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Abstract 
Rupar-Gadd, Katarina, 2006. Biomass Pre-treatment for the Production of Sustain-
able Energy – Emissions and Self-ignition. Acta Wexionensia No 88/2006. ISSN: 
1404-4307, ISBN: 91-7636-501-8. Written in English. 
 
Organic emissions with focus on terpenes, from biomass drying and storage were 
investigated by Solid Phase Microextraction (SPME) and GC-FID and GC-MS.  
The remaining terpenes in the biomass (Spruce and pine wood chips) after dry-
ing were dependant on the drying temperature and drying medium used. The dry-
ing medium used was steam or hot air; the drying temperatures used were 140°C, 
170°C and 200°C. Steam drying at 170°C left more of the terpenes remaining in 
the wood chips, not emitting them into the drying medium.  The terpenes emitted 
from storage of forest residues and bark and wood chips increased up to three-
four or four-five months of storage, and then dropped down to approximately the 
same low level as the first month. The leachate taken from the forest residue pile 
contained 27µg PAH per liter.  
 
The SPME response for a monoterpene (α-terpene) at different temperatures, 
amounts and humidities was quantified. The highest concentration calibrated was 
250 ppm and the lowest 9.4 ppm. There is a better linear agreement at higher 
temperatures (70°C and 100°C) than lower temperatures (below 40°C). 
 
Organic emissions from biofuel combustion were measured at three medium 
sized (~ 1MW) biomass fired moving grate boilers fired with different fuels: dry 
wood fuel, forest residues and pellets. The PAH emissions varied by almost three 
orders of magnitude between the three boilers tested, 2.8-2500 μg/m3. The varia-
tion in PAH emission is most probably a result of boiler design and tuning of the 
combustion conditions.  
 
When comparing the contribution to self-heating from different wood materials 
by means of isothermal calorimetry with different metals added and stored at dif-
ferent temperatures, the differences were quite large. Some of the samples re-
leased as much as 600mW/kg, whereas others did not contribute at all to the self-
heating. The storage temperature, at which the samples released the most heat, 
was 50°C. There was a peak in heat release for most of the samples after 10-30 
days. Stepwise increase in temperature did not favour the heat release in the 
sample Dry Mix; the heat released was even lower than when it was directly put 
in the different storage temperatures. When metal is added, there is an increase in 
heat release, the reference sample without metal released 200mW/kg compared 
to 600mW when copper was added.   

 
Key words: terpenes, SPME, biomass, pellets, self-ignition, storage, drying, 
calorimetry 
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Background 
The attempt to convert Sweden’s energy system has led to an increased interest 
in biofuels and, in Sweden, the supply of biofuels is good so it is likely to remain 
one of the most important energy sources in the future (Hillring 1999). 
The purpose of this work was to obtain knowledge on different parameters dur-
ing biomass pre-treatment for the production of sustainable energy – with focus 
on organic emissions from drying and storage, and self-heating during storage. 
Hopefully, this knowledge can be applied on an industrial level to minimize the 
emissions of organic compounds and reduce the risk of self-ignition during stor-
age.  

Bioenergy 
Today, biofuels are responsible for approximately a fifth of Sweden’s entire net 
energy supply (Swedish Energy Agency 2005). This means that biofuels are the 
second largest energy source, after oil and nuclear power.  Bioenergy resources 
provide approximately 14% of the worlds energy supply (IEA Bioenergy) 
 
Wood fuels are traditionally used for heating single-family houses, but there is 
also an established commercial market in the district-heating sector. Environ-
mental taxes on carbon dioxide have made wood based biofuels a more cost-
effective alternative to fossil fuels. The main reasons for this are both economi-
cal and ecological (Bain et al. 1998, Bohlin et al. 1998, Hektor 1998, Hillring 
1998, Rösch and Kaltschmitt 1999, Hillring 2000, Schneider and Kaltschmitt 
2000). 
 
An advantage of bioenergy is that it does not contribute carbon dioxide to the 
atmosphere and thereby does not contribute to global warming. Organic materi-
als contain carbon; plants take up carbon from the carbon dioxide in the air to be 
able to grow. When the plants are combusted, this carbon is released and returns 
to the atmosphere. Biofuels have stored their carbon recently and thus there is no 
increase in atmospheric carbon dioxide when combusted.  
 
A disadvantage of biofuels is that they normally have to be upgraded for use in 
small-scale combustion devices, like the ones found in single-family houses. For 
larger boilers in district heating power plants, the fuel does not have to be up-
graded since those boilers are designed for fuel with large variations in moisture 
content. Here it is more important to have a fuel buffer, i.e. storage.  
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Biofuels 
According to Swedish Standard SS 187106, biofuel is fuel derived from biomass 
and biomass is defined as material with biological origin, which may or may not 
have been processed. Bioenergy is all energy where biomass is starting material.  
 
The attempt to convert Sweden’s energy system has led to an increased interest 
in biofuels. Different biomasses have been investigated, but the largest group is 
wood fuel, which can be divided into energy forest fuel, recycled wood fuel and 
forest fuel.  
 
Wood fuels can be divided into forest fuels and byproducts from the wood proc-
essing industry. The different fuels have great variations in fuel quality and 
moisture content. There are many ways to categorize the fuel types; the follow-
ing is a selection of the different fuels investigated during the project. 
 
Forest residue chips are made from branches and treetops. The moisture content 
of between 35-60 % varies with the time of year, composition and if the material 
has been stored before chipping. The major fraction size is smaller than 50 mm.  
 
Bark is a byproduct from sawmills when the bark is peeled off from the logs. 
The amount of bark varies with type of tree and with the age of the tree, but ap-
proximately 10-15 % of a tree log is bark. There is also another type of wood 
chips that come from when the stem closest to the roots is reduced to the same 
dimension as the other parts of the stem.  The bark and the root-reducing wood 
chips usually have a fraction size smaller than 50 mm and a moisture content of 
40-65 %.   
 
Sawdust is produced when logs are divided into parts. It can be dried, or up to a 
moisture content of 50 %.  
 
Dry wood chips come from adjusting dried wood into desired dimensions. The 
wood is chipped into a fraction size less than 60 mm, and moisture content of 15-
30 %.  
 
Pellets are made from different materials. Some are made entirely from the inner 
parts of the tree, some are made from bark, some are made from peat, and some 
are made from different mixings of materials. An example of a “mixed” pellet is 
45% aged sawdust, 20% shavings, 15% new sawdust and 20% cellulose chips 
(aged). 
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Wood 
The biofuels investigated are wood fuels, made mainly from softwood, Norway 
spruce (Picea Abies) and Scots pine (Pinus Sylvestris). 

Combustion of wood 
Heat causes wood to thermally decompose in a process called pyrolysis. The py-
rolysis produces charcoal and volatiles. The volatiles are what actually burn dur-
ing combustion. The slowest combustion is smoldering combustion, which emits 
heat but no light.  Glowing combustion produce more heat and some light and 
flaming combustion is what we normally would think of when we think of fire.  

Wood structure 
Wood is divided into two main groups; softwood and hardwood. The softwood 
trees have needles and the wood from is softer then the wood from broad leafed 
hardwood. The biofuels investigated in this thesis is mainly from softwood since 
this is the wood available in this region of Sweden. The softwoods investigated 
are Norway spruce (Picea Abies) and Scots pine (Pinus Sylvestris). 

 
The stem of the tree store water, carbohydrates and minerals, conduct water and 
minerals and transports foods and hormones (Kozlowski and Pallardy 1997). The 
wood column inside the tree is called xylem. The young, outer part of the xylem, 
sapwood, conducts sap and water. In sapwood there are both dead tracheids, 
ducts which transport water and give strength to the tree and living parenchyma 
cells which store food.  The parenchyma cells absorb oxygen which reacts with 
the food (starch and sugars). Due to this oxidation, the air in the sapwood only 
contains 10% oxygen compared to 21% in fresh air (Kubler 1987). The carbon 
dioxide level in the sapwood is raised from 0.03 % in fresh air to 10%. On aver-
age, 10% of the sapwood cells are alive, and as the xylem gets older, the cells die 
and become heartwood, located at the center of the stem. The heartwood has a 
lower moisture content since it is cut off from water transport. Between the wood 
and the inner and outer bark, there is a vascular layer called cambium, which is 
the most respirating layer because all the cells are alive.  

 
Wood is composed of cellulose, hemicellulose and lignin. Cellulose (40-50% by 
weight) gives wood its mechanical strength and is made up of chains of glucose 
residues. Hemicellulose (25-40%) is composed of branched polysaccharides. 
Lignin (20-35%) is a highly hydrophobic complex polymer. Lignin functions as 
a barrier against microbial attack (Tuomela et al. 2000, Andersson 2001). Lignin 
and hemicellulose binds the wood structure together. 
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Wood rots 
Degradation of lignin, cellulose and hemicellulose is performed by a variety of 
fungi, often through different kinds of rot. There are wet or dry rot, white, brown 
or black, they can grow fast or slowly and grow for as long as the substrate and 
environment allow. (Kitani and Hall 1989, Madigan et al. 2000, Andersson 
2001). 
  
When white rot occurs, in the beginning the wood is red-brown and then be-
comes yellow- white to white, appearing moist and fibrous. White rot fungi have 
the ability to degrade cellulose, hemicellulose and lignin, and wood degradation 
by white-rot fungi has been studied extensively, but is still not fully understood 
(Andersson 2001) 
 
Brown rot does not affect the lignin, only the cellulose and the hemicellulose; the 
wood turns dark, brown, shrinks, cracks into dices and eventually ends up as a 
brown powder. The wood degradation by brown rot fungi appears to involve 
both enzymatic and non-enzymatic reactions. Brown rot fungi can form hydro-
gen peroxide, and one theory suggests that the peroxide diffuse and react with 
ferrous iron in the wood, and thereby initializing the decay. (Andersson 2001) 
 
Soft rot degrades cellulose, hemicellulose and may partially degrade lignin. The 
wood appears wet, spongy and hollow parts are formed in the cell walls of the 
wood fibres. The mechanical property of the wood is not as good as before, 
without obvious signs of attack. Plays an important role in decomposing wood 
components of buildings.  Attacks the surface layer of wood chips, which be-
comes softened. Appears typically in wood of high water content and high nitro-
gen content.  The damage can be extensive since they can grow at both high and 
low moisture content, even if they grow quite slowly.  
 
Lignin is mainly degraded by Basidiomycetes and Actinomycetes. (Kitani and 
Hall 1989) Basidiomycetes are rotfungi that can use cellulose or lignin as carbon 
source and energysource. Actinomycetes are bacteria that form multi cellular 
filaments and resemble fungi. (Tuomela et al. 2000) Cellulose is mainly de-
graded by Trichoderma veride (T. reesei has higher cellulose activity) and As-
pergillus niger. (Kitani and Hall 1989) Hemicellulose is mainly degraded by 
brown-rot fungi. 
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Microorganisms  
Both fungi and bacteria can colonize piles of comminuted biomass, mostly 
molds and actinomycetes (bacteria with growth pattern similar to fungi). Micro-
organisms can be roughly divided into four groups by their temperature toler-
ances: Psycrophile, mesophile, thermophile and hyperthermophile. 
  
Psycrophile have a maximum growth temperature below 20°C and a minimum 
growth temperature of 0°C or lower, mesophile have a temperature optimum be-
tween 20 and 40°C. Thermophile have a growth temperature optimum above 
45°C and hyperthermophile have a growth temperature optimum above 80° 
(Figure 1.) 

 
 

 
 
 
 

 
 
 
 
 
 
 

 
Figure 1. Relation of temperatures to growth rates for Psycrophile, mesophile, thermo-
phile and hyperthermophile microorganisms. 

Fungi 
Fungi are chemoorganotrophs and use organic carbon for both energy and carbon 
purposes. They are morphologically larger than bacteria and are not as quickly 
reproduced. If competition in the form of bacteria is killed off by bacteriocides, 
this could lead to a “fungal bloom” which is next to impossible to control. Fungi 
are extremely adaptable and can survive in a water free environment for several 
years without growth.  They respirate, but can also use anaerobic fermentation. 
Respiration generates more energy for the organism than anaerobic fermentation, 
resulting in a greater microbial growth. 
 
Molds are filamentous fungi that consist of many filaments (hyphae) that form a 
so-called mycelium. Hyphal branches grow up from the surface and into the air 
and form spores or conidia. This makes the surface of the mycelia look a bit 
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dusty, and the white color of the mycelia changes into the color of the conidia 
(could be black, blue-green, red, yellow or brown). 
Thermophilic fungi are known to be involved in composting and wood degrada-
tion, but the mechanisms involved in decomposing biomass are not well under-
stood. The knowledge about their physiology is fragmentary and some thermo-
philic fungi have almost optimal growth at room temperature, and the belief that 
thermophilic fungi grow poorly at low temperatures should be reexamined 
(Maheshwari et al. 2000).The oxygen uptake of mesophilic fungi Aspergillus ni-
ger was not affected by temperature changes between 15 and 40°C, fungi which 
can maintain an optimal metabolic rate over a temperature range will have an 
advantage (Maheshwari et al. 2000). Thermophilic fungi succed mesophilic 
fungi in composts or stored biofuels, and most of the initially available carbon 
source would have been depleted. 
 
Mould species isolated from air in sawmills or in stored wood chips are: 
Aspergillus, frequently encountered in buildings used for agricultural activities. 
Cladosporium, frequently found in a conifer wood environment 
Penicillium, a diversity of species in a conifer environment. 
 (Simeray et al. 1997,Thörnqvist and Jirjis 1990, Jirjis 2005) 

Spores 
If rot fungi decompose the wood, the molds release health hazardous spores in-
stead; this is mainly an occupational hazard. Spores are airborne with a size 
range from 2 to 10μm (Monn 2001). During large-scale storage of wood chips, 
more than 1010 spores kg-1 dry mass is not uncommon (Hakkila 1989, Thörnqvist 
and Jirjis 1990, Richardson et al. 2002, Jirjis 2005). During the first months of 
storage, there will be a rapid increase in the number of colony forming units (vi-
able spores, CFU), which also can reach as high as 1010 kg-1. The CFU in saw-
mill air could be as high as 3300 m-3 (Simeray et al. 1997).  

Bacteria 
Bacteria are single-celled with a size between 0,5 to 3,0μm, much smaller than 
fungi. Due to their small size, bacteria have a very large surface/volume ratio, 
which allows a quick transfer of soluble substrates into the cell. This results in 
bacteria often being more dominant than larger microorganisms like fungi. Ac-
tinomycetes are bacteria that produce multicellular filaments and resemble fungi. 
They are present during composting and can sometimes become visible on the 
surface. Actinomycetes can degrade some cellulose and loosen lignin and can tol-
erate higher temperatures than fungi. Actinomycetes can survive as spores (Tu-
lomela et al. 2000). The dominant bacteria found in stored wood chips are ther-
mophilic actinomycetes Thermoactinomyces vulgaris (Richardson et al. 2002). 
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Organic compounds  
Softwood consists of cellulose, hemicellulose, lignin and extractives. The extrac-
tives are organic compounds, mostly terpenes. Volatile Organic Compounds 
(VOC) includes all organic compounds with a boiling point between 50-240°C, 
or 100-260°C for polar compounds. Polycyclic Aromatic Hydrocarbons (PAH) 
are a group of chemicals with two or more benzene rings; carcinogenic and with 
varying boiling points. PAHs are formed during incomplete combustion or from 
naturally occurring resin acids either during pulping processes or during biologi-
cal treatments. They are semi volatile and can be found both in gas phase and on 
particles.  

Terpenes 
 

A terpene is a compound that can be divided into two or more isoprene units 
(Figure 2). An oxygen-containing terpene is called a terpenoid.  

 
 
 
 
 
 

Figure 2 . Isoprene unit C5H8. 
 

Terpenes are classified according to the number of isoprene units, see Table 1. 
 

Table1. Classification of terpenes. 
 Number of  

isoprene units 
 
Formula 

Monoterpenes 2 C10H16 
Sesquiterpenes 3 C15H24 
Diterpenes 4 C20H32 
Triterpenes 6 C30H48 
Tetraterpenes 8 C40H64 
Polyterpene n (C5H8)n 

 
Terpenes are components of essential oils obtained by distilling or extracting 
various parts of plants. These compounds have various uses for example in 
medicine, and the terpenes obtained from flowers are used in the manufacturing 
of perfume. Essential oils are straight-chain or cyclic compounds and may be 
mono- sesqui- or diterpenes. Essential oils are the source of most of the odors 
found in flowers, fruit and wood of many plants. Many are volatile and evaporate 
into the air, especially on warm days. 
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Environmental effects 
Emission of VOC is a potential environmental problem; it may contribute to air 
pollution, eutrofication or disturbing odors (Brown and Foote 1998, Hinds 1999, 
Petersson 1995, Corchnoy and Atkinson 1990).  In many countries there are le-
gal restrictions on the amounts of terpenes that may be released. Ground-level 
ozone and other photo-oxidants are formed by a chemical reaction between 
VOCs and nitrogen oxides (NOx) in the presence of sunlight. Anthropogenous 
emissions of VOC to air are in Sweden 500 00 ton /year (Jensen and Wolkoff 
1996). In Sweden 1000-thousands of tons of photochemical very reactive ter-
penes are yearly emitted from the pulp and paper industry to air (Strömvall and 
Peterson 1993a, Strömvall and Peterson 1993b, Jensen and Wolkoff 1996).  
 
Photo oxidation of terpenes produces blue haze (Kozolowski and Pallardy 1997). 
Blue haze is a phenomenon that can be seen over wooded hills during summer 
time or close to wood drying industries. This is due to the isoprene units emitted 
from wood drying and from the trees. The blue haze is caused by light scattering 
from an aerosol produced by photo oxidation of isoprene and other hydrocarbons 
(Strömvall and Petersson 1993a). Single particles are smaller than the light 
wavelength, which means that they cannot be registered optically, but it is possi-
ble to see the collective optical effect. Organic compounds emitted in gas phase 
and condensating through homogenous and heterogeneous condensation form 
the small particles. 
Lately, the health effects of small airborne particles have been given attention; 
the particles are small enough to be transported into the lungs (Strömvall and Pe-
tersson 1993b).  There are several health effects associated with PM 10 and PM 
2.5 and there are exposure regulations. 
 
In the presence of sunlight, hydrocarbons and nitrogen oxides (NOx) can give 
rise to ground level ozone.  As alkenes, with comparatively high molecular 
weight, the bicyclic monoterpenes are during the summer transformed in less 
than a day, and monocyclic terpenes in less than an hour, and in some cases in 
some minutes. The quick formation of photo-oxidants can contribute to forest 
damage within a few miles distance from the emission source and also cause 
damage to crops.  
 
Terpenes have an important ecological function in trees; they work as signal sub-
stances for insects, and either act as a defense against insects or are released in 
the sap when trees are injured. The terpene content varies between different spe-
cies, parts of the tree, and growth localities (Borg-Karlson et al. 1993, Sjödin et 
al.  2000, Fäldt 2000, Fäldt 2001 et al., I,II,III).  A selection of identified 
chemical compounds in spruce and pine wood chips is shown in Table 2. The 
difference between spruce wood chips with different growth localities is shown 
in Figure 3. During felling of trees, conifers emit unnaturally high levels of ter-
penes, and the simultaneous emission of nitrogen oxides from the machines en-
hances the local formation of photo-oxidants (Jensen and Wolkoff 1996). 
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Figure 3.    Terpene content in spruce wood chips a) south of Sweden b) north of Sweden. 
Sampled and analyzed by SPME and GC-FID (II). (1) α-pinene (2) 3-carene (8) longi-
folene 
 
When considering bioenergy in future energy systems it is important that infor-
mation on the environmental effects is available as there are various administra-
tive permissions needed (e.g. further use of by-products/wastes and the emis-
sions of different substances released into the atmosphere). It may be necessary 
to clean the exhaust gas or condensate before releasing it into the environment. 
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Table 2. Chemical structure of identified compounds from spruce and pine wood chips. 
Compound Structure Compound Structure 
α-pinene 

C10H16 
CAS 80-56-8 

 D-longifolene 
C15H24 
CAS 475-20-7 

 
β-pinene 

C10H16 
CAS 18172-67-3 
 

 β-Cubebene 
C15H24 

CAS 13744-15-5 

 

 

3-carene 
C10H16 

CAS 13466-78-9 
 

 γ-Muurolene 
C15H24 

CAS 30021-74-0 
 

 

D-limonene 
C10H16 
CAS5989-27-5 
  

α-Muurolene 
C15H24 

CAS 31983-22-9

 

α-Longipinene 
C15H24 
CAS 5989-08-2 

 

γ-Cadinene 
C15H24 

CAS 39029-41-9

 

Copaene 
C15H24 
CAS 3856-25-5 
 

 β-Cadinene 
C15H24 

CAS 523-47-7 

 

α-Gurjuene 
C15H24 
CAS489-40-7 
 

  Calamenene 
C15H22 

CAS 483-77-2 
  

Hexanal 
C6H12O 
CAS 66-25-1 

   

 
 
 

O
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Health Effects 
When terpenes are metabolized, epoxides are formed. These epoxides are in 
many cases reactive enough to cause damage. Limonene causes allergy (Birger-
son et al. 1985, Karlberg and Lindell 1993), and turpentine and 3-carene are skin 
sensibilsating (Kasanen et al. 1999). It is likely that the compound has to be me-
tabolized in the skin to be able to induce the allergic reaction. 
 
There have been a number of investigations on terpene levels and exposure in 
occupational environments such as sawmills, carpentry and joinery shops. The 
exposure measurements show large variations, the limits are sometimes ex-
ceeded, and sometimes not (Dahlqvist et al. 1996a, Dahlqvist et al. 1996b, Eriks-
son et al. 1997, Rosenberg et al. 1999, Teschke et al. 1999, Demers et al. 2000, 
Svedberg and Galle 2000). 
 
Many independent studies have shown an increased intensity of asthma, non-
asthmatic airflow obstruction, upper and respiratory problems and sino-nasal 
cancer with exposure of softwood dust or monoterpenes (Falk-Filipsson 1995, 
Demers et al. 1997, Demers et al. 2000). The effects are more chronic than 
acute, (Eriksson et al. 1997) or there is a slight inflammatory reaction in the up-
per airways (Dahlqvist et al. 1996a, Dahlqvist et al. 1996b). 
 
The formation of ground level ozone and photochemical oxidants also results in 
health effects.  The two main effects are irritation of eye and mucus, caused by 
secondary products such as aldehydes, and diminished respiration. During peri-
ods of high levels of oxidants in the air, there is a significant rise of the number 
of people seeking medical advice for respiratory problems (Warfinge 1997). 

Exposure limits 
The hygienic limit is the highest acceptable average concentration of an air pol-
lutant in the breathing air. The Swedish 8-hour occupational permissible expo-
sure limit for terpenes is 150 mg/m3 (25 ppm), Table 3. The short time exposure 
value over a fifteen-minute period is 300 mg/m3 (50ppm) (AFS 2000). 
 
 
Table 3. Exposure limits for terpenes (AFS 2000:3) 
Compound CAS Exposure limit 

Ppm            
mg/m3 

Short time 
Ppm        mg/m3 

Terpenes  25 150 50 300 
α-pinene 80-56-8 25 150 50 300 
β-pinene 127-91-3 25 150 50 300 
3-carene 13466-78-9 25 150 50 300 
Limonene 138-86-3 25 150 50 300 
Terpentine 8006-64-2 25 150 50 300 
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Odor limits 
The odor threshold for different mono terpenes are very different, Table 4. An 
odor threshold is defined as the concentration at which fifty percent of a group 
can smell it.  Compared to the exposure limit, the terpene concentration can in-
crease up to 60 times from when you first smell it before it reaches the exposure 
limitvalue. 
 
Table 4. Odor thresholds for terpenes. (Jensen and Wolkoff 1996) 
Compound CAS Odor threshold (μg/m3) 
α-pinene 80-56-8 3890 
β-pinene 127-91-3 36000 
3-carene 13466-78-9 2450 
Limonene 138-86-3 2450 
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Projects 
This thesis is mainly based on three major projects:  

• A drying project where the organic emissions from dried sawdust was 
investigated 

• A storage project where organic emissions from stored wood chips was 
investigated 

• A self-ignition project where the contribution to self-heating from mi-
croorganisms was investigated 

 
All of these projects focus on the biofuel before combustion, but field measure-
ments of PAH emissions from biofuel combustion was also performed.   In the 
drying and storage project, a sampling technique called Solid Phase Microextrac-
tion (SPME) was used, and an investigation of the calibration of this instrument 
was also performed.  
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Emissions from combustion 
In Sweden there are a number of small biomass fired grate boilers used for dis-
trict heating. These small boilers (<2MW) have particle emission requirements in 
the range of 100-150 mg/Nm3 and can meet these requirements using only a 
multi-cyclone for dust removal. The larger boilers with particle emission re-
quirements of 50 mg/Nm3 need an additional removal device, commonly an elec-
trostatic precipitator (ESP). 
  
Emissions of organic components such as PAH are a result of incomplete com-
bustion. There is still limited knowledge about the effect of operating conditions 
on the emissions from these small boilers.  
 
The operating conditions influence on the emissions was investigated, measure-
ments were carried out at 3 medium sized (~ 1MW) biomass fired moving grate 
boilers, used in commercial district heating units in the south of Sweden. The 
boilers where fired with different fuels: dry wood fuel, forest residues and pel-
lets. 
 
To investigate the PAH levels in flue gas, sampling was performed with a sam-
pling train consisting of a probe, a particle filter and a condenser followed by a 
solid adsorbent filter, a drying tower, a pump and a volume flow meter (IV).  
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Drying 
The reduction of water content in biomass, i.e. drying, results in the simultane-
ous increase in thermal value, preservation potential, ease in storage and trans-
portation, less negative impact on the environment and a more uniform combus-
tion  (Gislerud 1990, Obernberger 1998, McDonald et al. 2000). Large boilers 
have often been scaled for the use of biomass of varying moisture content, 
whereas small-scale combustors, gasification units and production of pellet and 
other processed biofuels, demand drier input materials (Wimmerstedt 1999). 
 
VOCs are emitted to the air already at a low temperature during biomass drying. 
When wood is dried, these compounds consist mainly of mono-terpenes. Ter-
penes constitute about 90 % of the easily extractive material in wood. Other or-
ganic matter released from wood biofuels, drying in liquid- and gas-phase, are a 
mixture of water vapor and compounds such as lightweight alcohol, carboxylic 
acids, methanol, and aldehydes (Cronn et al. 1983, Gevao and Jones 1998, 
McDonald et al. 1999, Otwell et al. 2000, Brammer and Bridgwater 2002). 
 
In certain boilers dimensioned for dry biofuels, and in small boilers, biofuel dry-
ing is necessary for the process to function optimally, but drying is also an essen-
tial part in biofuel processing plants. For existing and developed techniques for 
drying to work on the market, both the operational availability and the environ-
mental performance must be improved.  
 
Biofuels can be taken from different sources and can be used in many types of 
plants to produce electricity and heat. Forest fuels and agricultural fuels are built 
up from cells that take up water and expand so they fill up the space in the cell 
structure. When the biomass is dried, the water is removed and the cells shrink, 
leading to packing of the cells; the biomass shrinks. Removal of the water also 
leads to removal of mass, making transport easier. Storage is also made easier 
due to both a microbial growth and decomposition being prevented, which would 
lead to substance loss and deterioration in fuel quality. A moist fuel normally 
contains 40-60 % water, but this can vary depending on the type of fuel, previous 
use and storage. There are also great variations between heartwood, sapwood and 
bark. The sapwood normally contains more water than the heartwood.  
 
Emissions from a biofuel dryer depend on a number of factors: 
 

• The capacity of the dryer   
• The raw material composition (bark, type of wood) 
• Dryer parameters (drying temperature, residence time in the dryer, oxy-

gen level in the gas) 
• Cleaning device 
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In most cases, the drying is performed under such conditions that only volatile 
compounds are released (Fagernäs 1993). Besides water, the emitted compounds 
are organic compounds such as light-weight alcohols, carboxylic acids and ter-
penes. The amount of light-weight alcohols and carboxylic acids emitted are de-
pendent on the storage time, but in most cases small compared to the amount of 
terpenes.  
 
Volatile compounds can be formed during drying by decomposition of heavier 
compounds, but the probability of this taking place is small since the temperature 
during drying is usually not high enough for decomposition to occur.  
 
There are a number of reasons for drying biofuels: 
 

• easier to store for longer periods 
• easier to transport 
• less emissions 
• smaller dimension of the combustion unit, more stable combustion con-

ditions 
• higher effective thermal value 

 
Three parameters are significant in the drying process; the temperature, the resi-
dence time and the mixing (tubulence) (Fagernäs 1993, Barry and Corneau 1999, 
Wu and Milota 1999, Otwell et al. 2000, Björk 2001) 
 
High temperature increases the NOx emission, but lowers the hydrocarbon emis-
sion. These three parameters should be optimized during all drying processes in 
order to obtain a good and complete process with minimal emissions. The tem-
perature influence on released terpenes was investigated in I and II. 

 Dryers 
 
There are many different types of dryers; they are usually classified by the way 
heat is supplied to the material, indirect or direct. The drying media used are hot 
air, flue gas or steam. Flue gas can come from a number of different sources like 
industrial processes or boilers. The influence of drying media on the release of 
terpenes was investigated in I and II.  
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Storage and Self-Ignition 
The majority of biofuels is directly transported to the thermal power plants and 
combusted within a few days. However, there is a need for a buffer for when no 
wood is being chipped for example during holidays or during the breaking up of 
the frost in the ground when heavy transports are not allowed on the small roads 
in the forests. Approximately 10 % of the yearly production in Sweden is stored 
5-10 months, but almost twice that amount passes through a storage terminal in a 
shorter period. 
 
Transports longer than 50-100 km are not economically or environmentally vi-
able, which means that the terminals must be placed near the power plants. This 
results in the terminal storage being placed close to where people live, often in 
small communities where there is an existing paved area, for instance a closed 
down factory of some kind. This results in people living close by complaining 
about odors and being worried if the emitted compounds are hazardous. There 
has also been a concern regarding fungal spores released from the storage. 
 
There is very limited knowledge today about the release of hydrocarbons during 
the storage of wood biofuels and thereby also limited knowledge about the health 
effects or environmental impact. There have been a number of investigations, but 
these have mainly focused on the substance loss or moisture- and temperature 
profiles within the piles during the storage (Nylinder and Thörnqvist 1980, 
Thörnqvist 1982, Thörnqvist 1983, Thörnqvist 1985, Thörnqvist 1986, Thörn-
qvist 1987, Jirjis 1995, Nurmi 1995, Sanderson et al. 1997, Nurmi 1999, Le-
htinkangas 2000). Small piles in the investigations are approximately 50-100 
m3s, and large piles are approximately 600-2.000 m3s. 

Microbial activity 
During storage of wood biofuels there is a microbial activity in the piles, but to 
what extent and how fast the growth occurs is determined by the access to nutri-
tion in the material, the moisture content and the size of the material. Microbial 
growth on freshly harvested biomass is minimal, but colonization occurs as soon 
as the pile is built. The growth of micro fungi is larger in the first four months of 
storage (Thörnqvist 1983).The microorganisms produce heat and moisture and 
thereby enhance the factors that lead to further microbial growth. This leads to 
deterioration in fuel quality, substance losses, health effects due to releasing of 
spores and VOC, and adds to the self-heating of the material. The heat produced 
from different biomass samples was investigated in VI and VII. The self-heating 
can in some cases lead to self-ignition, but to reach a temperature where self-
ignition can take place, heat from other sources than microbial is required. At 
higher temperatures different chemical processes take over from the biological.  
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Chemical processes 
Chemical oxidation processes require higher temperatures than the biological 
processes. Some chemical oxidation processes such as iron rusting or fat becom-
ing rancid can occur at ambient temperatures. The temperature interval where 
wood oxidates with a noticeable heat generation is between 80° and 90°C, lower 
if the wood contains moisture.  Between 100° and 300°, a number of investiga-
tions have shown that the weight loss of woody samples is greater in an atmos-
phere containing oxygen, an indirect symptom of oxidation (Kubler 1987).   
At temperatures above 100°C, wood starts to pyrolyse and becomes charred, the 
black residue of pyrolysed organic material is called charcoal.  If a pile of stored 
material is dug open during ongoing pyrolysis, i.e. excess oxygen is added, the 
pyrolysis will turn into an overt fire.  Pyrolysis and chemical oxidation progress 
exponentially as temperature rises. Chemical oxidation is what raises the tem-
perature pyrolysis, but is there a difference if the chemical oxidation was pre-
ceded by biological oxidation or not? Is the biological process necessary to in 
some way induce the chemical oxidation leading to self-ignition? The investiga-
tions VI, VII and future work will hopefully give some answers to these ques-
tions.  

Self-heating 
Self-ignition in stored material is due to different heat releasing processes like 
microbial activity, change in moisture content and oxidation of volatile organic 
compounds (Figure 4). During storage of organic material, heat is produced 
(Hogland and Marques 2003, Riggle 1996). Self-heating in stored wood fuels is 
due to the living parenchyma cells continuing to respirate after the material is 
comminuted, causing initial heat development. The microbial activity in the inte-
rior of the pile contributes to the temperature rise in the interval between 0-70°C, 
and heat is also formed when the differences in moisture content is evened out. 
Chemical oxidation processes are responsible for the temperature rise from ap-
proximately 50°C. The temperature rise will in some cases lead to self-ignition. 
Why self-ignition occurs has not been established. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 4. Microbial/chemical contribution to temperature rise in stored materials 
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Factors during storage 
Factors influencing self-heating and microbial growth are temperature, moisture 
content, particle size and size and form of the pile and duration of storage (Gray 
2002, Kubler 1987, Thörnqvist and Jirjis 1990, Richardson et al. 2002). The 
processes taking place in the piles during storage of organic material consume 
oxygen and emit carbon dioxide and water.  

Energy/substance loss 
Heat-generation processes reduce the energy value of the fuel; the energy loss is 
10-24 % during 6-12 months storage, and the matter loss 2-17 %, depending on 
where in the pile the sample is taken. The matter loss is dependent on the initial 
moisture content and the decomposition is the greatest during the first months. If 
stored under cover (roof), the energy loss is only 5%. An energy gain has been 
noted in a 120m3 pile. (Thörnqvist 1985) 

Particle size 
The comminution provides a much larger area for microbial colonization and 
storing of smaller particle size wood chips give a higher compaction and lower 
permeability and reduces the dissipatation of the released heat.   
Smaller particles mean higher temperature and more microbial growth. Larger 
particles mean lower temperatures and not as much microbial growth, until it 
starts, then the growth is really fast. (Jirjis 2005) Larger particle size of the wood 
chips inhibits the microbial growth due to faster drying (Hakkila 1989). 

Temperature 
The activity of fungi and bacteria continues beyond temperatures of 60°C where 
the parenchyma living cells stops respirating, some fungi can tolerate tempera-
tures of 60°C and bacteria as high temperatures as 80°C (Richardson 2002). The 
temperature directly affects the microbial activity, and the temperature in a pile 
is dependant on the initial moisture content. (Thörnqvist  and Jirjis 1990) The 
temperature is the limiting factor; at freezing temperatures there is hardly any 
microbial growth. (Richardson et al. 2002)  

 
In smaller piles with comminuted biofuels, there is a rapid temperature increase 
up to 60-70°C and the temperature will remain at that level for the storage pe-
riod. If the proportion of needles and bark in the pile is increased, there will be 
an increase in the pile temperature. In one pile, compacted and stored under roof, 
the temperature in the lower central parts reached more than 300°C (instrument 
out of range) after four months then decreased after two weeks to 100°C at the 
end of the storage period. 
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Moisture 
Small sized shavings form close layers and trap moisture, compared to larger 
sized particles which will dry out (Hakkila 1987). When moisture content drops 
below 20%, water is found only in the cell walls and cannot be used by microor-
ganisms.  Drying will lower the microbial activity, but rewetting can revive dor-
mant spores (Richardson et al. 2002). The material in larger piles will dry up in 
the center of the pile, but the total moisture content is increased or unchanged. 
Smaller piles will dry more than larger and the longer the storage period, the lar-
ger the increase in moisture content. If stored under cover, the moisture content 
will decrease. If the pile is compacted and stored without cover, it will increase 
in moisture content. The moisture content will decrease more if the pile is un-
covered and uncompacted, than compacted and covered.  If covered with tarpau-
lins, the moisture content will increase.  

Oxygen 
The chimney effect in wood chip piles provides oxygen required for metabolic 
activity and different self-heating processes (Kubler 1987, Richardson et al. 
2002). Small sized shavings, form close layers and restrict air movement (Kubler 
1987, Hakkila 1989). Microorganisms consume oxygen down to a level of 1% 
(compared to 21% in fresh air), and some bacteria can survive under anaerobic 
conditions, and continue to produce heat, although not as much as under aerobic 
conditions. Covering the piles will restrict the access to oxygen and inhibit mi-
crobial growth.  

Nitrogen 
The microbial activity in a wood chip pile is to some extent dependant on the 
amount of nitrogen. Since there is more easily accessible nitrogen in needles and 
bark then wood, there should be a larger activity in needles and bark (Thörnqvist  
and Jirjis 1990).  

Carbon dioxide 
The processes taking place in the piles during storage of organic material con-
sume oxygen and emit carbon dioxide and water. The change of carbon dioxide 
and oxygen can give an indication as to the biological and chemical activity in 
the pile. The concentration in the pile quickly increases to a level of 30% during 
the first 24 hrs. The concentration then decreases to below 4%, but in the center 
of the pile, close to the ground, the level stabilizes at 15% (Thörnqvist and Jirjis 
1990).  

Spores 
During large-scale storage of wood chips, more than 1010 spores kg-1 dry mass is 
not uncommon (Hakkila 1989, Richardson et al. 2002, Jirjis 2005, Thörnqvist 
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and Jirjis 1990). If the material is too dry, the microorganisms can survive as 
spores and rewetting can revive dormant spores (Richardson et al. 2002). 

Metals 
Metals can catalyze heat-generating reactions in organic material. Ferrous mate-
rials accelerate the self-heating in piles of wood chips and are to be avoided in 
the piles (Kubler 1987, Thörnqvist 1987).   
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Experimental 
The main sampling techniques and methods for analyzing are described, see arti-
cles for further details. The biomass samples, field measurements and lab scale, 
and the different parameters which were varied during the investigations are also 
described.  

TGA  
 A Thermo Gravimetric Analyzer (TGA) investigates the weight change of a ma-
terial to determine the composition, thermal stability and other related phenom-
ena. A high resolution TGA 2950 (TA Instrument) with high sensitivity and a 
temperature range up to 1000 °C was used.  
 
Thermo Gravimetric analysis was used to study how water and organic com-
pounds are emitted from biofuels during drying (II). It is assumed that there is a 
simultaneous emission of water and organic compounds, but this was hard to de-
termine despite the high-resolution instrument used.  

GC-FID/GC-MS  
The emissions from the biomasses in both the drying and storage project (I, II, 
III) and the quantification (V) were analyzed on a Varian Saturn 2000 Gas 
Chromatograph (GC) equipped with a Flame Ionization Detector (FID) or a Sat-
urn II ion trap Mass Spectrometer detector (MS). Reference compounds or the 
National Institute of Standards and Technology (NIST) mass spectral database 
was used for identification.  For programming and specifications see I,II,III and 
V. The programming used the resulted in the division of peaks in the chroma-
togram into three groups, the first around ten minutes consist mainly of monoter-
penes, the second around twenty minutes consists mainly of sesquiterpenes and 
the third around thirty minutes consists mainly of diterpenes.  
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PAH sampling 
The sampling technique used for sampling PAH in the flue gas from 3 different 
medium sized (~ 1MW) biomass fired moving grate boilers is described below 
(IV). 
 The sampling train consists of a probe, a particle filter and a condenser followed 
by a solid adsorbent filter, a drying tower, a pump and a volume flow meter 
(Figure 5). Before sampling, the sampling equipment including filters is cleaned 
and prepared with and internal standard. The probe is inserted into the stack and 
by choosing the proper probe diameter isokinetic sampling is achieved. The glass 
fibre particle filter is placed directly after the probe, outside the stack.  The sam-
pling gas is cooled below 20ºC and the condensate collected into a flask. A glass 
cartridge packed with XAD-2 and supported by a polyurethane foam (PUF) plug 
is used to collect the gas phase PAH downstream from the condenser. 
After each sampling cycle the sampling train is rinsed with acetone, which is 
added to the total sample.  
The sample treatment includes soxhlet and liquid-liquid extraction, filtration 
through silica gel column and dimethyl formamide (DMF) purification before 
GC-MS analysis.  

Figure 5. PAH sampling train. 

Probe 
Filter 

Condenser 

Filter Dryer 

Pump 

Volume Flowmeter 

Condensate 
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SPME 
There are a number of methods for measuring concentrations of organic com-
pounds in air, e.g. Tenax absorption tubes or Tedlar bags.  One of the newer 
techniques is called Solid Phase Microextraction, SPME.  
 
The sampling in both the drying project and the storage project was performed 
with Solid Phase Microextraction (I, II, III), SPME, which is a solvent free 
technique invented in the early nineties (Pawliszyn and Liu 1987, Pawliszyn 
1997, Pawliszyn 1999, Arthur and Pawlisyn 1990). SPME is easy to use and re-
duces time and cost for sample preparation.  

 
 

 
 
 
 

 
Figure 6. The SPME instrument. 
 
A one-cm silica fiber with an adsorbing/absorbing polymeric coating is attached 
to a piston in a syringe like holder that protects the fiber during storage or septa 
penetration (Figure 6). The extraction principle can be described as an equilib-
rium process where the analytes are distributed between the fiber and the sample 
(Figure 7). 

 
Figure 7. SPME adsorbtion/absorbtion in a vial followed by thermal desorption in an in-
jector.   
 

 
 



33 

Liquid, solid or gaseous samples can be sampled by SPME. The fiber can be 
used for field sampling without any pre collecting of samples. The coating of the 
fiber is of the same sort used as stationary phase in columns in gas chromatogra-
phy. Polar coatings such as poly acrylate (PA) or carbowax are suitable for sam-
pling polar compounds and non-polar materials such as polydimethyl siloxane 
(PDMS) are suitable for non-polar samples. The PDMS has been used in envi-
ronmental analytical chemistry to sample VOCs in surface water, wastewater and 
air samples (I,III, Namiesnik et al. 2000, Chai and Pawliszyn 1995, Augusto et 
al. 2001, Koziel and Novak 2002) 
 
Methods to quantify VOCs in air have been developed (Bartelt 1997, Augusto  et 
al. 2001, Zhang and Pawliszyn 1993, Martos and Pawliszyn 1997, Martos et al. 
1997, Gorlo et al. 1997), the (red) SPME fiber with 100μm PDMS was cali-
brated by varying sampling time, temperature, relative humidity and analyte 
concentration (V.)  

 
The treatment of samples was similar to earlier reports using SPME (Czerwinski 
et al. 1996, Eisert and Pawliszyn 1997, Koziel et al. 2000, Steffen and Pawliszyn 
1996, Potter and Pawliszyn 1994, Namiesnik et al. 2000, Boyle et al. 2002). 
 
The dried biomass samples were weighed in 4-ml vials; the vials were filled to 
approximately two-thirds of the total volume (I,II). The samples were heated for 
30 minutes at 50°C, after this the fiber was exposed and headspace vapor was 
sampled for ten minutes. Samples from the storage were collected by exposing 
the fiber directly above the piles for ten minutes (I,III).  
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Biomass Samples  
The biomass samples investigated are mainly softwood, Norway spruce (Picea 
Abies) and Scots pine (Pinus sylvestris).  Samples were in the form of small or 
large wood chips, forest residues or wood pellets.  

Drying 
The different samples in the drying project (I, II) were investigated to see how 
the drying medium and/or drying temperature would influence the amount and 
type of organic compounds that will remain in the samples after drying. From 
and environmental and economical point of view, it is desirable to have as much 
organic compounds as possible left in the biomass after drying. Any excess 
emission will lead to lesser calorific heat value in the biofuel and more emissions 
to clean in the flue gas or condensate from the dryer.   
 
The samples used were green samples of Norway spruce (Picea Abies) and Scots 
pine (Pinus sylvestris) wood chips. A spouted bed dryer (located at Karlstad 
University), with a capacity of 100-kg at atmospheric pressure, dried the samples 
(Granström 2002).  In general, spruce samples were dried with steam, whereas 
pine samples were dried with both hot air and steam. Three drying temperatures 
were used. The drying temperature was kept around 140 ºC, 170 ºC and 200 ºC 
during this procedure and the drying media was recirculated. The samples were 
dried to approximately the same moisture content; all the samples were dried to 
moisture contents below 10%.  A different sample of spruce wood chips and a 
sample of pellets were also analyzed for comparison to the projects samples. The 
difference in spectra between for example green and dried samples is believed to 
be the emissions during drying. The samples were investigated with Solid Phase 
Microextraction and analyzed with a Gas Chromatograph equipped with a Flame 
ionization Detector (GC-FID) and a Gas Chromatograph equipped with a Mass 
Spectrometer (GC-MS). 

 
The dried samples were size fractionated into eight different fractions, prior to 
the TGA measurement.  The moisture content of all the samples was determined 
by standard procedure SS187170.  

Storage 
The fuels investigated in the storage project (I, III) were bark/wood chips and 
forest residues, stored in piles. Sampling was performed with Solid Phase Micro-
extraction and analyzed with a Gas Chromatograph equipped with a Flame ioni-
zation Detector (GC-FID) and a Gas Chromatograph equipped with a Mass 
Spectrometer (GC-MS). 
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The sampling period was 200 days, from June 2001 to January 2002.  Samples 
were taken once a month from a terminal storage located outside of Växjö, in the 
south of Sweden. The piles investigated were approximately seven meters high 
and 50 meters long, but fuel was collected from the piles during the season. A 
few samples were also taken from the leachate from the pile containing 
bark/wood chips.  

Self-ignition 
The biofuel samples used were a selection of the biofuels available from differ-
ent manufacturers/importers in Sweden. The material is mainly softwood (Picea 
Abies and Pinus sylvestris).  
  
At a pellet manufacturer, two different sizes of pellets (six and eight mm) were 
produced from a mixture of shavings (sawmill dried), aged sawdust (stored out-
doors for more than three months) and fresh sawdust. The mixture of the differ-
ent biomasses is dried before pressed into pellets.  
 
The wood samples used were:  

• Aged sawdust 
• Pellets 8mm  
• Dried mixture of sawdust before pressed to pellets (Dry Mix)  

Preparation of samples 
The samples were prepared and stored in the 20 ml glass ampoules that are used 
for analysis in the calorimeter. Double samples were made, except for some of 
the reference samples (without metal) where only single samples were made. 
Sample size was approximately 2 g.  
 
Since the pellets are pressed under high pressure and temperature and the final 
moisture content is below 10%, there is no or very low activity in the samples. 
Since the samples investigated were very small (approximately 2 g), the samples 
were autoclaved to minimize random microbial activity, and inoculated with 7% 
w/w partially degraded forest residues to create a more uniform sample series. If 
the samples showed activity before inoculation, they were autoclaved one more 
time.  
 
The moisture content in the pellets is approximately 8-10%, which is too low for 
microbial activity. Initial attempts were made to increase the moisture content by 
storing the samples at higher relative humidity, 85.5%RH and 100%RH, but the 
moisture content did not increase enough. The samples moisture content were 
increased by adding 22 %w/w water, and stored at 100% RH.  
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Metal was added to see if any catalytic effects could be observed. The metals 
used were Manganese, Iron and Copper. Manganese was added as an oxide 
(MnO2), Copper was added as an oxide or a nitrate (Cu2O and Cu(NO3)*3H2O), 
and Iron was added as oxide, nitrate or citrate Fe2O, Fe(NO3)3*9H2O and 
C6H5FeO7*5H2O. Initially, the concentration was 10% w/w metal powder of the 
wood sample, but the concentration was lowered to 0.09% w/w metal ion of the 
total sample.  

Storage 
The glass ampoules were placed in glass cans with lids together with an amount 
of water to control the relative humidity (100%RH). The glass cans were then 
placed inside an oven to control the storage temperature, Figure 8.  
The storage period stretches from –20 days to +74 days, day zero representing 
the day when the sample was inoculated with degraded forest residues, the nega-
tive days in the storage period is when the sample was prepared and autoclaved 
before inoculation. The samples were stored for up to 74 days after inoculation.  
The storage temperatures were 20°C, 40°C, 50°C, 55°C and 60°C, with focus on 
50°C, 55°C and 60°C. Before the samples were loaded into the calorimeter, air 
was added to the inside of the ampoules with a pipette to ensure aerobic condi-
tions in the samples. 
 
 
 
 
 
 
 
 
 

 
 

 
 
Figure 8 . Storage arrangement for biomass samples.  
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Calorimetry 

Calorimetry, derived from the Latin calor meaning heat, is the science of meas-
uring the amount of heat. All calorimetric techniques are based on the measure-
ment of heat, and any process or sample that may generate (exothermic process) 
or consume (endothermic process) heat can be studied by calorimetry (Bjurman 
and Wadsö 2000). 

Isothermal Calorimeter TAM Air  
In isothermal calorimetry the reaction environment is maintained at a constant 
temperature and the heat energy exchanged from a heat sink is measured. Heat 
flow between the reaction vessel and the heat sink is, ideally, identical to the 
thermal power produced in the reaction vessel.  
 
 

P = dQ /dt 
 

Q = ∫ P dt 
 

 
The integral of thermal power P [W] over time (t) is the heat Q [J] which is pro-
portional to the amount of sample m[g] (Figure 9) 

 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 9.  The Thermal Power released from a sample vs. time. The integral of the curve 
is equal to the heat produced per gram sample.  
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The calorimeter used is an isothermal TAM Air, (Thermometric AB, Järfälla 
Sweden)(Figure 10). It has eight channels, temperature interval 5-60oC, a limit 
of detectability of 2 mW and a baseline stability of <±20μW in 24 hours. The 
samples are contained in 20 ml glass ampoules sealed with aluminum caps with 
rubber seals. The calorimetric measurements were made at 20°C, 40°C, 50°C, 
55°C and 60°C. The measuring range was 60mW. Electrical calibrations accord-
ing to the manufacturer's manual were executed approximately every third month 
for each temperature.  

 
 
 

 
Figure 10.  TAM Air isothermal calorimeter (from Thermometrics AB). 
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Results and Discussion 

Drying  

TGA 
Isothermal drying of green and hot air dried (170°C) spruce wood chips at three 
different temperatures (Figure 11). The temperatures were used: 50ºC, 70ºC and 
90ºC.  The shape of the curve in 11(a) where there is a slow drying procedure 
from 100 % weight down to 60 % could be due to the water loss through capil-
lary forces and a simultaneous release of VOC (Bengtsson and Sanati 2004). The 
drying curves in 11(b) where the wood chips have already been dried (170°C) 
are probably due to reabsorbed water from the ambient air and possibly and con-
tinued release of VOC. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11.  Isothermal drying for 1 hr of spruce wood chips from north of Sweden a) 
green spruce wood chips b) hot air dried at 170°C spruce wood chips by means of TGA. 



40 

 Comparison between different biofuels 
Pine and spruce contain different amounts of terpenes to begin with; the terpene 
content is higher in pine than spruce. The change of amount α-pinene present in 
the wood chips after drying at 170 degrees is shown in Figure 12. 

 
Figure12.  Amount α-pinene present in spruce and pine  wood chips before and after dry-
ing at 170°C. 
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Comparison between different drying 
temperatures 
The same material was dried at different temperatures and with different drying 
medium. The resulting chromatograms from investigating terpene remaining 
content in the dried wood chips together with the chromatogram for the wood 
chips before drying are shown in Figure 13,14 and 15. The pine wood chips 
dried in steam (Figure 13) at 170°C has the highest amount of remaining ter-
penes in the wood chips, the drying temperatures 140°C and 200°C has removed 
more of the terpenes. The optimal drying temperature in this example is 170°C, 
since it leaves more of the organic compounds in the wood chips, not emitting 
them into the drying medium.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13.  Analysis of hydrocarbon emissions from fresh and steam dried pine wood 
chips by means of GC-FID;  (a) fresh (b) steam dried in 140°C (c) steam dried in 170°C 
(d) steam dried in 200°C  
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The pine wood chips dried in hot air (Figure 14) at 140°C has a slightly higher 
amount of remaining sesquiterpenes (around 20 minutes) in the wood chips, but 
the wood chips dried at 170°C has more of the monoterpenes left. The new peak 
at 7 minutes is hexanal.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Analysis of hydrocarbon emissions from fresh and hot air dried pine  wood 
chips by means of GC-FID;  (a) fresh (b) air dried in 140°C (c) air dried in 170°C (d) air 
dried in 200°C  
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The spruce wood chips dried in hot air (Figure 15) all display a new peak of hex-
anal at 7 minutes.  All of the used temperatures effectively remove the terpenes 
from the wood chips during drying, emitting them into the drying medium.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15.  Analysis of hydrocarbon emissions from fresh and hot air dried spruce wood 
chips by means of GC-FID;  (a) fresh (b) air dried in 140°C (c) air dried in 170°C (d) air 
dried in 200°C  
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Comparison between different drying media 
 
The difference between green pine wood chips, hot air dried wood chips and 
steam dried wood chips is shown in Figure 16. The new peak at seven minutes in 
the air dried sample was identified as hexanal. The steam drying leave more of 
the terpenes in the wood chips, compared to the air drying where the terpenes are 
emitted into the drying medium, not remaining in the wood chips.  Drying by us-
ing steam would be the best alternative in this case.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure16 .  Analysis of hydrocarbon emissions from fresh and in various media dried pine 
wood chips by means of GC-FID;  (a) fresh (b) air dried in 170°C (c) steam dried in 
170°C 
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Storage  
 

Temperature 
 
The ambient temperature and the temperature directly above the pile were meas-
ured during sampling. Figure 17 shows the ambient temperature and the tem-
perature directly above the bark/wood chips pile and the forest residue pile. The 
average temperature during 2000 was 7°C, 2 degrees higher than normal (SMHI 
2000). The fall of 2000 was the second warmest over the past one hundred years 
(SMHI 2000). There is a peak in the temperature for both piles at the end of Oc-
tober. This is due to heat released from biological or chemical processes in the 
piles. This could not be attributed to the respiration heat from the parenchyma 
cells in the comminuted wood, since exposure to 50°C for half an hour kills most 
of the cells and at 60°C they all die. The temperature inside a pile of wood chips 
quickly rises above 50°C and remains there for several weeks (Thörnqvist and 
Jirjis 1990). Cells in wood chips have been found to survive for 1 to 3 weeks 
(Kubler 1987).  
 

 
 
 
Figure 17. Temperature  ambient,  above the bark/wood chips and Δ forest residue.  
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Precipitation 
The attempt to measure the precipitation on the site failed when the temperature 
dropped below the freezing point, so the precipitation data were taken from IVL 
Swedish Environmental Institute in Aneboda, not far from the site. The success-
ful precipitation measurements were compared to the ones from IVL and found 
to correspond.  
Figure 18 shows the precipitation during the sampling period.  

 
 

 
Figure 18. Precipitation from June 2001 to mid January 2002. 
 
SMHI, the Swedish Meteorological and Hydrological Institute rated the fall of 
2000 as the fifteenth wettest of the past hundred years. The total precipitation 
during 2000 and 2001was 20-40% higher than normal (SMHI 2000, SMHI 
2001). 
 

 Emissions to air 
 
The emissions from the bark/wood chips pile are high in the middle of the stor-
age period and low in the beginning and end of the period. The emissions in Sep-
tember do not follow this trend; the emissions were lower.  
 
The emissions from the forest residue are also high in the middle of the storage 
period and low in the beginning and end of the period. The emission level drops 
to a really low value already in November.   
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May                 July                    September               November           January 

May                 July                    September               November           January 

Figure 19 shows how the emissions from the Bark/Wood chips pile vary from 
June to January. The emissions increase from June to August up to September 
where there is a sudden drop in the emissions.  The emissions then continue to 
increase in October and November. The measurements in January show a de-
crease in emissions, down to approximately the same level as in June. 

 
Figure 19.    Mono terpenes,    Sesqui terpenes,     Di terpenes 

and     Total emissions. 

Figure 20 shows how the emissions from the Forest residue pile vary from June 
to January. The emissions increase from June to October. The measurements in 
November show a sudden drop in emissions; the level is the lowest measured 
during the storage period. The measurements in January show a small increase 
again, but only up to the levels in June-July (the beginning of the storage period).  

 
 

 

 

 

 

 

 

 

 

 

 

Figure 20.          Mono terpenes,        Sesqui terpenes,      Di terpenes 

and         Total emissions. 

The highest emission is in October-November for the Bark/wood chips and in 
September/October for the forest residue.  
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Emissions to water 
 
Samples of leachate have been taken at two occasions from two piles, one with 
bark/wood chips and one with forest residues. The leachate taken from two dif-
ferent piles are more similar than leachate taken from the same pile a month 
later. A sample from the bark/wood chips pile was analyzed for PAH (for more 
details see III). The total result was 27,27µg PAH per liter. There were some dif-
ficulties in collecting leachate, even after high amounts of precipitation. For the 
extreme case where all of the precipitation that theoretically can leach through a 
pile give this concentration, the emission of PAH to water is approximately 3 
mg/m3 wood chips. The PAH limit in drinking water is 0.10μg/l, but PAH emis-
sions from biomass-fired boilers (~ 1MW) have been measured to 2.8-2500 
μg/m3 (IV). 

Conclusions 
The terpenes emitted from storage of forest residues and bark and wood chips in-
creased up to 3-4 months or 4-5 months of storage, and then dropped down to 
approximately the same low level as the first month. The leachate taken from the 
forest residue pile contained 27µg PAH per liter.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



49 

SPME  
The SPME sampling method was used in both the drying project (I, II) and the 
storage project (I, III). The purpose of this study (V) was to investigate if the 
SPME fibres also could be used for quantification, not just identification. The 
previous studies quantified the terpenes by comparing the samples to each other, 
not by comparing the terpene content to a standard. This gives a change in con-
centration between the samples, but not a definite concentration. The analyte 
used in the experiments was alpha-pinene, a hydrophobic organic compound 
commonly found in wood, and therefore found in wood storage facilities, wood 
processing industries and wood based biofilters (Misra et al. 1996, Mohseni and 
Allen 2000, Cohen 2001, Dhamwichukom et al. 2001). The calibration result 
was used to quantify the emissions from a lab-scale biofilter used to remove α-
pinen in an air stream (Bagerpour et al. 2005).The SPME fibres were calibrated 
for different concentrations of alpha-pinene at different temperatures and relative 
humidities.  

Calibration curve for concentrations 
The relation between the response of detection device (Mcounts) and the concen-
tration in gas phase (ppm, mg/lit) is an important part of this investigation. This 
functionality is presented in Figure 21.  The results imply a very good linear rela-
tion between these two parameters. To obtain different concentrations of ana-
lytes, a 5.5 liter air reservoir was charged by defined amounts of alpha-pinene in 
micrograms. Choosing a high volume reservoir reduces possible errors in the 
weighting of alpha-pinene, since the total amount will be equilibrated in the vol-
ume of bottle. The experiments were performed at ambient temperature and rela-
tive humidity. 

  
 
 
 
 
 

 
 
 
 
 
 
 

  
Figure 21.  The MCount response of the GC-MS vs. the concentration of α-pinene (Mg/l), 
dotted lines show 90% confidence interval. 
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 Temperature influence  
Since the technique of sampling by the SPME fibres, is mainly depending on the 
mass diffusion processes, variation in the affecting parameters as like as tem-
perature, pressure and some times presence of other competitive compounds, 
will change the out coming results of this method. Since in this study, the poly-
meric stationary phase has a liquid nature, presence of other compounds should 
not cause any competitive effects. But at constant pressure, any change in tem-
perature will have considerable effects on the results. 
 
The calibration curves for temperatures 24°C, 40°C, 70°C and 100°C are pre-
sented in Figure 22.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 22. Calibration curve for   24 °C     40°C   70 °C and  *100°C 
 
There is a better linear agreement at 70°C and 100°C than 24°C and 40°C de-
grees.  The difference in linear agreement is not believed to be caused by over-
loading of the system since higher response values have been reached in other 
experiments, and still shows a good linear agreement (V). The highest concentra-
tion that has been calibrated is 250 ppm and the lowest is 9,4 ppm. Higher con-
centrations than 250 ppm were not within the linear range and lower concentra-
tions could not be examined, the limiting factor being the scales in combination 
with the volume of the calibration vessel.  

Conclusions 
The calibration for SPME is very time consuming work since the calibration 
needs to be performed for different temperatures, different humidities and differ-
ent concentrations. The highest concentration calibrated was 250 ppm and the 
lowest 9,4 ppm. There is a better linear agreement at higher temperatures (70°C 
and 100°C) than lower temperatures (below 40°C). 
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Emissions from 
Combustion 

PAH measurements 
Measurements were carried out at 3 medium sized (~ 1MW) biomass fired mov-
ing grate boilers fired with different fuels: dry wood fuel, forest residues and pel-
lets (IV). The boilers are O2 regulated with a preset value of 4-8 %. The tempera-
ture of the flue gas is around 1000°C, after the heat exchanges the temperature 
has decreased to about 200ºC. The boilers were equipped with multi-cyclones for 
dust removal.  
  
Electrical low-pressure impactor (ELPI) was used to determine the particle num-
ber concentration, low-pressure cascade impactor (DLPI) was used for the mass 
size distribution, and elemental analysis of the fly ash was made by Particle in-
duced X-ray emission (PIXE). Emissions of polycyclic aromatic hydrocarbons 
(PAHs) were measured using the PAH sampling train (Table 5).  
 
 
Table 5  .  PAH levels in sampled gas at recorded O2 levels and boiler loads.  

 Fuel gas 
 (m3)

PAH  
(μg/m3 )

O2 halt 
(%) 

Load
(%)

Boiler 1 Dry Wood  2.182 120 7,2 49,4
Boiler 1 Dry Wood 1.788 155 6,5 58,4
Boiler 1 Dry Wood 1.542 69 6,2 50,5
Average   115   
Boiler 3 Moist Forest Residues 1.345 3,7 4,6 86,1
Boiler 3 Moist Forest Residues 1.434 2,5 4,8 83,6
Boiler 3 Moist Forest Residues 1.573 2,2 4,3 78,9
Average   2,8   
Boiler 4 Pellets 1.293 4100 6,3 66,3
Boiler 4 Pellets 1.429 860 6,3 62,4
Boiler 4 Pellets 1.182 2600 7,8 50,8
Average   2520   
 
Before PAH sampling, the sampling equipment including filters was cleaned and 
prepared with and internal standard. The sampling probe was inserted into the, 
downstream from the cyclone and isokinetic sampling was achieved by choosing 
the proper probe diameter. After each sampling cycle the sampling train was 
rinsed with acetone. The volume sampled was approximately 1 Nm3.  All the ex-
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periments were repeated three times. The samples were extracted by soxhlet and 
liquid-liquid extraction, concentrated and eluted through a silica gel solid-phase 
extraction and extracted by dimethyl formamide (DMF). The samples were ana-
lyzed by GC-MS. The total PAH concentration was achieved by adding the 29 
selected PAH.  
   
In addition to PAH, concentration of O2, temperature at the sampling point and 
boiler load (fuel feed rate) was recorded (Table 5.).  

Conclusions 
The submicron particle emission was in the range of 50-75 mg/m3, and was not 
greatly influenced by load. The particle number concentration increased with in-
creasing load. The PAH emissions varied by almost three orders of magnitude 
between the three boilers tested, 2.8-2500 μg/m3. It was difficult to identify any 
general parameters correlating to the PAH emissions. The variation in PAH 
emission is most probably a result of boiler design and tuning of the combustion 
conditions.  
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Self-ignition 
The results from the calorimetric measurements are presented in mW / (kg 
wood). All the samples have been autoclaved, inoculated with degraded forest 
residues, water was added and samples stored at 100%RH at different tempera-
tures. Metal was added to some samples to observe any catalytic effects.  
 

 Different materials 
When comparing Aged Sawdust to Dry Mix and Pellets 8 mm, stored at 60 oC, 
there is no difference in the thermal power released between the different materi-
als (VI). Most of the samples give a thermal power release between 10-
30mW/kg.  
At 50 oC, the Aged Sawdust give a slightly lower value than the Dry mix and the 
Pellets 8mm. There is a peak in the values, 200-240mW/kg, of Dry mix and Pel-
lets 8mm approximately 10 day after the samples have been inoculated with de-
graded forest residues. After that, the values slowly decrease to a level of ap-
proximately 100mW/kg after 45 days, and then decrease even more to a level of 
35 mW/kg after more than 70 days. The initial level before inoculation was be-
tween 10-50mW/kg.  

 Temperature parameter 

Dry Mix 
There is a peak in the energy production after 10-30 days for the 50°C and 55°C 
series.  The 20°C and 60°C series have a constant low level of energy produc-
tion.  The peak values in the 50°C and 55°C series are 240 and 233 mW/kg.  

Pellets 8mm 
There is a peak in the energy production after 10 days for the samples stored in 
50°C, the samples stored in 55°C and 60°C do not increase their energy produc-
tion at all during the storage period.  

Aged Sawdust 
Both the 50°C and the 60°C series have constant low values during the storage 
period, the 50°C series 30-40mW/kg and the 60°C series 10-30mW/kg .  
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Stepwise increase 
In an attempt to simulate a slow temperature increase which would be the case in 
a pile of wood chips, the Dry mix material (reference samples and with added 
metal) was first stored at 20°C, then at 40°C, 50 °C and 60°C (Figure 23.). Dou-
ble samples were made, Figure 23 show only one of the two samples for each 
metal/reference.  The aim was to create an environment where different microor-
ganisms could succeed each other when the temperature changed.  The time for 
each temperature interval was between 20-50days, which was maybe to long; the 
change in temperature was not made until the heat released already began to de-
crease. There was an increase in heat released when changed from 20 °C to 40 
°C, and when changed from 40°C to 50°C, but then there was a decrease when 
changed from 50°C to 60°C. The highest value of about 100mW/kg was reached 
at 50°C (except for a peak value of 130mw/kg at 40°C). These values are even 
lower than the values reached by storing the wood samples at these temperatures 
initially, i.e. having a slow stepwise increase in temperature did not favour the 
heat release in the samples.  

Figure 23 . The heat released from Dry Mix during slow stepwise temperature increase.  
ο Mn, ∆ Cu, □ Fe, ◊ Ref. 

Metal parameter 

Dry Mix 
Comparison between the series stored in 20, 50, 55 and 60 °C (Figure 24). 
There is an increase in the thermal power released when the samples without 
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50°C and 55°C series with copper and iron added are up to 140 percent higher 
than the peak values in the reference series, with copper giving the highest val-
ues.  

Pellets 8mm 
Comparison between the series stored in 50°C, 55°C and 60°C (Figure 25). The 
series stored in 50°C clearly give a higher output of thermal power. The series in 
55°C and 60°C have a low and constant output of thermal power.  The absolutely 
highest output is when copper is added to the 50°C series. Iron and manganese 
give approximately the same values as the reference series. The peak values after 
10-40 days in the 50°C series with metal added is up to 220 percent higher than 
the peak value in the reference series. Copper gives the highest values.  

Aged Sawdust 
Comparison between the series stored in 50°C and 60°C (Figure 26). In the aged 
sawdust, there is no increase in the series stored in 50°C; both the 50°C and the 
60°C series lie on a constant low level.  There is a slight increase after 70 days in 
the series where copper is added. The series with copper added has a higher out-
put for both temperatures, but mainly for the 60°C series. 

Conclusions 
When comparing the different materials, Aged Sawdust does not give a contribu-
tion to the self-heating, whereas the Dry Mix and the Pellets 8 mm respond very 
similar and give high peak values of 400-600mW/kg after 10-30 days. The sam-
ples stored at 50-55°C released more heat than the samples stored at 20°C and 
60°C. This would mean that the microorganisms added to the samples by inocu-
lating with partly degraded bark will not grow and release heat at temperatures of 
20°C or 60°C.  
 
Stepwise increase in temperature did not favor the heat release in the sample Dry 
Mix; the heat released was even lower than when it was directly put in the differ-
ent storage temperatures. The highest peak value was reached during the 40°C 
period; Dry Mix with added Cu released 130mW/kg. Dry Mix with Cu, without 
the stepwise increase in temperature, released almost 600mW/kg at 50°C and 
400mW/kg at 55°C.  
 
When metal is added, there is a high increase in the peak values after 10-30 days 
for the series stored in 50°C and 55°C. The Dry Mix with Cu reached as high as 
almost 600mW/kg at 50°C, and Pellets 8mm with Cu released 500mW/kg at 
50°C. There is a slight increase in the value for the 60°C series where copper is 
added after 70 days.  
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Figure 24 Dry Mix  (a)Mn  (b) Cu (c) Fe (d) ref stored at 
     20°C,  50°C,           55°C and   60°C. 
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Figure 25 Pellets 8mm  (a)Mn  (b) Cu (c) Fe (d) ref stored at  

 50°C,           55°C and   60°C. 
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Figure 26 Aged sawdust  (a)Mn  (b) Cu (c) Fe (d) ref stored at   50°C  and  60°C. 
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Author’s contribution to presented articles 
 
I. Emission of volatile organic compounds (VOC) from Drying and 

Storage of Biomass  
Author planned and carried out the measurements, collected the data, evalu-
ated and analyzed the data and wrote the contribution to the conference. Au-
thor presented the contribution as a poster at the conference. 

II. The Release of Organic Compounds during Biomass Drying depends 
upon the Feedstock and /or Altering Drying Heating Medium 

Author planned and carried out most of the measurements, collected the 
data, evaluated and analyzed the data and wrote the article.  

III. The Release of Terpenes during Storage of Biofuels 
Author planned and carried out the measurements, collected the data, evalu-
ated and analyzed the data and wrote the article.  

IV. Boiler Operation Influence on the Emissions of Submicrometer-Sized 
Particles and Polycyclic Aromatic Hydrocarbons from Biomass-Fired 
Grate Boilers 

Author carried out the PAH measurements, collected the data and wrote a 
minor part in the article.  

V. Solid Phase Micro Extraction Fibers, Calibration for use in biofilter 
applications 

Author developed the sampling and GC method used, contributed to the 
planning of the measurements, carried out a minor part of the measurements, 
contributed to the evaluation and wrote part of the article.  

VI. Spontaneous Combustion of Biofuels caused by Microbial Activity 
Author planned and carried out the measurements, collected the data, 
evaluated and analyzed the data and wrote the contribution to the confer-
ence. Author presented the contribution as an oral presentation at the con-
ference. 

VII. Parameter Study Dependency on Heat released from Microbial Activ-
ity in the Self-ignition of Stored Biofuels  

Author planned and carried out the measurements, collected the data, evalu-
ated and analyzed the data and wrote the article.  
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Future work 
The organic emissions from biofuels at storage temperatures (I,III), approxi-
mately up to 80°C, and the organic emissions from biofuel drying (I,II), tem-
peratures between 100 and 200°C, are the same type of emissions, VOC were 
measured.  The emissions from biofuel combustion (IV) (temperatures around 
1000°C in the gas during combustion) are different, the PAH emissions were 
measured.  A project (starting April 2006) where organic emissions from fires in 
a pellet silo will be measured might be able to detect the transition from low 
temperature emissions to high temperature emissions. Simultaneous measure-
ments with both SPME and Tenax adsorbtion tubes will add information to the 
SPME calibration curves in V.  

 
The microbial activity in the biofuels (VI), temperatures from 20°C to 60°C is 
compared to the chemical activity above 60°C (VII). The next step is to see how 
much of the activity below 60°C actually comes from the microbes and what 
kinds of microbes are present. And is the temperature interval connecting the 
biological with the chemical processes dependant on microbial growth? That is; 
is it necessary to have had a massive microbial growth in the samples where an 
extreme temperature rise due to chemical processes takes place? Or are these two 
different and unrelated phenomena?  To seek the answer to these questions is the 
next step in the project, to try and link the low temperature (20°C to 60°C) calo-
rimetric experiments (VI, VII and IV ) to high temperature calorimetric experi-
ments performed by Wadsö (Wadsö 2006 and unpublished). 
The investigations VI, VII and future work will hopefully give some answers to 
these questions. Identification of microorganisms and sampling of organic emis-
sions during self-heating (SPME and other methods) will provide useful infor-
mation. The information will be used as input data in modeling and simulating 
self-ignition.   
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