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Abstract

This study investigated self-heating and off-gassing of Scots pine (Pinus sylvestris) wood pellets made from sawdust gener-
ated from separated mature and juvenile wood. The pellets were produced at an industrial scale and stored in large piles of
about 7.2 tonnes. The production process involved drying the sawdust using three different methods and to varying moisture
contents. The results indicated significant influences of both raw material type (F 4 =61.97, p<0.05) and drying method
(F (y=65.38, p<0.05) on the self-heating of the pellets. The results from the multiple regression analysis further showed
that both the raw material type and pellet moisture content significantly influenced the temperature increase, with strong
correlations observed for pellets produced using low-temperature drying (F ; 14, =83.52, multiple R*=0.95, p<0.05), and
medium temperature drying (F 5 ;3,=62.05, multiple R*=0.93, p<0.05). The pellets produced from fresh mature wood
sawdust were found to be more prone to self-heating and off-gassing while steam drying the sawdust at high temperature
and pressure led to a significant reduction in heat and gas generation across all materials. The heightened self-heating and
off-gassing in mature wood pellet can be attributed to a higher proportion of sapwood in the raw material. The probable
explanations to the observed differences are in line with biological mechanisms for self-heating and off-gassing, as well as
the chemical oxidation of fatty and resin acids.

Keywords Heat generation - Gas emissions - Feedstock composition - Sawdust drying - Pelletization process - Pellets
storage

Introduction is necessary at various stages along the supply chain. How-

ever, storage of wood pellets sometimes present a potential

Utilization of solid biofuels such as wood pellets for heating
and power generation requires considerably larger quantities.
Therefore, to ensure a consistent and reliable supply, storage
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hazard due to the possibility of self-heating and off-gassing
[1-3]. Excessive heat accumulation due to self-heating may
lead to spontaneous ignition, resulting in fires, while forma-
tion and emission of harmful gases such as carbon monoxide
and certain volatile organic compounds can affect the envi-
ronment and human health [4, 5], and may lead to explosions
in severe cases.

In a research study aimed at monitoring temperature fluc-
tuations within a wood pellets silo with a capacity of 4500
tonnes, temperatures as high as 65-70 °C were recorded
[6]. Furthermore, the study reports that at times during the
7-month storage period, the temperature levels increased
uncontrollably, necessitating the immediate emptying of
the silo as a precautionary measure to avert the risk of fire.
Another study with a similar focus recorded a tempera-
ture increase inside a wood pellets silo from 20 to 57 °C in
10 days [7]. Off-gassing studies of different wood pellets
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[8—10] have shown high concentrations of carbon monox-
ide (CO), carbon dioxide (CO,), methane (CH,), and vola-
tile organic compounds (VOCs). Most studies have attrib-
uted self-heating and off-gassing of wood pellets to abiotic
chemical oxidation of wood extractives, particularly the fatty
and resin acids [11-15]. However, in a recent study on off-
gassing of Scots pine wood pellets produced from separated
sapwood and heartwood, Siwale et al. [16] suggested that a
biological process, in combination with the chemical oxida-
tion of fatty acids, lay behind the off-gassing of wood pellets.

Wood formation in the life cycle of a tree has two phases.
During the early stages of growth, after establishing the
cambial zone, immature juvenile wood is produced, and as
the tree grows, it undergoes a gradual transition towards pro-
ducing mature wood [17]. The transition age was estimated
in the range of 11-27 years at breast height with juvenile
wood proportion of 15.3-47.5% [18]. A young tree predomi-
nantly forms juvenile wood, and as it ages, a distinct pattern
emerges where mature wood is produced primarily in the
lower section of the stem (the butt end), while the upper
part of the stem continues to generate juvenile wood [17].
This results in a tree stem having a consistent core diam-
eter of juvenile wood throughout its length. The proportion
of juvenile wood in a tree has been found to increase with
increasing tree height [19]. Therefore, pulpwood, top saw-
logs, and thinnings tend to have a much higher content of
juvenile wood than butt sawlogs. The proportion of sapwood
and heartwood in juvenile and manure wood also varies.
Yang et al. [20] found that the thickness of sapwood in the
lower section of a tree stem (up to about 10 m) remained
relatively consistent and considerably greater than that of
the upper section.

The chemical composition of sapwood and heartwood
has been well studied in literature. In general, heartwood
has a much higher extractive content than sapwood [21-23].
Additionally, heartwood extractives are more diverse, and
they include compounds such as phenolic compounds, resin
acids, and free fatty acids and these extractives mainly have
as a role to work as antimicrobial agents, whereas sapwood
extractives predominantly consist of triglycerides, with a
role of nutrient storage [24]. Across various pine species,
the total amounts of extractives were found in the ranges of
2.3-8.9% for heartwood, and 0.76-3.7% for sapwood [21].
There are contradictory conclusions regarding the compo-
sition of other wood chemical compounds in sapwood and
heartwood. Generally, in most softwoods, sapwood contains
more cellulose than heartwood, whereas the composition
of lignin, hemicelluloses, and other non-cellulosic carbohy-
drates is slightly higher in heartwood compared to sapwood
[25-27]. Apart from variations in chemical composition,
sapwood and heartwood differ physiologically [28—30]. Sap-
wood contains living parenchyma cells in addition to dead
tracheids, and performs three primary biological functions

of support, water conduction, and storage of nutrients, while
heartwood is entirely dead and only provide structural sup-
port. The characteristics, performance, and behavior of wood
in various applications and environments is shaped by its
anatomical and chemical composition [31]. This compo-
sition, in turn, is influenced by the presence, abundance,
and distribution of various wood tissues. Hence, sawdust
obtained from distinct parts or sections of a tree is likely
to exhibit differing self-heating and off-gassing tendencies.

In Sweden, large-scale forestry harvesting is nowadays
fully mechanized and all activities, including tree cutting,
delimbing, bucking, and sometimes debarking, are per-
formed within the forest [32]. During final felling harvests,
trees are usually segmented into butt, middle, and top saw-
logs, plus one to three pulpwood logs. Smaller trees that
are harvested during thinning operations are cut into either
pulpwood or small diameter sawlogs. The harvested sawlogs
are sorted and separately transported and processed at saw-
mills according to sawing classes. These classes are mainly
defined by the tree species and top diameter of the logs, but
in some cases may include additional factors like taper and
crook, and internal features such as knottiness and heart-
wood content if identifiable [33]. Therefore, systematic sepa-
ration of sawdust and other by-products generated during
sawmilling processes is technically feasible. This approach
when combined with appropriate raw material pre-treatment
measures can play a role in addressing the challenges related
to self-heating and off-gassing of wood pellet.

Wood pellets are a densified solid biomass in the form of
short cylindrical units with the diameter of 6—12 mm and
length not exceeding 40 mm [34]. They have emerged as
the preferred solid biomass fuel for heating and electricity
generation mainly due to their consistent and improved qual-
ity properties, which simplifies the handling logistics. These
properties are maintained through adherence to established
quality certification standards and guidelines [35, 36]. Key
features of wood pellets include their low moisture content,
high energy density, and uniform size and shape.

Wood pellets are produced from residual raw materials
such as shavings, wood dust, and sawdust from wood pro-
cessing industries, as well as log wood from short rotation
trees, thinnings, logging residues, and pulpwood [37]. In
Sweden, sawdust of the softwoods Norway spruce (Picea
abies) and Scots pine (Pinus sylvestris) is the most com-
monly used raw material for wood pellet production. The
production process involves sequential steps, including
drying, fine milling, conditioning, pelletization, and cool-
ing. Various types of dryers and systems are utilized, with
bed, belt, drum, and flash dryers, employing air or steam as
drying media, being the most common. The densification
of the material occurs during the pelletizing process stage.
In this phase, the conditioned biomass feedstock undergoes
compression through die holes under heat and pressure,
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resulting in the formation of dense cylindrical pellets. Dur-
ing the entire production process, the moisture content of
the raw material undergoes reduction from approximately
50% to around 8-12% after drying and conditioning, and
further decreases post-pelletization [38]. On the other hand,
the low bulk density of the feedstock is increased from about
40-250 kg/m?® depending on feedstock characteristic, to
600800 kg/m® [39].

The purpose of this study was to address self-heating
and off-gassing problems in wood pellet storage from the
perspective of raw material separation and pre-treatment.
The main objective was to investigate the self-heating and
off-gassing tendencies of Scots pine wood pellets made from
fresh sawdust separately generated from mature and juvenile
wood. Additionally, the study also investigated the effects of
raw material drying temperature and method as well as pel-
let moisture content on self-heating and off-gassing during
pellet storage.

Materials and Methods
Raw Materials Sourcing

Wood pellets for this study were produced from four dif-
ferent types of sawdust raw materials. These included two
control sawdust materials and two test materials consisting
of freshly generated Scots pine (Pinus sylvestris) sawdust,
obtained from two different specialized sawmills belonging
to Bergkvist Siljan Skog AB. The sawmills are located in
Mora (61.0049° N, 14.5370° E) and Blyberg (61.1512° N,
14.1815° E) in Sweden.

The test materials comprised of Mora sawdust, sourced
from a sawmill that processes large diameter butt/middle
sawlogs with a top diameter exceeding 22 cm under bark,
and Blyberg sawdust, obtained from a sawmill that handles
small diameter top end sawlogs with a bottom diameter of
less than 21.9 cm under bark. Mora sawdust contained a
greater proportion of mature wood, while Blyberg sawdust
had a higher proportion of juvenile wood due to the varia-
tions in positions and diameters of sawlogs from which the

sawdust was generated [19]. These test sawdust materials
were named Mora and Blyberg, reflecting the locations of
the respective sawmills. About 800 tonnes of fresh sawdust
was delivered to the pellet factories and processed into wood
pellets within a month of delivery.

The Control sawdust materials comprised of the regu-
lar sawdust blend employed at two distinct pellet factories:
Soldr Bioenergi Pellets AB in Alvdalen with an annual pro-
duction of 70,000 tonnes and Hirjeans Energi AB in Sveg
with an annual production of 85,000 tonnes. The Solor Bio-
energi Control sawdust was composed of a volume blend
ratio of 1:2:3, incorporating sawdust recovered from process
shutdowns, fresh sawdust, and stored sawdust, respectively.
On the other hand, the Hirjeans Energi Control sawdust had
a volume blend ratio of 1:2, comprising fresh and stored
sawdust respectively. For stored sawdust, freshly generated
sawdust is stored for more than 6 months before use. The
sawdust is stored outdoors, exposed to the prevailing envi-
ronmental conditions. This is a common industrial practice
in the wood pellets industry, which is aimed at minimizing
the risks of self-heating and off-gassing of wood pellets [40].

Drying Process

The pellets were produced using three different processes
distinguished by drying methods. The specific parameters
for each drying method are outlined in Table 1. Two of the
dying methods were conducted at the same pellet factory.
The first drying method was low-temperature drying in a
belt dryer, done at Solor Bioenergi Pellets AB in Alvdalen,
Sweden. This method involved air drying wet sawdust of
about 50% moisture content (MC) to the required MC in a
belt dryer. The process involves placing sawdust onto a hori-
zontally moving flat belt, while hot air is directed through
the material from above. The second method was medium-
temperature drying through a hybrid system, which com-
bined belt and drum dryers, also done at Solor Bioenergi
Pellets AB in Alvdalen, Sweden. In this method, wet sawdust
of about 50% MC was first air dried in a belt dryer to about
29% MC, and then subsequent dried to the required MC in
a drum dryer. The drum is equipped with heat exchange

Table 1 Dying parameters

Drying method
for each of the three drying ving

ture drying

Low-tempera-

Medium-temperature drying High-temperature drying

methods used in pellet

production Drying technique Belt dryer Belt & drum dryers Flash dryer
Drying media Air Air & indirect steam Superheated steam
Temperature Air inlet 78 °C, Air inlet 78 °C, sawdust outlet 35 °C (140-170 °C)?
sawdust outlet  steam (inlet 198 °C, outlet 66 °C)
67°C
Pressure N/A N/A 11-14 bar
Residence Time Long Medium Short

#Temperature of steam and sawdust inside the dryer
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tubes, which are heated by steam produced in an auxiliary
boiler. During the drying process, sawdust is exposed to the
heated surfaces, allowing the moisture within the material
to evaporate.

The third and last method was high-temperature drying in
a flash dryer, done at Hirjeans Energi AB in Sveg, Sweden.
This method involved drying wet sawdust of about 50% MC
to the required MC using pressurized superheated steam in a
flash dryer. The dryer is composed of tubular heat exchang-
ers. Sawdust is introduced in a closed drying system where
it directly interacts with pressurized superheated steam and
is conveyed through the dryer. The superheated steam acts
both as a source of heat and drying medium; it evaporates
and takes away the moisture in wet sawdust which becomes
part of the steam. The dried sawdust and steam are separated
in a cyclone and the steam is recirculated.

Pelletization

The drying processes were adjusted to produce three distinct
moisture levels with the target of giving pellets with vary-
ing moisture contents, as follows: high moisture content of
9%, medium moisture content of 6%, and low moisture con-
tent of 3%. At Hirjeéns Energi, 0.3% of starch is routinely
added to the raw material during conditioning, and this was

adopted. The pellets were produced using industrial ring die
pellet presses of which the specific press conditions for each
pellet mill are detailed in Table 2.

Experimental Design—Self-Heating and Off-Gassing
Measurements

This experiment was conducted in storage sheds at produc-
tion sites (Fig. 1). A total of 36 piles of wood pellets were
created, with 12 piles generated for each of the three drying
methods. For each type of pellets produced from the three
raw materials (control, Blyberg, and Mora), four piles were
constructed. These piles comprised of pellets with varying
moisture contents specifically: high (9%), medium (6%), low
(3%), and a mixture of high and low moisture contents. The
piles were constructed immediately after the pellets were
produced and sufficiently cooled. Each pile contained about
7.2 tonnes of wood pellets and measured approximately
1.5 m in height.

The temperature inside the piles was measured using
temperature data loggers (Tinytag Transit 2 — TG-4080)
positioned in the middle of the piles at heights of 50 cm and
100 cm from the floor. In piles containing a mixture of wood
pellets with high and low moisture content, an additional
logger was placed at a height of 75 cm (Fig. 2 top). The

Table 2 Pellet press conditions

. Pellet factory Material ~ Channel diameter ~ Channel length ~ Production rate®  Temperature °

at the two factories used to
produce the wood pellets for Solor Bioenergi  Control 8 mm 90 mm 32th 98-126 °C
the tests Blyberg 95-140 °C
Mora 98-130 °C
Hérjeans Energi  Control 8 mm 70 mm 29th 95-122 °C
Blyberg 88-122 °C
Mora 87-121 °C

4 Average production rate/pellet press throughout the period the pellets for all the materials were being pro-

duced

"Temperature of the pellets upon discharge from the press, the range indicates variations in raw material
moisture content, with higher temperatures being for low MC and lower temperatures for high MC

Fig. 1 Piles of wood pellets for
the experiments in storage sheds
at Hérjeans Energi AB in Sveg
(left) and at Solor Bioenergi
Pellets AB in Alvdalen (right)
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Fig.2 Schematic arrangement
of the piles of wood pellets
showing positioning of the
temperature loggers and the
replicated moisture contents
across all materials and dying
methods (top). The bottom
picture shows a perforated 5-1
polyethylene cylindrical tube
positioned within a pile before
being covered with wood pellets

Temperature
loggers

High MC pellets
(9%)

Medium MC
pellets (6 %)

Low MC pellets
(3%)

Mixed MC pellets
(9 % base, 3 % top)

loggers were programmed to record temperatures every 1 h
for the entire storage duration using Intab EasyView 11 soft-
ware. Temperature changes inside the piles were computed
by subtracting the initial temperature from the temperature
recorded at each measurement time point, and the maximum
temperature increase was taken as a measure of self-heating.

In addition to temperature measurements, off-gassing was
also measured for piles with pellets of a low moisture con-
tent for every material and drying method. A 5-1 polyethyl-
ene cylindrical tube with perforations was centrally placed
inside the pile to capture any released gases (Fig. 2 bottom).
The tube was equipped with a long pipe extending outside
the pile and featured an airlock valve at its end, serving as
a sampling port. The concentration of CO, CO,, and CH,
in the tube was measured using a multi-instrument based
on electrochemical and infrared (IR) sensors (ECOM J2KN
Pro-IN gas analyser, Palgo AB, Sweden). The procedure
involved inserting the analyser probe into the sampling port,
allowing it to equilibrate for 1 to 2 min before recording
the gas readings [9, 15]. The gas measurements were taken
every 48 h throughout the storage period.

The duration for each of the storage tests was 3 weeks,
extending from August 23 to September 19, 2022, for the
two tests conducted in Alvdalen, and May 08-29, 2023, for
the test conducted in Sveg. The mean temperature and rela-
tive humidity in the sheds during the storage period were
respectively 12 °C and 60% in Sveg while the correspond-
ing figures in Alvdalen were 13 °C and 65%. The data was

@ Springer

obtained from the loggers (Tinytag TGP-4500) positioned
inside the storage sheds.

Determination of Fatty and Resin Acids

The fatty and resin acids content of the sawdust and the pel-
lets after storage was determined. For each material, about
3 g of milled samples was extracted in triplicate using a sol-
vent mixture of petroleum ether and acetone, in a 90:10, v/v
ratio. The extraction was done using a Soxhlet apparatus run
for 12 cycles per sample. The extracts were then analyzed
for fatty and resin acids composition using a Hewlett Pack-
ard (HP6890-5973) GC/MS instrument and the method of
Arshadi et al. [13]. Full scan EI mass spectra (m/z 35-500)
were recorded and the NIST Mass Spectral Search Program
(version 2.0) was utilized to identify the peaks. An internal
standard heptadecanoic acid with a known concentration
was used to quantify the identified compounds.

Data Analysis

Two distinct statistical analyses were conducted. The first
was a two-way analysis of variance (ANOVA), followed by a
Tukey HSD post hoc test, to investigate the effects of drying
method and the type of raw material on self-heating. A two-
way ANOVA is a statistical method that is suitable when
comparing the differences between the means of more than
two groups. The second was a multiple regression analysis
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to examine the relationship between self-heating and both
pellet moisture content and the type of raw material. The
tests were performed using R version 4.2.3 software, and a
significance level of @ =0.05 was set for both tests.

Results

Effect of Raw Material and Drying Method
on Self-Heating

The results for temperature increase in the piles of wood pel-
lets produced from fresh mature wood (Mora), fresh juvenile
wood (Blyberg), and control sawdust are presented in Fig. 3.
The two-way ANOVA conducted to test the effect of dry-
ing method and raw material type on self-heating showed
significant effects for both drying method (F ,,=65.38,
p<0.05) and type of raw material (F' ¢ =61.97, p<0.05).
The Tukey HSD post hoc analysis showed significant dif-
ferences between the belt dryer and flash dryer, as well as
between the hybrid of belt and drum dryers and flash dryer
(p <0.05). However, there was no significant difference
between belt dryer and the hybrid of belt and drum dryers
(p=0.56). The pair comparisons of the mean maximum tem-
perature increase inside the piles for wood pellets produced
using the same drying method but different raw materials,
showed significant differences for all paired materials under
belt dryer and the hybrid of belt and drum dryers (p <0.05),
while there was no significant difference for those under
flash dryer.

Effect of Moisture Content on Self-Heating

The results for piles with pellets of a uniform moisture
content are shown in Fig. 4. The graphs plot the maxi-
mum temperature increase inside the piles in relation to
pellet moisture content. The multiple regression analysis
results showed that both the raw material type and pellet
moisture content significantly influenced the temperature
increase. The strongest correlations were observed for pel-
lets produced using the belt dryer (F 3 14,=83.52, multiple
R*=0.95, p<0.05) and the hybrid of belt and drum dry-
ers (F 3, 13y=62.05, multiple R*>=0.93, p<0.05). The pel-
lets produced with the flash dryer (F (5 14, =38.63, multiple
R?=0.65, p=0.002) had the lowest correlation. In piles con-
taining a mixture of pellets with varying moisture contents,
the temperature gradually increased from the pellets with a
high moisture content of about 9% (50 cm), to the interface
(75 cm) and up to the pellets with low moisture content of
about 3% (100 cm) across all the three materials (see Sup-
plementary Fig. 1).

Off-Gassing in Relation to Self-Heating

The concentrations of off-gases inside the storage piles
for pellets produced using the flash dryer were negligible.
Therefore, only the results from belt and the hybrid of belt
and drum drying methods are presented. The graphs in Fig. 5
show the variation in carbon monoxide concentration and
temperature within the piles over the storage period. This
pattern remained consistent for carbon dioxide and methane
as well.

Fig.3 Mean maximum tem- 60
perature increase inside the

piles of wood pellets produced

from fresh mature wood (Mora), 50
fresh juvenile wood (Blyberg),
and control sawdust dried using
three different methods, namely
low-temperature drying in a belt
dryer, medium-temperature dry-
ing in a hybrid of belt and drum
dryers, and high-temperature
drying in a flash dryer. Error
bars indicate the highest and
lowest maximum temperature
increase

30

20

Temperature Increase (°C)

10

® Mora Pellets
@ Blyberg Pellets

® Control Pellets

e ¢ t .

Mora Blyberg

Belt Dryer

Control

Mora Blyberg Control Mora Blyberg Control

Belt & Drum Dryers Flash Dryer
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Fig.4 Maximum temperature a

50

Low Temperature Belt Dryer b

Medium Temperature Hybrid of Belt & Drum Dryers

increase inside the piles in rela-
tion to pellet moisture content
for wood pellets produced from
fresh mature wood (Mora), fresh
juvenile wood (Blyberg), and
control sawdust. The individual
graphs are for different drying
methods, namely low-temper-
ature drying in a belt dryer (a),
medium-temperature drying in , 5 "

Temperature Increase (°C)

* Control * Control

« Blyberg

« Blyberg

* Mora

« Mora

Temperature Inrease (°C)

a hybrid of belt and drum dryers s . s . 7

(b), and high-temperature dry- ¢

ing in a flash dryer (c). The data »

for lowest moisture content of
Mora pellets is missing in figure
b because the temperature data
logger malfunctioned

Temperature Increase (°C)

a Low Temperature Belt Dryer
4500 90
4000 80
% —— Control (Gas)
3500 ——Blyberg (Gas) 70
——Mora (Gas)

3000 60
i - - Control (Heat) &
cEa. 2500 Blyberg (Heat) 50 K]
e e
S yberg (Hea 5
o - - Mora (Heat) e
O 2000 - w0 g
§
1500 30 F

1000 CE P S e L LY R 20

500 10

e T Sy - — —
0 — — — 0
0 50 100 150 200 250 300 350 400 450
Time (h)

Fig.5 Concentration of carbon monoxide and temperature inside the
pile at each time point during the 21-day storage period for pellets
produced from fresh mature wood (Mora), fresh juvenile wood (Bly-

Fatty and Resin Acids

Eleven fatty and resin acid compounds in varying concen-
trations were detected and identified in all the materials.
These included six fatty acids (nonanoic, hexadecanoic, hep-
tadecanoic, 9-octadecenoic, 9,12,15-octadecatrienoic, and
9,12-octadecadienoic) and five resin acids (pimaric, pimaric
isomer, isopimaric, abietic, and dehydroabietic). The total
concentrations of fatty and resin acids in the sawdust and
stored pellets are presented in Fig. 6. Generally, the total
fatty and resin acid content in sawdust was higher than in
stored pellets.

@ Springer
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berg), and control sawdust. The individual graphs are for low-temper-
ature drying in a belt dryer (a), and medium-temperature drying in a
hybrid of belt and drum dryers (b)

Discussion

Many studies on self-heating and off-gassing of wood pel-
lets have been conducted on a laboratory scale with the
aim of projecting the findings to large volumes of indus-
trial silos or piles storage. These mainly employ heat and
gas measuring techniques such as isothermal calorimetry
that require preheating and use of small quantities of pel-
lets [41-43]. This study investigated self-heating and off-
gassing of wood pellets from an industrial production and
storage perspective, and measurement of self-heating and
off-gassing parameters in real time. The results showed a



BioEnergy Research (2024) 17:1832-1842

1839

50

m Raw Sawdust Dried Sawdust Stored Pellets

40 I
30

1 g

10

Fatty and resin acids (mg/g)

Mora Blyberg Control

Fig.6 Mean total concentrations of fatty and resin acids in raw saw-
dust, dried sawdust and stored pellets of mature wood (Mora), juve-
nile wood (Blyberg), and control materials. The values were calcu-
lated based on the dry mass of the wood samples. Error bars indicate
the standard deviation of the mean

connection between self-heating and off-gassing; the stor-
age piles with high temperatures also had high concentra-
tions of off-gases (Fig. 5). This suggests that self-heating
and off-gassing in wood pellets either occur concurrently
with a common mechanistic explanation, or are influenced
by common factors. The peak temperatures and gas concen-
trations within the piles for all pellet samples were recorded
within 4 days of post-production storage, after which they
gradually dropped. Sedlmayer et al. [8] in their method cor-
relation analysis, similarly observed a correlation between
self-heating, determined by isothermal calorimetry, and
off-gassing, measured using offline and glass flask meth-
ods, with the correlations of determination (R*) of 0.84 and
0.83 respectively. Specifically, the study revealed that as the
temperature increased, there was a corresponding rise in the
concentration of off-gases.

The self-heating and off-gassing of biomass in general
result from either physical transition reactions, biological
oxidation, chemical oxidation, or a combination of these
mechanisms [1]. Most studies [10-13, 15] attribute the
self-heating and off-gassing of wood pellets to chemical
oxidation of wood extractives, particularly fatty acids. The
biological oxidation is often overlooked when it comes to
self-heating and off-gassing of wood pellets because it is
assumed that the pellets are relatively dry (moisture content
of 5-10%) and that the microorganisms cannot survive pel-
letization temperature of around 100 °C. However, Siwale
et al. [16] hinted on the possibility of a biological mecha-
nism even in wood pellets. The study examined the off-gas-
sing of wood pellets produced from separated sapwood and
heartwood sawdust, and it was found that sapwood pellets
were more prone to off-gassing than heartwood pellets. It
was therefore suggested that a combination of biological
processes, such as stress reactions in parenchyma cells of

sapwood, and chemical oxidation of fatty acids contributed
to the off-gassing of wood pellets. There are reports of bio-
logical processes forming carbon oxides for instance in cell
signaling [44]. Regarding the emission of CO, and CH, and
the consumption of O, in wood pellets, it is likely that sur-
viving parenchyma cells, initially aerobically metabolize
stored starch/fats (found in the sapwood), producing CO,,
and subsequently undergo anaerobic methane fermentation
[45]. Some studies have identified the heat of condensation/
sorption as a significant factor in initiating temperature rise
in stored pellets [46]. However, the results of our present
study indicate that the piles containing a mixture of wood
pellets with two different moisture contents (refer to Supple-
mentary Fig. 1) did not exhibit a higher temperature increase
compared to those with a uniform moisture content (Fig. 4).
This can be attributed to insufficient differences in moisture
and a relatively constant air humidity during the experimen-
tal period.

The results showed significant variations in maximum
temperature increase (Fig. 3) and gas concentrations (Fig. 5)
among different wood pellet types. As expected, the control
pellets, produced from the raw material primarily composed
of stored sawdust, exhibited reduced tendencies for self-
heating and off-gassing due to a reduction in triglyceride
extractive content, i.e., bounded fatty acids, and changes in
dry matter composition, resulting from long raw material
storage [40]. The piles with wood pellets produced from
fresh mature wood sawdust (Mora) had the highest tempera-
tures and gas concentrations. High temperatures of around
70-80 °C, corresponding to temperature increase of about
50 °C, were recorded. Additionally, the pellets on top of
these piles started to disintegrate just after 2 days of stor-
age, likely due to increased self-heating (see Supplemen-
tary Fig. 2). This can potentially result in loss of dry matter
and deterioration in pellet quality properties [47]. The pel-
lets produced from fresh juvenile wood sawdust (Blyberg)
showed significant reductions in both the maximum tem-
perature increase and gas concentrations when compared
to those produced from fresh mature wood sawdust. This
implies that the type of raw material used, particularly wood
maturity, significantly influences the self-heating and off-
gassing propensity of the wood pellets. This correlation
aligns with prior findings relating to sapwood and heartwood
pellets [16]. The increased self-heating and off-gassing in
fresh mature wood pellets can be attributed to its higher
proportion of sapwood with living parenchyma cells [20], or
the increased nutrient storage in mature sapwood compared
to juvenile sapwood.

The moisture content of the pellets and the drying
method employed had an impact on the propensity for self-
heating. Generally, across all materials, the temperature
within storage piles decreased as pellet moisture content
increased (Fig. 4). A stronger effect was however obtained
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from different drying methods. The pellets produced from
sawdust dried at low temperature in a belt dryer and at
medium temperature in a hybrid of belt and drum dryers
exhibited high levels of self-heating. In contrast, steam
drying sawdust at high temperature and pressure in a flash
dryer resulted in a significant reduction in heat generation
for all materials (Fig. 3). There was also high temperature
variation inside the piles, as evidenced by a noticeable
difference between the lowest and highest recorded maxi-
mum temperature increase values. High temperatures were
recorded near the upper regions of the piles, at 100 cm,
whereas temperatures at the 50 cm were comparatively
lower. Regarding the variations resulting from different
drying methods, the fact that harsher conditions, i.e., high
temperature and pressure, led to less self-heating and off-
gassing fits well with the hypothesis of a biological expla-
nation. The heat simply killed a large fraction of the living
parenchyma cells, hence leading to less heat and gas gen-
eration. However, superheated water extraction is known
to successfully extract extractives especially bioactive
compounds from plant materials [48, 49]. The increased
temperature improves diffusion of the solvent (steam)
and high pressure facilitates penetration of the solvent
and allows the wood material to be filled rapidly. There-
fore, the use of superheated steam under high pressure in
flash drying may have served as an extraction medium
and removed some of the extractives from the sawdust
raw material, which may interact both with biological
and abiotic mechanisms for self-heating and off-gassing.
Analysis of fatty and resin acids showed that raw sawdust
generally had higher total fatty and resin acid content than
stored pellets across all samples (Fig. 6). The reduction of
these compounds from sawdust to stored pellets was more
pronounced in mature wood (Mora) than in juvenile wood
and control samples. This implies that chemical oxida-
tion of fatty and resin acids might have contributed to the
phenomena of self-heating and off-gassing observed in the
wood pellets investigated in this study.

The results of this study are of note to the wood pel-
let production industry. The identification of significant
effects related to drying methods and raw material types
highlights the need for careful consideration in the selec-
tion of both parameters to mitigate the risk of self-heating
and off-gassing in wood pellet storage. Furthermore, the
low self-heating and off-gassing in pellets produced from
the control sawdust shows that storing fresh sawdust for a
period of time prior to pellet production remains the most
effective method for mitigating self-heating and off-gas-
sing. However, sorting and separating the raw materials at
source can facilitate the development of storage schedules
tailored to specific raw materials, thereby reducing on the
raw material storage time.

@ Springer

Conclusion

The results of this study showed that Scots pine wood pel-
lets produced from mature wood sawdust have a higher
self-heating and off-gassing propensity compared to those
produced from juvenile wood sawdust. The probable expla-
nations to these observed differences are in line with bio-
logical mechanisms for self-heating and off-gassing, as well
as the chemical oxidation of fatty and resin acids. Lastly,
employing a drying method that uses steam and has rigorous
temperature settings reduces the wood pellets’ self-heating
and off-gassing abilities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12155-024-10736-5.
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