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Abstract
Off-gassing of hazardous compounds is, together with self-heating and dust explosions, the main
safety hazards within large-scale biomass storage and handling. Formation of CO, CO2, and VOCs with
concurrent O2 depletion can occur to hazardous levels in enclosed stored forest products. Several
incidents of CO poisoning and suffocation of oxygen depletion have resulted in fatalities and injuries
during cargo vessel discharge of forest products and in conjunction with wood pellet storage rooms
and silos. Technologies for torrefaction and steam explosion for thermal treatment of biomass are
under development and approaching commercialization, but their off-gassing behavior is essentially
unknown.
The overall objective of this thesis was to provide answers to one main question: “What is the offgassing behaviour of thermally treated lignocellulosic biomass during storage?”. This was achieved
by experimental studies and detailed analysis of off-gassing compounds sampled under realistic
conditions, with special emphasis on the VOCs.
Presented results show that off-gassing behavior is influenced by numerous factors, in the following
ways. CO, CO2 and CH4 off-gassing levels from torrefied and stream-exploded biomass and pellets,
and accompanying O2 depletion, are comparable to or lower than corresponding from untreated
biomass. The treatments also cause major compositional shifts in VOCs; emissions of terpenes and
native aldehydes decline, but levels of volatile cell wall degradation products (notably furans and
aromatics) increase. The severity of the thermal treatment is also important; increases in torrefaction
severity increase CO off-gassing from torrefied pine to levels comparable to emissions from
conventional pellets, and increase O2 depletion for both torrefied chips and pellets. Both treatment
temperature and duration also influence degradation rates and VOC composition. The product
cooling technique is influential too; water spraying in addition to heat exchange increased CO 2 and
VOCs off-gassing from torrefied pine chips, as well as O2 depletion. Moreover, the composition of
emitted gases co-varied with pellets’ moisture content; pellets of more severely treated material
retained less moisture, regardless of their pre-conditioning moisture content. However, no covariance was found between off-gassing and pelletization settings, the resulting pellet quality, or
storage time of torrefied chips before pelletization. Pelletization of steam-exploded bark increased
subsequent VOC off-gassing, and induced compositional shifts relative to emissions from unpelletized
steam-exploded material. In addition, CO, CO2 and CH4 off-gassing, and O2 depletion, were positively
correlated with the storage temperature of torrefied softwood. Similarly, CO and CH4 emissions from
steam-exploded softwood increased with increases in storage temperature, and VOC off-gassing from
both torrefied and steam-exploded softwood was more affected by storage temperature than by
treatment severity. Levels of CO, CO2 and CH4 increased, while levels of O2 and most VOCs decreased,
during storage of both torrefied and steam-exploded softwood.CO, CO2 and O2 levels were more
affected by storage time than by treatment severity. Levels of VOCs were not significantly decreased
or altered by nitrogen purging of storage spaces of steam-exploded or torrefied softwood, or controlled
headspace gas exchange (intermittent ventilation) during storage of steam-exploded bark.
In conclusion, rates of off-gassing of CO and CO2 from thermally treated biomass, and associated O2
depletion, are comparable to or lower than corresponding rates for untreated biomass. Thermal
treatment induces shifts in both concentrations and profiles of VOCs. It is believed that the knowledge
and insights gained provide refined foundations for future research and safe implementation of
thermally treated fuels as energy carriers in renewable energy process chains.
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Introduction
Lignocellulosic biomass, especially woody biomass, has been crucial historically
for humans and societal development as a source of heat, food, and building
materials. In 2016, ca. 56 EJ (about 10% of the total amount of energy used by
humans globally) was generated from various kinds of biomass, including waste.
About two thirds of this amount (35 EJ) was used in traditional ways in
developing countries, for warmth and cooking [1, 2]. The amount of energy from
biomass used annually could potentially exceed 150 EJ by 2035 [3].
Biomass accounts for ca. 80% of the total amount of energy produced from
renewable resources (which include hydro, wind and solar power sources) [1, 4],
and it is the only renewable resource that can be used as building blocks for
chemical production, and to produce solid, liquid or gaseous fuels. Biomass
together with hydropower are renewable options that can be stored [1], however
biomass will need to be densified (pelletization) in order to function in large-scale
handling systems [5].
In 2015, global wood pellet consumption amounted to 28 million tonnes [6], of
which about 20.3 million tonnes were used in Europe [7]. About 70% of the latter
were produced in the EU, most of the rest (5.67 million tonnes) were imported
from North America, the remainder was sourced mainly from Russia (including
CIS countries). Accurate trade figures for wood pellets in Europe are only
available from 2009, following introduction of a separate tracking number.
Nevertheless, together with imported wood waste (such as sawdust and logs), the
transatlantic trade increased from ca. 3 000 tonnes in 2000 to 5.67 million
tonnes in 2015 [8, 9].
In 2002, the first known case of CO-poisoning from stored wood pellets, during
discharge of a transatlantic cargo vessel at Rotterdam docks in The Netherlands,
was reported. The incident resulted in one death and several injuries [10]. Until
then CO off-gassing had only been reported as a potential safety hazard from
stored gain products [11-13]. In the following years a number of fatal and serious
injuries due to CO off-gassing or strong oxygen depletion associated with
discharges of cargos of wood chips, timber and wood pellets (or storage of wood
pellets in silos or other spaces) were recorded [14, 15]. In 2002-2015, 20 reported
fatalities and nine serious injuries were attributed to CO-poisoning or suffocation
due to entry into (or in conjunction with) enclosed storage of forest products [16].
In 2002, in response to the first cargo discharge incident, work began on issuing
warnings, and the first Material Safety Data Sheet (MSDS) for wood pellets was
formulated in 2003. Efforts to update regulations of the International Maritime
1

Solid Bulk Cargoes (IMSBC) code also began, and wood pellets became classified
as Material Hazardous in Bulk (MHB) in the International Maritime
Organization’s (IMO’s) bulk code regulations, with effect from 2005 [15, 17].
Studies revealed that off-gassing was not only associated with wood pellets, but
occurred from all woody products, resulting in an stricter updated version with
effect from 2009 [15].
Biomass that has been thermally treated by torrefaction or steam explosion,
constitutes a new type of energy commodity, intended for bioenergy production
– with several refined fuel properties relative to that of untreated biomass.
Thermal treatments can be applied to stemwood of trees, but their main
envisioned uses are to upgrade low-value feedstock, such as forest residues or
agricultural products. Wood pellets can directly substitute up to 5-10% of coal in
coal-fired power stations without compromising combustion performance or
boiler adaptations, but not more due to limitations associated with its lower
heating value and intrinsic biomass properties such as its fibrous structure and
consequently larger than optimal particle sizes, relatively poor flow propensities
and consequent tendency to plug conveyers [18-20]. In contrast, pellets of
thermally refined materials have been successfully co-fired from 10% up to full
substitution [21]. Torrefied and steam-exploded materials are approaching
market introduction with proven technology at demonstration scale, but while
some techno-economic feasibility studies have indicated that they should be
commercially competitive in comparison to conventional pellets [22], others have
reached the opposite conclusion [23].
Robust safety procedures for handling, storage and trading systems will be
required to enable successful large-scale commercial use of biomass as a
renewable resource, as shown by problems that arose during the commercial
introduction of untreated wood pellets. The three highlighted concerns are: selfheating behaviour[24-26; excessive dust formation, which poses risks in terms of
inhalation and (even more importantly) dust explosions [24]; and hazardous offgassing [25, 26].
Off-gassing behavior of the new thermally treated energy commodities is
essentially unknown, but increased trading, shipping and bulk storage of
untreated biomass has taught us the hazards of off-gassing. In addition, studies
of effects of thermally treating wood for preservation purposes have shown that
even mild thermal treatment markedly affects off-gassing VOCs’ composition, as
it triggers emission of cell wall degradation products [27, 28]. Thermal treatment
regimens for bioenergy production are much more intense, so the compositional
shifts in VOC off-gassing will be more profound. Various compounds emitted
from untreated biomass are regarded as skin and mucous irritants (notably
aldehydes and terpenes) [29-31], but the off-gassing components derived from
2

cell wall degradation could include members of new chemical groups, for example
furans and aromatics, respectively derived from hemicellulose and lignin
degradation.
The hard-learned lessons from handling untreated wood pellets have raised
awareness of the importance of assessing off-gassing behaviour of thermally
treated biomass before market introduction. The aim of the work underlying this
thesis was to obtain knowledge and insights regarding off-gassing behaviour
(emissions of CO, CO2 and CH4, depletion of O2, and VOC off-gassing) of
lignocellulosic biomass treated by torrefaction or steam explosion. The studies
included intensive analyses of the off-gassing behaviour of both treated chips and
pellets produced with diverse process and storage settings.
Taken together, hopefully this new knowledge and insights obtained will aid
future research on the safe implementation of thermally treated energy
commodities.
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Thesis objective
Thermally treated lignocellulosic energy-carriers are on the brink of market
introduction, which raises the main question addressed in this thesis:
“What is the off-gassing behaviour of thermally treated lignocellulosic biomass
during storage?”
The thesis focuses on a set of factors and phenomena that are defined as follows:
“Off-gassing” - emission of condensable and non-condensable gaseous
compounds from a solid material; “Behaviour” - release of compounds, as well as
their concentrations of increases or decreases in relation to specific process or
storage-settings; “Thermal treatment” - torrefaction and steam explosion;
“Lignocellulosic biomass” - plant biomass (composed of cellulose, hemicellulose,
and lignin) intended for bioenergy production; “During storage” - storage of
processed biomass in an enclosed environment.
These factors and phenomena were addressed in studies reported in Papers I-VI.
Specific objectives were to:
Paper I:

Evaluate changes in the composition of permanent gases and
VOCs emitted from torrefied and steam-exploded wood, processed
at bench-scale, in response to variations in treatment severity and
storage conditions.

Paper II:

Assess VOCs off-gassing from steam-exploded bark, processed at
pilot-scale, at key exposure points along the production line, and
evaluate effects of varying process severity.

Paper III:

Monitor changes in VOCs composition over time during controlled
ventilation of steam-exploded bark processed at pilot-scale.

Paper IV:

Identify combinatory effects of torrefaction and pelletization
process parameters on the quality of pellets produced by pilotscale torrefaction and pelletization.

Paper V:

Evaluate changes in off-gassing of VOCs and permanent gases
from torrefied pine chips produced at pilot-scale in response to
variations in torrefaction severity and post-cooling technique.

Paper VI:

Evaluate changes in permanent gases from a wide array of pellets
produced at pilot-scale from torrefied pine in response to
variations in treatment severity, pelletization parameters, and
physicochemical pellet quality properties.

Through reporting these studies, and conclusions based upon them, this thesis
contributes with knowledge and new insights regarding one of the main safety
aspects during storage and transport of thermally treated biomass.
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Figure 4 Paper IV

Figure 5 Paper V
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Origins and characteristics of biomass
Biomass encompasses any biological material (plant, animal or prokaryotic).
Plant biomass is the most abundant and can be divided into material containing
mainly cellulose (cellulosic) and material that contains lignin as well as cellulose
(lignocellulosic), such as woody biomass [32].
Anatomically, fresh woody biomass is a massively complex matrix of diverse types
of cells, membranes and vessels that i.a. enable transport of substances through
the long stems, provide protection against pests and pathogens, and form a sturdy
base that keeps trees upright. Wood is divided into hardwood and softwood.
Botanically, as both are seed producing plants, they are in the same division of
spermatophytes, but thereafter separated by botanical subdivision into
gymnosperms and angiosperms, by their how they bear their seeds. Conifers are
an order of gymnosperms, and monocots and dicots count to angiosperms.
Softwood trees have needles and exposed seeds, cones. Hardwood trees have
leaves and are flowing plants [33].
Gymnosperms and angiosperms are both vascular plants. The vessels in vascular
plants are composed of xylem (lignified cells that enable transportation of water
and nutrients from the soil via roots throughout the plant, and provide rigidity)
and phloem (non-lignified cells, including sieve-tube elements and various
supporting cells, involved in nutrient transport). The lignified tissue is called
secondary xylem, which is different between gymnosperms and angiosperms.
Softwood is composed to 90-95% of tracheids, a longitudinal cell, that as early
wood provides a water conducting system and as late wood develops a lignified
cell wall that provides rigidity [32]. Ray cells compose the remaining part, but
certain softwoods also contain a small fraction of longitudinal parenchyma cells
and resin canals, the latter important for defense and for healing of damaged
tissue. Resin is composed of a several complex organic compounds [33, 34].
Hardwoods are more complex, composed of fiber tracheids, vessel elements,
wider rays than softwood, and ray and longitudinal parenchyma cells. The fibers
provide rigidity and vessel the water conducting system [34]. The proportions of
different cells within hardwood vary widely between genera and species [33].
Mature xylem cells have a primary cell wall and a secondary cell wall composed
of three layers. Following division in the cambium, the primary cell wall is
formed. As growth of the primary cell wall is ceasing, thickening of the cell wall is
initiated by formaing a of the secondary cell wall. Both primary and secondary
cell walls are mainly composed of cellulose microfibrils, but in the former they
are randomly organized, while in the latter the microfibrils are deposited in an
7

organised manner, with coatings of hemicelluloses, lignin, pectins, proteins, and
lipids. The extent of lignification is highly cell- and species-specific [34, 35].
Hence, wood has essentially three main components (cellulose, hemicellulose,
and lignin), in substantially varying proportions, and smaller fractions of other
components sometimes collectively called “extractives”.

4.1

Wood components

Hemicelluloses comprise a heterogeneous class of polysaccharides, which form
links to both cellulose and lignin, thereby stabilizing cell walls. The
polysaccharide chains in hemicelluloses are shorter, branched, and amorphous
in contrast to those of cellulose. Thus, the hemicellulose fraction is more
susceptible to hydrolysis and less thermally stabile. Hemicelluloses generally
account for 15-35% of plant biomass, but their specific composition is highly
dependent on taxa, species, cell type and age [36]. The main hemicelluloses are:
xyloglucan
in
conifers’
primary
walls;
galactoglucomannan
and
glucuronoarabinoxylan in conifers’ secondary walls; xyloglucan, with small
amounts of glucuronoarabinoxylan and glucomannan in dicots’ primary walls;
glucuronoxylan with some glucomannan in dicots’ secondary walls; and
glucuronoarabinoxylan in both primary and secondary cell walls of grasses [37].
Cellulose is composed of oxygen-ether bound 1,4-linked β-D-glucose units. The
chains are bound by hydrogen bonds, creating microfibrils which may contain a
hundred to thousands of glucose units. The microfibrils bundle together, forming
fibrils, which have both crystalline and amorphous regions. Typically, cellulose
comprises 40-50% of cell walls, with slightly higher values for hardwoods (Fengel
1975). Cellulose is more thermally stable than the hemicellulose polysaccharides
due to its high crystallinity; degradation starts at about 270°C [38].
Lignin provides cell walls with defences against pathogens and rigidity, enabling
tall trees to stand upright, and transport both water and nutrients [39]. It is a
polymer of cross-linked phenolics, composed of three monomeric building
blocks: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The monomers
differ in number of methoxy groups: p-coumaryl alcohol has none, coniferyl
alcohol has one at its C-3 position, and sinapyl alcohol has one at C-3 and another
at C-5. The lignin matrix is composed of oxidatively coupled alcohols, bound
predominantly in β-O-4, β-5, β-β ether linkages. The resulting mono-lignol units
derived from p-coumaryl alcohol, coniferyl alcohol and sinapyl are referred to as
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively.
H-units are predominantly found in grasses, but lignins in grasses also
incorporate G- and S-units. Lignins in softwoods are dominated by G-units, but
they also contain a small fraction of H-units, while hardwood lignins contain both
8

G- and S-units [39, 40]. However, lignin composition can also vary substantially,
depending on cell wall layers, developmental stage, and in response to
environmental cues [39]. Moreover, lignin polymers may also incorporate
various other compounds, such as intermediates of the monolignol biosynthesis
pathway [41]. Lignin starts to degrade over a large temperature range, ~150900°C [42].
Extractives denote a group of compounds possible to extract by polar or nonpolar solvents [34]. Extractives are composed of saturated and unsaturated fatty
acids, fatty acid glycerides, resin acids, steryl esters and steroids, terpenes and
terpenoids and waxes. Their contents vary strongly between species and between
parts of trees; notably heartwood contains more extractives than sapwood. Resin
acid in pine’s heartwood hold 70-80% of total extractives while resin acid and
fatty acid content occur equally in sap wood. Extractive content increases with
tree height. Contents can also differ substantially between trees of the same taxa.
The compounds generally have relatively low molecular weight, and are emitted
as VOCs, or as heavier semi-VOCs (Back, Allan 2000). Biomass-associated VOCs
include terpenes, terpenoids, aldehydes, alcohols, and alkenes. Some VOCs in
lignocellulosic biomass play important roles in pathogen defenses and/or growth
and development processes [43]. Contents and profiles of VOCs are dependent
on various factors, including species, season and climate [43]. Bark contains high
extractive amounts such as waxes, fats and fatty acids, and oils [34].
Terpenes are hydrocarbons composed of isoprene (C5H8) units: monoterpenes
are composed of two of these units, sesquiterpenes of three, etc. Monoterpenes
may be linear or form rings; pinene is a bicyclic terpene, and the main component
of pine wood resin. Pinene has two isomers: α- and β. Higher levels of
monoterpenes are present in pine (0.8-1.1% in heartwood and 0.4-0.5% in
sapwood) than in spruce (0.02-0.08%) [44]. Pine’s resin canals have a resin acid
mixed with turpentine, composed of monoterpenes such as α- and β-pinene [34].
A terpenoid is a terpene with some differences in methyl groups and bound
oxygen. Monoterpene contents of trees are both highly genetically and
ecologically regulated [35]. Monoterpene degradation reportedly starts at 120°C,
and involves diverse reactions such as dehydrogenation, double bond cleavage,
epoxidation, and allylic oxidations (McGraw et al., 1999).
Pine’s ray parenchyma cells are composed of fatty acid esters and nonsaponifiable compounds. Fatty acids in softwood are mainly esterified forms of
linoleic and pinolenic acids in triglycerides. Hexanal formation may occur
through chemical auto-oxidation of linoleic acid [45]. CO formed in untreated
biomass is has been suggested to be a degradation product of auto-oxidation of
fats and fatty acids [31].

9

Thermal pre-treatments of biomass
Thermal pre-treatments can be used to refine lignocellulosic biomass to enhance
desired fuel properties The most common thermal treatment technologies
include torrefaction, steam explosion, hydrothermal carbonization and low
temperature pyrolysis [46, 47].

5.1

Torrefaction

The word “torrefaction” has historically been associated with coffee roasting [48].
During World War II, in response to the fossil fuel rationing, there was an
extensive development of small scale wood gasifiers. The gasifiers were hitched
into various vehicles (e.g. cars, buses, tractors), called wood gas vehicles or wood
mobiles. At the time, torrefaction was tested as means to upgrade biomass to
improve gasifier performance, which although successful, was found too
expensive [49]. Several decades later, in the 1980’s, torrefaction began to be more
widely applied, when presented as a potential large-scale method to convert plant
biomass into a more refined energy carrier for subsequent combustion or
gasification – a midpoint in its transformation to charcoal [50].
Today, torrefaction is an intensively researched thermal method for pretreating
lignocellulosic biomass to improve key fuel properties, thereby yielding an
enhanced energy carrier that can, under some circumstances, be used as a coal
substitute in heat and power production or metallurgical processes, as well as for
gasification for power and bio-fuel production [46]. Torrefaction is conducted at
200-350 ºC in inert non-pressurized atmosphere [51, 52]. The treatment reduces
amounts of bound oxygen and hydrogen, thereby lowering O/C and H/C ratios,
and increasing energy density sufficiently to approach heating values of
bituminous coal [53]. Torrefaction is often claimed to yield a solid product with
70-80 % of the weight of the initial biomass, but retaining 85-90% of its energy
[54, 55]. Like coffee beans, torrefied material comes in a wide range of lightly to
dark roasted varieties, depending on how severely the material has been treated;
the severity is the result of the combination of torrefaction temperature and
residence time. Torrefaction has been tested on a diversity of lignocellulosic
biomasses, but it is considered particularly suitable for refining low-value
feedstocks such as logging residues [56] and has even been tested on coffee
ground waste [57].
Torrefaction makes biomass more brittle, thus lowering the required grinding
energy [18, 58], which reduces both costs of grinding before combustion and
enables the use of existing coal grinding infrastructure without retro-fitting [55].
Grinding energy requirements in the range of 23.9-102.6 kW/h have been
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reported for torrefied pine chips, depending on treatment severity; much lower
than the reported 237.7 kW/h for untreated chips and approaching coal grinding
ranges (7-36 kW/h) [18]. Torrefaction also reduces materials’ moisture
absorptivity [59], thereby cutting transport and storage costs. However, torrefied
material is susceptible to fungal attack during both uncovered and covered
storage [59].
Torrefaction begins with dehydration, as free and bound water in plant cell walls
is released, and remaining parts are decomposed and structurally changed. The
decomposed cell wall components are released as volatiles (some permanent
gases and some condensable compounds) during the process. At temperatures up
to 100 °C dehydration mainly occurs, and after water evaporation extractives
start to decompose; between 100-250 °C water is released through condensation
reactions, together with highly volatile compounds; at > 200 °C hemicellulose
degrades and small structural changes occur in lignin; at > 270 °C cellulose
degrades; and at > 350 °C lignin degradation is intensified [60-64]. Torrefaction
is generally defined as commencing at temperatures > 200°C [61].
Hemicellulose is the least thermally stable of the main cell wall components [65,
66]. This property is attributed to its non-crystalline form, and is partly
dependent on species; biomass from species with high xylan contents loses mass
more rapidly [63]. Crystalline cellulose is more thermally stable and has been
shown to remain intact until the temperature region where degradation begins.
Lignin degradation begins at an early stage, but some lignin compounds
reportedly resists degradation at temperatures well into the pyrolysis range [42].
As the majority of the lignin fraction is more thermally stable than hemicellulose,
its relative content increases with increases in treatment severity. Lignin has been
shown to undergo cleavage of β-O-4 linkages, condensations in C-C bonds, and
reductions of methoxy and hydroxyl groups [67, 68]. At more severe torrefaction,
almost complete degradation of β-O-4, β-β, and β-5 linkages occurs [62].
Hakkou, Pétrissans et al. (2006) showed that extractive contents of beech wood
started to increase after 160°C to 240°C but thereafter degraded [69]. Similar
behaviour was reported in pine and oak [70] and on birch wood [71]. The major
degradation products during torrefaction are the permanent gases CO, CO 2, CH4,
and condensable gases of low molecular weight hydrocarbons and water [72, 73].
There are three fractions of condensable gases: 1) organic (mainly degradation
products) – polysaccharides, furans, alcohols, and ketones, 2) lipids (mainly
intact from original biomass) – waxes, terpenes, fatty acids, tannins, and 3) water
- both water bound in the biomass, and water formed in degradation reactions
[74, 75]. Deciduous and herbaceous wood species have been shown to release
more volatiles (notably methanol and acetic acid) during degradation than
coniferous wood, reportedly due to their higher contents of xyloses with abundant
methoxy and acetoxy groups [73]. Due to the natural variation of biomass
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composition, there are large spectra of temperature- and residence time-related
onsets, and variations in resulting gas compositions.
Torrefaction severity is often expressed in terms of mass yield, the anhydrous
weight loss: the weight of the product divided by the weight of the untreated
biomass, on an ash-free basis. This measure provides little indication of the
species-specific chemical transformations involved, so end-products with the
same mass yield but derived from different types of biomass may have very
different qualities. Thus, strenuous efforts have been made to correlate mass
yields with various properties of specific kinds of biomass [76], and to derive
more robust measures of torrefaction severity [77].

5.2

Steam explosion

“My invention relates to hard, grainless fiber products and process of making
same. Ligno-cellulose materials, such as wood, and the like are adapted for use
in making my improved products.”
William. H. Mason, 1928, Inventor of steam explosion [78]

With those words, Mr. Mason started an application to patent a steam explosion
process, which he had invented, and its use. The year was 1928, and the patent
goes on to state that the method was especially applicable to waste wood - to
enhance its properties. Mason’s main intention was to use it to make fibre sheets,
although he foresaw that the product could potentially have formats. Throughout
his application he notes that the wood is converted to fibres, due to the explosive
treatment, forming a hard grainless product that retains practically all the
original woody substance, and that the fibres bind strongly together upon drying,
retaining strength and rigidity in all orientations. However, he probably did not
foresee that nearly 100 years later his durable fibre products would be desirable
materials for new refined energy commodities: pellets of steam-exploded
biomass. Quite the contrary, Mason suggested that the fibre sheets should be
post-treated with a fire-retardant.
In the 1980’s the intended fibre board production process was revived as a pretreatment for upgrading lignocellulosic biomass for energy purposes. Steam
explosion first found applications as a facilitator of biochemical treatments, as it
can effectively break the recalcitrant structure of biomass, thereby increasing
cellulase accessibility [79]. More recent studies have shown that it is also a
suitable preliminary treatment for thermochemical refinement, as the durable
fibre board technology can also be used to make durable pellets [29, 80].
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Steam explosion is a thermal treatment involving use of high-pressure steam to
heat lignocellulosic biomass for a given time, before rapidly releasing the pressure
and passing the material through a blow valve, thereby defibrating it [81-84].
Steam explosion has been shown to improve fuel-related properties of diverse
types of biomass. For example, it can enhance the mechanical strength of
pelletized palm oil residues [85] and reduce various materials’ moisture
absorptivity [86-88].
The discharge process stimulates both mechanical breakdown of the fibres [89]
and chemical modifications due to de-acetylation and de-polymerization of
hemicelluloses [90], resulting from both the high process temperature and
release of acetic acid during the process. Moreover, it depolymerizes lignin by
cleaving β-O-4 bonds (to increasing degrees with increases in treatment severity),
and induces its condensation by increasing C-C bonds [91].
Steam explosion is often quantified in terms of the severity factor, which
incorporates both the temperature and residence time. Initially the factor was
regarded as a predictor of xylan solubilization, but it has also been used as an
indicator of furfural generation or medium acidity [90]. The severity factor is
given by:
𝐿𝑜𝑔 𝑅𝑜 = log (𝑡 ∗ exp (

𝑇−100
14.75

(Eq. 1)

)),

where T is the treatment temperature, t is the residence time, and 14.75 is the
activation energy, assuming a hydrolytic process with first order reaction kinetics
[92].

5.3

Other pre-treatments

Hydrothermal carbonization (HTC) is a thermal treatment in which biomass is
heated at 180-260 °C in pressurized water (2-6 MPa) for a given time [93]. HTC
is also known as wet torrefaction, in which biomass undergoes hydrolysis,
dehydration and carboxylation reactions, resulting in a permanent gas phase, an
aqueous phase with condensed compounds, and a residual solid bio-coal, called
hydrochar [94]. The resulting energy carrier has higher energy density than
untreated biomass [95]. Pellets of hydrochar reportedly have increased
resistance to moisture and abrasion than the starting material, and a higher
heating value of 26.4 MJ/kg [96]. HTC is most suitable for biomass with high
moisture content, e.g. sewage sludge and municipal waste [97].
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5.4

Densification of thermally treated materials

Pellets of either torrefied biomass or steam-exploded biomass are sometimes
called black pellets. To avoid confusion, the term is not used in this thesis.
Instead, the resulting pellets are referred to as pellets of torrefied or steamexploded material. This nomenclature is long-winded, but more accurate than
shorter constructions, such as “torrefied pellets”. Although most torrefaction
research concerns processes involving torrefaction of the material followed by
pelletization of the torrefied product (and/or the materials used and products),
some studies have observed effects of torrefying previously compacted pellets,
which generally results in inferior pellets [21, 98, 99]. Thus, there are hesitations
to use of the equivocal term “torrefied pellets”, as the expression indicates the
reverse order. Although no attempt has been made to produce steam-exploded
pellets by the reverse process order in the studies this thesis is based upon, for
the sake of consistency they are equivalently denoted “pellets of steam-exploded
material” here.
The density of lignocellulosic biomass can be raised by pelletization or
briquetting. The thermal treatment increases the solid product’s energy density
by mass, and if this is combined with a densification step the product’s energy
density by volume is also raised. Typically, bulk density can be increased around
three-fold, from 40-250 kg/m3 to 600-800 kg/m3 [100, 101]. Numerous factors
affect pellet quality: 1) chemical and physical properties of the feedstock e.g.
particle size distribution, and contents of extractives, lignin and fibre; 2) pretreatment of the feedstock, e.g. adjustment of moisture content, steam treatment,
or use of additives; and 3) pellet press settings, e.g. press type, die temperature,
and press channel dimensions [4, 100-103].
Producing durable pellets of torrefied material has proved more difficult than
initially anticipated, as single-pellet press studies have shown that high frictional
forces occur regardless of raising die temperature or adjusting moisture content
[104]. Further single press-studies showed that a pelletization required a narrow
process window [105]. The budding torrefaction industry previously expected to
develop products with robust characteristics by around the year 2010, but in 2015
the International Energy Agency’s Bioenergytask 32 group reported slower than
anticipated progress [106]. A few larger-scale studies on the pelletization of
torrefied materials have been published [107, 108], with results spanning a wide
quality range, and noted problems of moisture retention and high frictional
forces. However, high durabilities up to 97.6 % have been reported in another
study [106]. In contrast, pelletization of steam-exploded biomass has proven to
be relatively straightforward [80, 109-112].
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The quality of pellets for heat and power production (as opposed to food pellets
for livestock) is standardized according to ISO 17225-2:2014, which specifies
pellet quality classes according to shape, dimensions, mechanical durability, bulk
density, and contents of fines, ash and additives. A corresponding standard, ISO17225-8, for thermally treated biomass is expected to be finalised and released
within a year. A technical Specification (less strict than a Standard), has been
available since July 2017. The thermally treated biomass it covers encompasses
material produced through, for example, torrefaction, steam treatment, HTC, and
charring. Work is ongoing to develop standard methods for two new incorporated
specifications to be incorporated: grindability and absorptivity [113].
Overall techno-economic gains have been found across the logistics chain in
pelletization of torrefied materials due to their higher heating values [46, 114],
and (depending on transportation modes and distances) reductions in CO2
emissions [115, 116]. Some studies have also found that torrefied pellets are
economically superior to untreated pellets [22], but others have found that even
with gains in overseas shipping, pellets of torrefied materials are less
economically viable than untreated material [23].

5.5

End-use applications

The main end-use applications for thermally treated biomass are co-firing with
coal for heat and power production or in metallurgical processes, and gasification
for power or biofuel production [46]. Proportions of conventional wood pellets
that can be co-fired with coal are limited to 10-15% without retro-fitting
infrastructure, but up to 50-100% of pellets of torrefied material have been
successfully co-fired [99, 117].
Zilkha [112, 118] has reported trial co-firings with steam-exploded pellets, and
there have been several demonstration firings of steam-exploded pellets from
Zilkha Energy Systems and Araflame, following retro-fitting solutions to a
200MW boiler in Thunder Bay, Canada, which also indicated that open air
storage of the product was feasible [99].
Gasification performance tests have been conducted with both torrefied [119,
120] and steam-exploded material [121]. Use of torrefied materials reportedly
results in syngas of higher heating value, and lower or slower but more complex
tar formation [119, 120, 122], while use of steam-exploded material results in
syngas with higher heating value and higher CO formation than untreated pellets,
with low tar levels [121]. Although torrefaction is considered a pre-treatment for
thermochemical conversion processes, it also improves properties beneficial for
biochemical conversion [123, 124]. Other application areas are in domestic
cooking stoves, residential heating, or as barbeque briquettes [53].
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Off-gassing from thermally treated
biomass
Robust safety procedures for handling, storage and trading systems will be
required to enable successful large-scale commercial use of biomass as a
renewable resource, as shown by problems that arose during the commercial
introduction of untreated wood pellets. Three frequently highlighted concerns
are: self-heating behaviour [26, 106]; excessive dust formation, which poses risks
in terms of inhalation and (even more importantly) dust explosions [24]; and
hazardous off-gassing [25, 26]. Off-gassing from biomass during closed storage
has caused several fatalities and injuries [10, 14, 15], and has recently raised
increasing concern due to the growing number of pellet storage spaces [125-128].
The hard-learned lessons from handling untreated wood pellets have raised
awareness of the importance of assessing off-gassing behaviour in thermally
treated materials before market introduction.

6.1

What is off-gassing?

In the present thesis, the term off-gassing is used for emission of gaseous
compounds from a fuel (or other substance), through evaporation, desorption, or
chemical reactions. The definition includes phase transitions from a solid or
liquid to a gas (evaporation), but not boiling. The emitted compounds may be
surface-bound, trapped in cracks or absorbed by the solid or liquid material. In a
closed system, the molecules that evaporate from the solid or liquid to the head
space will eventually establish equilibrium with those re-condensing back into the
liquid or solid medium; the pressure of the vapor in this equilibrated state is the
saturated vapor pressure. As temperature increases, the vapor pressure rises and
rate-limiting chemical reactions are accelerated, so off-gassing rates rise (but
rates of other reactions involving the released gases may also increase, so their
head space concentrations may not necessarily increase.

6.2

History of off-gassing research

CO off-gassing from biomass was first recorded from kelp by Langdon (1917), who
confirmed his finding by analysing a blood samples of a guinea pig that died 10
min after being placed in a container with kelp emissions flowing through it [129].
During the 1960-80’s, CO off-gassing from several types of biomass was
confirmed, inter alia: algae [130], cucumber seeds [131], and several green plants,
e.g. alfalfa and sage [132]. Wilks also suggested that CO formation by green plants
required O2 and light.
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In 1994, CO off-gassing was reported for the first time as a potential safety
problem, as CO levels exceeding safety standards were detected in field
measurements of grain products in closed storage. This was a chance finding, as
the authors had set out to monitor residual levels of phosphine applied in
fumigation, another potential workplace hazard, but found that high CO levels
interfered with their measurements [11]. In the same year, Reuss [12] reported
results of monitoring CO and CO2 off-gassing, and O2 consumption, in wheat
storage spaces, and corroborated the risk of high CO levels associated with grain
storage. Reuss and Pratt (2000) subsequently showed that CO concentrations
may even reach lethal levels (>10000 ppm) in spaces used to store canola at
elevated temperatures.
Then, in 2002, the first known case of CO poisoning from stored wood pellets was
reported. The incident (resulting in one death and several casualties) occurred
during the discharge of a transatlantic cargo from a ship in Rotterdam, The
Netherlands [15]. In the next few years a number of fatal or serious injuries due
to off-gassing were recorded in conjunction with, silos of wood pellets or from
cargoes of wood chips, timber and wood pellets [14, 15]. In 2008, monitoring of
several transatlantic cargos of wood pellets confirmed that hazardous CO levels
and O2 occurred, and recommendations were made regarding forced ventilation
prior to entry and training of crews [10]. Between 2010 and 2011, two fatalities
were also reported (in Germany and Switzerland) due to CO concentrations rising
to lethal levels in domestic household storage rooms, despite ventilation
according to contemporary regulations [14]. In total, 20 fatal accidents and nine
serious injuries have been reported through to CO poisoning or possible
suffocation through concurrent oxygen depletion [113].
Work began on updating regulations in response to the first cargo discharge
incident in 2002. Wood pellets were classified as Material Hazardous in Bulk
(MHB), and included in the bulk code regulations of the International Maritime
Organization (IMO), with effect from 2005. Further studies revealed that the offgassing problem was not confined to wood pellets — all woody products may emit
potentially hazardous substances, resulting in an updated version as of 2009 [15].
An updated Safety Data Sheet (SDS) for wood pellets, has recently been issued
that comply with international guidelines set by the Globally Harmonized System
(GHS), Canadian Centre for Occupational Health and Safety (CCOHS), American
National Standards Institute (ANSI), and Registration, Evaluation,
Authorisation & Restriction of Chemicals (REACH) [16]. A draft SDS for torrefied
materials was published in 2013 (a result of a work package within the joint
European project, Solid Sustainable Energy Carriers from Biomass by Means of
Torrefaction, “SECTOR” led by Deutsches Biomasseforschungszentrum) [133].
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6.3

Permanent gases

The main non-condensable compounds emitted from woody biomass are CO,
CO2, CH4 and H2, with concurrent consumption of O2. Both brief exposure to
either high levels of CO via inhalation and prolonged exposure to low levels is
acutely toxic, as it has 200-300 times higher binding affinity than oxygen for
human haemoglobin [14]. Workplace exposure limits for CO, CO2, CH4 and O2
(Table 1) and symptoms if they are exceeded are summarized in Table 1.
Table 1 Overview of CO, CO2 and O2 exposure limits. Abbreviation: TWA, Time-Weighted Average.
Adapated from [134, 135]

Gas

Exposure limits

Symptoms

CO

ppm
0.2

Background concentration in air

35

Max. TWA exposure allowed for workplaces [136]

100
800
1600-3200
6400
>12.800
250-350
5000
10000
30,000
20.9%
19.5%
10-19%
4-8%

Short term exposure value (15 min/h) [137]
Unconsciousness within 2 h, fatal within 2-3 h
Fatal within 1 h
Fatal within 25-30 min
Fatal within 1-3 min
Background concentration in air
Max. TWA exposure allowed for workplaces [138]
Short term exposure value (15 min/h) [137]
Asphyxiation following short exposure [138]
Background concentration in air
Min. work level
Impaired judgment, fainting
Death within <1-6 min

CO2

O2

6.4 Parameters affecting emissions of permanent gases
Studies on off-gassing from woody biomass have mainly focused on effects of
storage parameters on CO, CO2, CH4, H2 emission, and O2 depletion. Numerous,
intricately coupled parameters affect off-gassing rates and concentrations of
emitted substances. A number of published studies have focused on off-gassing
from wood chips and pellets, with variations in scale and containers’ head space
volumes [139, 140], moisture content [139, 141], biomass species, and storage
temperature [126, 139, 141-144]. Emissions of permanent gases have been shown
to reach equilibrium concentrations over time, in accordance with first-order
reaction kinetics [142].
CO2, CO, and CH4 concentrations in head spaces of enclosed untreated wood
pellets have been shown to increase in response to increases in storage
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temperature [134, 142, 143], while O2 is concurrently depleted [134, 145]. Changes
in storage temperature reportedly have stronger effects than changes in relative
humidity or available head space volume, at least within ranges of the variables
in tests by [139]
The cited authors found that increasing the storage head space ratio (ratio of the
head space volume to the volume occupied by the pellets) increased both offgassing rates and absolute amounts 0f emitted CO2, CO and CH4. In addition,
[145] found that CO formation was favoured over CO 2 formation in early stages
of storage at a relatively high temperature (30°C), and this trend persisted longer
for aged pellets than for fresh pellets (from which the CO/CO 2 emission ratio
started to decline after a few days). The CO/CO 2 ratio in emissions (especially
from the fresh pellets) was also consistently higher at lower storage temperatures
(6-8°C), putatively due to different reaction pathways from those that prevailed
at elevated temperatures [145]. Gauthier, Grass et al. (2012) also found that
freshly produced pellets formed higher head space concentrations of CO during
the first six weeks after pelletization, and attributed the phenomenon to
degradation of fatty acids.
Increases in relative humidity, induced by placing a container of water in the
bottom of the storage container, have been found to raise emissions of CO, CO 2,
and CH4 (and O2 depletion rates) from untreated wood pellets stored between 1045 °C [139]. More detailed studies revealed that head space CO 2 concentrations
were positively correlated with the moisture content of stored untreated pellets
(in accordance with changes associated with temperature-linked increases in
relative humidity) when the pellets’ moisture content was 4-15%. In contrast,
when the pellets’ moisture content was between 35-50%, increasing it within this
range had no significant effect on the CO2 concentration, and increases in storage
temperature only had slight effects (Yazdanpanah, Sokhansanj et al. 2014)
Raising pellets’ moisture content also increased CO emissions, but only to a
certain temperature-dependent limit [141]. However, conflicting results have also
been reported. For example, head space concentrations of CO have been found to
be higher when untreated pellets were stored at 100% relative humidity [145], or
not significantly affected by humidity [14]. It should be noted that no levels of
emitted gases bordering flammable concentrations have been reported,
regardless of storage temperature (up to 60°C) and moisture content (between 450%) [146].
It should also be noted that concentrations of emitted gases are highly feedstockdependent. For example, 2.5 times higher CO levels (but similar rates of O 2
depletion) have been found in storage units containing softwood pellets than in
corresponding units containing hardwood pellets [145]. This is at least partly
because untreated biomass is affected by both chemical and taxa-specific
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biological reactions. For instance, in a study of off-gassing from western red cedar
in both aerobic and anaerobic environments (the latter designed to mimic the
core of a large wood chip storage pile), generation of CO 2 and CO was mainly
attributed to biological and chemical processes, respectively, and the results were
validated by sterilizing wood chips and storing them anaerobically [147].
CO emitted from untreated biomass was previously regarded as a product of
degradative autooxidation reactions of fats and fatty acids [31]. However, it was
recently shown that although some CO is formed through direct autoxidation,
most CO formation does not result from the initial autoxidation of unsaturated
fatty acids and terpenes [127, 145]. Instead, most emitted CO originates from
reactions between hydroxyl radicals and hemicellulose [148]. This conclusion was
corroborated by the finding that treating wood with ozone completely stopped CO
formation, by effectively passivating the reactive hydrocarbons [149].

6.5

Volatile Organic Compounds

Volatile Organic Compounds (VOCs) comprise a large group of highly reactive
hydrocarbons, e.g. aliphatic, aromatic, and halogenated hydrocarbons, alcohols,
ketones, and aldehydes that have high vapor pressure at ambient temperature,
causing the molecules to volatilise to surrounding air [150]. VOCs may have either
or both biogenic and anthropogenic sources. Natural VOCs (NVOCs), such as
monoterpenes and isoprenes, are emitted from terrestrial sources, such as forests
and wetlands, or marine sources, notably phytoplankton [151]. Anthropogenic
sources include fossil fuel production, incomplete combustion of vehicle
exhausts, petroleum products and handling, chemicals and solvents [150, 152].
They are often responsible for what we apprehend as scents, both pleasant and
malodorous. Not all VOCs are dangerous, but many are regulated with respect to
either or both human exposure and environmental release. A comprehensive
study of 25 fragranced consumer products found that they emitted 133 VOCs, of
which 24 were regulated by U.S. federal law [153]. VOCs are degraded in the
atmosphere through reactions with hydroxyl or nitrate radicals (in daylight and
night-light, respectively), ozone, or (in coastal regions) chlorine [154]. The VOCs’
oxidative reactivity with these species determines their atmospheric half-life
(which strongly affects their atmospheric transport, dispersion and trajectories),
and those with long half-lives are classified as Persistent Organic Pollutants
(POPs) [150, 155].
VOCs are defined in various ways by different organizations [150]. The definitions
may be based on their effects, contributions to formation of photochemicals, or
physio-chemical characteristics, typically vapour pressure and temperature
[156]. VOCs are of concern in both indoor environments (mainly due to their
adverse health risks), and outdoor environments (due to both their health effects
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and contributions to photochemical smog). This discrepancy in concerns is one
of the reasons for the numerous definitions of VOCs. The European Union has
different definition dependent on directive. E.g. in the VOCs Directive
2001/81/EC on National emission ceiling for certain atmospheric pollutants
[157], VOCs are defined as those that are by their capability of producing
photochemical oxidants by reacting in sunlight with nitrogen oxides but in the
Directive 2004/42/CE on The limitation of emissions of volatile organic
compounds due to the use of organic solvents in certain paints and varnishes and
vehicle refinishing products and amending Directive 1999/13/EC [158], VOCs are
defined by having a boiling point less or equal to 250°C. VOCs in indoor air
released from wall materials, furniture etc. are covered by a highly specific
definition: all organic compounds that can be trapped by TENAX-TA absorbent,
and elute in gas chromatography between n-hexane and n-hexadecane [159].
The World Health Organization (WHO) also defines VOCs based on their boiling
point (Table 2). All compounds with a lower molecular weight than that are
classified as Very Volatile Organic Compounds (VVOCs), while heavier gaseous
compounds are classified as Semi-Volatile Organic Compounds (SVOCs)
Table 2 Overview of VOCs defined according to their boiling point [160].
Full name

Abbrev.

Boiling point
[°C]

Examples

Very volatile
organic compounds
(gaseous)

VVOC

<0 to 50-100

Propane, butane, methyl chloride

Volatile organic
compounds

VOC

50 – 100 to
240 – 260

Formaldehyde, d-Limonene, toluene,
acetone, toluene, ethanol (ethyl alcohol)
2-propanol (isopropyl alcohol), hexanal

Semi-volatile
organic compounds

SVOC

240 – 260
to 380 - 400

Pesticides (DDT, chlordane), plasticizers
(phthalates), fire retardants (PCBs, PBB)

6.6 Parameters impacting off-gassing of VOCs
Emitted hydrocarbons can be described as gaseous or condensed, and
monoterpenes are generally found in the gaseous fraction [161]. Off-gassing of
VOCs associated with woody biomass (particularly aldehydes and terpenes) has
also been addressed in several studies focusing on storage in controlled
environments, and field measurements in and around cargo, wood pellet storage
facilities and saw mills [30, 31, 127, 162-168].
Other studies have investigated various VOCs’ contributions to malodours, e.g.
aldehydes [127, 165], and adverse health effects. Inter alia, emissions of
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aldehydes (e.g. hexanal) and terpenes (e.g. α-pinene) have been targeted in
exposure studies as they are known skin, eye, and mucous irritants even at
moderate exposure levels [30, 31, 169]. In a study of VOCs emitted from wood in
indoor environments, Risholm-Sundman et al. (1998) noted that softwood
mainly emitted terpenes while hardwood released mainly acetic acid. They also
found that the main terpenes released from pine wood are α-pinene, β-pinene
and 3-carene. Svedberg et al., reported CO and hexanal concentrations in various
locations inside and associated with pellet warehouses and domestic storage
spaces, concluding that levels of the aldehyde hexanal could surpass safety limits,
but they were highly dependent on production site, pellet delivery, and season
[31]. Hexanal emission may occur through chemical autooxidation of linoleic acid
[45].
Terpene off-gassing has been correlated with temperatures directly above openair ventilated storage piles of untreated wood chips [168]. Terpene content is also
strongly affected by drying in air or steam, which shifts monoterpene to
sesquiterpene ratios (Rupar and Sanati 2003). Aldehyde off-gassing is also
affected by storage time of sawdust prior to pelletization, as Granström (2010)
found that hexanal emissions were stronger (and peaked later) from aged
sawdust than from fresh sawdust [164]. In a reverse study, Arshadi found that
prolonging storage of pellets made from a spruce and pine blend resulted in a
45% reduction in emissions of aldehydes and ketones, with a concurrent decrease
in fatty/resin acid content of 40%. Total VOC concentrations from stored
softwood chips (including aromatics, methanol, aldehydes, terpenes, and acids)
have been reported positively correlated with temperature between 5-50°C, and
lower if stored aerobically rather than anaerobically [147]. Aldehyde and ketone
emittance also has shown correlation with drying temperature and self-heating
temperatures during storage [165]. The VOCs most abundantly emitted from
pellets, in both laboratory scale analyses and field measurements in pellet storage
rooms, are generally methanol, pentane, and the aldehydes pentanal and hexanal.
Four times higher levels of total VOCs have been found in headspaces of enclosed
softwood pellets than in corresponding spaces containing hardwood pellets, but
peak emission rates were faster from the hardwood-based pellets [127].

6.7

Off-gassing from thermally treated materials

Little evidence is available about differences in safety aspects between thermally
treated lignocellulosic energy carriers and untreated lignocellulosic biomass. For
maritime transport, pellets of torrefied material are grouped with untreated wood
pellets in the International Maritime Solid Bulk Cargoes (IMSBC) jurisdiction,
both are categorized as Material Hazardous in Bulk, Group B [17].
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Very few studies have addressed off-gassing from thermally treated biomass
intended for bioenergy production, and those few have exclusively focused on
changes in permanent gases [118, 142, 170] .Kuang, Shankar et al. (2008) found
that concentrations of CO2 emitted from torrefied wood chips were six-fold higher
than those emitted by untreated wood chips, during storage at 20°C, but lower
during storage at 40°C. In contrast, the CO concentrations they emitted during
storage at 20 and 40°C were about one third and two thirds lower, respectively.
In another study, CO concentrations in head spaces (5% of the total volume) of
enclosed torrefied wood chips were found to be 150 ppmv and 1800 ppmv, after
11 days of storage at 20 and 40°C, respectively, while corresponding levels
emitted by untreated wood chips were 700 and 3000 ppmv, respectively [170].
CO2 concentrations were more similar, but those emitted by torrefied chips were
consistently lower at both 20 and 40°C, while concentrations of CH 4 emitted by
the torrefied chips were very low [170]. In addition, Zilkha (2013) found that
concentrations of CO and CH4 in head spaces of enclosed pellets of steamexploded material were lower (and O 2 was depleted less) than corresponding
values for the untreated material during 30 days of storage at both 25 and 45°C
[118].
Generally, the extractive fraction is composed of highly volatile compounds, most
of which should be readily degraded by mild thermal treatments. Accordingly,
mild thermal steam treatment of wood (for wood preservation purposes) has been
shown to result in large shifts in emissions, only 14 out of 41 identified VOCs were
found in common between the treated and reference samples, and VOCs
compositional shifts included reductions in terpene emissions and increases in
levels of aldehydes (especially furfural), and carboxylic acids [28]. The same
trends have been observed in comparative studies of wood of several species
treated for wood preservation purposes. Large increases in emissions of acetic
acid, one of the main degradation components of hemicelluloses containing
acetyl groups have been detected, together with reductions in emissions of the
native aldehydes hexanal and pentanal (attributed to degradation of unsaturated
fatty acids); in the same publication, the thermally treatment derived aldehydes
furfural and 5-methylfurfural were found to increase with treatment
temperatures [27, 171]. Furfural is a VOC of health concern with regulated
exposure limits [137], and a degradation product of pentose-based
polysaccharides (xylan and arabinose) in hemicellulose [32, 38] and cellulose
[172].

6.8 Measures to reduce off-gassing
One of two main ways to reduce levels of off-gassing from pelleted woody biomass
is to alter the pellets’ chemical properties. For example, pre-treating sawdust by
supercritical carbon dioxide extraction may remove 84% of lipids and resin acids,
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thereby considerably reducing CO, CO 2, CH4 off-gassing from the resulting
pellets, and consumption of O2 [167]. The other main way is to adjust the storage
parameters to promote conditions unfavourable for off-gassing. For example,
increases in available head space volumes have been shown to increase offgassing concentrations and emission rates of CO and CO 2 (but not CH4), [135,
140], as well as depletion of O2 [139]
Meier et al. found that storing the pellets in <1% oxygen reduced CO and CO2
emissions by 40%, relative to emissions from pellets in 20% O 2, but increased
emissions of CH4 and total VOCs [173]. In addition, emission rates fell during the
storage. According to Yazdanpanah, purging with nitrogen during 60 days
storage was less effective; CO2 emissions were reduced by about 25% and CO
emissions by 10% [135]. However, exchanging the head space air with helium
reduced both CO2 and CO concentrations to close to zero.
Although emissions of CO and CO2 (and consumption of O2) are partially
inhibited by changing the head space air to an inert gas, this procedure has two
drawbacks. Most importantly, a toxic gas environment is created in the storage
volume, due to the lack of oxygen, with consequent risks of suffocation. In
addition, purging headspace may be too expensive. Instead, forced ventilation
has been advocated as a better option [10, 139]. Passive ventilation can reduce
CO-concentrations in pellet storage rooms, but a large enough temperature
difference between the rooms and source of ventilating air is required to keep
ventilation rates sufficiently high [174].

6.9 Methods for sampling and detecting off-gassing
compounds
The optimal combination of methods for sampling, extracting, and detecting offgassing compounds depends on their nature and abundance [150]. The factors
that should be considered at each of these steps are briefly discussed in the
following sections.
6.9.1

Sampling and extraction

Detecting permanent gases is often more straightforward than sampling VOCs,
as they do not require pre-concentration prior to detection, so direct sampling
using a gas-tight collection bag such as a Tedlar bag or a gas-tight syringe is
sufficient. In contrast, preconcentration of VOCs is almost always required as
their levels are usually too low for direct transfer of samples to analytical
instruments [156]. The most commonly applied approaches for sampling VOCs
in air are active or passive sampling using an appropriate absorptive matrix or
grab sampling using evacuated canisters. If an absorbent is used, head space gas
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is actively passed through it or the absorbent is passively inserted in the head
space and sampling occurs by molecular diffusion [175], while by cryogenic
preconcentrationing an air flow is passed over glass beads kept at 150-170 °C
[150, 156]. VOCs can also be preconcentrated by solvent extraction, i.e. trapping
them in a liquid solvent using impingers and denuders [156].
Several absorbent materials are available for trapping and immobilizing VOCs,
typically packed in a tube or badge of some kind. The most appropriate sorbent
depends on diverse parameters, such as the target VOCs’ volatility range,
absorption temperature, presence of water, and storage stability. If necessary, a
“train” of devices with different sorbents can be constructed, or multiple devices
containing the same sorbent can be used to catch compounds with high
breakthrough volumes [156]. The sorbent Tenax-TA affords sampling of
compounds with a broad volatility range (n-C6 to n-C26), while Tenax-GR has a
slightly higher mass range (n-C7 to n-C30). Tenax-TA is a polymer of 2,6-diphenylp-phenylene oxide, which is packed into Tenax sampling tubes. For trapping
more volatile VOCs, Carbotrap n-C(4)-5 to n-C14 matrices are available [176]. The
absorbents require a thermal desorption step, performed by heating the tubes
with a continuous flow of carrier gas to release the volatiles. Before separation,
the volatiles need to be refocused through a cryotrap to enhance peak resolution,
which increases the throughput-time relative to other sampling techniques.
If aldehydes and ketones are specifically sought, the carbonyl compounds can be
effectively trapped by cartridges containing 2,4-dinitrophenylhydrazine (DNPH),
with which the compounds form immobilized hydrazones. These can be analysed
by subsequent solvent workup and HPLC analysis [156]. Sampling with DNPHbased cartridges has been used in off-gassing studies of untreated wood pellets
[166].
Another VOC sampling technique, developed in the early 1990’s, is Solid Phase
Microextraction (SPME) [177, 178]. This is a rapid, solvent-free extraction
method, which has low detection limits and thus is suitable for sampling trace
compounds [156]. It involves use of a silica fibre coated with an absorbent
stationary phase. A wide range of coatings is available, enabling sampling of
compounds with widely varying polarity. The technique can be used by directly
immersing the fibre in a liquid sample, or head space sampling of the gas above a
solid sample. In the latter case, the sampling matrix takes up analytes in the
headspace, and contents of analytes in the matrix and HS equilibrate. When the
sampling volume is considerably larger than the volume of the extractive phase
(the fibre), head space concentrations of analytes can be simply calculated by
treating them as proportional to amounts take up by the fibre. Alternatively, to
shorten extraction times, amounts taken up during the pre-equilibrium linear
regime can be used [179].
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The method has been used extensively in the food industry for studies that
contain sampling of wood degradation components, although from a sensory
perspective. For example it has been used for: detecting compounds that may
affect sensory perceptions of e.g. smoke flavouring products [180]; analysing
interactions between wine and VOCs released by wooden barrels [181-183]; and
examining sensory effects of wine barrels’ roasting degree (thermal treatment)
[184, 185].
Studies on wood emissions have also been performed [43, 168], and coupled to
both pyrolysis experiments [186, 187] and analysis of flue gases during
torrefaction [188]. Although recognised as a convenient field sampling method
with several advantages, the fibres used in SPME have limited lifespans, which
causes increasing peak tailing and/or co-elution over time. Laborious
optimization of sampling protocols in terms of extraction temperature, extraction
time, pH, choice of coating etc. is also required [189].
6.9.2

Detection

A photoionization detector (PID) can be used to determine total amounts of VOCs
(tVOCs), by recording electric signals generated from positively charged ions
produced by bombarding VOCs with UV photons. The method is quick, nondestructive, and hand-held PID devices are available. However, often in VOC
analysis much more information than aggregate measures of total amounts of
VOCs is required [150]. PID instruments can also be connected to a GC, providing
a good linear range and higher sensitivity to relatively large volatile
hydrocarbons, e.g. aromatics [190].
The most common method for separating off-gassing compounds before
detecting them is gas chromatography (GC), which separates analytes by
exploiting differences in their volatility and affinity for columns of various
stationary phases. The eluting compounds can then be analysed using various
kinds of detection technology, e.g. mass spectrometry (MS), flame ionization
detection (FID), or electron capture detection (ECD) [156], depending on the
compounds of interest, and the analytical requirements, e.g. high sensitivity,
large linear ranges and/or high resolution [190]. MS is the workhorse technology
for detecting analytes, either alone or in combination with GC. In a GC/MS
system, substances eluting from the GC system are transferred through a heated
transfer line, ionized in the spectrometer’s ion source, the ionic fragments are
accelerated and separated in a magnetic field according to their mass to charge
ratios, then finally the ions are detected [190].
GC/MS is not suitable for separating permanent gases, instead GC combined with
thermal conductivity detection (TCD) or FID device is a better option. A GC-TCD
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system enables separation of gaseous analytes by one or more columns, and
subsequent detection of differences in thermal conductivity relative to a reference
carrier gas, often helium or hydrogen, with very high thermal conductivity. The
technique is used for detecting permanent gases and smaller hydrocarbons. In
the detector, the reference gas flows across a resistor, and the eluent from the
column flows across another resistor, and the presence of analytes induces a
detectable temperature change, measured as a change in resistance. TCD has
several advantages: all compounds have thermal conductivity (differing from that
of the reference gas); the detector is non-specific, unlike FID (which cannot detect
compounds lacking a C-H bond); it is inexpensive; and non-destructive, so it can
be coupled in series to another analytical instrument. Drawbacks of TCD are that
it is both less sensitive and has lower resolution than FID [190].
FID devices, which are also frequently coupled to GC systems, are good for
detecting hydrocarbons and other organic compounds. Carrier gas and analytes
within it are taken directly from the GC column to the jet of a hydrogen-air flame.
Above the flame is an electrode that produces a current proportional to the
amount of carbon burnt in the flame, and the resulting electric output signal is
subsequently amplified. Advantages of FID include low detection limits, high
linear response ranges, and robustness (including little or no sensitivity to
changes in flow, pressure, or temperature). Drawbacks include inability to detect
inorganic or highly oxygenated substances, CO and CO 2 (unless a methanizer is
used), and destructiveness, so it can only be used last in a multi-detector train
[190]. There are other common detectors with more specific selectivity, such as
ECDs, used for detecting halogen compounds.
Another possibility is to use Fourier transform-infrared (FT-IR) devices, which
pass an IR beam through samples, some of which is absorbed and some
transmitted. The amount of radiation absorbed by analytes is wavelengthspecific, and the resulting vibrational energy caused by a shift in dipole moment
is measured at the absorption peaks for those wavelengths. Drawbacks of FT-IR
for off-gassing measurements include inability to measure diatomic molecules
(lacking dipole change), such as O2 and H2. However, it has been used to monitor
CO, CO2, higher hydrocarbons and aldehydes in off-gassing studies [10, 31].
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Multivariate data analysis
In conducting off-gassing studies there is generally an attempt to minimize the
number of samples whilst obtaining as much information as possible; as the scale
of research increases, this becomes increasingly important and pilot-scale
research is inherently time- and labour-intensive. Therefore, generated data
matrices often contain data from few observations (samples), but with high
numbers of measured variables (off-gassing compounds). Generally, when the
number of samples is much lower than the number of variables, classical
statistical methods have limited value [191].
Thus, to detect correlations and co-variance between the off-gassing components
and process or storage parameters (controlled or uncontrolled), multivariate
analysis (MVDA) methods were used. MVDA provides a data overview - the
ability to discover groups, major trends, and potential outliers, and the potential
for regression modelling, by determining co-variance between two data blocks
[191].
The underlying relationships, i.e. the systematic variation in the data, originate
from predictive systematic variation, such as responses to changes in treatment
temperature or unwanted systematic variation, such as process drift. Sources of
systematic variation may be either known or unknown; in some cases a source of
variation is known and does not co-vary with the parameter under consideration,
or in the worst cases, the source is unknown and co-varying. Datasets also
typically contain non-systematic information (noise). Biological samples are
generally considered to be noisy, and further sources of noise are introduced in
thermal treatment processes, e.g. sudden process disturbances. Multivariate data
analysis copes well with handling noisy data and also datasets with partially
missing values [191, 192]. Principal component analysis (PCA)
Although numerous variables (off-gassing compounds) can behave differently in
the head space of a storage container, they are unlikely to behave completely
independently of each other - the main underlying causes of variation are often
of much lower dimensionality [191]. Principal component analysis (PCA) is a
multivariate data analysis method that does just as the name implies, it finds the
main causes of variation in datasets, and summarizes these into the main latent
- principal - components. PCA is used for revealing large systematic variation in
datasets. It is an unsupervised method, meaning no prior information or
classification is applied. This gives a good first overview of a focal dataset,
revealing for instance clustering, classifications, temporal trends, or sample
dilution. PCA is also good for detecting outliers and deviating trends,
instrumental drift and other unwanted systematic noise.
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7.1.1

Calculating principal components

PCA utilizes a data matrix, X, composed of (N) rows of observations, e.g. samples,
and (K) columns of measured variables e.g. relative concentrations of off-gassing
compounds or pellet quality variables (Figure 7 A). Using PCA, the largest amount
of variation in the swarm of observations comprising all the variables in the Kdimensional space, is projected onto a lower-dimensional hyperplane [193, 194],
as illustrated in Figure 7B using a case of three dimensional K-space, where
Principal Component 1 (PC1) captures the largest amount of underlying data
variation, and PC2 (orthogonal to PC1), captures the second largest amount, and
so on.
The new values of the samples, called scores (T), obtained from projecting the
variation onto the hyperplane, are visualized in a score plot (Figure 7A), where
the first score vector t[1] for the PC1, is the value plotted on the x-axis, and second
score vector, t[2], for PC2, is the value plotted on the y-axis. Together they build
up a new coordinate system, effectively representing the sample points’
relationships to each other visually based on their maximum variation.
Samples that are grouped closely together in the PCA plot are more similar than
those which are further away, making PCA a valuable method for identifying
sample groupings. A sample’s position in the score plot is determined by the
contributions of specific variables (e.g. VOCs) to the PCs, given by the loading
values (P), i.e. the contributory weight of each variable, calculated by the cosine
of the angle between the variable in the K-space and the resulting hyperplane’s
tilt. The loadings are visualized in a loading plot, in which each variable (VOC) is
represented by a data point. The variables are distributed according to their
weights, p[1] and p[2], for the first and second principal components,
respectively.
A PCA score plot and corresponding loading plot are interpreted by
superimposing one on the other: samples clustered to the right in the score plot
(Figure 7C, encircled) are associated with relatively higher values for variables
clustered to the right in the loading plot (Figure 7C, encircled). Correspondingly,
these samples are lower with respect to values of the variables found to the left in
the loading plot. The more peripheral location along a principal component, the
higher loading (weight) the variable has for that particular component, and hence
the stronger its contribution is to the model. Thus, variables located close to the
origin have low model contributions.
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Figure 7. Schematic representation of Principal Component Analysis (A-C). Modified from [191].

7.1.2

Data pre-treatment and scaling

Prior to data analysis, data may need scaling. In the contexts considered in this
thesis, the variables are compounds, e.g. VOCs, present in the head spaces of
enclosed samples at widely varying concentrations, and abundant VOCs will have
larger absolute variance than VOCs present at much lower concentrations.
Therefore, if the VOC data are used in their raw form, the most abundant will
have the highest variance. Although such information may sometimes be the
focus of a study, here the between-sample variation of VOCs is of more interest.
There are a number of scaling techniques. Unit variance (UV) scaling - scaling
each variable by multiplying it by the inverse of the standard deviation - gives
each variable the same weight, independent of chromatographic peak size. UV
30

scaling should be avoided if some of the data is very noisy. Instead, Pareto scaling
is often used as a compromise between UV scaling and no scaling. Pareto scaling
is conducted by multiplying each variable by the inverse of the square root of its
standard deviation and thus reducing the weight of the largest signals and
increasing the weight of intermediate variables without inflating any baseline
noise. Data are commonly mean-centred to improve interpretability, by
subtracting the average of each variable, effectively placing the cloud of data
around the K-space’s origin [191].
7.1.3

Model validation

A PCA model will incorporate principal components that, when accumulated,
explain more and more of the variation in the dataset with each subsequent PC
that is added. The amount of variation explained is given by the measure
goodness of fit, R2, where the maximum value of 1 indicates that all variation in
the data matrix has been explained, and 0 indicates no variation has been
explained. In order to avoid incorporating noise into the model, a measure of the
model’s predictive capability is given. The number of components incorporated
into a model becomes a trade-off against the ability of the model to predict new
data. This trade-off can be found by cross-validation (CV), where for example one
seventh of the data matrix is iteratively excluded (a technique known as venetian
blinds) and sub-set models created before predicting the excluded fraction. This
gives a value for goodness of prediction, Q2, where a maximum value of 1 indicates
perfect prediction, and 0 indicates no predictive ability. New model components
can be added as long as they improve the predictive capacity of the model; when
new components start to incorporate noise, the predictive capacity drops [191,
192].

7.2

Orthogonal Partial Least Squares (OPLS)

Partial Least Square (PLS) is a supervised method, meaning that instead of
maximizing the explained variation within the data set, PLS maximizes the value
of the co-variance between two datasets, data matrices X and Y (Figure 8A). PLS
maximizes co-variance by rotating the components between the X-matrix (in our
case, the off-gassing compounds) and the Y-matrix (for example, the treatment
temperature) (Figure 8B). The residual (f1) represents the remaining co-variation
between the matrices and is used to calculate the next component, which is
orthogonal to the first [195].
One limitation with PLS is that when projecting its components to maximize covariance, non-correlated systematic variation in the X data matrix is also
captured. Orthogonal Projections to Latent Structures (OPLS) is an extension of
a PLS that combines filtration by orthogonal signal correction (OSC). OPLS can
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separate the co-variation associated with the response matrix Y in one
component, the so-called predictive component, from non-correlated systematic
variation in the data relating to other components, so called orthogonal
components. OPLS is distinguished from OSC by its ability not only to separate
out systematically unrelated information, but to divide it into several orthogonal
components if the unrelated data variation originates from more than one source
[196].
OPLS produces the same model solution as PLS when finding the co-variance
associated with a selected variable (Y, M=1) [195], but provides enhanced model
interpretation [196]. The OPLS model is rotated so that the predictive component
coincides with the x-axis of a two-dimensional hyperplane (Figure 8C). This
means that the part of the dataset related to the selected variable is accounted for
along the x-axis of the score plot, and the non-correlated systematically varying
information is represented along the y-axis (Figure 8C). For example, if we are
examining the co-variance associated with the treatment temperature, the
samples will be arranged along the x-axis depending on their temperature
response, but any other variation, such as the effect of the sampling time or
differences in storage temperature, will affect the arrangement of the points along
the y-axis.

7.3

(O)PLS- Discriminant Analysis, (O)PLS-DA

One extension of PLS is to separate variation according to some pre-defined
classification, thus rather than projecting co-variance between all samples,
instead using a two column Y-matrix, consisting of one column per class with an
assigned class indicated by 0 or 1 (Figure 8D). This way, by not introducing an
incremental class assignment, no internal weight is given to a class. For example,
assessing differences between cooling methods, where no technique is given more
weight than any other, as opposed to an increase in treatment temperature. In an
OPLS-DA the maximum co-variance between the groups, i.e. the inter-class
difference, is allocated to the predictive component, while the intra-class
difference will be captured in the orthogonal component [197].
One way to compare common and unique information between two OPLS-DA
models, is the Shared and Unique Structures plot, SUS-plot. A SUS-plot shows
the predictive component’s correlations against each other. The positively and
negatively correlated variables of the Common (shared) features will be found on
the positive and negative diagonal, respectively. Unique features of the respective
OPLS-DA model will be located on the axis of that model, and the positive or
negative position along the axis will indicate positive or negative relationships
[198].
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Figure 8 Principal schematic representation of PLS, OPLS, PLS-DA, and OPLS-DA (A-D). Modified
from [191, 198]
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Materials and Methods
8.1

Overview of material and methods

This chapter presents a summary of all the lignocellulosic biomasses, thermal
treatment set-ups, pelletization equipment used, and subsequent analysis of
materials produced in each study (Table 3). The Section 8.3.5 summarises
procedures applied to validate the protocols used to assess the off-gassing.
Table 3. Overview of material and methods used within the work reported in indicated papers.
Asterisks (*) indicate unpublished work.
I

II

Biomass
Pine
Pine/Spruce mix
Pine/Spruce bark mix
Thermal treatment
Torrefaction

Steam explosion

Bench-scale set-up.1
Bench-scale set-up. 2
Pilot-scale indirect
Pilot-scale direct
Bench-scale
Pilot-scale

II
I

IV

V

VI

X

X

X

X

X
X

X

X
X

X

X
X
X
X

X

X

X

Pelletization
SPC
Buhler No cooling
Analysis
Chemical
Physical

X

Proximate / Ultimate
Py-GC/MS
TGA
Grinding energy
Angle of repose
Bulk density

X
X
X*
X
X

X

Pellets quality
Pellet durability
Bulk density
Equilibrium moisture content
(1,2,3)content
Fines
Die temperature
Off-gassing
Permanent gases

GC-TCD/FID
GC-TCD
VOCs
SPME
Tenax-TA
Varied off-gassing parameters
Controlled
Treatment severity
Controlled
Storage temperature
Controlled
Time in storage (bottles)
Controlled
Ventilation
Controlled
Different head space gas
Uncontrolled
Moisture content
Uncontrolled
Die temperature
Uncontrolled
Storage time between torrefaction
and pelletization
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X
X

X
X

X
X
X
X

X

X
X

X

X
X
X
X
X

X
X

X
X

X

X

X

X

X
X

X

X
X

X
X
X

8.2 Material
8.2.1 Blend of spruce and pine wood
A blend of stem wood chips of Norway spruce (Picea abies) and Scots pine (Pinus
sylvestris), was obtained from a saw mill in Hällnäs, Northern Sweden an used
in the study reported in Paper I . The material was dried to 8% moisture content
and chipped with a 15 mm screen size in a Lindner Micromat 2000 single shaft
shredder (Lindner-Recyclingtech GmbH, Spittal, Austria). In total, 12 kg was
used.
8.2.2 Blend of bark from spruce and pine
A bark blend of 40% Norway spruce and 60% Scots pine was obtained from a pulp
and paper mill in north-east Sweden, and used in the study reported in Paper IIIII. The material was dried (at ≤60°C) to 5% moisture content in a dryer built inhouse and chipped with a 15 mm screen size in a Lindner Micromat 2000 single
shaft shredder (Lindner-Recyclingtech GmbH, Spittal, Austria). The chipped
feedstock was kept indoors for 2-3 weeks in big bags, then before further
processing it was pneumatically fed through a junk trap built in-house to remove
particles of sand and stones.
8.2.3 Pine wood
Scots pine wood chips were obtained from the sawmill in Hällnäs, Northern
Sweden, and used in the study reported in Paper IV-VI. The feedstock as received
had a moisture content of 15-30%, and was dried to 2-10%, before storage in big
bags in an outdoor tent. In total, 20 tons was used.

8.3 Methods
8.3.1

Torrefaction

Bench scale torrefaction set-up 1
A bench-scale (capacity 300 g) torrefaction set-up at the Biomass Technology
Centre, Swedish University of Agricultural Sciences, Umeå, Sweden, was used to
produce samples for developing a Tenax-TAs sampling protocol (Section 8.3.5).
The reactor consisted of a stainless steel cylinder (length 30 cm, 12 cm i.d.)
(Figure 9A). The cylinder was fed with nitrogen through a tube entering into its
centre. The reactor was heated in an ELF 11/6 muffle furnace (Carbolite) to 300°C
for 1 h (Figure 9B).
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Figure 9. Torrefaction bench scale set-up no 1. (A) Close up of torrefaction cylindrical
unit. (B) Cylinder in heating oven.

Figure 10. (A) Bench-scale torrefaction set-up 2. (B) Bench-scale steam explosion reactor.

Bench scale torrefaction set-up 2
A bench-scale torrefaction unit at the University of British Columbia, Vancouver,
Canada, was used for torrefaction at two set-points used in the study reported in
Paper I. The unit had 2 kg capacity and consisted of a three-level tray, on which
material was spread out (Figure 10A). The biomass was first pre-heated to 200°C,
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then subjected to torrefaction at 260°C or 290°C for 20 minutes, with a
continuous 25 l/min flow of nitrogen during the pre-heating, torrefaction, and
cooling down phases.
Pilot-scale torrefaction plant
A continuous pilot-scale torrefaction plant, with 150 kg/h capacity (BioEndev,
RISE Processum, Umeå, Sweden), was used for torrefaction of pine of the study
reported in Papers IV-VI (Figure 11). The pine chips, with 4-8% moisture content,
were fed via the feeding screw into the pre-heating rotary drum (held at 220°C),
then to the stationary torrefaction drum, which had internally rotating auger
screws, at selected torrefaction temperature and residence time settings. After
torrefaction, material was cooled by passage through two screws, cooled
indirectly by heat exchangers, alone, or in combination with additional water
spraying. Indirect cooling was exclusively used in the studies reported in Paper
IV and VI, and both combinations were used in the study reported in paper V.
Finally, cooled material was collected in big bags. The system was continuously
fed with nitrogen and operated slightly over- pressure.

Figure 11. Schematic overview of the pilot-scale torrefaction plant. Reprinted from [199] with
permission of K. Åberg.

The chips (12 tonnes in total) were torrefied at five set-points, spanning a full 22
factorial design, with a centre point at 308°C, 9 min (residence time), and corners
at: 291°C, 6 and 12 min; 315°C, 6 and 12 min (reported in Papers IV-VI).
8.3.2

Steam explosion

Bench-scale steam explosion plant
A bench-scale steam explosion set-up at the University of British Columbia,
Vancouver, Canada, was used for steam explosion in the study reported in paper
I (Figure 10B). Batches of 350-400 g of biomass were fed into a 2 l batch steam
gun (Stake Tech-Norvall, Ontario, Canada), and treated at two set-points (295 or
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315 °C) for 5 min. The treated material was rapidly depressurized and collected
in a collection vessel.
Pilot-scale steam explosion plant
A continuous pilot-scale steam explosion plant (Figure 12) owned and operated
by Valmet AB, Sundsvall, Sweden, was used to produce steam explosion of bark
for the study presented in Papers II and III. The material was fed (at 90-120kg/h)
into a pressurized reactor, with a plug screw forming a biomass plug sealed from
the feeding system. The plug was heated by saturated steam, and the desired
treatment temperature was set by adjusting the reactor pressure. The material
was fed into the horizontal reactor via an auger conveyor, allowing residence time
to be controlled. The material was exploded upon ejection through an orifice,
rapidly reducing pressure. The material was dried by passage through a flash
drier and cyclones, separating the moist gases from the material, prior to release
into big bags. Three temperature settings (180, 190, and 200°C) were used, while
residence time in the reactor was kept constant at 5 min, in the experiments.

Figure 12. The Valmet BioTrac pilot-scale steam explosion plant. Abbreviation: SE= steamexploded. With permission from Valmet AB.

8.3.3

Pelletization

Bühler DPCB pellet mill
A DPCB pellet mill pilot-scale pellet press (Bühler AG, Uzwil, Switzerland) with a
500 kg/h capacity rotating die was used to pelletize untreated and torrefied pine
chips, used in the studies reported in Papers IV and VI. The torrefied pine chips
were hammer-milled with a Vertica DFZK-1 hammer mill (Bühler AG, Uzwil,
Switzerland) using set screen sizes (4-6 mm). Milled material was preconditioned to a set moisture content (10-14%), and allowed to equilibrate
overnight (16 h). Batches (400 kg) of the torrefied material, produced at five setpoints, was pelletized using 19 combinations of parameters according to a
reduced factorial design varying sieve size, pre-conditioning moisture content,
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and press-channel length, as illustrated in Figure 4 and in the graphical abstract
of Paper IV).
Samples of produced pellets were collected directly from the process line, in at
least triplicates during periods of stable operating conditions, and their qualityrelated properties were subsequently tested (Section 8.3.4 Physicochemical
characterization methods) (reported in Paper IV). Pellets used for off-gassing
analysis were collected at one time point (Section 8.3.5 Off-gassing sampling ),
and Paper VI). The influence of sampling time point during pelletization on
subsequent off-gassing results were tested within the study reported in Paper VI.
SPC PP300 Compact pelletizer
An SPC PP300 Compact pelletizer (Sweden Power Chippers, Borås, Sweden) with
a 300 kg/h capacity fixed die was used to pelletize the steam-exploded bark
(reported in Papers II and III). Batches (50 kg) of material treated at each selected
temperature were pelletized with 65 mm length and 8 mm diameter press
channel settings. Material was pelletized as received without pre-milling or premoisture conditioning (the material’s moisture content was 7.2-10.2%).
8.3.4 Physicochemical characterization methods
Both physical and chemical properties of all the thermally treated materials were
determined, but quality-related properties of the pellets of torrefied material were
evaluated most extensively, as illustrated in Figure 13 and described in detail in
Paper IV.

Figure 13. Flow chart of sampling and quality testing of pelletized torrefied pine wood. Three
process replicates were collected during each pelletization run (1–19) and indicated quality-related
properties were evaluated. From Paper IV [200]. Reprinted with permission.
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Pellets’ bulk density, durability, and fines content
The bulk density of torrefied (Papers IV, VI) and steam exploded (Papers II, III)
material was determined using a 2.2 L container according to standard
EN15103:2009. The durability of torrefied pine pellets (Papers IV, VI) was
determined by subjecting them to mechanical stress tests in a Q-tester for pellet
durability (Simon Hessen BV, Netherlands), the fines contents of pellets sampled
during production runs was determined by sieving material exiting the pellet
press (pellets and fines) through a round hole sieve (3.15 mm i.d.), both according
to standard EN 15210-1:2009.
Grinding energy and angle of repose
Power consumption during milling was determined by grinding 17 batches (50 g)
of the obtained pellets of torrefied pine and reference pellets (Paper IV), using a
ZM-1 mill (Retsch, Haan, Germany) connected to a WN22 power meter (Carlo
Gavazzi, Karlstad, Sweden). The top-fed centrifugal mill was equipped with a 0.5
mm sieve and all milled material was collected and weighed. The power
consumption was logged, and the specific energy consumption was calculated by
integrating the resulting power curve. The milled material was used to determine
the angle of repose (AoR), used as a measure of material flowability (reported in
Paper IV) by allowing it to free-fall from a hopper onto an angled plate, and then
to a base board with a wall. The height and radius of the semi-cone of material
that formed against the wall and baseboard was measured and used to calculate
AoR (arctan).
Moisture uptake
As described in Paper IV, pellet moisture uptake characteristics were evaluated
by determining the following parameters of sets of 17 batches (ca. 50 g) of
obtained pellets of torrefied pine and reference pellets. Firstly, MC30%: the
moisture content after equilibration at 25°C and 30% RH for 72 h in a Climawell
222 climate chamber (MMM Medcenter, Germany). Secondly, MC85%: the
moisture content after equilibration at 30°C, and 85% RH for another 72 h.
Thirdly, moisture sorption (MCmol) was calculated, to obtain comparable
responses, regardless of the initial moisture content. For MC85% and MCmol,
moisture uptake was measured at five time points during the 72 h, with triplicates
of material collected (at different time-points) during runs at each combination
of pelletization settings. Fourthly, pellet moisture content (MC) was determined
according to standard EN14774-2:2009. Measurements were conducted over
three rounds in the climate chamber for space reasons. To avoid bias, one
triplicate was tested per round, and positions of samples on the seven trays of the
chamber were randomized. No drift or irregularities were found through OPLSDA modelling through to rounds or tray position in the climate chamber.
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Chemical properties
Carbon (C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O) contents of
references and torrefied pines chips were determined (reported in paper IV-VI)
according to standard EN15104, gross calorific value according to EN14918, ash
content according to EN14775, and volatile matter content according to EN15148,
all at a certified external lab (OFI, Vienna, Austria).
Py-GC/MS
Pelletized reference pine and torrefied pine (reported in paper IV), were analysed
by Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC-MS), to
determine differences in pyrolytic gas composition. For this, the pellets were first
dried at 105°C for 24 h and ground in a MM400 ball mill (Retsch Germany) to a
fine powder. Micro pellets (80 ± 5 g) were formed with a capillary tube and flashpyrolyzed at 450°C using a PY-2020iD/AS1020E instrument (Frontier Labs,
Japan). Pyrolysates were passed to a coupled GC/MS (7890A-5975C, Agilent
Technologies AB, Sweden), equipped with an Ultra Alloy+-5 GC column (30 m,
0.25 mm i.d, 0.25 lm film, Frontier Labs, Japan), and separated using an oven
program consisting of a 6 °C/min temperature gradient from 60 to 320 °C,
followed by a 3 min final holding time (total run time: 19.25 min). The analytes
were passed through the transfer line (280°C) from the GC to the MS, ionized by
electron ionisation (280°C, 70 eV) and fragments were detected in full scan mode
(18-250 m/z). Raw data chromatograms were baseline-corrected and aligned,
then peaks were integrated by an in-house script for multivariate curve resolution
by alternate regression (MCR-AR) [201].
Thermo gravimetric analysis
Steam-exploded and reference bark samples were analysed by thermogravimetric
analysis (TGA) using a Q5000IR system (TA Instruments) to obtain further
insight into the decomposition induced by the treatments. Steam-exploded
material (~5 mg) was spread out evenly on platinum pans and heated to 900 °C
at 20 °C/min using nitrogen or air as purge gas (100 mL/min). The time
derivative (DTG) of the weight signal was used for data interpretation.
8.3.5

Off-gassing sampling and preparation

Bottling procedure
Steam-exploded and torrefied softwood (Paper I) were placed in closed bottles
after treatment and cooled to 15°C. Sampling bottles (1 l) for permanent gases
were fitted with gas-tight sampling ports equipped with rubber septa to draw gas
samples. Sampling bottles (1 l) for sampling VOCs were equipped with a doublemouthed tube with a double screw connection to allow active sampling and
simultaneous refilling with new air. The sampling tube (24 mm i.d.) ended near
the top, from where the head space gas was sampled, and the refilling tube (10
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mm i.d.) reached nearly to the bottom of the flask, just above the samples.
Sampling bottles were filled with 30 g (dry basis equivalent) samples of materials
for analysis of VOCs, and 180 g samples for analysis of permanent gases
(equivalent to 10% and 30% of the headspace, respectively), and stored at 20 or
40 °C.
Steam-exploded bark (Papers II-II) was sampled at three process points: directly
off the process line, prior to pelletization, and as pellets exiting the pellet press.
Material directly from the process line was sampled by holding a sample collector
in a sampling port in the process steam, and collected material was directly
transferred to a closed bucket. Material sampled at the other two process points
was directly collected in a container that was immediately closed. Material was
then transferred directly to sampling bottles with sampling ports as described
above, in 30 g portions (equivalent to 10% of the head space) and stored at
ambient temperature.
Torrefied pine chips (Papers V) was collected and divided in the sample collector
and transferred to glass bottles (5 l) equipped with rubber septa, allowing
sampling of both permanent gases by a gas-tight syringe and VOCs by Head
Space-Solid Phase Micro-Extraction-GC/MS (HS-SPME-GC/MS). Sets of three
replicates were individually prepared, as levels of highly volatile VOCs were found
to be greatly impacted by opening and closing of the collection bag. Bottles were
filled with 560 g portions of chips, equivalent to 50% of the head space and stored
at 25°C.
Pellets of torrefied pine (Paper VI) were collected at stable process conditions
straight from the production line in open 20 l containers during periods of a few
minutes. The pellets and resulting fines were sieved (3.15 mm i.d.) and spread out
on tarp at ambient temperature for 15 min before bottling, to evaporate excess
moisture that could adversely affect GC-TCD and HS-SPME-GC/MS analysis.
The pellets were transferred to glass bottles (5 l) equipped with rubber septa,
allowing sampling of permanent gases by a gas-tight syringe and VOCs by HSSPME-GC/MS. Bottles were filled with 2.0 kg portions of material, equivalent to
50% of head space, and stored at 25°C.
Changes in VOCs in the head space 0f steam-exploded and torrefied material
were evaluated by replacing the head space gas with nitrogen, as follows (Paper
I). Firstly, the sampling bottles were left to stabilize at 40 °C for 24 h, then the
head space was completely ventilated and purged with inert gas (N 2) for 10

min. Validation using a gas sample drawn directly after confirmed that no
detectable oxygen was present after the treatment. The bottles were then
stored at room temperature for another 24 h prior to sampling.
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Representative sampling during pelletization
Samples for assessing pellet quality were collected during periods with stable
operating conditions in pelletization runs, and samples for off-gassing analysis
were collected at one time point. To evaluate if the off-gassing sample was
representative for the overall pelletization, with the varying process fluctuations,
samples were taken at three time points during one run (N10), in which pine chips
torrefied at 315°C for 12 min were pelletized. This run was one of the worst in
quality terms, yielding pellets with high fines content (75.4%), and power
consumption strongly fluctuated during the run (Figure 14A). The three technical
time replicates were sampled over 20 min of operation, and each time-point
replicate was prepared in triplicate sample bottles. Samples were stored for eight
days before analysis. The results showed that O2 depletion was very even across
the whole production time (Figure 14B), concentrations of both CO and CO2 were
stable (Figure 14C), and reproducibility at each of the sampling time points was
high. Overall, sampling at these time points appeared to provide representative
off-gassing results for the pelletization run, and as this run was particularly
troublesome, it was assumed that these conclusions would also be applicable to
the other pelletization runs.

Figure 14. Test of effect of production stability during pelletization on off-gassing. (A) Pellets were
sampled at three time points during production run N10, with material torrefied at 315°C for 12
min. 2-3 replicates were prepared from material sampled at each pelletization sampling time point,
and analysed after 8 days of storage time for (B) O2 depletion, and (C) CO and CO2 concentrations.
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Figure 15. Head space concentrations of (A) O2, (B and C) CO and CO2 released from pellets
torrefied at 315 °C, for 12 min. Pellets were divided into three size fractions: small, medium, and
large. Samples were kept at 25°C during the storage period, analysed as single replicates after 2932 h of storage.

Another test was conducted on the effect of pellet size. Fines were removed by
sieving the pellets of torrefied pine prior to bottling (Paper VI), as they would be
removed in an industrial-scale production line. A simple test was conducted by
manually sorting the pellets into three size fractions, and measuring CO and CO2
off-gassing and O2 depletion after about 30 hours of storage. Results showed that
size-related differences were minor, but CO 2 concentration was possibly slightly
negatively correlated with size; however the sampling time was too short to
sufficiently determine this (Figure 15A-C).
Effects of cooling time after pelletization on off-gassing behaviour
Pellets were allowed to cool on a tarp to evaporate excess moisture to avoid
associated adverse analytical effects. To assess the possibility that this treatment
may have reduced overall off-gassing values, a control batch of reference pellets
was left to cool for 30 min, then O2, CO and CO2 off-gassing was monitored over
12 days of storage. No effect of prolonging the cooling on off-gassing behaviour
was detected (Figure 16A-C).
Measurements of permanent gases
Changes in CO, CO2, CH4, H2, and O2 contents in head spaces of bottled samples
of steam-exploded and torrefied material were monitored over 56 days of storage
(Paper I). Gas samples were drawn with an air-tight syringe, and analysed by GCTCD and GC-FID, from pairs of replicate bottles, sampled at alternate times, to
reduce effects of the sampling procedure on the gas composition of the head
space.
Changes in CO, CO2, CH4, H2, and O2 contents in head spaces of bottled samples
of torrefied pine chips (paper V) and of pellets of torrefied pine (paper VI) were
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also monitored, over 12 days of storage . Gas samples were drawn with a gas-tight
syringe and analysed by GC-TCD. To check that gas composition of the head space
was not affected by the repeated sampling procedure, the three replicates
collected per pelletization run were sampled with varying frequency over the 12
days (Graphical abstract, Figure 6). There were no dilution effects between results
for replicates sampled seven times (Rep 1), four alternate times (Rep 2) and just
once (Rep 3, at the end) during 12 days (Figure 17A-C). Moreover, results for
technical triplicates at the last sampling time point confirmed that the GC/TCD
instrument provided good reproducibility.

Figure 16. Head space concentrations of (A) O2, (B) CO, and (C) CO2 released from reference pellets
produced from pine that were allowed to cool for 15 or 30 min prior to bottling samples. Samples
were stored in 25°C during the storage period. Duplicates and triplicates of the material cooled for
15 min and 30 min, respectively, were analysed at indicated times during storage at 25 °C for 12
days.

Figure 17. Typical contents of (A) O2 [%], (B) CO2 [ppm], and (C) CO [ppm] in head spaces of three
replicates of pellets of pine chips torrified at 315 °C for 6 min (from pelletization run N14). Replicate
1 was sampled at all seven time points during storage at 25 °C for 12 days, replicate 2 at alternate
time-points and replicate 3 only at the last time point. Triplicate measurements were acquired from
the head space of each replicate at the last time-point. The lower CO detection limit was ~ 500 ppm.
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Check of instrumental drift over time
The pellets of torrefied pine (paper VI) were produced over a time span of 250
days. To check for instrumental drift of the GC-TCD, analysed O2, CO2, and CO
contents in head spaces of all pellets of torrefied pine produced over 250 days
were modelled for co-variance to the instrumental run time by OPLS. There were
no influence of the instrumental drift, the resulting OPLS model had near no covariance explained to the run order matrix and near no model predictability.
Measurements of VOCs
Changes in VOCs in the head space of the steam-exploded, torrefied, and
untreated materials were evaluated (Paper I) using a developed protocol
involving sampling by passing head space gases through a Tenax-TA absorbent
on ATD sampling tubes (PerkinElmer) at 100 ml/min for 1 min. The sampling
setup is shown in Figure 18A-B. To check for breakthrough of highly volatile or
abundant compounds, two Tenax sampling tubes were connected in series for at
least one replicate processed with each set of sampling settings. The sampling
volume was a compromise between optimal volumes for the torrefied, steamexploded, and untreated softwood samples. Trial volumes of 300 ml and 500 ml
led to high breakthrough of some compounds, notably furfural and α-pinene from
head spaces of steam-exploded and untreated biomass samples, respectively.
Breakthrough of α-pinene from the untreated biomass head space still occurred
with a sampling volume of 100 ml, but it was required to preconcentrate
sufficiently large amounts of many low-abundance compounds in the head space
of samples of the thermally treated materials. Samples were collected after 48 and
again after 112 h storage, meaning a slight dilution effect occurred to the next
sampling time point for the air influx at the first sampling. VOCs were extracted
from them by thermal desorption using a TurboMatrix 350 ATD instrument
(PerkinElmer).

A

B

Figure 18 (A) Tenax-TA VOCs sampling set-up, with sampling bottles and pump. (B) Closing of
Tenax-TA sampling tubes before transport.
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The sampling tubes were heated to 280°C for 6 min to release trapped volatiles.
This is a long desorption time, which preliminary tests had shown to be necessary
for desorbing guaiacol, due to its high viscosity. After desorption, released
volatiles were refocused in a cold trap (-29°C). The cold trap was then rapidly
heated to 300°C, with a desorption split leaving 1% of the initial sample to pass
through a valve system and transfer line to the GC held at 200°C to a directly
connected DB-5 ms GC column (30 m × 0.25 mm i.d., 0.25 μm film thickness;
J&W, Agilent, Sweden). The volatiles were separated by a 6 min hold at 30°C
following by ramping at 20°C/ min to 300 °C/min and a final hold of 6 min.
Separated volatiles were passed through the transfer line of the MS (at 280°C),
for ionisation by electron ionisation (230°C, 70 eV), and fragments were detected
(with the quadrupole at 150°C) in full-scan mode (17-350 m/z).
VOCs in the head space of the steam-exploded bark (Papers II-III) were sampled
by the same protocol, but thermally desorbed at 260°C for 2 min. Less volatiles
were collected by the absorbent in this study, and guiaicol was not used as a
standard, so a shorter desorption was sufficient to release all volatiles from the
Tenax absorbent. The final amount of each sample transferred to the GC was 5%,
controlled by splitting after the cold trap.
Changes in the VOCs off-gassing from the torrefied chips (Paper V) and pellets of
torrefied pine (Paper VI) were evaluated by HS-SPME-GC/MS. The utility of
several SPME fibres for this purpose was evaluated, and eventually a PDMS/DVB
fibre coating was selected, mainly because it had the greatest ability to extract
lignin-derived aromatics. A sampling temperature of 25°C was selected to match
typical temperatures of wood pellet storage facilities or European ports during
cargo discharge.
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Figure 19. Identified levels of (A) aldehydes and terpenes, (B) furans, (C) aromatics, (D) highly
volatile VOCs extracted by SPME for indicated times (5 to 50 min) in the head space of pellets of pine
torrefied at 291°C for 12 min.

Tests at both higher (40°C) and lower (4°C) temperatures were conducted, to
explore temperature effects on the extraction efficiency, but these proved to be
impractical, for example storage at 40 °C caused gas expansion that blew off the
sampling ports from bottles containing moist samples. Following tests to
determine the optimal extraction time by varying it between 5 and 50 min, a
compromise time of 15 min was selected (Figure 18A-D). This provided adequate
extraction of most compounds. It was not sufficient to reach the equilibrium
phase of most compounds, but amounts absorbed remained in the fibre’s linear
extraction range, and it provided comparable VOC data following UV-based
scaling, and high sampling rates. High throughput was necessary as high
numbers of samples were produced sporadically. Optimum bottle sampling depth
in the headspace was determined to be 3.5 cm, and this setting was also employed
in the GC front inlet during desorption.

8.4 Data analysis
Raw gas chromatograms were processed through an in-house processing
pipeline, encompassing baseline correction, alignment, peak selection, and
integration (Papers I-VI). Peaks were identified by comparisons to standards
(Papers I-III) and entries in two pyrolysis-specific libraries [202, 203], and NIST
libraries. The data were overviewed by PCA and analysed using other multivariate
projections methods, e.g. OPLS and OPLS-DA.
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Results and discussion
In total, three sets of investigations on off-gassing from thermally treated
material were performed: i) Off-gassing from a torrefied and steam-exploded
softwood blend produced at bench-scale was studied, focusing on effects of
treatment severity and storage conditions (Paper I). ii) Two studies on off-gassing
from the same batches of pelletized steam-exploded bark produced at pilot-scale
were performed (reported in Papers II-III) focusing on off-gassing responses to
treatment severity, process steps, and ventilation. iii) Three studies on torrefied
and pelletized pine produced at pilot-scale focusing on interactions between
torrefaction and pelletization parameters on pellet quality (Paper IV), off-gassing
from the torrefied wood chips (Paper V), and off-gassing from the resulting
pellets (Paper VI).
Collectively, these investigations covered effects of numerous variations in
process parameters, post-treatment settings, pre-pelletization storage time,
pelletization processes, and post-pelletization storage parameters (storage time,
temperature, head space gas, and ventilation). In an attempt to answer the
question What is the off-gassing behaviour of thermally treated lignocellulosic
biomass during storage? comprehensively, and clearly portray the knowledge
gained, the effects of investigated parameters (process settings and storage
conditions) are described and discussed here, rather than sequentially
summarizing results presented in the appended papers.

9.1

Impact of process settings on off-gassing behaviour

Process settings in terms of treatment severity, product cooling technique, and
pelletization settings will need to be optimized to produce a commercially viable
energy carrier. Off-gassing maintenance will need to be addressed in response to
what optimum process parameters have been set. In order to make appropriate
risk assessments and take actions accordingly, it is important to be aware of
which process settings impact off-gassing behaviour.
9.1.1

Effects of thermal treatment on off-gassing behaviour

Torrefaction and steam explosion are both categorized as thermal treatments, but
differences between them could potentially affect end-product behaviour
substantially. Therefore, the off-gassing behaviour of a softwood blend treated by
torrefaction and steam explosion was monitored in terms of changes in head
space concentrations of permanent gases (CO, CO2, CH4, H2, and O2) and VOCs,
relative to those from the untreated blend.
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Figure 20. Concentrations of (A) CO, (B) CO2, (C), CH4, and D) O2 in the head spaces of enclosed
samples of steam-exploded reference wood chips treated at 195°C and 215°C and reference material.
(E) CO [ppm] (F), CO2 [ppm] (G), CH4 [ppm], and (H) O2 [%] of samples of torrefied wood chips
treated at 260°C and 290°C and reference material. Samples were stored in air at 20°C or 40°C for
56 days. Values for each setpoint are measurements of two replicates, measured at alternate timepoints. From Paper I [200]. Copyright (2017) American Chemical Society. Reprinted with
permission.
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Similarities were found in changes in the composition of permanent gases
induced by the thermal treatments, but vastly different VOC off-gassing profiles
were detected (Paper I). Stringent comparison of between-treatment differences
is difficult as there is no common system for assessing the severity of the
treatments applied. Therefore, it is stressed that all comparisons and conclusions
have been based on differences between the thermally treated materials and the
untreated reference material. However, the results reported in Paper I were the
first to apply the same comparative references for off-gassing of both permanent
gases and VOCs.
Impact on permanent gases
Under both thermal treatments, less CO and CO 2 formation occurred than from
the reference (apart from the milder steam exploded material that had higher
CO2) (Figure 20A-B, E-F). Similarly, O2 depletion was strongest in the head space
of the mildly steam-exploded materials, comparable to the reference, possibly
due to their high moisture contents (>58%). O2 depletion was weaker in head
spaces of all other thermally treated samples, in accordance with their higher CO 2
formation (Figure 20D, H). Overall, levels of CH4 in the head spaces of thermally
treated materials and reference materials stored at the same temperature were
similar.
Impact on VOCs
Differences in concentrations and composition of VOCs off-gassing from both
steam-exploded and torrefied softwood, relative to those off-gassing from the
reference softwood, were detected, as visualized in the heat map shown in Figure
21. To explore differences in relative concentrations in-between the samples of
individual compounds associated with differences in thermal treatment and
process settings, the VOCs were scaled to unit variance, rendering each VOC the
same weight per sample. Thereby, when clustering VOCs in a dendrogram (Figure
21), the common trends can be revealed irrespectively of chromatographic peak
size. Clustering analysis showed that both thermal treatments resulted in large
reductions in volatiles terpenes and aldehydes, which were present at high levels
(yellow) in the head space of reference material (block A), but not detected (red)
in the head spaces of steam-exploded (block B) and torrefied (block C) samples.
The reductions were consistent with reported results for emittance of terpenes
and aldehydes from wood subjected to very mild steam-treatment for
preservation purposes [28].
While some VOCs present at high levels in samples of the reference material were
almost completely degraded by the thermal treatment, e.g. the monoterpene αpinene (Figure 22A), others were still present in samples of the steam-exploded
wood (Block D), e.g. the heavier sesquiterpene α-murrolene.
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Figure 21. Heat map of VOCs detected in the head space gas during storage of untreated (Ref),
steam-exploded, and torrefied wood chips during enclosed storage. Data are scaled to unit-variance
(0-1), and coloured by intensity, red (low) to yellow (high). Brighter areas indicate higher relative
concentrations (average from 1-3 replicates) in the off-gas. Abbreviation: Unk (Unknowns), marked
by their base peaks. If there are more than one Unk of the same base peak mass, they are separated
by numbers after the base peak mass. From paper I [200]. Reprinted with permission. Copyright
(2017) American Chemical Society.
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Another group of VOCs were present at low levels in samples of the reference
material, but more abundant in the steam-exploded samples, such as
benzaldehyde (Block E). Finally, a new group consisting of furans, e.g. furfural
(Figure 22B) and 2-methylfuran (Figure 22C), emerged in the head space of the
steam-exploded material, that were not detected in the reference samples (Blocks
F-G). VOCs off-gassing from the steam-exploded softwood were dominated by
furfural. In contrast, off-gassing of VOCs from the torrefied material was very low,
probably due to its effective product-cooling ventilation.
Generally, torrefaction and steam explosion caused comparable or less severe
shifts in head space concentrations of the permanent gases CO, CO2, CH4 and O2.
The deviations indicated that differences were due to specific uncontrolled
parameters, such as moisture content. The changes in VOCs off-gassing indicate
that the thermal treatments induced major changes in the concentrations and
composition of VOCs present in the biomass. Moreover, the heat map shows that
VOC off-gassing was highly sensitive to treatment conditions, post-treatment
conditions, and storage conditions, as discussed in the following sections.

Figure 22. Amounts of (A) α-pinene, (B) furfural, and (C) 2-methylfuran in the off-gas during
storage at 20 or 40 °C of enclosed samples of reference wood chips and chips steam-exploded at
195°C and 215°C, after 48 and 112 h, based on chromatographic base peak areas for the respective
compounds. For furfural, and α-pinene, the concentrations are also presented in mg/m3. Average
of 1-3 replicates. Adapted from paper I [200]. Reprinted with permission. Copyright (2017)
American Chemical Society.

9.1.2

Effects of treatment severity on off-gassing behaviour

In previous studies on off-gassing from thermally-treated materials, materials
subjected to a single degree of torrefaction [142, 170] or steam explosion [112,
118] have been compared to untreated reference material. In contrast, in studies
reported in the appended papers, materials subjected to at least two (Paper I),
and up to five (Papers V and VI) torrefaction severities were compared, as well
materials subjected to two (Paper I) to three (Paper II) steam-explosion
severities. This revealed for the first time the impact of intra-treatment severity
on off-gassing behaviour.
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Treatment severity is a rather arbitrary measure of thermal degradation caused
by a combinatory effect of temperature, residence time, and (potentially) other,
uncontrolled variables. As only treatment temperature was varied for the steamexploded materials (Papers I-II), the term treatment severity in this case is easy
to comprehend. Within the field of steam explosion research, a “severity factor”
dependent on both temperature and residence time is often otherwise used,
defined as Log R0 [92]. Treatment temperature was also the only parameter
varied for the torrefied material used in Study I, but for the pilot-scale material
both temperature and residence time were varied. As a measure of torrefaction
severity “mass yield” is commonly used, calculated as the anhydrous product
weight divided by the untreated weight. However, due to technical measurement
difficulties associated with the large-scale production, this measure was
unavailable. Therefore, the elemental carbon content of the torrefied chips was
used as a measure of torrefaction severity, increasing with increases in treatment
severity.
Impact on permanent gases
To facilitate comparison, trends in changes of head space concentrations of gases
in response to treatment severity were compiled (Table 4). In the study on
changes in permanent gases in head spaces of samples of steam-exploded
softwood (Paper I), a positive correlation between CO off-gassing and treatment
temperature was detected (Figure 20A). Using identical sampling protocols, the
opposite pattern was seen for torrefied samples: CO formation was higher for
wood torrefied at the lower temperature (Figure 20E). In contrast, CO2 formation
was higher from wood steam exploded at the lower temperature, while again the
opposite pattern was seen for the torrefied wood (Figure 20B, F). O2 depletion
was consistent with trends in CO2 formation for the steam-exploded material, and
trends in CO formation for the torrefied material (Figure 20D, H).

Table 4 Summary of changes in CO, CO2 and O2 concentrations in the head spaces of indicated
enclosed samples with increases in treatment severity. Abbreviations: torrefaction (torr), steam
explosion (SE), moisture content (MC), + positively correlated to treatment severity, - negatively
correlated to treatment severity.
Paper
I
V
V
VI
I

Treatment
(no. of
severities)
Torr (2)
Torr (4)
Torr (2)
Torr (5)
SE (2)

Shape

Days

CO

CO2

O2
depletion

MC [%]

Chips
Chips
Chips
Pellets
Chips

56
12
12
12
56

+ < 20 days > Inseparable
Inconclusive
+
+

+
+
+
-

+
+
+
+
-

0
0
3.3-5.3%
2-9%
>58%
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The trends in off-gassing (CO and CO2 formation, and O2 depletion in head space)
from softwood torrefied at the two severities (Paper I) were partly consistent with
trends associated with the four torrefaction severities of pine chips (Paper V)
(Figure 23A-C), and their respective pellets (in experiments that included a fifth,
more severe treatment) (Paper VI) (Figure 23D-F). The variation in torrefaction
severity of the chips did not induce significant variation in CO off-gassing.

Figure 23. Concentrations of (A) CO, (B) CO2, and (C) O2 in head spaces of enclosed samples of chips
torrefied pine chips treated at five set-points between 291-315 °C, for 6-12 min. (D) CO, (E) CO2, and
(F) O2 in the headspace of enclosed samples of pellets produced from the same torrefied materials,
and reference pellets. Samples were stored in air at 25°C for 12 days. Displayed data for samples
subjected to each torrefaction treatment are from duplicate or triplicate samples for most set-points.
The setpoint at 315°C, 12 min was omitted for chips due to technical complications. Arrows indicate
the direction of increasing treatment severity for torrefied samples (not the reference material). The
double arrow indicates no significant difference. Adapted from paper V-VI.

As shown by the graphs, no equilibrium state was reached by day 12 of storage
(Paper V-VI). However, CO2 formation and O2 depletion consistently increased
with increases in torrefaction severity. The increase in CO 2 and O2 depletion was
also consistent for the torrefied chips stored with a few percent moisture (Table
4). For pelletized fuel, in contrast to the chips, both CO formation and O2
depletion increased with increases in torrefaction severity, whereas CO2
formation decreased. However, again at any given storage time up to day 12, the
trend in CO formation was still consistent with that detected in Study I, although
a shift occurred at day 20; until then more CO formed from severely torrefied
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pellets (Figure 20E). The discrepancies in off-gassing behaviour between the
chips and their pelletized material (indicated by arrows in Figure 23A-C and DF, respectively) are considered in section 9.1.4. Effects of pelletization on offgassing behaviour.

Figure 24. PCA (A) score plot and (B) loading plot for VOCs in head spaces of enclosed samples of
steam-exploded materials treated at 195°C or 215°C. Score plot (C) and loading plot (D) for VOCs in
head spaces of enclosed stored samples of torrefied materials treated at 260°C or 290°C. Samples
were stored at 20 or 40 °C, with air or purged with N2, and sampled after 48 and 112 h. Model values
for the steam explosion PCA: PC=4, R2Xtot=0.86, Q2tot=0.71. Model values for the torrefaction PCA:
PC=3, R2Xtot=0.74, Q2tot=0.50. From paper I [200]. Reprinted with permission. Copyright (2017)
American Chemical Society.

Overall, CO off-gassing was not correlated or positively correlated from chips of
higher torrefaction severity until day 20. Thereafter, it was higher from mildly
treated chips than from severely treated chips. CO2 off-gassing was positively
correlated with torrefaction severity for material stored as chips, regardless of
moisture content, but negatively correlated for material stored as pellets. O2
depletion was positively correlated to torrefaction severity for both chips and
pellets, but lower for severely steam-exploded materials than for mildly treated
counterparts (possibly due to their high moisture content) (Table 4). The results
imply that although prevailing off-gassing mechanisms for untreated biomass
may have been inhibited by thermal treatment, other reaction mechanisms were
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initiated in their place. The moisture content is probably intricately coupled to
off-gassing formation, but today the connection is not mechanistically fully
understood.
Impact on VOCs
Increases in treatment temperature resulted in more differentiated VOC offgassing profiles than from the reference samples, as shown by the two steamexploded softwood profiles in the heat map (Paper I, Figure 22). Although offgassing of VOCs from torrefied chips was relatively low, as displayed in the heat
map, effects of both treatments could still be individually modelled in a PCA
(Figure 24A-D). PCA results showed that both steam-exploded and torrefied
samples were separated by storage temperature and, less strongly, treatment
severity. The respective loading plots also showed that increases in treatment
severity led to increases in off-gassing of a number of VOCs, particularly furans
from steam-exploded material (Figure 24B encircled).
Overall, consistent trends were seen in compositional shifts of VOCs off-gassing
from softwood bark subjected to pilot-scale steam-explosion at three
temperatures (Paper II) (Figure 25A-B). With increases in temperature, levels of
terpenes, e.g. α-pinene, decreased while relative levels of furans, e.g. furfural,
increased (Figure 25B, arrows). Complementary DTG analysis shows the
expected induction of hemicellulose degradation by steam explosion, with mass
losses increasing with increases in temperature in the 250-300°C range (Figure
25C). An interesting observation is the peak emerging around 200°C (Figure 25C
arrow) with increasing treatment severity, possibly representing compounds
formed from re-condensing degradation products.
However, overall, considerably lower concentrations of gases were released from
the material produced at pilot-scale than the material produced at bench-scale.
This could be partly because bark naturally has lower polysaccharide contents
than stem wood, as well as differences in the process setpoints resulting in drier
material. Bark of Douglas fir has been previously shown to be less affected in
particle size reduction by stem explosion than stem wood [86]. SO2-catalysed
steam explosion of Douglas-fir together with different bark ratios showed
decreased
recovery
from
the
pre-hydrolysate
of
furfural,
5hydroxymethylfurfural, and total sugars content but an increased lipophilic
extractive content [204].
Consistent shifts in VOC composition were also seen in responses to increases in
torrefaction severity for chips produced at pilot-scale (Paper V). OPLS analysis
showed that the lowest torrefaction severity (291°C for 6 min) led to the highest
terpene off-gassing, and increasing treatment severity led to increasing amounts
of furans (Figure 26A-B). In addition, a number of lignin derivatives (not detected
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in any other study) were identified among the off-gassing VOCs. The volatility of
the lignin derivatives was within the sampling range of Tenax-TA, but were not
detected from fuels produced in the bench-scale torrefaction set-up (Paper I),
probably due to more extensive ventilation in that process. The steam explosion
process was probably not severe enough to initiate lignin degradation.

Figure 25. Results of OPLS analysis of effects of steam explosion severity on VOCs off-gassing. (A)
Score plot and (B) loading plot for VOCs in head spaces of enclosed samples of steam-exploded
bark treated at 180 (green), 190 (blue), and 200°C (orange). Samples from three process steps:
directly off the steam-explosion process line (circles), pre-press (squares), and pellets (triangles).
VOCs sampled after 72 h storage at 20 °C. Model values: 1+1 components, R2X(tot) = 0.84, R2Y(tot) =
0.78, and Q2(tot) = 0.73. A and B adapted from paper III. (C) DTG curves of materials subjected to
treatments of the three severities, relative to the reference material.
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Figure 26. Results of OPLS analysis of effects of torrefaction severity on VOCs off-gassing. (A) score
plot, and (B) loading plot for VOCs in head spaces of enclosed samples of torrefied pine treated at
five setpoints between 291-315°C run for 6-12 min. VOCs sampled over 12 days of storage at 25°C.
Adapted from paper V.

Results also showed that although materials were influenced by their treatment
severity, the variations in the data were largely explained by orthogonal variations
caused by other parameters. For example, the effect of storage time was clearly
observed in the column plots of the four lignin-derived compounds (see section
9.2.2. Effects of storage time on off-gassing).
VOC off-gassing from thermally treated biomass shares some features with that
of untreated biomass, involving formation of certain compounds, e.g. terpenes
and native aldehydes. However, with increases in treatment severity increases in
relative amounts of VOCs products of cell wall degradation in the off-gasses
should become more apparent. Off-gassing VOCs can therefore be categorized as:
(1) VOCs originating from the untreated biomass, (2) thermal degradation
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Figure 27. Amounts of (A) methyleugenol, (B) isoeugenol, (C) 4-ethylguaiacol, and (D) toluene in
head spaces of enclosed samples of pine chips subjected to torrefaction at five setpoints between
291-315°C for 6-12 min. Graphs show amounts in the head spaces measured over 12 days of
storage at 25°C. Adapted from rom Paper VI.
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products formed in increasing amounts as treatment severity increases, and (3)
secondary reaction products formed by reaction of compounds from 1 and 2.
Knowledge of specific compounds’ responses to increases in treatment severity
may be important for assessing peak emissions of certain VOCs of concern. E.g.
off-gassing of furfural will increase with increases in treatment severity to a
certain threshold, after which hemicellulose degradation conditions will be
sufficiently severe to release furfural, so it will be vented off and can be removed
by the process flue gas cleaning system, unless it re-condenses on the product.
Lignin derivatives are compounds that span a large thermal degradation range.
Within the range of torrefaction setpoints, four types of degradation behaviour
were observed. Firstly, rapid degradation, illustrated by methyleugenol, which
was strongly degraded at all but the mildest process setpoints, thus its levels are
very low to the right in (Figure 27A. Secondly, gradual degradation, illustrated by
isoeugenol, which increasingly but gradually declines as the severity of process
setpoints increases (Figure 27B). Thirdly, peak degradation, illustrated by 4ethylguaiacol, which degrades in a limited temperature and time window Figure
27C). Fourthly, time-dependent degradation, illustrated by butyl-benzene, for
which off-gassing levels are related to residence time (in this case peaking
following treatment involving 6 min residence), regardless of temperature
(Figure 27D). The results imply that releases of specific degradation products will
begin, peak, or fully occur during thermal treatment depending on process
settings. Therefore, releases of VOCs of specific of concern can be highly
dependent on treatment parameters.
9.1.3

Effects of cooling technologies on off-gassing behaviour

Torrefied material has shown self-heating tendencies, which increase with
increases in torrefaction temperature [205]. Therefore, an effective cooling
system is important for both economic reasons and to avoid self-heating and selfignition. Although the nitrogen purging of the bench-scale torrefied material
produced and examined in Study I was found to effectively reduce off-gassing, the
effects of two other more industrially relevant post-process technologies on offgassing were evaluated and compared.
Impact on permanent gases
Differences in off-gassing from torrefied pine chips depending on if indirect
cooling by a heat exchanger was used alone or in combination with water spraying
were evaluated (Paper V). The results showed that water spraying did not impact
CO formation, but led to distinctly higher CO 2 formation and more severe O2
depletion (Figure 28A-I). Differences were smallest for material torrefied at the
mildest tested set-point, 291 °C for 12 min (Figure 28A, E, and H).
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The final moisture contents of material subjected to indirect cooling alone and in
combination with water mist spraying were <1% and 3.2-5.3%, respectively.

Figure 28. Concentrations of (A) CO [ppm], (B) CO2 [ppm], and O2 [%] in head spaces of enclosed
samples of pine chips torrefied at three indicated set-points between 291-315 °C, and 6-12 min
residence time, subjected to indirect cooling alone and in combination with water mist spraying.
Off-gassing was monitored during 12 days of storage at 25 °C. Displayed data for samples subjected
to torrefaction at each setting were obtained from measurements of a combination of duplicate or
triplicate samples (generally triplicates for the last sample time point). From Paper V.

Effects on VOCs
Water spraying also resulted in higher VOC off-gassing, as demonstrated by the
separation of samples according to cooling technique (regardless of torrefaction
severity) on either side of the origin in the OPLS-DA score plot shown in Figure
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29A, and scattering of the majority of the off-gassing compounds to the right
(superimposed on positions of the samples subjected to water spraying), in the
loading plot (Figure 29B). Certain VOCs, e.g. 2-methylfuran, were affected by the
water cooling particularly strongly (Figure 29C).

Figure 29. OPLS-DA (A) score plot and (B) loading plot for torrefied chips from two different
cooling technologies and three torrefaction severities (291 °C ,6 min, 308 °C, 9 min and 315 °C, 6
min). (C) 2-methylfuran variations with time for the two cooling methods. Samples were collected
continuously during 12 days of storage, and were prepared in duplicate or triplicate bottles. From
paper V.
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Overall, the results show that VOC off-gassing was increased by additional water
spraying, although it may still be a feasible option as water spraying may bring
system benefits. Another aspect worth consideration according to these results is
that torrefied materials have lower equilibrium water contents, and thus lower
requirements for dry storage. However, as indicated here, a small percentage
increase in moisture contents could substantially increase off-gassing.
9.1.4

Effects of pelletization on off-gassing behaviour

Five torrefied materials produced at pilot-scale with settings ranging from 291315 °C and 6-12 min residence time were pelletized with 19 permutations of preconditioning moisture content, size of ground material, and press channel length
(Paper IV). Fuel quality parameters of the pellets were analysed, of both
traditional values, e.g. bulk density, fines content and durability, and those
specifically of interest for thermally treated materials, e.g. grinding energy and
moisture uptake, as displayed in the PCA shown in Figure 30A-B. The resulting
pellets covered a broad array in quality, e.g. bulk density (558–725 kg/m3),
durability (46.3–86.5%), and fines content (3.8–85.8%). Interestingly, every
torrefaction treatment resulted in both relatively high and low quality pellets
(located at the top and bottom of the score plot shown in Figure 30A,
respectively).

Figure 30. PCA (A) score plot (B) loading plot of pellet quality—in terms of moisture content (MC),
sieve (Sieve) and press channel length (PCL)—of pine torrefied at five setpoints between 291-315 °C
and 6-12 min residence time. From paper IV. Reprinted with permission [108].

As previously indicated, CO and CO2 off-gassing trends related to torrefaction
severity of the torrefied chips and pellets produced from them differed (Figure
23A-C vs D-F, section 9.1.4 Effects of pelletization on off-gassing behaviour).
Moreover, off-gassing of CO and CO2, and O2 depletion patterns were most
similar between pellets of the most severely treated material (315°C for 12 min)
and the untreated reference pellets (Ref-1) (Figure 23D-F). Two types of
64

untreated pine pellets were used for comparison of the off-gassing from the
pellets of torrefied pine (Paper V). Off-gassing was markedly more severe from
pellets produced from a sawdust-based reference material (Ref-2), and all O2 was
depleted by storage day 3 (of 12) in head spaces of these pellets, than from the
other reference pellets produced from ground wood chips (Ref-1), which behaved
more similarly to torrefied chips. This shows that despite large differences in offgassing behaviour among untreated pellets, off-gassing characteristics of pellets
of torrefied material can still be similar to those of untreated material.
No co-variance between off-gassing compounds and any of the varied
pelletization parameters (sieve-size, press-channel length, or pre-conditioning
moisture content) was detected (Figure 31A-C). However, use of the moisture
content of pellets exiting the pellet press, post-press moisture content, rather
than the pre-conditioning moisture content, pre-press moisture content,
increased the amount of explained variation in the off-gassing compounds by the
response variable in the OPLS model (Figure 31D-F). The post-press moisture
content was also clearly correlated to the torrefaction severity: pellets produced
from material subjected to the most severe torrefaction (315 °C for 12 min) had a
moisture content < 2.8%, and pellets’ moisture uptake was inversely correlated
to the severity of their torrefaction.
All pellet assortments and reference pellets were monitored for their uptake of
moisture when stored in a climate chamber kept at a relative humidity of 85%
during 72h. Moisture uptake was decreased with increased torrefaction severity,
regardless of pelletization permutations (Figure 31G-H). After 72 h of high
humidity storage the pellets of 315°C, 12 min had a lower uptake than the pellet
of less torrefaction severity. Varying the moisture content equilibration time after
pelletization would probably also have affected the off-gassing results.
No co-variance was found between off-gassing parameters and the pellet quality
properties bulk density and durability. Experiments with material treated at each
torrefaction setpoint (apart from three centre points) were not repeated, but four
batches of pellets were produced from each of these materials, at times ranging
(in total) from 20 to 271 days after torrefaction. The most extreme range of these
times for a set of four batches was 40 to 269 days after torrefaction. Despite open
air storage in big bags, no co-variance was found between off-gassing profiles and
the torrefied chips’ storage time. However, the steps involved in pelletization
(milling, pre-conditioning and compacting) induced consistent treatment
severity-associated changes in off-gassing, regardless of storage time (Paper III).
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Figure 31. Results of OPLS analysis of effects of pre-conditioning moisture content on CO and CO2
off-gassing and O2 depletion. (A) score plot coloured by pre-conditioning moisture content [%], (B)
Score plot coloured by torrefaction setpoints, and (C) loading plot of CO, CO 2, O2 with preconditioning moisture content as response variable Model parameters: 1+1 components, R2X(tot) =
0.97, R2Y(tot) = 0.14, and Q2(tot) = 0.14. Results of OPLS analysis of effects of post-press moisture
content on CO and CO2 off-gassing and O2 depletion. (D) Score plot coloured by post-press moisture
content, (E) Score plot coloured by torrefaction setpoints, and (F) Loading plot of CO, CO2, O2, with
post-press moisture content as response variable. Model parameters: 1+2 components, R 2X(tot) = 1,
R2Y(tot) = 0.53, and Q2(tot) = 0.52 Head spaces of enclosed samples of each type of pellets, subjected to
treatment at each setpoint (in triplicate), were sampled during 12 days of storage at 25 °C. Results
of OPLS analysis of torrefaction severity of moisture content uptake at 85% relative humidity in all
pellets of torrefied pine and reference pellets (Ref-1): (G) Score plots coloured by torrefaction
setpoint, and (H) loading plot of moisture uptake values with elemental carbon content as response
variable. Moisture uptake of each pellets assortment (in triplicate or each triplicate sampling time
during pelletization) were sampled during 72h of storage in 30°C at 85%RH. Model parameters:
1+1 components, R2X(tot)=0.98, R2Y(tot)=0.86, and Q2(tot)=0.86. Note, orthogonal component is N.S,
but used to increase visual interpretability.
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Effects on VOCs
VOC off-gassing behaviour was determined for samples collected at three process
points, anticipated to be key-exposure-points along the process line in a steamexplosion pilot-plant (Papers II and III). These samples were of material collected
directly after the steam explosion process (direct), just before entering the pellet
press (pre-press), and exiting the pellet press (pellet). For steam-exploded bark,
results showed that the highest off-gassing occurred from direct samples,
followed by pellets, and the least off-gassing occurred from the pre-press
material, as displayed in the OPLS-DA plots shown in Figure 32A-B.

Figure 32. Results of OPLS-DA analysis of effects of process point on VOCs off-gassing. (A) score
plot and (B) loading plot for VOCs in head spaces of enclosed steam-exploded bark samples
collected: directly after the steam explosion process, direct (circles); prior to pelletization, pre-press
(triangles); and after pelletization, pellet (squares). Samples were treated by steam-explosion at
180°C (SE-180°C, green), 190°C (SE-190°, blue), and 200 °C (SE-200°C, orange). VOCs were
sampled after 72 h of storage at 20 °C. OPLS model response matrix was set as discrete numbers for
each process step, 2+3 components, R2X(tot) = 0.95, R2Y(tot) = 0.87, and Q2(tot) = 0.69. From Paper III.

The steam-exploded bark was taken out from open big bags within a few hours
after production, and kept in sealed bags until pelletization. Therefore, to ensure
adequate quantification of any possible reduction in off-gassing levels due to this
intermediate storage step, pre-press samples of the bark were collected before it
entered the press. Off-gassing measurements from the different steps revealed
that although direct and pellets caused the highest off-gassing amounts, different
compounds were augmented for the respective process steps; direct emitted
higher levels of lower weight volatile compounds while e.g. hexanal off-gassing
increased for pellet.
The reduction in off-gassing from direct to the intermediate pre-press samples
was anticipated, and important as it provided tare values for the pellets (which
had not been previously evaluated for pellets of torrefied materials). They also
confirmed that pelletization induces more off-gassing, and shifts in VOCs’
composition. In addition, the steam-exploded material was pelletized as received,
i.e. it was not subjected to any further milling or moisture pre-conditioning,
implying that the additional off-gassing was solely sparked by the compacting
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step. The results further corroborate the importance of identifying key exposure
points along process chains where measures should be implemented to reduce
final emissions.

9.2

Impact of storage conditions on off-gassing

Reducing off-gassing will bring other advantages, such as reductions in loss of
material (energy), and possibly self-heating problems. However, the process
settings in terms of treatment severity, product-cooling technique, and
pelletization settings, will be primarily subject to technical and economic
constraints since they are key process efficiency parameters. The amount of offgassing will probably not be an actively controlled parameter, but rather a
property to monitor for already mentioned reasons: to enable appropriate risk
assessments and identify appropriate actions. In terms of storage conditions
there are more possibilities to reduce or control off-gassing. In the following
sections, effects of several storage parameters are addressed, with support of
experimental results on storage temperature (Paper I), storage time (Papers I, III,
V and VI), head space storage gas (Paper I), and controlled ventilation (Paper III).
9.2.1

Effects of storage temperature on off-gassing

Impact on permanent gases
Increasing the storage temperature increased the CO and CH 4 concentrations,
and O2 depletion, in head spaces of the samples of steam-exploded materials
(Paper I). Trends in CO2 concentrations depended on treatment severity (Figure
20A-D). For torrefied softwood, formation of CO, CO2 and CH4, as well as
consumption of O2, increased with increases in storage temperature (Figure 20AD). However, some of the changes were affected more strongly by treatment
severity than by storage temperature, and these parameters had opposite order
of importance for off-gassing from torrefied and steam-exploded materials.
Increasing the storage temperature resulted in higher CH 4 head space
concentrations, regardless of thermal treatment or reference material (Figure 20
C, G).
Impact on VOCs
The comparative heat map showed not only a vast difference in amounts of VOCs
off-gassing from steam-exploded and torrefied softwood compared to the
untreated reference material, but also a strong impact of the varied (20 or 40°C)
storage temperature (Paper I) (Figure 21). PCA models of each treatment
confirmed that overall releases of VOCs from both torrefied and steam-exploded
materials were affected more by storage temperature than by treatment severity
(Figure 24A-D). Dendrographic clustering of the heat map data showed that while
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legs I and II could be attributed to thermal treatment differences, legs III and IV
were mainly related to differences between storage temperatures. Concentrations
of VOCs in leg III were mainly already high (relative to their maxima) at 20°C,
and showed lower relative increases with increases in storage temperate (Figure
21). Overall, results show that VOCs off-gassing can be reduced by maintaining
low storage temperatures.
9.2.2

Effects of storage time on off-gassing

Various storage times, ranging from 72 h to 56 days, have been employed in the
studies (Papers I-III, V and VI). The changes in off-gassing behaviour in response
to variations in storage time have been extensively used together with
interpretation of other parameters, but in the sections below they are directly
addressed.
Impacts on permanent gases
The parameter that had the largest impact on changes in CO, CO2, and CH4, and
O2 head space concentrations was storage time (Papers II, V and VI). Projecting
the co-variance between gas components (CO, CO2, and O2) and storage time for
all 16 pellets of torrefied pine and two reference pellets (Figure 23A-C) confirmed
results of the overview (displayed by one pellet per torrefaction setpoint). The offgassing behaviour of all pellets produced from material torrefied at a given
setpoint behaved in a similar fashion (Figure 23D-F): O2 was depleted in head
spaces of all samples, but reference pellets and pellets produced from most
severely torrefied pine (at 315°C for 12 min) released slightly more CO but less
CO2.
Results of the corresponding measurements of permanent gases and VOCs,
sampled during 12 days (in head spaces of samples of the torrefied chips) were
interpreted together by OPLS with storage time as the response variable (Paper
V) (Figure 33A-B). This first visualization of changes of both permanent gases
and VOCs from such material showed that CO and CO 2 were most right-shifted,
indicating the largest relative increases over time, and O 2 was most left-shifted,
indicating the earliest relative decrease (Figure 33B). Moreover, the results
verified that CO was the most strongly affected of all modelled gaseous
compounds by storage time.
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Figure 33 . Results of OPLS analysis providing overview of off-gassing from 16 pellets of torrefied
pine and two conventional pellet types, with pellet storage time as response variable. (A) Score plot,
coloured according to sampling time point (days), (B) Score plot, coloured according to torrefaction
setpoint and (C) Loading plot for CO, CO2 and O2. Pellets were produced from material subjected to
torrefaction at five set-points, with variations in sieve size, moisture content, and press-channel
length. Each resulting type of pellets was sampled during storage for 12 days at 25 °C, in triplicates.
Model parameters: 1+1 components, R2X(tot)=0.99, R2Y(tot)=0.76, and Q2(tot)=0.76. From Paper VI.

Figure 34. Results of OPLS analysis of effects of storage time of torrefied chips on changes in
permanent gases and VOCs (A) score plot and (B) loading plot for concentrations of VOCs and
permanent gases in head spaces of enclosed pine chips torrefied at five setpoints between 291-315
°C and 6-12 min residence times when cooled by heat exchanging with storage time as response
variable. In A coloured according to sampling time point (days), in B coloured according to GC
retention time. Off-gassing was measured during 12 days of storage, from duplicate or triplicate
samples. Model values: 1+2, R2Xtot= 0.7, R2Ytot= 0.72, Q2tot= 0.7. From Paper V.

Impact on VOCs
Concentrations of most VOCs in the headspace decreased with increases in
storage time (Papers I, III and VI). Indications of this were obtained in the
analysis of torrefied and steam-exploded materials produced at bench-scale, but
the trend could not be confirmed due to sampling dilution effects of the active
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sampling (Figure 21, Figure 25 A-B). That work also showed that levels of some
VOCs, e.g. 2-methylfuran, increased over time (Figure 22C).
The decline in levels of VOCs was further confirmed by analyses of steamexploded bark: no differences were found between samples stored for 24 and
72 h, but from 72 to 144 h of storage, head space levels of relatively high molecular
weight VOCs, e.g. sesquiterpenes, fell (reported in Paper III). However,
concentrations of lower weight compounds did not change between the 72 and
144 h sampling times. Furthermore, no appearance of new VOCs was detected
over time, indicating that the decline in heavier compounds was not due to
secondary degradation leading to formation new volatile compounds (at least not
in concentrations and volatility ranges detectable by the Tenax-TA sampling
protocol). Instead the decline of the heavier compounds was probably due to recondensation on the solid product.
In accordance with the previously mentioned trend, levels of most detected VOCs
decreased in the headspace of samples of torrefied chips over the 12-day storage
period (Paper V). In contrast to the VOC off-gassing behaviour of the steamexploded bark, no clear co-variance was detected in the early decline of overall
relatively high molecular weight VOCs. The rapidly declining VOCs emitted from
the steam-exploded bark included several sesquiterpenes (e.g. α-murrolene),
while levels of monoterpenes, such as α-pinene, declined more slowly. The
strongest terpene off-gassing was from the chips torrefied at the mildest setpoint:
291°C for 6 min (Section 9.1.2 Effects of treatment severity on off-gassing
behaviour). A separate OPLS model covering only the 291°C, 6 min samples of
chips as observations, and only responses of the terpenes to storage time as offgassing variables, confirmed the trends observed in analyses of the steamexploded bark: not all heavy VOCs rapidly declined, but the relatively large
terpenes consistently declined more rapidly than lighter terpenes in the head
space of the torrefied chips (not shown).
Furthermore, in the head space of samples of the torrefied chips, several VOCs
were found to increase during storage (Figure 34B, encircled). Displaying the
VOCs by retention time revealed that these were mainly highly volatile
components (blue, Figure 34B). Interpretation guided by the orthogonal
variation of the OPLS model further revealed that the VOCs that increased
depended on torrefaction severity. For example, levels of acetone, hexanal and 2pentylfuran (lower circle, Figure 34B) increased with time in head spaces of
mildly torrefied chips, while levels of 1-methylethyl-cyclohexane increased in
head spaces of more severely torrefied chips (upper circle, Figure 34B).
From the dark blue to light blue colour gradient of the 12 day storage period,
acetone levels increased during storage within the different bottle replicates of
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each torrefaction setting (Figure 35A). This was especially evident in the milder
treated torrefied chips (clustered in the bottom encircled group of the loading plot
of the OPLS of storage time in Figure 34B), and as displayed acetone off-gassing
also decreased with increased torrefaction severity. 1-methylethyl-cyclohexane
was mentioned as one of the compounds of the more severely treated torrefied
chips that increased over time (Figure 34B), and can be clearly seen to increase
both in response to time and increased torrefaction severity (Figure 35B). In
contrast, 1-hydroxy-2-propanone (Figure 35C) clearly decreased over time.

Figure 35. Concentrations of (A) acetone, (B) 1-methylethyl-cyclohexane, and (C) 1-hydroxy-2propanone in head spaces of torrefied chips subjected to torrefaction at five severities. The plots are
coloured by a colour gradient of storage time over 46 days. Bottles replicates are indicated by
replicate number.

Overall, the results showed that storage time strongly effects final concentrations
of off-gassing compounds. Levels of most VOCs decreased during storage, at rates
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that were partially correlated with their chemical classes. In addition, levels of
some VOCs increased over time, and emission concentrations were also tightly
coupled to treatment severity.
9.2.3

Impact of head space gas composition on off-gassing

The potential utility of replacing the head space air with pure nitrogen to prevent
oxidizing reactions contributing to off-gassing was tested, but it only marginally
reduced VOC off-gassing, leading to levels that partially overlapped with those of
corresponding air-stored samples of steam-exploded and torrefied chips in PCA
score plots (Figure 24A, C). It also had some minor effects on specific VOCs, for
example furfural levels remained constant while α-pinene levels declined more
strongly (Figure. 3, Paper I). Overall, nitrogen purging reduced VOC levels very
little. Moreover, in practical applications it would introduce a risk of suffocation
due to oxygen deficiency.
9.2.4

Impact of ventilation on off-gassing

Ventilation is a natural approach to reduce local levels of gases released from any
material. However, subjecting steam-exploded bark in closed storage to
intermittent ventilation reduced VOC levels very little (Paper III). More
specifically, discriminant analysis detected no difference between VOCs in head
spaces of samples of steam-exploded bark sampled at 72 h after closed storage
with or without a controlled ventilation at 24 h, or between samples after 144 h
closed storage with no, one or two ventilations during the storage. Overall,
controlled ventilation during storage was found to reduce VOC concentrations
very little, if at all, since new VOCs were released that maintained consistent
levels. However, the total ventilation applied was equivalent to one change in
head space volume, which should be regarded as a very low ventilation rate. More
extensive ventilation may have substantially reduced levels of released gases.
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Conclusions
As previously mentioned, the main question addressed in this thesis is: “What is
the off-gassing behaviour of thermally treated lignocellulosic biomass during storage?”

From results presented in the appended papers and supplementary results
presented in the thesis, the answers provided can be summarised by the following
statements:
Off-gassing behaviour depends on the thermal treatment method.







Off-gassing of CO, CO2 and CH4 from torrefied and stream-exploded
biomass and pellets (as well as depletion of O 2 in head spaces of enclosed
samples of these materials) was found to be comparable to or lower than
from untreated biomass.
Major differences were found between VOCs off-gassing from thermally
treated and untreated biomass, in both chemical composition and
concentrations.
Both torrefaction and steam explosion reduced off-gassing of terpenes
and aldehydes from softwood chips.
VOCs assumed derived from thermal degradation of cell wall
constituents were found in off-gasses from thermally treated biomass;
both treatment methods resulted in higher concentrations of furans;
lignin-derived aromatic compounds were emitted from torrefied pine.

Off-gassing behaviour depends on severity of the thermal treatment.








CO off-gassing increased by increases in torrefaction severity from
pellets.
Increases in torrefaction severity increased, CO 2 off-gassing from
torrefied softwood chips but decreased CO2 off-gassing from pellets.
Increases in torrefaction severity increased O2 depletion in head spaces
of enclosed samples of torrefied softwood chips and pellets.
Steam explosion severity was positively correlated with CO off-gassing,
but negatively correlated with CO2 off-gassing (and O2 depletion in head
spaces) from enclosed softwood samples, probably due to the associated
moisture content.
VOCs’ chemical compositional shifts increased with increases in
treatment severity.
Degradation rates of specific VOCs varied widely and were differentially
affected by both treatment temperature and residence time.
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Some VOCs were affected more by residence time than torrefaction
temperature (within the ranges of these variables applied in the studies).

Off-gassing behaviour depends on the product cooling technique.




Cooling torrefied pine chips by water spraying in addition to heat
exchange led to increased CO2 off-gassing (and O2 depletion in enclosed
samples’ head spaces), but had no clear impact on CO formation.
Cooling torrefied pine chips by water spraying in addition to heat
exchange led to increased off-gassing of most VOCs.

Pelletizing thermally treated biomass alters its off-gassing behaviour.






Off-gassing of CO, CO2 and O2 co-varied with pellet moisture content.
CO, CO2 and O2 off-gassing was neither affected by pelletization
parameters (press channel length, pre-conditioning moisture content,
sieving size after milling, storage time of torrefied chips prior to
pelletization), nor correlated with the durability or bulk density of the
resulting pellets.
Pelletization of steam-exploded softwood bark generally increased offgassing of VOCs and induced a shift in their compositional profile.
Variations in VOC off-gassing between different process steps were larger
than between different treatment severities tested for steam-exploded
bark

Off-gassing behaviour depends on storage temperature.






Off-gassing of CO, CO2 and CH4 (as well as depletion of O2 in head spaces)
from torrefied softwood increased with increases in storage temperature;
the CO and CH4 (but not CO2 trends) also applied for steam-exploded
softwood.
CH4 concentrations in head spaces of enclosed torrefied, steam-exploded
and untreated softwood samples were mainly correlated to storage
temperature.
Storage temperature affected VOC off-gassing more than treatment
severity for both torrefied and steam-exploded softwood.

Off-gassing behaviour depends on storage time.


Head space concentrations of CO, CO2 and CH4 increased, while O2 levels
decreased, during storage of torrefied and steam-exploded softwood
chips and pellets.
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Storage time affected CO, CO2 and O2 levels in head spaces of enclosed
samples of torrefied wood chips and pellets more than treatment severity.
Levels of most VOCs in head spaces of enclosed samples of torrefied pine
chips and steam-exploded bark decreased during storage.
However, levels of some VOCs, generally with relatively high volatility,
increased during storage, and their concentrations were strongly
correlated to treatment severity.
Storage time affected VOC off-gassing more than treatment severity for
torrefied pine chips.

Off-gassing behaviour of VOCs from steam-exploded or torrefied softwood is not
altered by purging with nitrogen to replace air in the head space of the storage
vessel.
Off-gassing behaviour of VOCs is not altered by controlled ventilation during
storage of steam-exploded bark (at least not by the limited ventilation applied in
the studies).
The above statements summarise the new knowledge gained in the studies
underlying this thesis. As intended, new insights regarding off-gassing from
thermally treated lignocellulosic biomass were acquired and can be briefly
expressed as follows.









Concentrations of CO and CO2 in head spaces of enclosed samples of
thermally treated softwood generally increase, while those of O 2 and
VOCs generally decline, during storage.
Mechanisms of off-gassing from untreated biomass are partially
inhibited by thermal treatment, but others, forming new potentially
problematic compounds, are induced.
Off-gassing behaviour is intricately coupled to moisture content.
Emissions of some VOCs may peak within narrow temperature and
residence time intervals, and thus high emittance may occur within
narrow ranges of key process parameters.
Off-gassing differs between pelletized and non-pelletized thermally
treated biomass, probably partly due to differences in available moisture.

Taken together, the new knowledge and insights provide refined foundations for
future research on safe implementation of thermally treated fuels as energy
carriers in renewable energy process chains.
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New considerations regarding
precautions
Off-gassing, together with self-heating behaviour and self-ignition, are frequently
highlighted risks associated with storage and transport of untreated biomass. The
work presented in this thesis has shown that permanent gases and certain VOCs
may be emitted from thermally treated biomass during storage and handling to
levels that warrant enforceable precautions. Moreover, robust measures to ensure
that its storage and handling are safe are crucial prior to market introduction.
Presented results demonstrate that off-gassing from thermally treated biomass is
dependent on numerous parameters, such as feedstock, process type, process
severity, post-treatment, pelletization settings, and storage conditions. Various
VOCs may be of concern, depending on the thermal treatment applied and its
severity. An interesting observation from the studies is that increases in the
material’s moisture content in various parts of the process chain generally
exacerbate off-gassing. Thermally treated biomass has been perceived to require
less water-resistant storage solutions than untreated material, as it is less prone
to take up moisture. However, even if it does not directly absorb moisture, water
left on its surface will be carried through to downstream processing and handling
steps, potentially aggravating off-gassing at various storage points.
Maintaining a low and controlled storage temperature will reduce off-gassing.
Additional precautions may be needed, such as ventilations along the production
line to mitigate VOCs of concern. Results showed the importance of identifying
key exposure points along the process chains.
In industrial scale processes, thermally treated materials will be produced in
systems with optimized techno-economic parameters within narrow intervals of
product quality, production costs, and commercially competitive prices.
Therefore, process efficiency will need to be optimized in every part of the system.
For example, effective cooling systems will be crucial, in-line pelletization with
moisture pre-conditioning could be necessary, and cheap open-air storage
solutions without full rain protection could be the only options. Off-gassing will
be monitored, and ways to reduce it will be considered, but possibilities to take
active steps to counter it will always be constrained by practical circumstances.
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Proposed future work
Storage time was shown to impact emissions of permanent gases from thermally
treated biomass. Levels of CO, CO2, and CH4 in head spaces of enclosed samples
increased over time, while O2 was depleted. However, head space concentrations
did not reach equilibrium in any study, including the 56-day study of permanent
gases. Moreover, CO concentrations in head spaces of samples of mildly torrefied
material only exceeded those in samples of more severely torrefied material at
day 20, indicating the need for storage studies with longer durations to clarify the
long term relationship between thermal treatment severity and changes in
permanent gases. Finally, corresponding studies are needed on larger-scale
produced steam exploded materials and resulting pellets on changes in
permanent gases.
In the studies underlying this thesis, detected VOCs were limited to compounds
with volatilities within the detection range of Tenax-TA absorbent. It would be
interesting to screen several low-volatility compounds, like those readily emitted
during drying of raw biomass (in the <C5 range) and others with volatility across
a wider temperature range (e.g. -60 to 80°C), using other absorbents for sampling
e.g. Carbotrap B, Carbograph TD-1, or Carbosieve. More thoroughly optimised
SPME-based studies, allowing equilibrium regime sampling, could also provide
interesting findings. Finally, possible VOCs of concern should be quantified to
assess exposure levels.
Moisture content was not controlled in any of the studies, but was found to be an
important parameter throughout the work. More work is needed to understand
in detail how moisture contents affect the gas composition in head spaces of the
focal materials.
Detailed analysis of the reaction pathways involved in the fuel degradation and
off-gas formation was beyond the scope of this thesis, but it would greatly
contribute to understanding of the observations.
VOCs off-gassing concentrations were not affected by the amount of ventilation
applied to the samples bottles. Prediction models for emissions and required of
amount of controlled ventilation needed to lower CO and CO2 and restore O2
levels can been calculated [142, 206] Corresponding work should be performed
to deduce what amount of ventilation level would be required to lower VOCs
concentration below exposure limits.
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