwood) kg/m 3 

Durability: Not relevant
Par�cle size: 1 - 50 mm

Drying
Energy content: 4.1 - 4.7 kWh/kg
Moisture content: 11 - 20 %
Bulk density: 120 (sawdust) - 250 (hardwood) kg/m 3 

Durability: Not relevant
Par�cle size: 1 - 50 mm

Frac�oning/screening
Energy content: 4.2 - 4.7 kWh/kg
Moisture content: 10 - 18 %
Bulk density: 120 (sawdust) - 250 (hardwood) kg/m 3 

Durability: Not relevant
Par�cle size: 1 - 8 mm

Pelle�zing
Energy content: 4.7 - 5.1 kWh/kg 
Moisture content: 5 - 8 %
Bulk density: 620 – 700 kg/m3 

Durability: 96.5 - 98.5 %
Par�cle size: 1 - 8 mm

Cooling
Energy content: 4.7 - 5.1 kWh/kg 
Moisture content: 5 - 8 %
Bulk density: 620 - 700 kg/m3 

Durability: 96.5 - 98.5 %
Par�cle size: 1 - 8 mm

Storing
Energy content: 4.7 - 5.1 kWh/kg 
Moisture content: 5 - 8 %
Bulk density: 620 - 700 kg/m3 

Durability: 96.5 - 98.5 %
Par�cle size: 1 - 8 mm
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Drying. During drying, a specific moisture content of the dried raw material is aimed for because      
the moisture content of the pelletized product is correlated to this. Depending on the grain size and 
the residence time in the dryer, there can be moisture gradients within the larger grains after drying. 

Moisture content is one of the main factors that affects pellet quality. It has been indicated that 
water molecules can, because of its polar character, act as a binding agent when the distance 
between the active binding sites are too long for hydrogen bonding to take place [9]. This helps in 
achieving high durability. The moisture content will also affect the bulk density, where high moisture 
content will result in a low bulk density [9 - 10].  

Fractioning and screening. After drying, the raw material goes through a combined fractioning and 
screening process, i.e. the milling process, to achieve a desired grain size distribution. During the 
milling process, the raw material is fractioned into smaller grains, while oversized grains are screened 
off and often returned to the start of the mill. Fines, i.e. grains < 2 mm, are sometimes removed 
because they are believed to negatively affect the pellet quality.  

The irregular grain sizes and shapes creates sites for mechanical interlocking between the grains, one 
of the mechanisms identified for creating interparticle bonding and strength of granules and 
agglomerates [11], e.g. pellets. These irregular sizes and shapes also cause a high surface to volume 
ratio for a typical grain, and high aspect ratios of over 6 can be found [12].  

Pelletizing. After screening, the raw material is pelletized. Here, the raw material is compacted under 
high temperature and pressure through a die, producing cylindrical-shaped pellets. There are 
different types of pellet presses in use; most are constructed in such a way that the raw material is 
squeezed between rotating press rolls and a rotating or stationary die. The die is perforated by 
chamfered holes, or channels, through which the raw material is pressed. A knife at the end of the 
channels is used to cut the pellets to the desired length.  

On its way through the die, the raw material is subjected to elevated frictional and pressure forces, 
which raise the temperature of the emerging pellets. This process reduces the porosity of the 
material and creates chemical and mechanical attraction forces between the grains, giving the basis 
to achieve good durability of the pellets.  

Cooling. The final step before the pellets are ready for shipment is the cooling process. The primary 
purpose of cooling the pellets is to remove the excess heat from the pelletizing process under 
controlled conditions so as to avoid self-heating during the ensuing storage step. Secondly, it has the 
effect of hardening the pellets. Before cooling, the pellets are pliable and fragile; after cooling, they 
become solid with a hard surface.  

Storing. There is a bit of hardening, i.e. an increase of durability, of the pellet during storage. This can 
be quite significant, over 1 % after a month of storage. The mechanisms for this are not fully 
understood but are associated with the close to 50 % reduction of fatty and resin acids that take 
place during storing, which is believed to affect the binding sites between the grains [13]. 

During storage, pellets are also known to self-heat, which builds up in the pellet stack or pellet silo, 
sometimes to the point of ignition. The mechanisms for this are not completely understood [14], 
although this phenomenon has been linked to oxidation of fatty acids that occurs shortly after 
production [15]. The self-heating process also involves off-gassing which generates gases such as CO, 
which is toxic at high concentrations and has resulted in several fatal accidents [15]. 
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1.1.2.  Distribution 
During transport from the supplier to the end consumer, the pellets may pass through many 
transition points, including transshipment sites where they can be unloaded and reloaded between 
different trucks. When they reach the customer, the pellets are often unloaded from the truck using 
high pressure air flow to force them into the storage. This puts a lot of stress on the pellets and 
causes fragmentation of the pellets, something that can result in large amounts of fines [16 - 19], 
especially if proper handling procedures are not followed.  

1.1.3.  Pellet quality assurance 
A growing pellet market creates a need for quality assurance of the product. Different national and 
international pellet standards have been in use throughout the years, such as SS 18 71 20, EN-14961-
1 and ENplus. In general, the standards present the specific requirements regarding pellet quality 
that must be fulfilled. Some, e.g. ENplus, also place specific requirements on the quality control, 
handling, logistics and labeling that must be addressed throughout the distribution chain. The aims 
are to provide administrative procedures and routines to get an account of the pellet quality 
throughout the distribution chain, from pellet producer to pellet consumer.  

However, these administrative procedures can be made more efficient by utilizing an automatic 
traceability system that makes it possible to monitor the pellets at any time throughout the 
distribution chain. The advantages would be that the information follows the pellets itself, with less 
risk of it becoming lost during transport and handling. Such traceability systems have been used in a 
variety of applications, with the lowest common denominator that they are used for the tracking of 
well-defined entities, i.e. they are linked to an object, for example to trace biofuels that are placed in 
containers [20]. However, they are not known to have been used for tracing bulk fuels, such as 
pellets [21 - 22], i.e. a fuel that cannot be seen as a stand-alone entity. 

The international standards can be seen as having a special role to facilitate pellet trade between 
countries, thereby stimulating pellet market growth [23]. There must also be a quality assurance 
system or function that provides confidence that the quality requirements in the standard are 
fulfilled. A certificate can then be issued by an independent body to show that the product or service 
meets the quality requirements.  

The standards are often divided into different subgroups that are related to the pellet quality: e.g. A 
and B quality, where A denotes pellets of highest quality, primarily for small scale residential heating, 
while B represent lower quality pellets, suitable for industrial use in medium and large-scale boilers. 
The span for the moisture content and bulk density can be quite wide: often a maximum of 10 % in 
moisture content, and a bulk density of between 600 - 750 kgm-3. The mechanical strength 
parameters are, however, becoming stricter; e.g. in ENplus A1, the new requirement for durability is 
equal to or over 98 %. The latter is an effort to minimize the fragmentation of the pellets during 
transport and conveying, which in turn can lead to dust related problems such as risk of explosion,      
interruption in the feeding system, dust coating, and loss of combustible matter.  

It can be argued that many of the parameters are mainly related to the transport and handling 
properties of the pellet, but not its combustion properties. This is perfectly fine if these properties 
can be optimized independently of each other, but indications suggest that they are in conflict with 
each other in some cases. Initial talks with pellet industry representatives have given the picture      
that high durability pellets, upwards of 98 %, can lead to unburned pellets, which in turn can lead to 
build-up of char/ash residues in the burners that cause stops and reduced output. On the other hand, 
others claim that high durability will lead to less fragmentation, less fines and thus less troublesome 
combustion. The responses indicate that there are different and subjective views on what the 
combustion quality for the pellets should be, and a more objective investigation is needed.  
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1.2. Combustion of solid biomass fuels 
Combustion is a thermochemical conversion process where the organic components of the fuel are 
decomposed and chemically merged with oxygen, releasing energy in the process. The conversion 
process is affected by both the environment it takes place in and the fuels that are used.  

There are different types of systems for combustion of solid biomass fuels, depending on the scale 
and the fuel that is used. Generally, large-scale systems for combined heat and power production 
from biomass fuel consist of fluidized bed boilers or pulverized flame boilers, both types from 20 
MWth and up [24]. The most common type of boiler for the small- to medium-scale combustion, 
which were the focus of this study, is the grate furnace. Most biomass fueled grate boilers for 
industrial use are in the range of up to 15 - 20 MWth, although they can be designed for up to 100 
MWth [24]. Domestic pellet burners are in principle down-scaled grate systems, with typical 
capacities of up to 25 - 30 kW.  

The biomass fuels used for heat and power production in combustion systems span from wood and 
agricultural crops to different types of wastes. They can be divided into processed fuels, such as mill 
residues and pellets, and unprocessed fuels, such as forestry residues and wastes. Woody biomass 
for combustion purposes consists of different assortments of stem wood, bark, and branches that 
can be found above ground as well as assortments such as roots and stumps that can be found below 
ground.  

The combustion process can schematically be divided into three different conversion stages: drying, 
devolatilization, and char combustion. These stages proceed differently whether it is a thermally 
small or a large particle [6]. In a thermally small particle, the drying, devolatilization and char 
conversion occur sequentially; hence, there are no internal moisture or temperature gradients in the 
particle. In a thermally large particle, there is instead simultaneous drying, devolatilization and 
oxidation in different zones within the particle, causing internal gradients. The differences between 
the two cases are shown schematically in Figure 2, based on extensive mathematical and empirical 
studies of biomass particle behavior during drying, ignition [25], devolatilization [26] and char 
conversion [27 - 28]. 

Figure 2. The conversion process in large and small particles. 

During the first stage, drying, water is vaporized from the biomass prior to the ignition stage. 
Moisture exists in different forms in a biomass particle: free water (also vapor) in the pores, and 
physically or chemically bound (i.e. hygroscopic) water in the fiber structure [29]. The fibre saturation 
point (FSP), which indicates the point where all the pores are filled with bound water, is around 30 % 
for most woody biomass [26]. Above the FSP, additional moisture is present as free water. The rate 
of vaporization of the free water is determined by the specific surface area of the particles, the 
surface saturated vapor pressure, the partial pressure of the vapor in the gas phase [30] and the 
temperature. The moisture content will affect the heating process, the total amount of heat released 
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and the flame stability [30]. The higher the moisture content, the lower the adiabatic flame 
temperature will be. A lower adiabatic temperature will lead to the particle needing longer residence 
time during combustion to curb unwanted emissions. Also, it has been found that a higher moisture 
content for a particle will result in a longer volatile burn duration, an effect of catalytic alkali content 
[31].  

The second stage, ignition, can be defined as the point where the generated heat through 
combustion is greater than the added heat from an ignition source. It is believed that the ignition 
stage is initiated by oxidation reactions on the surface of a particle, which in turn promote ignition of 
the volatiles by raising the surface temperature to a level above that of the surrounding gas [25]. 
Numerous studies have been performed on ignition of biomass fuel beds [32 - 38] but studies on 
single particle ignition are rather scarce. It has been found that if the particles contain more moisture 
or are larger, the ignition is delayed to some extent [31]. 

The third stage, devolatilization, can be described as a decomposition process of a solid fuel that 
results in volatiles, tar, and char in a first step. This is followed by secondary steps where volatiles 
and tar decompose further, as they make their way through the particle and out to the surface and 
surroundings of the particle. Low-molecular weight gases and char are formed [26]. Different types 
of kinetic models are used to describe the process: step reactions (one- or twostep,  as well as 
successive reactions), chemical structure-based reactions, or superposition reactions that are based 
on the kinetics of individual components such as cellulose, hemicellulose, and lignin [30]. Overall, the 
temperature of both the particle and the environment, the residence time and particle heating rate 
are the main factors that affect the composition and the yield of gas, tar, and char [26, 39 - 45], 
although ash yield and its catalytic active components [26] play a role. It has also been found that the 
density of a particle influences volatile burn duration, where a higher density gives a longer duration 
[31]. The energy release during this stage for typical wood species has been calculated to be on 
average 16.2 MJ/kg [41]. 

The final stage, char conversion, is often the slowest part in a combustion process and is therefore 
the rate-limiting step for the total conversion. Char conversion is governed by several factors, such as 
the fuel used and its size [46], chemical kinetics [47 - 48], pyrolysis conditions [49], catalytic effects 
[50 - 52], specific surface area [49], temperature, and combustion pressures [53]. During char 
conversion, a higher moisture content in the particle does not affect the char burnout duration as 
much as during the volatile burn out [31]. As is the case for the devolatilization phase, a higher 
particle density gives a longer char burnout duration [31]. The char yield is affected by external 
temperature and heating rate: from fast pyrolysis, the char yield will be 8 - 28 %, while the char yield 
from slow pyrolysis will be 20 - 40 % [27]. It has been concluded that, in general, a high extractive 
and/or lignin content will result in higher yields of char [27]. The energy release during this stage for 
typical wood species has been calculated to be on average 32.8 MJ/kg [41]. 

After combustion, ash remains as a residue. The ash composition can be divided into major and 
minor ash-forming elements. The major ash-forming elements constitute the largest portion of the 
ash and are in general associated more with ash melting behavior, slagging, fouling, and corrosion, 
rather than substantial environmental issues. Ash typically starts to melt at around 1 200 ˚C before 
reaching a liquid state at around 1 300 ˚C [6]. Depending on  the major elemental composition, 
problems with slagging, agglomeration, and corrosion can occur as an effect of alkali and silicate 
content. [54]. The contents of alkali oxides Na2O and K2O in combination with SiO2 has been found to 
result in slag formation and deposits during combustion [55]. The content of salt compounds, for 
instance KCl, NaCl and Na2SO4, lowers the melting point of the ash, which can cause corrosion 
problems when they are deposited on surfaces [55].  

The minor elements constitute the smaller portion of the ash and are generally associated more with 
health and environmental issues such as PM emissions. One of the main sources of PM emissions can 
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be derived from solid biomass combustion processes [56 - 57]. The majority (> 90 %) of particles are 
mainly submicron particulate matter, PM1:s, which are typical for wood pellet boilers [58 - 60]. PM1 
in particular, can reach deep into the respiratory system [61 - 62]. Apart from PM emissions, 
combustion will also lead to several potentially harmful gaseous emissions, including CO, NOX, SOX, 
VOC, and HC.  

To address these concerns, the European Ecodesign- and MCP directives present stringent emission    
and efficiency requirements for combustion equipment. The Ecodesign Directive applies to boilers 
and burners below 1 MWth, and places limits on their gaseous emissions. The requirements are 
shown in Table 1. 

Table 1. Requirements in the Ecodesign Directive for solid fuel boilers [63]. 

PMtot (10 % O2) Automatically fed: 40 mg/m3; Manually fed: 60 mg/m3; Boilers 
≤ 20 kW: measured only at full load (instead of a combination of 
full- and part load). 

OGC (10 % O2) Automatically fed: 20 mg/m3; manually fed: 30 mg/m3. 

CO (10 % O2) Automatically fed: 500 mg/m3; manually fed: 700 mg/m3. 

NOX (10 % O2) Biofuel: 200 mg/m3; fossil fuel: 700 mg/m3. 

The MCP directive applies for combustion plants with a rated thermal input ≥ 1 MW and ≤ 50 MW. 
The requirements are shown in Table 2.  

Table 2. Requirements in the MCP Directive for combustion plants ≥ 1 MW ≤ 50 MW [64]. 

≥ 1 MW ≤ 5 MW 
existing plant 

≥ 5 MW ≤ 50 MW   
existing plant 

≥ 1 MW ≤ 50 MW   
new plant 

Dust (6 % O2) 50 mg/Nm3 30 mg/Nm3 20 mg/Nm3 (3) 

SO2 (6 % O2) 200 mg/Nm3 (1) (2) 200 mg/Nm3 (1) (2) 200 mg/Nm3 (1) 

NOX (6 % O2) 650 mg/Nm3 650 mg/Nm3 300 mg/Nm3 (4) 

(1) The value does not apply in the case of plants firing exclusively woody solid biomass.
(2) 300 mg/Nm3 in the case of plants firing straw.
(3) 50 mg/Nm3 in the case of plants with a total rated thermal input equal to or greater than 1 MW and less
than or equal to 5 MW; 30 mg/Nm3 in the case of plants with a total rated thermal input greater than 5 MW
and less than or equal to 20 MW.
(4) 500 mg/Nm3 in the case of plants with a total rated thermal input equal to or greater than 1 MW and less
than or equal to 5 MW.

The methods used today for capturing PM in small- to medium-scale plants consist of a range of 
techniques, from simple traditional separation in cyclones, to more elaborate and costly bag filters 
and electrostatic precipitator separation. In practice, there is a threshold in particle size that requires 
bag- and electrostatic filters to be used. Although these practices are economical for larger boilers, 
they are economically unfeasible for smaller boilers < 20 MW. Many smaller plants therefore use 
only cyclones, which have low investment costs and are also easy to maintain. As future emissions 
requirements for PM become stricter, costlier technical solutions may be needed. 

As an alternative primary measure, i.e. fuel related actions, can be taken. Here, co-firing a primary 
fuel with a secondary fuel has shown the potential to reduce formation of PM emissions. The 
emissions of PM1 are mainly influenced by the release of alkali species. By choosing a co-fuel that can 
restrain the alkali metals to the bottom ash, the emissions can therefore be reduced [65]. However, 
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by fixating the alkali to the bottom ash, the formation of sticky ash melts increases the risk of 
slagging [66].  

Since previous work has been focused more on short laboratory-scale tests, there is a limited amount 
of knowledge about the effects these co-combustion measures can have in longer running industrial 
settings. As primary measures become more relevant for small- and medium scale plants, there is a 
need for further research. Furthermore, only a few studies have investigated whether there are any 
tangible differences in effect depending on how the additive is integrated with the fuel: add-mixed 
(e.g co-pelletized) or as separate fuel flows. 

1.3.  Combustion of wood pellets 
There are a few studies describing how the most prominent physical parameters in the pellet 
standards, i.e. density, durability, and moisture content, influence the combustion process. However, 
in most of the combustion studies where pellets have been used, the type of pellets was constant 
while variations were made on the combustion environment [67], e.g., temperature, heating rate, air 
flow etc. In the studies involving different pellets, the focus has been on how different raw materials 
affect the combustion process [7, 68 - 70]. However, it is also important to look at how changes in 
physical properties affect combustion behavior for each raw material.  

Studies on the effect of specific pellet density on conversion time are inconclusive. A study [70] 
shows a linear correlation between an increase in (dry) specific density for a pellet and increased 
char conversion time between the densities 800 - 1 200 kgm-3. A similar study showed, however, that 
if the specific pellet density is below 1 200 kgm-3, the char conversion time is roughly constant [5]. 
The same study [5] also showed that at 1 200 kgm-3, the char conversion times increased, although 
the results were somewhat scattered, which was explained as a result of morphological changes. 

A compilation of different references, see Figure 3, on how the conversion time varies with the 
density suggests, however, that factors such as the raw material used, temperature, and diameter 
can have more profound effects on the conversion time than density. 
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Figure 3. Conversion time as function of density – from different references. The legend description format is: 
Reference; Pellet diameter; Starting weight pellet; Raw material; Type of production; Combustion temperature; 
Oxygen content; Note (if any). 

Within the pellet production community there has been an emphasis on producing pellets that are      
effective to produce and transport [9, 72 - 74]. This is apparent by their efforts in striving for higher 
and higher durability in pellet standards. This is largely valid because it means that a homogenous 
product reaches the customer, something that is especially important for the domestic market. 
However, reports from pellet producers, combustion equipment manufacturers, and customers have 
indicated that high durability pellets can be more difficult to ignite and have a longer conversion time 
[75], which can affect the overall combustion efficiency. However, these are only qualitative 
observations, and these findings need to be addressed in a more quantitative way. 

Although the durability of the pellets is arguably the most important quality parameter for pellet 
producers today, no literature data on how the durability of a pellet affects the conversion could be 
found. There are some studies [70, 76] that show how the conversion time differ for pellets made 
from different types of raw materials result in different pellet durability, but these studies do not 
give an independent view of how the durability of the pellets affect the combustion process. It is also 
apparent in these studies that it can be affected by other parameters also. 

In general, an increase in moisture content of a fuel particle will lower the net calorific value, the 
combustion efficiency, as well as the combustion temperature [15]. Also, on a larger scale in a plant, 
it can cause a significant delay in the combustion process, since the burning rate is lowered [76]. 
However, there are generally only small moisture content differences between commercial pellets, 
which in practice rules out the pellet moisture content as an important factor for combustion quality. 
This is supported by a pellet-specific study that showed that a change in moisture content between 
2 - 6 % did not significantly alter its conversion time [5]. 
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2. Research objectives
With the overall objective of controlling combustion performance based on detailed knowledge of      
pellet quality, there are three specific research objectives in this thesis. These are to investigate how: 

- combustion characteristics of wood pellets are affected by their physical properties.
- ash chemistry measures can be used to reduce particle emissions.
- existing traceability technology, in the form of radio frequency identification (RFID), can

be utilized in new ways to achieve traceability in bulk fuel chains.
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3. Methodology
In this section a description is given of the materials and methods used in this work. Supplementary 
pellet data can be found in the individual papers. 

3.1. Effect of physical properties on combustion characteristics      
During the project there was a continuous exchange of information with a peer group that consisted 
of representatives from the pellet industry that was formed specifically for the project. This gave the 
opportunity to present to them the results of the latest completed tests and findings from this study, 
while getting feedback and to make joint decisions on what directions to take in the R&D work.  

3.1.1. Survey 
Before the combustion tests were initiated, a survey was sent out to pellet industry representatives 
to get a more complete picture about their thoughts and experiences regarding pellet quality. The 
questionnaire contained six questions, some related to pellet quality, some to combustion 
performance. The representatives were chosen based on their membership in Pelletsförbundet and 
active participation in PELS – Pellet development to meet future product, safety and emission 
requirements, which is a research collaboration between academia and the pellet industry. In a 
direct follow-up to the survey, interviews were also conducted directly with the representatives to 
hear their thoughts about the survey and to discuss their answers to the questions. 

3.1.2. Combustion tests 
During the test period, pellets with different physical properties, i.e. different quality, were 
combusted in facilities on a lab-scale level at Umeå University and SP Technical Research Institute of 
Sweden, and at domestic burner level at Janfire in Åmål – a manufacturer of burner equipment. 
Ignition, devolatilization, and char combustion behavior of the pellets were investigated. 

The majority of the pellets were produced by SLU (Swedish University of Agricultural Sciences) at 
their pilot plant in Röbäcksdalen. The pellets were a selection from the Swedish Energy Agency 
project P20569-3 "Produktionsteknisk plattform för svensk pelletsindustri“ (Production technology 
platform for Swedish pellet industry). For the experiments at domestic burner level, an additional 
amount of pellets was produced. The raw material consisted of typical sawdust mixtures (spruce and 
pine) used in Swedish pellet production.  

The pellets used in both the lab-scale and the full-scale tests were produced to achieve variations in 
moisture content, density and durability that fit within the Swedish pellet standard, SS 18 71 20. In 
total, 21 pellet qualities were used during the project, divided into four different groups based on the 
raw material used and when they were produced. Pellets for each separate group were produced 
during the same time period and with the same raw material. The group classifications are found in 
Table 3.  
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Table 3. The group classification of the pellets. Parameter columns indicate in which range the pellets could be 
found. 

Group Manufactured 
at 

Pine/ 
spruce 

(%) 

Mature/
fresh 
(%) 

Mature raw 
material - 

storage time  
(days) 

Moisture 
content  
(wt %) 

Specific pellet 
density 
 (kg/m3) 

Bulk 
density 
(kg/m3) 

Durability 
(%) 

1 Pilot plant 100/0 100/0 40 - 160 5.9 - 11.7 1130 - 1270 555 - 755 90.2 - 97.5 

2 Pilot plant 100/0 100/0 40 - 160 5.3 - 9.5 1215 - 1250 645 - 735 88.5 - 95.8 

3 Pilot plant 100/0 40/601 n.a. 5.7 - 8.3 1175 - 1270 630 - 715 95.0 - 97.2 

4 Industrial plant n.a./ 
n.a.2 

n.a. n.a. 6.2 1245 680 98.8 

1 One pellet sort (8.1 % moisture content; 640 kg/m3 bulk density; 95.3 % durability) consisted of 16 % matured 
and 84 % fresh pine. 2 A combination of pine and spruce, although the ratio is not known. 

Pooled samples from each group were sent for analysis including calorific value, volatile matter 
content, ash content, and C, H, S, and O-content. 

3.1.3. Ignition tests 
The pellets were ignition tested according to ISO 5660-1 in a cone calorimeter at Fire Testing 
Technology at SP Technical Research of Sweden. The experimental setup provide the opportunity to 
investigate the ignition characteristics of any solid fuel when subjected to a specific heat load.  
In the cone calorimeter, the pellets were placed in a 100 mm x 100 mm x 23 mm (w x d x h) tray 
before being exposed to a specific heat radiation level. From the moment the sample began to be 
heated, a spark igniter was continuously fired to try to ignite the combustible gases that were being 
discharged from the sample. Ignition is defined as when a visible flame appears. After ignition, the 
flue gases were collected and routed via gas analysis instruments. A load cell gathered data on mass 
loss during the process. The parameters investigated in the cone calorimeter during these 
experiments were the ignition time, effective heat of combustion (MJ/kg), heat release rate (kW/m2), 
developed energy (MJ/m2) and mass loss (g/s). The experimental setup is shown in Figure 4. 

Figure 4. A principal sketch of the cone calorimeter used for the ignition tests. Picture courtesy of SP Technical 
Research Institute of Sweden. 

During testing, the pellets were first weighed, then placed on the tray before being exposed to a 
radiation level of 25 kW/m2. The tray was filled with pellets that lay randomly, with care taken that 
no pellet reached above the edge of the tray. The ignition time was measured manually, from the 
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moment the heat source (the cone heater) was activated until ignition, i.e. when a visible flame could 
be seen.  

3.1.3. Macro-TGA of single pellets 
The pellets were analyzed piecewise by thermogravimetric analysis (TGA), see Figure 5. During TGA, 
the mass loss is measured under well-defined conditions as a function of time. The experimental 
setup was designed so that a mesh basket was hung on an analytical scale. The pellets were placed in 
the mesh basket before the tests, and this gave a follow up of the mass loss during the tests. The 
pellets were lowered into the furnace via a frame system that allowed the furnace to be 
raised/lowered along the frame. The oven was fitted with a sight glass, enabling a visual overview of 
the process.   

Figure 5. A principal sketch of the experimental setup for TGA of single pellets. 

Prior to the experiments, a calculation was conducted to theoretically determine the flow of air 
needed to ensure that the transport of heat and oxygen into the particle did not become a limiting 
factor for the combustion process. Here, the Damköhler (Da) number-the ratio of char conversion 
rate and the rate of oxygen transport to the particle as well as the Biot number (Bi), the ratio of the 
internal and external resistance to heat and mass transfer, were calculated. A large Bi and a small Da 
is desirable to study the kinetics of the surface, independent of transport constraints. 

A separate combustion test was also performed where the air flow impact on the combustion rate 
was examined. The result of the test is shown in Figure 6. At 10 - 15 l/min, the curve flattens out, 
which indicates that good heat and mass transfer into the pellet was present and that air supply was 
not a limiting factor. Calculations of Bi showed that a flow of air of 10 l/min corresponded to a Biheat = 
2.8, Bimass = 1.5 and Da = 10. 
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Figure 6. The effect of the air flow on conversion time. In total, nine different air flows were tested. Three 
replicates at each air flow setting, n = 3. 

In the tests, the oven was heated to 800 °C and the air flow was set to 10 l/min. Pellets from all the 
groups were used. The ends of the pellets were ground flat to be close to 10 mm in length, and 
diameter and length were used to calculate the volume. Through the inspection glass the 
experiments were filmed, and the time of ignition, flame extinct and extinct coke could be obtained, 
which was later used to determine the time for devolatilization and char combustion. 

3.1.3. Lab tests with multiple pellets 
Multiple pellets were combusted at the same time in a lab-scale furnace at SP Energy, Borås. The 
experimental setup provided the opportunity to investigate the combustion characteristics of a 
biofuel by flue gas analysis under controlled and well-defined conditions. These tests were an up-
scaling from the TGA experiments. The furnace was designed as a tube cylinder of 1.5 m in height 
with an internal diameter of 0.07 m. The pellets were added through a top opening through which a 
mesh basket was lowered into the furnace. The furnace was heated by thermoelectric elements. Air 
was fed from the bottom of the furnace. The flue gas was collected via a flue gas probe that was 
connected to an analytical instrument for monitoring of NO, O2, CO and CO2. Temperature sensors 
placed along the furnace monitored temperatures during different stages of combustion. Figure 7     
shows the experimental setup. 
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Figure 7. A principal sketch of the experimental setup at SP Energy. 

For the experiments, the furnace was heated up to 800 °C, which was set as the operating 
temperature. The air flow was set to 30 l/min, corresponding to an air velocity of 0.5 m/s (Bimass = 8, 
Biheat = 5, Da = 6). For each test, seven pellets of similar length, 10 ± 2 mm, were selected placed into 
the mesh basket. During these tests, the pellet ends were not ground flat. The mesh basket was then 
lowered into the furnace and from the flue gas analysis, the elapsed times for devolatilization and 
char combustion could be determined. 

3.1.3. Validation in full scale 
In a full-scale validation trial, pellets were combusted in a domestic burner to mimic the conditions 
during real operation at a domestic customer.  

The experimental setup, a Janfire Flex A burner mounted on an Integral Type 25 prototype boiler,       
provided the opportunity to investigate the combustion characteristics of the pellets by flue gas 
analysis and monitoring of temperature and mass loss. At the side of the burner, a load cell was 
placed under the supply system to the burner, which consisted of a small tray for the pellets and a 
short feed screw underneath that fed fuel into the burner. The load cell monitored the fuel feed rate 
in the form of mass loss during the process. The supply system was used in order to achieve the same 
mass flow between the individual trials. Two inspection windows allowed visual and IR-temperature 
monitoring of the combustion process. The grate temperature was monitored by a temperature 
sensor at the bottom of the grate. Furthermore, flue gas composition (NOX, O2, CO and CO2) and 
temperature was measured using a flue gas suction probe and analyzer. Figure 8 shows the 
experimental setup. 
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Figure 8. A schematic of the experimental setup at Janfire. 

In the full-scale validation trials, pellets from groups 2, 3, and 4 were used. For each trial, the 
burner was allowed to reach a stable operation at 18 kW output, which took 15 - 20 minutes, after 
which the air fan was adjusted to achieve an O2 content in the flue gases of about 12 %. If necessary, 
adjustments to the feed screw were made to make the mass flow of pellets as equal as possible      
between the tests, ∼ 0.05 kg pellets/min. After about 10 minutes of stable operation the fuel feed 
was stopped, and the remaining mass of pellets was recorded. The flue gas fan was left in operation 
after the feed stop to get the same conditions throughout the whole test period. The time for flame 
extinction in the bed and the time when the CO concentration reached 30 ppm were recorded. From 
these data, the times for devolatilization and char combustion were determined.  

3.2. Peat as additive to reduce PM emissions 
Three experimental campaigns were performed. In campaign 1, softwood-based stemwood pellets 
were co-pelletized with different additions of peat. In campaign 2 and 3, peat was added in a 
separate fuel feed to softwood-based stemwood pellets and to Salix chips, respectively. The peat 
assortments were selected based on previous research as well as availability. 

In Table 4, the ash content and concentration of main ash forming elements in the fuels and fuel 
blends used in the campaigns are shown. 

Table 4. Fuel characteristics; the main elements of ash-forming elements and their concentration. Shown are 
average values based on two samples. SW - Stemwood; P - Peat. 

0.2 MWth 2 MWth 4 MWth 
SW SW/P 

90/10* 
SW/P 
80/20* 

SW SW/P 
95/5* 

SW/P 
85/15* 

Salix Salix/P 
80/20* 

 Ash (wt %, wb) 0.4 0.62 0.84 0.40 0.68 1.25 1.70 6.40 
 K (mg/kg, db) 543 354 354 543 529 501 2300 2400 
 Na (mg/kg, db) 17 48 68 17 25 42 n.a. n.a.
 Ca (mg/kg, db) 822 1002 1159 822 1078 1590 4300 5000
 Mg (mg/kg, db) 227 201 261 227 250 296 2600 660
 Fe (mg/kg, db) 40 293 550 40 529 1507 29 1000
 Al (mg/kg, db) 51 180 318 51 242 625 34 330
 Si (mg/kg, db) 183 739 1171 183 524 1206 140 1300
 P (mg/kg, db) 63 74 100 62 91 149 620 590
 S (mg/kg, db) 58 164 271 58 199 482 400 1200
 Cl (mg/kg, db) 28 120 140 28 33 42 400 430

* Calculated from the fuel analysis of ingoing fuel.
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For all campaigns, sampling of gaseous emissions, particulate matter and various ash fractions were 
made. Flue gas was extracted from the flue gas duct for analysis of CO, CO2, NOX, O2 and total dust. 
Particles in the range of 0.03-10 µm were separated using a 13-step low pressure impactor to 
investigate particle size distribution and chemical composition of the different particle sizes. 
Collected cyclone and bottom ash samples were qualitatively evaluated for the slag fraction.  

3.2.1. Co-pelletized fuel 
In campaign 1, stemwood and peat were co-pelletized to reach the desired peat content, 10 % and 
20 % respectively. To produce homogenous pellets, the peat was added to the stemwood prior to 
pelletizing.  

The tests were performed in a part-load operation of the 2 MWth inclined reciprocating grate boiler. 
The load during the tests was on average ∼1 MWth, with an excess O2 of 7 - 9 % in the flue gas. The 
flue gas was routed through a cyclone. Cyclone and bottom ash was collected in a joint containment 
bin. During the campaign, combustion tests with pure stemwood pellets were first performed to      
establish a reference level before subsequent tests with peat pellets were performed. The trials were 
correlated to the boiler performance, which was gathered from the operation and flue gas data for 
the boiler. 

3.2.2. Separate fuel feed 
In campaign 2, individual peat pellets were added separately to the fuel feed to get the desired peat 
content of 10 and 20 %, respectively.  

The tests were performed in a 0.2 MWth inclined moving grate boiler. During the tests, the plant was 
operated at 0.2 MWth and the excess O2 was kept at 7 - 9 %. Bottom ash was removed by an ash 
screw. Sampling was performed during steady-state operation, and only after approximately 4 h of 
operation with each fuel to ensure that the collected bottom ash samples were from the correct 
corresponding fuel blend.       

In campaign 3, individual peat pellets were added separately to the Salix fuel feed to get the desired 
peat content of 15 %.  

The tests were performed in a part-load operation of a 4 MWth inclined fixed-step grate, optimized 
for wet fuels. During the tests, the boiler output was ∼2 MWth with an excess O2 of 6 - 8 % in the flue 
gas. Cyclone ash was mixed with bottom ash, while the ash collected with an electrostatic 
precipitator was transported separately. The flue gases were returned to the boiler, partly under the 
grate together with the primary air and partly together with the secondary air. During the campaign, 
combustion tests with pure stemwood pellets were first performed to establish a reference level 
before subsequent tests with peat pellets were performed. The boiler was operated for ca 40 h with 
each fuel, and all bottom ash sampling took place during the second day to ensure that no old 
bottom ash was included in the sample. 

3.3.   Traceability of a bulk pellet flow 
Three tests were performed where RFID tags were placed together with biomass pellets. Two of the 
tests were large-scale traceability tests to investigate if specific RFID tags could be correlated to a 
specific fuel when it arrived at a furnace. A third test was a distribution test to see how RFID tags 
distribute over time in a logistics chain.      
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3.3.1 RFID tags 
The RFID tags were selected to resemble the shape of the pellets in the experiment, i.e. to be 
cylindrical with measurements close to a pellet. The chosen tags were of make and model HITAG 256, 
125 kHz, which is a cylindrical glass tag that is 4 x 34 mm in size. Some of the glass tags were encased 
in cylindrical hard shells, HITAG Hard Shell Tag, model number 18449-04A, 10 x 40 mm in size. The 
RFID tag and hard shell can be seen in Figure 9.     

Figure 9. Pellets, RFID tag and hard shell.      

All RFID tags were scanned to see that they were functional before being dropped into the pellets at 
the manufacturing sites.  

3.3.2.    Procedure 
The tests were performed at a district heating power plant during the normal operation season, thus 
it was operating continuously at 1 MWth. The only difference was the fuels used: either the normal     
100 % wood pellet fuel, or the test fuel where peat pellets was used as RFID tag carrier.  

At the plant, a RFID reader was installed in a chute located before a furnace that registered the tag 
number and the passage time. Operation parameters of the furnace were also continuously logged 
during the tests, making it possible to correlate when an RFID tag had passed and how the furnace 
was running. 

The RFID carrying pellets went through a complete distribution chain, from pellet production site to 
furnace. First the RFID tags were dropped into the pellets at the pellet production sites before being 
transported by bulk truck to the district heating plant. On arrival at the plant, the bulk truck used air 
pressure to blow the pellets into a silo, and from there they passed two rotary feed valves and two 
transport screws before arriving at the furnace. A schematic of the distribution path can be seen in 
Figure 10. 
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Figure 10. Schematic of the distribution path. 

Before the two traceability tests commenced, the furnace was continuously fed with 100 % wood 
pellets. That gave a reference on how the furnace performed during normal running conditions. 
When the tests commenced, test pellets consisting of co-pelletized wood and peat pellets were 
transported to the plant and fed in. In total, 20 tons of pellets and 6 tags were used in the first test, 
while 15 tons of pellets and 5 tags were used in the second test. After the test pellets were used up a 
switch back to 100 % wood pellets was made. 

In the distribution test only 100 % wood pellets were utilized as the RFID tag carriers – there was no 
need to see how the furnace had performed because the only objective was to investigate how the 
RFID tags had dispersed through the distribution chain. In total, 60 RFID tags were used in three 
subsets. 

3.3.3.    Economics 
In the economical evaluation of the RFID technology, a hypothetical, medium-sized system was 
investigated to show the principled costs. The system was assumed to use passive RFID technology 
for tracing pellets from a supplier to the boiler of an imaginary customer. It was assumed that at the 
manufacturing plant, system integration could be made to existing control or management systems 
to automatically transfer vital information to the RFID tags. The system then drops the RFID tags into 
the fuel stream at a set time interval via a RFID dispenser. The system also included two RFID 
readers, one at the pellet supplier plant and one at the boiler at the customer. The capital 
expenditure for the investigated system is according to Table 5. 

Table 5. Estimated capital expenditures (capex) of an RFID system consisting of RFID dispenser 
and two RFID readers.  

*All values are estimates and is a financial quotation, made in collaboration with [77].

For this system, it was assumed that 100 000 tons of fuel were distributed between the sites, and 
that 2 RFID tags per ton, at 5 SEK per RFID tag, were used. Maintenance cost was expected to be low 
and was set at 10 000 SEK per year. 

Reference Refers to/Note Cost (SEK)* 
RFID dispenser Purchase/manufacturing 200 000 
RFID dispenser Installation 25 000 
RFID readers Purchase/manufacturing 200 000 
RFID readers Installation 120 000 
System integration System integrator 100 000 
Unforeseen 10 % of capex 65 000 
∑     710 000 



28 

4. Results and discussion

4.1. The effect of physical properties on combustion characteristics 

4.1.1.    Survey  
13 of 40 respondents answered the survey. Although the responses show that there are different 
opinions regarding which pellet quality parameters are the most important, the study generally 
indicates that:  

- a high ash content and low durability of the pellets are linked to poor combustion
performance.

- to provide the customer with “good quality” pellets, a consistent raw material mix over
time and a low ash content are important, see Figure 11.

- the main priorities for the pellet producers are to produce pellets with high durability, a
low amount of fines and no external contaminants (dirt, sand etc).

- manufacturers of combustion equipment are more inclined to have existing and
upcoming emission legislations on their minds than the pellet producers.

Figure 11. A compilation of the response from pellet industry to a survey and interview investigation. The 
question was “What parameter(s) would you deem most important to consider in order to offer ‘good pellets’ 
to the customer with regards to combustion properties?”. The responses were weighed so that the parameters 
were ranked from 8 points (most important) to 1 point (least important). The individual data sets with the 
same score are slightly offset to better visualize the number of answers on each level. 

4.1.2. Ignition tests 
The ignition tests were performed with pellets from group 3 and 4. The results show that: 

- the ignition times were between 110 - 181 s and were found to increase with increasing
durability, see Figure 12.

- variations in moisture content and density showed no clear effect on ignition time.
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Figure 12. Ignition time as a function of durability. The four pellet qualities with the lowest durability come 
from group 3, while the pellet quality with the highest durability, 98.8 %, comes from group 4. Error bars mark 
the 95 % confidence interval. Three replicates per pellet quality, n = 3. 

The reason that ignition time increases (i.e. more energy required) with durability is as yet unclear 
but may be linked to higher durability pellets having less void volume and open-end channels for 
combustible gases to exit the pellets during the ignition phase, thereby slowing down the ignition 
process. However, preliminary tests with X-ray tomography of the pellets from group 3 indicate a 
positive correlation between durability and porosity, i.e. the void volume, for the pellet; if durability 
increases, porosity also increases. In this case, with the test pellets from group 3, this translates to a 
negative correlation between bulk density porosity; if bulk density increases, porosity is reduced. 
Specifically, pellets with a durability of 97.2 % and a bulk density of 630 kg/m3 had a porosity of 15.5 
%, while pellets with a durability of 95.0 % and a bulk density of 730 kg/m3 had a porosity of 6.8 %. 
These findings are summarized in Table 6. 

Table 6. Results from X-ray tomography on pellets from group 3. 

Durability (%) 97.2 95.8 96.6 95 
Bulk density (kg/m3) 630 670 681 715 
Porosity (%) 15.5 8.5 9.6 6.8 
Number of voids 764 725 727 044 674 144 685 225 

It should be noted that although higher durability pellets take a longer time to ignite, this does not by 
definition mean that the pellet is hard to ignite. In fact, all observations made during these tests 
indicated that the pellets were easy to ignite. 

4.1.3. Macro-TGA of single pellets 
Macro-TGA of single pellets was conducted with all pellet sorts, from all groups. The tests showed 
that there are only small differences in the devolatilization time between the different pellet      
qualities. On the other hand, significant time differences could be identified during char combustion, 
see Figure 13 - 15. Findings are that: 
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- the devolatilization times were between 55 - 61 s and were found to be independent of
density, durability, moisture content, and raw material (group of pellets).

- the char conversion times were between 216 - 285 s, where pellets in Group 1 had the
shortest conversion time. This group was the only one known to consist of 100 %
matured raw material. This difference in char conversion time between the different
pellet groups indicate that the raw material of the pellet affects the conversion time
more than changes in the physical parameters.

- there are no clear effects that durability and the moisture content have on the char
conversion time. A longer char conversion time was found for pellets with higher density
in group 2 and 3. However, for group 1 pellets that have the largest range of density,
there was no difference, see Figure 14.

Figure 13. The impact of moisture content on the conversion time. Five replicates per pellet quality, n = 5. 

Figure 14. The impact of pellet density on the conversion time. Error bars mark the 95 % confidence interval. 
Five replicates per pellet quality, n = 5.  
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Figure 15. The impact of durability on the conversion time. Error bars mark the 95 % confidence interval. Five 
replicates per pellet quality, n = 5. 

4.1.4.  Lab-scale tests with batches of pellets 
At SP, tests were performed with pellets from group 1. The tests showed that there are only small 
differences in conversion time between the pellet qualities regarding devolatilization time; significant 
time differences can only be identified during char combustion, see Figure 16 - 18. Findings are that: 

- the devolatilization times were between 68 - 87 s and were found to be independent of 
density, durability, moisture content and raw material (group of pellets).

- the char conversion rate was between 184 - 274 s with no clear effect of durability, 
density or moisture content.

- Rather large uncertainties, as defined by the 95 % confidence interval, were noticed 
during the tests. This implies that the individual pellets can be quite different from each 
other, having different properties even though they are manufactured at the same 
time, in the same way, with the same raw material. This leads to the suggestion that 
structural properties of the actual pellet can have a profound effect on the combustion 
process. 
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Figure 16. The impact of moisture content on the conversion time. Error bars mark the 95 % confidence 
interval. Five replicates per pellet quality, n = 5.  

Figure 17. The impact of pellet density on the conversion time. Error bars mark the 95 % confidence interval. 
Five replicates per pellet quality, n = 5.  
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Figure 18. The impact of durability on the conversion time. Error bars mark the 95 % confidence interval. Five 
replicates per pellet quality, n = 5.       

4.1.5. Validation in full scale 
At Janfire, tests were performed with pellets from group 2, 3 and 4. The tests showed that there are 
only small differences in conversion time between the pellet sorts regarding devolatilization time; 
significant time differences can only be identified during char combustion, see Figure 19 - 21. 
Findings are that: 

- the devolatilization times were 81 - 119 s and were found to be independent on density,
durability, moisture content and raw material (group of pellets).

- the char conversion rates were between 822 - 1 089 s with no clear effect of durability,
density or moisture content.

- the validation tests show longer devolatilization and char combustion times than the lab
scale tests. This is likely due to the arrangement of pellets in the small bed during the
validation tests that affect combustion dynamics, e.g. heat release rates, access to air.
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Figure 19. The impact of moisture content on the conversion time. Error bars mark the 95 % confidence 
interval. Three replicates per pellet quality, n = 3. 

Figure 20. The impact of bulk density on the conversion time. Error bars mark the 95 % confidence interval. 
Three replicates per pellet quality, n = 3.  
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Figure 21. The impact of durability on the conversion time. Error bars mark the 95 % confidence interval. Three 
replicates per pellet quality, n = 3. 

In general, there were only small differences between the different groups in terms of calorific value, 
volatile matter content, ash content, and C, H, S, and O-content. However, based on the analysis and 
the conversion times measured during the tests, specific power output can vary by up to 15 %, see 
Figure 22.  

Figure 22. Power developed during combustion. Black line with triangles shows the power developed during 
combustion of a single pellet from each group - average values. 

This is quite large and can potentially influence the performance of the domestic burner; as they 
predominantly are controlled by the fuel feed rate it is assumed that the specific power output per 
volume of pellets is constant.  
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Many of the control systems that are in use today in Swedish homes are mechanical in nature, i.e. 
the pellet feed rate is adjusted depending on the temperature of the outgoing water from the boiler. 
However, if they are slow to regulate, the result will be a varying power output until stable operation 
is reached again. It should also be noted that a baseline for the burner must be set manually, based 
on the bulk density for the pellets that is in use. If a change of bulk density is made, the baseline 
must be changed. An automatic, fast-to-respond regulation of the burner, e.g. a lambda sensor-
controlled system, will simplify this process, continuously adjusting the settings to optimize the 
combustion process further without manual input.  
 
Overall, during all the combustion tests it was established that the variation in moisture content, 
density, and durability for the test pellets did not lead to any combustion related problems – the 
pellets could be both ignited and combusted without any problems. 

4.2. Peat as additive to reduce PM emissions  
The measures to change ash chemistry proved effective. The tests showed that the fine particulates 
emissions in full-scale grate combustion of softwood fuels could be significantly reduced up to 50 % 
by co-combustion with peat. Furthermore, these positive effects were observed in all cases, 
regardless of the peat ad-mixing approach, as shown in Figure 23.  
 

 
 
Figure 23. The effects on PM1 emissions when peat is added. 
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During co-combustion of Salix and peat, the coarse fraction increased slightly in comparison to when 
only Salix was combusted. However, this effect was not as clearly seen in the other campaigns.  
With the addition of peat, slagging increased for all fuel combinations in comparison to pure 
stemwood. However, no ash related problems that stopped or hindered the operation of the boilers 
were noted. In accordance with the fuel indices applied, see Figure 24, slag composition becomes 
slightly enriched in silica, being in the low to medium slagging tendency areas.  
 
 

 
Figure 24.  Prediction of slag formation based on sintering category (left) and share of slag formation (right), as 
described in the ternary compositional system (K2O + Na2O)–(CaO + MgO)–SiO2. 

 

Overall, the tests showed that peat, either co-combusted or added separately, can be used effective 
to reduce PM1 emissions, while keeping slag formation on a manageable level.  

4.3. Traceability in a bulk pellet flow 
During the traceability tests, all RFID tags passed the RFID reader, and it was possible to correlate the 
passage of the RFID tags to the peat pellet feed. During the distribution test, the bulk of the RFID tags 
passed the RFID reader as projected, although some RFID tags were lost during the distribution 
process. 
 
In the first traceability test, the RFID tags were evenly spaced, not deviating from the expected time 
of arrival to any significant degree. The RFID tags arrived at its destination, the boiler, in the order 
they were loaded onto the truck at the production site. A drop in the flue gas O2 level was present 
during the peat pellet feed. When the peat pellets had been used up, the O2 level resumed its 
nominal value again.  
 
A view of the first traceability test results is given by Figure 25. 
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Figure 25. Test one; traceability test with peat pellets as RFID tag carrier. The squares indicate the moment of 
registration for the RFID tags (days), projected to the fuel silo level (tons remaining fuel; dashed line). The solid 
line denotes the O2 level of the flue gas from the combustion plant.  
 
In the second traceability test, the RFID tags were unevenly spaced. There were long periods when 
no tags passed the reader; in one instance, no tags passed for more than two days. Moreover, the 
RFID tags did not arrive in the same order as they were loaded onto the bulk truck: Tag 5 arrived 
before Tag 3 and Tag 4. This indicates that mixing effects take place during transport and handling.  
 
The results from the second traceability test are shown in Figure 26.  
 

Figure 26. Test two; traceability test with pellets of a blend of peat and stem wood as RFID tag carrier. The 
squares indicate the moment of registration for the RFID tags (days), projected to the fuel silo level (tons 
remaining fuel; dashed line). The solid line denotes the O2 level of the flue gas from the combustion plant. 
Note: Tag 3 and Tag 5 overlap. 
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All the RFID tags that were used during the traceability tests passed the RFID reader and were 
registered. This is impressive, given the tough handling during the transportation process. They had 
been shuffled through a distribution chain, from the pellet producer all the way to the boiler, passing 
rotary valves and transport screws along their way. 
 
The distribution test showed that the majority of the RFID tags passed the RFID reader in proximity 
to the projected time of arrival, as derived from the pellet feed rate for the boiler. However, some 
RFID tags passed the RFID reader only at the end of the test, after the silo was hammered to make 
sure it was empty. Moreover, some RFID tags were never registered by the RFID reader, in contrast 
to the results from the traceability tests. In total, 51 of 60 RFID tags passed the reader before the test 
was stopped. Since not all RFID tags passed the reader in this test, it is apparent that RFID tags can 
get stuck or damaged. In this test, both cased and uncased RFID tags were used, but it could not be 
discerned whether a cased or uncased RFID tag is better at coping with the distribution process. See 
Figure 27 for a box-plot on how the RFID tags distributed over the test period.    
xczvjkldzjvöldksjföalkdjföaljdföalkdjfaölkjdföalksdjfölsdkjfölksdjfölkadsjflöasdkjföalskjföalsdkjfösdlkjfj
f                                                                                                                       

  
Figure 27. Test three; distribution test with wood pellets as RFID tag carrier. A box plot where upper and lower 
quartiles are shown. Outliers show minimum and maximum value. The filled rectangle shows the projected 
time of arrival for the RFID tags, in accordance with the power output of the combustion plant. The three 
subsets are marked 1, 2 and 3, where s indicates that shelled RFID tags were used. Note: subset X and Xs (for 
example 1 and 1s) were dropped into the pellets at the same place and time.  
 
The distribution test showed that the RFID tags have a good probability to follow the bulk stream, 
arriving within an interval close to what is expected. 
 
Figure 27. Test three; distribution test with wood pellets as RFID tag carrier. A box plot where upper and lower 
quartiles are shown. Outliers show minimum and maximum value. The filled rectangle shows the projected 
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time of arrival for the RFID tags, in accordance with the power output of the combustion plant. The three 
subsets  
The economic evaluation of the principal cost for a simple, medium-scale RFID system is presented as 
a marginal cost per year according to Table 7. 
 
Table 7. The yearly marginal cost of running the investigated RFID system. Life span of the  
system is set at 15 years. Real interest rate is set at 4.0 %. 

Reference  Refers to/Note Cost (SEK) 
RFID tags  2*5*100 000 1 000 000 
Maintenance  Adjustments, lubrication 10 000 
Depreciation  64 000 
Marginal cost, RFID system  1 074 000 

 

 
This equates to a marginal cost of ∼ 11 SEK/ton of fuel that is distributed. The production cost for 
pellets is in the region of 1 300 - 1 500 SEK/ton. This means that the marginal cost for an RFID system 
akin to the one investigated here would increase the production cost by between 0.7 - 0.8 % within 
the pellets industry. 
 
This low marginal cost of less than 1 % provides incentive to incorporate RFID systems in bulk fuel 
pellet production chains. Since fuels can be stacked in heaps during long periods, and that there can 
be mixing of different fuel assortments, an RFID system like this may be the only way to achieve 
traceability of a bulk fuel.  
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5. Conclusions 
In this work, investigations about different aspects of pellet quality have been performed. The focus 
has been on examining the effects physical properties for wood pellets has combustion performance, 
how particle emissions can be reduced by fuel design, and how RFID technology can be used to 
achieve traceability of a bulk biofuel. 
 
The main conclusion obtained in the study of the physical properties, i.e., moisture content, density 
and durability, is that in a fully functioning combustion system that is fed with pellets of 
homogeneous quality, which can be found within the limits of the pellet standard SS 18 71 20, it is 
possible to have stable combustion performance. Because of this, the problems reported by the 
industry are most likely caused by misconfigured burners or pellets whose quality parameter values 
are not within the limits of the pellet standard. In addition, the conclusions from the tests are that:  
 

the physical properties investigated have little practical effect on the ignition behavior, 
although higher durability pellets require longer time, i.e. more energy, to ignite. 
 
based on the results from the laboratory experiments, the raw material used in the pellets 
have a more profound effect on combustion behavior than the investigated/studied physical 
properties of the pellets. 
 
there are quite large differences in combustion behavior between individual pellets, even 
though they can be manufactured at the same time with the same raw material, under the 
same settings.  
  

From the study using fuel design as an approach to reduce emissions, it was found that a carefully 
selected or blended fuel can be used as a primary measure to reduce particulate emissions. The 
conclusions are that:  
 

harmful particulate emissions, particularly PM1, can be reduced when wood pellets are co-
combusted with peat.  
 
the method of mixing, either co-pelletized or added as separate fuel flow, does not give 
significantly different outcomes. 
 
increased but manageable slagging was observed, with the chemical composition of ash and 
slag shifting to contain more K-silicates.  
 

The main conclusion from the traceability studies is that a system based on RFID technology can be 
used to monitor the pellet quality in a bulk fuel from the production site to the furnace, potentially 
carrying vital information about the fuel quality. In addition, it is concluded that:  
 

there are distribution effects taking place that will disperse the RFID tags somewhat on their 
way through a supply chain. Therefore, the number and characteristics of tags need to be 
optimized in a commercial supply chain.  
  
the marginal cost for incorporating a simple RFID system is low and will likely not be an 
obstacle for market introduction. 
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6. Future work
Further tests need to be performed to elaborate on how the moisture content, density and durability 
of a pellet affect its conversion time. Also, as indicated by the recent, unpublished emission results 
for ENplus A1 pellets, there is a need to investigate what parameters affect the release of PM:s. 
These findings can give pellet producers a better understanding of what parameter combinations, if 
any, are undesirable. This in turn can lead to a better quality, lower emission pellets for the end 
consumers. 

The underlying causes of the differences in conversion time that occurred between different groups 
of pellets as well as between individual pellets should be investigated further. Different raw materials 
have different structure, not necessarily linked to physical characteristics, which can affect the 
conversion time. During manufacturing, the individual fibers also get compressed differently, which 
can lead to different fill ratios, which is the ratio between material and air. There can also be 
differences between individual pellets and how many open-ended channels there are, i.e. channels 
and strands where air can enter the inner confines of the pellet, which affect how much air can enter 
the pellet to facilitate an efficient combustion process. Some preliminary tests have been performed 
using X-ray tomography, and it would be interesting to further investigate the structure of the pellets 
within the different groups and compare this against conversion time. 

Several studies of fuel design and the effect it has on combustion has been performed. There is a 
need to convert theory to practice, implementing the findings in an industrial scale. If this is possible, 
fuel design can show its true potential to handle challenging biomass fuel feedstock for existing and 
future bioenergy supply technologies. This will be crucial for reaching the ambitious goals that is set 
worldwide to reduce global warming, where an increased bioenergy supply is expected to play an 
important part. 

The traceability tests showed that sometimes the RFID tags do not consistently arrive at the boiler 
when expected. It might be the effects of the RFID tags being different in size compared to the 
pellets; the RFID tags could have floated on top of the pellets in the silo via granular convection. As 
the distribution test showed, the RFID tags are spread unevenly over time even though they were 
dropped in at the same time. In future tests, it would be beneficial to try to use RFID tags with sizes 
and densities closer to the pellets than those used in these tests. 

Tests with different numbers of RFID tags should be performed to investigate the dispersion effects 
taking place during transport and handling. Different logistic systems have different configurations, 
but it should be possible to zero in on what the ideal settings for such a system could be; for 
instance, how many RFID tags per tons of fuel to use.  

A pilot study of a RFID system would give an opportunity to test such a system over a longer period. 
Only then would it be possible to see the long-term performance of such a system and draw valid 
conclusions of the benefits it might give for supply chain traceability.  
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Abstract 

Quality aspects in wood pellet production and use have been in focus since the development of the 
pellet market in the early 1980s. Research and hard-earned knowledge have resulted in solid pellet 
standards and quality assurance schemes that aim to provide worry-free warmth and comfort for the 
customer. Despite these efforts, combustion disturbances in domestic scale boilers due to variations 
in the physical properties of the pellets are occasionally reported. A state-of-the-art review reveals 
that it is difficult to find detailed knowledge of how physical pellet quality parameters affect the 
combustion behavior. To address these shortcomings, interviews with pellet industry representatives 
were initially made, followed by detailed combustion experiments investigating how the key quality 
parameters moisture content, density and durability affect ignition behavior and conversion time. A 
large number of well-defined pellet samples produced from four different raw material mixes were 
used. The result showed that during stable combustion conditions, i.e. high temperature and 
sufficient air supply and a fully functioning combustion system, these parameters have little influence 
on combustion performance. However, the results from detailed laboratory experiments indicate 
that the choice of raw material can have a more profound effect on both ignition behavior and 
conversion rates. This indicates that the combustion disturbances reported by the pellet industry 
representatives are more likely caused by variations in raw material or by improper control of the 
boiler or the feeding system.  

Keywords: pellets, quality, combustion, physical properties. 
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1 Introduction 
Wood pellets are used for combustion in domestic and medium scale combustion units for heat 
production and also mainly in pulverized form in large scale units for power production. Since the 
introduction of pellets on the market in the 1980s, the market has grown to 35 million tons in 2018 
[1]. The quality of pellets both regarding transportation and combustion properties have been a 
major focus in the development of the market.  

Since especially small-scale, domestic, heating systems depend on reliable fuel quality, pellet 
standards such as SS 18 71 20 in Sweden (one of the first, launched in 1998), ÖNORM M 7315 in 
Austria and DIN 51731 in Germany have been a driving factor for the development of residential 
pellet heating markets. Now the standards often are accompanied by certification and quality control 
schemes that certifies the pellet production and pellet quality.  

Despite the evolution of pellet quality standards there are still issues regarding pellet quality. Initial 
discussions with representatives from the pellet industry have indicated that variations in the 
physical properties of the pellets, i.e. density, durability and moisture content, can affect combustion 
quality in full-scale boilers. High durability pellets were said to be more difficult to ignite and could 
result in unburnt char residues. Domestic customers have reported that combustion of pellets of high 
density results in less efficient heating of the house, indicating combustion related issues. It has also 
been observed that a high moisture content of the pellet can cause so-called steambursting of the 
pellet – i.e. the pellet disintegrates during combustion because of high moisture content - which 
quickly fragmentize the pellets, thereby affecting the combustion process. These initial discussions 
thus confirm the overall picture that variations within the limits in the standard in density, durability 
and moisture content are believed to be of importance for the combustion quality although effect 
and magnitude of the different parameters are not clear. 

Most of the research has so far concentrated on producing a pellet that is effective to produce and 
transport [2 - 5]. Combustion studies have been performed but have primarily been focused on 
comparisons between pellets of various kinds of raw materials to explore the possibility of using 
other sources of raw materials than stem wood, and studies with varying combustion parameters but 
with a specific pellet quality [6 - 10]. The choice of raw material affects physical parameters as well 
chemical composition thus complicating the picture regarding the influence of individual physical 
parameters.  

The available general studies on the combustion of fuels with different physical properties are almost 
exclusively performed on solid fuel particles such as wood and coke particles cut from a larger piece 
(wood chips, carved pieces of wood) and/or in a fuel bed scenario. For example, several studies have 
been performed on ignition of biomass fuel beds [11 - 17] but studies on single particle ignition are 
rather scarce. It has been found that If the particles contain more moisture or are larger, the ignition 
is delayed to some extent [18]. For thermally large particles, i.e. particles that during the 
transformation develops temperature gradients within the particle, a number of studies have been 
published on how the combustion process progress after the ignition phase [19 - 28]. For example, 
the impact of density, moisture content, formation of volatile components and char on combustion 
of solid fuel particles is relatively well-researched.  



Experimental and theoretical knowledge of how specific physical qualities of pellets affect the 
combustion process is however limited. Three studies have been identified where the combustion of 
pellets was modeled and compared to laboratory experiments [23, 25 - 26]. The results show that, 
specifically for the pellet qualities that were investigated, the differences in the results were minor 
when compared with solid wood particles. For parameter studies on pellet-specific characteristics, 
only one study has been published. This was performed by D. Bergström et al and done for grain size, 
which was found to have low impact on conversion time [25].  

For solid wood particles, the single non-isotropic heat and mass transfer has been described by the 
transport along the capillary system [29]. In the only specific pellet combustion modeling study found 
in the literature, it is assumed that the porosity grows homogeneously within the particle and that 
the isotropic porosity increases linearly from conversion and shrinkage [26]. The possible 
plasticization of the material was therefore not included in the model. Combustion studies of 
different low to medium density pellets presents results that are in line with other studies [23] on 
how the density affects the conversion process: changes up to 1 100 kg/m3 had no significant impact 
on the combustion process. However, as seen in a similar study performed by A. K. Biswas et al [30], 
a clear influence of the density could be seen in the industrially relevant density span of 1 100 - 1 200 
kg/m3, corresponding to a bulk density of 650 - 700 kg/m3, which was linked to plastic deformation of 
the pellets during the pelletizing process. In summary it is largely unclear how the internal structure 
of a pellet, and hence the combustion, is affected by a shift toward higher pellet densities.  

Clearly, in addition to the well-researched effects ash properties have on combustion performance, 
more practical information is needed on how the main pellet quality parameters density, durability 
and moisture content affect the combustion properties.  

The objective of this work was to investigate the effect a variation in the physical fuel properties 
density, durability and moisture content has on the combustion process. A prerequisite was that the 
pellets used in the experiments was accommodated by the limiting values for the domestic market as 
defined by the Swedish pellet standard SS 18 71 20.  At SLU, extensive research has been carried out 
regarding pellet production. Based on their unique “library” of well-defined pellet samples produced 
in pilot scale this study could be carried out. 



2 Method 
With the intension of addressing the question what is pellet quality, the work consisted of i)      
interviews and a survey with pellet industry representatives about pellet quality in a broad sense, ii) 
detailed combustion experiments in laboratory scale, and iii) combustion experiments in domestic 
scale under conditions that exist at private customers. The aim was to reach an understanding of 
what defines pellet quality and how a change in pellet quality is thought to affect combustion 
properties.  

2.1 Interviews and a survey 
Initially, interviews were made with representatives from the pellet industry. The interviews were 
followed by a web-based survey to get quantitative data. For both the interviews and the survey, the 
respondents were chosen based on their membership in PelletsFörbundet (Swedish Pellet 
Association) and active participation in PELS – Pellet development to meet future product, safety and 
emission requirements, a research collaboration between academia and the pellet industry. The aim 
of the interviews and survey was to get an insight of which pellet parameters the industry consider 
most important to reach a good combustion performance, and to review what combustion related 
problems they had encountered. Although most questions were related to combustion performance, 
there were also questions related to pellet quality in general. In the survey, the respondents were 
asked to rank different pellet quality parameters to highlight its relative importance.   

2.2 Combustion tests 

2.2.1 Test planning  
Based on the input from the interviews and the survey, combustion tests were planned and 
conducted during a test period: pellets with different physical properties were combusted in facilities 
on lab scale level at Umeå University and SP Technical Research Institute of Sweden and on domestic 
burner level at the premises of Janfire, a manufacturer of burner equipment in Åmål.  

Most of the pellets used during the combustion tests had been produced by SLU (Swedish University 
of Agricultural Sciences). The pellets were a selection of pellets from the Swedish Energy Agency 
project P20569-3 “Produktionsteknisk plattform för svensk pelletsindustri” (Production technology 
platform for Swedish pellet industry), and were selected to achieve a variation in moisture content, 
density and durability that fit within the Swedish pellet standard, SS 18 71 20. For the experiments on 
domestic burner level, an additional amount of pellets were produced. The raw material consisted of 
typical sawdust mixtures (spruce and pine) used in Swedish pellet production. 

In total, 21 pellet qualities were used during the project, divided into four different groups based on 
the raw material used, see Table 1; in principle the same raw material were used within each group. 
Group 1 - 3 consisted of pellets produced in a pilot plant (SLU Röbäcksdalen) from different mixes of 
raw material. Group 4 denotes a reference trial using an industrially produced (at the SCA Stugun 
factory) high-durability pellet. During the tests, the time for devolatilization and char combustion was 
monitored.  



Table 1. The group classification of the pellets. Parameter columns indicate in which range the pellet could be 
found. 

Designation Pine/ 

spruce 

Mature
/fresh 

Mature raw 
material - 

storage time  

(days) 

Moisture 
content  

(%) 

Pellet density 

 (kg/m3) 

Bulk density  

(kg/m3) 

Durability 

(%) 

Group 1 100/0 100/0 40 - 160 5.9 - 11.7 1 130 - 1 270 555 - 755 90.2 - 97.5 

Group 2 100/0 40/60 40 - 160 5.3 - 9.5 1 215 - 1 250 645 - 735 88.5 - 95.8 

Group 3 100/0 40/601 n.a. 5.7 - 8.3 1 175 - 1 270 630 - 715 95.0 - 97.2 

Group 4 n.a./n.a.2 n.a. n.a. 6.2 1 245 680 98.8 

1 One pellet sort (8.1 % moisture content; 640 kg/m3 bulk density; 95.3 % durability) consisted of  
16 % matured and 84 % fresh pine. 2 A combination of pine and spruce, although the ratio is not known. 

A selection of parameter data, i.e. moisture content, density, durability, for the studied pellets can 
be found in Appendix A. 

Pooled samples, a selection of randomly selected pellets, from each group were sent for analysis 
including calorific value, volatile matter content, ash content, and C, H, S, and O-content, see 
Appendix B. 

2.2.2 Ignition tests 
The pellets were ignition tested according to ISO 5660-1 in a cone calorimeter at Fire Testing 
Technology at SP Technical Research of Sweden. The experimental setup provided the opportunity to 
investigate the ignition characteristics of a biofuel when under the influence of a specific heat load.  

In the cone calorimeter, approximately 150 g of pellets was placed in a 100 mm x 100 mm x 23 mm 
(w x d x h) tray before being exposed to a specific heat radiation level (25 kW/m2). The pellets were 
not arranged in any specific way, instead the tray was filled with pellets that lay randomly, with care 
taken that no pellet reached above the edge of the tray - the intent being to get the same distance 
between the pellets and the cone heater for the tests. As the sample was heated, a spark igniter was 
continuously firing, trying to ignite the combustible gases that were being discharged from the 
sample. After ignition, the flue gases were collected and routed via gas analysis instruments. A load 
cell gathered data on mass loss during the process. Parameters investigated in the cone calorimeter 
during these experiments were primarily ignition time (manually timed), effective heat of 
combustion (MJ/kg), heat release rate (kW/m2), developed energy (MJ/m2) and mass loss (g/s).  



2.2.3 Macro-TGA of single pellets 
Single pellet combustion experiments were performed at Umeå University using thermogravimetric 
analysis (TGA). In the TGA instrument, the mass loss was measured as a function of time under 
controlled conditions regarding furnace temperature and gas composition and flow.  

Pre-heated air was added into the bottom of the reactor which was placed in an electrically heated 
furnace, see Figure 1. The air flow passed through a flow director at the reactor entrance to guide the 
flow past the biofuel. An analytical scale (fixed position) monitored the mass loss during the 
experiment. The pellet was placed in a mesh basket mechanically connected to the analytical scale. 
The furnace and reactor were suspended in a frame and could by a pneumatic system be 
raised/lowered along the stand. On the top of the furnace/reactor there was a pneumatic door that 
opened up/closed when the furnace and reactor was raised/lowered. A sight glass enabled visual 
observation of the process.  

Figure 1. The experimental setup for TGA of single pellets at UmU. 

Initially, trials with different flow rates verified that a flow of 10 l/min would be sufficient to 
eliminate mass transfer resistance problems during the experiments. For the experiments, the oven 
was heated to an operating temperature of 800 °C and the air flow was set to 10 l/min. For each test 
the ends of the pellets were ground flat to be as close to 10.0 mm in length as possible. The diameter 
and length were used to calculate the volume. The experiment started by introducing a pellet into 
the mesh basket, and the furnace and reactor was subsequently raised to place the pellet in the 
reaction zone. Through the sight glass the experiments were filmed, and from the films the times for 



ignition, flame extinction and end of the char combustion could be obtained. From these data, the 
time for devolatilization and char combustion was determined. The mass loss of the pellet was 
continuously recorded by the TGA.  

2.2.4 Lab tests with multiple pellets 
The pellet was combusted in lab scale in a furnace at SP Energy, Borås, multiple pellets at a time. 
The experimental set-up provided the opportunity to investigate the combustion characteristics of a 
biofuel by flue gas analysis under controlled and well-defined conditions. These tests were an up-
scaling from the TGA experiments. The furnace was designed as a tube cylinder of 1.5 m in height 
with an internal diameter of 0.07 m. The pellet was added through a top opening through which a 
mesh basket was lowered into the furnace. The furnace was heated by thermoelectric elements. Air 
was added at the bottom of the furnace. The flue gas was collected via a flue gas probe that was 
connected to an analytical instrument for monitoring of NO, O2, CO and CO2. Temperature sensors 
placed along the furnace monitored temperatures during different stages of combustion. Figure 2 
show the experimental setup. 

Figure 2. The experimental setup at SP Energy, Borås. 

For the experiments, the furnace was heated up to 800 °C, which was set as the operating 
temperature. The air flow was set to 30 l/min, corresponding to an air velocity of 0.5 m/s. For each 
test, seven pellets out of similar length, 10 ± 2 mm, were selected placed in the screen basket. During 
these tests, the pellet ends were not ground flat. The mesh basket was then lowered into the furnace 
and from the flue gas analysis, elapsed time for devolatilization and coke combustion could be 
determined. 

2.2.5 Validation in full scale 
The pellets were combusted in a domestic burner at Janfire in Åmål. The experimental settings 
correspond to the conditions and circumstances that exist at private customers. The experimental 



setup provided the opportunity to investigate the combustion characteristics of a biofuel under user-
defined conditions by flue gas analysis and monitoring of temperature and mass loss. 

A burner, Janfire Flex A, was mounted on a prototype boiler, Integral Type 25. The pellet mass flow 
was continuously measured. Two sight glasses were installed above the combustion chamber; one 
for visual observation of the combustion process and one used by an infrared temperature sensor. 
The temperature was monitored using an infrared temperature sensor and a temperature sensor 
that was installed in the bottom of the grate. The flue gas composition was measured via a flue gas 
probe and analyzed for NOX, O2, CO and CO2. See Figure 3 for a principal sketch of the experimental 
setup. 

Figure 3. A principal sketch of the experimental setup at Janfire. The feed system is put on a load cell and a 
gaiter connects the feed system with the burner. The IR-sensor is placed looking through the one of the 
sighting glasses.  

Before each test the container was filled with pellets and the weight of pellets were recorded. The 
burner was started and allowed to reach stable operation at 18 kW output with the test pellet, which 
took 15 - 20 minutes. The fan was adjusted to achieve an O2 content in the flue gases of about 12 % 
during operation. If necessary, adjustments to the mass flow of pellets (g/min) were made for it to be 
as equal as possible between the various tests. After about 10 minutes of stable operation the feed 
was stopped, and the weight of the remaining pellets as well as stop time was noted. The air flow 
was left in operation after the feed stop to get the same conditions for all the tests. Time for flame 
extinction in the bed and the time when the CO concentration reached 30 ppm were noted – these 
events was defined as when devolatilization and char combustion ended. From these data the times 
for devolatilization and char combustion was determined. 



3 Results and discussion 

3.1 Interview and survey 
The interviews indicated that variations in fuel properties mainly affect combustion in burners for the 
domestic market. In the larger district heating boilers, pellet strength during transport and feeding is 
the critical parameter; once the pellets have entered the boiler it is possible to achieve an efficient 
combustion.   

The pellet producers are focused on producing a pellet that has good transport- and handling 
properties, i.e. a high durability pellet. This is considered to be vital for providing the customer with a 
product that has the same properties as when it left the factory. Specifically, it is important to have a 
small amount of fines. Fines can build up in storage areas over time and thereby result in feeding and 
combustion problems. However, some producers had concerns about higher durability pellets as 
they had noticed that higher durability can lead to problems with incomplete combustion.  

The interviewees stated that moisture content can have a significant influence on how the pellet 
hold together during combustion thus affecting the combustion quality. High moisture contents 
seem to lead to fragmentation of the pellet, possibly by rapid steam formation in the interior of the 
particle, which burst the pellets, causing a greater number of smaller particles. The effect can be 
likened to the process of manufacturing steam-explosion pellets [31 - 32], however in this case it is 
an unwanted effect. Some interviewees had noticed that this leads to a more compact bed that 
burns with higher temperatures and more sensitive to blow through and stick flames. According to 
theory, a heterogenous bed, which can be the result of pellet fragmentation, can lead to channeling 
in the fuel bed and local hot spots [33]. Ultimately, this will have implications for the operation of a 
plant. 

Although pellet standards intended for domestic markets allow for quite large variations in moisture 
content, bulk density and durability, the pellet producers say that to satisfy the small-scale segment 
they must maintain a stable pellet quality over time with smaller variations than allowed for in the 
standard. Therefore, pellet producers today have internal quality requirements for its pellets that are 
much stricter than the national pellet standards. However, if the consumer change pellet producer it 
may lead to larger quality variations. 

The manufacturers of combustion equipment showed concern about future emission legislation. If 
there is a large variation in pellet quality, although within the boundaries set by the pellet standards, 
it can lead to unstable, inhomogeneous combustion conditions, which in turn can cause higher 
emissions. More advanced, i.e. costly, automatic control circuitry, e.g. using lambda sensors, was 
mentioned as a solution to these problems. Such burners are available on the market today at a 
higher cost. 

For the survey, 13 of 40 respondents answered. Although, in general, the spread in answers was 
quite large, the result indicates that to offer a good quality pellets with regards to combustion 
properties, an even raw material mix over time is the most important parameter, followed by low 
ash content, see Figure 4. Combustion related problems were in addition to well-known problems 
related to ash content and composition (see for example [34]) primarily linked to durability and bulk 
density. The survey did not provide any clear-cut answers whether the experienced combustion 



related problems could be linked to a certain phase of the combustion, e.g. during the startup-phase 
or during the visible flame-phase.  

Figure 4. Results from a survey question on the influence of pellet quality parameters on combustion 
performance: “Which parameter is most important to offer a ‘good pellet’ for the customer with regard to 
combustion properties?” The responses were weighed so the parameter that was ranked as most important 
received the highest score (8), down to the lowest score (1) for the lowest ranked. The figure presents the 
average value of all the individual rankings to create this overall picture.  

3.2 Combustion tests 
3.2.1  Ignition tests 

The ignition tests were performed with pellets from group 3 and 4. The results show that: 

The ignition times were between 110 - 181 s and were found to increase with increasing 
durability, see Figure 5. 

Variations in moisture content and density showed no clear effect on ignition time. 

0

1

2

3

4

5

6

7

8

An even raw
material mix

over time

Low ash
content

Low amount
of small
fraction

A certain
durability

span

A certain
bulk density

span

High energy
content

A certain
moisture

content span

Other



Figure 5. Ignition time as a function of durability. The four pellet qualities with the lowest durability come 
from group 3 while the pellet quality with the highest durability, 98.8 %, comes from group 4. Error bars 
mark the 95 % confidence interval. Three replicates per pellet quality, n = 3.  

The reason that ignition time increases (i.e. more energy required) with durability is as yet unclear 
but may possibly be linked to higher durability pellets having less void volume and open-end 
channels for combustible gases to exit the pellets during the ignition phase, thereby slowing down 
the ignition process. However, it should be noted that although higher durability pellets take longer 
time to ignite, this does not by definition mean that the pellet is hard to ignite. Instead, all 
observations made during these tests indicated that the pellets were easy to ignite.  

3.2.2 Macro-TGA of single pellets 
Macro-TGA of single pellets was conducted with all pellet sorts, from all groups. The results show 
that:  

The devolatilization times were between 55 - 61 s and were found to be independent of 
density, durability, moisture content and raw material (group of pellets).  

The char conversion times were between 216 - 285 s, where pellets in Group 1 had the 
shortest conversion time. This group was the only one known to consist of 100 % 
matured raw material. This shift in char conversion time between the different pellet 
groups indicate that the pellet raw material affects conversion time more than a change 
in the physical parameters.  

There are no clear effects on char conversion time by a change of durability and moisture 
content. A longer char conversion time was found for higher density pellets within group 
2 and 3, although for group 1 with the largest range of density there was no difference, 
see Figure 6. 
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Figure 6. The impact of pellet density on the conversion time.  Error bars mark the 95 % confidence interval. 
Five replicates per pellet quality, n = 5.  

3.2.3 Lab-scale tests with batches of pellets 
Lab-scale tests with batches of pellets were performed with pellets from group 1 with the following 
results:  

The devolatilization times were between 68 - 87 s and were found to be independent of 
density, durability, moisture content and raw material (group of pellets). 

The char conversion rate was between 184 - 274 s with no clear effect of durability, 
density or moisture content. 

Rather large uncertainties, as defined by the 95 % confidence interval, was noticed 
during the tests. This implies that the individual pellets can be quite different from 
each other, having different properties even though they are manufactured at the 
same time, in the same way, with the same raw material. This leads to the suggestion 
that structural properties of the actual pellet can have a profound effect on the 
combustion process. 
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The devolatilization times were in the range 81 - 119 s and were found to be 
independent on density, durability, moisture content and raw material (group of 
pellets).

The char conversion rate was between 822 - 1 089 s with no clear effect of durability, 
density or moisture content. 

The validation tests show longer devolatilization and char combustion times than the 
lab scale tests. This is due to that there are arranged in a small bed during the 
validation tests, which in turn affect combustion dynamics, e.g. heat release rates, 
access to air.  

Many of the pellet burners that are in use today in Swedish homes have rather simple   
control systems. Depending on the temperature of outgoing water from the boiler, the 
pellet feed rate is adjusted. However, if they are slow to regulate the result will be a 
varying in power output until stable operation is reached again. It should also be noted 
that a baseline for the burner must be set manually, based on the bulk density for the 
pellets that is in use. If a change of bulk density is made, the baseline must be changed. 
Development of robust combustion technology with an automatic fast regulation of the 
burner, e.g. a lambda sensor-controlled system, will simplify this process, continuously 
adjusting the settings to optimize the combustion process further without manual 
input. 

In summary, the small variations in pellet quality that is present within the Swedish pellet standard 
SS 18 71 20 can be handled if the burner equipment is working properly and is tuned for 
the pellets used.  

3.2.4 Validation in full scale 
Validation tests were performed with pellets from group 2, 3 and 4. The results show that: 



4 Conclusions 
The belief in the pellet business that in addition to ash related combustion problems also other 
physical fuel parameters such as durability, density and moisture content will affect the combustion 
quality was confirmed by interviewing pellet producers and manufacturers of combustion 
equipment. Based on this input, clear effects on combustion performance because of changes in the 
physical parameters were expected during the combustion tests.  

The combustion test in this work were performed in a well-controlled combustion environment with 
a set of well characterized pellets. During these tests, few clear correlations could be observed 
between physical properties and combustion performance. Specifically, the conclusions from the 
tests are that:  

The investigated physical properties have little practical effect on the combustion 
process during continuous, stable operation – i.e. high temperature and a good air 
supply. This suggests that the problems reported by the industry are most likely 
caused by misconfigured burners or pellets with quality parameters that falls outside 
the limits of the pellet standard.  

The investigated physical properties have little practical effect on the ignition 
behavior, although higher durability pellets require longer time, i.e. more energy, to 
ignite.   

Based on the results from the laboratory experiments, the raw material used in the 
pellet has a more profound effect on combustion behavior than the investigated 
physical properties of the pellets. 

There are quite large differences in combustion behavior between individual pellets, 
although they are manufactured at the same time, with the same raw material, under 
the same settings.   
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Appendix A

Table 2. Parameter data for the test pellets. 

Group 

Pellet sort 

(no.) 

Pellet density 

 (kg/m3) 

Bulk density 

(kg/m3) 

Moisture content 

 (%) 

Durability 

(%) 

Group 1 

1 1152 590 10.8 97.5 

2 1184 710 9.8 96.9 

3 1231 730 8.0 96.6 

4 1171 680 9.2 96.0 

5 1245 737 7.2 94.7 

6 1189 687 8.4 94.0 

7 1187 637 10.5 91.7 

8 1129 557 11.7 91.4 

9 1201 657 9.0 90.5 

10 1272 743 5.9 90.2 

11 1252 753 7.0 93.8 

Group 2 

12 1253 735 5.6 95.8 

13 1244 736 5.3 94.9 

14 1214 644 9.5 94.8 

15 1236 655 8.0 88.5 

Group 3 

16 1183 630 83 97.2 

17 1211 681 6.4 96.6 

18 1201 670 6.9 95.8 

19 1174 640 8.1 95.3 

20 1268 715 5.7 95.0 

Group 4 21 1243 678 62 98.8 



Appendix B 

Table 3. Analytical values for the test pellets*. 

Parameter Group 1 Group 2 Group 3 Group 4 Note 

Moisture content (%) 7.6 6.6 5.9 5.6 

Ash content (% of ds) 0.3 0.3 0.4 0.2 

Ash content, ar (%) 0.3 0.3 0.3 0.2 

Volatile matter (% of ds) 83.8 83.8 84.2 84.1 

Volatile matter  77.4 78.3 79.3 79.4 

S (% of ds) 0.015 0.013 0.039 0.050 

S, ar (%) 0.014 0.012 0.037 0.047 

Cl (% of ds) 0.011 0.011 0.015 0.011 

Cl, ar (%) 0.01 0.01 0.01 0.01 

C (% of ds) 50.9 50.9 51.1 51.4 

C, ar (%) 47.0 47.5 48.1 48.6 

H (% of ds) 6.0 6.1 6.1 6.2 

H, ar (%) 6.4 6.4 6.4 6.5 

N (% of ds) 0.11 0.11 0.11 0.11 

N, ar (%) 0.1 0.1 0.1 0.1 

O, calculated (% of ds) 42.7 42.6 42.3 41.9 

O, calculated, ar (%) 46.2 45.7 45.0 44.6 

Calorimetric heating value (MJ/kg) 18.78 19.00 19.30 19.52 

Calorimetric heating value, ds 
(MJ/kg) 

20.33 20.35 20.50 20.67 

Effective heating value, ar, const. 
vol. (MJ/kg) 

17.46 17.68 17.97 18.18 

Effective heating value, ds, const. 
vol. (MJ/kg) 

19.10 19.09 19.23 19.39 



Parameter Group 1 Group 2 Group 3 Group 4 Note 

Effective heating value, ds, const. 
vol., af (MJ/kg) 

19.15 19.15 19.30 19.44 

Effective heating value, ar, const. 
pre. (MJ/kg) 

17.39 17.60 17.90 18.10 

Effective heating value, ds, const. 
pre. (MJ/kg) 

19.03 19.02 19.16 19.32 

Effective heating value, ds, const. 
pre., af (MJ/kg) 

19.08 19.08 19.23 19.37 

Fixed carbon (%) 14.7 14.8 14.5 14.8 

Moisture content (%) 8.9 7.1 7.1 6.2 Average value 
for Group 1, 2 
and 3 

Pellet density (kg/m3) 1201 1237 1207 1243 Average value 
for Group 1, 2 
and 3 

Durability (%) 93.9 96.0 96.0 98.8 Average value 
for Group 1, 2 
and 3 

Devolatilization (s) 55.8 58.1 58.1 55.0 Average value 
for Group 1, 2 
and 3 

Char combustion (s) 220.8 248.1 253.3 238.1 Average value 
for Group 1, 2 
and 3 

95 % confidence int., 
devolatilization, +/- (s) 

2.0 1.8 1.6 1.8 Average value 
for Group 1, 2 
and 3 

95 % confidence int., char 
combustion, +/- (s) 

12.6 6.6 8.9 10.0 Average value 
for Group 1, 2 
and 3 

*Abbreviations used in the table: as = as received; ds = dry substance; const. vol. = constant volume;
const. pre. = constant pressure; af = ash free.
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ABSTRACT: The demand for increased overall efficiency, improved fuel flexibility, and more stringent environmental legislations
promotes the development of new fuel- and technology-related concepts for the bioenergy sector. Previous research has shown that
careful consideration of the fuel ash composition and the adjustment of the same via various routes, i.e., fuel design, have the
potential to alter the ash transformation reactions, leading to, e.g., a reduction of the formation of slag or entrained inorganic ash
particles. The objective of the present work was, therefore, to demonstrate the use of fuel design as a primary measure to reduce the
emission of PM1 during combustion of woody biomass in medium-scale grate-fired boilers while keeping the slag formation at a
manageable level. This was achieved by designing fuel blends of woody biomass with carefully selected Scandinavian peats rich in Si,
Ca, and S. The work includes results from three experimental campaigns, performed in three separate grate-fired boilers of different
sizes, specifically 0.2 MWth, 2 MWth, and 4 MWth. In one of the campaigns, softwood-based stemwood pellets were copelletized with
different additions of peat (5 and 15 wt %) before combustion. In the other campaigns, peat was added in a separate fuel feed to
Salix chips (15 wt % peat) and softwood-based stemwood pellets (10 and 20 wt % peat). Particulate matter and bottom ashes were
characterized by scanning electron microscopy−energy-dispersive X-ray spectroscopy for morphology and elemental composition as
well as by powder X-ray diffraction for crystalline phase composition. The results show that the fuel design approach provided PM1
reduction for all fuel blends between 30 and 50%. The PM1 reduction could be achieved without causing operational problems due
to slagging for any of the three commercial boilers used, although an expected increased slagging tendency was observed. Overall,
this paper illustrates that fuel design can be implemented on an industrial scale by achieving the desired ash transformation reactions,
in this case, leading to a reduction of fine particulate emissions by up to 50% without any operational disturbances due to slag
formation on the grate.

■ INTRODUCTION

Bioenergy accounts for approximately 10% of the world’s total
primary energy supply.1 According to recommendations by
IPCC regarding mitigation of global warming, the share of
bioenergy is expected to grow,2 and as it does, new challenges
arise. Biomass has the potential to replace fossil fuels in
production of heat and power as well as for vehicle fuels and
different materials such as plastics or fabrics. Traditionally,
wood-based fuels have been used in the bioenergy sector, but
the feedstock has been broadened and other, often cheaper and
more challenging, biomasses are used. Today, there is a need
to broaden the fuel base further, and the small- and medium-
scale heat and power sectors need a competitive market for
affordable fuel resources. Many of these resources are waste
streams from, e.g., forestry, agriculture, municipalities, or the
process industry. Unfortunately, the fuels’ ash composition can
potentially increase the risk of operational problems such as
slagging,3,4 fouling, and particulate matter (PM) emissions5,6 in
existing facilities. In addition, to meet new legislation and
policies,7,8 it will be necessary to carefully consider the fuels
and their composition before they are introduced.
One of the most important ash-related problems from an

operational point of view is slag formation on the grate.

Problems associated with slag formation in fixed-bed
combustion are disturbed air- and fuel supply and hindered
ash removal. Slag formation is not only affected by the amount
of ash and the chemical composition of the ash-forming
elements3,9−13 but is dependent on the combustion technology
used.14,15 The amount of alkali is of importance,16−18 and in
particular, a high alkali content in combination with silicon,
inherent or extrinsic,19−21 in the fuel can give rise to low-
temperature-melting alkali silicates in the fuel bed.22−24

PM derived from biomass combustion is composed of
varying amounts of inorganic ash-forming elements and
products of incomplete combustion, such as condensable
organics and soot.25,26 The coarse fraction of PM (>1 μm) is
generally composed of unburned fuel residues, char, and
mineral grains from the fuel. Such larger PM fractions are
efficiently removed from the flue gases by relatively simple
devices, such as cyclones. During combustion, some of the ash
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is volatilized27 and can, after subsequent gas-phase reactions,
condense and generate fine PM emissions (<1 μm, PM1). The
amount of volatilized matter depends on the combustion
technology used, the combustion conditions, and the fuel
characteristics where the chemical composition of the fuel’s ash
is important.9,20 This type of submicron particulate matter
consists mainly of alkali, e.g., K and Na, in the form of sulfates,
chlorides, or carbonates.28,29

PM, primarily that comprised by condensable organics and
soot, has negative environmental30 and health31,32 effects.
Emissions of PM from biomass combustion are of great
concern both in Europe and globally,33 resulting in the new
emission legislation in the EU.8 Some alkali salts, e.g., KCl,
may cause unplanned shut-downs due to corrosive deposit
formation.28 By changing the ash composition of the fuel, it is
possible to influence the chemical speciation as well as the total
amount of emitted PM.18,34,35 This could be a particularly
interesting route for small- to medium-scale boilers (1−5
MWth) since it is rarely economical to install advanced flue gas
cleaning of relevance for PM1 in this boiler segment.
Experiments with different fuel blends have been

performed4,36−40 and so has the use of additives.28,41−44 If
the amounts of additives or fuel blends in such experiments are
based on a thorough fuel characterization and application of
existing knowledge regarding ash transformation reactions,9 it
could be considered as fuel design.9,16,45 The aim of fuel
design, as the concept is defined here, is to impede or promote
specific ash transformation reactions between the fuels and/or
additives to reduce the risk of ash-related problems.
Fuel design is implemented by blending the primary fuel

with a secondary fuel or an additive that has to be chosen
explicitly to obtain the best and desired effect.4 For example,
this can result in more alkali being captured in bottom ash in
the form of sulfates, carbonates, and alumina silicates instead of
being emitted as volatile species.4,46,47 These measures can also
alter the particulate matter size distribution, and a reduction of
the fine fraction can be achieved.22 However, fuel design
measures aiming at reducing PM emissions can increase the
probability of slag formation47 due to the increased formation
of alkali silicates in the bottom ash. It has been shown that an

effective fuel design could reduce PM1 up to 60% while
keeping slag formation manageable.4 This approach has been
successfully applied to various types of biomasses and
demonstrated in small- and lab-scale burners.40,48−51 Success-
ful applications of fuel design rely on understanding which ash
transformation reactions are desired based on the fuel
composition. An example of the Supporting Information to
determine appropriate fuel ash composition has been
presented for predicting the risk and severity of slag formation
in the combustion of phosphorus-poor biomass,52 based on the
system (K2O + Na2O)−(CaO + MgO)−SiO2, as shown in
Figure 1. It is important to demonstrate and validate the fuel
design concept on an industrial scale in a variety of combustion
systems to gain acceptance in the bioenergy sector, thereby
enabling a broader fuel feedstock by utilizing existing
knowledge of ash transformation reactions without requiring
large investments in existing infrastructure.
The aim of this study was to demonstrate fuel design as a

primary measure in industrial medium-scale grate-fired
biomass boilers by (i) affecting speciation of silicates formed
in combustion of woody-type biomass and (ii) reducing fine
PM emissions. This will be achieved by blending woody-type
biomasses with peat in three different commercially installed
grate-fired boilers with rated thermal inputs of 0.2 MWth, 2
MWth, and 4 MWth, respectively. The samples of bottom ash,
slag, and particulate matter were collected and analyzed using
scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM−EDS) and XRD to determine the
effect of the fuel blending on chemical composition and
morphology in different ash fractions.

■ MATERIAL AND METHODS
Fuels and Fuel Blends. In total, eight different fuels or designed

fuel blends were used. The pure woody biomasses were stemwood
from spruce (Picea abies) and/or pine (Pinus sylvestris) (henceforth
abbreviated SW) from the northern part of Scandinavia (Sweden and
Finland) and Salix (Salix viminalis) grown in Umeå, Sweden, by the
Swedish University of Agricultural Sciences. As the secondary fuel,
Scandinavian peats (henceforth abbreviated P) were carefully selected
based on their ash chemical composition. The peats selected displayed
appropriate relative concentrations of Si, Ca, and S, since these

Figure 1. On the left, a fuel index for qualitative prediction of slag in biomass combustion based on the fraction of fuel ash that forms slag (wt %).
The colors of the areas correspond to the following: green = no/low slagging tendency, red = moderate slagging tendency, and black = major
slagging tendency. On the right, a fuel index for qualitative prediction of slag based on the sintering category. The colors of the areas correspond to
the following: green = category 1, red = category 2−3, and black = category 4 in accordance with the 5-step scale as defined by Öhman3 and further
refined by Diáz-Ramiŕez.53 The liquid isotherms are adopted from the K2O−CaO−SiO2 system in the work of Morey et al.,54 later revised by
Roedder.55 Images adapted with permission from Naz̈elius et al.52

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.9b03935
Energy Fuels 2020, 34, 2574−2583

2575

http://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.9b03935/suppl_file/ef9b03935_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03935?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.9b03935?fig=fig1&ref=pdf
pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.9b03935?ref=pdf


elements were considered crucial for achieving suitable total fuel
compositions.
The fuels were analyzed at external laboratories as follows:

moisture according to EN 14774; ash content determined at 550
°C according to EN 14775; chlorine by ion chromatography
according to EN 15289; and major, minor, and trace elements after
acid digestion by inductively coupled plasma-optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass
spectrometry (ICP-MS) according to EN 15290/15297. The
concentrations of the main ash-forming elements in the fuels and
fuel blends used are presented in Table 1.
Fuel Design Approach. The fuel designs applied in this work aim

to reduce the fine particulate matter emissions by increasing the
amount of alkali bonded in silicates in the bottom ash while keeping
the slag formation manageable for the ash removal system. It is
generally accepted that a reduction of the release of alkali from the
fuel bed reduces the formation of PM.40,56,57 The peat used in this
study contributes with an increased Si content in the resulting fuel
blends, which increases the potential for formation of alkali
silicates19−24 and, consequently, a reduction in the release of alkali.
This could, on its own, cause slag-related operational problems, but
the simultaneous introduction of Ca with the peat mitigates this risk
by increasing the melting temperature of the formed K−Ca-silicates.
It should be noted that excess Ca could reduce the amount of K
bonded in silicates found in bottom ash or slag due to substitution
reactions, and such ash transformation reactions16 need to be
considered when determining suitable fuel blend compositions. The
increased Cl in the fuels and fuel blends could potentially lead to an
increased formation of KCl, increasing the risk for high-temperature

corrosion, but this is dependent on the amount of gaseous K-
compounds that leaves the bed ash. Introduction of Si with the peat is
aimed to reduce this transport and, thereby, the amount of alkali
chloride formation.

The addition of the selected peats increases the fraction of Ca, Si,
P, S, and Fe in the fuel ash. Fe does not generally take any significant
part in the ash transformation reactions for P-poor biomass,9 but Ca,
Si, and P can be expected to remain in the bed and to be available for
reactions involving alkali. The relative contents of K, Na, Ca, Mg, and
Si in the primary fuels and the resulting fuel blends are plotted in the
ternary compositional diagram (K2O + Na2O)−(CaO + MgO)−SiO2
presented in Figure 2. The resulting fuel blend compositions were
designed to fall within the low or medium slagging tendency areas as
defined by the slagging indices (Figure 2). The capture of alkali in the
bottom ash and slag can reduce the formation of condensable alkali
salts in the flue gas. In addition to the slag-related aspects of the fuel
design, the increase of S with the peat could reduce the formation of
alkali chlorides by sulfation reactions in the flue gas and,
consequently, a reduction of alkali chloride-induced high-temperature
corrosion.58,59

The addition of peat to the pure fuels shifted the ash chemical
composition in the ternary compositional system (K2O + Na2O)−
(CaO + MgO)−SiO2 toward the SiO2 corner, as shown in Figure 2.
The predicted result, as described in the indexes, is an increased slag
formation risk as the fraction of peat increases, but this remains in the
moderate slagging area of the index. In three of the cases (0.2 MWth
stemwood/peat 80/20, 2 MWth stemwood/peat 85/15, and 2 MWth
stemwood/peat 95/5), the resulting fuel ash composition is close
to−or in−areas of the index where moderate amounts and severity of

Table 1. Ash Content and Concentration of Main Ash-Forming Elements in the Fuels and Fuel Blends Used in the Study

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10a SW/P 80/20a SW SW/P 95/5a SW/P 85/15a Salix Salix/P 80/20a

ash content (wt %, wb) 0.40 0.62 0.84 0.40 0.68 1.25 1.70 6.40
K (mg/kg, db) 353 354 354 543 529 501 2300 2000
Na (mg/kg, db) 27 48 68 17 25 42 n.a. n.a.
Ca (mg/kg, db) 846 1002 1159 822 1078 1590 4300 5000
Mg (mg/kg, db) 141 201 261 227 250 296 660 660
Fe (mg/kg, db) 36 293 550 40 529 1507 29 1000
Al (mg/kg, db) 42 180 318 51 242 625 34 330
Si (mg/kg, db) 307 739 1171 183 524 1206 140 1300
P (mg/kg, db) 47 74 100 62 91 149 620 590
S (mg/kg, db) 57 164 271 58 199 482 400 1200
Cl (mg/kg, db) 100 120 140 28 33 42 400 430

aCalculated from the fuel analysis of the ingoing fuels.

Figure 2. Used fuels’ ash composition’s location in the fuel indices for qualitative prediction of slag in biomass combustion based on sintering
category (left) and share of slag formation (right) described in the ternary compositional system (K2O + Na2O)−(CaO + MgO)−SiO2, adapted
with permission from Naz̈elius et al.52
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slag formation are predicted. This was important to include in the
study, since fuel blends with a predicted chance for moderate slagging
are necessary for evaluating whether fuel design supported by fuel
indices for slagging is helpful in industrial environments.
Boiler Systems. The 0.2 MWth boiler was an inclined grate boiler

where the bottom ash is removed by an ash screw. The normal fuel, 8
mm stemwood pellets, was combusted as a reference case. Subsequent
experiments were performed where peat pellets (8 mm) were added
as separate pellets in amounts of 10 and 20% by weight to the
stemwood pellets. During the campaign, the plant was operated at 200
kWth and the excess O2 was kept at 7−9%. Sampling was performed
during steady-state operation but after approximately 4 h of operation
with each fuel or fuel blend to ensure that the collected bottom ash
samples were from the current fuel blend.
The 2 MWth boiler was an inclined moving stair grate. The flue

gases are routed through a cyclone, and cyclone ash as well as bottom
ash is transported separately to a joint containment bin. The
campaign started with combustion experiments with pure stemwood
pellets (8 mm) to obtain a reference level. Subsequent experiments
were performed where 5 and 15% peat by weight were copelletized
with stemwood (8 mm). The load during the campaign was on
average ∼1 MWth, with an excess O2 of 7−9% in the flue gas. The
respective fuels were combusted for 4−5 h before sampling to make
sure that bottom ash originated from the fuel blends.
The 4 MWth boiler was an inclined fixed-step grate, optimized for

wet fuels. Cyclone ash was mixed with bottom ash, while the ash
collected with an electrostatic precipitator was transported separately.
The flue gases were returned to the boiler, partly under the grate
together with the primary air and partly together with the secondary
air. Initially, 100% Salix was combusted to obtain the reference case,
and subsequently, a mixture of 15% peat and 85% Salix was
combusted as separate fuel particles. During the experiments, the
boiler output was ∼2 MWth with an excess O2 of 6−8% in the flue gas.
The boiler was operated for ∼40 h with each fuel and fuel blend, and
all bottom ash sampling took place during the second day to ensure
that no old bottom ash was included.
Sampling of PM and Flue Gases. PM samples were collected

after the cyclone in each system at sampling ports fitted where laminar
flows of the flue gas were expected. A 13-stage (0.03−10.0 μm) low-
pressure impactor (Dekati Ltd.) with aluminum foils as collection
substrates was used to sample the PM. The impactor was preheated
before sampling and kept at approximately 120 °C to avoid
condensation of water during sampling. No dilution was applied,
and samples were collected during 2−15 min depending on the boiler
and fuel composition.
Flue gas measurement of CO, O2, and NO was performed after the

cyclone using a multianalyzer, based on electrochemical sensors
(Testo 350 XL), in the flue gas duct after the electrostatic filter for the
experiments in the 0.2 MWth and the 4 MWth boiler. In the 2 MWth
boiler, the sampling of the gas data for O2, CO, and CO2 was
performed by means of a Gasmet DX-4000 Fourier transform infrared
spectroscopy analyzer.
Bottom Ash Classification. All bottom ash samples were

collected during steady-state operation and consisted of both
nonsintered bottom ash (denoted ash from henceforth) and sintered
bottom ash (denoted slag from henceforth). The bottom ash samples
were sieved to separate ash from slag, where sintered ash particles >
3.15 mm in sieving size were removed from the bottom ash and
classified as slag. A further categorization of the formed ash and slag
was performed according to the procedures first described in Öhman
et al.3 and later revised by Diáz-Ramiŕez et al.,53 presented in Table 2.
Due to the inherent challenges of sampling bottom ash fractions in
industrial facilities, the results of the classification of the slag and the
evaluation of the slagging tendencies should be considered qualitative.
Chemical Characterization. The ash, slag, and PM1 samples

were characterized by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) for morphology and
elemental composition. The SEM instrument used on samples from
the 0.2 and 4 MWth boilers was a Philips XL30 ESEM coupled with an
EDAX EDS detector. The samples from the 2 MWth boiler were

analyzed on a variable-pressure SEM (Carl Zeiss EVO LS-15)
together with EDS (Oxford Instruments, detector X-Max 80 mm2).
The electron beam acceleration current was, in all cases, 20 kV, and a
backscatter electron detector was used for imaging and guidance for
the elemental analysis. Area (∼500 × 500 μm) and spot analyses were
performed to assess the overall and local elemental compositions, and
the scans were made on comparable areas. Three separate area
analyses were performed for slag, ash, and PM.

The ash and slag samples were also analyzed by powder X-ray
diffraction (XRD) to semiquantitatively determine the composition of
the crystalline content in the samples. The samples were homogenized
and, if necessary, ground, before analysis. Analyses were made on a
Bruker-AXS d8 Advance in θ−θ mode with Cu Kα radiation and a
Våntec-1 line detector. Repeated continuous scans were performed on
rotating samples in the 2θ range 10−70°. For initial identification,
Bruker DIFFRAC.EVA software together with the PDF-2 reference
database was used. Semiquantitative analysis of the identified
crystalline phases was performed using Rietveld refinement in
DIFFRAC.Topas v4.2 software with crystal structure reference data
from ICSD.

■ RESULTS AND DISCUSSION
Combustion Performance and Slag Formation. The

combustion performance was continuously evaluated during
each experiment, and the slagging tendencies were evaluated
on-site and compared to operation with the normal fuel blend.
Operational disturbances due to the changes in fuel quality or
supply of fuel or air, as well as O2 and CO levels in the flue
gases were monitored in addition to the performance of the
ash removal systems. In all six studied cases with fuel blends,
the excess oxygen was stable at ∼8% and no ash-related
problems occurred that hindered the continuous operation of
each boiler. The CO levels were below 100 ppm (dry) in all
cases and averaged between ∼10 and ∼60 ppm (dry basis).
Based on the evaluation and the length of the respective
experiments, the fuel design approach can therefore be
considered successful in keeping the slag formation manage-
able for the existing ash removal systems.
During the campaign in the 0.2 MWth boiler, the addition of

peat increased the slagging tendency of the fuel mix to a small
extent. The increased amount of slag, however, did not affect
the boiler’s operation during the experiments. The slag lumps
found mainly consisted of partly sintered ash, i.e., category 2a
and 2b.
Also, in the 2 MWth boiler, the slagging tendencies increased

during the combustion of the 5% peat fuel, and even further,
when the 15% peat was combusted. Comparatively large, fully
sintered lumps of category 3 slag could be found on the grate,
but the operation was not disturbed and the ash handling
system was able to remove all formed slag.

Table 2. Slag Classification System

category description

1 nonsintered ash residue, i.e., nonfused ash (clear grain structure).
2a partly sintered ash, i.e., particles containing clearly fused ash that

break at a light touch (distinguishable grain structure).
2b partly sintered ash, i.e., particles containing clearly fused ash that

hold together at a light touch but is easily broken apart by hand
(distinguishable grain structure).

3 totally sintered ash, i.e., deposited ash fused to smaller blocks that
are still breakable by hand (slightly distinguishable grain
structure).

4 totally sintered ash, i.e., deposited ash totally fused to larger blocks
that are not possible to break by hand (no distinguishable grain
structure).
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When Salix was combusted in the 4 MWth boiler, slagging
tendencies were reduced compared to when wood chips, the
normal fuel for the boiler, were combusted. Only a few slag
lumps of category 3 were found in the bottom ash. When peat
was added to Salix, the slagging tendencies increased to some
extent and were estimated to be on the same level as when
wood chips were combusted. Only a small number of smaller
slag lumps (category 3) were found in the bottom ash.
Chemical Composition of Bottom Ash and Slag. The

simplified oxide composition of the ash and slag fractions are
shown together with the fuel compositions in the ternary
compositional system (K2O + Na2O)−(CaO + MgO)−SiO2;
see Figure 3. The presented data is based on SEM−EDS

analysis provided in Supporting Information Tables S1 and S2.
The compositions of the ash from the three reference cases are
close to the original fuels’ respective composition. However,
the slag in the reference cases was depleted in alkali and was
much closer to the compositional binary (CaO + MgO)−SiO2.
With the addition of peat, the slag composition is slightly

enriched in silica but is still in the low and medium slagging
tendency areas. The formed ash is also enriched in silica and
centered in the moderate slagging area. This analysis agrees
well with the on-site observations regarding the slagging
behavior of the fuel blends. Importantly, a large share of alkali
introduced with the fuel was indeed captured in bottom ash or
slag compared to the reference cases.
The XRD results in Table 3 present semiquantitative

analysis of the crystalline content in the ash and slag samples.
Since only crystalline compounds are considered, these results
are not expected to, in cases where slag is formed, add up to
the elemental analysis of ash fractions presented in Figure 3. In
the ash samples from 0.2 MWth experiments, peat addition
resulted in more Ca-rich carbonates and a mixed K−Ca-silicate
could be identified. A lower share of crystalline Ca-containing
silicates was observed in the slag fraction from the 90/10 SW/
peat fuel blend compared to the reference case. Unfortunately,
the amount of slag sample from the 80/20 blend did not admit
analysis. Considering that the overall compositions with peat
addition suggest an increased silicate formation (Figure 3), it is
likely that the added ash-forming elements from peat are
present in amorphous phases.

This contrasts from the 2 MWth reference case where the
crystalline content in the ash and slag was dominated by Ca-
containing carbonates and various oxides. With the addition of
peat, both the ash and slag contained considerable amounts of
crystalline silicates. Interestingly, some of these are alumi-
nosilicates, which were likely formed due to the interaction
with clay minerals present in the peat. This demonstrates that
the volatile ash-forming elements can be captured not only in
the amorphous silicate slag but also in silicate compounds with
relatively high melting temperatures.
This is further emphasized in the ash samples from 4 MWth

experiments, where the Salix/peat experiment displays a
significant shift toward silicates, which is in line with the
changes in ash composition introduced by the fuel design. The
slag fraction was altered similarly to the 2 MWth experiments,
where K was bonded in aluminosilicates as peat was
introduced.
The excess S introduced with peat in the fuel blends did not

result in an increased sulfate formation in the ash or slag,
generally speaking. Still, some S was found as crystalline Ca-
sulfates or arcanite, most noticeable for the 2 MWth case, but
the general slagging behavior is more likely connected to
silicate formation than these low amounts of sulfates.

Particulate Matter Formation. The overall and general
increase of slagging should be viewed in relation to the
significantly reduced PM concentrations determined, as shown
in Figure 4. In all three boilers, the emissions were reduced by
approximately 50%. The relative amounts of PM between cases
show the large difference between stemwood and energy crops
such as Salix during combustion. The large difference in the
integrated peak area between Salix and the other two cases
with stemwood is primarily caused by the alkali released from
the grate during combustion, which can form PM in the flue
gas.28,29 As seen in Table 1, the K content in Salix is
significantly higher than what is found in stemwood. In the 4
MWth co-combustion of Salix and peat, there was a shift in
particle size distribution in the flue gas: the coarse mode
increased slightly on behalf of the fine mode. This effect was,
however, not as clearly present in the other campaigns. A larger
share of coarse mode is beneficial, since it can be removed by
measures such as cyclones.
The PM1 samples collected during the two stemwood

experiments (0.2 MWth and 2 MWth) consisted mainly of K,
Cl, and S; see Table 4. When peat was added, the relative
concentrations of S and K were reduced in PM while Na, Cl,
and Zn increased. In these cases, no increased sulfation could
be observed in PM1; however, the smaller amounts of PM1
would correspond to lower deposition rates of the chloride-
enriched particles. In the 4 MWth campaign, PM1 consisted
mainly of K, S, Cl, and Na. However, the addition of peat did
not significantly alter the chemical composition of PM1, and
the results from the SEM−EDS analysis of the samples indicate
only small changes in the total chemical composition of the
samples. For all cases, this is likely caused by the formation of
stable sulfates, possibly in coarse mode PM captured in
cyclones, since no large amounts of such sulfates were
identified in the ash or slag.

Evaluation of Fuel Design. The formation of PM1 was
reduced despite an increased overall ash content. This clearly
demonstrates that it is more important to consider the relative
concentrations of ash-forming elements rather than only the
amounts of these elements. The PM1 reduction could be
achieved without causing operational problems due to slagging

Figure 3. Composition of the fuels as determined by ICP-OES/ICP-
MS and formed ash and slag fractions as determined by SEM−EDS,
presented as wt % of oxides.
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for any of the three commercial boilers used, despite an
increased ash content in the fuel blends. Importantly, the slag
formation could be managed by the boilers without
modifications of the ash removal systems. A fundamental
approach to explain the observed slag formation is presented
below, where the suggested reaction products for the silicate
system have been simplified, since the actual composition in
slag particles varies.
The underlying reactions for initial slag formation are

governed by the interaction of gaseous K-compounds with a
silicate matrix in this case, where Reaction 1 presents an
idealized initial reaction balanced to match composition 1:0:2
in the ternary compositional diagram (K2O + Na2O)−(CaO +
MgO)−SiO2 (Figure 3). Na could play a role as well at
sufficient concentrations, but for the fuels and fuel blends

presented in this work, K-compounds are in focus. Reaction 1
assumes that the most reactive K-compound in the gas phase is
KOH(g) and that the fuel silicate matrix can be represented by
SiO2. Close to the burning fuel bed, Reaction 1 competes with
Reactions 2 and 3, whereas the formation of K2CO3 is not
considered to be a major route in the presence of sufficient Si,
P, S, and Cl to bond the cations introduced with the fuel.16

2KOH(g) 4SiO (s) K Si O (l, s) H O(g)2 2 4 9 2F+ + (1)

KOH(g) HCl(g) KCl(g, s) H O(g)2F+ + (2)

2KOH(g) SO (g) K SO (s) H O(g)3 2 4 2F+ + (3)

The present work demonstrated that it was feasible to
introduce a co-combustion fuel with a Si matrix available for
Reaction 1 and have this reaction take precedence over

Table 3. Semiquantitative Analysis of Crystalline Phases Detected with Powder X-ray Diffraction in the Ash and Slag Samples
Presented in wt % of Crystalline Content

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10 SW/P 80/20 SW SW/P 95/5 SW/P 85/15 Salix Salix/peat

ash slag ash slag ash slag ash slag ash slag ash slag ash slag ash slag

silicates SiO2 (quartz) 1 1 5 1 2 10 3 3 2 7

(Na,Ca)(Mg,Fe,Al)
(Si,Al)2O6 (pyroxene)

32 25

(Ca,Na)2(Al,Mg,Fe)
(Al,Si)SiO7 (melilite)

11 34 5 18 6 3 10 14 13 11 32

Ca7Mg(SiO4)4 (bredigite) 17 23

MgSiO3 (enstatite) 5

Ca2SiO4 1 71

Ca3Mg(SiO4)2 (merwinite) 34 17 14 26 24 28

CaAl2Si2O8 (anorthite) 15

CaMgSiO4 (monticellite) 8

K4CaSi3O9 3 5

K2Si4O9 2

KAlSiO4 10 6 9 8 12

KAlSi3O8 (sanidine) 1

KAlSi2O6 (leucite) 3 5 36 10 13

carbonates CaCO3 (calcite) 8 39 6 38 30 30 16 6 5

K2Ca(CO3)2 (fairchildite) 4 3 1 4 9 1 6 2

K2Ca(CO3)2 (buetschliite) 3 11 10 7 4 5

K2CO3·1.5H2O 16

oxides Mn2O3 2

CaMn2O4 (marokite) 2 5 7 8 5 7 3

Ca2MnO4 (Ca2MnO4) 4

CaMnO3 8 7

CaO (lime) 1 6 13 1 36 3 23

Fe3O4 (magnetite) 6 2 2 5 7 6

Fe2O3 (maghemite) 2 13 8 8

Fe2O3 (hematite) 4 3 2

MgO (periclase) 12 2 14 9 12 17 41 11 8 5 14 8

Ca3Al2O6 (Ca3Al2O6) 2 13

CaAl4O7 (grossite) 5

Ca2(Al,Fe)2O5
(brownmillerite)

3

Ca(OH)2 (portlandite) 10 2 9 3 9 12 14 9 1

phosphates CaKPO4 3 1

Ca5(PO4)3(OH)
(hydroxyapatite)

5 2 5 3 3 30 21 9

sulfates CaSO4·2H2O (gypsum) 4

CaSO4s·0.5H2O
(bassanite)

6

CaSO4 (anhydrite) 4

K2SO4 (arcanite) 4 7 8 11

SUM 100 100 100 100 100 N/A 101 100 99 100 98 101 100 100 99 101
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Reactions 2 and 3 on industrial scale. This reduced the amount
of alkali released from the bed ash and slag, thereby reducing
subsequent reaction products according to Reactions 2 and 3
in the flue gas, resulting in lower PM emissions. The low
melting temperature of K2Si4O9 and alkali silicates with similar
overall composition was remedied in this work by the presence
of Ca both in the original fuel and also introduced with the co-
combustion fuel. This inclusion may have been initiated in two
ways, either by the initial formation of Ca-silicates that were
subsequently reacting through diffusion with K-silicates
(Reactions 4 and 5) or by direct addition reactions of CaO
with the K-silicate slag (Reaction 6). Total liquidus temper-
atures of these idealized reaction products found in the ternary

compositional diagram (K2O + Na2O)−(CaO + MgO)−SiO2
(Figure 1) show that further inclusion of Ca is required to
reach regions where moderate slagging tendencies could be
expected. As evident from the final compositions of ash and
slag presented in Figure 3, this continued inclusion of Ca did
occur and was responsible for keeping the slag formation
manageable.

CaO(s) SiO (s) CaSiO (s)2 3F+ (4)

2CaSiO (s) K Si O (l, s) 3SiO (s)

Ca K Si O (s, l)
3 2 4 9 2

2 2 9 21F

+ +

(5)

CaO(s) 4K Si O (l, s) CaK Si O (s, l) 6SiO (s)2 4 9 8 10 25 2F+ +
(6)

In this work, peat was chosen as the co-combustion fuel
because of its availability as well as its chemical composition,
but any suitable secondary fuels or additives could be used in
its stead. There were two key parameters in the chemical
composition of the selected peat that made it a suitable
candidate: the first was its high content of Si that was expected
to be nonmineralized, which facilitates its reaction with
gaseous K-compounds according to Reaction 1; the second
was its relatively high Ca concentration that would counteract
low-temperature melts by increasing melting temperatures of
silicate structures upon its inclusion by Reactions 4−6 and
subsequent inclusion of additional Ca in the silicate slag.
Other co-combustion fuels with similar properties could

have been selected, such as bark fuels or even certain straws
with low alkali content, possibly after washing. Such fuels could
be equally suitable in co-combustion for the purposes used
here, provided they have relatively high Ca and Si contents in
comparison to alkali. Extrinsic Si from mineral inclusions
would likely not be as effective as Si from the biomass matrix,
which would have to be considered. Since the fuel design
employed in this case targeted release of K from the bed ash
and slag, the addition of kaolin would likely have yielded
similar results since it also reduces the available K for the
formation of particulate matter in flue gas according to
Reactions 2 and 3.
For these fuel design measures to be implemented as long-

term strategies, the operation and performance should
naturally be further optimized. However, the fundamental

Figure 4. Particle mass size distributions during combustion of
reference fuels and designed fuel blends for the 0.2 MWth (top), 2
MWth, (middle), and the 4 MWth (bottom) boilers, respectively.

Table 4. Chemical Composition of Collected PM1 Samples As Determined by SEM−EDS, Provided in Atomic %, on a C-, O-,
and Al-Free Basis

0.2 MWth 2 MWth 4 MWth

SW SW/P 90/10 SW/P 80/20 SW SW/P 95/5 SW/P 85/15 Salix Salix/peat

avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv avg stdv

K 54.5 0.4 43.2 0.1 40.3 0.2 72.4 0.1 51.2 0.3 45.8 0.4 61.3 0.7 57.5 0.4
Na 7.0 0.4 10.9 0.2 12.7 0.1 2.6 0.3 3.9 0.1 5.9 0.1 6.6 0.1 5.0 0.2
Ca 0.4 0.1 0.3 0.1 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.1
Mg 0.8 0.1 1.1 0.1 1.5 0.3 0.1 0.2 0.2 0.0 0.1 0.1 0.0 0.2 0.2
Mn 0.4 0.0 0.3 0.2 0.5 0.0 1.1 0.1 0.7 0.0 0.4 0.1 0.1 0.1 0.2 0.0
Zn 3.5 0.2 5.3 0.1 6.2 0.4 1.3 0.2 2.3 0.1 4.7 0.2 3.5 0.2 2.9 0.1
Fe 0.5 0.0 0.5 0.2 0.8 0.1 0.0 0.0 2.2 0.2 1.6 0.2 0.1 0.1 0.1
Si 0.5 0.1 0.5 0.0 0.5 0.1 0.0 0.1 1.3 0.1 0.1 0.1 0.0 0.1 0.1
P 0.6 0.1 0.7 0.1 0.7 0.1 0.9 0.0 0.3 0.3 1.6 0.0 0.7 0.1 0.7 0.1
S 21.1 0.1 14.5 0.2 11.6 0.1 14.3 0.5 18.6 0.4 10.7 0.2 24.3 0.3 26.5 0.4
Cl 10.8 0.3 22.8 0.1 25.0 0.2 6.7 0.8 18.1 0.6 27.7 0.0 2.6 0.0 6.0 0.4
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principles concerning ash chemistry that were applied on an
industrial scale in this work proved successful. Ash trans-
formation reactions should be carefully considered when
deciding the appropriate fuel design approach. The intended
effects can be reached only if the fuel blends are chosen
specifically for the desired purpose, considering the specific
combustion application, and when trade-off effects between the
slag formation and PM1 emissions are appropriately addressed.
Predictive tools applicable to a large range of overall fuel
compositions, such as the fuel indices for P-poor biomass52

used in this work, are paramount for making informed fuel
design choices.
Fuel design could be implemented as a primary measure for

different reasons. Here, it was used to achieve specific
operational goals concerning PM1 and slagging in the
combustion of woody-type biomass. In other cases, it could
be applied to include challenging biomass in the fuel feedstock
for existing or future bioenergy supply technologies. This is
likely crucial for reaching the ambitious goals set out by the
IPCC to reduce global warming, where an increased bioenergy
supply is an important part.2 Fuel design could be one example
of a viable strategy to broaden the fuel feedstock for bioenergy
without increasing deforestation or competition with food
supply, since existing residual streams could be used more
wisely.

■ CONCLUSIONS
The fuel design applied in this work aimed to reduce the
amount of PM1 emissions in industrial medium-scale
combustion of woody-type biomass through an increased
formation of K-containing silicates in bottom ash and slag. Fuel
blends of three different woody-type biomasses and carefully
selected Scandinavian peats rich in Si, Ca, and S were
combusted in three different industrial scale boilers. The
resulting five fuel blends were designed to have ash
compositions predicted to result in low to moderate slagging,
based on fuel indices for P-poor biomasses.
Combustion of the designed fuel blends was demonstrated

to reduce PM1 emissions between 30 and 50% compared to
the reference cases. Increased but manageable slagging was
observed, and the chemical composition of ash and slag was
shifted to contain more K-silicates in accordance with the fuel
indices applied. The PM1 reduction through fuel design could
be achieved without causing operational problems due to
slagging for any of the three commercial boilers used. Overall,
this paper demonstrates that fuel design can be a powerful tool
and a primary measure to reduce emissions and avoid
operation problems on an industrial scale.
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M.-E.; Hirvonen, M.-R.; Kelly, F.; Künzli, N.; Lundba ̈ck, B.;
Moshammer, H.; Noonan, C.; Pagels, J.; Sallsten, G.; Sculier, J.-P.;
Brunekreef, B. Health impacts of anthropogenic biomass burning in
the developed world. Eur. Respir. J. 2015, 46, No. 1577.
(34) Steenari, B. M.; Lundberg, A.; Pettersson, H.; Wilewska-Bien,
M.; Andersson, D. Investigation of Ash Sintering during Combustion
of Agricultural Residues and the Effect of Additives. Energy Fuels
2009, 23, 5655−5662.
(35) Carroll, J. P.; Finnan, J. M. The use of additives and fuel
blending to reduce emissions from the combustion of agricultural
fuels in small scale boilers. Biosyst. Eng. 2015, 129, 127−133.
(36) Baxter, L. Biomass-coal co-combustion: opportunity for
affordable renewable energy. Fuel 2005, 84, 1295−1302.
(37) Hein, K. R. G.; Bemtgen, J. M. EU clean coal technologyco-
combustion of coal and biomass. Fuel Process. Technol. 1998, 54, 159−
169.
(38) Wu, H.; Glarborg, P.; Frandsen, F. J.; Dam-Johansen, K.;
Jensen, P. A. Dust-Firing of Straw and Additives: Ash Chemistry and
Deposition Behavior. Energy Fuels 2011, 25, 2862−2873.
(39) Werther, J.; Saenger, M.; Hartge, E. U.; Ogada, T.; Siagi, Z.
Combustion of agricultural residues. Prog. Energy Combust. Sci. 2000,
26, 1−27.
(40) Zeng, T.; Weller, N.; Pollex, A.; Lenz, V. Blended biomass
pellets as fuel for small scale combustion appliances: Influence on
gaseous and total particulate matter emissions and applicability of fuel
indices. Fuel 2016, 184, 689−700.
(41) Wu, H.; Pedersen, M. N.; Jespersen, J. B.; Aho, M.; Roppo, J.;
Frandsen, F. J.; Glarborg, P. Modeling the Use of Sulfate Additives for
Potassium Chloride Destruction in Biomass Combustion. Energy Fuels
2014, 28, 199−207.
(42) Wang, L.; Hustad, J. E.; Skreiberg, O.; Skjevrak, G.; Gronli, M.
A critical review on additives to reduce ash related operation
problems in biomass combustion applications. Energy Procedia 2012,
20, 20−29.
(43) Tran, K.-Q.; Iisa, K.; Steenari, B.-M.; Lindqvist, O. A kinetic
study of gaseous alkali capture by kaolin in the fixed bed reactor
equipped with an alkali detector. Fuel 2005, 84, 169−175.
(44) Steenari, B.-M.; Lundberg, A.; Pettersson, H.; Wilewska-Bien,
M.; Andersson, D. Investigation of Ash Sintering during Combustion
of Agricultural Residues and the Effect of Additives. Energy Fuels
2009, 23, 5655−5662.
(45) Rebbling, A. Application of Fuel Design to Mitigate Ash-Related
Problems During Combustion of Biomass; Umeå University, 2019.
(46) Naz̈elius, I. L.; Fagerström, J.; Boman, C.; Boström, D.;
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A B S T R A C T

Radio frequency identification (RFID) technology has been used since the 1950s in a wide range of applications.
In the energy sector, there is a potential to use the technology to follow biomass fuels throughout a supply chain.
In addition to logistic information, the RFID tags can be used to convey vital information of the fuel properties
directly to the energy plant to be used at the moment of combustion. A detailed knowledge of the fuel com-
position at the moment it reaches the furnace can be used to improve energy efficiency, reduce emissions and
limit problems with fouling and slagging. In this work, RFID technology was used in three separate trials to trace
wood pellets, from the production site to the furnace. In the trials, RFID tags were added to batches of pellets
containing 5% or 100% peat. In this way it was possible to follow the shift in pellet quality from standard pellets
(100% wood) to the pellets containing the RFID tags by monitoring the change in flue gas composition. From the
results it can be concluded that RFID tags indeed can be used to convey logistic information and thus information
of fuel quality parameters throughout a supply chain for wood pellets. However, work on optimization is needed
to design the RFID carrier properly to mix well with the pellets as illustrated in a separate trial. Finally, an
economic estimate indicates that the marginal cost to implement a RFID system would be less than 1% of the
total production cost of wood pellets.

1. Introduction

The combustion quality can be profoundly affected by changes in
fuel quality [1–3]. This is especially relevant for biomass fuels since it
typically is characterized by different properties, such as shape, size and
composition. With real time knowledge of the characteristics of the fuel,
the operating parameters could continuously be adjusted to optimize
the combustion process. An improved control could then result in
higher efficiency [4], less fouling and slagging [5] and a reduction of
emissions [6,7].

Logistically, a biomass fuel can be transported from a supplier,
sometimes via transshipment sites, to the energy plant where it is often
stacked before combustion. The storage is complex [8]. It is not un-
common that the fuel is located on the fuel stock for months and that
fuels with different compositions are placed next to or even on top of
each other. This can make the boundaries between the different fuels
difficult to distinguish. When the fuel finally is fed to the furnace it can
therefore be a mixture of different fuel batches instead of only one fuel
batch. In addition, depending on storing conditions there can also be

significant fuel degradation over time. Altogether, this results in a
varying fuel quality delivered to the combustion plant, challenging a
stable and efficient operation.

A potent solution to improve the quality control of a certain fuel
supply chain is RFID (Radio Frequency Identification). RFID technology
is today used to trace information in a variety of applications, from
people control to monitoring goods [9,10]. An RFID system basically
consists of two parts: an RFID tag in which information is stored and an
RFID reader that reads the stored information. When the RFID tag
passes the RFID reader, a capacitor is energized, sending out a signal
that enables the RFID reader to register the information stored within
the RFID tag. This gives the possibility to convey information of the fuel
composition embedded with the fuel supply chain. The information
could be assigned to the flow at the production site, followed up in the
fuel supply chain and eventually and automatically be used in the
combustion control as the fuel enters the furnace.

A predominant feature of the state-of-the-art RFID systems is that
they are used for the tracing of well-defined entities, i.e. the RFID tag is
linked to an object such as a container, a person etc. While RFID
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technology has been used to trace closed-up batches of biofuels [11]
and for laboratory scale tracing of solid biomass fuels in well-defined
environments [12], it is not known to have been used for tracing bulk
biofuel in larger scale [13,14]. The aim of this study is therefore to
demonstrate that RFID technology can be used to enable traceability of
a bulk biomass fuel throughout a fuel supply chain. This was achieved
by, i) performing three separate trials investigating the technological
aspects where RFID tags were traced along a biomass fuel supply chain
and, ii) making an economic assessment of a medium scale RFID system
for tracing a bulk biomass fuel.

2. Material and methods

Three trials were performed in which biomass pellets were doped
with RFID tags to trace information along the fuel supply chain. Two of
the trials were performed as large-scale trials with the objective to in-
vestigate if RFID tags could identify a fuel switch in a furnace. The third
trial was performed to see how well the RFID tags follow the flow and
are distributed over time in a fuel supply chain. In the experiments,
three different types of pellets were used: pellets composed of 100%
peat (Trial 1), pellets composed of a mixture of 5 w-% peat and 95 w-%
stem wood (Trial 2) and 100% wood pellets (Trial 3). The 100% wood
pellets were produced at a large scale plant (> 100 000 tons of pellets
per year) while the mixtures were produced at a small scale plant
(< 30 000 tons of pellets per year). The tree species used for the pellets
was a mixture of 60% spruce and 40% pine. The peat was typical
Scandinavian fuel peat, with relatively high Si content and high Ca/Si
ratios. The diameters of the pellets were in all tests 8 mm, with an
average length of 10mm, while the spread in length was found to be in
the range 5–20mm for 95% for the pellets. The average specific density
of the pellets was 1210 kg/m3.

The RFID tags used in the trials can be seen in Fig. 1. The tags were
selected to resemble the shape of the fuel pellets, i.e. cylindrical with a
physical size resembling the pellets. The chosen tags were of make and
model HITAG 256, 125 kHz (manufactured by NXP China), a cylindrical
glass tag that is 4× 34mm in size. The density of the tags was 2240 kg/
m3, i.e. significantly higher than the pellets. Initial lab scale trials
showed that the effective range of the RFID tags, applicable for these
trials, were 0.5m. Some of the glass tags were encased in cylindrical
hard shells, HITAG Hard Shell Tag, model number 18449-04 A (man-
ufactured by NXP China), 10×40mm in size. When put into the hard
shells, the density for the entire tag was reduced to 1560 kg/m3, still
somewhat higher than for the pellets used.

The RFID-system for tracing of information along the fuel supply
chain consisted of the following steps: 1) initializing the tags with re-
levant data, 2) releasing the RFID-tags into the fuel supply chain at the
supplier's site, 3) transportation with bulk truck and discharging of the
fuel upon arrival at the plant, and 4) registering the RFID-tags at the
end of the fuel supply chain, i.e. the feeding gate of the combustion
furnace. Prior to the trials, all RFID tags were given a unique identity

before being dropped into the bulk of pellets at the manufacturing sites.
In Trial 1, the cased RFID tags were released into the fuel supply

chain via a tractor bucket loading a bulk truck with pellets. During
loading, RFID tags where dropped into every second tractor bucket,
resulting in approximately one RFID tag per three tons of pellets or six
tags for the 20 tons of pellets that was used in total. In Trial 2, the cased
RFID tags were dropped into every fifth 600 kg bag of pellets, which
was emptied into a truck. Here, 15 tons of pellets were used, which
equals five tags or one RFID tag per three tons of pellets. In both these
cases the first RFID tags were dropped into the bulk of pellets after
approximately three tons of pellets had been loaded. For Trial 3, 10
cased and 10 uncased RFID-tags were placed manually at the exact
same place in the bulk truck – on top of the bulk of pellets. This was
repeated in two more bulk spaces on the truck, which means 60 RFID
tags in total were used in three subsets. A summary of the trials' general
design can be found in Table 1.

Upon arrival at the combustion plant (1 MWth) the bulk truck used a
pneumatic conveyor, 0.8 bar, to unload the pellets into the high end of a
fuel silo in such a way that the RFID tags left the truck in the same order
as they were dropped into it. From the bottom of the silo, a feeder
unloaded the pellets to a couple of screw conveyors, connected via a
chute, transporting the pellets to the furnace. A RFID reader consisting
of an electrical loop was installed in the chute, from which the serial
number and clock time of each passing tags were recorded. The loop
was shaped as a square, 500×500mm. Inside the loop, an electrical
conductor with a cross sectional area of 6mm2 was wound four turns.
The RFID reader operated in the low frequency band, 125 kHz. The loop
was configured such that the distance to the RFID tags would be at a
maximum of 0.5 m.

To enable the correlation of the RFID tags with the switch of fuels in
Trials 1 and 2, the furnace was initially operated only with wood pel-
lets. Operation parameters of the furnace were throughout the entire
trial periods continuously logged, enabling a correlation between an
RFID tag and the furnace operation. In Trial 3, however, no follow-up
was made of how the furnace had performed, since the primary ob-
jective was to investigate how the RFID tags was distributed over time.

3. Results & discussion

The results from Trial 1, as depicted in Fig. 2, clearly show that RFID
can be used to convey embedded important information along the fuel
supply chain. This principal result can be seen as a parallel to the results
obtained from a previous study where it was traced what could be
called a bulk flow on a furnace grate [12]. The registration of RFID-tags
at the furnace coincide very well with the fuel switch. This is indicated
by the oxygen concentration of the flue gases: it decreased once the test
pellets reached the furnace, and recovered once the test pellets had
been consumed. Furthermore, the results show that the registration of
RFID tags is rather evenly distributed over time and that the RFID tags
arrived in the same order as loaded onto the bulk truck. However, a
significant delay can be observed before the first RFID tag arrives at the
furnace. This is due to the fact that the release of RFID tags into the fuel
was effectuated only after three tons of pellets had been loaded. To
ensure a more direct correlation between the switch in fuels and de-
tection of the RFID tags, the RFID tags should in a real situation be
added to the fuel as early as possible in the fuel supply chain.Fig. 1. RFID tag and hard shell.

Table 1
The trials' general design.

Trial no. Type of trial Biomass fuel Number and type of RFID-
tag used

1 Fuel switch 100% peat pellets 6 cased
2 Fuel switch 5% peat/95% stem

wood-pellets
5 cased

3 Distribution 100% wood pellets 30 cased and 30 uncased
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The results for Trial 2 are presented in Fig. 3. Here, it can be seen
that the RFID tags are not as evenly distributed at the furnace gate as in
the preparation. However, the registered oxygen level of the furnace
flue gases seems to identify the moment of the fuel switch rather well,
even if the oxygen concentration varied more during this test, as
compared to Trial 1. Furthermore, the RFID tags did not arrive in the
same order as loaded onto the bulk truck. This could possibly be caused
by the fact that the RFID tags were different in size and density com-
pared to the pellets, which may have caused heterogeneous mixing as
compared to only fuel pellets. It can be argued that it will be difficult to
rectify that not all the RFID tags will be distributed in sequence in a
supply chain. This is due to the nature of a bulk flow, and it will be
difficult to achieve the precise setting that are present when RFID
systems are used to manage logistics for well-defined biomass entities
[11]. A possible remedy to this phenomenon could be to use more RFID
tags for a given system configuration; if the majority of RFID tags passes
a RFID reader within a specified time frame, it could be defined as the
point when a new fuel has arrived – regardless of the fact that not all
the RFID tags have passed.

The results from Trial 3, comparing unshelled and shelled tags, are
shown in Fig. 4. The results show that the unshelled RFID tags spread
out somewhat unevenly on its way through the fuel supply chain,
creating traceability gaps in the fuel flow. The results therefore suggest
that shelled RFID tags, as used also in Trial 1 and 2, follow the fuel
supply chain in a more ideal way, while the unshelled tags spread more
along the fuel supply chain and exit the system more distributed than

the shelled RFID tags. This resulted in some of the unshelled RFID tags
passing the RFID reader at the very end of the trial, after the silo was
exposed to extensive hammering to make sure it was empty. This could
possibly have been induced by the lower density of both the cased and
uncased RFID tags, as compared to the fuel pellets. Moreover, as pre-
sented in Table 2, some RFID tags were never registered by the RFID
reader at all. It is notable that only five of the ten shelled RFID tags in
batch two were registered by the RFID reader. A possible explanation to
this could be that the effective range of the RFID reader is reduced in a
more dense flow of pellets. Notable is, however, that the combustion
characteristics of Trial 3, characterized by disturbances in the oxygen
level, indicate that the pellet batch had been subjected to internal
mixing, short cut flow or dead-zones, probably induced by transporta-
tion conditions.

3.1. Assessment of system cost for traceability of a bulk pellet flow using
RFID

The cost for the implementation of an RFID system depends on the
type and scale of system. Here, a medium sized system (100 000 tons of
fuel per annum) was investigated including passive RFID technology for
tracing different fuel qualities within a supply chain of bulk biomass
fuel from a supplier to a combustion plant. The system was arranged
with two RFID readers: one at the supplier's plant and one by the cus-
tomer's furnace. The RFID tags are assumed to be dropped into the fuel
supply chain at the supplier's site by a RFID dispenser. It was further-
more assumed that the system can be integrated into the existing con-
trol system to automatically transfer information to the RFID tags. The
capital expenditure for the above fixed system is detailed in Table 3.

Operating costs of the RFID system are mainly governed by the
number of RFID tags needed, hence by the size of the fuel supply chain.
The majority of passive RFID tags can be found in the price range 0.1–5
EUR, while active RFID tags for measuring and storing e.g. temperature
and moisture content along the fuel supply chain are in the range 5–40

Fig. 2. Trial 1; traceability test with peat pellets as RFID tag carrier. The
squares indicate the moment of registration for the RFID tags (days), projected
to the fuel silo level (tons remaining fuel; dashed line). The solid line denotes
the O2-levels of the flue gases from the combustion plant.

Fig. 3. Trial 2; traceability test with pellets of a blend of peat and stem wood as
RFID tag carrier. The squares indicate the moment of registration for the RFID
tags (days), projected to the fuel silo level (tons remaining fuel; dashed line).
The solid line denotes the O2-levels of the flue gases from the combustion plant.
Note: Tag 3 and Tag 5 overlap.

Fig. 4. Trial 3; distribution test with wood pellets as RFID tag carrier. A box
plot where upper and lower quartiles are shown. Outliers show minimum and
maximum value. The filled rectangle shows the projected time of arrival for the
RFID tags, in accordance to the power output of the combustion plant. The
three subsets are marked 1, 2 and 3, where s indicates that shelled RFID tags
were used. Note: subset X and Xs (for example 1 and 1s) were dropped into the
pellets at the same place and time.

Table 2
Follow-up on the number of RFID tags that passed the RFID reader.

Tag no. Type Placed RFID tags
(quantity)

RFID tags accounted for
(quantity)

1 Unshelled 10 8
1s Shelled 10 9
2 Unshelled 10 9
2s Shelled 10 5
3 Unshelled 10 10
3s Shelled 10 10
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EUR per piece [15]. If large quantities of RFID tags are purchased, the
cost per RFID tag could, however, decrease. For the model system in
question, distributing 100 000 tons of fuel with two RFID tags per ton at
a cost of 0.5 EUR per RFID tag has been assumed. Since this kind of
system would be the first of its kind, maintenance cost is difficult to
estimate. However, in discussions with suppliers of RFID systems, the
maintenance cost was estimated to 1000 EUR per year.

The economic assessment results in a marginal cost of 1.07 EUR/ton
fuel distributed, per year, as indicated in Table 4. This corresponds to
less than one percent (7–8‰) of the total production cost of wood
pellets (130–150 EUR/ton). The system cost assessment thus clearly
indicates that the marginal cost of utilizing a RFID system is reasonable.
It should then be kept in mind that the assumed cost for the RFID tags in
this model case is set to the higher range of scale, to account for a
margin. The specific cost of the tags will most probably drop due to
increasing yearly amount of RFID tags that would be required. Whether
the cost of a RFID system is motivated can ultimately only be de-
termined by the potential stakeholder.

4. Future work

Further work should preferably involve a full-scale trial, where a
RFID system akin to the one presented in the economic assessment is
incorporated in a supply chain. The specific arrangement of such a trial
must be decided upon, but would give the opportunity to investigate
different issues that should be addressed such as the number of RFID
tags required to achieve good traceability and the possibility to corre-
late fuel parameters to specific RFID tags. Furthermore, there is a need
to carry out investigations on how the design of the supply chain, as
well as different sizes, densities and shapes of the tags affect the dis-
tribution of tags. This is motivated by the results of Trial 3, indicating
the RFID tags may distribute unevenly along the supply chain even
when dropped in at the same time and place. Such tests would give a
better insight into critical design parameters and could preferably be
complemented with a theoretical system analysis of the convectional
and diffusional transport of the pellets and tags along the supply chain.
In future work it is also suggested to study if a system could be devel-
oped to automatically assign RFID tags with fuel properties.
Information on density, ash content, composition etc. for a biomass
fuel, directly from the manufacturing site's operating and quality

systems. The tags could then automatically be dropped straight into the
production flow, carrying key information of the biomass fuel.

5. Conclusions

Three separate RFID trials were carried out to investigate the tra-
ceability of different bulk batches in a biomass pellet supply chain. Two
of the trials examined if a switch to RFID tag-doped pellet fuels could be
identified by a checkpoint reader. The third trial examined the dis-
tribution effects of the RFID tags along the fuel supply chain. The key
findings are that:

• RFID technology can be used to achieve traceability along a biomass
fuel supply chain. RFID tags with comparable density and size as the
bulk fuel pellets can efficiently convey key logistic information
along with the supply chain, e.g. information on quality parameters.

• To achieve a good traceability, care must be taken to optimize the
RFID system to the fuel and supply chain in question. Depending on
the biomass fuel characteristics and the configuration of the supply
chain an evaluation must be made of how many and what type of
RFID tags that are appropriate to use.

• The physical characteristics of the RFID tags are important for the
tags to be transported in a representative way together with the fuel
pellets. Tags that differ too much in size and density from the fuel
pellets will not be able to trace the bulk pellet flow along a supply
chain in an acceptable way.

• The investment and operating costs of a medium sized RFID system
are relatively low. The assessment of system cost indicate that the
marginal cost is less than 1% of the total production cost of wood
pellets. For the medium sized system assessed in this work, this
corresponds to 1.07 EUR/ton fuel distributed.
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