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Kurzfassung

Holzpellets emittieren bei der Herstellung, dem Transport und bei der Lagerung Gase wie
Kohlenstoffmonoxid (CO), Kohlenstoffdioxid (CO,) und fliichtige organische Verbindungen (VOCs). Die
gleichzeitige Abnahme des Sauerstoffgehaltes in der Luft flihrt zu einer toxischen Atmosphare. Diese
Arbeit befasst sich i) mit den Ausgasungsemissionen von gelagerten Pellets und deren
Einflussfaktoren, ii) mit MalRnahmen zur Verringerung der Ausgasungsemissionen durch
Modifizierung der Holzpelletsproduktion und iii) mit der Lagerung von Holzpellets und deren

Belilftung.

Die bei der Lagerung von Holzpellets entstehenden Emissionen werden durch Oxidationsprozesse von
holzeigenen Extraktstoffen initiiert. Die einzelnen Mechanismen und die Herkunft samtlicher CO
Emissionen sind nicht eindeutig geklart. Zu Beginn dieser Arbeit wurden der Extraktstoffgehalt von
Holzpellets und Rohstoffen sowie deren Ausgasungsverhalten gegeniibergestellt. Der Pelletierprozess
reduzierte den Extraktstoffgehalt, jedoch wurden héhere CO Emissionen bei den Pellets im Vergleich
zu den Rohstoffen festgestellt. Zudem korrelierte das Ausgasungsverhalten von Holzpellets nicht mit
dem zunehmenden Extraktstoffgehalt. Flr die bei der Lagerung von Holzpellets auftretenden Gerliche
sind VOCs verantwortlich. Geruchsaktive Holzpellets wiesen, im Vergleich zu unauffillig
wahrgenommenen Holzpellets, keine hoheren CO oder VOC Emissionen auf. Sowohl fiir die Ausgasung
als auch fur die Selbsterhitzung sind Oxidationsprozesse von Extraktstoffen die Ursache. Die simultane
Untersuchung des Ausgasungs- und Selbsterhitzungsverhaltens zeigte, dass Pellets mit hoherer
Ausgasungstendenz auch als Pellets mit hoherer Selbsterhitzungstendenz bewertet wurden.
Untersuchungen zur Sauerstoffverfiigbarkeit belegten einen deutlichen Anstieg der Emissionsbildung
mit zunehmender Verfligbarkeit von O,. Dies bekraftigt die Annahme, dass oxidative Prozesse fiir die
Emissionsbildung verantwortlich sind. Zusatzlich wurden Pellets aus Biomasse wie Stroh oder
Weinrebschnitte untersucht. Alle analysierten Biomassepellets emittierten CO, CO; und VOCs. Die
sensorische Bewertung von Biomassepellets reichte von angenehm (krautig, si8) bis unangenehm
(stechend, ranzig). Die wahrgenommenen Geriiche entsprachen den eingesetzten Rohstoffen. Das
Geruchsspektrum ist auf die groRe Anzahl der gebildeten VOCs zurilickzufiihren. Wie bei Holzpellets,
wurde bei allen untersuchten Biomassepellets Hexanal nachgewiesen. Hexanal ist ein bekanntes
Abbauprodukt von Lipiden und ldsst vermuten, dass auch bei der Lagerung dieser Biomassepellets,

dhnlich der Lagerung von Holzpellets, oxidative Prozesse, stattfinden.

Malnahmen in der Pelletsproduktion und deren Auswirkung auf das Ausgasungsverhalten von
Holzpellets wurden untersucht. Dabei wurde der Fokus auf antioxidativ wirkende Substanzen gelegt.

Natirliche und synthetische (antioxidative) Additive bewirkten eine signifikante Reduzierung von CO
v
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Emissionen. Als weitere MaRnahme in der Pelletsproduktion wurde das Mischen von Rohstoffen zur
Verringerung der CO Emissionen identifiziert. Sowohl die Beimischung von Seekieferrinde als auch von
Eichensagemehl minimierten die CO Emissionen nachweislich. Die durch die Zugabe von Additiven
und die Beimischung von Rohstoffen erzielte CO Reduktion beruht auf der antioxidativen Wirkung der
Inhaltsstoffe. Als weitere MalRinahme zur CO Minderung wurde das Ende des Pelletierprozesses, der
Kihlprozess, untersucht. Sowohl die Belliftungszeit als auch die Belliftungstechnik beeinflussten die
CO Emissionen. Der Eingriff in den Kiihlprozess fiihrte jedoch zu einer geringeren Reduktion der

Emissionen als der Einsatz von Additiven oder die Mischung von Rohstoffen.

CO ist bei der Lagerung von Holzpellets aufgrund seiner Toxizitat und seiner geruchlosen Eigenschaft
die bedeutendste Emission bei der Lagerung von Holzpellets. Die Einlagerung mehrerer Tonnen
Holzpellets kénnen zu hohen CO Konzentrationen fiihren, daher wurden reale Pelletslager bei
Endverbrauchern gemonitort. Um den Einfluss der Beliiftung auf die CO Abnahme in Pelletslagern zu
beurteilen, wurden zusatzliche Liftungsversuche durchgefiihrt. Die gleichzeitige Bestimmung der CO
Emissionsraten der eingelagerten Holzpellets zeigte, dass zu Beginn der Holzpelletslagerung ein
hoherer Anstieg an CO Emissionen zu erwarten ist. Weitere Untersuchungen identifizierten die
Querluftung in Holzpelletslagern als geeignete MaRnahme zur CO Konzentrationsminderung. Die CO
Reduktion wird durch eine zunehmende Querschnittsflache der Bellftungsoffnungen beglinstigt. Ein
weiterer positiver Einfluss auf die CO Reduktion in Pelletslagern ist ein auftretender
Temperaturunterschied zwischen dem Innen- und Aullenbereich des Pelletslagers. Ein sorgsamer

Umgang wird auch bei bellifteten Holzpelletslagern empfohlen.
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Abstract

Wood pellets emit gases like carbon monoxide (CO), carbon dioxide (CO,) and volatile organic
compounds (VOCs) during production, transportation and storage. Simultaneously, the atmospheric
oxygen is depleted, leading to a toxic atmosphere for human health. This thesis deals i) with off-
gassing emissions from stored pellets and their influencing factors, ii) with measures for reducing off-
gassing emissions in wood pellets production and iii) with wood pellets storage facilities and their

ventilation.

It is known, that formed emissions during the storage of wood pellets are caused by oxidation
processes of wood extractives. The exact mechanisms and from where all the CO emissions originate
is still unclear. The relation between the total extractive content and off-gassing emissions of raw
materials and pellets was investigated. The total extractive content is not the decisive factor
determining the formation of CO, CO, and VOC emissions. Although the pelletising process reduced
the extractive content, the CO formation was increased at the same time. Furthermore, the formed
off-gassing emissions of wood pellets did not correlate with increasing extractive content. A possible
malodour can occur during storage of wood pellets. Again, the assumption is that degradation
products of extractives are responsible for the formed VOCs and the resulting malodour. Wood pellets
with a noticeable malodour do not necessarily have higher CO or VOC emissions than pellets perceived
as pleasant. For both off-gassing and self-heating, the degradation of extractives is decisive. The
application of different off-gassing and self-heating methods indicated that pellets with higher off-
gassing reactivity were also evaluated as pellets with higher self-heating tendency. The investigation
of the headspace ratio and the available oxygen (O,) revealed a considerable increase in the formation
of emissions with increasing availability of O,. In addition to wood pellets, pellets from another
biomass, likewise straw and grapevine, were investigated regarding their off-gassing behaviour.
Results indicated the formation of CO, CO, and VOCs. The sensory evaluation of biomass pellets
showed differently perceived odours ranging from pleasant (herbage, sweet) to unpleasant (pungent,
rancid). As assumed, the odours correspond to the used raw materials. The odour spectrum is due to
the large number of formed VOCs. As usual for wood pellets, hexanal was formed in all analysed
biomass pellets batches. Hexanal is a known degradation product of lipids assuming that similar
processes as in the storage of wood pellets, oxidative degradation process, also take place in the

storage of other biomass pellets.

Within the framework of the thesis, the production process of wood pellets was modified. It becomes
apparent that the usage of various antioxidative additives are useful measures to reduce CO

emissions. In addition, the blending of raw material also proves to be a suitable measure for reducing
Vi
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CO emissions. For instance, the blendings of maritime pine bark or oak sawdust without bark reduce
CO emissions considerably. As a further measure for CO reduction, the end of the pelletising process
and the cooling process are investigated. Both, the ventilation time and the ventilation technology
demonstrated an influence on the formation of CO emissions. However, the ventilation measures

indicate less effect than the usage of additives or the blending of raw materials.

Fact is, wood pellets form emissions during storage. CO is most relevant due to the toxicity of CO, its
odourless property and the potential for formation. Even if the formation of CO can be reduced
through suitable measures, several tonnes of wood pellets are nevertheless stored directly at the end
user storage facility leading to possible high CO concentrations. In order to gain knowledge, real wood
pellets storages are monitored at the end users. In addition, ventilation trials are carried out to
estimate their influence on CO reduction. The simultaneous monitoring of wood pellets storages and
the determination of CO emission rates of the wood pellets stored there, indicate that higher CO
maxima are to be expected at the beginning of the storage. Moreover, cross ventilation is a suitable
measure for CO reduction in wood pellets storage facilities. CO reduction is accelerated with
increasing cross-sectional area of the ventilation openings. Another positive influence on CO reduction
in wood pellets storages is an occurring temperature difference between the inside and outside of

pellets storage facilities. Nevertheless, care should be taken when handling stored wood pellets.

Vil
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Introduction and background

I. Introduction and background

I.1. Wood pellets and pellets market

Wood pellets are a solid biofuel with a defined and consistent quality [1]. Wood pellets are cylindrically
pressed from woody biomass with or without any additives and have broken ends. Usually, wood
pellets are 3.15 to 40 mm long and have a diameter of approximately 6 or 8 mm. The product
requirements of wood pellets for industrial and nonindustrial use of different classes are worldwide
classified [2]. These include requirements on the raw material, type and quantity of impurities and
foreign matter as well as fuel technology requirements. Moreover, quality characteristics like the
defined moisture content, ash content, energy density, additives usage, mechanical durability, fines,
density and homogeneous size and shape for nonindustrial usage are regulated. Further maximum
limits for elemental contents of, for instance, nitrogen, sulphur, chlorine, arsenic, cadmium,
chromium, copper, lead, and mercury are specified. This classification of wood pellets as solid biofuel
should allow efficient and transparent trade and simplify communication between producers, traders
and end users [3]. A further step towards ensuring pellets quality from production to the end users is

enabled by two guidelines concerning safe handling and storage of solid biofuel pellets [4] [5].

The wood pellets market has shown considerable growth over the past two decades. In 2000, at the
beginning of the records, almost 2 million tonnes of wood pellets were produced. A staggering 15
million tonnes of wood pellets were produced in 2010. And also, in the following years a large increase
in the worldwide wood pellets production was achieved. More than 41 million tonnes were produced
in 2020. The distribution of wood pellets production in 2020 is as follows: EU27 44%, other Europe
12%, North America 30%, South America 3% and Asia 11% [6]. However, the largest worldwide wood
pellets producer is the United States with almost 8 million tonnes. The second greatest number of
pellets is produced in Canada, followed by Germany. Even Austria is among the top 10 pellets

producers worldwide in 2017 [7].

In terms of consumption, Europe is clearly ahead with 76%, with 49% in the EU27 and 27% in other
Europe. In 2020, the consumption of wood pellets is 16% in Asia, 7% in North America and 2% in South
America [6]. The largest consumer of pellets in the world is the United Kingdom with more than 7
million tonnes, followed by Italy and Denmark in 2017. Once again, Austria is represented in the top

10. Wood pellets are used in industrial, residential, and commercial appliances [1] [8].
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Wood pellets are mainly used in the commercial and residential sectors for heat production.
Furthermore, a large part is applied for energy production. The smallest part is utilised to generating
heat and electricity in combined heat and power plants [7] [8]. In the residential and commercial
sector more than 22 million tonnes of wood pellets were consumed which corresponds to 52% of used
pellets worldwide. On the other hand, more than 20 million tonnes of wood pellets belong to the

industrial sector (48%) [6].

1.2. Off-gassing phenomenon

Chemical and biological processes are the cause of the degradation of wood components. These
degradation processes in wood and other biomass lead to the formation of gaseous emissions [1] [9]
[10] [11]. Off-gassing is the term used to describe the phenomenon of that release of emissions from
wood pellets [1] [12] [13]. The formation of emissions is well known in the thermal treatment of wood
[14] [15] [16] [17] [18] [19]. However, woody biomass also emits various gases during storage [20].
Carbon monoxide (CO), carbon dioxide (CO,), volatile organic compounds (VOCs), methane (CH4) with
a simultaneous oxygen (O;) deficiency occur during the storage of wood pellets [12] [21] [22] [23] [24]
[25] [26] [27] [28] [29].

Carbon monoxide

Carbon monoxide (CO) is a colourless, odourless, tasteless gas but toxic for humans. Due to the slightly
lighter nature of carbon monoxide compared to air, CO distributes almost evenly in a room. Thus,
when entering the room CO remains unnoticed. CO is formed during incomplete combustion of

carbon-containing substances.

The danger of CO is that CO disrupts the respiration process in humans [30]. The toxicity of CO depends
on the concentration and exposure time [31]. During respiration, the oxygen (O;) usually binds to the
iron in the haemoglobin and thus supplies the cells with oxygen [32]. The affinity of carbon monoxide
to haemoglobin, compared to that of oxygen, is about 300 times higher [30]. When CO is present the
binding to haemoglobin, forming carboxyhaemoglobin (COHb), is preferred. At a CO concentration of
0.3 %, already 75 % of the haemoglobin is present as COHb. This CO concentration can already lead to
death at an exposure time of 15 minutes [32] [33]. The maximum working place concentration for CO
is set at 30 ppm [30]. Higher concentrations than the 30 ppm can lead to headaches, dizziness,
irritability, nausea and many other complaints [31]. Observed symptoms of CO content and the

formation of COHb are summarised in Table 1.
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Table 1 CO occurrence, expected COHb values and resulting symptoms (adapted after Higgins [34] Winter and Miller [35]).

co COHb Symptoms
in ppm in%
70 10 no appreciable effect except shortness of breath on vigorous exertion,
possible tightness across forehead
120 20 shortness of breath on moderate exertion, occasional headache
220 30 headache, easily fatigued, judgement disturbed, dizziness, dimness of vision

350-520 40-50 headache, confusion, fainting, collapse
800-1200 60-70 unconsciousness, convulsions, respiratory failure, death if exposure
continues
1950 80 immediately fatal

Carbon dioxide

Carbon dioxide (CO,) is a colourless gas with a slight acidic smell and taste. CO; is ubiquitous and
occurs in the air at more than 400 ppm. It is about 1.5 times heavier than air and therefore sinks to
the ground. It is a natural product of cellular respiration in many living organisms and is also produced
by combustion and fermentation. Concentration of 5% and more CO; can cause asphyxiation. Even
higher concentration of 10% can lead to unconsciousness or death [36].

Volatile organic compounds

Volatile organic compounds (VOCs) are a large and diverse group of gaseous compounds. According
to the United States Environmental Protection Agency VOCs are: “Volatile organic compound (VOC)
means any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic
carbides or carbonates, and ammonium carbonate, which participates in atmospheric photochemical
reactions.” [37] Moreover, the European definition for VOCs is: “Volatile organic compound (VOC)
shall mean any organic compound having at 293.15 K a vapour pressure of 0.01 kPa or more, or having
a corresponding volatility under the particular conditions of use. For the purpose of this Directive, the
fraction of creosote which exceeds this value of vapour pressure at 293.15 K shall be considered as a

VOC.” [38].

Methane

Methane (CHa) is a colourless and tasteless gas. At higher concentration (= 5%) a sweet oil type odour
is perceived. CH, is flammable and can cause explosion at concentrations of 5% [39]. CH, is the
simplest alkane. CH,4 at low concentration is not considered to be toxic for humans. However, higher
concentrations (> 5%) can cause unconsciousness or asphyxia. CHs occurs naturally and is constantly
being formed, for example during technical, geological or biological processes. Methanogenesis by

microorganisms is mainly responsible for the presence of natural CH,.
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Oxygen

Dioxygen (03), two atoms of the element O, are formed at standard temperature and pressure. O3 is
a colourless and odourless gas. 20.95% of the Earth's atmosphere consists of O,. O, is needed for
combustion and aerobic respiration. According to the National Institute for Occupational Safety and
Health an oxygen deficient atmosphere has a lower concentration of 19.5% O, at sea level. O,
concentrations < 16%, influences the mental effectiveness, visual acuity, and muscular coordination.
Unconsciousness can be caused by O, concentrations of 10%. Even lower concentration of O (< 6%)

are fatal [40].

1.3. Self-heating phenomenon

In addition to the off-gassing phenomenon, self-heating during the storage of wood pellets is also well
known topic [41] [42] [43]. According to Babrauskas, self-heating is an increase in temperature due to
exothermal reactions in fuels. Self-heating occurs during the storage of many materials, that can
decompose or can be oxidised [44]. Self-heating during biomass or wood pellets storage can be
attributed to various sources. Biological metabolic reactions by bacteria, chemical oxidation reactions
of wood own components (such as wood extractives) as well as physical transition reactions (e.g.
water sorption) are causes for self-heating. These exothermal reactions, therefore, release heat. All
of these reactions can occur individually or in combinations. If this released heat cannot be removed,
this can lead to self-heating. The prevailing temperature during storage can then reach a thermal
runaway, resulting in spontaneous combustion of the so-called self-ignition [45] [46]. However,
microbial growth during wood pellets storage should be very low due to the low moisture content of
stored wood pellets and high temperatures during wood pellets production (e.g.: during drying or

pelletisation) [45].

1.4. Structure of the work

This thesis is divided into five chapters. The research focus is dealt with in chapters Il to IV. These
chapters open with a short introduction to the actual topic and provides the relevant literature. In the
next step, the used materials and applied methods are described. Then the results are presented and

discussed. At the end of each of the three research chapters, a conclusion is provided.

Chapter | gives a general overview of wood pellets and the wood pellets market, as well as, of the two
phenomena, off-gassing and self-heating. Furthermore, the structure of the thesis is described and

the objectives and underlying research questions are outlined.

4
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Chapter Il deals with off-gassing analyses of stored wood and biomass pellets. Various relations and
influencing factors on the off-gassing behaviour during wood pellets storages are investigated. In

addition, studies are conducted on the odour of pellets.

Chapter lIl focuses on the wood pellets production. Various modifications are implemented in
laboratory and industrial scale pellets production series. The addition of different additives, the

blending of raw materials and changes in the cooling process are investigated.

Chapter IV examines pellets storage facilities and various ventilation measures. On the one hand,
storage facilities in the field that are in real operation are monitored, while on the other hand, various

ventilation scenarios in pellets storages are set up and investigated.
Chapter V contains the key findings and provides an outlook.

Moreover, the Appendix, lists the abbreviations, acronyms, indices and symbols. All used figures and

tables are presented.
Furthermore, all used references are listed and cited in consecutive order.
All peer-reviewed journal papers on which this thesis is based on are listed.

Finally, the curriculum vitae of the author is attached.

.5. Aim of the work

The overall topic of this thesis is the profound investigation of the off-gassing phenomenon. For each
research chapter (Il - IV), an overarching research question was defined. Additional objectives are
addressed in the respective chapters. Throughout this thesis the following research questions will be

addressed and answered:

Chapter Il - Off-gassing of stored pellets: What characteristic off-gassing behaviour do pellets have?

The first main focus in this thesis is on the off-gassing behaviour of wood and non-wood pellets. On
the one hand, various relations with and influencing factors on the off-gassing of wood pellets are
investigated. On the other hand, non-wood pellets are examined with regard to their off-gassing

behaviour with particular emphasis on the presence of VOCs.

e What influence do wood characteristics have on the off-gassing behaviour of wood pellets

and is there a link to other wood pellets storage properties?
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e What influence do storage conditions have on the off-gassing behaviour of wood pellets
during storage?

e What is the off-gassing behaviour of non-wood pellets?

Chapter lll - Effect of pellets production on off-gassing behaviour: Can the off-gassing behaviour of

wood pellets be reduced by intervening in wood pellets production?

Moreover, the pellets production of wood pellets itself is a further focus of the investigations. Thus,
possible influencing variables through adaptations in production are being investigated aiming at the

production of pellets with a lower off-gassing potential.

e Can the off-gassing formation of wood pellets, in particular CO, be reduced by adding
additives in wood pellets production?

e Can the off-gassing formation of wood pellets, in particular CO, be reduced by blending with
selected wood raw materials in pellets production?

e Can the off-gassing formation of wood pellets, in particular CO, be reduced by modifying the

ventilation and cooling process immediately after pellets production?

Chapter IV - Pellets storage: What influence do ventilation systems for pellets storage facilities have

on carbon monoxide occurrence?

The third research focus is on wood pellets storage. Real pellets storage facilities that are in operation
are examined in combination with the stored pellets. In addition, different ventilation scenarios of
pellets storage facilities are evaluated. These investigations should reveal further aspects of storage

safety.

e What are the CO emission courses in real wood pellets storage facilities and are they
influenced by ventilation?

e Does cross-ventilation affect the air exchange during wood pellets storage?



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Off-gassing of stored pellets

Il. Off-gassing of stored pellets

11.1. Introduction

Wood pellets are known to emit various gases like CO, CO;, VOCs and CH4 during storage with a
simultaneous decrease in atmospheric oxygen in the storage [12] [25] [26] [27] [29]. For the
investigation of off-gassing emissions different laboratory methods have been used [12] [21] [26] [27]
[47] [48]. All these methods analyse the gas in the headspace above the stored pellets. Therefore,
pellets are stored in a closed defined container for a given period of time. However, these methods
are executed differently which partly leads to the fact that the results are difficult to compare. In the
meantime, the International Organization for Standardization has published a technical specification
defining a laboratory method for measuring off-gassing emissions and O, depletion [49]. Moreover, a

method for screening of carbon monoxide is available as final draft [50].

The off-gassing research on wood pellets of this thesis aims at, among other things, the investigation
of off-gassing emissions of wood pellets in the context of different wood species and wood extractives
[27] [28] [51]. Pine pellets tend to form higher emissions during storage than spruce pellets [21] [27].
Results have demonstrated that fatty and resin acids as well as the VOC emissions decrease with
increasing storage time [27] [28]. However, no direct correlations have been identified between the

content of organic extractives and off-gassing emissions yet.

Moreover, the formed VOCs during the storage of wood pellets are responsible for the odour in wood
pellets storages [52]. However, it is not known whether pellets with a high odour also tend to produce

a high amount of CO.

A further study has revealed that the initiator for off-gassing emission is the autoxidation of fatty acids
and terpenes [53]. Furthermore, the degradation of extractives also plays an important role in the
self-heating of pellets [45] [46]. Therefore, a relation between these two topics is assumed [42]

although such a link has not been proven yet.

In addition to causal research on off-gassing emissions, various influencing factors on the off-gassing
behaviour of wood pellets during storage were investigated. The formation of off-gassing emission
decreases with increasing storage period [12] [21] [54]. Thus, freshly produced pellets cause higher
danger during storage in terms of CO formation and possible O, depletion. In particular, the storage
temperature of pellets has been identified as a very relevant influencing factor. The higher the storage

temperature is, the higher are the formed emissions [21] [54] [55]. Previous studies have indicated
7
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that more emissions are formed with higher available O, during storage [21] [54] [55] [56]. The
influence of a constant O, concentration, as with continuous ventilation, on emission formation is

unknown.

Furthermore, the relative humidity of the storage atmosphere and its effect on the off-gassing
behaviour were investigated. Results have indicated that with increasing relative humidity, CO,, CO,
and CH, emissions increase while oxygen is reduced. [54]. However, data on VOC emissions are not
available. In order to validate and supplement the findings, investigations with different relative

humidities are performed.

A large number of off-gassing studies of wood pellets were conducted in recent years [12] [21] [22]
[27] [29]. Off-gassing data from other biomass pellets is rare. However, agricultural and torrefied
pellets also emit CO, CO; and VOCs [21] [57]. Individual studies have identified various VOCs that occur
during the storage of wood pellets. Aldehydes such as hexanal and also ketones occur during the
storage of wood pellets [27] [28] [58] [59]. The effects from hexanal and pentanal on odour during
wood pellets storage have been identified [27]. Since there is hardly any information about the off-
gassing behaviour of biomass pellets, it is also obvious that there is hardly any information about
individual VOCs of stored biomass pellets. However, a broad variety of VOCs were identified by off-
gassing analyses of torrefied wood [60]. Increasing knowledge, extensive VOC emissions analyses and

odour analyses of biomass pellets are carried out for the first time in this thesis.

I.2. Objectives

The investigation of the off-gassing behaviour of wood and biomass pellets is the overall topic of
chapter Il. The following sections are based on the peer-reviewed journal papers number 1, 2 and 3.
In the course of the research work many other interesting aspects regarding the off-gassing behaviour
of wood pellets were investigated. The most important investigations are presented additionally.
Within this chapter, several research questions are addressed. The overall aim is to provide further

insights into the off-gassing topic. The individual objectives are outlined below.

Off-gassing characteristics of wood pellets

e The aim is to indicate relations between the extractive content and the off-gassing emissions
of raw material, pellets or wood species.

e The aim is to identify a relation between the extractive content and off-gassing emissions.
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e The aim is to show whether malodourous wood pellets form more off-gassing emissions than
wood pellets perceived without malodour.
e The aim is the identification of relations between self-heating and off-gassing behaviour of

stored wood pellets.

Storage influencing factors on off-gassing emissions from stored wood pellets

e The aim is to prove that the headspace, the amount of oxygen, has an influence on the
emission formation during the storage of pellets.

e The aim is to show how the emission behaviour of pellets changes with different oxygen
availability in the storage atmosphere.

e The aim is to show how the emission behaviour of pellets changes with different relative

humidity.

Off-gassing characteristics of biomass pellets

e The aim is to show that non-wood pellets form emissions during storage.
e The aim is to determine the expected odours when storing non-wood pellets.
e The aim is to identify the most prevalent VOCs during the storage of torrefied wood and non-

wood pellets.

I1.3. Materials and methods

1.3.1. Raw material and pellets samples

An overview on the investigated wood raw materials, wood pellets and biomass pellets are given in

Table 2, Table 3 and Table 4, respectively.

Table 2 List of the investigated raw materials (RMs) and their characteristics.

Batch Raw material Moisture content Praw material
in % (m/m) in kg m?3
RM 1 spruce sawdust 13.8 460!
RM 2 pine sawdust 16.5 520!
RM 3 larch sawdust 9.3 600!
RM 4 hardwood sawdust 243 600*

! raw material density according to DIN 68364 [61]
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Table 3 List of the investigated wood pellets (WP) batches, the used raw material, the production and their characteristics.
(LSPP stands for laboratory scale pellets production. ISPP stands for industrial scale pellets production.)

Batch Raw material Production d Moisture content Ppellets
inmm in % (m/m) inkg m3
WP 1 spruce sawdust LSPP 6 8.7 1281
WP 2 pine sawdust LSPP 6 16.5 1300
WP 3 larch sawdust LSPP 6 8.1 1326
WP 4 hardwood sawdust LSPP 6 9.3 1280
WP 5 unknown'! ISPP 6 6.6 12002
WP 6 unknown? ISPP 6 6.1 12007
WP 7 unknown'! ISPP 6 6.2 12002
WP 8 unknown'! ISPP 6 6.6 12002
WP 9 unknown? ISPP 6 7.0 12007
WP 10 unknown'! ISPP 6 9.0 12002
WP 11 unknown'! ISPP 6 9.0 12002
WP 12 100/0 pine/spruce LSPP 6 8.5 1254
WP 13 0/100 pine/spruce LSPP 6 10.6 1258
WP 14 100/0 pine/spruce ISPP 6 6.7 1213
WP 15 20/80 pine/spruce ISPP 8 9.0 1217
WP 16 0/100 pine/spruce ISPP 6 7.7 1180
WP 17 40/60 pine/spruce ISPP 6 7.6 1212
WP 18 60/40 pine/spruce ISPP 8 6.0 1225
WP 19 50/50 pine/spruce ISPP 8 7.3 1201
WP 20 100/0 pine/spruce LSPP 6 9.7 1256
WP 21 100/0 pine/spruce LSPP 6 10.7 1185
WP 22 20/80 pine/spruce ISPP 6 8.7 1182
WP 27 50/50 pine/spruce LSPP 6 7.9 1257
WP 26 50/50 pine/spruce LSPP 6 8.1 1262
WP 28 50/50 pine/spruce LSPP 6 8.2 1262
WP 29 50/50 pine/spruce LSPP 6 7.9 1277
WP 25 50/50 pine/spruce LSPP 6 8.7 1263
WP 23 50/50 pine/spruce LSPP 6 9.5 1259
WP 24 50/50 pine/spruce LSPP 6 7.8 1246
WP 30 unknown! ISPP 6 5.2 1200?
WP 31 100/0 pine/spruce ISPP 6 3.5 1098

! purchased on the Austrian market; Pellets quality A1 according to ISO 17225 [2]
2 assumed value

10
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Table 4 List of the investigated biomass pellets batches, the used raw material, the production and their characteristics.
(LSPP stands for laboratory scale pellets production. ISPP stands for industrial scale pellets production.)

Batch Raw material Production d Moisture content  pPpeliets
inmm in %(m/m) in kg m?3

BP1 straw ISPP 8 7.3 1189
BP 2 eucalyptus ISPP 6 53 1250
BP 3 50/50 vine pruning/vine pomace LSPP 6 10.1 1324
BP 4 torrefied spruce sawdust LSPP 6 3.2 1214
BP5 torrefied pine sawdust LSPP 6 6.4 1249
BP 6 miscanthus LSPP 6 8.2 1200?
BP 7  dried distillers’ grains with soluble LSPP 6 12.6 1200*
BP 8 extracted rape seed LSPP 6 11.2 1200*

Lassumed value

11.3.2. Methods

11.3.2.1. Moisture content

The moisture content of the investigated raw material and pellets batches was determined according
to I1SO 18134-2 [62]. Therefore, the samples were dried in a laboratory drying cabinet at 105 + 2 °C

until constant mass was achieved.

1.3.2.2.  Particle density

The particle density of pellets batches was measured according to ISO 18847 [63]. The volume and
the mass of the pellets batches were required. Therefore, height and diameter of 15 randomly chosen
pellets of each batch was measured with a sliding calliper. For this purpose, the broken areas at both
ends of the pellets were first carefully smoothed with sandpaper achieving pellets with a cylindrical
shape. Then, the pellets were weighed on Sartorius ME 235P precision balance. Afterwards the
particle density was determined and the arithmetic mean value of the 15 pellets samples was

calculated.

11.3.2.3. Extractive content

The extractive content of wood samples was determined using Soxhlet extraction with
acetone/Hy0gistied in ratio of 96:4 (V/V). The method was described in detail in the diploma thesis by

Schmutzer-Roseneder [51].

The ground sample was weighed in a dried extraction thimble. The thimble and the solvent were
applied in the apparatus and the extraction lasted for 6 h. The cooled solvent was dried with Na;SO,4
overnight. Afterwards the solvent was filtered and the filter cake was washed with acetone.

Afterwards, the separatory funnel (1 L) was filled with the entire solvent and a volume of 0.1L

11
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H,Ouistiied Was added. The inorganic components were extracted twice with each 0.06 L of n-hexane.
The organic fraction (remaining acetone and H;,Ogistied) Was transferred to a weighed round bottom
flask. The solvent was separated in two steps (acetone first) on the Buchi Rotavapor. After removal of
the solvents the mass of the organic extractive content was determined. The quantitative organic
extractive content was an arithmetic mean value of a threefold determination. The three single values

had to be within the range of £ 15% of the mean value.

1.3.2.4. Off-gassing determination — glass flask method

The CO, CO; and VOC;.: off-gassing emissions as well as the residual O, concentration of stored
biomass were determined using the so-called glass flask method. The method was developed
following the setup of Kuang et al. 2008 [12]. The method was first described in detail by Schmutzer-
Roseneder 2012 [51]. The method was continuously adapted [21] [23] [57] and the last modifications

were published in Sedlmayer et al. [64].

Using the glass flask method, the formed emissions of CO,, CO, and VOCi: and the residual O,
concentration were determined. 2.4 and 0.3 kg, respectively, of each pellets batch was filled in 5L
glass flasks (in duplicate or triplicate) and closed. The flasks were stored at 22 °C for 5 days avoiding

exposure to sunlight.

!

Figure 1 a) Scheme of gas sampling and b) picture of the device for gas sampling used in the glass flask experiments.

The gas was sampled (Figure 1a)) by replacing the cap with the adapter (see Figure 1b)) which were
connected to gas measurement systems. The concentration of CO, CO; and O, was detected by gas
analyser (Emerson, NGA 2000) and VOC;.: by flame ionization detector (M&A, Thermo FID PT63FH/LT).
The measured CO, CO; and VOC: concentration was converted into emission rates in mg of the
specific gas component per kg of dry pellets per day (mg kg pelletsq, day™). The processing of data
and the calculation were described in detail by Emhofer [21]. Therefore, pellets density, moisture
content of the used pellets batch and actual storage duration within the glass flask were considered
for conversion into emission rates. Arithmetic mean values of the rates were calculated and the
minimum and maximum values were illustrated in presented figures. The residual O, concentrations

were expressed in volume fraction in %.

12
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1.3.2.5. Off-gassing determination — pellets tank method

The continuous measurements for off-gassing emissions of wood pellets during storage were
performed using the laboratory scale pellets tank. This pellets tank method was developed during the
master thesis of Trinkel [57]. Moreover, the detailed procedure of the method was published by Meier
[26] [65]. A brief overview of the method and their components are presented in Figure 2. The whole
measurement equipment, like gas chromatography (GC) and temperature, pressure and humidity

sensors, connected to the reactor was also linked to a computer allowing the monitoring and storage

of the received data.

Micz

Figure 2 Design of the pellets tank method.

The formed emissions from pellets during storage were sampled and analysed with the gas
chromatograph. The gases were detected using a flame ionisation detector (FID) and a thermal
conductivity detector (TCD). Furthermore, the temperature was measured inside the pellets bulk and
above the pellets and outside the pellets tank. The relative humidity was monitored above the pellets

inside the tank. The used devices and measured parameters are listed in Table 5.

Table 5: List of the used devices of the pellets tank method, the measured gases and measurement ranges.

Device Parameter Range

CO, 1 ppm —10% (V/V)

FID CH4 1 ppm —10% (V/V)

co 1 ppm —10% (V/V)

VOCiot 1 ppm—5% (V/V)

CO, 0.01-100% (V/V)

0, 0.01-100% (V/V)

TCD N2 0.01-100% (V/V)

CH4 0.01-100% (V/V)

co 0.01-100% (V/V)

temperature sensor T -75-350°C
humidity sensor RH 0-100%

13
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The performing of the measurements as well as the calculation of emission rates and factors were

described in detail by Meier et al. [26] and Meier [65].

1.3.2.6.  Analysis of volatile compounds

The formed volatile compounds of biomass pellets were analysed using headspace solid phase micro
extraction (HS-SPME) and gas chromatography - mass spectrometry (GC-MS). The detailed description
of the used method was published in Pollinger-Zierler et al. [52] [66] [67] [68]. The extraction and
enrichment of the volatile compounds from ground pellets batches were performed using a HS-SPME
prior to GC-MS (Agilent 7890 GC/MS) analysis. Therefore, volatile compounds were enriched and
sampled on a 2 cm fibre (50/30 um DVB/Carboxen/PDMS). The fibre was exposed into the headspace
above the ground pellets. The separation and the identification of the volatile compounds were
performed on the GC-MS system. The compounds were identified by comparison of the obtained mass
spectra with mass spectra from literature and from mass spectra databases as well as by internal

standards.

1.3.2.7.  Sensory description of pellets - sensory panel

The descriptive sensory analysis of biomass pellets was performed using a human sensory panel
consisting of 15 well trained panellists [52] [67] [68]. The panellists were trained with odours expected
from the investigated pellets batches. The sensory evaluation was carried out under standardised
conditions. For this purpose, 2 g of the ground pellets were filled into blue odour glasses with a volume
of 0.11 Land the glasses were covered. The covers were removed immediately before the blind tasting

of the odour of each pellets sample.

11.4. Results and discussion

1.4.1. Off-gassing characteristics of wood pellets

1.4.1.1. Off-gassing and extractive content in raw material and wood pellets

The off-gassing behaviour of sawdust from European larch (Larix decidua), Norway spruce (Picea
abies), Loblolly pine (Pinus taeda) and hardwood mixture (Fagus grandifolia and Ulmus americana)
and pellets made from these raw materials were analysed using the glass flask method. The wood
pellets batches were produced using a Kahl flat die pellets mill (type 14 - 175) in the technical
laboratory of BEST. Moreover, the total extractive content of all sawdust batches and the produced
pellets were determined. The investigated pellets batches, their off-gassing emissions and their total

amount of extractive content are presented in Table 6 and Figure 3. Some of these results, in particular

14



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Off-gassing of stored pellets

the extractive contents, have already been published in the Master's thesis by Irene Schmutzer-

Roseneder [51].

Table 6 List of the investigated batches and further information on the raw material. The emission rates, the residual O,
concentration and the total amount of extractive content are given.

Batch Raw material Sample co CO, VOCi.: Residual O; Extractive content

in mg kg pelletsq, day  in % (V/V) in % (m/m)
RM 1 spruce sawdust 0.42 6.49 0.05 19.8 2.6
WP 1 spruce pellets 1.04 299 0.07 16.1 2.0
RM 2 pine sawdust 0.72 7.06 0.18 19.4 35
WP 2 pine pellets 4.56 8.00 1.51 0.5 34
RM 3 larch sawdust 0.10 3.11 0.01 20.3 2.5
WP 3 larch pellets 0.04 0.47 0.00 20.1 1.8
RM 4 hardwood  sawdust 0.12 67.20 0.03 18.4 2.5
WP 4 hardwood pellets 0.16 1.97 0.00 20.0 1.6

The results of sawdust and pellets batches revealed that the determined extractive contents of all
sawdust batches were higher than for the pellets produced from them. That reduction could be
explained by the thermal and mechanical treatments in the pelletising process. However, almost no
reduction was achieved in the pine samples. The lower extractive content in pellets compared to raw
material samples was previously described [21]. Furthermore, wood is known to reduce extractives
during drying [14] [16] [18] [19] [69]. However, in the present work the reduction of extractives caused
by raw material drying can be excluded, as the raw material was not further dried before pelletisation.
The determined extractive contents were in the range of 1.6 to 3.5% (m/m). The highest content was
determined for the two pine batches. The quantified extractive contents of the investigated batches
were comparable to literature values. Extractives with a content of about 3.1 to 4.0% (m/m) are

known for pine [9] [70] and between 2 and 2.2% (m/m) for spruce [9].

Comparing the off-gassing emissions, it was evident that more CO, was formed than CO. Both
emissions were higher than the determined amount of VOCi.. Regarding CO emissions, the most
reactive batches were the pine batches (RM 2 and WP 2). The CO emissions of the pine pellets batch
were 6 times higher than for the original raw material. Although the difference in CO emissions
between pellets and original raw material is so high, the content of extractives hardly differs.
Moreover, the pine pellets batch demonstrated the highest O, consumption. However, the CO; rate
(67.2 mg kgtap day™) of batch RM 4, the hardwood sawdust, was striking, because it was at least eight
times higher than for the remaining pellets batches. Moreover, it was the highest emission rate for

CO; of the entire thesis.
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Figure 3 lllustration of the emission rates in columns for a) CO, b) CO; and c) VOCt and the determined extractive content
(in black squares) of the investigated raw material and wood pellets batches.

The CO emission rates of the pellets were higher than those of the raw material in 3 out of 4 cases,
whereas, for the CO; rates, the rates of the raw materials were 3 times higher than those of the pellets.
For VOCiwt: emissions, the rates of the pellets were twice higher and twice lower than for the raw
materials. The influence of pelletisation indicated different effects on the off-gassing behaviour of
wood pellets. No obvious trend could be identified on the basis of the available data. Following
explanations can be given for this. It is a small test set up with only one produced pellets batch of each
type of raw material. Since wood, and thus also sawdust and pellets, are characterised by a certain

inhomogeneity in the composition of their ingredients, the inhomogeneity and the limited number of
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samples may be reasons for the inconsistent results. Furthermore, pelletising of different raw
materials in the same pelletising mill can lead to different process conditions. The raw material may
be mechanically processed in different ways. Thus, the pellets are activated differently with regard to

their off-gassing potential leading to various off-gassing activities.

1.4.1,.2, Off-gassing and extractive content of wood pellets

The off-gassing emissions and the content of extractives of five commercially available wood pellets
were determined. One bag of wood pellets (each 15 kg) was purchased from 5 different Austrian

pellets producer at DIY stores.

Some of presented results, in particular the extractive contents, were published in the Master's thesis
by Irene Schmutzer-Roseneder [51]. The investigated commercially available pellets batches and their

off-gassing emissions are listed in Table 7.

Table 7 List of the investigated wood pellets batches. The emission rates, the residual O, concentration and the total amount
of extractive content are given.

Batch co CO; VOCiot Residual O Extractive content
in mg kg™ pelletsq, day™ in % (V/V) in % (m/m)

WP 5 0.09 5.23 0.01 20.2 1.7

WP 6 0.14 0.94 0.02 19.9 1.9

WP 7 0.03 5.21 0.01 20.4 2.0

WP 8 0.33 1.21 0.04 18.8 2.1

WP 9 0.03 5.25 0.01 20.4 2.8

The pellets batches WP5 to WP9 were arranged in ascending order according to their extractive
content (see Figure 4). The off-gassing emissions for CO, CO, and VOCq: did not follow this trend. Thus,
the joint consideration of off-gassing emissions and extractive content showed no direct correlation.
Even though only five wood pellets batches were examined, it can be assumed that the extractive
content is not the only factor responsible for the formation of emissions. First of all, it should be
mentioned that the production date of the investigated pellets batches was unknown. It was proven
that the formation of emissions decreases with increasing pellets age [21] [26] [65]. Moreover, the
exact composition of the raw materials was not known. Since the pellets came from the Austrian
market, it was assumed that they were spruce or pellets from a mixture of spruce and pine [71] [72].
It was previously shown that pine pellets tend to form more emissions than spruce pellets [21] [27]
[73] [74]. In addition, other treatment steps, the pelletising process as well as the intermediate storage
could have influenced the later formation of emissions. Even though it is known that the emissions
depend on the extractives [53] [75] [76], no link to the total extractive content was indicated. It is
possible that individual extractives are responsible for the emission formation. It is therefore likely

that there is a relation between individual extractives and the formation of emissions. This was

17



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Off-gassing of stored pellets

confirmed by a journal publication in 2022, that the formation of gases depends largely on the type

of extractives present in the raw material and not on the total amount of extractives [77].
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Figure 4 lllustration of the emission rates in columns for a) CO, b) CO; and c) VOCt and the determined extractive content
(in black squares) of the commercially available wood pellets batches.

1.4.1.3. Off-gassing emissions and sensory properties of wood pellets

Two commercially available wood pellets batches class Al according to I1SO 17225-2 [2] were
investigated concerning their off-gassing emissions and their sensory properties; more precisely, their
formation of aldehydes and acids [52] [67]. The malodorous sample came from an end user who had
complained about the odour. This chapter is based on the publication “Identification of malodourous

emissions of wood pellets during storage” [52].
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The comparison of emissions for CO, CO, and VOCi: of the reference (WP 10) with the malodourous
(WP 11) wood pellets batches shows, for all off-gassing emissions, higher values of sample WP 10 (see
Table 8 and Figure 5). The so-called malodourous sample (WP 11) therefore formed less VOCiot overall.

Table 8 List of the investigated batches and the determined emission rates for CO, CO; and VOCi,: and the residual O3
concentration.

Batch Description co CO; VOCiot Residual O,
in mg kg pelletsq, day™ in % (V/V)
WP 10 reference 0.29 3.49 0.30 18.2
WP 11 malodourous 0.14 1.05 0.02 20.5
0.40 a4
_‘:g‘;'* 0.35 3.5 _
= 0.30 3 =
- 7 o
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Figure 5 lllustration of the emission rates for CO, CO; and VOC.: of the reference (WP 10) and malodourous (WP 11) wood
pellets batches.

Furthermore, the individual VOCs of both batches were analysed. Figure 6 depicts the different
distribution of volatile compounds. The same volatile compounds were determined in both batches.
However, the relative amounts of longer-chain acids and aldehydes were higher for WP 11, the
malodourous batch, than for WP 10. These longer-chain compounds were partially responsible for the
malodourous smell. Furthermore, the 3-methyl-butanoic acid in the malodourous pellets batch was
also higher than in WP 11. This acid has a low odour threshold (0.0018 mg m). This low odour
threshold and the higher amount in batch WP 11 were most likely the causes of the perceived
unpleasant odour. Concluding, amounts of VOCs alone are not responsible for the perceived odour of
a pellets sample. To enable the assessment of odour, the composition of the volatiles must be known.
Based on the results, it could not be concluded that the CO formation for malodourous pellets is higher
than for non malodourous pellets. However, it could indeed be that pellets with a noticeable and
unpleasant odour also have a high CO reactivity. Due to the amount of data available, no general

conclusions can be drawn.
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WP 10 reference WP 11 malodourous

acetic acid

= propanoic acid
= butyric acid %
= 3-methyl-butanoic acid

= pentanoic acid

= hexanoic acid
= heptanoic acid

m pentanal
= hexanal
u heptanal
®octanal
®nonanal

Figure 6 lllustration of the determined acids and aldehydes of the two pellets batches WP 10 and WP 11 (Source: Péllinger-
Zierler et al. 2018 [52]).

1.4.1.4. Link between off-gassing and self-heating

The presented results are derived from the peer-reviewed journal paper number 1. For this purpose,
eleven wood pellets batches made of Pinus sylvestris (pine), Picea abies (spruce) or blends of them
were investigated (see Table 9) applying three self-heating and four off-gassing methods (see Table
10). The procedure of the analyses and off-gassing results are discussed in more detail by Sedlmayer

et al. 2018 [23].

Table 9 List of the investigated pellets batches and the corresponding batch number of the referring peer-reviewed journal
paper. The composition, the used raw material and the production of the wood pellets are given. The table is adapted
according to Sedlmayer et al. 2018 [23].

Batch Journal batch Pine/spruce ratio Production site

WP 12 1 100/0 DBFZz!

WP 13 2 0/100 DBFZ?

WP 14 3 100/0 German pellets producer 1
WP 15 4 20/80 Swedish pellets producer 1
WP 16 5 0/100 German pellets producer 2
WP 17 6 40/60 Swedish pellets producer 2
WP 18 7 60/40 Swedish pellets producer 3
WP 19 8 50/50 Swedish pellets producer 4
WP 20 9 100/0 BEST?

WP 21 10 100/0 DBFZ?

WP 22 11 20/80 German pellets producer 3

! DBFZ stands for Deutsches Biomasseforschungszentrum gemeinntiitzige GmbH
2BEST stands for BEST - Bioenergy and Sustainable Technologies GmbH
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Table 10 List of the applied three self-heating and the four off-gassing methods. The most relevant characteristics of the
methods are presented (Source: Sedlmayer et al. 2018 [23]).

. Sample  Analysis
Method Purpose Measured parameter Unit . Temperature
amount period

isothermal self- Maximum specific heat
. . mw g 4g 24 h 60 °C
calorimetry heating release rate (HRRmax)
. self- Pressure decline (Ap) caused .
oxi-press . . kPa 50¢g 2h 40 and 100 °C
heating by oxygen consumption
derivative thermogravimetric
self- . ) 30upto
TGA ) (Tors, peak) - temperature at C 20 mg 87 min
heating . 900 °C
maximum mass loss rate
VOoC off- released aldehydes and .
. . . mg kg 10g 49 h 60 °C
emissions  gassing ketones concentration
offline off- CO, COy, and CHa4 ) 7000 - .
) ) cm3m3 48 h 23 and 60 °C
method gassing headspace concentrations 9100 g
lass flask off- CO, CO; and VOC mg kg?
& _ 2 ot 8% Ja00g 5d 22°C
method gassing headspace concentration d.b. day™?
fatty and off- concentration of fatty and .
. . ) ) i mg kg! 3g 1h 40to 60 °C
resin acids  gassing resin acids

The overall self-heating and off-gassing tendency of the eleven wood pellets batches presented a
general tendency towards their common self-heating and off-gassing tendency (Figure 7). Therefore,
the arithmetic mean ranking point of each pellets batch derived from all applied methods was used

(see Supplementary material in Sedlmayer et al. 2018 [15]).

Pellets batch WP 19 was identified as the most reactive pellets batch concerning the overall self-
heating and off-gassing tendency. WP 19 was ranked in first place by four out of seven methods: oxi-
press, VOC emissions, offline and glass flask method. Furthermore, pellets batches WP 19, WP 17 and
WP 15 showed the highest reactivity in four out of seven applied methods. All three batches were
blends of spruce and pine.

In contrast, WP 12 was shown to be the least reactive batch. A total of three methods (oxi-press,
offline and glass flask method) placed WP 12 in last place. Additionally, four of seven methods
classified pellets batches WP 12, WP 13 and WP 16 as pellets with the lowest reactivity in terms of

their self-heating and off-gassing tendency.
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Figure 7 lllustration of the overall self-heating and off-gassing tendency. The mean ranking points of each pellets batch and
the deviation of the evaluation of batches towards their common self-heating and off-gassing tendency derived from all
seven methods (three self-heating and four off-gassing methods) are presented. The figure is adapted according to
Sedimayer et al. 2018 [23].

Looking at the deviation, it was apparent that WP 19 had the lowest variability. It received ranking
points between nine and eleven. By contrast, the largest deviation was observed for WP 16 with
individual ranking points from one to nine. This wide deviation indicated that the applied methods
evaluated that batch very differently. This is probably due to differences in the applied methods.

In addition, pellets batches with increased self-heating or off-gassing tendency (such as WP 19 and
WP 15) were evaluated as highly reactive pellets batches by all off-gassing self-heating methods. Thus,
it was shown that reactive pellets were identified as reactive by all methods. Therefore, it can be
assumed that by using one of those self-heating and off-gassing methods, reactive pellets would be
identified.

The relation between self-heating and off-gassing was investigated using correlation analyses (see
Figure 8). The exact procedure can be found in Sedlmayer et al. 2018 [15]. The correlation analyses
revealed six very significant and three significant correlations. The highest correlation was indicated
by comparison of the two off-gassing methods, offline method and glass flask method. This high
correlation was very likely due to the similarity of the two methods. Both methods determined the

formed emissions in the headspace from stored pellets under sealed conditions.
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Figure 8 lllustration of the relations between the individual methods. The relations are visualised in the scatterplots with
additional representation of the linear regressions of the two compared methods. The given values presented the coefficient
of determination (R?) (if p-thresholds were < 0.05 and 0.01, * and *# indicated it, respectively) (Source: Sedimayer et al.
2018 [23].

The second and third highest correlations were achieved between the results from isothermal
calorimetry and offline method and between isothermal calorimetry and glass flask method. In
contrast to the correlation between the two off-gassing methods described above, these two
correlations were correlations between a self-heating and an off-gassing method. Even though these
methods are used to determine different aspects, all three methods assessed the oxidation or
degradation of extractives in a wider context. The assessment by these three methods resulted in
similar classifications in terms of their self-heating or off-gassing tendency. In addition, results of
isothermal calorimetry were validated by the test results of the medium-scale (1 m®) basket heating

test and other full-scale tests [43]. Thus, the results from large scale investigations of the same pellets
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and the good agreement between those three methods strengthened the results. Moreover, the
application of these methods for the assessment of self-heating and off-gassing tendency is highly

recommended.

Furthermore, the correlation analyses revealed a very significant correlation between the results of
VOC emissions and glass flask method. This relation was well explained by the fact that they measured
similar parameters. Within VOC emissions the total amount of emitted aldehydes and ketones were
measured. With glass flask method the CO, CO; and total VOC concentrations were assessed. This
means that with the glass flask method, as with VOC emissions, the total amount of emitted aldehydes

and ketones was included.

Moreover, the comparison of oxi-press with offline method and oxi-press with glass flask method
resulted in very high correlations. This relation could also be explained by the analysed parameters.
Where the self-heating method Oxi-press measured oxygen depletion, the two off-gassing methods,
offline and glass flask method, measured the concentration of released emissions. The release of
emissions was caused by the degradation of wood extractives with simultaneous oxygen
consumption. The processes for off-gassing formation and oxygen consumption during wood pellets

storage are therefore most likely related [27] [29] [78].

The results from Isothermal calorimetry (self-heating method), offline and glass flask method (off-
gassing methods) indicated that self-heating and off-gassing behaved similarly or were similarly
influenced. Therefore, it was further assumed that off-gassing most likely occurred together with self-
heating. It is likely that a self-heating tendency of pellets could be estimated by measuring off-gassing

during wood pellets storage.

The assessment of wood pellets from spruce, pine and their blends indicated that TGA and fatty and
resin acids can give additional information on self-heating and off-gassing behaviour. However,
neither TGA nor fatty and resin acids are recommended to predict self-heating or off-gassing, due to
the lack of very significant correlations with the other off-gassing and self-heating methods, but also

because they examine considerably different parameters.

1.4.2. Storage influencing factors on off-gassing emissions from

stored wood pellets

1.4.2.1. Influence of headspace of off-gassing emissions

Kuang et al. [56] defined the headspace ratio (HStio) as the ratio of headspace volume (V - Vpui)
divided by the container volume (V) (see Equation 1). The bulk volume of the filled pellets (Veux) is
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calculated by dividing the weight of the pellets (mpeiiet) by the pellets bulk density (poui) (see Equation

2).
V- Vbulk mpellet
HS,qpip = ——— Voue =
ratio |4 Ppuik
Equation 1 Equation 2

The headspace ratios of 25, 50 and 75% were investigated in sealed containers by Emhofer [21] and
Kuang et al. [56] [54]. However, results of the glass flask experiments of the past few years indicated
that very reactive pellets sometimes require even higher headspace ratios because the residual O;
concentration was lower than 5%. Thus, it was assumed that the formation of the emissions was
inhibited due to the low O, concentration, making it more difficult to compare the resulting off-gassing

emissions.

Thus, the influence of headspace ratio on emission rates was investigated using the glass flask method.
The applied method was described in chapter 11.3.2.4. The application of the method using sample
weight of 2.4 kg revealed a headspace ratio of 39% (V/V) and the use of 0.3 kg pellets resulted in a
headspace of 92% (V/V).

The emission rates for CO, CO; and VOG;.: as well as the residual O, concentration of 7 pellets batches
are listed in Table 11. The analysed wood pellets consisted of pine and spruce (ratio of 50/50) and
proved to be very reactive with CO emission rates of 1.2 to 2.6 in mg kg™* pelletsq, day*. In comparison,
the examined pellets by Emhofer showed rates of 0.24 to 0.36 mg kg* fuels, day™ [21]. By increasing
the headspace ratio from 39 to 92% all CO emission rates were increased. The same trend was
observed for CO, and VOCi: emission rates. In contrast to the results of Emhofer, the residual O;

concentration of the pellets, increased considerably due to headspace raise.

The influence of headspace on the formation of CO, is particularly high. By increasing headspace ratio
from 39 to 92% the CO, emission rates were at least doubled and once even tripled. The CO and VOCiot
emission rates increased considerably as well. The increase of the headspace ratio led to an increase
of the residual oxygen concentration. The lower the residual oxygen concentration at a headspace
ratio of 39%, the greater the rise of residual oxygen concentration due to the increased headspace

ratio to 92%.

The comparison of the headspace ratios of 39 and 92% and their emission rates considering the
residual oxygen concentration, clearly showed that the emission rates were higher at higher
headspace ratios. The results indicated that less oxygen was available for the oxidative reaction in the

sealed flask when more pellets were filled in the flasks leading to lower emission rates.
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Table 11 List of the investigated pellets batches and the headspace ratio (HSratio) and the resulting emission rates considering
the residual O, concentration.

Pellets batch HSratio pellets weight Cco CO; VOCiot Residual O,
in % in kg in mg kg! pelletsq, day™ in % (V/V)
39 2.4 2.42 7.82 2.37 34
WP 23
39 2.4 2.45 6.72 1.75 1.1
WP 24
39 2.4 241 7.45 1.77 2.6
WP 25
39 2.4 2.09 7.01 1.56 4.7
WP 26
39 2.4 2.26 9.04 1.79 4.9
WP 27
39 2.4 1.15 3.84 0.27 12.5
WP 28
39 2.4 2.58 8.19 1.94 2.7
WP 29

When comparing emission rates, it would be advisable to also consider residual oxygen concentration.
Therefore, the residual oxygen concentration in the flask at the time of measurement should be given.
In this way it can be assessed whether the emissions formed occurred despite, or without a lack of
oxygen. Moreover, emission rates would be difficult to compare if they were obtained at very different
O, levels.

According to Kuang et al. [56] the peak emission rate factor of CO,, CO and CH, decreased with
decreasing headspace ratio from 75 to 25%. Moreover, the slope of the emission factor curve at the
beginning of storage declined as the headspace ratio declined. This was explained by the fact that
more wood pellets were in the sealed container and simultaneously less oxygen for oxidation
reactions was available in the sealed container.

Furthermore, the influence of different headspace ratio of 25 and 70% on emission rates were
investigated. Again, higher CO, CO; and VOCi: emission rates with higher headspace ratio were
determined. Those results showed that despite very high and similar residual oxygen concentration,
emissions increased with increasing headspace. For this, no precise explanation could be provided

[21].

1.4.2.2.  Influence of available O on off-gassing emissions

The following section is based on the peer-reviewed journal paper number 2. The performance and
results of these simulated ventilation storage experiments were published in Meier et al. [26]. In these

experiments the influence of available O, on CO, CO,, VOC and CH, off-gassing emissions during
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storage of commercially available wood pellets (WP 30) were investigated using the pellets tank
method. Three experiments with different storage conditions were performed: i) <1% (V/V) O,

>99% (V/V) Na; i) 20% (V/V) 02, 80% (V/V) N and iii) 35% (V/V) O, 65% (V/V) Ny;

The results of these experiments are presented in Figure 9; the detailed discussion can be found in
Meier et al. [26]. The main findings are outlined below. According to Meier et al. [26], the off-gassing
formation is presented in emission rates and emission factors. The emission rate is the formed gas
emission within 24 hours, from the day before until the respective day. The emission factor is the
formed gas emission from the first measurement point until the respective day.

The emission rate of all gases decreased over the three-week storage, regardless of the available O,
concentration. Conclusion: the pellets become less reactive. In contrast, former results from Kuang
indicated that under reduced O, conditions, the concentration of emissions remains constant when
stored for several days [54] [56]. The reduction in emissions established by Meier et al. was slower
than the decrease in emissions reported by Kuang. This was mainly due to the constant available O,

concentration in the presented simulated ventilation storage.

Moreover, the O, concentration significantly influenced emission rates. The CO, and CO emission rates
increased with increasing O, concentration. This was mainly due to the fact that oxidation processes
were enhanced at higher O, concentration. Contrary, the VOC and CH,. emission rates decreased with
increased O, concentration. Because CH,4 is not a common oxidation product, this is obvious, even
though wood and wood pellets emitted CH4 during storage [12] [29] [54] [56] [78]. However, decrease
of VOC emissions despite higher O, concentration was astonishing. VOC emissions, belongs to
intermediate and by products of oxidation processes [79] [80]. The increase of VOC emissions despite
lower O, concentration might be mainly caused by the fact that further degradation processes were
inhibited. These in particular would lead to more CO and CO; emissions. Despite the present results it
is entirely feasible that the formation of VOC emissions was enhanced by higher O, concentration.
However, it was assumed that the actually expected VOC increase was overlaid by further reactions
of VOCs that led to additional CO, and CO. Therefore, it is mentioned that the applied experimental

setup could not be used for the independent study of these reaction pathways.
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Figure 9 Illustrations of the emission rate trends of the three experiments a) <1% (V/V) O, b) 20% (V/V) O, and c) 35%
(V/V) Oz and emission factor trends of d) <1% (V/V) O, e) 20% (V/V) O, and f) 35% (V/V) O,. These figures were taken from
Meier et al. 2016 and were further adapted [26].

In addition, the results of <1% (V/V) indicated lower emission rates compared to higher O,
concentration. It is worth noting, that even with almost no present oxygen, emissions were formed
and not suppressed. The emissions formed at <1% (V/V) O, corresponded to about half to the

experiment at 20% (V/V) O,.

The course of emissions under simulated ventilation provided new insights in the context of safety
measures applied to pellets storage. The results let assume that pellets stored under ventilated
storage conditions compared to pellets stored under sealed storage conditions may have a higher off-
gassing activity for a much longer period than previously thought. Ventilation of pellets storages

before entry still remains the best practical solution to improve the storage atmosphere and therefore
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reduce the risk of high CO and low O, concentrations in pellets storages. It is of great importance that
pellets storages are always properly ventilated before entering. Ventilation must also be carried out

if the pellets are stored for a long time period.

1.4.2.3. Influence of relative humidity on off-gassing emissions

The influence of the relative humidity above the pellets bulk on the formation of CO, CO,, VOCs as
well as on the consumption of O, was investigated. For this purpose, two experiments with different
relative humidities in the pellets tank (closed system) using saturated salt solutions (see Table 12 )
were performed. Therefore, pellets made from pine sawdust were investigated. The pellets were
frozen at -18° C until analysis and were defrosted at 22° C for 16 h. Unlike the procedure described in
chapter 11.3.2.5, 1 kg wood pellets were put in the pellets tank. The saturated salt solution was then

placed on the pellets bulk and the pellets tank was closed.

Table 12 List of the used salts to set the relative humidity inside the pellets tank, the achieved relative humidity and the
average temperature.

Salt Chemical formula  Dissolved salt  Expected RH Achieved RH T
in g 100 g* H,0 in% in% in°C
potassium acetate CHsCOOK 271 22 24 22.2
sodium chloride NaCl 36 75 62 21.9

The emission factors and the emission rates of both storage experiments at different relative
humidities are presented in Figure 10. The comparison of the emission rates indicated the individual
off-gassing behaviour of each measurement point. The comparison of the rates showed the greatest
differences for CO, and VOC. The stored pellets batch tended to emit more CO; and more VOC at
higher humidity. However, the measuring point on day 5 behaved differently in both cases. CH,4
emissions also tended to be higher at higher humidity, although the differences were smaller. These
observations are consistent with the findings of Kuang et al. [54]. In contrast to the CO,, VOC and CH4
emission rates, the CO rates behaved differently. The emission rates for CO were lower at higher

humidity.

The emission factors indicated the total amount of formed emissions during the storage test. The CO,
and VOC emission factors were higher at the higher humidity throughout the whole storage period.
The CO emission factors behaved the other way around. In any case, it should be noted that the
differences in CO emission rates between lower and higher humidity were considerably smaller than
in the CO; and VOC emission rates. This small difference was also seen in Kuang's results at the

beginning of the storage experiments [54].
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Figure 10 Illustrations of the emission rate trends of the two relative humidity experiments a) with CH;COOK and b) with
NaCl and emission factor trends of the two relative humidity experiments c) with CH3COOK and d) with NaCl.

1.4.3. Off-gassing characteristics of biomass pellets

11.4.3.1. Various biomass

Besides wood pellets, further biomass pellets were investigated. For this purpose, the glass flask
method was used. The investigated pellets batches and their off-gassing emissions are listed in Table

13.

Table 13 List of the off-gassing emssion rates for CO, CO; and VOCi,: and the residual O, concentration of the investigated
biomass pellets batches.

Batch Raw material co CO; VOCiot Residual O,
in mg kg™ pelletsq, day™ in% (V/V)
BP1 straw 0.08 2.89 0.01 19.1
BP 2 eucalyptus 0.04 1.12 0.02 17.8
BP 3 50/50 vine pruning/vine pomace 0.06 2.19 0.04 19.7
BP 4 torrefied spruce sawdust 0.42 2.36 0.01 18.6
BP5 torrefied pine sawdust 0.23 1.25 0.00 19.2

When comparing the emission rates of the biomass pellets from Table 13 with the emission rates of
wood pellets from Table 6 and Table 7, the emission rates of the biomass pellets tend to be in the
medium to lower range. Especially the values of CO emission rates are low. The highest CO emission

rate of 0.42 mg kg pelletsq, day? was found in BP 4, the pellets made of torrefied spruce sawdust.
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Both, Borén et al. [60] and Tumuluru et al. [81] presented CO emission trends in ppm from torrefied
biomass.

Within the five investigated biomass pellets batches the BP 1, the straw pellets batch, formed the
highest CO, emission rate of 2.89 mg kg pelletsq, day™. Furthermore, the highest VOCi,t emission
rate was calculated for BP 3 with 0.04 mg kg™ pelletsq, day®. Overall, little off-gassing data is available
on different biomass pellets. However, Emhofer published emission rates of various agricultural and
torrefied pellets. Off-gassing emissions from ground switchgrass [81], miscanthus shavings and
miscanthus [57] pellets. These published emission rates are similar in range compared to the results
above. Thus, it could be assumed that non-wood pellets also contain ingredients that degrade through

oxidation and form various emissions.

1.4.3.2. Sensory evaluation of non-wood and torrefied wood pellets

This section is based on the peer-reviewed journal paper number 3. In total, eight pellets batches from
different biomasses were investigated with regard to their sensory properties. Each pellets batch was
provided with sensor descriptions by a well-trained sensory panel. Detailed information on the
procedure and the investigated pellets batches are published in Pollinger-Zierler et al. [21]. Results of

the sensory evaluation are presented in Table 14.

Overall, the attributed sensory descriptors of the pellets corresponded well with the expected odour
properties of the used raw material. The pellets were sensory described as follows: The miscanthus
and straw pellets batches were attributed to straw or hay like. The straw pellets batch were described
as green and herbal. Moreover, the eucalyptus pellets batch was assigned as fresh and minty. The
eucalyptus or better known the camphor like notes were also noticed as medicinal by a part of the
sensory panel. The odour of the rapeseed pellets batch was perceived as fatty and oily with nutty
notes. These sensory notes are expected from a raw material that is rich in fatty acids. The pellets
made of dried distillers’ grains with soluble were described as roasted, malty and slightly fruity. The
pellets made of grapevine were perceived by the panel as fruity and green. The two pellets batches
made of torrefied wood were similarly described. Both pellets batches were perceived as smoky,
phenolic, and burnt. Moreover, this odour was associated with burning or coking processes. However,
the pellets made of torrefied spruce wood pellets received more of these burnt and coked descriptors
then the pellets made of torrefied pinewood. Additionally, the torrefied pinewood pellets batch was

perceived as resinous and woody [67].

31



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Off-gassing of stored pellets

Table 14 List of the investigated biomass pellets batches and the corresponding batch number of the referring peer-reviewed
journal paper. The raw material and source and their obtained sensory description are depicted. The table is adapted
according to Péllinger-Zierler et al. 2019 [67].

Batch Journal batch Raw material Source Production Sensory description
Danish pelletising ISPP greenish, herbage, resinous,
BP 1 straw straw . .
company aromatic, hay like
Spanish pelletising ISPP Camphor like, minty,
BP 2 eucalyptus eucalyptus . . .
company refreshing, medicinal, essential
50/50 vine LSPP
. /_ . German research dried fruits, green, herbage,
BP 3 grapevine pruning/vine L
institute sweet
pomace
torrefied L LSPP .
torr. spruce Dutch pelletising smoky, phenolic, woody,
BP 4 spruce . .
wood company 1 aromatic. smoked ham like
sawdust
8PS torr. torrefied pine  Dutch pelletising LSPP resinous, burnt notes, dried
pinewood sawdust company 2 wood, pungent
. . German research LSPP dried grain, straw and hay like,
BP 6 miscanthus ~ miscanthus o y Y
institute dusty
dried LSPP .
o , roasted, malty, cereal like,
distillers ) ]
BP 7 DDGS . . German brewery sweetish, mature and ripe
grains with .
fruits
solubles
BP 8 extracted German oil LSPP oily, nutty, rancid, like feed for
rape
P rape seed producing company fattening animals

The sensory evaluation of the pellets from different biomass provides an estimation of the presumably
perceived odour of the pellets during storage. The odour released during storage is considered an
important property as the probable emitted malodour has a significant influence on product
acceptance by the end user. Even the tasting of small quantities of pellets led to a perceived odour by
the panellists. Furthermore, not only the intensity but also the quality of the perceived odour is highly

relevant [67].

In other studies wood pellets were also investigated with regard to their odour properties [67] [82].
The panellists tasted the wood pellets and described the pellets odour as following: mushroom sweet,
pungent, smelling of urine, rotten fruit, cheesy, fatty, rancid, lemony, cow shed, green, grassy, paint
like [82]. Wood pellets are known to emit various VOCs [27] [29] [83] [84]. For instance, hexanal was
identified as a major representative of VOCs during the storage of solid wood fuel [28] [29] [85] [86].
Moreover, hexanal is known to emit an unpleasant odour and is responsible for irritant odour [87]

[88]. The unpleasant odour is described as green and grassy.

Not only wood pellets but also pellets from other biomass or torrefied wood are associated with a
partly unpleasant odour. It should also be mentioned that the smells would be perceived with

different intensities by different people. Moreover, it isimportant that the pellets storage is ventilated
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to the outside and is tightly connected to the surrounding building. The possible malodours should

not be perceived by the end user in order not to worry the end user and reduce product acceptance.

1.4.3.3.  Analysis of VOCs from non-wood and torrefied wood pellets

This section is based on the peer-reviewed journal paper number 3. Again, eight pellets batches from
different biomass resources were investigated with regard to their release of individual VOCs. Detailed
information on the procedure and the investigated pellets batches are published in Pollinger-Zierler

etal. [67].

The VOCs of alternative and torrefied wood pellets were analysed using solid-phase micro extraction
(HS-SPME) for the enrichment of VOCs and gas chromatography mass spectrometry (GC-MS) for VOCs
identification. Details on the investigated pellets batches are listed in Table 14. In total, 59 volatile
compounds from 7 classes (acids, esters, alcohols, aldehydes & ketones, terpenes, heterocyclic
compounds and aromatic compounds & phenols) were identified. An overview of all identified
substance classes and their relative distribution can be found in Pollinger-Zierler et al. [67]. The five
most prevalent VOCs in each pellets batch and the total number of identified VOCs of each batch are

shown in Table 15 and Table 16.

Table 15 List of the 5 most frequent VOCs of the examined biomass pellets batches BP 1 to BP 4.

Ranking BP 1 straw BP 2 eucalyptus BP 3 grapevine BP4 torrefied spruce
1 hexanal 1,8-Cineol a-copaene a-copaene

2 2-pentylfuran o0-Cymene hexanal 2-furancarboxaldehyde
3 methyl acetate limonene 1-Hexanol acetic acid

4 nonanal hexanal limonene propanoic acid

5 heptanal a-pinene acetic acid 2-methoxyphenol
Total VOCs 25 19 33 24

Table 16 List of the 5 most frequent VOCs of the examined biomass pellets batches BP 5 to BP 8.

Ranking BP 5 torrefied pine BP 6 miscanthus BP 7 DDGS BP 8 rapeseed

1 a-copaene acetic acid a-copaene hexanal

2 hexanal hexanal 2-furancarboxaldehyde acetic acid

3 o-cymene 2-pentylfuran 2,3-Butanediol butanoic acid

4 2-furancarboxaldehyde methyl acetate 2-Phenylethanol 2-methyl pyrazine

5 heptanal 2-furancarboxaldehyde  dihydro-2(3H)-furanone  dihydro-2(3H)-furanone
Total VOCs 27 18 19 22

Five out of 59 VOCs were identified in all investigated pellets batches: acetic acid, methyl acetate,
hexanal, benzaldehyde, 2-pentylfuran. Hexanal was also detected in connection with the storage of
wood pellets [28] [29] [52] [83] [85]. In the eight examined pellets batches, hexanal was identified six
times among the 5 most frequent VOCs. It is not surprising that hexanal occurs, as it is a degradation
product known to occur in lipids. [89]. In other studies wood pellets were also investigated with regard

to their odour properties [67] [82]. Therefore, mainly three groups of chemical substances were
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identified which were responsible for the malodour of wood pellets during storage: acids, aldehydes
and terpenes. A further study examined pellets made from softwood, hardwood, and blended wood
pellets and classified four main VOCs, namely: methanol, pentane, pentanal, and hexanal. Pentanal
was also determined in five pellets batches in the present study, whereas methanol and pentane were
not identified. Moreover, acetic acid, which was determined in all investigated batches, was ranked
four times within the top 5. Acetic acid has also been identified as an emission from wood and wood
pellets [84] [88]. Another striking feature was that a-copaene appeared four times in the first place.

Furthermore, 1,8-cineol was only identified once, in the eucalyptus batch.

Moreover, wood pellets are known to emit various VOCs [27] [29] [83] [84]. For instance, hexanal was
identified as a major representative of VOCs during the storage of solid wood fuels [28] [29] [85] [86].
To add to this, hexanal is known to emit unpleasant odour and is responsible for irritant odour [87]
[88]. The unpleasant odour is described as green and grassy. Since the perceived odour is dependent
on the odour activity value, the perceived smell becomes stronger with increasing hexanal

concentration [82].

11.5. Conclusions

Off-gassing characteristics of wood pellets

e Off-gassing emissions and total organic extractive content of sawdust from spruce, pine, larch,
and hardwood and wood pellets made from them were determined and compared with each
other. The pelletisation of that sawdust decreased the total amount of extractive content.
This reduction was mainly due to the thermal and mechanical treatment during the
pelletisation process. Based on the present result, no clear trend was found on how emissions
are affected by the pelletisation process. It is most likely that CO emissions tend to be
increased by the temperature and mechanical treatment during pelletising.

e The joint investigation of the organic extractive content with the off-gassing behaviour of
commercially available wood pellets did not show a clear correlation. Even if extractives are
basically responsible for the off-gassing behaviour, the emissions cannot be estimated on the
basis of the extractive content. This can be explained by the fact that the off-gassing behaviour
is influenced by many other factors, such as pelletisation process, storage temperatures,
storage time, packaging and delivery of the pellets. Since the investigated pellets batches
were intentionally purchased at retail, no information is available on how the pellets were

treated prior to off-gassing analyses.
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The analyses of wood pellets regarding their off-gassing and odour behaviour revealed that
wood pellets that are perceived with malodour do not necessarily indicate a higher off-gassing
reactivity than pellets that are perceived with no malodour. Thus, the decisive factors for the
perceived odour of wood pellets are the odour threshold and concentration of the
component.

The link between off-gassing and self-heating was investigated by the parallel investigation of
wood pellets with off-gassing and self-heating methods. Results indicated that pellets with a
high off-gassing reactivity also have a high self-heating reactivity. Therefore, it is assumed that
off-gassing is associated with self-heating. Hence, self-heating tendencies in large scale pellets

storages might be estimated by prior off-gassing analyses.

Storage influencing factors on off-gassing emissions from stored wood pellets

Both, the headspace and O; availability studies revealed that, the more O, was available
during the storage experiment, the higher the emission rates for CO, CO; and VOC were. This
is highly plausible as the reactions responsible for off-gassing are oxidation processes.
Furthermore, the investigations of the O, availability indicated that pellets under ventilated
storage conditions demonstrate a longer reactivity than already proven in previously closed
storage investigations. The oxidation processes are indeed favoured by the recommended
ventilation of the pellets storages at the end user. However, it is assumed that the dilution
reached through constant ventilation of pellets storages achieves a greater effect.

The investigation of off-gassing emission at two different relative humidities showed that VOC
and CO; emissions were higher at the higher relative humidity, while CO emissions were
higher at the lower relative humidity. The results for CO are not consistent with previously
published insights. Therefore, it is suggested to investigate the influence of relative humidity
on off-gassing formation again. Moreover, it is worth mentioning that the relative humidity
should not be too high during pellets storage, as a high relative humidity is very likely to

reduce the physical properties of pellets.

Off-gassing characteristics of biomass pellets

Off-gassing biomass pellets analyses revealed that biomass pellets also form CO, CO, and
VOCs. The amount of formed emissions is roughly in the range of wood pellets. Thus,
concluding that when storing large quantities of biomass or biomass pellets, attention should
also be paid to increased und thus harmful concentrations of CO.

The sensory description of biomass pellets indicated very individually perceived odours. As

expected, the odour of biomass pellets is dominated by the odour of the inserted biomass
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raw material. The assumption is that natural degradation processes raise the resulting VOCs
which in turn might increase the odour. Hence, unpleasant odours cannot be excluded during
the storage of large amounts of biomass pellets.

The analyses of the occurring VOCs during the storage of biomass pellets showed that some
of the released VOCs are the same and some are different compared to wood pellets. Hexanal,
the most prominent VOC regarding the storage of wood pellets, was detected in all
investigated biomass pellets batches. Moreover, hexanal is a known degradation product of
lipids. Thus, it is supposed that, as with wood pellets, organic ingredients are also degraded
in pellets made from other biomass and, therefore, form various VOCs.

The storage of biomass pellets also entails off-gassing. The extent of this cannot be estimated
from the available results. However, even when storing biomass pellets, entering a tightly
built storage facility should be avoided. Furthermore, when entering is necessary it is also

recommended to ventilate the storage sufficiently before entering.
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lll. Effect of pellets production on off-
gassing behaviour

l1l.1. Introduction

Due to several fatal accidents during wood pellets transportation and storage [13] [90] [91] studies on
the investigation of the off-gassing phenomenon were performed. Thereby, CO, CO,, CH4 and various
VOCs are identified of so called off-gassing emissions [10] [13] [26] [27] [29] [78] [91]. Simultaneous
oxygen depletion occurs during pellets storage leading to an additional danger for humans health [54]
[56]. Besides studies on the underlying mechanisms for off-gassing emissions [13] [53] [76]
investigations on influencing factors on off-gassing emissions were conducted. Thus, various storage
related influencing factors on off-gassing emissions from stored wood pellets were investigated. The
temperature and available oxygen in the storage of pellets reveal a considerable influence on the
resulting off-gassing emissions. The emissions increased considerably with growing storage

temperature [21] [54] [55] [92] [93] and oxygen availability [21] [26] [54].

In addition to storage related parameters, influencing variables based on the pellets material itself
were identified. Emhofer [21] revealed that CO emission rates for pine pellets were on average three
times higher than for spruce pellets. Furthermore, pine pellets are more reactive than spruce pellets
regarding their VOC emissions [21] [27] [73] [74]. Also, the VOC concentrations for softwood pellets
are significantly higher than for blended or hardwood pellets [83]. Moreover, the maturity of the used
raw material influences the off-gassing emissions from stored wood pellets. The comparison of off-
gassing emissions from fresh sawdust with matured shavings reveals that matured shavings form less
emissions than fresh sawdust [21]. Investigations have proven that emission rates from stored pellets
declined with increasing storage time [21] [22] [26]. Indicating older pellets produced fewer emissions
than freshly produced pellets. Already in 2012, Arshadi [75] has indicated a decrease in formed
emissions by removing fatty and resin acids from raw material prior to pellets production compared

to the wood pellets made from the untreated raw material.

Additionally, production related influential parameters on off-gassing emissions were assumed. The
pellets production process itself also indicated an impact on the subsequent off-gassing behaviour.
Furthermore, the influence of press conditions on off-gassing properties of wood pellets was
demonstrated [21]. Two pellets batches were produced, each from one spruce stem of comparable

age under the same process conditions. In addition, another batch of pellets was produced from one
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of the two logs at half the throughput, increasing the residence time and thermal treatment. The
emission rates of the pellets under the same process conditions but comparable raw material differed
less than the rates of the pellets batches from the same raw material but different process conditions.
Suggesting that the change in pressing conditions caused these higher differences in emission rates.
Moreover, Rahman revealed that off-gassing emissions were reduced by continuous ozonisation of
the fibres prior to wood pellets production [94]. Thus, it was proposed that with optimal pellets

production settings the later formation of aldehydes could be reduced [28].

Previous investigations on off-gassing mechanisms have identified that off-gassing emissions are
initiated by autoxidation of unsaturated compounds by oxygen [53]. However, the total degradation
mechanisms have not been fully clarified yet. Considering the initiation step for off-gassing emissions,
the autoxidation of unsaturated compounds, it can be assumed that is the autoxidation initiation was
reduced or eliminated, then CO off-gassing from wood pellets would be substantially minimized.
Furthermore, it was shown that extraction of wood components like fatty and resin acids significantly

reduced off-gassing emissions [75] [76].

l11.2. Objectives and approach

The objective of this chapter is to prove whether the off-gassing behaviour of pellets can be influenced
by intervening in the wood pellets production process. Thus, pelletising trials are performed with the
aim of reducing off-gassing emissions. Those investigations are done by modifications in laboratory
and industrial wood pellets production processes. Therefore, a total of three approaches are carried

out based on the knowledge of the underlying mechanism.

This chapter is based on the peer-reviewed journal paper number 4. In addition, further aspects in

pellets production processes are examined and presented in the thesis.

11.2.1. Addition of additives in pellets production

Firstly, the adding of different additives in wood pellets production is investigated. The application of
additives like natural and synthetic antioxidants in food industry is common [95]. The usage of
antioxidants for preventing oxidation processes in wood pellets has been investigated [64] [20].
Additives are commonly used in wood pellets production and can be applied in order to improve fuel
quality and production process or to reduce emissions. Meeting the requirements of I1SO standard

17225-2, the total content of additives must not exceed 2% (m/m) [2].
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Thus, within this study, different antioxidative substances in wood pellets production series are
investigated. These production experiments are conducted to reduce off-gassing emissions by
decreasing the autoxidation of wood extractives. Therefore, the synthetic antioxidant acetyl salicylic
acid (ASA) [96] and naturally occurring antioxidants like grape pomace powder (GPP) [97] and hop
grains (HG) [98] are used. Moreover, slaked lime and quicklime are applied as further additives in
order to investigate the influence on off-gassing emissions due to the saponification of fatty acids [99].

It is assumed that lime binds at the carboxyl group and thus inactivates lipid groups.

e The aim is to produce wood pellets with reduced off-gassing formation by using additives in

wood pellets production.

111.2.2. Blends of raw material in pellets production

Secondly, various wood resources with known antioxidant effects are used [100] [101] [102] [103] for
blends in pellets production processes. Some of the ingredients as for example (poly)phenolic
compounds may act as antioxidant and thus reduce off-gassing emissions during the subsequent
storage [104] [105] [106] [107]. For this purpose, larch (Larix decidua), oak (Quercus robur), willow
(Salix alba) and maritime pine (Pinus pinaster) are used. In contrast to the added additives, larger

quantities > 2% (m/m) are used for blends.

e The aim is to produce wood pellets with reduced off-gassing formation by blending with

different wood raw material in pellets production.

11.2.3. Ventilation in pellets production

Thirdly, the end of the pellets production process is investigated. Thus, the pellets cooling and
ventilation processes are modified. Again, under the assumption that autoxidation is the initial
process for off-gassing in wood pellets during storage [53], it might be possible to induce a forced
oxidation of wood extractives by the extension of ventilation of the immediately produced pellets
after production in order to reduce the subsequent off-gassing emissions. Furthermore, by cooling
the ventilation air, the effect of cooling pellets on the off-gassing behaviour is investigated. In addition,

the effect of using a different ventilation technology in terms of off-gassing reduction is evaluated.

e The aim is to indicate whether the change in ventilation process in pellets production can

reduce the off-gassing formation of wood pellets.
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11l.3. Material and methods

l11.3.1. Sample material and pellets production

1.3.1.1. Wood pellets samples

An overview on the investigated wood pellets batches in this chapter, their batch numbers and sample

characteristics are given in Table 17.

Table 17 List of the investigated wood pellets batches, the used raw material, the production and their characteristics. (LSPP
stands for laboratory scale pellets production. ISPP stands for industrial scale pellets production).

Batch Raw material Production d Moisture content Ppellets
inmm in % (m/m) inkg m3
WP 32 50/50 pine/spruce LSPP 6 9.1 1200?
WP 33 50/50 pine/spruce LSPP 6 8.7 1200
WP 34 50/50 pine/spruce LSPP 6 9.4 1200
WP 35 50/50 pine/spruce LSPP 6 9.5 1200?
WP 36 50/50 pine/spruce LSPP 6 8.8 1200
WP 37 50/50 pine/spruce ISPP 6 6.0 1200?
WP 38 50/50 pine/spruce ISPP 6 6.2 1200?
WP 39 50/50 pine/spruce ISPP 6 6.5 1200
WP 40 50/50 pine/spruce ISPP 6 6.5 1200?
WP 41 50/50 pine/spruce ISPP 6 6.4 1200?
WP 42 50/50 pine/spruce ISPP 6 6.9 1200*
WP 43 50/50 pine/spruce ISPP 6 6.6 1253
WP 44 50/50 pine/spruce ISPP 6 7.5 1240
WP 45 50/50 pine/spruce ISPP 6 8.0 1220
WP 46 50/50 pine/spruce ISPP 6 8.5 1180
WP 472 50/50 pine/spruce LSPP 6 7.9 1257
WP 48 50/50 pine/spruce LSPP 6 8.0 1236
WP 49?2 50/50 pine/spruce LSPP 6 8.1 1262
WP 50?2 50/50 pine/spruce LSPP 6 8.2 1262
WP 512 50/50 pine/spruce LSPP 6 7.9 1277
WP 52 50/50 pine/spruce LSPP 6 8.7 1246
WP 53 50/50 pine/spruce LSPP 6 7.5 1263
WP 54 50/50 pine/spruce LSPP 6 7.7 1251
WP 55 pine ISPP 6 3.6 1330
WP 56 pine ISPP 6 5.0 1290
WP 57 pine ISPP 6 5.0 1250
WP 58 pine ISPP 6 3.3 1210
WP 59 pine ISPP 6 3.5 1198
WP 60 50/50 pine/spruce ISPP 6 7.8 1223
WP 61 50/50 pine/spruce ISPP 6 8.1 1247
WP 62 50/50 pine/spruce ISPP 6 8.1 1246
WP 63 50/50 pine/spruce ISPP 6 8.3 1247
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Batch Raw material Production d Moisture content Ppellets
inmm in % (m/m) inkg m3
WP 65 50/50 pine/spruce ISPP 6 7.5 1261
WP 662 50/50 pine/spruce LSPP 6 8.7 1263
WP 672 50/50 pine/spruce LSPP 6 9.5 1259
WP 68 50/50 pine/spruce LSPP 6 8.2 1254
WP 69 50/50 pine/spruce LSPP 6 7.4 1294
WP 702 50/50 pine/spruce LSPP 6 7.8 1246
WP 71 50/50 pine/spruce LSPP 6 8.5 1255
WP 72 50/50 pine/spruce LSPP 6 8.2 1245
WP 73 50/50 pine/spruce ISPP 6 8.7 1275
WP 74 50/50 pine/spruce ISPP 6 8.3 1301
WP 75 50/50 pine/spruce ISPP 6 7.5 1300
WP 76 50/50 pine/spruce ISPP 6 7.4 1274
WP 77 50/50 pine/spruce ISPP 6 7.0 1300
WP 78 50/50 pine/spruce ISPP 6 6.8 1205
WP 79 50/50 pine/spruce ISPP 6 5.0 1179
WP 80 50/50 pine/spruce ISPP 6 5.5 1214
WP 81 Pine ISPP 6 3.6 1098
WP 82 Pine ISPP 6 4.1 1123
WP 83 Pine ISPP 6 3.3 1107
WP 84 Pine ISPP 6 3.5 1187
WP 85 Pine ISPP 6 3.6 1160
WP 86 Pine ISPP 6 3.3 1160

! assumed value

2These samples are already listed in chapter Il. Nevertheless, due to readability, new sample numbers
have been assigned. WP23=WP47; WP24=WP49; WP25=WP50; WP26=WP51;
WP 27 = WP 66; WP 28 = WP 67; WP 29 = WP 70;

11.3.1.2. Preliminary tests

In a laboratory scale pelletisation test, pellets batches were produced from pure sawdust of Picea
abies (Norway spruce) with different amounts of antioxidants. The produced pellets batches were
investigated in glass flask experiments. Very low emission rates resulted in those storage experiments.
Thus, no obvious differences between the produced batches were determined. The available wood
pellets on the European market are mainly made of spruce and mixtures of pine and spruce [72]. Since
pellets made of Pinus Sylvestris (Scots pine) indicated higher off-gassing emissions [21], pine sawdust

was added in further wood pellets production experiments for off-gassing studies.

1.3.1.3. Addition of additives in pellets production

This section is based on the peer-reviewed journal paper number 4. Additional data is included for
more insights. In total, 7 pelletisation series were performed in two laboratory scale pellets mills and

two industrial scale pelletising plants resulting in 34 wood pellets batches.
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Additives

According to ISO 17225-2, additive addition up to 2% (m/m) is permitted [2]. A widely used additive
improving wood pellets production in Austria is starch. Starch is commonly applied in smaller
quantities than the allowed 2% (m/m) [108] [109]. In this study starch with a concentration of 0.5, 0.8
and 1% (m/m) and rye flour with a concentration of 0.8% (m/m) was used. Moreover, the synthetic
antioxidant acetylsalicylic acid (ASA), natural antioxidants like hop grains (HG) and grape pomace

powder (GPP) were added. Likewise, slaked lime and lime were applied.

Acetylsalicylic acid: The synthetic antioxidant acetylsalicylic acid (CAS number: 50-78-2) is also
referred to as 2-Acetoxybenzoic acid and commercially available as aspirin. ASA is odourless and
available as white powder. With a melting point of 136 °C [110] ASA is suitable for pelletisation
because maximum temperatures of about 120° C are common in the pelletisation process [111]. ASA
was usually used in powder form in the following pellets production series. However, once dissolved
ASA was investigated in pellets production. Therefore, ASA was dissolved in water, whereby the

solubility of ASA in water with 3 g L'? [110] was considered.

Grape pomace powder (GPP) is an abundant by-product from the wine industry, which consists of the
remaining skin, seeds and stalks [97] [112] [113]. GPP is applied in animal nutrition, pharmaceuticals,
cosmetics or food industry to improve stability [97].This popular use of GPP is due to the phenolic and

polyphenolic compounds, which have a proven antioxidant effect [97] [112] [113] [114].

Hop grains (HG) or hot trub is a by-product of beer production that is abundant. Moreover, further
by-products from brewery are spent grain and spent yeast. All of them have a high content of phenolic
compounds revealin antioxidant effects [115]. Hop and HG are known to contain a variety of

antioxidant ingredients [98] [115] [116] [117] [118] [119].

Slaked lime: Calcium hydroxide (CAS number: 1305-62-0) or more commonly known as slaked lime,
hydrated lime, or calcium hydrate has the chemical formula of Ca(OH),. Calcium hydroxide is a white
to beige powder with a melting point of > 450 °C. It has a water solubility of 1.85 g L™ at 20 °C [120].

Lime: Calcium oxide (CAS number: 1305-78-8) or commonly known as quicklime has the chemical
formula CaO. Calcium oxide is a white, odourless, crystalline solid with a melting point of 2850 °C and

water solubility of 1.65 g L' at 20 °C [121].

In addition to the antioxidant substances, slaked lime and quicklime were investigated to achieve
saponification of fatty acids. The addition of lime to woody biomass prior to pelletisation might lead
to a reduction in autoxidation processes. Calcium hydroxide and calcium oxide are used in very
different fields of application. Calcium hydroxide for saponification is used for different oils and fats

[122] [123]. Furthermore, Ca(OH), is able to inactivate lipoteichoic acid through deacylation of the
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lipid moiety [124] [125]. Furthermore, calcium oxide is used for transesterification [99] and in the

processing of sewage sludge [126].

Laboratory and industrial scale pellets production (LSPP and ISPP)

The produced 34 wood pellets batches consisted of pine or blends of pine and spruce. The detailed

composition of those pellets is listed in Table 18.

Table 18 List of the produced pellets batches with additives. The pellets batches were either produced in laboratory scale
pellets production (LSPP) or in industrial scale pellets production (ISPP). The Roman numerals stand for the number of series.

The used additives and their added amount as well as the raw material composition are given.

Batch Paper! Production Raw material Additive 1  Additive 1 Additive2 Additive 2
series
in %(m/m) in %(m/m)

WP 32 LSPPI 50/50 spruce/pine - - starch 0.8
WP 33 LSPPI 50/50 spruce/pine ASA 0.8 starch 0.8
WP 34 LSPPII 50/50 spruce/pine - - rye flour 0.8
WP 35 LSPPII 50/50 spruce/pine ASA 0.8 rye flour 0.8
WP 36 LSPPII 50/50 spruce/pine  slaked lime 0.8 rye flour 0.8
WP 37 AO ISPP | 50/50 spruce/pine - - starch 0.5
WP 38 A0.3 ISPP | 50/50 spruce/pine ASA 0.3 starch 0.5
WP 39 A0.8 ISPP | 50/50 spruce/pine ASA 0.8 starch 0.5
WP 40 BO ISPP Il 50/50 spruce/pine - - starch 0.5
WP 41 B0.3 ISPP Il 50/50 spruce/pine ASA 0.3 starch 0.5
WP 42 B0.8 ISPP II 50/50 spruce/pine ASA 0.8 starch 0.5
WP 43 ISPP IlI 50/50 spruce/pine - - starch 0.5
WP 44 ISPP IlI 50/50 spruce/pine  slaked lime 0.1 starch 0.5
WP 45 ISPP IlI 50/50 spruce/pine  slaked lime 0.3 starch 0.5
WP 46 ISPP 11l 50/50 spruce/pine  slaked lime 0.5 starch 0.5
WP 47 DO LSPP Ill 50/50 spruce/pine - - starch 1
WP 48 LSPP Il 50/50 spruce/pine HG 1.5 starch 1
WP 49 LSPP Ill 50/50 spruce/pine GPP 1 1.5 starch 1
WP 50 DO.1 LSPP 111 50/50 spruce/pine ASA 0.1 starch 1
WP 51 D0.5 LSPP Ill 50/50 spruce/pine ASA 0.5 starch 1
WP 52 LSPP Il 50/50 spruce/pine ASA? 0.3 starch 1
WP 53 LSPP Ill 50/50 spruce/pine lime 0.1 starch 1
WP 54 LSPP 11l 50/50 spruce/pine lime?2 2 starch 1
WP 55 ISPP IV pine - - - -
WP 56 ISPP IV pine slaked lime? 0.1 - -
WP 57 ISPP IV pine slaked lime? 0.25 - -
WP 58 ISPP IV pine slaked lime2 0.5 - -
WP 59 ISPP IV pine slaked lime? 0.75 - -
WP 60 co ISPP V 50/50 spruce/pine - - starch 0.5
WP61  CO0.05 ISPP V 50/50 spruce/pine ASA 0.05 starch 0.5
WP 62 co.1 ISPP V 50/50 spruce/pine ASA 0.1 starch 0.5
WP63  CO0.15 ISPP V 50/50 spruce/pine ASA 0.15 starch 0.5
WP 64 ISPP V 50/50 spruce/pine GPP 2 0.5 starch 0.5
WP 65 ISPP V 50/50 spruce/pine GPP 2 1.5 starch 0.5

! Nomenclature of pellets batches in the peer-reviewed journal paper number 4.

2 dissolved; The additive was added in dissolved form.
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111.3.1.4. Blends of raw material in pellets production

Two pellets production series were conducted, one in the laboratory scale pellets facility and one in

the industrial pelletisation plant leading to a total of 12 wood pellets batches.

Blends: Different wood species were used as blending material. Various plants especially some of their
ingredients are known to act as antioxidants [100]. Phenolics are important representatives of this
group [127]. Moreover, Jablonsky et al. identified 235 ingredients of softwood bark and their
bioactivity [128]. In order to investigate the potential of blending raw material to reduce off-gassing
emissions, wood species with a proven antioxidant effect were used for this work [100] [101] [102]
[103]. The used blending wood resources and their amount are shown in Table 19. As the applied
blended materials were wood, larger quantities than 2% (m/m) were added, as they are not

considered as additives according to ISO 17225-2 standard [2].

Quercus species and their health effect as well as their usage in herbal medicine, consumption as food
or beverage and the application in wood constructions are responsible for the popularity of this
species. Oak (Quercus robur) is probably the most well-known representative among the used wood
species and its antioxidative effects are well documented [101] [107] [129] [130]. This effect is mainly
based on phenolic ingredients [101] [107] [129], such as flavonoids [129] [130], tannins and its

proanthocyanidin content [130].

Moreover, willow (Salix alba) is known for its antioxidant properties [103] [106] [131] [132]. Important

for the antioxidative effect are phenolic compounds like flavanols and procyanidins [103].

Maritime pine (Pinus pinaster), especially its bark, is a very important supplier of antioxidant
substances [133]. Maritime pine bark is a commercially available dietary supplement under the brand
name pycnogenol [100] [104] [134]. The most common antioxidative substances are flavonoids,

procyanidin [104], polyphenols and ferulic acid [135].

Larch (Larix decidua) is also said to have an antioxidative effect [102] [105] [136] [137] [138].
Polyphenols are mostly mentioned as antioxidants, whereby taxifolin [105] and larixol [136] are also

very dominant.

Laboratory and industrial scale pellets production
For wood pellets production a mixture of pine and spruce is used. The twelve pellets batches and their

detailed composition are listed in Table 19.
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Table 19 List of produced blended pellets batches and their blending composition. The wood pellets batches were produced
of spruce and pine in either a laboratory scale pellets production (LSPP) or industrial scale pellets production (ISPP).

Batch Production Raw material Blends Blends Starch
series in% (m/m) in% (m/m)
WP 66 LSPP 50/50 spruce/pine - - 1
WP 67 LSPP 50/50 spruce/pine oak saw dust (Quercus robur) 20 1
WP 68 LSPP 50/50 spruce/pine willow wood chips (Salix alba) 20 1
. maritime pine bark (Pinus
WP 69 LSPP 50/50 spruce/pine ) 5 1
pinaster)
WP 70 LSPP 50/50 spruce/pine larch saw dust (Larix decidua) 20 1
WP 71 LSPP 50/50 spruce/pine oak bark (Quercus robur) 5 1
WP 72 LSPP 50/50 spruce/pine willow bark (Salix alba) 1
WP 73 ISPP 50/50 spruce/pine - - -

. oak sawdust without bark
WP 74 ISPP 50/50 spruce/pine 10 -
(Quercus robur)

oak sawdust without bark

WP 75 ISPP 50/50 spruce/pine 20 -
(Quercus robur)

WP 76 ISPP 50/50 spruce/pine larch sawdust (Larix decidua) 20 -

WP 77 ISPP 50/50 spruce/pine larch sawdust (Larix decidua) 40 -

1I.3.1.5.  Ventilation in pellets production

Two pellets production series were carried out in two different industrial pelletisation plants under
different ventilation conditions achieving 9 pellets batches. The produced pellets batches and their

different ventilation measures are listed in Table 20.

Industrial scale pellets production - Ventilation experiment | (VE 1)

Spruce and pine sawdust (ratio 50:50) were used for pellets production. After pelletisation, pellets
were transferred by the conveyor belt into a Kahl counterflow cooler. The residence time of the pellets
in the cooling section was determined and defined as average cooling interval of 15 min. Imitating the
cooling procedure of the used Kahl counterflow cooler of the industrial pelletisation plant, the
obtained volume flow of the supply air of the cooler of the industrial pelletisation plant was calculated.
Therefore, a Prandtl pipe was used for determining the velocity. The diameter of the supply air pipe

was taken, temperature and relative humidity of the supplied air were measured.

In contrast to the defined sampling procedure in chapter 111.3.2, 100 kg pellets were sampled
immediately after the press without cooling and placed in the specially erected cooling tower (Figure
11). The used cooling tower was made of wood three-layer boards and had a square dimension of
0.75 * 0.75 m. The cooling tower was equipped with a metal mesh with a width of 3.15 mm. The
supplied and exhausted air had a 150 mm pipe diameter, where ambient air was supplied from
bottom to top using a fan for air adjustment. The temperature and relative humidity of the supply air

were measured. Moreover, a Prandtl tube with live transmission of differential pressure was used.
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Therefore, the calculated differential pressure should be achieved by reducing or increasing the fan
flow rate. Obtaining the same air volume flow in the imitated ventilation test compared to the settings
of the cooling in Kahl counterflow cooler of the industrial pelletisation plant, the fan was manually

adjusted.

In this test series, three pellets batches with different cooling intervals were produced, pellets batches
with 0 min ventilation, 15 min ventilation and 30 min ventilation, respectively.

a) b)

fan supply
air cooling tower

Figure 11 Setup of ventilation experiment I|: a) experimental setup, b) interior of the bottom of the cooling tower (metal
mesh with a mesh width of 3.15 mm).

Industrial scale pellets production - Ventilation experiment Il (VE 11)

Freshly cut pine sawdust was used as raw material for pelletisation. After pelletising, the pellets are
usually cooled by a screw cooler (Rematec GmbH). Two outward turning and counter rotating screws
conveyed the hot pellets over a 5.3 m long round hole grate. The cooling air (ambient air) flowed from
the top to the bottom of the 25 cm high pellets bed. The residence time of the pellets in the cooling
section was 13 min and was defined as average ventilation interval. The second cooling opportunity

was the cooling tower already described above. The detailed equipment is illustrated in Figure 12.

a)

refrigeration
unit

cooling
unit

supply fan supply
air air cooling tower
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Figure 12 Setup of the ventilation experiment Il: a) scheme of the experimental setup; b) cooling unit with refrigeration unit.
c) cooling tower.

The supplied air was either ambient air or cooled (ambient) air. Therefore, the cooled air was ambient
air which was cooled down by a temperature difference of 20° C using a cooling unit (Figure 12 a) and
a Viessmann refrigeration unit (FS 2500 EVO-113). The temperature and relative humidity of the
supplied air were measured. Moreover, a Prandtl tube with live transmission of differential pressure
was used. A calculated differential pressure should be achieved by reducing or increasing the air flow
rate. Obtaining the same air volume flow in the imitated ventilation test compared to the settings of
the cooling in the screw cooler of industrial pelletisation plant, the supply air was adjusted by

modifying the air flow rate.

In contrast to the defined sampling procedure in chapter [11.3.2, 100 kg pellets were sampled
immediately after the press without cooling and placed in the extended cooling tower (Figure 12). The
experimental variations were designed by considering the two existing cooling options, cooling tower
and screw cooler, respectively. An overview of the ventilation variation is presented in Table 20. The

following three parameters were varied.

e Ventilation temperature: The ventilation temperature was equal to ambient temperature in
industrial pelletisation plant. As a second ventilation temperature, the ambient air was cooled
down by a temperature difference of 20 °C with a cooling unit.

e Ventilation interval: Two cooling intervals were set. The first cooling interval was the average
ventilation interval of 15 min during pellets production. The second chosen ventilation
interval was twice as long — 30 min.

e Cooling technology: Two technologies were used for cooling the pellets. First, the existing
screw cooler of the industrial pelletisation plant was used. This screw cooler is equipped with
two outward turning and counter rotating screws. Second, the erected cooling tower was
used.

The produced pellets batches and their different ventilation variations are listed in Table 20.

47



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Effect of pellets production on off-gassing behaviour

Table 20 List of the produced pellets batches in the industrial scale pellets production (ISPP) ventilation experiments (VEs) |
& II. An overview of their different cooling and ventilation applications is presented.

Batch Production Raw material Ventilation Temperature Interval
series technology

WP 78 ISPP VEI 50/50 tower ambient 0
pine/spruce

WP 79 ISPP VEI 50/50 tower ambient average
pine/spruce

WP 80 ISPP VEI 50/50 tower ambient 2*average
pine/spruce

WP 81 ISPP VEII pine tower ambient average

WP 82  ISPP VEII pine tower ambient 2*average

WP 83  ISPP VEII pine tower cooled average

WP 84  ISPP VEII pine tower 2 cooled 2*average

WP 85 ISPP VEII pine screw ambient average

WP 86  ISPP VEII pine screw ambient 2*average

111.3.2. Pellets sampling and pre-treatment

Former investigations proved the considerable influence of pellets age (time since production) and
storage temperature on off-gassing formation of wood pellets during storage [21] [56]. To enable
comparable pellets batches and results, a uniform procedure for accurate pellets sampling was
introduced. Moreover, the pre-treatment of pellets batches prior to off-gassing determination was
established. Details and the exact procedure for pellets sampling and pre-treatment were published
in Sedimayer et al. [64]. The pellets were sampled after the cooling unit during the production. All
sampled pellets of each batch were carefully mixed and divided using the established method coning
and quartering [139]. 10 kg pellets of each batch were filled in airtight and opaque plastic bags, closed
and transferred to the laboratory. After exactly 72 h, all pellets batches were deep-frozen at -18 °C.

The pellets batches were removed from the freezer 16 h before off-gassing analyses.

111.3.3. Off-gassing determination

For off-gassing determination the glass flask method was used [21] [23] [64] which was described in

chapter 11.3.2.4.

11.3.4. Determination of core temperature of fresh pellets

Within this chapter the term core temperature is defined as follows. The core temperature is the

internal temperature of the pellets that is reached when no heat is supplied or removed from the
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outside. When measuring the core temperature, an equilibrium temperature is reached when the
temperature gradient between the surface temperature and the temperature inside the pellets are
equal. Thus, this method was used to determine whether the ventilation variations of the different

cooling and post-treatment processes affected the temperature of the produced pellets.

Therefore, the 44 L insulation box (see Figure 13 b) was filled with 25 kg of pellets. (Technical
specification of insulation Thermoli® Basta-Box XL: temperature range -20 to 110 °C; keeps material
hot or cold for up to 10 hours;) Data loggers (see Figure 13 a)) for temperature and humidity
measurements and for CO measurements were positioned in the middle (see MP 1 in Figure 13 c))
and the insulation box was closed (see Table 21). A further data logger for measurements of
temperature and humidity was positioned on the outer top of the insulation box (see MP 2 in Figure
13 c)). Subsequently, the insulation boxes were stored at room temperature for approximately 50 h
avoiding exposure to sunlight to exclude external heating. The moisture content of the stored pellets
was determined according to ISO 17225-2 [2], which was described in chapter 11.3.2.1. Afterwards, the
data loggers were connected with the computer. The data was evaluated using Easy Log software

from Lascar electronics which was accessible on the homepage.

Table 21 Manufacturer specifications of used data loggers from Lascar electronics.

. Measurement
Product name Measured parameter  Range Uncertainty
interval
Easy Log EL-USB-2 T -35t0+80°C +2°C every 10 min
Easy Log EL-USB-2 RH 0to 100 % RH +6.0 % RH every 10 min
Easy Log EL-USB-CO (6(0) 0to 1000 ppm  *6 ppm every 5 min

a) \b)
=

Figure 13 a) The used data loggers, b) the performance of the core temperature determination and c) scheme of the core
temperature determination.

I11.4. Results and discussion

111.4.1. Addition of additives in pellets production

The basic work on this chapter was published in Paper 4. Additional data was added to demonstrate

the impact of additives on the reduction of off-gassing.
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l.4.1.1. Off-gassing reduction by the application of acetylsalicylic acid

The influence of acetylsalicylic acid (ASA) on off-gassing reduction emissions was examined several
times resulting in 18 pellets batches which were produced in six pelletisation series. ASA was added
in various concentrations from 0.05 to 0.8% (m/m).

1.4
LSPP | LSPP II ISPP | ISPP II LSPP 111 ISPP V
1.2

1.0
0.8
0.6
0.4
0.2
0.0

WP 32 WP 33 WP 34 WP 35 WP 37 WP 38 WP 39 WP 40 WP 41 WP 42 WP 47 WP 50 WP 51 WP 52 WP 60 WP 61 WP 62 WP €3

Normalised emissions

mCO mCO2 mVOCtot

Figure 14 Illustration of normalised CO, CO; and VOC;.: emission rates of 18 pellets batches produced by six pelletisation
series. The influence of addition of ASA in concentration of 0.05 to 0.8 (m/m) on off-gassing emission reduction is
investigated. The error bars (n=3) show the minimum and maximum emission rates.

The normalised CO, CO, and VOCw,: emission rates of the 18 pellets batches produced in six
pelletisation series are illustrated in Figure 14. The normalised emission rates were used enabling
comparable results for all pelletisation series. Therefore, a reference batch was defined within each
test series. This reference batch was produced without any added additives and the emission rates
were set to 1. The emission rates of the corresponding pellets batches were put in relation to the
reference batch. The pellets batches related to each of these normalised rates were located to the
right. Moreover, the used additives, their added amounts and the corresponding emission rates of the
investigated pellets batches are presented in Table 22.

Considering Figure 14, the missing VOCit normalised emission rates of the first two series, LSPPI and

LSPPII, are striking. This was caused by a measuring device failure.

Viewing all normalised emission rates, it was noticeable that only one normalised emission rate was
higher than the normalised rates for the reference pellets batches (>1). This was batch WP 52. CO
emissions were increased by more than 20%. In contrast to all other pellets batches, in WP 52 ASA

was added in liquid condition. It was likely that the liquid addition in pellets production led to an
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inhomogeneous distribution. As a result, less raw material was mixed with ASA. Due to this result and
because of the simultaneously poorer practical applicability, ASA was not added again in liquid form.
Table 22 List of the investigated pellets batches. The used additives and the added concentration (c) as well as their off-

gassing emssion rates for CO, CO, and VOCi: and the residual O, concentration are given. Furthermore, the initial pellets
weights in the glass flask experiments are presented.

Batch Production Additive c co CO, VOCit Residual O, Pellets
series weight
in %(m/m) in mg kg pelletsq, day™? in% (V/V) in kg
WP 32 LSPPI - - 3.18 720 nd? 1.1 2.4
WP 33 LSPPI ASA 0.8 2.47 4.82 n.d.! 3.1 2.4
WP 34 LSPPII - - 2.84 6.26 n.d.! 1.8 2.4
WP 35 LSPPII ASA 0.8 2.70 5.00 n.d. 15 2.4
WP 37 ISPP | - - 2.00 2.77 0.59 4.6 2.4
WP 38 ISPP | ASA 0.3 1.00 196 0.22 12.2 2.4
WP 39 ISPP | ASA 0.8 0.59 1.35 0.11 15.8 2.4
WP 40 ISPP II - - 1.79 2.68 0.53 5.9 2.4
WP 41 ISPP Il ASA 0.3 1.06 1.97 0.21 11.7 2.4
WP 42 ISPP II ASA 0.8 0.73 1.55 0.11 14.6 2.4
WP 47 LSPP 1lI - - 2.37 7.66 2.32 34 2.4
WP 50 LSPP Il ASA 0.1 2.35 7.27 1.73 2.6 2.4
WP 51 LSPP Il ASA 0.5 2.03 6.89 1.52 4.7 2.4
WP 52 LSPP 1lI ASA? 0.3 2.92 6.19 2.12 1.3 2.4
WP 60 ISPP V - - 3.26 13.08 1.31 17.8 0.3
WP 61 ISPPV ASA 0.05 2.40 1094 1.16 18.4 0.3
WP 62 ISPP V ASA 0.1 2.16 9.68 1.09 18.5 0.3
WP 63 ISPP V ASA 0.15 1.81 9.26 0.84 18.8 0.3

In.d. indicates not detected
2 dissolved; The additive was added in dissolved form

Analysing the normalised CO rates, it became apparent that, with the exception of the addition of ASA
in liquid form, the CO emissions were always reduced compared to the reference pellets batches. The
highest reduction in CO emission by about 70% was achieved by adding 0.8% (m/m) ASA (batch
WP 39). The lowest reduction was observed in batch WP 50. In this case, 0.1% (m/m) ASA was added
and emissions were almost the same. Thus, the addition of 0.1% ASA showed no considerable effect
on the reduction of CO emissions. However, a significant reduction of CO emissions was observed for
batch WP 61. ASA was added at a rate of 0.05% (m/m) and about 27% less CO was emitted. Therefore,
it was assumed that the lack of reduction of CO with the addition of 0.1% ASA was not due to the too

low dosage but to the dosage itself and the mixing with the raw material.

The consideration of the CO, normalised emission rates revealed that the highest CO, reduction of
51% was achieved by the highest addition of ASA (WP 39). The lowest reduction was observed in

pellets batch WP 50. 0.1% (m/m) ASA was added and the emissions were reduced by 5%. It was
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noticeable that pellets batch WP 61 with the addition of the lowest ASA concentration of 0.05% (m/m)

again reduced more CO; by 16%.

In terms of VOCit emissions, the highest total reduction was achieved. The pellets batch WP 39 with
an ASA concentration of 0.8% (m/m) led to a reduction of 82%. The lowest reduction of 9% was
measured for pellets batch WP 52 with liquid ASA addition of 0.3% (m/m). Excluding that batch, the
lowest VOCio: reduction of 11% was achieved in batch WP 61 with the addition of 0.05% (m/m) ASA,

which was the lowest ASA concentration.

In summary, the highest reductions for CO, CO, and VOCi: emissions were achieved by the same
pellets batch WP 39. As expected with increasing amounts of added ASA, emissions were continuously
reduced. However, even very low ASA concentrations led to considerable emission reductions. As
already discussed by Sedimayer et al. [64], the effectiveness of ASA as an antioxidant to reduce off-
gassing did not only depend on the applied amount. For best results in off-gassing reduction, the
antioxidant should be added homogeneously and should be well distributed and mixed with the raw
material. The proper application of the antioxidant, for example dissolved or solid, indicated an
influence on reduction potential. A sufficient reaction time between the antioxidant and the raw
material could also be crucial to the reduction of emissions. In order to achieve an effective off-gassing
reduction, if feasible, preliminary tests should be carried out in advance in the respective pelletisation
plant. ASA in general was convincing in terms of its reduction properties and also in terms of its

applicability in pellets production.

In literature, other antioxidants such as tert-butylhydroquinone (TBHQ) and propyl gallate (PG) were
studied in pellets production processes and their effect on the formation of emissions during the
storage of wood pellets. Results indicated that TBHQ, even at low concentration of 0.5% (m/m), is an
efficient antioxidant in preventing autoxidation of fatty and resin acids in wood pellets. The pellets
batch with added TBHQ emitted less CO by 72% and 90% compared to the reference pellets batch.
Through the addition of PG, the CO and CO; emissions were not reduced. PG only partially prevented
autoxidation, implying the addition of a higher amount [76]. Moreover, TBHQ was blended with wood
fibres and investigated using isothermal calorimetry. The blending with 5% (m/m) of TBHQ resulted in
considerable reduction of self-heating by 62% HRRmax compared to fibres without TBHQ [140]. That
reduction was lower than those mentioned by Arshadi [76], but show the potential of TBHQ in

reducing off-gassing and self-heating.

52



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Effect of pellets production on off-gassing behaviour

1.4.1.2. Off-gassing reduction by the application of natural antioxidants

Two naturally antioxidants, hop grains (HG) and grape pomace powder (GPP), were added in
laboratory scale pellets production (LSPP). GPP was also added in industrial scale pellets production

(ISPP).

In order to enable comparable results, normalised emission rates are illustrated in Figure 15.
Therefore, a reference batch was defined within each test series. This reference batch was produced
without any added additives and the emission rates were set to 1. The emission rates of the
corresponding pellets batches were put in relation to the reference batch. The used additives, their
added amounts and the corresponding emission rates of the investigated pellets batches are
presented in Table 23.

1.4

LSPP 1lI ISPP V
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Figure 15 lllustration of normalised emission rates of wood pellets with natural antioxidants. The error bars (n=3) show the
minimum and maximum emission rates.

Firstly, HG and GPP 1 were added at each 1.5% (m/m). The addition of both resulted in higher CO
emissions. In contrast, the CO, emissions were reduced by at least 14% and VOCit emissions were
reduced by more than 20%. However, both added natural antioxidants are known for their
antioxidative effects [97] [112] [115] [116]. There may be several reasons for the lack of CO reduction.
It could be that by the addition of 1.5% (m/m) HG or GPP 1 not enough antioxidant active substances
were inserted. Moreover, an insufficient residence time or deficient mixing with the raw material
could also have been the reason. Furthermore, it is possible that the used additives could not sustain
the increased temperatures during the pelletising process. Another reason could be that too many

ingredients were introduced by the addition of 1.5% (m/m) HG or GPP 1. This means that the addition
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of the two natural antioxidants introduced further organic ingredients which degraded during storage
and led to additional emissions.
Table 23 List of the investigated pellets batches. The used additives and the added concentration (c) as well as their emission

rates for CO, CO; and VOC;.: and the residual O, concentration are given. Furthermore,the initial pellets weights in the glass
flask experiments are presented.

Batch Production Additive C co CO, VOCi: Residual O, Pellets
series weight
in% (m/m) in mg kg™ pelletsq, day  in % (V/V) in kg
WP 47 LSPP 111 - - 2.37 7.66 2.32 3.4 2.4
WP 48 LSPP 111 HG 1.5 2.54 6.49 1.82 0.3 2.4
WP 49 LSPP 11l GPP1 1.5 2.40 6.56 1.71 1.1 2.4
WP 60 ISPP V - - 3.26 13.08 1.31 17.8 0.3
WP 64 ISPP V GPP 2 0.5 1.65 8.48 0.88 18.9 0.3
WP 65 ISPP V GPP 2 1.5 2.90 12.43 158 17.9 0.3

Despite the results from LSPP, GPP was also applied in ISPP. Investigating the influence of GPP on off-
gassing reduction two different concentrations 0.5 and 1.5% (m/m) were examined. Thus, it should
be investigated whether the application of 1.5% (m/m) GPP 2 inserted are too many ingredients
resulting in increased emissions. The results indicated that a lower addition led to a higher reduction
in emissions. The addition of 0.5% (m/m) GPP 2 resulted in decreased CO, CO, and VOC;.: emissions.
CO emissions were reduced by almost 50%. By contrast, the addition of 1.5% (m/m) GPP 2 reduced
CO by 11% and CO, by 5%, but increased VOCi: emissions by about 20%. The increase in VOC
emissions could be explained by the fact that more ingredients were added due to the higher addition
of GPP [112] [114]. It was supposed that the degradation of some ingredients of GPP led to an

increased occurrence of VOCs.

Comparing the results of the two batches with each 1.5% (m/m) GPP 1&2 of the two pelletisation
series, differences became apparent. It was clearly shown that in LSPP series the VOCit emissions
were reduced even with an addition of 1.5% (m/m), unlike in the ISPP series. In contrast, the CO
emissions increased in LSPP series, but decreased in the second series. In both series the CO, emissions
were reduced. These different effects could not be explained at the current state of knowledge.
Further investigations would be necessary. However, it was assumed that the causes were due to the
different GPPs or the pelletising processes (e.g. temperature during the pelletising process). It should

also be noted that these were individual trials.

1.4.1.3. Off-gassing reduction by the application of quicklime and slaked lime

Four pelletisation series resulting in 14 pellets batches were performed investigating the applicability

of quicklime and slaked lime in pellets production processes and their reducing off-gassing potential.
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The normalised CO, CO; and VOCi.: emission rates of all 14 pellets batches produced in four series are
illustrated in Figure 16. The normalised emission rates were used enabling comparable results of all
pelletisation series. All reference pellets batches could be identified by the normalised rates (1).
Moreover, the used additives, their added amounts and the corresponding emission rates of the
investigated pellets batches are presented in Table 24.
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Figure 16 Illustration of normalised CO, CO, and VOC:.: emission rates of 14 pellets batches produced by four pelletisation
series. The influence of addition of lime in concentrations of 0.1 to 2% (m/m) on off-gassing emission reduction is
investigated. The error bars (n=3) show the minimum and maximum emission rates.

When looking at Figure 16, the missing VOCit normalised emission rates of the first pelletisation series

are clearly visible. This was caused by a measuring device failure.

In the first two pictured pelletisation series slaked lime was added as a solid. The results of the LSPP
Il, indicated the high performance of slaked lime on off-gassing reduction. The usage of 0.8% (m/m)
led to a decline in CO emissions of 49%. Furthermore, the CO, emissions were reduced by an
outstanding 95%. Macroscopic evaluation showed that the pellets were shinier compared to the
pellets without any added slaked lime. This shine made them look glassy. In addition, a higher energy

demand was observed during pelletising compared to the reference pellets batch.

Due to the high performance of slaked lime in the LSPP II, slaked lime at lower concentrations of 0.1,
0.3 and 0.5% (m/m) were investigated in industrial scale pellets production (ISPP Ill). The normalised
CO emission rates were always reduced compared to the reference pellets batch. The highest
reduction in CO emission by about 52% was achieved by adding 0.3% (m/m) slaked lime (batch

WP 45). Even the addition of 0.1% (m/m) led to a CO reduction of 25%.
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The consideration of the CO, normalised emission rates revealed that the highest CO, reduction of
56% was achieved by the highest addition of slaked lime of 0.5% (m/m). The addition of 0.1% (m/m)
slaked lime indicated no influence on CO, formation.

Assessing VOCiot emissions proved that increasing addition of slaked lime led to decreasing in VOCiot
emissions. The highest reduction of 50% was achieved by adding 0.5% (m/m) slaked lime. Even the

addition of 0.1% (m/m) led to a reduction of 16% VOC:.: emissions.

Table 24 List of the investigated pellets batches. The used additives and the added concentration (c) as well as their off-
gassing emssion rates for CO, CO; and VOCi: and the residual O, concentration are given. Furthermore, the initial pellets
weight in the glass flask experiments is presented.

Batch Production Additive c co CO; VOCiot Residual O; Pellets

series weight
in %(m/m)  in mgkg? pelletsgp, day in % (V/V) in kg
WP 34 LSPPII - - 2.84 6.26 n.d.! 1.8 2.4
WP 36 LSPPII slaked lime 0.8 1.45 0.32 n.d.? 12.6 2.4
WP 43 ISPP 1lI - - 1.74 5.84 1.17 5.9 2.4
WP 44 ISPP Il slaked lime 0.1 1.31 5.85 0.97 10.6 2.4
WP 45 ISPP Il slaked lime 0.3 0.83 4.65 0.71 13.8 2.4
WP 46 ISPP 1l slaked lime 0.5 0.99 3.17 0.58 11.9 2.4
WP 47 LSPP Il - - 2.37 7.66 2.32 3.4 2.4
WP 53 LSPP 1lI lime 0.1 3.32  9.03 1.68 0.5 2.4
WP 54 LSPP Il lime? 2 3.19 10.53 2.35 0.7 2.4
WP 55 ISPP IV - - 298 8.04 1.28 18.3 0.3
WP 56 ISPP IV slaked lime? 0.1 6.53 13.03 2.81 16.2 0.3
WP 57 ISPP IV slaked lime? 0.25 7.03 15.44 3.00 15.9 0.3
WP 58 ISPP IV slaked lime? 0.5 6.74 13.93 1.98 16.6 0.3
WP 59 ISPP IV slaked lime? 0.75 6.05 12.37 1.83 17.0 0.3

!indicates not detected
2 dissolved; The additive was added in dissolved form.

In a further pelletisation series (LSPP Ill) lime was added as solid and dissolved material comparing the
applicability and their impact on off-gassing emissions. The results indicated the usage of lime,
whether solid or dissolved, in the applied laboratory pellets press proved to be inappropriate to
reduce off-gassing emissions. All emissions except for one measured VOCi.: value increased despite
the addition of quicklime as a solid or dissolved.

By modifying slaked lime to dissolved slaked lime and the sprayed application, a better wetting of the
raw material and more homogeneous mixing should be achieved. Furthermore, in comparison to
slaked lime, dissolved slaked lime should not remove water from the pellets during pelletisation.
Therefore, the dissolved slaked lime improved the pelletisation process by acting as a kind of lubricant

during pelletisation. However, no improvement was achieved with regard to off-gassing.

In ISPP IV series dissolved slaked lime and its influence on off-gassing reduction potential was

investigated. Therefore, slaked lime was added, dissolved in the range from 0.1 to 0.75% (m/m).
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Considering the normalised emission rates, it was obvious that all emissions definitely increased by
the addition of dissolved slaked lime. The CO emission rates of all pellets batches with added dissolved
slaked lime revealed twice as high CO emission rates than the pellets batch without dissolved slaked

lime.

A close look at the figure showed that the addition of quicklime or slaked lime as a solid or dissolved
material had different effects on the subsequent off-gassing behaviour. When lime was added in

dissolved form, no reduction on off-gassing emission could be achieved.

However, results indicated that slaked lime added as solid in wood pellets production can be a possible
application for off-gassing reduction. This was demonstrated in LSPP Il and ISPP lll. The effectiveness
of slaked lime relating to off-gassing reduction most likely depends on the good performance of the

addition in the production process.

It is essential to mention, that the pressing conditions changed due to the addition of lime. Among
other things, a higher energy consumption (according to the pelletiser) was recorded. Furthermore,
the pellets were described as glassy. In addition, it should be noted that the addition of slaked lime
increases the ash content. Therefore, in order to meet the limits of 1SO17225-2, only a very small

amount of lime might be added [2].

1.4.1.4. Long-term off-gassing reduction by the application of additives

The pellets batches of three pelletisation trials were analysed in long-term experiments investigating

the long-term behaviour of ASA and slaked lime on the reduction of off-gassing emissions.

First, the long-term behaviour of ASA was investigated. Therefore, pellets batches of the two
pelletisation series ISPP | (Figure 17) and ISPP Il (Figure 18) were examined over a time period of
42 days in glass flasks experiments. The following data are taken from publication 4. The left
illustrations (a, d and g) show the cumulative amounts of formed gases over 42 days for each pellets
batch. The middle illustrations (b, e and h) depict the calculated emission rates of each measuring
point of each pellets batch. The right illustrations (c, f and i) demonstrate the normalised emission
rates over time and are given as normalised data in reference to batch WP 37 and WP 40, respectively.

Overall, the pellets from ISPP | and ISPP Il behaved very similarly, which is demonstrated in the graphs.

Considering the cumulative amounts of formed gases shown in Figure 17 and Figure 18 a, d and g, it

is shown that the antioxidant ASA reduced the CO, CO; and VOC: emissions over the 42 days.

The emission rates shown in the graphs (b, e and h) indicate the course of the rates over the six-week
period. The graphs display that the emission rates at the first measurement time did not have the

highest rate. The rates always increased at the second measurement time point. However, a reduction
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of all CO and CO; emission rates was always achieved in comparison to the batches without ASA. The
addition of ASA did not result in a reduction of VOC emissions at the 6™ (for ISPP I) or 4™ (for ISPP Il)

measuring point.

The presented off-gassing emissions suggest that the addition of ASA is a good measure to reduce
emissions, especially at the beginning of the pellets storage when the emissions are highest.
Furthermore, the implementation and application in production showed no difficulties, whereby an
additional feeding system was installed to add ASA. Further detailed discussion of the results can be

found in the peer-reviewed journal paper number 4.
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Figure 17 lllustrations of cumulative CO, CO, and VOC;, formation, of emission rates and of normalised emission rate of pellets batches WP 37, WP 38 and WP 39 over the course of the six-week
storage experiment. Different concentrations of ASA were used in the batches: 0 (WP 37), 0.3 (WP 38) and 0.8 %(m/m) (WP 39). The left figures show the cumulative amount of formed off-gases for
pellets batches WP 37, WP 38 and WP 39 of a) CO, d) CO, and g) VOCq: over the course of the six-week storage experiment. The middle illustrations represent the emission rates of pellets batches
WP 37, WP 38 and WP 39 of b) CO, e) CO; and h) VOCq over the course of the six-week storage experiment. The right figures show the normalised (data from batch WP 37 as reference) normalised
emission rates of c¢) CO, f) CO, and i) VOC: over the course of the six-week storage experiment (source Sedlmayer et al. 2020 [64]).
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Figure 18 lllustrations of cumulative CO, CO; and VOC;. formation, of emission rates and of normalised emission of pellets batches WP 40, WP 41 and WP 42 over the course of the six-week storage
experiment. Different concentrations of ASA were used in the batches: 0 (WP 40), 0.3 (WP 41) and 0.8 %(m/m) (WP 42). The left figures show the cumulative amount of formed off-gases for pellets
batches WP 40, WP 41 and WP 42 of a) CO, d) CO, and g) VOC;.: over the course of the six-week storage experiment. The middle illustrations represent the emission rates of pellets batches WP 40,
WP 41 and WP 42 of b) CO, e) CO; and h) VOCq: over the course of the six-week storage experiment. The right figures show the normalised (data from batch WP 40 as reference) normalised emission

rates of ¢) CO, f) CO, and i) VOCyt over the course of the six-week storage experiment.
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Figure 19 Illustrations of cumulative CO, CO; and VOC, formation, of emission rates and of normalised emission of pellets batches WP 43, WP 44, WP 45 and WP 46 over the course of the 30-day
storage experiment. Different concentrations of slaked lime were used in the batches: 0 (WP 43), 0.1 (WP 44), 0.3 (WP 45) and 0.5 %(m/m) (WP 46). The left figures show the cumulative amount of
formed off-gases for pellets batches added with slaked lime, batches WP 43, WP 44, WP 45 and WP 46, of a) CO, d) CO2 and g) VOCq: over the course of the 30-day storage experiment. The middle
illustrations represent the emission rates of pellets batches of b) CO, e) CO2 and h) VOC: over the course of the 30-day storage experiment. The right figures show the normalised (data from batch
WP 43 as reference) normalised emission rates of c) CO, f) CO2 and i) VOCy over the course of the 30-day storage experiment.
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In addition to the long-term tests of ASA, slaked lime was also studied in long-term tests investigating
the long-term behaviour over a storage period of 30 days (Figure 19) on off-gassing emissions of wood

pellets.

The cumulative amounts of formed gases (shown in Figure 19 a, d and g) demonstrate that slaked lime
reduced the total amount of formed CO over the 30 days. Moreover, the total amount of formed CO;

and VOCG: was also reduced. However, this was not achieved at each measuring point.

The emission rates shown in the graphs (b, e and h) show the course of the rates over the 30 days.
The demonstrated emission rates revealed that the emission rates at the first measurement time were

the highest rates, with one exception in the case of CO, emission rates.

The reduction in emissions is more evident by comparison of the normalised emission rates (Figure
19 ¢, f and ). All CO emission rates were reduced by adding slaked lime. Considering the CO, emission
rates, it was found that at the first measuring point the emissions were only reduced in one batch. At
each subsequent measurement point, a reduction was always achieved regardless of the added
amount of slaked lime. Furthermore, the VOCiot emissions of one batch were not reduced at the first
measurement point. The course also indicated that the VOCit emission rates were not reduced at the
last measuring point. At all intermediate measuring points, a reduction on VOC:,: emission rates was
achieved by all added slaked lime concentrations. Overall, the addition of different concentrations of
slaked lime in industrial pelletisation revealed a decrease in the release of CO, CO, and VOC.: from
the second week of storage onwards for the measurement in the long-term storage, with the
exception of VOCi: emissions at the last measurement point. However, the off-gassing level at this
point in time is already only a fraction of the original starting level at the beginning of the

measurement series.

The presented off-gassing emissions suggest that the addition of slaked lime might be a measure to
reduce CO emissions, whereby an additional feeding system during pelletisation has to be installed to
add slaked lime. However, the application in production indicated a higher energy consumption.
Moreover, the addition of slaked lime inevitably leads to higher ash contents. Therefore, low

concentrations of considerably less than 0.5% (m/m) have to be added.

11.4.2. Blends of raw material in pellets production

1.4.2.1. Off-gassing emissions by the application of blends

Normalised emission rates of pellets from laboratory scale pellets production (LSPP) with blended

wood resources were compared to wood pellets without any further added biomass material from
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the same test series enabling a better comparability. Moreover, the six used blending wood resources,
their added amounts and the corresponding emission rates of the investigated pellets batches are

presented in Table 25.

The blending with various wood resources in LSPP led to reduction of off-gassing emissions in 2 out of
6 applications (see Figure 20). The CO emissions were reduced when oak saw dust (20 % m/m) and
maritime pine bark (5% m/m) were added. Simultaneously, the CO, and VOCw: emissions were
minimized. The comparison of the residual O, concentration within the glass flask indicated that the
reactivity of these two batches was lowest, as the residual O, concentration was highest. Although
less maritime pine bark had been blended than oak sawdust, the blending with maritime pine bark
was more efficient in terms of off-gassing reduction. A dilution of the determined emission rates can
be excluded, since the reduced amount of emissions is higher than the added amount of the blended

wood resources.

Table 25 List of the investigated pellets batches. The blending raw material and the blending concentration (c) in mass
fraction as well as their off-gassing emssion rates for CO, CO, and VOC; and the residual O, concentration are given.
Furthermore,the initial pellets weights in the glass flask experiments are presented.

Batch Production Blend C Cco CO2; VOCiot Residual Pellets
series (07} weight
in%(m/m)  inmg kg pelletsqp day? in% (V/V) inkg
WP 66 LSPP - - 2.26 0.65 291 4.9 2.4
WP 67 LSPP oak saw dust 20 1.15 0.11 1.27 12.5 2.4
willow wood
WP 68 LSPP . 20 2.35 0.32 2.67 2.2 2.4
chips
maritime pine
WP 69 LSPP 5 0.70 0.17 0.87 15.7 2.4
bark
larch saw
WP 70 LSPP 20 2.58 0.47 3.06 2.7 2.4
dust
WP 71 LSPP oak bark 5 2.68 0.07 2.75 0.3 2.4
WP 72 LSPP willow bark 5 2.64 0.22 2.86 0.7 2.4
WP 73 ISPP - - 8.78 31.09 4.10 14.2 0.3

oak sawdust
WP 74 ISPP . 10 6.07 20.65 2.39 16.1 0.3
without bark

oak sawdust

WP 75 ISPP . 20 3.24  12.22 1.18 18.1 0.3
without bark

WP 76 ISPP larch sawdust 20 599 21.11 2.55 15.9 0.3

WP 77 ISPP larch sawdust 40 3.58 14.05 1.70 17.7 0.3

The higher emission reduction of maritime pine bark may be due to the addition of bark, which may
have a higher antioxidant content. However, the addition of 5% (m/m) bark might considerably
increase the ash content of the corresponding pellets batch. Blending with oak sawdust is not
expected to increase the ash content. Therefore, there should be no issues in meeting the

requirements of the 1ISO 17225-2 for ash content [2].
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Even if no reduction in CO emissions was achieved by the other blended wood resources, they all
revealed a reduction in CO, emissions. The highest reduction of 57% was achieved when 20% oak
sawdust was blended. The pellets batch with blended larch sawdust (20% (m/m)) gained a reduction

of 9%.

VOC: emissions were also reduced by up to 91% in 4 out of 6 pellets batches, whereas the highest
impact was shown by blending with maritime pine bark of 5% (m/m). The blends with larch sawdust
of 20% (m/m) and willow bark of 5% (m/m) led to an increase in VOCet emissions. That increase may

be due to added ingredients and their degradation products.
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Figure 20 Illustration of normalised CO, CO; and VOC;.: emission rates of seven blended pellets batches. The error bars (n=3)
show the minimum and maximum emission rates.

Contrary to expectations, the addition of 5% (m/m) bark, neither oak nor willow, did not result in a
reduction of CO emissions. As the applied raw materials for blending tests were wood, the antioxidant
ingredients may vary and therefore no reduction was achieved. There are other possible reasons that
may affect the off-gassing reduction. The mixing time between the raw material and the blending
material should be sufficiently long. Furthermore, attention should be paid to a homogenous mixing
of the raw material with the blending material. The existing temperatures during the wood pellets
production process may also have a considerable contribution to the effectiveness of the blending

material.
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11.4.2.2. Reduction of off-gassing potential by blending oak and larch

In industrial scale pellets production (ISPP) two different blending materials were investigated, oak
sawdust without bark and larch sawdust, each with two concentrations of 10 and 20 % (m/m) and 20
and 40 % (m/m), respectively. The normalised emission rates of pellets with blended wood resources
were compared to the reference pellets batch. This is the wood pellets batch without any further
added blending material. The emission rates of the reference pellets batch were set at 1. The emission
rates of the remaining 4 pellets batches were set in relation to this. The effectiveness of the blending
with oak sawdust without bark and larch sawdust is depicted in Figure 21. The two investigated
blending wood resources, their added amounts and the corresponding emission rates of the

investigated pellets batches are presented in Table 25.

The results (see Figure 21 a-c) demonstrated that the CO, CO; and also VOCi: emissions of all blended
pellets batches were reduced compared to the reference pellets batch. Simultaneously, an increase

in residual O, concentration was observed in all batches compared to the reference (see Table 25).

Thus, the investigation proved that blending with oak or larch resources was suitable for use in CO
emission reduction. The most obvious reduction was achieved by blending of 20% (m/m) oak sawdust
without bark, where the CO emissions were reduced by 63%. Even the blend of 10% (m/m) led to a
reduction of 31%. Blending with larch also proved to be promising in terms of CO reduction. Blends of
20 and 40% (m/m) larch reduced CO emissions by 32 and 59%. Comparing the CO reduction with the
blending ratio, oak was about twice as efficient as larch. Likewise, very high reductions in both CO,
and VOCt emissions were also obtained through the blend with oak and larch. Overall, the highest

reduction was achieved by blending 20% (m/m) oak, which reduced the VOCi.: by 71%.

An exclusive dilution of off-gassing emissions can be excluded for both added blending materials. CO,
CO; and VOCi emissions were reduced comparatively more than the blending quantity of oak and

larch was. It was considered that this was a real reduction and not only a dilution effect.

The off-gassing results suggested that oak is better suited to decrease CO formation than larch. Since
oak sawdust was added without bark, no problems with increased ash content were expected.
However, the blending of 20 and 40% (m/m) larch sawdust could increase the ash content to such an

extent that the requirements from I1SO 17225-2 would not be fulfilled.
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Figure 21 Illustration of normalised emission rates for a) CO, b) CO; and c) VOC;.: of pellets batches WP 73 to WP 77 blended

with oak sawdust and larch sawdust.

In both pelletisation trials oak and larch sawdust was used for blending. The consideration of both

pelletising series suggests that oak saw dust is very suitable for reducing off-gassing emissions.

However, the results were different for larch. In both pelletisation series larch sawdust with bark was
blended. The difference was striking in the influence on off-gassing emissions by using larch. The
results of LSPP revealed an increase in CO and VOCit emissions (see Table 25). Contrary, in ISPP a
considerable reduction of all emissions by blending with larch was achieved. This difference may be
due to the raw material itself, the mixing of the blending material with the raw material, the residence

time before pelletising and the thermal treatment during production.

66



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Effect of pellets production on off-gassing behaviour

111.4.3. Ventilation in pellets production

1.4.3.1. Influence of ventilation time on off-gassing

Three pellets batches with varying cooling duration of 0, 15 and 30 minutes were produced in the
course of industrial scale pellets production in ventilation experiment | (VE 1). The following results are
presented with the calculated emission rates. Therefore, the differently applied ventilating
approaches were compared to each other within a test series. The error bars in Figure 22 show the
minimum and maximum emission rates. The average ventilation time in the used industrial
pelletisation plant was determined to be 15 minutes. Considering emission rates for CO in VE I, the
CO emission rates decreased with increasing ventilation duration. The same trend was shown for CO,
and VOCi,t emission rates. However, the difference in CO emission rates between 0 and 15 min
ventilation is higher than the reduction between 15 and 30 min ventilation. The CO emission rates
were reduced by 17% with 15 min ventilation and by 26% with 30 min ventilation compared to pellets
batch without ventilation. A higher reduction in CO;, emission rates was achieved by ventilation for
15 min by 43% and by ventilation for 30 min by 42% compared to the unventilated batch. Moreover,
the VOCi.t emission rates were reduced by around 40% through ventilation.

7

Off-gassing rates in mg kgl,, dayl
=

: N W

WP 78 WP 79 WP 80

mCO Cco2 mYVOCtot

Figure 22 lllustration of emission rates for CO, CO, and VOC of pellets batches WP 78 to WP 80 applying different
ventilation duration. The error bars (n=3) show the minimum and maximum emission rates.

Avoiding condensate during wood pellets storage and maintaining physical characteristics of wood
pellets [141] [142], they were transported directly to the cooling section after pelletisation. Thus,

wood pellets were not filled into intermediate storage or filled directly into the silo tank lorries
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without ventilation. The present tests proved the importance of ventilation regarding off-gassing
emissions. Considering the results, it could be assumed that the effect of ventilation in relation to the

emission reduction was limited.

Besides the off-gassing determination in glass flasks, the core temperature of the manually ventilated
pellets batches in insulation boxes was determined. The core temperature of the investigated pellets
batches was determined in order to prove the applied ventilation. The applied temperature data
logger of WP 79 (15 min cooled) was not working. Thus, no temperature measurements were
available. The temperature profile (Figure 23) of pellets batches was illustrated. It was clearly shown
that the non-ventilated pellets batch was not cooled. After 20 min the temperature maximum of 87 °C
was reached and the core temperature within the insulation box was obtained. Contrary, the
maximum temperature of the 30 min ventilated pellets batch was achieved after 22 min with a
temperature of 25 °C. The CO maxima were presented to show when and how high the reached CO
maxima were in the insulation boxes. The two CO maxima were striking with 1228 ppm after 8 min
and 125 ppm after 64 min for the non-ventilated, and for the 30 min ventilated pellets batch. This
indicated that the cooling of pellets by ventilation was successful. Ventilation also reduced the rapid
formation of CO within the closed insulation box. It was assumed that the ventilated pellets were
already reacted by the ventilation, whereas the non-ventilated pellets reacted in the insulation boxes.
Furthermore, it is supposed that the lower occurring temperatures in the insulation boxes reduced

the reaction rates leading to lower formation of CO emissions.
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Figure 23 lllustration of the temperature course of two pellets batches WP 78 and WP 80 within the insulation boxes
indicating the core temperature. The ambient temperature (blue course) is given for comparison.

11.4.3.2. Long-term off-gassing behaviour of ventilated pellets

The long-term behaviour of pellets with varying ventilation intervals regarding their off-gassing
behaviour was analysed over a time period of 42 days (Figure 24). Therefore, the three pellets batches
were stored in seven consecutive glass flasks experiments as described in chapter 111.3.3. The
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cumulative amounts of formed gases are presented in Figure 24 a) c) and e) on the left. On the right
side the changes of the emission rates are illustrated (Figure 24 b), d) and f)) over the 42 days of

storage experiments.

Considering the entire measurement points in Figure 24 a) the ventilation did not show a considerable
improvement on CO formation. It even appeared that the unventilated pellets batch produced the
smallest amount of CO in total, after 42 days of storage. However, the first measurements show that
less CO formed when the pellets were ventilated after production. This is additionally indicated by the
CO emission rates in Figure 24 b). Considering both ventilated pellets batches, a very similar trend in

cumulative CO formation and also in the course of the CO emission rates was revealed.
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Figure 24 lllustration of the cumulative amount of formed a) CO, c) CO; and e) VOCq, of the ventilation pellets batches during
the 42 days of storage in glass flask experiments. The right graphs show the emission rates in mg kg4, day? of b) CO, d) CO,
and f) VOCyt during the 42 days of storage in glass flask experiments.

An explanation for the lower formation of CO of the non-ventilated pellets batch compared to the

ventilated batches could be as follows. Probably, the non-ventilated and therefore still hot pellets
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already formed a higher amount of CO after the pelleting process compared to the ventilated pellets
batches prior to the pellets storage in glass flasks experiments. This assumption was confirmed by the
measured CO data and the above-mentioned CO maximum in the insulation boxes during the
determination of core temperature. If hot fresh produced pellets should indeed be very reactive with
regard to the formation of CO, caution is also required when handling hot fresh pellets. This means
that attention should be paid to possible CO emissions during cooling or storage in the pelletising

plant.

A closer look on the CO, formation and emission rates (Figure 24 c) and d)) indicated that both
ventilated pellets batches behaved very similarly. Furthermore, it was shown that, especially at the
beginning of the long-term storage experiment, higher CO, emission rates were determined by the
non-ventilated pellets batch than by the ventilated ones. This trend was very similar for the measured
VOCi.t values (Figure 24 e) f)). Altogether, the two ventilated pellets batches behaved very similarly in
terms of their off-gassing behaviour.

111.4.3.3. Influence of ventilation time, temperature and technology on off-gassing

Two ventilation technologies for cooling of hot pellets were used for studying the influence of
ventilation time, ventilation temperature and ventilation technology on off-gassing emissions.
Therefore, six pellets batches were produced and analysed. Table 26 provides the pellets batches and
a detailed list of the variations of the industrial scale pellets production ventilation experiment Il (VEII).
The following results present the calculated emission rates (see Figure 25).

Table 26 List of the variations of the industrial scale pellets production ventilation experiment Il (VEII). In total, six different

pellets batches with varying ventilation temperature (ambient or cooled), ventilation time (average or twice as long as
average) and ventilation technology (cooling tower or screw cooler) were produced.

Batch Temperature Time Technology
ambient cooled average 2*average coolingtower screw cooler
WP 81 X X X
WP 82 X X X
WP 83 X X X
WP 84 X X X
WP 85 X X X
WP 86 X X X
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Figure 25 lllustration of emission rates for CO, CO, and VOCi.: of pellets batches WP 81 to WP 86 applying different cooling
variations. The error bars (n=3) show the minimum and maximum emission rates.

Ventilation time

In total, the parameter ventilation time was investigated three times. Therefore, the following pellets
batches were compared with each other i) WP 81 with WP 82; ii) WP 83 with WP 84 and iii) WP 85
with WP 86. Considering the CO emission rates of those three pairs, it was shown that the CO emission
rates were reduced by 5 to 13%. This trend was also proven for CO, emission rates, where the CO;
emission rates were decreased by 3 to 14%. However, the VOCit emission rates behaved differently.
In two out of three pairs of comparison, VOCit emission rates were reduced by 3 and 8%, whereas
VOC;.t emission rates were increased once despite doubling of the ventilation time. The comparison
of ventilation time indicated an improvement concerning reduction in emission rates by doubling the

ventilation time.

The results from core temperature determination showed that in two out of three determinations the
maximum temperature was reduced by doubling ventilation time (see Table 27). The CO maximum
values of the core temperature determinations of the batches with double ventilation time were
higher and were also achieved at a shorter time compared to the CO maximum values of batches with
average ventilation time. It seemed that the longer ventilated ones are more reactive in the beginning.
This trend was contrary to the results from the glass flask methods analysing the same pellets batches.
As discussed in VE |, it was likely, that the twice as long ventilated pellets batches compared to pellets
ventilated for an average length of time were more reactive at the beginning regarding the formation

of CO. However, during the subsequent storage experiments the longer ventilated pellets produced
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less CO. A possible explanation for this could be that the longer ventilation and the resulting longer
forced oxidation led to further CO formation and the pellets reacted even more in the insulation box.

Thus, the later CO formation in pellets storages or during transportation could be reduced.

Table 27 List of the results in the course of the core temperature determination. The core temperature of the pellets in the
insulation boxes and the time duration when this was set are indicated. In addition, the CO maxima in the insulation boxes
and the time duration until they were reached are given.

Batch Core temperature Duration CO max Duration
in°C inh in ppm inh
WP 81 43 1.7 542 19.1
WP 82 39 3.1 759 17.8
WP 83 13 0.8 280 7.2
WP 84 18 1.0 457 5.8
WP 85 51 1.8 969 16.0
WP 86 46 1.5 1103 11.5

Ventilation air temperature — cooling

Furthermore, the influence of ventilation temperature for pellets cooling in pellets production on off-
gassing emissions was investigated. The results of pellets batches WP 81 and WP 83 were considered
together as well as WP 82 and WP 84. The difference between the pairs was the ventilation
temperature. For pellets batches WP 81 and WP 82 ambient air was used. For the other two batches
WP 83 and WP 84 the ventilation air was cooled down by a temperature difference of 20 °C. When
comparing the parameter ventilation temperature, no definite trend was identified. By using cooled
air compared to ambient air for ventilation, the CO emission rates were once lower and once higher.
The VOCiw: emission rates were similar. The cooling of ventilation air was only successful for CO,
emission rates. The CO, emission rates of pellets ventilated with cooled air were reduced by 19 and

21% compared to the rates of pellets ventilated with ambient air.

The results for determination of core temperature indicated that the cooler the ventilation
temperature the cooler the achieved core temperature. In addition to the reduction in core
temperature, the CO maxima were also reduced by cooling the ventilation air. The maximum CO value
of WP 81 was 542 ppm and 280 ppm for WP 83. The CO maxima values of WP 82 with 759 ppm and
WP 84 with 457 ppm behaved similarly. Thus, the ambient air compared to the cooled ait, probably
favoured the autoxidation processes leading to higher CO maximum values. A further explanation
could be, that the ventilation with cooled air slowed down the processes and resulted in lower CO

maximum values.

Ventilation technology
Moreover, two cooling technologies specifically, the outward turning counter rotating screw with the

cooling tower with a flow through from bottom to top were compared with the effect on the
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subsequent off-gassing behaviour during pellets storage. Considering the CO emission rates of the
pellets batches WP 85 and WP 81 as well as WP 86 and WP 82, the CO emission rates of the pellets
cooled by the manually installed cooling tower were lower. The reduction in CO emission rates was
13 and 18%. However, this trend was not reproduced when assessing CO, values. The measured CO;
emission rates were once reduced by 9% and once the CO; emission rate was increased. Nevertheless,
the different use of cooling technologies resulted in the largest difference in VOCio: emission rates.

Reductions by 22 and 27% were achieved.

Besides the off-gassing behaviour the achieved core temperature of the pellets batches is listed in
Table 27. Comparing the batches WP 85 with WP 81, it was obvious that the achieved core
temperature was lower when the pellets batches were cooled by the manually installed cooling tower.
The same result was achieved when comparing the core temperature of pellets batches WP 86 with
WP 82. This lower core temperature could indicate a better cooling. This could have been achieved by

a more homogenous ventilation air distribution within the cooling unit.

Overall, the best ventilation result in terms of CO reduction was achieved in applying the manually
insulated cooling tower with double residence time in the cooler and the use of ambient air.
Considering CO, emissions, the best result was observed by using the manually insulated cooling
tower with double residence time in the cooler and the use of cooled air. With the same setup, the
best result for the reduction in VOCiot was also achieved. In summary, the ventilation time showed the
highest influence in terms of off-gassing reduction in the investigated parameter, ventilation time,

ventilation air temperature and two used technologies.

I11.5. Conclusions

Various pellets production series were performed in order to investigate the influence of
modifications in pellets production on off-gassing emissions. Therefore, different approaches were

investigated.

Usage of additives
e The highest reduction of CO emissions of more than 70% was obtained with an addition of
0.8% (m/m) acetylsalicylic acid (ASA).
e The addition of 0.5% (m/m) grape pomace powder (GPP), a natural antioxidant, achieved a
CO reduction of almost 50%.

e The addition of 0.3% (m/m) lime also resulted in a CO reduction of more than 50%.
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The addition of ASA in wood pellets production indicated great potential for off-gassing reduction.
However, the addition should be optimized in the respective plant to ensure particularly good results
in terms of reducing off-gassing. Furthermore, physical wood pellets characteristics must be evaluated
to ensure that they are not affected. The application of ASA proved off-gassing reduction over a longer
period. Therefore, such a measure would also reach end users and might increase the safety along the

pellets supply chain.

The use of natural antioxidants obtained different results. A higher efficiency related to the off-gassing
reduction was observed with a lower addition of natural antioxidants. It has been shown that grape
pomace powder (GPP) can considerably reduce off-gassing emission. Further research on the

applicability of natural antioxidants is still needed.

The usage of slaked lime will only be effective in off-gassing reduction if it is applied in solid form. Even
though slaked lime reduced off-gassing emission, it has been shown that its application is not so
obvious. More energy is consumed and a possible higher level of abrasion cannot be excluded. In any
case, the addition of slaked lime will increase the ash content. This means that the quantity added
should be distinctly less than 0.5% (m/m) in order to fulfil the requirements for graded wood pellets
of ISO 17225-2 [2]. It can also not be excluded that other wood pellets characteristics may be affected

which, among other things, could also affect combustion properties.

Blending with antioxidant raw materials
e Both the blending of 5% (m/m) maritime pine bark and the blending of 20% (m/m) oak
sawdust without bark reduced CO emissions by more than 60%.
The addition of wood raw materials such as oak, larch and maritime pine indicated high potential for
off-gassing reduction. The applicability would probably have to be tested in each pelletisation plant.
If the bark content is too high, additional attention must be paid to the ash content and other wood
pellets characteristics. Furthermore, raw material prices and their availability need to be considered

for economic reasons.

Modifications of ventilation in the pellets production process
e The use of the two ventilation technologies, cooling tower and screw cooler, resulted in
different emission rates. The use of the cooling tower led to a moderate CO reduction of up
to 18%.
e Doubling the ventilation time and the associated forced oxidation reduced CO emissions by a
maximum of 13%.
Both the ventilation time and the ventilation technology demonstrated an influence on the CO

emission behaviour. The exchange of the ventilation technology revealed the highest influence in
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terms of off-gassing reduction from the investigated parameter, ventilation time (forced oxidation),
ventilation air temperature (cooling) and the two used technologies. Even if the ventilation time or its
extension indicated a positive effect on the subsequent off-gassing behaviour, an extension of

ventilation time is often difficult to achieve in pellets production due to the production capacity.

Off-gassing reduction in pellets production

Different modifications in the pellets production demonstrated varying degrees of influence on the
off-gassing behaviour of wood pellets. Only individual measures were assessed within this study. No
assessment was made on the impact of several combined measures. It is still unclear whether an
additional improvement could be achieved if several measures were applied which would possibly

improve the storage atmosphere and perhaps increase the safety along the pellets supply chain.
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IV. Pellets storage

IV.1. Introduction

The usage of wood pellets in the industrial and residential sector has multiplied over the last 20 years
[1] [8] [7]. This high growth in wood pellets usage has led to an increase in storage of wood pellets.
Pellets are stored at the producer, intermediary, power plant or at the end user's own site. Wood
pellets are transported from the production site to the next storage location in one or more
transportation steps. Therefore, wood pellets are shipped by sea using cargo, by train, silo tanker or
truck [1] [143]. In recent years, great efforts have been made to increase storage safety. For this
purpose, international standards for storage safety have been established along the pellets supply

chain [4] [5].

The very first fatal accident regarding hazards of storing and transporting wood pellets occurred in
2002. One person died in a stairway between two cargo holds which had been filled with wood pellets
[13] [144]. In the following years, accidents with fatal outcomes in connection with the storage and
transportation of wood pellets were reported again and again [90] [91] [144] [145] [146] [147] [148]
[149] [150] [151]. The examination of 26 production sites and 250 measurements clearly showed that
the maximum working place concentration for CO of 30 ppm [30] is exceeded many times. Within this
comprehensive study, the storage along the production at the retailer and at the end user were
studied [143]. A further study monitored 16 non ventilated and 8 ventilated wood pellets storage
facilities of different types. CO peaks of freshly stored pellets were all found to be above the workplace
concentration value. In addition, it was found that the tighter the storage structure, the higher the CO
peaks are inside the storage. In total, in two pellets storage facilities CO concentrations > 1000 ppm
were detected [21]. A further study investigated pellets storages and boiler rooms. There, the
maximum concentration of 155 ppm CO was detected inside a storage. According to those results, the
authors mentioned, no concentrations had been observed that would have caused short-term health
effects [152]. Moreover, another study confirmed that CO concentrations are generally low in studied
homes [153]. Thus, in literature are quite different statements regarding a possible hazard in the

storage of wood pellets at the end user's storage facility.

In addition, to the above-mentioned studies of pellets storage, studies were conducted on the
stratification and purging of off-gassing emissions during wood pellets storage [22] [154] [155]. The
forced ventilation, the applied purging, decreases the off-gassing concentration in pilot scale

experiments [154]. Furthermore, within pilot scale tests a stratification of CO is observed. Moreover,
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a large decrease in O, to below 5% in the headspace can be achieved within one week [155]. The
stratification of CO and the rapid decrease in O, raise the question in what way ventilation of pellets

storage facilities increases storage safety.

Although some investigations have already been undertaken regarding wood pellets storages,

detailed information of the stored pellets with respect to their off-gassing behaviour is missing.

IV.2. Objectives and approach

The objective of this chapter is to prove whether ventilation or cross-ventilation in wood pellets
storage facilities improves the storage atmosphere. Therefore, two approaches are performed: i)
monitoring of real wood pellets storages in the field and ii) ventilation trials in pellets storage facilities.
This chapter is based on the peer-reviewed journal paper number 5. In addition to these published

experiments, further aspects of pellets storage and ventilation measures are investigated.

IV.2.1. CO monitoring in the field in real wood pellets storages

Firstly, the CO concentrations in real wood pellets storage facilities at end users are measured in order
to show the CO course during the storage of wood pellets. Simultaneously, the emission rates of those

pellets stored inside the storages are analysed to provide further details on the CO courses.
e The aim is to show that ventilation during wood pellets storage affects the storage

atmosphere considering CO concentration.

IV.2.2. Ventilation of CO in wood pellets storages

Secondly, ventilation of CO in pellets storages is investigated. Therefore, the decline of CO in pellets
storages by usage of different ventilation settings are examined. The use of a second ventilation, cross-

ventilation, is analysed.

e The aim is to show whether cross-ventilation increases the air exchange. Furthermore, the
aim is to indicate the influence of the cross-sectional area of ventilation openings on CO

reduction in pellets storages.
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IV.3. Material and methods

IV.3.1. Wood pellets samples

An overview on the investigated wood pellets batches in this chapter, their batch number and sample

characteristics are given in Table 28.

Table 28 List of the investigated wood pellets batches, the used raw material, the production and their characteristics. (ISPP
stands for industrial scale pellets production)

Batch Raw material Production d Moisture content Ppellets
inmm in % (m/m) inkg m3
WP 87 unknown? ISPP 6 7.9 1190
WP 88 50/50 pine/spruce ISPP 6 7.7 1215
WP 89 50/50 pine/spruce ISPP 6 8.4 1185
WP 90 50/50 pine/spruce ISPP 6 9.3 1204
WP 91 unknown'! ISPP 6 6.3 1245
WP 92 unknown'! ISPP 6 7.9 1221
WP 93 unknown? ISPP 6 8.2 1198

! purchased on the Austrian market; Pellets quality Al according to ISO 17225

IV.3.2. Measuring equipment and calculation

IV.3.2.1. Measuring equipment for CO monitoring in real wood pellets storages

In the course of the field monitoring trials, the real pellets storage facilities were equipped with two
data loggers. One logger recorded the CO concentration and the second measured temperature and

relative humidity. Figure 26 and Table 29 show detailed information on the applied data loggers.
S o |

Figure 26 lllustration of the applied data loggers: a) EL-USB-CO for CO measurement and b) EL-USB-2 to measure relative

humidity and temperature (source: LASCAR electronics).

Table 29 Manufacturer specifications of used data loggers from Lascar electronics.

Product name Measured parameter Range Uncertainty Measurement
interval
Easy Log EL-USB-2 T -35t0+80°C +2°C every 10 min
Easy Log EL-USB-2 RH 0to 100 % RH +6.0 % RH every 10 min
Easy Log EL-USB-CO CcO 0to 1000 ppm 6 ppm every 5 min

IV.3.2.2. Equipment for ventilation tests in wood pellets storages

For CO and O, measurements in the ventilation trials the Ecom J2KNpro or the Varioplus Industrial
was used. The detailed information on measured parameters is specified in Table 30.
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Table 30 Information on the gas analyser and the measured parameters and their specifications (Source: Emhofer [21]).

Gas analyser Parameter Measurement Principle Range Accuracy
o)) electrochemical cell 0-21% <5%
Ecom J2KNpro .
co electrochemical cell 0 — 2500 ppm +3%
Varioplus Industrial co nondispersive infrared 0-2000 ppm *10 ppm

The temperature was measured using thermocouples type K (NiCr-Ni) with an application range of
- 40 to 1000 °C (accuracy of + 1.5 °C). The thermocouples are very robust against external influences

and react quickly to temperature changes [156].

Synthetic gases (obtained from Linde AG) were used for the setting of a specific CO concentration.
Therefore, synthetic air (20% V/V 0z 80% V/V N2) was mixed with pure CO (299.997%). The
investigated pellets storage facility was then filled with the mixture until a homogeneous and defined

CO concentration was achieved.

IV.3.2.3. Calculation of air exchange rate

Air exchange rates were calculated according to I1SO 12569 - Thermal performance of buildings and
materials - Determination of specific airflow rate in buildings - Tracer gas dilution method [157].
Within the ventilation experiments, the tracer gas was CO. The 2-point concentration decay method
was applied. Using this method, the measurement must be completed within several hours and the
concentration of the measured gas has to be homogenously distributed in the measured area. The
experiments were started when the desired CO concentration in the pellets storage was reached. The
air exchange rate was calculated based on the measured concentration of CO in the investigated wood

pellets storage tank. Further details on the calculations are found in Emhofer [21] [158].

IV.3.3. Off-gassing determination

For off-gassing determination the glass flask method was used [12] [15] [16]. This method based on

the method of Kuang [13] was described in detail in chapter Il 3.2.4.

IV.3.4. Pellets storage facilities

IV.3.4.1. Pellets storage rooms

Four wood pellets storage rooms, which were all located in the basement, were monitored for CO
measurements. One storage room (monitoring trial 1) was erected from three-layer panels. The other
storage rooms (monitoring trials 2-4) were bricked and plastered and were equipped with an entrance
door. The storage rooms had different pellets storage capacities which are listed in Table 31. All

storage rooms were equipped with two Storz A couplings for filling with pellets.
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IV.3.4.2. Underground pellets storage tank

Monitoring and ventilation trials were performed with buried plastic underground storage pellets
tanks (GEOtank GEO 11/EG 2). The respective pellets tanks (see Figure 27) had a volume 11 m*® and
hold up to 6 tonnes of wood pellets. Two Storz A couplings for filling the pellets were located under

the lid at the top of the tank.

Figure 27 lllustrations of the GEOtank a) general design and b) dimensions in mm of the used underground storage tank
(source: GEOplast Kunststofftechnik GmbH).

IV.3.4.3. Concrete pellets storage tank
The following descriptions are based on the appended peer-reviewed journal paper number 5. The

concrete pellets tank (see Figure 28) was made of reinforced concrete and had a total volume of

10.27 m3. Two Storz A couplings for filling the pellets were located at the top of the tank.

b) Service

2.65m

@=25m

Helght

o---MP2

Figure 28 a) Setup of the concrete storage tank showing the used gas analysing equipment including the switch board for
measurement cycles and the measurement data recording; b) Design of the concrete storage tank and the measurements
position points (MP1 — MP4); (Source: Emhofer et.al 2015 [21]).

IV.3.5. CO monitoring in the field in real pellets storages at the end

users

The investigated pellets storage facilities were filled with commercially available A1 wood pellets
before the start of the monitoring trials. The monitored pellets storage facilities were located at end

users and were in operation during the monitoring trials. Thus, during the monitoring trials, the pellets
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were removed by the pellets removal device according to energy demand. For CO, temperature and
relative humidity measurements, data loggers were applied. The time of logger installation in relation
to pellets delivery is given in Table 31. Inside the pellets storage rooms, the loggers were installed at
Storz A coupling straight in front at a distance of 30 cm. Additionally, a CO data logger was installed in
each of the adjacent basement rooms at the entry door to the pellets storage room (monitoring trial
1-4). At the same time 10 kg pellets were taken and deep-frozen at -18° C until the later off-gassing
analysis. Additionally, to the installation of the data loggers, the storage rooms were equipped with
two ventilation caps B (see Figure 29 c). The ventilation caps had a cross-sectional area (CSA) of
12 cm?. The caps were installed at both Storz A couplings which are used for filling with wood pellets

by silo truck.

Table 31 List of the monitoring trials in the field and detailed information about the trials. The storage capacity indicates
how many tonnes of pellets the storage holds. The delivered amount represents the amount of delivered pellets in the last
delivery (time of delivery). The estimated amount estimates the pellets amount stored at the start of the monitoring trial.

Monitoring Storage Delivered Time of Estimated Description of the pellets storage
trial capacity amount delivery amount facility
int int in weeks int

storage room constructed from
1 15 12 24 3 three-layer panels with  door
(90*200 cm)

brick built and plastered basement

2 8 6 <1 7

room with door (85*200 cm)

brick built and plastered basement
3 10 9 <1 9

room with door (80*120 cm)

brick built and plastered basement
4 8 6 <1 8

room with door (90*200 cm)
5 6 6 <1 6 underground storage tank
6 6 6 <1 6 underground storage tank
7 6 6 <1 6 underground storage tank

For the monitoring trials with the underground storage tanks the data loggers were placed at the top
of the Storz A couplings in the downward direction, 30 cm below the Storz A couplings. At the same
time 10 kg pellets were taken and deep-frozen at -18° C until analysis. The tank was equipped with 2
caps supplied by the manufacturer. According to the manufacturer, these caps had a pressure

compensation and protected the tank from water entry.

After the attachment of the data loggers, the monitoring trials were started. At the end, the recorded

data was transferred to a personal computer where the data was analysed with the supplied software.
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IV.3.6. CO ventilation in pellets storage facilities

IV.3.6.1. Ventilation of CO in an underground pellets storage tank

The cross ventilation from carbon monoxide depending on cross-sectional area (CSA) were
investigated using a plastic underground pellets storage tank. Analysing different ventilation
conditions of the GEOtank, different caps for the two Storz A couplings (Storz 1 and 2) were used.
Therefore, an insulated chimney (see Figure 29 a)) was installed on Storz 2 within all three ventilation

trials. Due to the volume of the stored pellets of 0.5 m3, the air volume above the pellets was reduced

to 10.5 m3 air.
Table 32 List of caps and chimneys and the corresponding cross-sectional areas (CSA).
Ventilation Storz 1 CSA Storz 1 Storz 2 CSA Storz 2
trial in cm? in cm?
1 open (no cap) 95 insulated chimney 133
2 ventilation cap A 22 insulated chimney 133
3 ventilation cap B 12 insulated chimney 133

a) b)

26

20
=

I C
| |9 Fime ]

80 o1

i 45

Figure 29 Schemata of the used a) insulated chimney and figures of the applied ventilated caps b) ventilation cap A c)
ventilation cap B (Source: Emhofer [21].

The settings mentioned in Table 32 were prepared for the tree ventilation trials. Two temperatures
were recorded during the trials: i) temperature of the surrounding and ii) inside the GEOtank. The
atmosphere above the pellets was set to a specific concentration of CO using the mixed gases. The
start concentration was measured with gas analyser Rbr-ecom J2KNpro and the experiment was
started. Every 10 min the CO concentration was measured. The experiment was continued until a CO

difference of about 150 ppm CO was measured inside the GEOtank.

IV.3.6.2. Ventilation of CO in a concrete pellets storage tank

The following experiments are based on the appended peer-reviewed journal paper number 5. The

ventilation of CO was investigated by varying the equipment on both Storz couplings (S1 and S2 in
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Figure 28 b)) of a concrete pellets storage tank. The used ventilation equipment and procedure is

described in detail by Emhofer et al. [158] — the peer-reviewed journal paper number 5.

15

=3

chimney

47
T chimney top -

52| 2,

-

heating band

47

T chimney bottom

Bl 5 Storz

Figure 30 Schemata of the used heated chimney.

The concrete pellets tank was filled with approximately 800 ppm CO at the beginning of each
experiment. The CO concentration was measured at three measurement points (MP1 — MP3 depicted
in Figure 28 a)) using the Varioplus Industrial gas analyser. In total 10 ventilation trials were performed

(see Table 33).

Table 33 Description of experimental setup of the trials 1 — 10 (Source: Emhofer et al. [158]). For the ventilation trials 1, 2,9,
and 10 ventilation cap A (illustrated by Figure 29 b) with a CSA of 22 cm? was applied. For ventilation trials 3 and 4 the heated
chimney (Figure 30) was used but the heating band was not used. In the ventilation trials 5 und 6 the heated chimney was
installed. For the ventilation trials 7 and 8 the insulated chimney (Figure 29 a) with a mixture of ice and water was used.

Ventilation  Storz1 Storz 1 Storz 2 Storz 2
trial Short explanation short explanation
1 opening ventilation cap A closed  closed with blind bolt
2 opening ventilation cap A open ventilation cap B
3 chimney chimney (heated chimney) closed  closed with blind bolt
4 chimney chimney (heated chimney) open ventilation cap B
5 heated heated chimney closed closed with blind bolt
6 heated heated chimney open ventilation cap B
7 cooled ice-cooled chimney closed closed with blind bolt
8 cooled ice-cooled chimney open ventilation cap B
9 opening ventilation cap A closed  closed with blind bolt
10 opening ventilation cap A open ventilation cap B
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IV.4. Results and discussion

IV.4.1. CO monitoring in the field in real pellets storages at the end

users

In total seven real wood pellets storages were monitored in the field at the end user. Four different
pellets storage rooms were investigated using ventilation caps. Additionally, three monitoring trials in
an underground storage tank with caps that provided pressure compensation were performed. In
Table 34 the main results of the monitoring trials are listed. The monitoring trials lasted between 30
and 64 days. The storage capacity specified the maximum storage of wood pellets. The filling quantity
indicated how many tonnes of pellets were stored at the start of the monitoring measurements. The
share of fresh pellets in relation to the total stored quantity was given because fresh pellets are known
to be more reactive in terms of off-gassing formation. In addition, the time of pellets delivery was

given in relation to the start of monitoring trial.

The CO measurements of the neighbouring cellar room along the monitoring trials confirmed the tight
construction of the pellets storage rooms. The CO peak readings were in the range of 0 to 1 ppm (see
right column in Table 34). The workplace concentration value gives the limit for the maximum
permissible concentration of a hazardous substance in the air at the workplace for a particular
substance. This value is set at 30 ppm for CO [159]. The findings implied that for the investigated

pellets storage rooms, no danger existed in the adjacent basement rooms.

The monitoring trials demonstrated different CO peaks in a range from 5 to > 1000 ppm (see Table
34). The time at which these CO peaks were measured also varied considerably. These CO peaks were
reached after less than 1 hour up to 40 days. The CO values measured after 1 week also varied. The
average temperature and relative humidity during the monitoring trials were given. The temperatures
in the underground pellets tanks were lower than in the pellets storage rooms in the basement.

The comparison of the CO peaks indicated lower peaks for the ventilated storage rooms (ventilation
trials 1-4) than for the only pressure compensated underground storage tanks, as awaited. As
expected, the lowest CO peak was measured in monitoring trial 1. The following explanations were
feasible. The filling quantity of the storage was around 20%, which led to a corresponding dilution of
the formed CO. Moreover, the pellets were delivered 24 weeks before the start of the monitoring

trial. Therefore, the stored pellets were less reactive than freshly delivered pellets [21].
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Table 34 Details of the monitoring trials in the field. The storage capacity of each wood pellets storage, its filling quantity, the share of fresh pellets and the passed time since pellets delivery when the
monitoring trials started. The monitoring duration and the highest CO concentrations in the adjacent basement room are given. The highest measured CO value and when it was reached are displayed.
The measured CO value after one week and the average storage temperature and relative humidity are shown.

Monitoring  Storage Filling  Fresh Time of Duration CO peak co Time of CO Temperature Relative

trial capacity quantity pellets delivery adjacentroom maximum  maximum humidity
int in% in% in weeks  in days in ppm in ppm in h or days in°C in%
1 15 20 0 24 30 1 5 <1lh n.d. n.d.
go g 2 8 88 86 <1 58 1 30 5 days 16 10
g e 3 10 90 100 <1 56 1 56 7 days 21 33
” 4 8 100 75 <1 56 0 155 13 days 15 39
0o O 5 6 100 100 <1 40 not installed 436 40 days 5 39
§ § g § 6 6 100 100 <1 34 not installed 263 5 days 5 45
5+ % 7 6 100 100 <1 64 not installed 10512 <1h 12 50

1n.d. indicates not detected
2 The CO value exceeded the measuring range of the used logger.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Pellets storage

In literature, a monitoring series of 24 ventilated and non-ventilated pellets storages revealed CO
peaks in the range from 10 up to more than 2500 ppm. The measured CO peaks within those
ventilated pellets storages did not exceed 271 ppm [21]. The present CO values in ventilated storage
rooms were less than 156 ppm (see Table 34). However, a further study depicted much lower CO
concentrations within twelve pellets storages at the end user with CO concentration of £ 58 mg m™3.
It must be mentioned here that some of those pellets had already been stored for several months
prior to the monitoring experiments [143]. This certainly led to the reported low CO values. A further
CO monitoring series in and next to wood pellets storages revealed CO peaks in the range of 14 to

155 ppm CO [152].

In addition, to the present monitoring trials, the stored pellets from the monitoring trials were
examined with regard to their off-gassing behaviour. Therefore, the pellets batches at the beginning
of the monitoring trials were sampled and analysed using the glass flask method. The CO emission

rates were intended to provide further information on the monitoring trials (see Table 35).

Table 35 List of the investigated pellets batches taken before the monitoring trials. The emission rates for CO, CO; and VOCiot
and the residual O, concentration are presented.

Batch Monitoring trial co CO. VOCiot Residual O, Pellets weight
in mg kg™ pelletsq, day™ in % (V/V) in kg

WP 87 1 0.03 0.51 0.00 20.9 2.4

WP 88 2 2.00 2.77 0.59 4.6 24

WP 89 3 1.00 1.96 0.22 12.2 24

WP 90 4 0.59 1.35 0.11 15.8 2.4

WP 91 5 0.56 2.38 0.13 159 24

WP 92 6 0.22 1.22 0.06 18.8 2.4

WP 93 7 0.81 2.06 0.21 14.3 2.4

The pellets batch of monitoring trial 1 showed the considerably lowest emission rates for CO, CO; and
VOCict. As mentioned before, this monitoring trial also revealed the lowest CO peak. Comparing the
emission rates and the measured CO peaks of monitoring, trials 2-4 with monitoring trials 5-7 proved
a better ventilation of the ventilated storage rooms. This is indicated by the considerably lower CO

peaks at partially higher CO emission rates in trials 2-4.

The ventilation of wood pellets storages has been nationally regulated since 2012 for newly installed
storages in Austria [160]. Since 2018, the ventilation and further requirements for safe handling and
storage of wood pellets in residential and other small-scale applications were internationally specified
[4]. According to the results, this is a good measure to reduce the CO concentration in wood pellets
storages. But it should be noted that even in the ventilated storage rooms, the prevailing CO
concentration may be much too high. This means that utmost caution is required when handling

pellets storages and sufficient ventilation is essential before entering. Monitoring tests of the
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underground storage tanks showed that life-threatening CO concentrations prevailed in some cases.
In addition to sufficient ventilation, the use of a CO warning device is urgently recommended when

handling an underground pellets storage tank.

As additional information to the field monitoring trials, the CO courses are presented in Figure 31. The
CO course of monitoring trial 1 (Figure 31 a)) showed that only a low CO concentration prevailed in
that pellets storage room. At the end of the trial, no CO was measured. The CO courses of monitoring
trials 2-4 (see Figure 31 b-d) were shown side by side because they were similar storage rooms and
equipped with the same ventilation caps. When comparing the 3 monitoring trials, the different
courses were obvious. Within monitoring trial 2, the pellets with highest reactivity regarding their CO
emission represented the lowest CO peak. The comparatively low CO peak was probably due to the
lower filling level and the associated lower share of fresh pellets compared to the total storage
capacity. The CO peaks and the corresponding CO emission rates of the pellets from trial 2-4 indicated
that dilution of CO was achieved through the inserted ventilation caps. At the same time, the pellets

removal and the associated additional air further supported the dilution.

Monitoring trials 5-7 (see Figure 31 e-g) offered the best comparability. All three tanks contained no
pellets before filling and were completely filled with fresh pellets. As the CO emission rates increased,
elevated CO peaks were also observed. Nevertheless, they had different CO profiles. This was probably
due to the different removal of the pellets and the varying CO emission rates. In trials 5 and 7, pellets
were still in the tank at the end of the monitoring trials. However, in trial 6 (see Figure 31 f) no pellets
were left in the tank. This explained the considerably lower measured CO concentration at the end of

the trial.
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IV.4.2. CO ventilation in pellets storage facilities

IV.4.2.1. Ventilation of CO in a concrete pellets storage tank

The following results are based on the appended peer-reviewed journal paper number 5. The results
are presented as follows in an amended form [158]. The detailed experimental procedure of the
ventilation trials as well as the duration, the individual CO start and end concentrations, and air

exchange rates are provided in Table 36.

Table 36 List of the ventilation trials. Test setup using the different attachments on Storz 1 and Storz 2 as well as the CO
concentrations, the trial duration and the calculated air exchange rates (AER). AER 1 is calculated over the entire
experimental duration whereas AER 2 is calculated over the first hour of the ventilation trial.

Ventilation trial Storz 1 Storz2 COstart COend Duration AER 1 AER 2

inppm  inppm inh inm3h?  in m3h!
1 opening  closed 807 463 44.0 0.13 0.26
2 opening open 856 190 9.1 1.71 0.53
3 chimney closed 847 199 38.2 0.39 0.34
4 chimney open 806 130 11.1 1.70 0.45
5 heated closed 875 175 10.2 1.64 1.16
6 heated open 850 170 2.3 7.10 7.81
7 cooled closed 866 199 25.2 0.60 1.18
8 cooled open 846 167 2.2 7.89 7.31
9 opening* closed 860 318 44.0 0.23 0.28
10 opening*  open 838 174 5.7 2.85 0.42

* The ventilation trials 1 and 2 were repeated in ventilation trials 9 and 10.

The comparison of the two calculated AERs, AER1 and AER2, did not follow a trend. The AER1s were
partially higher and partially lower compared to the AER2s. However, opening the Storz 2 always
increased the AERs, regardless of whether the AERS were calculated over the entire period or over

the first hour.
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Figure 32 Representation of the ventilation trial duration using different attachment of caps and chimneys on Storz 1 and
Storz 2, respectively. Four different settings were varied on Storz 1: heated chimney, cooled chimney, chimney or without a
chimney (opening). Storz 2 was either open or closed.
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Figure 32 indicates the accelerated CO decrease by opening the Storz 2. That is, a second ventilation
-cross ventilation- demonstrably improved the air exchange. Thus, a considerable shortening of the
test duration was achieved. Major improvements in terms of shortening the ventilation trial duration,
i.e. shortened CO reduction, through the opening of Storz 2, were obtained in all ventilation trials

(Storz 2 open: ventilation trials 2, 4, 6, 8, and 10).

Both ventilation trial series, in which the chimney was heated or cooled (Storz 1) under open or closed
Storz 2 showed comparatively lower trial durations. From this, it was indicated that the temperature
effect was a major factor contributing to the increase in ventilation. The underlying paper additionally
investigated the influence of temperature on the air exchange rates in the pellets storage tank. For

further information see the peer-reviewed journal paper number 5.

IV.4.2.2. Ventilation of CO in an underground pellets storage tank

Three ventilation trials were performed in order to investigate cross ventilation with the purpose of
CO reducing. Table 37 displays the implemented caps and chimneys and the resulting CO reduction,
the calculated air exchange rates and the duration of the trials. The duration described the time period

it took to reduce the initial CO concentration by about 150 ppm (143, 159 and 168 ppm).

Table 37 Experimental data and results of the ventilation trials 1-3. The attachments to Storz 1 and 2 specifying their cross-
sectional area (CSA) as well as the CO concentrations, the ventilation trial duration and the calculated air exchange rate
(AER).

Ventilation Storz1 CSAin Storz2 CSA COstart COend Duration AER

trial cm? incm?  inppm  in ppm inh in m3h?!
1 no cap 95 chimney 133 338 170 0.75 9.4
2 capA 22 chimney 133 352 193 2.57 2.4
3 cap B 12 chimney 133 505 362 3.92 0.9
a) 5 b) 5
@ open capA @capB
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Figure 33 a) Representation of the ventilation trial duration using different attachment of caps on Storz 1. b) Representation
of the test duration decrease as a function of the cross-sectional area (CSA).

Different air exchange rates were determined caused by different ventilation conditions during the
trials. The conditions were changed by installing different caps to Storz 1. Maximum ventilation was
realized without using any cap (open Storz 1) combined with the insulated chimney (Storz 2). In order

to enable comparable results, the reduction of CO was set to about 150 ppm for the calculation of air
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exchange rates of the three ventilation trials. The left diagram in Figure 33 indicates how long it
requires to reduce the CO concentration in the underground storage tank using no cap (open) by 168
ppm, using cap A by 159 ppm and using cab B by 143 ppm. The CO reduction within the underground
storage tank depended on the CSA of the applied caps. Figure 33 b indicates that the ventilation trial
duration decrease (CO reduction) is accelerated with increasing CSA. With increasing CSA, the

duration decreases while the air exchange rate increases.

IV.5. Conclusions

Monitoring trials in the field of real wood pellets storage facilities

The monitoring trials in the field of real wood pellets storages showed a broad range on CO courses
and different CO peaks.

The monitoring series indicated that the investigated wood pellets storage rooms were tightly built,
because a CO leakage into the adjacent rooms was not observed.

Furthermore, the monitoring trials indicated the influence of fresh pellets on the storage atmosphere.
At the beginning of the pellets storage high CO emissions are measured. This is because dilution is not
achieved in storages fully filled with wood pellets. Moreover, wood pellets are likely to be more
reactive concerning their CO formation at the beginning. Therefore, ventilation to the outside is
essential at the beginning of the wood pellets storage reducing the CO in storages.

However, without sufficient ventilation to the outside or sufficient air exchange, very high CO
concentrations can be obtained during the entire pellets storage period. The results of the
underground storage tanks revealed harmful CO concentrations. Extreme caution is required over a
much longer period compared to ventilated storage rooms. The underground storage tanks should
not be entered. And if entering is necessary, sufficient ventilation and the use of a CO warning device
is highly recommended.

The legally prescribed ventilation caps (for the construction of pellets storage facilities) indicated the
reduction of the CO concentration. However, in wood pellets storage rooms which were equipped
with ventilation caps, CO concentrations were detected that were many times higher than the

workplace concentration value.

Ventilation and cross ventilation of pellets storage facilities
The ventilation trials of pellets storage tanks clearly indicated that a second ventilation opening (cross
ventilation), enhanced the air exchange between the storage and the environment. Thus, the

occurring CO was reduced and cross ventilation proved to be a measure to increase the storage safety.
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Furthermore, the investigations demonstrated that the size of cross-sectional area of the ventilation
opening immensely influenced the air exchange. The results further indicated that the installation of
caps with a cross-sectional area as large as possible is highly recommended.

Setting a temperature difference between inside and outside the pellets tank by the application of
temperature treated chimneys (cooled or heated) favoured the air exchange. Therefore, it is assumed
that if there is a temperature difference between the storage facility itself and the environment into

which the ventilation takes place, the air exchange and the CO reduction are favoured.

Measures for safe handling of wood pellets storages
The monitoring and ventilation trials of wood pellets storage facilities confirmed the already provided
recommendations to not enter a pellets storage without further precautions. Based on the
investigations, the following recommendations are made.
e Entering wood pellets storage facilities should be completely avoided especially when the
storage was recently filled with wood pellets.
e If entering of wood pellets storages is nevertheless necessary, sufficient ventilation of the
storage should be ensured before entering.
e In doubt, notify another person and carry a CO warning device.
e Cross ventilation of the pellets storage during the entire wood pellets storage period must be
provided.

e The usage of ventilation caps with the largest possible cross-sectional area is recommended.
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V. Key findings and outlook

Biomass is omnipresent and is used and stored in a broad variety. As a representative of biomass,

wood pellets are used for energy or heat utilisation. Off-gassing emissions are formed during storage,

production, and transportation of wood pellets. Therefore, predominant degradation reactions which

are initiated by autoxidative reactions, cause the formation of emissions, the depletion of atmospheric

oxygen (0O;) and the occurring odour during the storage of wood pellets.

V.1. Key findings

The major finding of characterisation of different wood pellets batches is that wood extractives are

responsible for the off-gassing formation. However, it is not the total amount of the extractive content

but rather individual extractives.

Wood pellets made of larch, pine, spruce or hardwood reveal different off-gassing activities.
Comparing emission rates of the respective raw materials and the total extractive contents,
no considerable dependence is identified. Furthermore, the analyses of wood pellets batches
with respect to their off-gassing emissions and total extractive content indicate that the total
content of extractives does not provide indicative information about the off-gassing activity.
Because it is known that extractives are the cause of off-gassing emissions [47], this confirms
the presumption that it is not the total content but rather one or more individual extractives.
This assumption has been recently confirmed by a publication of Siwale et al. [161].

The sensory analyses with simultaneous determination of the off-gassing emissions indicate
that wood pellets perceived with malodour do not necessarily release higher CO or VOCiot
emissions compared to non malodourous wood pellets. Both, pellets with unpleasant and not
perceived odour, form various acids and aldehydes, such as acetic acid or hexanal. Therefore,
it can be assumed that not the total amount of VOCs is responsible for the development of
the odour. Moreover, individual VOCs and their concentration in dependence of their odour
thresholds are responsible for the perceived odour.

The common investigation of self-heating and off-gassing characteristics of wood pellets
batches indicates the link between off-gassing and self-heating. This implies that pellets with
a high off-gassing reactivity will tend towards self-heating. However, when comparing the
total content of fatty and resin acids with the off-gassing or self-heating tendencies, it reveals

that the content of fatty and resin acids does not allow any conclusions about the actual
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activity in terms of off-gassing or self-heating. Again, it can be deduced that it is rather

individual acids that are responsible for the off-gassing activity.

The conditions during the storage of wood pellets prove to have a considerable influence on the

formation of off-gassing emission.

Influencing factors on the emission formation of stored wood pellets, likewise storage
temperature, are well known. In the context of this thesis, it was concluded that O, plays a
significant role in off-gassing activity. That additionally supports the assumed mechanism for
off-gassing formation, namely oxidative degradation of wood extractives.

Furthermore, the measured off-gassing behaviour depends strongly on the performance of
the applied method for off-gassing determination. In the course of this thesis, a uniform and
defined method for the determination of off-gassing and oxygen depletion has been
established. This uniform method is required in order to compare results. Furthermore, the
specification of the headspace ratio and the presentation of the residual oxygen
concentration would improve the comparability and the assessment of off-gassing results.
The methods used in the literature for determining the off-gassing behaviour differ, which
makes it difficult to compare the results. However, in the meantime, a (more complex)
laboratory method for off-gassing and oxygen depletion characteristics has been published as

international standard [49].

Biomass pellets, just like wood pellets, demonstrate the potential for the formation of off-gassing

emissions during their storage.

As in the analyses of off-gassing emissions from wood pellets, different biomass pellets form
CO, VOCs, and CO,, At the same time, atmospheric oxygen is depleted. This indicates that
some contents of biomass are degraded by oxidative processes. In addition, similar aldehydes,
e.g. hexanal, as in the case of wood pellets, are detected. Assuming that similar or the same
extractives are degraded to hexanal in wood pellets as well as in other biomass pellets.
However, it should be noted that the investigated biomass pellets emit a broad spectrum of
VOC emissions. This leads to the assumption that there is a multitude of different degradation
reactions, depending on the individual constituents of each biomass.

In addition, it should be considered that during the storage of biomass pellets, caution is also

required when entering such a biomass storage facility regarding a toxic atmosphere.
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Specified modifications in the pellets production process lead to significant CO reduction during the

subsequent storage of wood pellets.

Among the modifications applied in the pelletising process, the best approach in terms of CO
emission reduction is the usage of additives. In detail, the most effective applied additive was
the acetylsalicylic acid which reduced the CO emissions by up to 70%. The advantage of adding
additives is that they can be integrated into the existing pelletising process. However, it has
to be considered that an adjustment of the process conditions during pellets production may
occur additionally. Furthermore, the economic viability of pellets production is strongly
dependent on the additional additive costs. Nevertheless, the usage of additives is a
permitted way to increase storage security for the end user by reducing off-gassing activity.
The blending with antioxidative wood raw materials is a further promising measure in off-
gassing reduction. The blending trials reveal reduction in CO emissions by more than 60%. The
blending of up to 20% different wood resources might impact the pelletising process in terms
of varying process conditions and settings. Furthermore, if raw materials for blending have to
be purchased additionally, this can result in major additional costs. Furthermore, the blending
of raw materials with a high bark content, for example, can lead to an increased ash content.
The ash content is limited by standards. Thus, the proportion of the blending quantity is
limited by the increase in ash content.

The modifications at the end of the pelletising process, the variation of ventilation time,
ventilation air temperature and ventilation technology, influence the off-gassing behaviour.
Therefore, the highest CO reduction (of 18%) is achieved by changing the technology. The
exchange of a ventilation/cooling technology in an industrial pelletising mill would lead to
additional investment costs. Moreover, the extension of the ventilation time for cooling the
pellets, aiming at a forced oxidation, reduced the CO emissions (by 13%). This implementation
is also associated with additional costs in pellets production due to the necessary reduction

in throughput.

Ventilation in particular cross ventilation improves the atmosphere in wood pellets storage with

regard to the presence of CO.

When handling wood pellets storages, extreme caution should always be paid on safe
handling despite suitable ventilation caps. Moreover, the gained knowledge suggests that
ventilation caps with a larger cross-sectional area would further reduce the occurring
emissions. Nevertheless, the high reactivity of pellets, especially freshly delivered wood
pellets should not be underestimated. Sufficient ventilation before handling wood pellets

storages is a mandatory safety measure.
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e In contrast to the studies on CO emissions and O, depletion of wood pellets during storage,
there is hardly any information available on the development of odours or possible odour
complaints caused by the storage of wood or biomass pellets. Little is also known about the
toxicity of individually formed volatile organic compounds (VOCs). However, it can be
assumed that the used ventilation caps in wood pellets storage facilities also lead to a

decrease in odour and the presence of VOCs.

V.2. Outlook

The detailed mechanism responsible for the formation of off-gassing emissions during the storage of
wood pellets has not been fully clarified yet. For CO formation a multistage process has been assumed.
The mechanism starts by the autoxidation of extractives, likewise fatty acids and terpenes, resulting
in hydroxyl radicals. In the next step, the radicals react with the hemicellulose and form CO. Moreover,
various short- and long-chain aldehydes are formed. However, it is still unknown where the total
amount of formed CO comes from, since there is inadequate mass of extractives (unsaturated
compounds) in wood [53]. A further study supports the role of fatty acids and other triglyceride oils
responsible for off-gassing emissions. At the same time, the influence of resin acids on the formation
of off-gassing is estimated to be low [161]. The work in this thesis also confirms the assumption that
the cause for off-gassing are oxidative degradation processes of extractives. The detailed mechanisms,
more precisely which extractives lead to which emissions through which degradation pathways, have

not been clarified. This is a research question that might need to be clarified in the future.

The investigations in relation to the storage-related influencing variables on the off-gassing behaviour
clearly illustrate that one or more defined methods for determining the off-gassing behaviour are
necessary. In this context, both, the storage-related influencing factors as well as pellets
characteristics are to be considered or defined. Requirements for such a method are that a defined
amount of pellets is stored in a closed container with a specific volume (which defines the headspace
ratio) for a defined period of time. Moreover, the occurring storage temperature, the measurement
of gas components is specified (at least CO and O3) and the storage container is protected from direct
exposure to sunlight. Furthermore, for the calculation of the emission rate the actual storage duration,
the moisture content and the particle density of the investigated pellets batch should be considered.
At the moment a simplified method for screening carbon monoxide is under development considering
the suggested storage-related influencing factors [50]. Since 2020 a laboratory method for the
determination of off-gassing emission and oxygen depletion using closed containers was published as

technical specification which also considers the proposed storage-related factors [49]. However, on
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the one hand the screening method is very simple and may not be informative enough for some use
cases and on the other hand the laboratory method is very time consuming and comprehensive.

Therefore, a defined method with less effort but high informative value is desirable.

The off-gassing behaviour of wood pellets is considerably affected by modifications in the pellets
production process. Both, the applied measures of adding additives as well as blending with raw
material perform better in terms of CO reduction than the applied ventilation variations for cooling
the pellets. The three measures are all tried out and evaluated individually in laboratory and industrial
pelletisation processes. It is possible that the combination of several measures could reduce CO

emissions even further.

In addition, based on the finding that it is mainly fatty acids and other triglycerides that cause
emissions, more targeted antioxidant additives could be used in order to increase the reduction of
CO. In the course of this thesis, it was not further considered if or how one of those three modifications
along the pellets production process influence the fuel properties such as ash content or mechanical
durability. Furthermore, no combustion tests of these pellets were carried out evaluating any
differences compared to conventionally produced wood pellets. Thus, the combustion property of

those modified pellets is still an open issue.

The performed storage experiments in real pellets storages reveal that ventilation or cross-ventilation
improves the storage atmosphere in terms of occurring CO concentration. Various measures have
already been implemented ensuring the safety of end users during storage of wood pellets with regard
to high CO concentrations and oxygen depletion. First of all, a warning sign was introduced to indicate
the danger. This sign for example requires ventilation before entering such a pellets storage. In
addition, existing pellets storage rooms have been upgraded with ventilation caps. Moreover, an
international standard for safe handling and storage of wood pellets in residential and other small-
scale applications is valid [4]. This standard specifies requirements for the pellets storage facilities
improving safety. Besides the CO emissions and the depletion of oxygen, a broad variety of VOCs are
formed. In recent years, end users repeatedly complained to pellets producers about the malodour
next to wood pellets storages. Odour active VOCs are responsible for this malodour. Whether these
odour active compounds also include toxic compounds or not, has not been investigated in relation

to the storage of wood pellets yet.
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Abbreviations, acronyms and symbols

Abbreviation

Description

AER

ASA

BEST

BP

C

CaO

CAS number
Ca(OH),
CHsCOOK
CH4

cm
cm
cm
co
COHb
CO;
CSA

d
DBFZ

DDGS
DIY store
FID

g

GC
GC-MS
GPP
gLt
g100g?
h

HG
Hsratio
HS-SPME
hpellet
HRRmax
H,0

ISO

ISPP

kg

kg m3
kPa

L

2

3 -3

m

air exchange rate

acetylsalicylic acid

Bioenergy and Sustainable Technologies GmbH
biomass pellets

concentration

calcium oxide

chemical abstracts service number
calcium hydroxide

potassium acetate

methane

centimetre

cubic centimetre

centimetre per cubic metre
carbon monoxide
carboxyhaemoglobin

carbon dioxide

cross-sectional area

diameter

Deutsches Biomasseforschungszentrum gemeinniitzige GmbH

dried distillers’ grain with solubles

do it yourself store

flame ionisation detector

gram

gas chromatography

gas chromatography - mass spectrometry
grape pomace powder

gram per litre

gram per 100 grams

hour

hop grains

headspace ratio

headspace solid phase micro extraction
height of the pellets

maximum specific heat release rate
water

International Organization for Standardization
industrial scale pellets production
kilogram

kilogram per cubic metre

kilopascal

litre
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Abbreviation Description

m mass

m metre

m3 cubic metre

m3 h! cubic metre per hour

mbar millibar

mg milligram

mg kg milligram per kilogram

mg kg lqp. day™ milligram per kilogram dry basis and day
mg m3 milligram per cubic metre
min minute

mm millimetre

MP measurement point

Mopellet mass of the pellets

mw g* milliwatt per gram

NaCl sodium chloride

Na,SO4 sodium sulphate

NiCr-Ni nickel chromium - nickel

N> nitrogen

0, oxygen

PG propyl gallate

ppm parts per million

p-threshold probability threshold

RH relative humidity

RM raw material

R2 Coefficient of determination
S1 storz 1

S2 storz 2

T temperature

t ton

TBHQ tert-butylhydroquinone

TCD thermal conductivity detector
TGA thermal gravimetric analysis
Tote,peak temperature at maximum mass loss rate
\ volume

Vbulk volume of the pellets bulk
VE ventilation experiment

VOC volatile organic compound
VOCiot total volatile organic compound
WP wood pellets

% percentage

% (m/m) mass percent

% (V/V) volume percent

(V/V) volume by volume

°C degree Celsius

pm micrometre

Pbulk bulk density of the pellets
Ppellet particle density of the pellets

Praw material

density of the raw material
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