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ABSTRACT
Moisture sorption and gas emissions are major processes associated with biomass storage.
Depending on the storage conditions, these processes alter the structure and composition of
biomass. The objectives of this research are (1) to develop moisture relations for woody
biomass exposed to drying and wetting environments; (2) to quantify gas emissions from
biomass stored under aerobic and anaerobic conditions; and (3) to develop dry matter loss
equations for the stored biomass. Moisture adsorption and desorption (drying) experiments
were carried out on Aspen branches in a controlled temperature and humidity chamber.
Frequent wetting-drying cycles were simulated by spraying water on the biomass. A lump
model for simulating moisture adsorption-desorption was developed and calibrated with
experimental results. The model was applied to the Aspen bales stored for one year in the
field under natural conditions. The predicted moisture contents using the lump moisture
transfer model were found to be in reasonably good agreement with the moisture contents
measured in the stored bales. In another set of experiments, gas emissions from stored
Western Red Cedar (WRC) and Douglas fir (DF) were analyzed. The emissions of CO2, CO,
H2 and CH4, and the depletion of O2 were measured. The highest total CO2 emissions from
WRC stored in the non-aerobic and aerobic reactors were 2.8 g/kg DM and 6.6 g/kg DM,
respectively. Higher gas emissions were measured from stored DF materials than from WRC.
Common volatile organic compounds (VOCs) measured using GC-MS were methanol,
aldehydes, terpene, acid, acetone, hexane, ketone, benzene, ethers and esters from WRC and
DF. The total VOC concentrations were found to have a positive correlation with
temperature. The results of microbial analysis were compatible with gas emission results.
Positive correlations between percent dry matter losses and gas emissions were found for
both aerobic and non-aerobic storage conditions. The summation of gas emissions from
aerobic reactors is greater than accumulated gas emissions from non-aerobic reactors over
the same storage period. It was found that DF is more readily degradable than WRC. Greens
(leaves and twigs) degrade faster than wood chips.
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Chapter 1. Introduction
1.1 Background and problem statement
Due to the growing demand on energy and awareness on sustainability, people are actively
seeking alternative fuel sources and researching for clean energy. Renewable resources such
as biomass are abundant and generally have positive environmental impacts, hence biomass
appears to be an attractive feedstock (Karunanithy et al., 2013). Biomass can be converted
into three main types of products, electrical/thermal energy, transportation fuel and chemical
feedstock. Today, biomass utilization technologies such as combustion, pyrolysis,
gasification, liquefaction and biochemical technology have undergone a lot of development
(Baxter, 2005; Caputo et al., 2005; Di Blasi, 2008; Solantausta et al., 1992).
In Canada, large amounts of lignocellulosic biomass in the form of forest and
agricultural residues constitute renewable resources for conversion into biofuels. Woody
biomass is the by-product of forest management, which include tree branches, tops of trunks,
stumps, branches, needles, leaves and other woody parts left on the forest floor or landing
after logging and thinning operations have taken place. Woody biomass is utilized to produce
bioenergy and a full range of biobased products including lumber, composites, paper and
pulp, furniture, housing components, round wood, ethanol and other liquids, chemicals, and
energy feedstocks.
Based on a study conducted by the Biomass Energy Centre (Biomass Energy Center,
2008-2011) in the UK, the price and energy output are compared between wood pellets,
wood chips, natural gas, heating oil, bulk LPG, and electricity. Amongst all, wood pellet
provides the highest energy output (4800 kWh/ton) at the second lowest price (4.2
pence/kWh). Wood chips (at 30% moisture content, wet basis) have the second highest
energy output of 3500 kWh/ton with the lowest price at 2.9 pence/kWh. In contrast, coal has
the heating value of 30MJ/kg with the price of 84.5 Euro/ton, when comparing to wood
pellets of 18 MJ/kg.
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Wood chips can be used as solid biofuel for direct combustion or making pellets.
Traditionally, the raw materials for making wood pellets are sawdust, planer shavings and
wood chips (Lehtikangas, 2001), and sometimes from woody residues left in the forest after
logging. Wood pellets are renewable, clean, efficient and cost stable (Pellet Fuels Institute,
2011), and thus are widely used in North America and Europe (Wood Pellet Association of
Canada, 2012).
Forest materials have moisture contents as high as 50%. In order to produce wood
pellets or other bioproducts, the reduction of the moisture content to 10% or somewhat lower
is desirable. Biomass with high moisture content has a relatively low calorific value; thus
moisture causes deterioration in pellet quality and increased cost of pelletizing. Also,
moisture reduces the maximum combustion temperature and combustion efficiency
(Maciejewska et al., 2006). Besides, high moisture content promotes microbial activities and
raises the probability of self-heating, thereby leading to decomposition of dry matter during
storage. For long-time storage, the moisture content of biomass has to be low, usually under
20% (wet basis) in order to improve the calorific value of biomass and keep dry matter losses
moderate. Drying is usually applied before storage or other operations to reduce the moisture
content of biomass. Conventional methods of drying include natural drying and artificial
drying (over 60oC). Some reduction in moisture content may be achieved by natural drying,
but the process takes a long time and weather is a major constraint. For artificial drying at
high temperatures, biomass can achieve very low moisture content in a short time, but it
requires substantial energy input. Hence artificial drying increases the operating costs and
has impact on long-term environmental sustainability.
The immediate use of forest residues after harvest is often unfeasible. The logging
operations produce large quantities of biomass that are often left behind in the field for a
period of time before they are transported and processed to make wood pellets or other forms
of solid fuel products, depending on the production cycles. During the holding period, the
properties of biomass residues can change due to physical, chemical and microbial processes.
Some problems have been noticed during the storage: moisture sorption (environment
dependent) and gas emissions (accompanied by dry matter losses). Self heating is another
problem.
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Biomass adsorbs or desorbs moisture continually from its immediate surrounding
environment during storage in the field. When exposed to an environment with certain
temperature and relative humidity, the materials will gain or lose moisture until reaching the
equilibrium moisture content (EMC) (Zomorodian et al., 2010). The difference between the
instantaneous and equilibrium moisture contents of the biomass represents the potential for
moisture desorption (that is, drying) or adsorption. An increase in moisture content due to
adsorption will lead to a series of problems to the materials including deterioration in quality,
lower calorific value, higher transportation and processing costs, etc. It would be beneficial
to estimate the time-dependent moisture sorption of the biomass when left in the field, and
knowledge in this aspect of biomass storage is rather limited.
The main emissions from woody biomass storage are carbon dioxide (CO2) and
VOCs (volatile organic compounds); carbon monoxide (CO) and methane (CH4) emissions
have also been reported. In terms of safety and occupational health, the threshold limit valuetime weighted average (TLV-TWA) for 8h exposure to CO2, CO and CH4 are set at 5000
ppm, 25 ppm and 1000 ppm, respectively (Kuang et al., 2008). VOCs emitted from the
process are potential air pollutants that have malodorous and even hazardous properties.
According to Brosseau and Heitz (1994), VOCs in combination with nitrogen oxides (NOx)
in the presence of sunlight are precursors to ground-level ozone production, and ozone has
been identified as a key chemical substance affecting the environment via smog formation, as
well as human health in terms of general toxicity and carcinogenicity (Brosseau & Heitz,
1994). With prolonged exposure to these substances, eye and throat irritation, damage to
liver and central nervous system may occur. Some VOCs are major malodorous compounds
(Eitzer, 1995; Komilis et al., 2004) and the odours are sometimes due to the synergistic
action of these VOCs. Odours can induce indirect health effects such as nausea, vomits and
reactions of hypersensitivity.

1.2 Objectives
Storage is one of the key components in the biomass supply chain. During storage, the
physical and chemical properties of the biomass change in terms of moisture content and gas
emissions. This may lead to a deterioration in the biomass quality or affect the subsequent
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process as well as the surrounding environment. This research is focused on the storage
aspect of high-moisture woody biomass. The overall goal is to better understand the
mechanism of moisture sorptions and gas emissions during storage, and to gain a deeper
insight into various factors such as environmental conditions surrounding storage system.
This will assist in the better management of fresh biomass.
The specific objectives of the thesis are:
1) To investigate the sorption characteristics of woody biomass and develop a mathematical
model to describe the relation between equilibrium moisture content and equilibrium
relative humidity.
This work can provide information on the stage of moisture in the material; it can also
provide the relevant data and guidelines for expediting drying, and eventually terminating
the drying process in a timely manner. This would contribute towards energy saving, as
well as the planning and logistics of regional biomass storage.
2) To describe the wetting and drying of lignocellulosic biomass under natural conditions;
and to develop a model to simulate the time-dependent moisture content of the materials
during storage and apply the model to an experimental storage of biomass bales.
This model can be used to simulate the moisture desorption and adsorption processes and
thus predict the time-dependent moisture contents after being stored for a period of time
under natural conditions, which can help to devise a better way to store and manage these
high-moisture materials.
3) To study the composition of gas emissions from different types of woody biomass under
different storage conditions and to quantify the emitted gases.
The outcomes can help to determine the extent of emission control, and assess the
impacts on human health and environment.
4) To measure the dry matter changes of woody materials during storage and investigate
the relationship between gas emissions and dry matter losses.
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The results shall demonstrate the relationship between dry matter losses and gas emission.
Hence, gas emission control could also be based on minimizing percent dry matter losses
during biomass storage.

1.3 Organization of the thesis
To achieve the above-mentioned objectives, several series of experiments were designed and
conducted in this study. The results are presented in seven chapters.
Chapter 1 introduces the problems and knowledge gaps relevant to biomass storage,
and thus defines the objectives of the thesis research. A comprehensive literature review is
also presented in this chapter.
Chapter 2 describes the sorption characteristics of woody biomass along with details
of the desorption (drying) and adsorption processes. The moisture sorption isotherm is
derived from the experimental data in order to understand the relation between equilibrium
moisture content and environmental conditions for specific species of woody biomass.
Chapter 3 depicts the cycles of wetting and drying of stored woody biomass under
natural weather conditions. Changes in moisture content during storage are studied. With the
lab-scale experimental results, the model is developed and calibrated to predict the timedependent moisture contents of the biomass. Subsequently, in chapter 4, this model is applied
to estimate the moisture content of biomass bales stored in the field during a one-year period
under natural conditions.
Chapters 5 and 6 present the results of gas emissions from the storage of different
types of woody biomass. Different storage conditions are simulated with respect to
temperature, initial moisture content and oxygen availability. Dry matter changes of the
materials after storage, as well as the relationship with emitted gases are also presented in
this chapter.
Finally, Chapter 7 summarizes the main results and contributions of this thesis. Also,
recommendations for future work are suggested.
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1.4 Literature review

1.4.1 Biomass
The potential threat posed by global warming problems due to high emission levels of
greenhouse gases from fossil fuels combustion has become a major stimulus for renewable
energy sources in general. Biomass and bioenergy as an alternative has received a lot of
attention during the past decade. For different varieties of biomass, the contents of C, H, O
are similar while the contents of N and ash-forming elements exhibit significantly different
(Obernberger et al., 1997). The diversity of biomass has been identified, including woody
biomass; agricultural biomass; aquatic biomass; animal and human wastes; contaminated
biomass; industrial biomass wastes and biomass mixtures (Vassilev et al., 2010). Woody
material is a major source of biomass. The source of woody biomass are mainly from the
wood industry (paper mills, sawmills, and others) and urban wood wastes (tree trimmings,
land clearance, construction and others). Forestry residues are also a significant source of
wood residues (Easterly & Burnham, 1996).
The main components of wood are cellulose, hemicelluloses and lignin. Cellulose is a
polysaccharide with large molecular weight (usually around 100000). Hemicelluloses have
much lower molecular weight, which are normally less than 30000. Hemicellulose consists
of various monosaccharides. Lignin is primarily formed of phenylpropane (McKendry, 2002).
Cellulose and hemicelluloses are the structural components in wood. Lignin connects the
wood cells together. Cellulose constitutes 40-50% and hemicellulose 25-35% of wood. The
content of lignin varies between softwood and hardwood, which is 25-32% and 18-25%
respectively. Extractives, which make up less than 5% of wood, are not structural
components. They include terpenes, fats, waxes, and phenols, most of which can evaporate
easily during the heat treatment. Elemental compositions analysis shows the biomass
contains around 50% carbon, 44% oxygen, 6% hydrogen and 0.1% nitrogen regardless of
species (Barton, 1984). The woody biomass usually contains less ash, N and S and more C
and Ca in comparison with other biomass. Woody biomass also has higher moisture content
than the other biomass. Generally, woody biomass has 80% volatile matter and 20% fixed
carbon (moisture free and ash free basis). Volatile matter is the portion that can be heated to
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gas including water vapor. The fixed carbon content is the remained dry mass after
combustion, excluding volatile matter and ash (Maciejewska et al., 2006). The volatile matter
yield of biomass commonly includes light hydrocarbons, CO, CO2, H2, moisture and tars
(Vassilev et al., 2010).
When correctly managed, biomass is a sustainable low-carbon fuel versus fossil fuels.
Biomass utilization has the following benefits: 1) Biomass is renewable and widely available
source of energy; 2) It has a significant reduction in greenhouse gas and hence net carbon
emissions; thus, it improves human health through better air quality; 3) Biomass has low
contents of ash, C, S, N, and trace elements; 4) The cost-effective biomass energy plants can
make a substantial, positive impact on regional economies; 5) The use of biomass fuel
encourages an economic incentive to better manage forestry which improves biodiversity and
reduces wildfire risk (American Renewables, 2012; Biomass Energy Center, 2008-2011;
Vassilev et al., 2010).

1.4.2 Biomass storage

Figure 1.1. Supply chain of biomass feedstock from harvest to biorefinery
Figure 1.1 shows a typical supply chain of woody biomass feedstock from harvest point to
biorefinery. A large proportion of the biomass residues are left in the forest after logging
operations. These materials are then collected and gathered together. The immediate use of
these biomass residues is often infeasible for various reasons. Therefore, prior to
transportation the woody biomass is usually stored in the field for an extended period. Then,
the materials are transported to the station for preprocessing, such as selection, comminution,
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drying and so on. Afterwards, the materials are kept in the depot before transporting to
biorefineries.
To ensure continuous availability for biofuel production during the growing season
and winter months, as well as heat production during the winter season, it is inevitable to
store the high moisture biomass feedstock for a period of time up to one year through the
supply chain. The prolonged storage of these biomass prior to operation could cause
problems. One of the most difficult problems in biomass harvesting is how to store the
material and how to avoid the mass losses due to degradation (Krupińska et al., 2007).
Biomass decomposes both chemically and biologically over time. During the period of fast
decomposition, there exist risks of emissions, energy losses, and fires (Wihersaari, 2005a).
Microorganisms, especially fungi motivate the heat generation in the stored biomass. This
heat will favor the growth of microbes and induce higher temperatures in the pile. In extreme
cases, this can result in self-ignition and potentially fire (Jirjis, 1995). Some allergenic
microbes are released to the air, which is associated with health risk. Furthermore, the loss of
dry matter and carbohydrates has a negative economic impact (Wiselogel et al., 1996).
Research studies conducted in the past have identified the following problems with
the storage of biomass:
1) Moisture content. Depending on the form of storage, biomass may be exposed to
elements of weather conditions in the field. Forest residues normally have moisture
content of 45-55% and even up to 70% (wet basis). The most important fuel quality
factor is moisture content, since it affects the calorific value, storage properties and
transportation costs. It is taken into account in the pricing of the fuel (Pettersson &
Nordfjell, 2007). Problems with the storage of biomass at high moisture content could
become critical, including deterioration in quality, dry matter losses, fire risk, or even
generating microbes that are harmful to human health (Rentizelas et al., 2009).
Feedstocks with high moisture require more energy for processing and drying; this will
affect the efficiency of the combustion process and emissions (Maciejewska et al., 2006).
Another example is the increase in char yield during pyrolysis, resulting in a higher cost
of thermochemical conversion. Dry biomass is more stable and safer to store, and easier
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to preprocess, which are important for the successful operation of biorefineries (Singh,
2004). Thus, prediction of time-dependent moisture content is important and helpful
towards better management of the fresh materials in the field.
2) Gas emission. Gas emission is one of the major problems during the handling process
due to its effect on the surrounding environment and human health, as well as its relation
with dry matter losses which affect the heating value of the materials. Thus, the
investigation and quantification of gas emissions from woody biomass under different
storage conditions become important. This knowledge can also assist in the better
management of fresh materials.
3) Dry matter losses. Dry matter is the mass of material without moisture content. It is the
source of energy when combustion. Thus, it is important to minimize the dry matter
losses during storage. Previous research has dealt with dry matter changes under different
storage conditions. Factors that exert influence on dry matter losses include temperature,
relative humidity, precipitation, and storage period. Moreover, characteristics of biomass
such as the type of feedstock, initial moisture content and particle size impose significant
effects (Afzal et al., 2010; Casal et al., 2010; Jirjis, 2005; Nurmi, 1999).
Two piles of chips were set up by Gjoelsjoe (1995) to study the effect of size on dry
matter losses for the period May to December. Total dry matter losses of 8.7% dry weight
were slightly higher in a pile of large chips (collected on 19mm screen), as compared to 7.5%
in a pile of small chips (retained on 6mm screen). The moisture contents of both piles were
reduced from around 40% (wet basis) to 30% after storage (Gjoelsjoe, 1995).
In order to avoid re-wetting of feedstocks exposed to wet weather, Jirjis and
Lehtikangas (1993) conducted research on the storage of residues covered with impregnated
paper. The materials were piled into a windrow after felling and covered immediately.
Results showed the fuel quality from covered windrows was improved as compared to
uncovered windrows. The moisture content in covered windrows decreased by around 10%
(wet basis). The dry matter losses from covered residues were below 1% per month (Jirjis &
Lehtikangas, 1993).
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Wihersaari (2005) reported that the material losses during storage were the highest in
the beginning, right after the temperature has rapidly risen. The losses were estimated to be
3.6 wt% per week (measured during the second week of storage) and 0.4-0.7 wt% per week
thereafter. His results also showed that the dry matter losses over a six-month period were
twice as high for fresh forest residues versus dried forest residues (15.5% and 6.6%
respectively). In general, the higher the initial moisture content of the stored feedstock, the
higher the dry matter losses. Furthermore, smaller chip size led to less ventilation of the pile
and eventually higher dry matter losses, whereas forced ventilation decreased the dry matter
losses significantly (Wihersaari, 2005a). He suggested that it would be advisable to avoid
storing biomass feedstock with high moisture content; hence, drying should be applied
before storage.
Biomass undergoes a change in moisture content, calorific value and dry matter
content due to degradation processes and climate conditions during storage. Pettersson and
Nordfjell (2007) studied fuel quality of logging residues (LR), with respect to moisture
content and dry matter losses before and after large-scale storage and handling of compacted
young trees. The experimental treatments involved the storage of uncompacted and
compacted LR, with and without cover. Results indicated that the moisture content of LR
declined to 18.0-20.7% for the covered parts of the windrows and to 18.8-24.9% for the
uncovered parts during 9 and 12 months storage. They found dry matter losses of 8.7-11.7%
and 14.4-17.4% after 9 months and 12 months of storage, respectively. Windrow with loose
LR re-moistened to 40.8% by snowfall resulted in a 6% lower net calorific value as received,
compared to the cylindrical bales with higher bulk density (Pettersson & Nordfjell, 2007).
The effect of storage on fuel quality was evaluated with respect to moisture content,
calorific value, particle size distribution, and ash content by Jirjis (2005). Results showed
that temperature development was rapid and prominent in the chipped willow particularly in
the 6 m high pile. By comparison, temperature rise was very slow in the chunk wood piles
and became notably higher than ambient temperature after 2 months of storage in the 6 m
high pile. In general, salix chips had a relatively lower moisture content and energy value
than chunk wood by the end of storage (Jirjis, 2005).
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Casal et al. (2010) observed the change in moisture contents of pine woodchips stored
under the climatic conditions typical of Northern Spain for 12 months. While the moisture
content of the pile increased with storage time, the woodchips underwent a slight
deterioration especially during the first three months, but remained practically unaltered for
longer periods of storage. The most important effect observed was a significant decrease in
the heating value due to a marked increase in moisture content (Casal et al., 2010).
Use of a breathable tarp to reduce moisture content of wood chips and dry matter
losses was suggested by Afzal et al. (2010). Their study involved three forms of woody
biomass - wood chips pile, bundle, and loose slash during a one-year storage period. Wood
chips made from fresh birch wood stems were piled on forest floor, either covered with a
breathable tarp to prevent precipitation, or uncovered. The rate of moisture content increment
was lower in bundle form than in an uncovered wood chips pile. Loss of calorific value and
dry matter loss were higher in wood chip piles as compared to the bundles at the end of the
storage period. The maximum dry matter losses were observed in the uncovered wood chips
pile (Afzal et al., 2010).
Nurmi (1999) investigated the effect of storage on the fuel wood properties of
Norway spruce logging residues (Nurmi, 1999). The stored materials include uncomminuted
residue piles on the clear-cut, uncomminuted residues in large windrows at road-side landing
and comminuted residue piles at a terminal. After one year storage, the moisture content of
residues at the clear-cut and the landing had decreased from 56% to 28.5 and 42.2%,
respectively. The moisture content of comminuted materials had risen to 65.3% after 9
months. The needle content of the residues decreased from 27.7% to 6.9% and 18.9% on the
clear-cut and the landing, respectively after one year. The content of carbon in the
comminuted materials had little change from 50.0% to 51.2%.
The effect of size on wood chips storage was studied by Heding et al. (1993). Results
reveal that heat generation in the piles with large particles (large chunk and firewood) was
small. By comparison, temperature in the piles of smaller particles (chips and fine chunk)
increased higher. And the heat generation was less dependent on surrounding environment.
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Lower final moisture content was observed in the piles with larger particles as the moisture
content decreased by 9.5% (Heding et al., 1993).
Eriksson & Gustavsson (2010) compared a bundle system with a chip system for
collection and transport of biomass residues in Sweden (Eriksson & Gustavsson, 2010). The
particle size was observed to have a negative relation with dry matter losses and moisture
contents. They found that the bundle system had less dry matter losses and 5-10% lower
costs than the chip system. Bundles made from both green and brown residues had a
reduction of moisture content by about 6%. Total dry matter losses in the bundles after 5.5
months were 5.8% for the originally green residues and less than 1% for the originally brown
residues. However, after 8 months the dry matter losses increased to 11.5% and 8.7%,
respectively.
The moisture content of chip pile has a large influence on dry matter losses. Tests
carried out in Sweden showed that the initial moisture content was proportional to the losses.
Specifically, the initial moisture content of 42%, 51% and 58% in chips was associated with
monthly dry matter losses of 1.1, 2.2 and 2.6 wt%, and total dry matter losses during the 6month storage period of 6.6, 13.2 and 15.6 wt%, respectively (Thörnqvist, 1983; Thörnqvist,
1984). In another 9-month study by Thörnqvist (1984), the initial moisture content of 32 wt%
and under 20 wt% in chips led to monthly losses of 1.03 and 0.23-0.35 wt%.
According to Nurmi (1999), the temperature in a pile of chipped forest residue either
fresh or naturally dried usually rose rapidly after an initial period of approximately one week,
which is a definitive sign that the materials began to decompose leading to losses in materials
and energy value (Nurmi, 1999). The moisture content of wood residues varies widely
depending on the materials and storage circumstances. For instance, forest residues had
a moisture content of 45-55 wt% upon delivering (Wihersaari, 2005b); after 6-month storage
as “compost heaps”, the forest residues were naturally dried to 40 wt% moisture content.
Jirjis (2003) studied cylindrical bales of green forest residues having an
initial moisture content of 31-38%. After ten months, the moisture content decreased to 21%
for the outdoor, covered bale and indoor bale, while the outdoor, uncovered stack showed
only slight decreases. The percent dry matter losses due to biological activity were highest in
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the outdoor, uncovered stack with an average value of 18.5%, as compared to a value of 14%
in the other two stacks (Jirjis, 2003). He concluded that storage of newly harvested logging
residues in bales for ten months could produce a fuel with acceptable quality; however,
intensive microbial activity leading to high substance losses and reduction in total energy
content can be problematic.

1.4.3 Moisture sorption characteristics
Wood contains water in two forms: bound water and free water. Bound water exists in the
cell wall and is hydrogen bonded to the free hydroxyl groups in cellulose, hemicelluloses,
and lignin. Free (capillary) water is the bulk of water contained in the cell lumens and voids
of the wood. The amount of free water is limited by the void space of wood. It is held by
capillary forces, not bound by hydrogen bond. Energy is required to overcome
the capillary forces. The change of free water will not cause changes in physical properties
(swelling, shrinkage) because the cell wall is saturated by bound water. Biomass containing
abundant free water is treated as high moisture content material, normally higher than 30%.
The fiber saturation point (FSP) expresses the value of moisture content at which all
of the free water is removed. The cell cavities are empty while the cell walls are still
completely saturated (Krupińska et al., 2007). When the moisture content of biomass is lower
than FSP, the microbial activities will be inhibited (Gislerud, 1990). For most woody
biomass, an average value of FSP is 0.3 (dry basis) (Siau, 1984). For willow, the fiber
saturation point achieves a value of 0.25 (Gigler et al., 2000a).

1.4.3.1 Drying
Biomass is expected to be stored under ambient atmospheric conditions or in an enclosure
due to its bulky nature. The moisture content of feedstock as well as storage type can lead to
deterioration of the materials. Moisture content exerts a strong influence on biomass harvest,
preprocessing, transportation, storage, conversion and the resultant products. The moisture
content for safe storage depends upon the type of feedstocks. For long-term storage, the
moisture content should be below 17.5% (dry basis) for most of the feedstocks so there is no
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proliferation in microorganisms development (Arabhosseini et al., 2010; Karunanithy et al.,
2013; Kudra & Strumillo, 1998). Low moisture content enables long term storage with low
microbial activity, and thus low dry matter losses, and reduces health risks. It also increases
conversion efficiency into electricity and reduces gas emissions. In the biochemical or
thermochemical conversion of biomass into biofuels, moisture content is also of significant
interest. High moisture content can affect the applications of biomass for thermo-chemical
conversion processes including combustion.
Drying of biomass is recommended, even required in order to easily handle with,
store the materials safely, reduce the cost of transportation, increase boiler efficiency,
increase the efficiency of thermal applications, reduce gas emissions and achieve desired
quality of product (Gigler et al., 2000a).
Drying is a process involving heat and mass transfer. The drying process may change
the quality of product. Drying occurs by heating the materials in terms of convection,
conduction and radiation (Mujumdar & Devahastin, 2000).
Drying is necessary whether the biomass is used in densified form (such as pellets
and briquettes) or non-densified form. An increase in temperature leads to the activation of
water molecules. This will cause the water molecules to become less stable and to break
away from the water binding sites of the material, thus decreasing the moisture content
(Chowdhury et al., 2006). Drying of biomass occurs in three phases for high-moisture
materials. During the initial phase, the rate of drying increases due to increase in temperature
with some free moisture being removed. In the second phase, free moisture is evaporated
from the saturated surface; the drying rate is high and essentially constant. This phase is also
recognized as constant-rate stage. The third phase corresponds to the falling-rate drying
period; the area of the saturated surface gradually decreases as the moisture movement
within the solid can no longer supply enough moisture to wet the surface.
The importance of biomass drying has motivated a number of works on drying
techniques. The drying methods can be briefly divided into two categories: the commonly
used procedures of air drying and kiln drying, and the specialized techniques using chemicals,
solvents, vacuum retorts, solar energy dehumidifiers, high frequency generators, and so on
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(Bousquet, 2000). The description of different drying methods together with the advantages
and disadvantages are listed in Table A1.
The merits of advanced drying methods are fast drying rate, high drying efficiency
and good control. However, most of them have expensive operating costs and capital
investment. A wide variety of woody biomass and the forest residues generated by logging
operations have lower calorific values and complex composition compared to densified
biomass. The high energy cost makes it not feasible to set up an advanced drying facility in
or close to the field, and this encourages the search for more economically attractive
techniques (Moreno et al., 2004).
Conventional methods of drying include natural drying, low-temperature drying and
high-temperature drying. High-temperature drying requires substantial energy input and
specialized mechanical equipment. Low temperature drying can be used for forest residues
because of its low loss of the volatile compounds (Stahl et al., 2004). Low temperature
drying is easy to operate, but it may require a long time to reach the desired final moisture
content. Some reductions in moisture content may be achieved by natural drying, but the
process generally takes a long time as weather is a major constraint. The air drying or low
temperature drying of forest residues in site are possible, which can improve the energy
density of the residues for subsequent thermal application (Phanphanich & Mani, 2009).
Thus, optimized operation of natural drying and low-temperature drying is needed to achieve
better drying efficiency and energy saving.
The study of drying can help to better understand the drying mechanisms, predict
drying rates, and possibly modify the factors that affect drying. The factors that affect drying
are the surrounding environment (air temperature and humidity, wind, precipitation, solar
radiation and soil moisture); the properties of materials (species, maturity and yield) and the
treatment methods (chemical and mechanical). The drying rate was found to be positively
related to solar radiation and vapor pressure deficit, whereas it was negatively correlated to
the thickness and initial moisture content of the materials (Savoie & Mailhot, 1986).
A mathematical model is an appropriate tool to help understand the drying process of
biomass. The drying process can be predicted by appropriate models with product mass,
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drying characteristics and drying air conditions as the parameters. Numerous models have
been studied to describe the drying process of different biological materials (Jayas et al.,
1991). With a simulation model, the drying time and cost of drying can be calculated with
the information of moisture removal rate of the drier, the initial and final moisture contents
and the fuel consumed.
Moisture diffusion models have been developed by researchers for the theoretical
analysis of the physics of drying. Complex partial differential equations that encompass mass
balance, heat balance, heat transfer and drying rate are solved with numerical techniques.
These models have been primarily developed to study high temperature drying, though some
have subsequently been applied to low temperature drying (Sharp, 1982). They have shown
more accurate than the thin-layer models, but they require much computer time.
Using simple models (thin-layer drying models), drying rates can be readily estimated.
Some of these models have been found to be useful and sufficient by research scientists who
studied the drying of agricultural crops (Akpinar et al., 2003; Bruce, 1985; Ertekin & Yaldiz,
2004; Sacilik & Elicin, 2006). Besides, there were previous studies that involve biomass as
feedstocks; for instance, corn, alfalfa, flax fiber, and willow chips and stems. Thin layer
drying of pine residues with bark, needles, leaves, and chips was studied by Phanphanich and
Mani (2009) using three different drying models (Lewis, Page, and Henderson and Pabis
equations) (Phanphanich & Mani, 2009). These equations have also been successfully used
in agricultural materials and other biomass feedstocks (Yang et al., 2007).
The Lewis model assumes that the moisture within the material can move to the
surface without resistance. The drying rate is proportional to the moisture difference between
the material being dried and the equilibrium moisture content (Lewis, 1921). Page’s model is
an empirical model and is the modification of Lewis model. A parameter was added to time
to improve the original model (Gigler et al., 2000b). It has been utilized to predict the thin
layer drying of grain and rough rice, white bean, barley (Vijayaraj et al., 2007), pistachio,
peanuts (Yang et al., 2007) and rapeseeds (Panchariya et al., 2002). Page’s model has also
been modified to better fit the drying results of different biomass such as soybean (Overhults
et al., 1973). The Henderson and Pabis model was developed on the basis of diffusion
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process. During the falling rate stage of drying, the drying rate is related to effective
diffusivity. This model has been applied to numbers of agricultural materials. The Lewis
model is the special case of the Henderson and Pabis model when the intercept of the line
(moisture content vs time) is zero.
1.4.3.2 Adsorption
In general, woody biomass is hygroscopic in nature. It can desorb or adsorb the moisture
from the surrounding atmosphere (Singh, 2004). The hygroscopic phenomenon in wood is a
chemical interaction between the water molecules and the structure of cellulose (Merakeb et
al., 2009). When the moisture content of materials is relatively low, or relative humidity of
the air is high, the materials adsorb moisture from the air in order to attain the equilibrium
between the materials and environment. Adsorption is an opposite process to drying. Various
physical properties as mass, dimensions and density, as well as its mechanical properties are
affected by the moisture content (Droin et al., 1988). Absorption of water has a negative
effect on wood quality in terms of facilitating fungal attack (Baronas et al., 2001).
To predict and describe the moisture content, few models including theoretical,
empirical and semi-empirical approaches have been developed to simulate the moisture
adsorption of biomass. The theoretical models include the diffusion equations based on
Fick’s second law. These models involve numerous functions and complex computations,
which can not be carried out in some cases (Khazaei, 2008). At this point, empirical models
are preferred since they are easy to operate and interpret. The empirical models that have
been popularly used to simulate water adsorption processes of biomass include Peleg model,
Exponential model and Weibull models (Gowen et al., 2007). Peleg model, which has been
applied to adsorption processes of different kinds of foods, is a two parameter and nonexponential equation (García-Pascual et al., 2006). The Weibull distribution model estimates
the adsorption process with two parameters. The Weibull model showed good fit for the
description of water adsorption of a variety of dried foods, and adequately described
adsorption processes controlled by different mechanisms (Marabi et al., 2003).
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1.4.3.3 Equilibrium moisture content
Feedstocks are subject to different temperatures and relative humidity (RH) during
harvesting, preprocessing, transportation, and storage in a wide variety of climates.
Knowledge of the relationship between the air temperature, relative humidity and the
moisture content of biomass can help to correctly dry and store the materials in order to
preserve the quality of feedstocks (Nilsson et al., 2005). The moisture content of a material in
equilibrium with the environment with respect to temperature and relative humidity is termed
the equilibrium moisture content (EMC) (Baker, 1997). The EMC of a product is the final
result of moisture exchange between the product and the air surrounding the sample
(Arabhosseini et al., 2010). In this condition, the water in the material is in balance with the
moisture in the surrounding environment (Silakul & Jindal, 2002).
To optimize the drying and storage processes, an accurate knowledge of EMC is
essential. EMC would allow specifying the progress of the drying process and determining
whether the feedstock will gain or lose moisture under known storage conditions
(Zomorodian & Tavakoli, 2007). The traditional method of removing moisture is to use
dryers. Proper design of dryers requires information about the EMC of the biomass (Singh,
2004).
The equilibrium moisture content of biomass is related to several parameters. It
depends on the temperature and relative humidity of the surrounding environment
(Karunanithy et al., 2013), the species, variety (Brooker et al., 1992), degree of maturity
(Hartley & Avramidis, 1994), porosity and microstructure (Choudhury et al., 2011), specific
surface area (Arslan, 2006), amount of extractives and strength of feedstock/wood (Moreno
et al., 2004), and type of processing or treatment the feedstock was subjected to (Acharjee et
al., 2011).

1.4.3.4 Moisture sorption isotherm
Plots of the equilibrium moisture content per unit dry mass versus relative humidity at
constant temperature is called adsorption or desorption isotherm, depending on wetting or
drying sample preparations, respectively (Arslan, 2006). Desorption isotherm is the
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equilibrium process from wet materials and reach equilibrium by losing moisture. It
determines the lowest attainable moisture content of biomass at a particular drying
temperature and relative humidity. Adsorption isotherm is the equilibrium process from dry
materials and reach equilibrium by adding moisture (Arabhosseini et al., 2010; Baker, 1997).
Therefore, sorption isotherm represents thermodynamic equilibrium between the biomass
material and environment, and it is necessary for determining the optimum moisture
conditions for storage stability, drying, and other processes involving humid air and woody
materials (Krupińska et al., 2007). Drying processes require a lot of energy consumption.
Thus, with the knowledge of sorption properties of the biomass, the drying time can be
shortened as well as energy saving. The sorption isotherms give information about the
equilibrium of the material and help to understand the stability of the material after drying.
This determination is crucial to determine the dryer’s thermal efficiency, drying rates,
product heating and material quality (Iguaz & Virseda, 2007). The knowledge of moisture
sorption isotherms is also valuable in solving engineering problems such as equipment
design, drying and storage processes (Arogba, 2001; Mohamed et al., 2005b).
More than 200 isotherm equations have been developed theoretically, semitheoretically or empirically to model the relationship between EMC or ERH and temperature
of different biological materials (Van den Berg & Bruin, 1981). Different types of models
include monolayer models and multilayer models. These models involve semi-empirical
models, empirical models and theoretical models (Krupińska et al., 2007). They have been
used to predict the equilibrium moisture content of the feedstocks starting from harvesting,
drying and preprocessing through transportation, storage, and processing.
Much work have been done on the moisture sorption isotherms of different
biomaterials (Boquet et al., 1978a; Cassells et al., 2003; Soysal & Öztekin, 1999;
Zomorodian et al., 2010; Zomorodian & Tavakoli, 2007). The Henderson equation was built
upon the Gibbs' thermodynamic adsorption model; while the Oswin equation expanded the
sigmoid shaped curves mathematically (Sun, 1999).
Subsequently, the Modified Chung-Pfost Equation was developed. It was assumed
that there is relationship between the energy change and moisture content during sorption
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process. The Modified Henderson Equation and Modified Chung-Pfost Equation are found to
be the most appropriate models for starchy grains including rough rice and fibrous materials
and barley (Basunia & Abe, 2005; Basunia & Abe, 2001). The EMC/ERH sorption isotherms
represented by the Strohman-Yoerger equation work well for rice (Sun, 1999), whereas
Henderson's model was a better predictor of the biscuit isotherm (Arogba, 2001). The
Modified Halsey equation is recommended for high oil and protein products. The Modified
Oswin equation is a good model for popcorn, corncobs, red beans, soybean, whole pods of
peanut and some varieties of corn and wheat (Chen & Morey, 1989). The GAB model is
adequate to describe the experimental data for amaranth (Pagano & Mascheroni, 2005). For
switchgrass and prairie cord grass, the experiment results fit Modified Halsey as the best
model followed by the Modified Oswin equation (Karunanithy et al., 2013).
Sun and Woods (1994) conducted a study to fit more than 1000 data points of wheat
to a number of EMC/ERH equations in order to compare the different equations. Result
shows the Modified Chung-Pfost equation is the most appropriate equation for wheat (Sun &
Woods, 1994). Furthermore, the Modified Chung-Pfost equation, Modified Oswin equation
and Modified Halsey equation were exhibited to fit best for the sorption of wheat, shelled
corn and rapeseed, respectively (Sun, 1998; Sun & Byrne, 1998). The modified Henderson
equation showed the worst fitting for these materials. Nevertheless, Lahsasni et al. (2002)
conducted an experimental study on modeling of sorption isotherms of prickly pear peel
(Opuntia ficusindica), and found the BET and Henderson models as the best fit models to
their EMC experimental data (Lahsasni et al., 2002).
Four equations (Modified Henderson, Modified Chung-Pfost, Modified-Halsey and
Modified-Oswin equations) were chosen by the American Society of Agricultural and
Biological Engineers for use in their Standards. All of the equations have three coefficients
and can be interpreted easily as a function of temperature and relative humidity (ASABE,
2006). The GAB equation was also recommended in ASABE; however, it does not include
the effect of sorption temperature. Each of the four models have successfully predicting the
EMC for biological materials under certain relative humidity and temperature (Boquet et al.,
1978b).
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Although several mathematical models exist to describe moisture sorption isotherms
of wood materials, none of these equations has been found to be suitable to describe the
EMC/ERH relations for various types of woody material accurately in a large range of
relative humidities and temperatures. Since wood has a sophisticated structure and chemical
composition (cellulose, hemicellulose, lignin) and it differs among the species (softwoods,
hardwoods) (Krupińska et al., 2007), it is necessary to find the most suitable EMC/ERH
equation for each specific feedstock (Chen & Morey, 1989).
The sorption isotherms are characterized by three zones. In the first region, water is
tightly bound to the cell and unavailable for reaction. Monolayer of water exists in the cell.
In the second region, more water presents and it is bound loosely. In the last region,
multilayer of water appears and is held in capillaries (Mujumdar & Devahastin, 2000).
The shape of sorption isotherms for hygroscopic materials are indentified to be
sigmoid (Merakeb et al., 2009). Depending on adsorption and desorption processes, the
amount of water at any relative humidity may be different, a phenomenon known as
hysteresis (Lahsasni et al., 2003). Under the same environment condition, the direction of
sorption can result in different moisture contents of biomass. The desorption curve lies above
the adsorption curve. That is, the moisture content from the desorption process is higher than
that from adsorption under same condition. In most cases, the hysteresis effect decreased and
the sorption isotherms shift downwards with increasing temperature (Krupińska et al., 2007).
Researchers have explored some explanations for the hysteresis phenomenon in
hygroscopic materials. One of them is related to the change of the active polar sites where
the water molecules are bonded to. Originally when the material is wet, the polar sites are
filled with water. When the material is dried, the water molecules and the sites are held more
closely to each other, which will reduce the holding capacity of water to the material during
the subsequent adsorption process. Thus, the moisture content of material is higher from
desorption curve as compare to that from the adsorption curve (Zomorodian & Tavakoli,
2007).

21

1.4.4 Gas emissions from stored biomass
Organic materials are subject to decomposition over time during storage, principally due to
either biological (anaerobic or aerobic) or auto-oxidative process. The extractives in the
woody biomass degrade more readily, and these compounds evaporate from the wood during
storage. The main emissions from these materials are carbon dioxide (CO2), carbon
monoxide (CO), methane (CH4) and volatile organic compounds (VOCs). Carbon monoxide
is a leading cause of chemical poisoning in both the workplace and at home. CO2 and CH4
are greenhouse gas (GHG) emissions. Total GHG emission in 2010 was 6,821.8 million
metric tons CO2 eq, which was estimated as 84.6% from CO2, 7.9% from CH4, 5.5% from
N2O and 2% from hydrochlorofluorocarbons, chlorofluorocarbons and sulfur hexafluorides
(EPA, 2012).

1.4.4.1 Emission of carbon-based gases
When organic materials are stored in confined space, the gas emissions from decomposition
may accumulate and eventually reach toxic levels. The Threshold Limit Value (TLV) of a
chemical substance sets the concentration level in the environment, where a worker can
repeatedly expose to it safely. TLV is a reserved term of the American Conference of
Governmental Industrial Hygienists (ACGIH). It is commonly used in the field of
occupational health and toxicology. The TLV of carbon dioxide, carbon monoxide and
methane are listed in Table 1.1 (ACGIH, 2004; Cairelli et al., 1994; EnviroMed Detection
Services; Ontario Ministry of Labour, 2012; The National Institute for Occupational Safety
and Health (NIOSH), 2007). The Time Weighted Average (TWA) is TLV based on an 8-hr
workday and a 40-hr workweek. For example, the 8-hr TWA for CO is 25 ppm, meaning that
an average of 25 ppm is considered to be the safe TLV for an 8-hr workday. Short Term
Exposure Limit (STEL) is TLV based on a 15-min average. Concentrations that are
immediately dangerous to life and health are quite high for these three compounds.
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Table 1.1. The Threshold Limit Value of carbon dioxide, carbon monoxide and methane
Immediately
Dangerous to

Chemical
Substance

TWA

STEL

(8-hr average)

(15-min average)

Carbon dioxide

5,000 ppm

30,000 pm

40,000 ppm

Carbon monoxide

25 ppm

100 ppm

1,200 ppm

Methane

1000 ppm

-

-

Life and Health

Boddy (1983) studied the effects of temperature and moisture content on the gas
emission from wood under aerobic conditions. Results showed that increases in temperature
and moisture content of the materials led to an increase in CO evolution (Boddy, 1983).
When higher temperatures occurred with high moisture contents, CO evolution leveled off or
decreased, which was attributed to a decline of O2. The decomposition of wood by
microorganisms releases CO2, H2O and heat leaving chemically altered wood and the tissues
of the decomposer organism. Respiration rate also increased linearly with increasing
moisture content, although at very high moisture content the CO2 evolution curve shifted
downwards.
Gas emissions from stored biomass as affected by various factors have been studied
in the past few years. Wihersaari (2005) found GHG emissions almost three times higher in
case of the fresh versus dried forest residues. The potential amount of CH4 emission seemed
to be of larger concern than the N2O emission. Besides, he suggested storage heaps should
not be mixed or moved during the storage period, as this would probably make the
decomposition process more intensive, which causes increase in emission rates.
Eriksson and Gustavsson (2010) studied gas emission from bundled forest residues.
They pointed out that the bundle system had higher primary energy use and CO2 emissions,
but the lower dry-matter losses in the bundle system chain give CO2 emissions per delivered
MWh almost as low as for the chip system. The Finnish bundle system with its more
effective compressing and forwarding emitted less CO2 emissions than the current Swedish
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bundle system, but with the theoretical improvements considered here the Swedish bundle
system will emit less than the current system (Eriksson & Gustavsson, 2010).
Wood pellets with high energy density are used as a high quality feedstock for
manufacturing liquid fuels and chemicals. A major existing or potential issue is the selfheating of these pellets either at the terminal during prolonged storage or during ocean
transport (Feist et al., 1973). The long-term storage of wood pellets in enclosed spaces might
lead to accumulation of compounds that are either toxic or causing asphyxiation (CO2, CO,
CH4, VOCs) due to microbial activities and/or chemical reactions. The resulting depletion of
oxygen along with emission of gases can endanger the life and health of workers. Incidents
of injuries and even fatalities have occurred among workers in recent years (Svedberg et al.,
2008). Kuang et al. (2008) monitored CO, CO2 and CH4 off-gases (gas emissions) and
oxygen depletion from stored wood pellets in ocean vessels. They postulated that emissions
are likely due to biodegradation of lipids and fatty acids, and auto-oxidative reactions
involving other organic constituents naturally present in wood (Kuang et al., 2008). In a labscale study by (Kuang et al., 2009), they found the higher peak emission factors for CO2, CO,
and CH4 were always associated with higher temperature and increased humidity in the
headspace of the reactors. Other researchers have suggested that the oxidation of unsaturated
fatty acids in wood can be a reason for gas emissions from wood pellets and it is significantly
influenced by storage temperature (Shankar et al., 2008; Svedberg et al., 2004). In this regard,
Svedberg also identified high levels of hexanal and carbon monoxide emissions caused by
the degradation of wood.
The generation of CO2 along with oxygen depletion are mainly caused by
microbiological activity pertinent to wood pellets, while the CO generation is attributed to
the chemical oxidative processes. During the transportation of logs and wood chips in
confined space, complete depletion of O2 was observed only after 37 hours. The CO2
concentrations ranged from 0.5 to 15%, while CO concentrations were from 2 to 174 ppm
(Svedberg et al., 2009). The depletion of oxygen in the cargo was suggested to be the result
of microbiological activities (CO2 formation) and chemical oxidation of wood. High
concentration of CO2 indicated the intensive microbial activities in logs and wood chips. This
showed a big difference with their previous findings with stored wood pellets. For wood
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pellets, the auto-oxidative degradation processes was dominant (Svedberg et al., 2008). Only
70% of consumed O2 was observed to convert into CO2 during the sea transportation, which
was suggested to be due to the different solubilities of CO2 and O2. Some of the CO2 is
maintained in water within the wood as carbonic acid (H2CO3). Temperature affects the
equilibrium between CO2, H2CO3 and the solubility of CO2. He et al also found that CO2
decreased in the form of carbonic acid in the materials during the storage of the Douglas fir
branches (He et al., 2012).

1.4.4.2 VOCs emission
VOCs are made up of a wide range of organic compounds with vapour pressure greater than
0.01 kPa at 20oC (VOC-directive EU, 1999). They are also characterized by their low water
solubilities. Their great mobility make them capable to be inhaled by people working or
living in places with high concentrations (Das et al., 2004; Domingo & Nadal, 2009). The
major VOCs emitted from wood pellets are aldehydes, some of which are known to cause
irritation to the respiratory system (Hagstrm, 2008). Furthermore, Kuang et al. (2009) found
higher peak emission factors were always associated with higher temperature and relative
humidity in the headspace of reactors. Arshadi et al. (2009) suggested a high temperature
used during the drying of sawdust would subsequently lead to higher emissions of aldehydes
and ketones from the manufactured pellets (Arshadi et al., 2009). It was also reported that
high levels of hexanal and pentanal together with minor quantities of other aldehydes were
detected in softwood pellets storage (Arshadi & Gref, 2005).
Some organic acids such as acetic acid are likely to be emitted from the breakdown of
wood hemicellulose (Johansson & Rasmuson, 1998). According to Stahl et al. (2004), the
release of VOCs was rapid early in the drying process, with a small second emission peak at
10% moisture content (Stahl et al., 2004). Increased drying temperature increases the total
amount of VOCs. (Leinonen & tutkimuskeskus, 2004) mentioned the considerable amount of
VOCs emitted from woody biomass are mainly terpene compounds. In comparison with
conventional drying method for wood, Beakler et al. (Beakler et al., 2005) measured Total
Organic Compounds released from drying of hardwood and found that the type of wood
affects the level of released TOCs. The results indicated that mixed red oak and white oak
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lumber with initial moisture content of 21% released the highest amount of TOCs. The
common VOC produced during wood drying is potentially carcinogenic other than its shortterm health effects such as eye and throat irritation (Granstrom & Mansson, 2008).
Monoterpenes, mainly α-pinene were found from logs and wood chips (Svedberg et
al., 2009). Terpenes often treat as attractants for wood-destroying insects. During the longterm, they are released to the environment and their quantities in wood decreases. In a study
performed by (Kačík et al., 2012), the terpenes in “recent fir wood” were found to be about
60 times higher than the old wood from the 17th century (ratio of 186:3 mg/kg). Thermal
wood treatment accelerated the release of terpenes. (Rupar & Sanati, 2005) investigated
wood chip piles in a terminal storage located in southern Sweden, stretching from June
through January. The release of terpenes from the bark/wood chips pile was found to be high
in the middle of the storage period and low in the beginning and end of the storage period.
Air emission increased when the temperature directly above the pile increased. More
terpenes were released when wood chips were mixed with bark, especially when the amount
of precipitation increased.
(Hoell & Piezconka, 1978) and (Piispanen & Saranpaa, 2002) found that the
polyunsaturated acid, linoleic acid comprise most of the free fatty acids and triglycerides in
wood. The oxidation of linoleic acids and its esters produces hexanal as the main VOC
component, which was found by (Back & Allen, 2000). These reactions may be either
enzyme-induced or happen through an auto-oxidation process (Frankel et al., 1989;
Noordermeer et al., 2001; Schieberle & Grosch, 1981). Hagstrm (2008) found that pellets,
under certain conditions, emitted high levels of VOCs. The major VOCs emitted from wood
pellets are aldehydes, some of which are known to cause irritation to the respiratory system
(Hagstrm, 2008).

1.4.4.3 Microbial activities
The use of woody biomass as an alternative energy source has led to an increase in the
number of wood piles in open environments. The presence of these piles may have an
adverse impact on the ambient air quality because of microorganisms on the wood. Wood
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materials have been found to support the growth of a wide range of microorganisms,
particularly fungi. With indoor storage of wood, these microbes can become airborne and be
inhaled by workers. Many of the fungi, actinomycetes and other bacteria have been reported
to be potentially pathogenic or toxigenic. Inhalation of these microorganisms at high
concentrations can lead to serious allergic reactions or pulmonary diseases (Hellenbrand &
Reade, 1992). Under certain conditions, especially in the presence of sufficient moisture,
wood is a good substrate for microbial growth. Wood chips with large surface area also have
more extensive microbial growth. Large wood chip piles often heat up spontaneously due to
microbial activity which is responsible for dry matters losses.
Heat is generated by the decomposition of wood by microorganisms. Once the
temperature reaches a certain point, chemical reaction occurs. This reaction produces more
heat and raises the acidity of the pile. The role of rapidly developing organisms dominated
the early stages of deterioration. At higher temperature, chemical reactions are mostly active
and dominated (Fuller, 1985).
Wood deterioration is due to three types of microorganisms in the wood cells,
including decay fungi, staining fungi and bacteria. Decay fungi, involving white rot, brown
rot and soft rot, can metabolize the wood cell wall constituents (both cellulose and lignin).
They affect the strength of wood and even cause the complete destruction of the wood.
Staining fungi and molds inhabit in sapwood and obtain nutrients from the xylem
parenchyma and discolor the wood, while bacteria can consume the parenchyma cells of
wood. All of the microorganisms metabolize the wood substances to gain the nutrients
(Scheffer, 1966).
The principal factors that influence infection of the chips are temperature, moisture,
oxygen conditions in the piles and storage time. Chip size and tree species appeared to have
little influence on fungal growth (Bjoerklund, 1983). The survival of most fungi is
temperature dependent. They can be killed when exposed to 65oC for several hours or 60oC
for a longer time. The moisture content is also known to be one important factor to fungi.
Minimum and optimum moisture are about 18 and 28-45% (w.b.), respectively, whereas
maximum moisture ranges from 60-75%. Wood-attacking fungi are mostly aerobic; hence an
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adequate amount of oxygen is essential for fungal growth. For some particular fungal species,
it was found that the optimum water activity for rapid growth was the lowest at temperatures
close to the maximum (Ayerst, 1969).
The microbial activity of wood chips, logs and wood pellets was assessed. It was
found to be high in fresh wood chips and bark. By comparison, both dry and wet wood pellet
showed none microbiological activity. The number of microbial counts were further
supported the findings with high value in wood chip and bark samples and none in wood
pellets (Svedberg et al., 2009). The reasons are supposed to be the difference in moisture
contents. Fresh logs and wood chips have moisture content around 50% (w.b.) while wood
pellets only have 8% (w.b.) after drying process. Microbiological activity is temperature
dependent; high temperature during drying process kills the microorganisms. For pellets,
both high temperature during the pelletizing process and the low moisture content are
unfavorable for microbiological activity.
Madsen et al. (2004) reported the similar results on straw and wood chips. They
found high concentrations of bacterial in dusts from straw and wood chips between 8 x104
and 3.1 x106 cfu/mg dust, and very low bacterial counts in dusts from briquettes and wood
pellets between 20 and 60 cfu/mg dust. In an earlier study, Feist et al. (1973) found bacterial
populations in wood chip piles as high as 5 × l08 cfu/g dry wood, and they contributed
significantly to the self-heating of the pile (Feist et al., 1973).
Different species of wood have been stored to study the microbial activity on mass
losses. The losses in rough pine stored in summer (April to October) ranged from 2-4% (2
months), 5-8% (4 months), and 7-10% (6 months). During winter storage (October to April),
reductions due to decay were about one-third of those in the summer. Overall, for a full year
of storage, loss of materials was 11-15%. For aspen and balsam fir, the density losses were
25-30% during 4-year storage which are higher than those for jack pine and spruce. The
weight reductions in rough jack pine were approximately 5% after 1 year and 9% after 2
years (Lindgren & Eslyn, 1961).
Greaves observed biodeterioration in the form of mass losses in tropical wood
substance as a result of microbiological activity. The wood substance loss amounted to l.5%
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per month. A number of microflora species are found during storage. Temperature was found
to increase in chip piles, which influenced the trend of microorganisms (Greaves, 1975).

1.5 Concluding remarks
Based on literature review, it may be concluded that little previous work has been done on
moisture adsorption and desorption characteristics and gas emissions from fresh logging
residues and wood chips during storage. Although the sorption characteristics of wood in
terms of logs and sawdust have been studied by several researchers, there is little information
on the sorption behaviour of forest residues. Moreover, there is a lack of sorption data for
fresh biomass, especially for wood from energetic plantations. Conducting experiments, the
development of mathematical models that represent these processes, and application of the
calibrated models are considered an appropriate approach to address these knowledge gaps.
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Chapter 2. Moisture sorption characteristics of biomass during storage
2.1 Introduction
Due to the non-renewable nature of fossil fuels and their negative effect on environment,
there is an increasing demand for alternative fuels including biomass, such as those derived
from forest and agricultural residues. These materials may be used as solid biofuels for
combined heat and power generation, or processed in biorefineries to produce liquid biofuels
primarily for transportation. Usually, the immediate use of lignocellulosic biomass after
harvest is infeasible. The logging operations produce large quantities of high moisture
residues that are left behind in the forest. Traditionally the material is either left to rot or
burned intentionally to reduce the risk of wild fires. New efforts are under way to salvage the
logging residue by chipping it and using it either directly in nearby boilers or pelletizing it
for long distance transport and ease of handling. Aspen (Populus tremuloides) that grows in
northern climates can be a readily available woody biomass source for chipping and making
fuel pellets and animal bedding. Its moisture content varies from 80 to 115% on dry basis (or,
44 to 54% on wet basis) depending on the season (Jensen & Davis, 1953). High moisture
content increases the cost of transport and pelletizing, which will be reflected in the pricing
of fuel (Pettersson & Nordfjell, 2007). Besides, moisture reduces the maximum combustion
temperature and combustion efficiency (Maciejewska et al., 2006). Problems with the storage
of biomass at high moisture content could become critical, including the deterioration in
quality, dry matter losses, fire risk, or even generating microbes that are harmful to human
health (Rentizelas et al., 2009). Therefore, drying is usually applied before storage or other
operations to reduce moisture content of biomass to a safe and manageable level.
Biomass equilibrates with the surrounding environment’s temperature and relative
humidity to eventually reach the equilibrium moisture content (EMC) (Zomorodian et al.,
2010). The difference between the instantaneous and equilibrium moisture contents of the
biomass represents the potential for moisture desorption (drying) or adsorption. In order to
estimate drying rates, it is necessary to investigate the EMC at a range of equilibrium relative
humidity and temperature prevalent to conditions in which biomass is dried or stored. Plots
of EMC per unit dry mass versus relative humidity at a constant temperature are referred to
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as the moisture sorption isotherms (Arslan, 2006). An isotherm may be used as a guide to
terminate the drying process before the moisture content reaches a specified value in order to
save energy. It would also help to estimate the moisture content of biomass after being stored
for a period of time under certain conditions. Different types of biomass have different
EMC’s under similar environmental conditions because of their physical and chemical
characteristics. A large number of theoretical or empirical equations have been developed to
model the relationship between EMC and equilibrium relative humidity and temperature for
different materials (Van den Berg & Bruin, 1981). Extensive research has been published on
agricultural products but not much on forestry residues (Basunia & Abe, 2005; Basunia &
Abe, 2001; Lahsasni et al., 2003; Mohamed et al., 2005b; Sun, 1999). Forintek (Forintek,
2004) discussed a commercial drying technique for logs and lumber from Aspen and birch to
minimize shrinking and cracking.
Drying occurs in several phases for high-moisture materials. During the initial phase,
the rate of drying increases due to increase in temperature with some free moisture being
removed. In the second phase, free moisture persists on the surface and moisture is
evaporated from the saturated surface; the drying rate is high and essentially constant. The
third phase corresponds to the falling-rate drying period; the area of the saturated surface
gradually decreases as the moisture movement within the solid can no longer supply enough
moisture to wet the surface. These three phases might not be distinguishable in some
biological materials. Estimates of the drying rate for biomass would provide useful
information for the drying industry. There are several methods for modeling the drying
process. As for lumber boards, the moisture diffusion shows a good work to model the
drying process. This approach can estimate the time-dependent moisture gradients. This
model also considers the effects on drying process and moisture gradients, including
temperature, relative humidity and air velocity (Cai, 2005; Simpson, 1993).
The objectives of this research are to develop a mathematical model to describe the
relation between equilibrium moisture content and equilibrium relative humidity of Aspen
(Populus tremuloides), and to investigate its drying characteristics.
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2.2 Materials and methods
The biomass used as the materials in this study was obtained from a natural regenerating
Trembling Aspen (Populus tremuloides) stand in central Alberta (~40 km north of
Plamondon, Alberta, Canada; 54o49’N and 112o19’W). The original stand was harvested in
2004 for the production of hardwood pulp. During April 2011, the immature stems in the
stand with an average height of 4.2 m were harvested using a “Bio-Baler” system. The Aspen
samples consisted of small-size stems, having bark content around 25%. Samples were put in
a cold storage at 4oC before the tests. Pieces of Aspen with their bark intact were then cut to
uniform length of 200-250 mm, with diameter varying from 5-10 mm. A picture of materials
is shown in Figure 2.1.

Figure 2.1. Aspen pieces used in the experimental study

A controlled environment chamber (Temperature & Humidity Cabinet, Model LHU113, ESPEC Corp., Japan) was used in the experiments (Figure 2.2). Three series of tests
were conducted to study the sorption characteristics of Aspen. Materials were equilibrated
for 24 h before each test. Test series #1 was for desorption or drying process, whereby
temperature ranged from 20 to 70oC. The next two series of tests were for adsorption process.
In test series #2, Aspen was placed in the humid chamber at relative humidity of 90% and
temperature settings of 25, 35 and 45oC. The last series of experiment (#3) involved testing
the materials under relative humidity settings of 60, 70 and 80%, with a constant temperature
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of 35oC. For all tests, the change in weight of the materials with time was recorded using a
digital balance. The initial and final moisture contents of the materials were measured.
Moisture content of the sample was determined in triplicate in a forced-air convection oven
at 103°C for 24 h to obtain the bone dry biomass according to ASABE Standards S358.2
(ASABE, 2010a).

Figure 2.2. Schematic diagram of the controlled environment chamber

2.3 Results and discussion

2.3.1 Moisture sorption characteristics
The effects of air temperature and relative humidity on the rate of moisture sorption by
Aspen are shown in Figures 2.3-2.4. The drying curves at different temperatures ranging
from 20-70oC and corresponding relative humidity are presented in Figure 2.3. Evidently, a
considerable time period is required to achieve complete drying and to reach equilibrium
moisture content, EMC. With higher ambient temperature and lower relative humidity, the
moisture desorption rate increased, as demonstrated by a lower EMC and shorter time to
reach the EMC. The EMC of Aspen decreased from 12.1% (that is 0.121 in decimal) to 2.5%
dry basis (or, 10.8% to 2.4% wet basis) as the temperature increased from 20 to 70oC. Figure
2.4(a) depicts the effect of temperature on moisture sorption process and the EMC of Aspen,
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when relative humidity was kept constant at 90%. Moisture adsorption is seen to increase
with decreasing temperature. As temperature dropped from 45 to 25oC, Aspen adsorbed
additional 3.9% (d.b.) moisture. However, the sorption rate increased with increasing
temperature, as the time to reach EMC shortened. This is due to the high activity of water
molecules inside the wood, which move faster to the surface at high temperatures. Figure
2.4(b) illustrates the impact of relative humidity on moisture sorption and EMC at a constant
temperature of 35oC. EMC was observed to increase with relative humidity of ambient air.
The EMC was around 11.7% (d.b.) at 60% relative humidity, and it increased to 17% at 80%
relative humidity. This large increase in moisture content with a mild increase in relative
humidity shows capillary condensation as described by Yang et al. (Yang et al., 1997). The
curve at the higher relative humidity of 80% has a steeper slope at the initial stage, indicating
a high adsorption rate.

Figure 2.3. Moisture desorption curves for Aspen at different air temperatures
and relative humidity
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Figure 2.4. Moisture adsorption curves for Aspen: (a) under 90% relative humidity and three
temperatures; (b) under 35oC temperature and three levels of relative humidity
2.3.2 Moisture sorption isotherms
The desorption isotherm is relevant to the drying process and storage of Aspen, while the
adsorption isotherm represents the rewetting process during storage. The sorption isotherms
can be applied to predict the EMC of materials under certain environmental conditions,
which is very useful to industrial processes and systems.
A large number of equations have been used to describe EMC with respect to
temperature and equilibrium relative humidity (ERH) on different biological materials.
According to ASABE Standard D245.6 (ASABE, 2010b), the Modified Henderson,
Modified Chung-Pfost, Modified Halsey and Modified Oswin equations are recommended to
represent the EMC-ERH relationship for plant-based agricultural products. These four
sorption isotherms are empirical equations. These equations were adopted in this study to
analyze the EMC and ERH data, as described below.
Modified Henderson equation (Henderson, 1952):

ERH = 1 − exp[− A(T + C ) ⋅ EMC B ]

(2.1)
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Modified Chung-Pfost equation (Pfost et al., 1976):
ERH = exp[ −

A
exp( − B ⋅ EMC )]
T +C

(2.2)

Modified Halsey equation (Iglesias & Chirife, 1976):
ERH = exp[ −

exp( A + B ⋅ T )
]
EMC C

(2.3)

Modified Oswin equation (Oswin, 1946):
 A + B ⋅ T C 
ERH = 
 + 1

 EMC 

−1

(2.4)

where ERH is the relative humidity in decimal, EMC is the equilibrium moisture content in
decimal (d.b.), T is temperature in oC, and A, B and C are coefficients. The coefficients of the
equations were estimated using the non-linear regression module in MATLAB. The
performance of each model was evaluated by the error parameter, mean relative deviation
(MRD) defined as:

MRD =

1 n EMCP − EMC
 EMC
n i =1
P

(2.5)

where EMCp is the predicted value of EMC, n is the number of data points, and df is the
degree of freedom for the model.
Table 2.1 lists the model coefficients and the MRD based on curve fitting to the
experimental data. The Modified Chung-Pfost and Modified Oswin equations fitted
reasonably well for both adsorption and desorption. Since the Modified Oswin equation has a
MRD lower than the Modified Chung-Pfost equation, it was selected as the more appropriate
model to describe the moisture sorption relationship for Aspen.
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Table 2.1. Estimated coefficients and error parameters of four moisture sorption isotherm
models fitted to experimental data
Modified

Modified

Modified Modified

Model
Henderson Chung-Pfost

Halsey

Oswin

A

0.1211

72.2

-4.775

0.1211

B

1.161

12.31

-0.01758

-0.00074

C

67.56

3.892

2.18

2.41

MRD

0.000107

0.000246

-4.5E-05

2.13E-05

A

0.3879

476.4

-0.08227

0.1248

B

2.007

22.33

0.05167

-1.1E-05

C

99.96

25.42

-0.615

2.059

MRD

-0.0429

0.0246

-0.06159

-0.0208

Adsorption

Desorption

The adsorption and desorption curves at 35oC as predicted by the Modified Oswin
equation display a sigmoidal shape, as shown in Figure 2.5. There are three stages for the
adsorption of water and the state of water molecules within the pore spaces of particles. In
the first stage, the water is mostly bound water, and it is adsorbed as monolayer molecules.
More water molecules fill the void space. In the last stage, water molecules fill up the pores.
Multilayer of water molecules is present within the pores.
The desorption curve rides above the adsorption curve, and the desorption and
adsorption curves meet at a point where relative humidity equals zero. This demonstrates the
hysteresis effect due to adsorption and desorption, and it is comparable to findings pertinent
to biological materials (such as rice, barley, grain, leaves and other agricultural and forestry
products) by other researchers (Brooker et al., 1974). The average sorption curve lies
between the adsorption and desorption curves which can be used for general applications.
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One theory used to explain hysteresis postulates that during drying process, the waterbinding sites are pulled close together with shrinkage, resulting in a reduction of these sites
and thus a smaller capacity for attracting water molecules during subsequent adsorption.
Therefore, during wetting process the polar sites onto which water is adsorbed are not
entirely occupied by moisture (Mohamed et al., 2005a). Moreover, it is known that
adsorption and desorption are accompanied by swelling and shrinkage, respectively.
Mechanical stresses can cause different equilibrium states from stress-free conditions, acting
either in accordance with swelling or to partially prevent it.

Figure 2.5. Adsorption and desorption curves as predicted by the Modified Oswin equation

Adsorption process is accompanied with a release of heat as the water vapor from the
environment is adsorbed into the material; whereas heat is taken up as water in the wood
convert to water vapor during desorption process. Some factors have influences on the
sorption hysteresis, including temperature and the material properties (Yang et al., 1997). As
the temperature increases, both adsorption and desorption isotherms shift downward. The
hysteresis effect will be less and less after several cycles of adsorption and desorption tests.
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These results may be used in a simulation model (Integrated Biomass Supply
Analysis and Logistics) (Sokhansanj et al., 2006) for the design of feedstock supply systems
for biofuel production. This model can predict the natural drying of forest biomass, when
subject to outdoor weather conditions. The moisture adsorption and desorption equations that
have been validated are required to calculate the time-dependent moisture contents.

2.3.3 Drying rate of Aspen
Equilibrium moisture content (EMC) is a significant factor in biomass drying; it can provide
a guideline for expediting drying and for terminating the drying process in a timely manner
to save energy. Knowledge of EMC is also necessary for planning the logistics of regional
biomass storage. For example, ambient temperature and relative humidity of a region may
prove to be associated with high equilibrium moisture and thus the product may not dry in
time when left in the field. During the drying process, it is important to know the biomass
drying rate, which will exert considerable influence on the process. Aside from ambient
temperature and relative humidity, the rate of drying of materials is determined by the
velocity of air that flows past its surface, and the heat supply (Lewis, 1921).
Figure 2.6 depicts the relation between drying rate and moisture content of Aspen at
40oC. Again, it is generally compatible with the theoretical trend of the three drying stages.
The turning point, Mc, is the critical moisture content, whereby drying switches from
constant-rate period (dominated by free water) to falling-rate period (dominated by bound
water). It depends on several factors which are characteristics of the materials being dried.
The constant-rate line and the falling-rate line intersect at the critical moisture content. The
constant-rate line was drawn by fitting a horizontal line to the data points with moisture
content greater than the upper limit of the fibre saturation point FSP (30% d.b.). As for the
falling-rate curve, it was fitted using the data points with moisture content smaller than the
lower limit of FSP (25% d.b.). After the critical moisture content is attained, the drying
process continues at a decreasing rate, until it reaches the equilibrium moisture content.
Similar curves were derived from experimental treatments that involve other temperatures.
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The drying rate curves agree with the theory of drying. At the onset, moisture is
removed from the wood surface; during this stage, sensible heat is transferred from drying air
to the moist wood, which enables subsequent processes to take place. The rate of evaporation
increases during this period. The next stage is the constant-rate drying period, wherein
moisture keeps being removed from the saturated surface. During this period, the rate of
evaporation is the highest, and in theory it would change very little as the moisture content is
reduced. As illustrated in Figure 2.6, the actual drying rate is seen to fluctuate within this
period; it may be attributed to the phase transition of water from the wood surface to the
surrounding air. The falling-rate period coincides with the last stage of drying. During this
period, bound water migrates from inside to the surface of wood since free water has already
completely evaporated. Bound water is more difficult to evaporate due to the hydrogen bonds
in wood, which becomes the limiting factor for the drying rate. Drying rate is affected by the
wood structure and the moisture gradients within the wood. The reduction in drying rate with
time was observed for all experimental treatments. Temperature has a significant effect on
the drying rate of Aspen. As temperature was increased from 20 to 70oC, the drying period
decreased from 200 hours to 30 hours when EMC was established.

Figure 2.6. Drying rate versus moisture content at 40oC. Mc is the critical moisture constant,
a transition from constant rate drying to falling rate drying
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Several mathematical models have been proposed to simulate water movement during
drying. Page’s model was specifically developed to determine the drying characteristics of
agricultural crops (ASABE, 2006; Phanphanich & Mani, 2009) as shown in Eq. (2.6),

M − Me
= exp ( −kt n )
M0 − Me

(2.6)

where M is the instantaneous moisture content (decimal, d.b.), M0 is the initial moisture
content (decimal, d.b.), Me is the equilibrium moisture content (decimal, d.b.), k is the drying
rate constant, n is constant, and t is time (h). For materials stored in the field, the drying rate
constant is related to solar radiation, temperature, wind speed and biomass density. The rate
of moisture movement from the interior of the materials is proportional to the difference
between the instantaneous moisture content and the equilibrium moisture content, in units of
concentration.
The experimental data were analyzed for estimating Page’s model parameters n and k
at different temperatures and relative humidity using the non-linear regression module in
MATLAB, and the results are listed in Table 2.2. It can be seen that n and k varied from
(0.94 to 1.26), and (0.016 to 0.081 h-1), respectively, while temperature ranges from 20-70oC.
By comparison, n and k values varied from (1.10 to 1.37), and (0.28 to 0.62 h-1), respectively,
with temperature ranging from 40-80oC in a study of the drying characteristics of pine forest
residues by Phanphanich and Mani (Phanphanich & Mani, 2009). We also compare the
values of these constants with those reported for agricultural materials such as grass (3.37 h), wheat (1.02h-1) and lentils (0.2 h-1) (ASABE, 2006). The much faster drying rates

1

exhibited by the pine forest residues versus aspen stems could be attributed to the much
smaller sizes of particles including ground leaves and needles (Phanphanich & Mani, 2009).
Since the experimental n values do not have a high variability, we can define a uniform
exponent n as the average of all n values at different temperatures. Thus, Eq. (2.6) may be
expressed as:

M − Me
= exp ( −kt1.109 )
M0 − Me

(2.7)
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Temperature is a significant factor that affects the drying rate constant. Evidently, the
drying rate constant of aspen increases with an increase in the drying temperature. This
relationship was shown to resemble the Arrhenius equation which is generally applied in the
analysis of chemical reaction rates:

 E 
k = k0 exp  − b 
 RT 

(2.8)

where k0 is a constant calculated from the plot at the intercept (1/T = 0); Eb is the activation
energy in J/mol, which was estimated to be 34.9 kJ/mol.

Table 2.2. Parameters of Page’s equation (k and n) under different temperatures
Temperature (oC)

k (h-1)

n

R2

20

0.0160

0.943

0.9996

30

0.0355

1.069

0.9995

40

0.0286

1.260

0.9997

50

0.0390

1.202

0.9993

60

0.0785

1.085

0.9997

70

0.0807

1.093

0.9996
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2.4 Conclusion
The effects of temperature and relative humidity on moisture sorption of Aspen were studied.
Results showed that low temperature and high relative humidity led to higher equilibrium
moisture content for both adsorption and desorption processes at the end of the drying
process. Higher relative humidity promotes the adsorption process; it led to a higher EMC
under the same temperature. Under the same relative humidity, higher temperature resulted
in greater sorption rates and a lower EMC. Four sorption isotherm models were fit to the
experimental data in order to predict the drying process of Aspen during storage. The
Modified Oswin equation was found to provide the best fit for both desorption and
adsorption processes pertinent to Aspen. The adsorption and desorption curves displayed a
sigmoidal shape similar to the characteristics of other biological materials, and the curves
exhibited hysteresis effect between adsorption and desorption. The drying rates of Aspen
obtained in this study generally agree with the theory of drying for wood. Furthermore, the
drying rate of Aspen was analyzed by applying Page’s model. Results indicated that the trend
of drying rate constant as a function of temperature followed the Arrhenius equation, and
Page’s model is appropriate for predicting the drying characteristics of Aspen.
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Chapter 3. Modelling the drying and wetting processes of Aspen (Populus
tremuloides)
3.1 Introduction
Lignocellulosic biomass may be used as solid or liquid biofuels. Usually, the immediate use
of these materials after harvest is infeasible. The logging operations produce large quantities
of high moisture biomass that are left behind in the field. These materials will undergo a
series of operations before they can be used in the form of chips or densified forms such as
pellets, the latter primarily for long distance transport and ease of handling. There is an
abundant supply of softwood forest biomass such as spruce, pine and fir in British Columbia.
However, in some parts of North America, hardwood forest biomass is common. Aspen, a
hardwood species that grows in northern climates, can be a readily available woody biomass
source for chipping and making fuel pellets. Biomass may be exposed to elements of weather
conditions during storage in the field for up to one year prior to its removal. Depending on
the form of storage, the biomass can adsorb or desorb moisture continually from its
immediate environment. This could in turn lead to deterioration in the quality such as
calorific value of the materials (Pettersson & Nordfjell, 2007). Besides, high moisture
content increases the cost of transport and pelletizing, which will be reflected in the pricing
of fuel (Rentizelas et al., 2009).
Temperature, relative humidity and precipitation are the major factors that would
affect moisture content. The drying process of materials is affected by several variables and
driven by the differences of water vapour pressure between the materials and surrounding air
(Savoie & Mailhot, 1986); while precipitation (rain or snow) and condensed water are
adsorbed by the materials resulting in an increase in moisture content. Eventually, the
material equilibrates with the surrounding environment’s temperature and relative humidity
to reach the equilibrium moisture content (Zomorodian et al., 2010).
Investigation of moisture sorption of woody biomass under different storage and
natural drying conditions have been reported in the published literature (Afzal et al., 2010;
Casal et al., 2010; Eriksson & Gustavsson, 2010; Gislerud, 1990; Jirjis, 2005). Lots of
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previous studies have been done on the sorption isotherms of biomass and the effects of
temperature, for instance, those reported by (Basunia & Abe, 2005; Lahsasni et al., 2003;
Mohamed et al., 2005b; Sun, 1999). However, few studies have applied modeling to simulate
the drying and wetting processes due to precipitation (Johansson & Salin, 2011; Nilsson,
1999; Nilsson & Karlsson, 2005; Satin, 2011; Tonn et al., 2011). In this regard, Stewart and
Lievers (Stewart & Lievers, 1978) developed a model from experimental data for the drying
and rewetting processes of wheat straw in the field. Subsequently, a modified model was
applied and validated for the field drying of wheat straw by Nilsson (Nilsson, 1999) and cut
flax by Nilsson and Karlsson (Nilsson & Karlsson, 2005).
Models can be used to predict the time-dependent moisture sorption of woody
biomass during natural drying, and hence help to seek a better way to store and manage these
high-moisture materials. The objective of this study is to adopt a model from literature, and
calibrate the model for its future application to simulate the wetting and drying of Aspen
materials under natural drying conditions.

3.2 Model description
The drying process involves moisture evaporation from the surface of wood and moisture
diffusion from the interior of wood to the surface. It occurs in three phases. During the initial
phase, sensible heat is transferred to the materials and the contained moisture; the rate of
drying increases due to increase in temperature with some free external moisture being
removed. In the second phase, free moisture on the saturated surfaces is removed by
evaporation; the rate of drying is high and essentially constant. The third phase is
characterized by falling-rate drying; the area of the saturated surface gradually decreased as
the moisture movement within the solid can no longer supply enough moisture to wet the
surface. Migration of bound water from the inner to the outer surface takes place since free
water is already completely evaporated. Bound water is more difficult to evaporate due to the
hydrogen bonds in wood, which leads to the reduction in the drying rate. The falling-rate
period expresses the movement of bound water, which can be used to estimate the internal
moisture sorption.
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Biomass adsorbs or desorbs moisture continually from its immediate surrounding
environment during storage in the field. Equations are developed to represent moisture
relations for biomass. Biomass that exchanges moisture with its surrounding environment is
divided into two parts: an external part that exchanges moisture with the surroundings and an
internal part within which moisture transfer occurs through diffusion. The average moisture
content for the bulk biomass is estimated as the sum of these two types of moistures, thus

M = Mi + M s =

mass of internal water mass of external water
+
total dry mass
total dry mass

(3.1)

where M is the overall moisture content, Mi is the internal moisture content, and Ms is the
external moisture content, all of which are expressed with reference to the total mass of dry
matter (that is, dry mass basis). Internal moisture is the bound water of biomass originating
from the uptake of water by the roots. External moisture is primarily the water that originates
from precipitation and dew; it also includes water that has moved to the surface. The above
formulation was first suggested by Stewart and Lievers (Stewart & Lievers, 1978) for the
drying and wetting processes of wheat straw in the field. Subsequently, a modified model
was applied and validated for the field drying of wheat straw by Nilsson (Nilsson, 1999) and
cut flax by Nilsson and Karlsson (Nilsson & Karlsson, 2005).
The change in the internal moisture content depends on the difference between the
instantaneous moisture content M and the equilibrium moisture content of biomass Me.
Several mathematical models have been proposed to simulate the movement of bound water
during drying. These models integrate the factors of temperature, relative humidity and
airflow, which can estimate the time-dependent moisture gradients (Cai, 2005; Simpson,
1993). In this study, the semi-empirical drying equation developed by Lewis (Lewis, 1921)
was used to describe the change in internal moisture content. Lewis model is a simplified
version of Page’s model. It is assumed that the moisture content in the biomass is uniform,
and the water can be dried without resistance. Thus, the time dependency of the internal
moisture content is represented by the following first-order drying equation:
dM i
= − a1 E p ( M i − M e )
dt

(3.2)
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where a1 is a coefficient (mm-1), Ep is the pan or potential evaporation rate (that is,
evaporation rate of water from a free surface or open water) (mm/hr) and Me is equilibrium
moisture content (decimal, dry basis). In Lewis’ model, a1Ep is presented as k, which is
defined as the drying rate constant. Hence, the drying rate constant k is a combination of Ep,
which is related to the surrounding environment and a1, which is a property of the material.
The dimensions of the materials, and specifically, the surface area-to-volume ratio, will
affect the value of a1. The equilibrium moisture content Me is also a physical characteristics
of the material, under specified ambient temperature and relative humidity conditions.
For the external moisture Ms, the following mass balance that relates the rate of
moisture change to precipitation and evaporation rate may apply (Nilsson, 1999):
dM s
= a2 P − a3 E p
dt

(3.3)

where P is the precipitation rate (mm/hr), a2 and a3 are constants (mm-1). The term a2P
accounts for the adsorbed precipitation by the materials, whereas the term a3Ep represents the
actual evaporation (as a fraction of potential or maximum evaporation).
A large number of theoretical or empirical equations have been developed to model
the relationship between equilibrium moisture content and relative humidity at a certain
temperature for different materials. Extensive research findings have been published for
agricultural products, but not much are available for forestry residues (Basunia & Abe, 2005;
Lahsasni et al., 2003; Mohamed et al., 2005b; Sun, 1999). Based on our previous research
work in Chapter 2, the modified-Oswin equation was found to provide the best fit for the
sorption processes pertinent to Aspen (Populus tremuloides). Therefore, we applied this
equation to calculate the equilibrium moisture content Me,

(

M e = A + B ⋅T / 1

rh

)

−1

1/ C

(3.4)

where rh is the relative humidity in decimal, Me is the equilibrium moisture content in
decimal (dry basis), T is ambient temperature in oC, and A, B and C are coefficients.
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3.3 Materials and methods

3.3.1 Materials
The Canadian Wood Fibre Centre and the Alberta-Pacific Forest Industries set up an
immature regenerating trembling aspen (Populus tremuloides) stands to enhance the
available volume of biomass at its disposal. The site is 24.8 ha in size, and is located in
central Alberta (~ 40 km north of Plamondon, Alberta, Canada; 55o2’N and 111o57’W).
After seven years of natural regeneration, the stand now consists of trembling aspen, balsam
poplar and white birch stems. All the biomass used as raw materials in this study was
obtained from the natural regenerating trembling aspen stand. Harvesting was done in April
2011 using a system that harvests and bundles the biomass in one process. The Aspen
materials were then delivered to the University of British Columbia, Vancouver. For the
experiment, the Aspen samples consisted of small-size stems, having a bark content around
25%. Pieces of Aspen with their bark intact were then cut to uniform length of 200-250 mm,
with diameter varying from 5-10 mm (Figure 2.1).

3.3.2 Experiment
In this study, experiments were conducted under controlled environment in the lab to obtain
the coefficients of the model. The coefficients a1, a2 and a3 in Eqs (3.2) and (3.3) were
determined by applying regression analysis (curve-fitting) to the data collected. A controlled
environment chamber (Temperature & Humidity Cabinet, Model LHU-113, ESPEC Corp.,
Japan) was used for the experiments. The materials were stored in a cold room at 4oC, and
equilibrated for 24 h before each test.
Two series of tests were conducted to study the sorption characteristics of Aspen.
Test series #1 was for desorption or drying process, with temperature ranging from 20 to
70oC. These tests were operated without simulated precipitation, which is relevant to the
coefficient a1 for the internal moisture (Eq 2). Test series #2 was conducted to study the
effect of simulated precipitation on the change of moisture with time under two temperatures,
20oC and 30oC, with the primary aim to determine the coefficients a2 and a3 in Eq 3. In the
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beginning of Test series #2, no water was sprayed on the material, and the material would be
expected to dry to a sufficiently low point close to the EMC via evaporation only; this would
enable the coefficient a3 to be determined. Subsequently, water was added to simulate
different amounts of rainfall; this was implemented to study the simultaneous effects of
evaporation and precipitation on external moisture content and thus estimate the coefficient
a2. The drying curves derived from Test series #2 can also be used to determine the
coefficient a1.
Natural precipitation was simulated by using a sprayer to deliver various amounts of
tap water to the materials, according to the average precipitation in Vancouver, BC, Canada
(Environment

Canada). The amounts of 25 ml, 50 ml, 75 ml and 100 ml delivered

correspond to 0.4 mm, 0.8 mm, 1.2 mm and 1.6 mm per hour, respectively. Samples with
mass of 330 g and moisture content around 40% (d.b.) were placed on a 310 x 200 mm
screen in single (thin) layer. The mesh with the materials was then placed in a plastic box to
allow for any water that percolates through the materials to be collected as leachate.
Replicate runs were performed for each test. For all tests, the change in mass of the materials
with time was recorded using a digital balance. The initial and final moisture contents of the
materials were measured in triplicate in a forced-air convection oven at 103°C for 24 h
according to ASABE Standards S358.2 (ASABE, 2010a). The evaporation rate of water
under different temperatures was simultaneously measured from a pan during the experiment.
The coefficients of the equations were estimated using the non-linear regression module in
MATLAB (The MathWorks Inc., MA, USA, 2011).

3.4 Results and discussion
Parameter estimation was performed for the coefficients of the simulation model, which are
pertinent to internal moisture content and external moisture content.

3.4.1 Internal moisture content
The change in internal moisture content within the materials is due to diffusion from inside
to the outer surface. Drying tests without precipitation were set up to obtain the coefficient a1
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in the internal moisture equation (Eq 3.2). The drying curves of Aspen at different
temperatures ranging from 20-70oC and the corresponding relative humidity are shown in
Figure 2.1. A relatively long drying period was required to enable the development of a
complete drying curve, including the EMC (equilibrium moisture content) point. At higher
temperatures, the moisture desorption rate increased, thus the EMC was lower and it took a
shorter time to reach the EMC. The change in the internal moisture content (bound water)
corresponds to the falling-rate period of drying. Bound water is more difficult to evaporate
due to the hydrogen bonds in wood, which becomes the limiting factor for the drying rate.
The reduction in drying rate with time was observed; evidently, temperature had a significant
effect on the drying rate of Aspen. A correlation between measured evaporation rate and
temperature (over the range 20-70oC) was developed, and it may be expressed as

Ep = −9 ×10−5 ⋅ T 2 + 0.0192T − 0.282

(3.5)

where Ep is evaporation rate (mm/h) and T is temperature (oC). Thus, in Eq (3.2), Ep varies
with temperature and a1 is a constant. The drying rate constant (k =a1Ep) was determined by
linear regression (MATLAB); thus the coefficient a1 was calculated as k/Ep and determined
from the drying curves to be 0.208 mm-1 on average.

3.4.2 External moisture content
When there is no precipitation, the equation that represents external moisture content
becomes:
dM s
= − a3 E p
dt

(3.6)

The drying rate for external moisture without precipitation is constant; this
corresponds to the constant-rate period of the drying process. During this period, the rate of
evaporation is highest and constant. Moisture (free water) keeps being removed from the
saturated surface.
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Figures 3.1 and 3.2 depict the changes in total moisture content, M, when subject to
the effects of precipitation and evaporation at 20oC and 30oC, respectively. The first drying
curve in both graphs represents the drying of the materials from its original moisture content
in the absence of precipitation (no water sprayed on the materials). After the samples were
dried to near EMC, water was added to simulate different amounts of rainfall. The coefficient
a3 was then determined during the constant-rate period according to Eq (3.6). For the drying
curves after each simulated rainfall or wetting event, the moisture content had a sharper
decrease at the beginning; it was then gradually reduced until the EMC was attained. This
may be attributed to the evaporation of the free water on the surface of the materials
(originating from precipitation), which preceded the evaporation of free water within the cell
capillary and then the bound water in the cell wall.

Figure 3.1. Change in total moisture content with time when biomass is wetted and dried
repeatedly at 20oC. This graph emulates frequent wetting of biomass due to rain
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Figure 3.2. Change in total moisture content with time when biomass is wetted and dried
repeatedly at 30oC
Figure 3.3 describes the relation between the drying rate and the instantaneous
moisture content at 20oC temperature. The data were derived from all of the 10 cycles in
Figure 3.1. The critical moisture content is defined by the intersection of the two straight
lines (y1 = C; y2 = b1x + b2), at which drying switches from the constant-rate period
(dominated by free water) to the falling-rate period (dominated by bound water). It depends
on the physical and chemical characteristics of the material being dried. After the critical
moisture content is attained, the drying process continues at a decreasing rate, until it reaches
the equilibrium moisture content. In Figure 3.3, a3 can be estimated from the line (y1 = C),
which equals C/Ep. A similar relationship was observed for the experiment conducted at
30oC temperature.
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Figure 3.3. Drying rate versus moisture content at 20oC

When there is precipitation, no evaporation was assumed to occur. The equation that
represents external moisture content would then take the following form,
dM s
= a2 P
dt

(3.7)

where P is the precipitation rate. The amount of water added had an impact on the
subsequent initial moisture contents. All of the increased moisture contributed to the change
in external moisture content. It is evident from Figures 3.1 and 3.2 that the initial moisture
content increased substantially when the amount of sprayed water on the wood was raised
from 0.4 mm to 1.2 mm per hour. However, further increase in the amount of simulated
rainfall from 1.2 mm to 1.6 mm per hour did not induce much greater change in the initial
moisture content, as water percolated through the thin-layer materials as leachate. Since the
leachate collected at the bottom of the box was not in direct contact with the materials, it is
assumed to have negligible contribution to moisture adsorption by biomass. The amount of
water held on the surface of the materials (620 cm2 surface area) was estimated to be 90 ml;
simulated rainfall over this adsorption capacity would generate leachate. The changes in
external moisture contents were used to calculate the coefficient a2 based on Eq (3.7).
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In order to estimate the coefficients a2 and a3 by MATLAB, a restriction was placed
on the external moisture content ( M s ≥ 0 ). The coefficient a1 may also be estimated from the
falling-rate period of the drying curves in Figure 3.1 and Figure 3.2, whereby the measured
Ep which follows the empirical relation (Eq 3.5) were used in the calculations.
The ranges of estimated values for the three coefficients are illustrated in Figure 3.4.
They are all seen to fluctuate by no more than 25%, 16% and 13% for a1, a2 and a3 around
their respective means; no obvious trends were observed after several cycles of re-wetting.
The coefficient a1 varies from 0.15 to 0.24 mm-1, while a2 and a3 ranges from 0.11-0.15 mm-1
and 0.21-0.26 mm-1, respectively. According to the data presented in Figure 3.4, the average
values of a2 and a3 are 0.129 mm-1 and 0.239 mm-1, respectively. The overall average value
of a1 is 0.206 mm-1 based on the two series of tests, with an error parameter (standard error
of estimation SEE) of 0.026, whereas the SEE for a2 and a3 are 0.01 and 0.024. The small
SEE values demonstrate that the model is well-calibrated with these coefficients.

Figure 3.4. Variation of the three coefficients with the number of simulated precipitation
(wetting) events at 20oC and 30oC (a1: ∆; a2: ▪; a3: ●)
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In Nilsson’s study on wheat straw, the three coefficients a1, a2 and a3 were estimated
to be 1.2 mm-1, 0.23 mm-1 and 0.18 mm-1, respectively. The large difference in the
coefficient a1 between our study and Nilsson’s implies it is more difficult to evaporate the
internal moisture of Aspen than wheat straw under the same environmental conditions. That
straw could be readily dried to an equilibrium moisture content as low as 0% (Stewart &
Lievers, 1978) verified its higher evaporation capability versus Aspen. The higher value of a2
for wheat straw suggests that it is more sensitive to precipitation; as a result wheat straw
could gain more moisture than Aspen when exposed to the same amount of precipitation.
It shall be noted that the coefficients (a1, a2 and a3) derived from the experiment are
relevant to the Aspen stem materials with diameter 5-10 mm and length 200-250 mm. If
materials with different dimensions are used, the surface area-to-volume ratio will change
and the values of these coefficients will be different. The model is being applied to describe
the moisture relations for covered and uncovered Aspen materials during long-term storage
under natural weather conditions.

3.5 Conclusion
In this chapter, a mathematical model was adopted to simulate the wetting and drying of
lignocellulosic biomass. The moisture of Aspen is divided into two parts, internal moisture
content (bound water) and external moisture content (free water), which exchanges with the
surrounding environment by evaporation and precipitation. The time-dependent internal
moisture content was represented by the Lewis equation. The change of external moisture
content

is

modeled

on

the

basis

of

evaporation

versus

precipitation.

Aspen

(Populus tremuloides) stems were used in the experiment for calibrating the model. The three
coefficients of the model were estimated to be 0.206 mm-1, 0.129 mm-1 and 0.239 mm-1, with
small standard errors of estimation.
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Chapter 4. Model application for moisture variation of Aspen bales
4.1 Introduction
Aspen is a readily available hardwood biomass source for chipping and making standard
grade or premium grade fuel pellets depending on its ash content. After harvest, large
quantities of high moisture biomass are piled or baled, and then left in the field for storage.
These materials will be exposed to various weather conditions during storage for up to one
year prior to transportation, and they will adsorb or desorb moisture continually from the
surrounding environment. The variation of moisture content in Aspen exerts an influence on
its quality such as calorific value upon utilization (Pettersson & Nordfjell, 2007).
The moisture of the materials will vary when subject to natural weather conditions
during storage in the field. In the event of precipitation, the moisture content of the materials
will increase, whereas the materials will lose moisture during dry season with high
temperature and low relative humidity. When the moisture in the material is in balance with
the surrounding atmosphere, it reaches the equilibrium moisture content (Silakul & Jindal,
2002).
Since the raw materials are usually dried to a certain degree before processing and
utilization, it would be beneficial to estimate the moisture content of the materials before
drying. Being able to predict the moisture content can help to better understand and manage
the storage process in the field in order to minimize the losses in calorific value. This
information can also be utilized to design a cost-effective natural drying process, thus
minimizing the energy consumption.
The model for simulating the moisture sorption during storage has been described in
Chapter 3, section 2. The time-dependent moisture content of Aspen is divided into internal
and external moisture contents, which represent the bound water and free water associated
with the wood, respectively. The materials exchange moisture with the surrounding
environment through evaporation and precipitation. The internal moisture equation originates
from the Lewis’ equation, while the change in external moisture content is related to the
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differences between evaporation and precipitation. Several research studies have been done
on the drying and wetting processes of wheat straw and cut flax in the field (Nilsson, 1999;
Nilsson & Karlsson, 2005; Stewart & Lievers, 1978). However, previous researches have not
studied the processes of drying and wetting Aspen (Populus tremuloides) upon exposure to
the natural weather conditions when these materials are left in the field after harvest, and
before delivery to the plant. The objectives of this Chapter are to apply a lumped model for
simulating the moisture variations of the Aspen materials, with available weather data as
inputs, and to verify the model with data collected from field tests.

4.2 Model description
The model is comprised of a series of equations that describe various processes involved in
drying and wetting. Some of the equations presented in this section have been shown in
Chapters 2 and 3.

4.2.1 Moisture content
As described in Chapter 3, section 2, the moisture content of biomass is estimated as the sum
of internal and external moistures,

M = Mi + M s =

mass of internal water mass of external water
+
total dry mass
total dry mass

(3.1)

where M is the overall moisture content, Mi is the internal moisture content, and Ms is the
external moisture content, all of which are expressed with reference to the total mass of dry
matter (that is, dry mass basis).
The internal moisture content and external moisture content are represented by the
following equations (Lewis, 1921; Nilsson, 1999),
dM i
= − a1 E p ( M i − M e )
dt

(3.2)
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dM s
= a2 P − a3 E p
dt

(3.3)

where a1 is a coefficient (mm-1), Ep is the potential evaporation rate (that is, evaporation rate
of water from a free surface or open water) (mm/d) and Me is equilibrium moisture content
(dry basis, decimal). P is precipitation rate (mm/d), a2 and a3 are constants (mm-1). During
simulation, Ms is restricted to be ≥ 0.
When the moisture content of the Aspen matertials are low and the surrouding
environment is humid, they adsorb water from the air. According to Chapter 2 section 3.1,
The adsorption process of the mateirals is expressed by a exponential model
dM i
= ka ( M e − M i )
dt

(4.1)

where ka is the adsorption rate constant, which is related to temperature and relative humidity.
Its value was determined by fitting a regression equation to the experimental data as follows :
k a = − 0.87 + 0.017T + 0.92 rh − 0.009122 ⋅ T ⋅ rh

(4.2)

where T is ambient temperature (oC), rh is relative humidity (%).
It is assumed that the lumped model describes the moisture content of Aspen bales
during prolonged storage (months). Moisture is assumed the same everywhere within the
bale. Hence, the moisture content estimated by this model represents the average value
within the bales.

4.2.2 Equilibrium moisture content
Based on Chapter 2, section 3, the Modified-Oswin equation was found to provide the best
fit for the sorption processes pertinent to Aspen (Populus tremuloides). Here, this equation
was applied to calculate the equilibrium moisture content Me,

(

M e = A + B ⋅T / 1

rh

)

−1

1/ C

(3.4)
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where rh is the relative humidity in decimal, Me is the equilibrium moisture content in
decimal (dry basis), T is ambient temperature in oC, and A, B and C are coefficients.

4.2.3 Evaporation rate
In Eq (3.2) and (3.3), the evaporation rate is estimated by the modified Penman equation as
proposed by Shuttleworth (Penman, 1948; Shuttleworth & Evaporation, 1993):

Ep =

Δ ⋅ Rn + γ ⋅ 6.43 (1 + 0.536 ⋅ u ) δ e
λ (Δ + γ )

(4.3)

where Ep is evaporation rate (mm/d), Rn is net radiation (MJ/m2.d), u is wind speed (m/s), δe
is vapor pressure deficit (kPa), ∆ is the slope of the saturation vapor pressure curve (kPa/oC),
γ is the psychrometric coefficient (kPa/oC), and λ is the latent heat of vaporization (MJ/kg).
Net radiation comprises net short-wave (solar) radiation and net long-wave radiation. Net
solar radiation is that portion of the incident solar radiation captured by the biomass taking
into account losses due to reflection. The albedo of the Aspen materials was assumed to be
0.18; this value is similar for deciduous trees (Barry & Chorley, 2009). Psychrometric
relations (ASABE., 2010) were used to calculate the saturated vapor pressure, as well as the
latent heat of vaporization. Some of the parameters in Eq (4.3) are calculated by the
procedure outlined by Allen et al (1998). ∆ and γ were calculated by:

 17.27T 
2504exp 

 T + 237.3 
Δ=
2
(T + 237.3)

(4.4)

λ = 2.501 − 0.002361T

(4.5)

γ = 0.00163

Patm

λ

(4.6)

where T is air temperature (oC), and Patm is atmospheric pressure (kPa).
Vapor pressure deficit is defined by the following expression,
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δe = es − ea

(4.7)

where, es is saturation vapor pressure (kPa) and ea is actual vapor pressure of ambient air
(kPa) at the given temperatures.
Net radiation is the balance of the incoming net shortwave radiation (Rns) and the
outgoing net longwave radiation (Rnl). Net radiation is generally positive during daytime and
negative during nighttime. It provides the energy to drive the evaporation process.

Rn = Rns − Rnl

(4.8)

As a component of net radiation, the net shortwave radiation is expressed as:
Rns = (1 − α ) Rs

(4.9)

where α is albedo or reflection coefficient [dimensionless], Rs is the incoming solar radiation
(MJ/m2.d).
And the net longwave radiation is given by:

 Tmax, K 4 + Tmin, K 4 


Rs
Rnl = σ 
− 0.35 
 0.34 − 0.14 ea 1.35
Rso
2





(

)

(4.10)

where σ is the Stefan-Boltzmann constant [4.903×10-9 MJ K-4 m-2 day-1], Tmax,K is the
maximum temperature during the day [K], Tmin,K is the minimum temperature during the day
[K] and Rso is the clear sky radiation (MJ/m2.d). Rs/Rso is relative shortwave radiation, which
has a value less than 1.0.

4.2.4 Parameter estimation
Lab-scale experiments were conducted, as described in Chapter 3, section 4 to determine the
coefficients a1, a2, a3 in Eq (3.2) and (3.3) of the model. This was done for model calibration
purposes. The Aspen materials were subject to periods of artificial precipitation and
evaporation under constant temperature in a controlled environment chamber. Time-
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dependent moisture data along with pan evaporation rates were collected and used to
estimate the parameters of the equations. The coefficients a1, a2, a3 were estimated to be
0.206 mm-1, 0.129 mm-1 and 0.239 mm-1, respectively, with small standard errors of
estimation.

4.3 Materials and methods

4.3.1 Model structure and simulation procedure
A flow chart of the model for estimating the time-dependent moisture content of the
materials is shown in Figure 4.1. The time step (Δt) in the model is 1 day. When the running
cycles reach the total simulation time n, the procedure ends. The model is implemented and
executed using MATLAB (MathWorks Inc., MA, USA 2011).
The moisture content of bales is measured at the beginning of the storage period and
that provides the input as the initial value in the simulation. After starting the program (t = 0),
the first step is to calculate the equilibrium moisture content (EMC) using temperature and
relative humidity. The EMC is then compared to the instantaneous total moisture content to
decide the sequent sorption process. If EMC is larger than bale moisture, the simulation
would proceed to the adsorption equation; otherwise, desorption process would take over.
When it is the desorption process, the EMC is further compared to internal moisture content.
If internal moisture content is larger than EMC, both internal and external moisture contents
would be recalculated by Eqs (3.2) and (3.3). Otherwise, the external moisture content would
be calculated by Eq (3.3) while the internal moisture content stays the same. A restriction is
applied such that the external moisture content could not be less than 0. The total moisture
content is the sum of internal and external moisture contents. After the new total moisture
content is obtained at time t+Δt, the program will proceed to the next cycle until time t = n.
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Figure 4.1. Flow chart of the model to calculate the moisture content of
Aspen materials at time t
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4.3.2 Field Test
The Canadian Wood Fibre Centre and the Alberta-Pacific Forest Industries set up an
immature regenerating trembling aspen stands to enhance the available volume of biomass at
its disposal. The site is 24.8 ha in size, and is located in central Alberta (~ 40 km north of
Plamondon, Alberta, Canada; 55o 2’ N and 111o 57’ W). After seven years of natural
regeneration, the stand now consists of trembling aspen, balsam poplar and white birch stems.
All the biomass used as raw materials in this study was obtained from the natural
regenerating trembling aspen stand. Harvesting was done in April 2011 using a system that
harvests and bundles the biomass in one process.
Four Aspen bales received from a natural regenerating trembling aspen stand in
central Alberta were used in the field experiment (Figure 4.2). The bale is cylindrical in
shape, with dimensions 1.24 x 1.24 m (length and diameter), giving a volume of 1.4 m3 and
bulk density of 190 kg/m3. Data was collected for one year from June 2011 to May 2012.
Two bales (#1 and #2) were stored in an open field as replicates; they were uncovered and
exposed to outdoor weather conditions, at the Vancouver campus of the University of British
Columbia (UBC). Bale #1 was oriented East-West, while bale #2 was placed in North-South
orientation. The other two bales (#3 and #4) were placed under cover (3.6 m x 3.6 m tent), as
replicates, and were protected from direct solar radiation and precipitation. The side walls of
the tent are made of mesh which can prevent passage of insects and rain drops but help the
air circulation. Bale #3 and #4 were also placed as East-West orientation and North-South
orientation, respectively. Each bale was placed on a pallet in order to prevent the adsorption
of soil moisture and become muddy. Once a month, approximately 100 g of sample was
collected from a number of spots in each bale. The samples were mixed and reduced to
smaller pieces for moisture content determination. The moisture content thus obtained is an
average value, and it was used to verify the model.
Temperature of the biomass was measured using several thermocouples inserted in
various places within the bale, and automatically logged (Appendix C). A weather station
was located in the Department of Earth and Ocean Sciences at UBC, 200 m from the test site.
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The following weather data were recorded daily: temperature, precipitation, wind speed,
solar radiation and relative humidity.
The data thus collected from the field test were used to verify the model.
Subsequently, model application was extended to predict the moisture content of a bale with
transparent cover, with an aim to assess the effect of protection from precipitation while
allowing solar radiation to penetrate. Hence, solar radiation would affect the evaporation rate
of the materials. Nowadays, transparent water-proof covers are available for sheltering piles
of logging residues from rain, snow and ice in the field. The sides of the pile can still remain
open in order to allow moisture to evaporate.

Figure 4.2. Stored Aspen bales at UBC (uncovered: bales #1 and #2;
covered: bales #3 and #4)

4.4 Results and Discussion

4.4.1 Model application
Field experimental data and the data collected from the weather station were used for model
validation purposes. The weather data (temperature, relative humidity and precipitation)
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during the storage period (June 2011-May 2012) are shown in Figures 4.3-4.5. The climate
may be described as warm and dry in summer time (June-September 2011) and then (AprilMay 2012), as compared to the cool and wet climate conditions (November 2011-March
2012). Temperature was high around 20oC in late August and September and occasionally
reaching 24oC. Temperatures averaged around 17oC in the summer, and gradually decreased
to average 5oC during late fall to early spring. On some days, the temperature dropped to
below zero. Relative humidity was seen to fluctuate around 70% during summer and around
85% in the winter. At times, the relative humidity reached almost 95% amidst frequent
precipitation during November-March. During this period, the average daily precipitation
was 12 mm. Considerable precipitation over 15 mm was observed for a few days. In some
days, the daily precipitation reached as high as 40 mm. Precipitation was also quite frequent
in April; however, the daily amount was smaller than those in the wet season. By comparison,
it is obvious that there was little precipitation during the period June-September; in particular,
precipitation was observed only once in August, and the climate in May was dry relative to
April.
The calculated values of net radiation (using Eqs 4.8-4.10) are displayed in Figure 4.6.
It is the radiation captured by the biomass, which is partially related to evaporation. The
value of net radiation is seen to range from -2 to 18 MJ/m2.d. The net radiation was as low as
zero and sometimes negative in the November-March period, as compared to a high average
value of 10 MJ/m2.d during the April-September period. This is compatible with the sunny
summer and rainy winter.
The daily evaporation rates for both the covered and uncovered bales were calculated
based on Eq (4.3) and results are presented in Figures 4.7 and 4.8, respectively. The
computed evaporation rates of 2-5 mm/d associated with the uncovered bales were high from
June to September when solar radiation was revealed as the dominant driving force (Figure
4.7). Evaporation rates had a pronounced decrease from late fall through winter to early
spring (0.2-2 mm/d) when vapor pressure deficit and wind speed became the main driving
forces. Again, the reverse trend was observed as of March. By comparison, from Figure 4.8,
the computed evaporation rates of the covered bales were significantly lower, ranging from
0-2 mm/d for the whole year; the evaporation rates were higher in summer and spring and
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lower in winter, which exhibits a similar trend as the uncovered bales. As the evaporation
rates of the covered bales were unaffected by solar radiation, again, vapor pressure deficit
and wind constituted the two major driving forces.
With the daily weather data as inputs, the simulation then proceeded to predict the
moisture contents of the baled Aspen materials during storage by applying Eqs (3.1) to (3.3)
and (4.1), and implementing a time-step of one day. Results are shown in Figures 4.9 and
4.10, along with the moisture contents that were measured once a month. For initial
conditions, Mi and Ms values were assumed to be 90% and 10% of the initial total moisture
content, M, respectively. This assumption was based on the fiber saturation point of woody
biomass (Perré, 2007) and the measured initial moisture content of the Aspen bales.
Samples were taken from different locations within the bales. For the covered bales
(#3 and #4), results indicated small variations, for instance, 16-19% (wet basis) or 19-23%
(dry basis) during the wet season. However, for the uncovered bales (#1 and #2), larger
variations were observed; for instance, the moisture content ranged from 29-42% (wet basis)
or 41-70% (dry basis).
For the uncovered bales, the measured moisture contents of materials were low,
around 10% dry basis in the beginning. It increased gradually to around 20% dry basis in
August. The moisture content had a sharp increase to 90% dry basis in November due to the
frequent precipitations. Subsequently, the moisture content fluctuated around 70% dry basis
from January to April. The measured moisture contents of the uncovered bales #1 (E-W
orientation) and #2 (N-S orientation) showed similar values when moisture content was
lower than 40% dry basis. During wet and cold season, the moisture content increased and
the difference in moisture content between two bales increased. However, the trends of
moisture content for both bales were similar. There is no obvious correlation observed
between bale orientation and moisture content. The predicted high moisture contents of the
Aspen materials across the winter months were compatible with the intensive rain and low
evaporation rate during that period (Figure 4.9). It can be seen that the trend of measured
moisture contents follows the trend of calculated moisture contents reasonably well, despite
some larger deviations of the measured versus predicted values. Overall, the percent

66

differences between the predicted and actual values for bales #1 and #2 are 18.6% and 30.4%,
respectively.
As for the covered bales, the predicted and measured moisture contents are illustrated
in Figure 4.10. The measured moisture contents had a smaller range compared to the
moisture contents of the bales without cover. From June to September, the moisture contents
were low, around 15% dry basis. The moisture contents increased to 25% dry basis in the
winter time, and dropped back to 17% dry basis on average in spring time. The trends of the
moisture content for both bales (with different orientations) were similar during the one-year
storage period. In general, there was no big difference between the moisture contents of the
two bales, except for July 2011 and February 2012. The predicted moisture content increased
as of October, and then slightly decreased as of March. This pattern is in line with the high
relative humidity and low evaporation rates during the period. Overall, the predicted
moisture content differed from the measured values by 14.2% and 12.7%, for bales #3 and #4,
respectively. However, like the case of the uncovered bales, the trends of these two sets of
values (predicted versus measured) are also compatible.

Figure 4.3. Daily mean air temperature for Vancouver, British Columbia
from June 1, 2011 to May 31, 2012
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Figure 4.4. Daily air relative humidity for Vancouver, British Columbia
from June 1, 2011 to May 31, 2012

Figure 4.5. Daily precipitation for Vancouver, British Columbia
from June 1, 2011 to May 31, 2012
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Figure 4.6. Daily net radiation from June 2011 to May 2012

Figure 4.7. Calculated daily evaporation rate for the uncovered bales
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Figure 4.8. Calculated daily evaporation rate for the covered bales

Figure 4.9. Predicted and measured moisture contents of the uncovered Aspen bales (bale #1
and #2) in the field (June, 2011 to May 2012)
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Figure 4.10. Predicted and measured moisture contents of the covered Aspen bales (bale #3
and #4) in the field (June, 2011 to May 2012)
4.4.2 Prediction of the moisture content of a bale with transparent cover
The model was extended to predict moisture contents of a bale with transparent cover. With
this type of cover, the materials can be protected from precipitation but not solar radiation.
The logging residues left in the field typically have moisture content as high as 50% wet
basis (equivalent to 100% dry basis). Hence, the simulation started with an initial moisture
content of 50% wet basis. The weather data records during the 2011-2012 period were again
used as inputs to the simulation model. The predicted results are shown in Figure 4.11.
Moisture content of the covered bales keeps decreasing from June to September as
the weather is warm and dry together with adequate sunshine in this period. Accordingly, the
evaporation rate is relatively high during these four months, leading to a continuous
reduction of moisture to around 13% dry basis in the materials. As the climate becomes cool
and wet from November to March, the predicted moisture content is seen to increase
somewhat and fluctuate around 25% dry basis. This increase in moisture content may be
attributed to the high relative humidity of 85-90% in the surrounding atmosphere, which
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leads to moisture adsorption by the materials. However, there is no large increase in moisture
content as the bales are protected from precipitation. When it progresses to April and May
with warmer and drier climate conditions, the moisture in the materials starts to evaporate
again.
The predicted moisture contents in this case demonstrate that the natural drying
process could be effectively improved by sheltering the bales under a transparent cover.
Although the final moisture content has not yet reached a sufficiently low value which makes
the material suitable for pelletizing if it needs be, the natural drying process can already help
to reduce energy consumption. Thus, the lumped model adopted in this study may be used to
estimate the moisture variations in the biomass when subject to various weather conditions,
at least as a first approximation.

Figure 4.11. Predicted moisture contents of Aspen bale placed under a transparent cover
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4.5 Conclusion
A lumped model was applied to predict the moisture relations for Aspen materials. With the
inputs of available weather data which include temperature, relative humidity, wind speed,
solar radiation and precipitation, the model was able to estimate the daily evaporation and
hence the moisture content of Aspen under both covered and uncovered conditions during
the one-year storage period (June 2011-May 2012).
For the uncovered bales, the predicted moisture contents fluctuated around 20% (dry
basis) in the summer time. The high moisture contents of the materials estimated during the
November-March period were in line with the low temperature and high precipitation
conditions. By comparison, for the covered bales, higher moisture contents as predicted for
the period extending from October to March result from the low evaporation rates which
corresponded to high relative humidity conditions. On average, the predicted moisture
contents were 24% and 14% different from the actual values, for the uncovered bales and the
covered bales, respectively. Nevertheless, the measured moisture contents exhibited the same
trend as the predicted moisture contents for both situations.
The model was extended to predict the moisture content of a bale with transparent
cover, such that the materials are protected from precipitation but not solar radiation. Results
show that the natural drying process could be speeded up and effectively improved by
sheltering the biomass.
In conclusion, the lumped model presented in this thesis research may be used as a
first approximation, and applied to estimate the moisture content of Aspen or similar biomass
during relatively long-term field storage with a reasonable degree of accuracy.
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Chapter 5. Gas emissions from stored Western Red Cedar chips
5.1 Introduction
Due to the non-renewable of nature of fossil fuels and their negative impacts on the
environment, the utilization of alternative fuel to generate heat and power has become an
important element of sustainability in today’s world. Biomass has been increasingly used due
to its notable lower GHG and criteria air pollutant emissions as compared to fossil fuels, and
no regional restrictions as compared to other renewable energy sources such as wind and
solar (Zhang et al., 2009). The development of bioenergy and biomaterials from sustainable
biomass will lead to a new scene of industry (Ragauskas et al., 2006). In Canada, many clean
energy projects have been put in place. A large amount of lignocellulosic biomass are
converted to biofuels and integrated into the energy generation systems.
Gas emissions (CO2, CO, CH4 and volatile organic compounds VOCs) from woody
biomass storage systems have been studied in recent years. Leinonen and Tutkimuskeskus
reported the emission of considerable VOCs that are mainly terpene compounds from woody
biomass (Leinonen & tutkimuskeskus, 2004). The major VOCs emitted from stored wood
pellets were aldehydes, some of which are known to cause irritation to the respiratory system
(Hagstrm, 2008). Svedberg identified that the storage of wood pellets led to the emission of
high levels of hexanal as a result of the general degradation processes of wood (Svedberg et
al., 2004). VOCs are also generated during wood drying. For instance, Granstroem and
Mansson (Granstrom & Mansson, 2008) suggested that formaldehyde, a common VOC
produced during wood drying, has short-term health effects such as eye and throat irritation,
and factors such as temperature and moisture content would affect the emissions from the
materials. Arshadi et al. found that high temperatures used for drying sawdust led to higher
emissions of aldehydes and ketones from pellets (Arshadi et al., 2009), whereas Stahl et al.
observed increases in the total amount of VOCs, including the faster release of terpenes with
increased drying temperature (Stahl et al., 2004).
In terms of CO2, CO, and CH4 emissions, higher emission factors were associated
with higher temperatures, whereas increased relative humidity in the enclosed container
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increased the rate of gas emission and a corresponding depletion of oxygen (Kuang et al.,
2009; Shankar et al., 2008). Wihersaari (Wihersaari, 2005a) concluded that the CO2
emissions from fresh forest residues were almost three times higher than the dried materials,
and suggested that mixing the heaps during the storage period would probably cause
increased emissions rates. Rupar and Sanati investigated wood chip piles in an existing
terminal storage and revealed an increase in air emission when the temperature directly
above the pile increased; also, more terpenes were released with a greater amount of
precipitation (Rupar & Sanati, 2005). In a lab-scale study of gas emission from stored fresh
Douglas fir residues by He et al., results showed that higher temperature led to higher gas
concentrations and greater dry matter losses (He et al., 2012).
Emissions of CO, CO2 and CH4 are likely due to biodegradation and auto-oxidative
reactions of organic constituents naturally present in wood (Kuang et al., 2008). CO2 can be
generated from thermal oxidation, aerobic biodegradation or anaerobic biodegradation.
Svedberg et al. and Arshadi and Gref postulated that CO is formed from the auto-oxidative
degradation of lipids and fatty acids present in wood, and storage temperature is one of the
critical factors (Svedberg et al., 2004; Svedberg et al., 2008) (Arshadi & Gref, 2005).
Hellebrand and Schade suggested that CO generation is independent of microbial activity in
the feedstock, but is promoted by increased temperatures and available oxygen (Hellebrand
& Schade, 2008). Moreover, CO produced from plant litter was most likely caused by
thermochemical oxidation rather than a biological process (He et al., 2012). Some organic
acids such as acetic acid are likely to be emitted from the breakdown of wood hemicellulose
(Johansson & Rasmuson, 1998). The extractives in wood have also been realized as one
source of VOCs; aromatic and ether extractives are released when temperature increases.
Under low temperature, the breakdown of polysaccharides and functional groups of
hemicellulose and lignin result in the emission of methanol, light aldehydes, formic acid and
acetic acid as the major substances (Koppmann et al., 2005).
Recently, the University of British Columbia (UBC) has installed a gasification plant
as part of a District Energy System on campus at Vancouver, BC, Canada. Western Red
Cedar (WRC) chips are being considered as a possible fuel for this plant. Other biomass
feedstocks such as spruce-pine-fir residues and urban tree trimmings and wood waste are
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also used. WRC is an abundant softwood species in British Columbia. The residue from
WRC harvest can be used in the form of chips or pellets for combustion, or converted to
liquid biofuels (Liu et al., 2010; Nakamura et al., 2010; Zhang et al., 2011). Problems
pertinent to the storage of high moisture WRC include gas emissions, odours, dry matter
losses and fire risk (Rentizelas et al., 2009). Western Red Cedar is known to have a higher
extractives (around 10%) than other wood species (for instance, Douglas Fir 5.9%)
(Gonzalez, 1997). Cellulose content is slightly lower but the lignin content is higher than
other species. Hemicellulose compounds are in the same range (13-14%). Potential emissions
from storage and drying of cedar chips have generated concerns about the storage and
utilization of WRC than other wood species.
The objective of this chapter is to quantify gas emissions from Western Red Cedar
under different storage conditions. Findings from this study can provide the data required for
assessing the potential impact of emissions from stored Western Red Cedar on the
environment and human health. This can assist in the better handling and management of
fresh biomass prior to their utilization in different energy production processes.

5.2 Materials and methods

5.2.1 Materials
Western Red Cedars (WRC) are harvested in British Columbia, primarily on Vancouver
Island and mid and south coast of British Columbia, Canada. Subsequently, the logs are
transported in water booms and tug-boated to sawmills in the Lower Mainland Vancouver
area. The residual chips are created from waste wood which is cut off to make the
appropriately sized products for sale as boards, siding and fencing. They are taken from a
chipper, which chips and screens the chips for fines and oversized pieces, leaving a uniform
chip for pulp or for bioenergy applications.
Fresh WRC chips as shown in Figure 5.1 were obtained from a recycling yard in
Langley, BC. The chips were stored in a cold room at 4oC at the UBC laboratory. The chips
had an average size of 10-20 mm, as measured by the Gilson Testing Screens TS-1 and TS-2
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(Gilson Company, Worthington, Ohio). Moisture content of the samples was determined in
triplicate in a forced-air convection oven at 103°C for 24 h according to ASABE Standards
S358.2 (ASABE, 2010a). Initial moisture content of the chips was around 50% (wet mass
basis). A number of glass containers (2L) were fitted with valves and sampling ports and
assembled. Each glass container (reactor) was loaded with 330 g wood chips. The wood
chips with initial moisture content of 35% (wet basis) were also used to study the gas
emissions.

Figure 5.1. Western Red Cedar chips as received from the recycling yard. The size of chips
varied from 30-80 mm in length on average
5.2.2 Experimental setup
Two series of tests were conducted in order to simulate the storage environment, one under
aerobic and the other under non-aerobic conditions. The materials in a pile experience
different environmental conditions depending on the availability of oxygen. Biomass in the
outer layers of pile close to the surface may be assumed to be more aerobic due to adequate
oxygen supply from the air. However, at a certain depth from the surface, it may be subject
to non-aerobic conditions after a period of time because of oxygen deficiency. At the
extreme, the inner core of the pile may even experience anaerobic condition due to a
complete lack of oxygen.
Ten reactors were divided into two equal groups. As shown in Figure 5.2, nonaerobic reactors were sealed at all times to study gas emission under airtight (non-aerobic)
conditions. Air was pumped into the aerobic reactors after daily gas sampling event in order
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to replenish and maintain a high oxygen level (aerobic condition) in the reactors. After the
reactors were loaded with the materials, they were sealed and placed either in a cooler at 5oC,
or in ovens with temperature maintained at 20oC, 35oC, 45oC and 50oC. The range of
temperature adopted for the test represents cool to hot climate conditions in different
geographic locations, and involving seasonal variations. As in summer time, some part
within the pile can heat up to as high as 50oC with the help of solar radiation and microbial
activities. Two replicates were performed for each test. In all cases, the experiment was run
for approximately two months. The same experimental procedure was also conducted on the
gas emissions from wood chips with initial moisture content of 35% (wet basis).

Figure 5.2. Left reactors for aerobic tests were ventilated every 24 hours during the
experiment. Right reactors for non-aerobic tests remain sealed
for the duration of the experiment
5.2.3 Gas emission measurement
The concentrations of CO2, CO and CH4 along with O2 were analyzed by gas
chromatography (Model SRI 8610C, Mandel, USA). The GC was calibrated regularly with
the corresponding standard gases. A GC/MS analyzer (Model 5975B/6890N, Agilent
Technologies, USA) was used for qualitative analysis of the VOCs. During each sampling
event, gas sample was drawn from each reactor to measure CO2, CO, CH4 and O2
concentrations. Gas sampling occurred daily for the aerobic reactors, while gas samples from
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the non-aerobic reactors were measured more frequently in the earlier period of the test.
250µL gas sample was drawn from each reactor to analyze the VOC composition. The
examples of GC, GC/MS spectra are shown in Appendix D.
For the aerobic reactors, the total concentration of VOCs (TVOC) was measured by a
portable VOC monitor (Model PGM, RAE Systems, San Jose, CA) on a daily basis. For the
reactors under non-aerobic conditions, the same procedure cannot be applied since this
would cause a larger amount of gases to be released from the reactor, thus affecting the
accuracy of gas analysis for the remaining test (storage) period. Hence, TVOC for nonaerobic containers was measured at the end of the test period.

5.2.4 Microbial analysis
At the end of all tests, chip samples were taken from each reactor and sent to a microbiology
laboratory in Vancouver, BC for microbial analysis. The methodology used for total bacterial
counts followed the MFHPB-18 Standard (Canada Health, 2001); and enumeration of yeasts
and molds in the samples was performed using MFHPB-22 Standard (Canada Health, 2004).

5.2.5 Data analysis
In this study, the emissions of CO2 and CO are expressed as emission factors, in units of
[gram gas species per kilogram dry matter DM). Emission factor is a cumulative parameter.
For the non-aerobic (airtight) reactors, the gas concentrations are expected to accumulate
with time. For the aerobic reactors, the day-to-day gas concentrations will not accumulate,
and emission factor would be calculated based on the sum of the daily gas concentrations.
The measured gas concentrations were converted from volumetric percentage to
emission factors by using the N2 balance method (Kuang et al., 2009), assuming that nitrogen
would not be consumed during the test period. At constant temperature and pressure, the
emission factor f in [g/kg DM] is related to volumetric gas concentration Ci as follows
(Appendix B):
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fi =

Ps ( CV
i ) M wt Cn 0
RTmCnt

(5.1)

where i is the gas species, Ps is absolute pressure of gas in the container (Pa), Ci is
volumetric concentration of a particular gas (m3 of gas species per m3 of gas going through
the GC), V is gas volume in the reactor (m3), Mwt is gas molecular weight (g/mol), Cn0 is
initial concentration of nitrogen (%), Cnt is the concentration of nitrogen at time t (%), R is
universal gas constant (8.31 J/mol.K), T is temperature (K), and m is the total mass of
materials in the container (kg). The gas volume is the numeric difference between the
volume of container and volume of chips. Change in pressure during the whole test was
assumed to be minimal in general.

5.3 Results and discussion

5.3.1 Gas emissions

5.3.1.1 Non-aerobic conditions
Results from the non-aerobic reactors in terms of emission factors are shown in Figure 5.3.
For each temperature, the CO2 emission factor (fCO2) increased gradually due to the
accumulation of CO2 with time. It is evident that the emission factors were the highest at
20oC followed by 35oC, but the emission factors were substantially reduced at temperatures
of 45 and 50oC. The CO2 emission factor was also lower at 5oC. The trends of the CO2
profiles were exactly opposite to the O2 profiles for all temperatures. After about three weeks,
fCO2 from the 20oC reactor reached a plateau of 2.8 g/kg DM as oxygen content was depleted
to nearly 0%. This value corresponds to a CO2 concentration of 16% (on volumetric basis).
For the 35oC reactor, fCO2 increased to an asymptotic value of 2.7 g/kg DM after 45 days
storage. By comparison, fCO2 increased slowly at 5, 45 and 50oC, reaching only 1.1, 0.6 and
0.4 g/kg DM (or, CO2 concentration 2-7%), respectively after 60 days’ storage, implying that
CO2 generation could be dominated by biological mechanism rather than chemical
mechanism.
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Based on the CO2 emission data (Figure 5.3a), the effect of temperature on CO2
emission factors was analyzed and plotted in Figure 5.4. The quadratic polynomial
( f = aT 2 + bT + c ) was found to fit well to the data recorded at storage times beyond day 5.
The coefficients (a, b, c) have different values for each curve at different times in Figure 5.4.
Again, it shows that fCO2 is the highest at 20oC, supporting the postulation that the generation
of CO2 was dominated by biological mechanism rather than chemical mechanism.
CO was only observed to emit from the 35, 45 and 50oC reactors (Figure 5.3b). For
each temperature, the CO emission factor fCO increased gradually with time, though it is two
orders of magnitude less than the CO2 emission factor. Furthermore, fCO increased
significantly with temperature, being 0.033 g/kg DM at 50oC vs. 0.002 g/kg DM at 35oC at
the end of storage, and this trend is opposite to that observed for CO2. In general, CO
generation is due to the chemical oxidation of materials and is promoted by increased
temperature and the availability of oxygen. Our observations support this mechanism.
Biomass can be decomposed both chemically and biologically. When chemical
oxidation is dominant, the emitted gases will generally increase with increasing temperature
according to the Arrhenius kinetics relationship. Temperature is among the most important
environmental factors that control biological processes, whereby responses to temperature
can be categorized in terms of three cardinal temperatures, namely the base or minimum
temperature, the optimum temperature, and the maximum temperature. In the case of
microbial ecology, at temperature lower or higher than the optimum, bacteria and fungi could
become dormant or even killed (Agrios, 2004).
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Figure 5.3. Gas emission profiles from stored WRC chips under different temperatures (nonaerobic) (□: 5oC; ●: 20oC; ∆: 35oC; ▼: 45oC; *:50oC)
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Figure 5.4. Effect of temperature on CO2 emission factors during the testing period under
non-aerobic conditions

5.3.1.2 Aerobic conditions
The gas emissions from the aerobic reactors are shown in Figures 5.5a and 5.5b. At each
temperature, CO2 and CO emissions increased slowly with time while oxygen levels
remained close to 20% during the entire test period (Figure 5.5c). Daily pumping of air into
the aerobic reactor was effective in keeping the O2 content relatively high and constant. The
CO2 emission profiles exhibited trends opposite to the O2 profiles for all temperatures. In
terms of temperature effect, aerobic reactors displayed similar trends to non-aerobic reactors.
The peak CO2 emission factor was again observed at 20oC which indicated biological process
may contribute primarily to the emission. Depending on the temperature, the emission factors
increased with time at different rates. The total CO2 emissions ranged from 1-7.5 g/kg DM
depending on temperature. CO was only observed to emit from the 35, 45 and 50oC reactors
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(Figure 5.5b). The CO emission factor exhibits the same trend as the CO2 emission factor,
and it had a positive relationship with temperature.
By comparison of Figure 5.5 with Figure 5.3, the total CO2 produced during the
entire storage period was higher for the aerobic reactors. Over 55 days, the highest total CO2
emission from the non-aerobic reactors and the aerobic reactors was 2.8 g/kg DM and 6.6
g/kg DM, respectively, for the 20oC temperature. The CO emissions from both conditions
were similar. The difference between the CO2 emissions from non-aerobic and aerobic
conditions is essentially due to oxygen content. As oxygen was depleted to zero at 20oC in
the non-aerobic reactors, CO2 emission reached the plateau and did not increase further. In
contrast, CO2 was produced continuously in the aerobic reactors with the oxygen
concentration almost close to ambient level.
The effect of temperature on CO2 emission factors was plotted in Figure 5.6. The
curves at different storage times may be represented by a polynomial equation
( f = aT 4 + bT 3 + cT 2 + dT + e ). Like the case of non-aerobic conditions, it shows that the
highest CO2 emission again occurred at 20oC during the whole storage period. This supports
the argument that the biological mechanism could be dominant during the process.
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Figure 5.5. Cumulative gas emissions from stored WRC chips under aerobic conditions (□:
5oC; ●: 20oC; ∆: 35oC; ▼: 45oC; *:50oC)

85

Emission factor (g/kg DM)

8
day 1
day 5
day 10

6

day 20
day 40
day 60

4

2

0
0

20

Temperature

40

(oC)

60

Figure 5.6. Effect of temperature on CO2 emissions during the storage period
under aerobic conditions

The CO2 and CO emissions could have safety and health implications, depending on
the duration of exposure. The threshold limit value-time weighted average (TLV-TWA)
values for 8h exposure to CO2 and CO are set at 0.5% and 0.0025%, respectively. The TLVSTEL (Short-Term Exposure Limit) values for 15 min exposure to CO2 and CO are 3% and
0.01%, respectively. The corresponding concentrations that are deemed “Immediately
Dangerous to Life and Health” for CO2 and CO are 4% and 0.12% (ACGIH, 2004). Hence,
the CO2 emissions observed from the non-aerobic reactors in this study exceeded these
threshold values by a rather large margin.
Another comparison was made with respect to stored wood pellets (3.7-10% moisture
content, wet basis) under oxygen-depleting environment. (Kuang et al., 2009) reported the
CO2 emission factor to increase from 0.025 to 0.23 g/kg DM as temperature was raised from
10 to 45oC after 30 days storage, while the corresponding CO emission factor increased from
0.001 to 0.058 g/kg DM. They concluded that chemical auto-oxidation process could be the
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dominant mechanism for the gas emissions from wood pellets. The highest fCO2 from
Western Red Cedar chips in this study was almost 10 times greater than those derived from
wood pellets, whereas fCO was similar to those from pellets. When the initial O2 content was
high in the reactors, it is possible for the fresh wood chips to release a greater amount of
CO2 than the wood pellets due to biological process in addition to chemical oxidation. At the
later stage of storage when anaerobic condition would prevail at O2 content close to zero, the
biological process was inhibited so that no more CO2 was generated; thus the emission factor
of CO2 reached the peak value.
Moisture content is a key factor that governs biological reactions. Kuang et al.(Kuang
et al., 2009) postulated that biological process may contribute to the emissions for moist
biomass such as wood chips; our findings from this study confirm their suggestion. The large
differences in fCO2 may be attributed to the much higher moisture content of the fresh wood
chips (50% wet mass basis) with live microbes, whereas most of the microbes should have
been killed during pelletization and the pre-pelletization drying process at high temperature.

5.3.2 Gas emissions from sterilized woodchips
In order to verify the dominance of CO2 emission by the biological process, another series of
experiment was conducted. The WRC woodchips were sterilized in a bench-top steam
sterilizer (Sterilemax Series 1277 Table Top Model, Thermo Scientific, USA) at 135oC for
15 min to eliminate the microbes. Steam condition was adjusted to maintain the moisture
content of the chips at the same level. After cooling down, 330 g of steam-sterilized
woodchips was loaded into each reactor. The experiment was conducted at temperatures of
5oC, 20oC, 35oC, 45oC and 50oC.
Results from running the test under non-aerobic condition are shown in Figure 5.7.
After 60 days storage, the CO2 emission factors for the treated (sterilized) woodchips were
lower than those from the untreated woodchips with temperature ranging from 5-50oC
(Figure 5.3). It shows the generated CO2 due to chemical mechanism was around 4 times less
when comparing to that due to biological mechanism. Evidently, the emissions of CO2 and
CO increased significantly at higher temperatures. It indicated that biological mechanism
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was no longer dominant for CO2 emission as the microbes would have been killed by the
sterilization process. Thus, according to the findings, biological process played a leading role
in generating CO2 emissions from the stored WRC wood chips.
Microbial analysis results revealed that the total bacteria counts (TBC) for the wood
chip samples obtained from the aerobic reactors at the end of the tests were 3000, 10000,
4500 and 30 cfu/g sample whereas fungi counts ranged from 5-60 cfu/g sample at 5, 20, 35
and 50oC, respectively. The highest microbial activity was in line with the highest CO2
emission at 20oC. By comparison, TBC were substantially lower for the wood chip samples
obtained from the non-aerobic reactors at the end of the tests, with a maximum value of 140
cfu/g also found at 20oC. It shall be noted that the samples were sent for microbial analysis at
the end of the tests. The microbial activity could have been higher with shorter storage time,
leading to higher bacterial counts.
It is known that Western Red Cedar wood is resistant against decay as extractives
such as thujaplicins are present. Percent dry matter losses of the materials were determined to
be 0.06-0.26% for the non-aerobic reactors, as compared to 0.15-0.57% for the aerobic
reactors under different temperatures. Such small degree of dry matter losses over the storage
period compared to those reported for other materials in the literature seems to reaffirm the
decay-resistance characteristics of WRC. Therefore, the CO2 emissions observed in this
study could be primarily due to microbial respiration rather than decomposition of the
biomass.
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Figure 5.7. Gas emission from treated WRC chips under different temperatures (non-aerobic)
(□: 5oC; ●: 20oC; ∆: 35oC; ▼: 45oC; *:50oC)
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5.3.3 Characteristics of VOCs
The components of VOCs and their total concentration were analyzed in this study. A range
of chemical compounds were identified from the qualitative GC/MS analysis. The molecules
are separated at different retention times by GC, and they are further identified using masscharge ratio by MS. Some examples of GC/MS spectra are shown in Appendix D.
Measurements indicated that at all temperatures tested, the VOCs emitted were aromatic
compounds, including benzene and its derivatives. Methanol, aldehydes, terpene, acid,
acetone, hexane, ketone, ethers and esters were found in the gas emissions from the WRC
woodchips, similar to other wood products (Arshadi et al., 2009; Hagstrm, 2008; He et al.,
2012; Leinonen & tutkimuskeskus, 2004; Svedberg et al., 2004). Furan was also detected in
the emitted gases; it may be attributed to the uptake of chloride ions in the WRC wood chips
during transport in the salty waters of Pacific Ocean. Indole was found to emit from the
reactors under high temperatures of 45oC and 50oC. These VOCs could be inhaled by people
working near the woodchip storage area, or nearby residents, and causing irritation to the
respiratory system. The odorous VOCs such as indole, terpenes, aldehydes and ketones can
also induce odour nuisance problems.
Figure 5.8 illustrates the cumulative concentrations of total VOCs (TVOCs) with time
from the aerobic reactors. It can be seen that temperature is positively correlated with TVOC
concentration. Temperature can induce the release of VOCs; the results are similar to those
reported by other researches (Arshadi et al., 2009; Stahl et al., 2004). At the end of 60 day
storage, the TVOC concentrations were 20, 110, 360, 660 and 800 ppm for temperature
ranging from 5 to 50oC. By comparison, the concentrations of TVOC emitted from the nonaerobic reactors were somewhat lower, at 11, 89, 237, 429 and 560 ppm, for the same range
of temperature. Taking the total CO2 emissions together with the total TVOC emissions over
the entire storage period, a positive correlation between the percent dry matter losses and gas
emission was obtained.
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Figure 5.8. Cumulative concentration of TVOC from the aerobic reactors
at various temperatures

5.3.4 Gas emissions from wood chips with different initial moisture content
The gas emissions from stored WRC chips with lower initial moisture content of 35% (wet
basis) were also studied. For the non-aerobic condition, the gas emission trends (Figure 5.9)
are similar to those for initial moisture content of 50% wet basis (Figure 5.3). The peak fCO2
from the 20oC reactor was around 1.9 g/kg DM; this is 30% lower than fCO2 for WRC chips
with 50% moisture content wet basis). Similar observations were made at other temperatures.
CO was observed to emit from the reactors under 35, 45 and 50oC, with emission factors
varying from 0.001 to 0.02 g/kg DM at the end of the storage. These values are also lower
than those associated with WRC chips having higher initial moisture content. Materials with
higher moisture content could generate higher emissions of CO2, either due to biological
process (Wihersaari, 2005a) or chemical reaction process (Kuang et al., 2009).
In terms of biological aspect, microbial activities have an important effect on the
process. As previously mentioned, moisture content is known to be an important factor
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affecting the gas emission from stored biomass (Kuang et al., 2009; Wihersaari, 2005a). It is
one of the key factors that govern biological reactions. Moisture content was found to
significantly affect the size and activity of the microbial community because of its control on
the respiration (Bruce, 1985). The respiration rate of the microbes increased linearly with
increasing moisture content (Boddy, 1983). A positive correlation was found between the
percentage humidity, the microbial growth rate constant and the evolution of CO2. And
dryness inhibits the microbial activity (Ertekin & Yaldiz, 2004). It was reported the naturally
dried forest residue (moisture 40 wt%) is evaluated to have emitted totally 58 kg CO2 eq
when comparing to 144 kg CO2 eq from the fresh forest residue (moisture 60 wt%) after a 6month storage (Wihersaari, 2005a). It was also reported that moisture is an important factor
affecting the chemical reaction rate (Kuang et al., 2009). High moisture content is favorable
for the decomposition process. It allows rapid degradation circumstances. So, materials with
higher moisture content could generate higher emissions of CO2 and CO.
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Figure 5.9. Gas emission profiles from stored WRC chips with initial moisture content of 35%
wet basis under different temperatures (non-aerobic)
(□: 5oC; ●: 20oC; ∆: 35oC; ▼: 45oC; *:50oC)
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The cumulative gas emissions from the aerobic reactors were presented in Figure
5.10. CO2 emission was the highest at 20oC and lowest at 50oC. Again, fCO2 was lower for all
temperatures when compared to emissions from the WRC chips having higher moisture
content of 50% (w.b.). The lower moisture WRC chips also emitted less CO. Comparison
with the non-aerobic reactors shows that total CO2 emissions from the aerobic reactors were
greater, but the total CO emissions were lower.

Figure 5.10. Cumulative gas emissions from stored WRC chips with initial moisture content
of 35% wet basis under aerobic conditions (□: 5oC; ●: 20oC; ∆: 35oC; ▼: 45oC; *:50oC)

94

5.4 Conclusion
Gas emissions from stored Western Red Cedar chips were studied. Under non-aerobic
conditions, the emissions of CO2 and CO increased gradually with time for all temperatures.
At higher temperatures, higher CO emissions were measured, which may be attributed to
chemical oxidation mechanism. In contrast, lower emissions of CO2 along with higher O2
concentrations were observed at higher temperatures. At 20oC, CO2 emission was the highest,
followed by 35oC. After three weeks, the emission factor of CO2 reached a plateau of 2.8
g/kg DM (or, 16% concentration) as oxygen content was depleted to 0%, indicating that the
storage environment has turned anaerobic. By comparison, oxygen content was lowered to
10-15% for the other temperatures.
Results further showed that CO2 and CO emissions from the aerobic reactors exhibit
similar trends as the non-aerobic reactors with respect to the effect of temperature. The
cumulative emissions of both CO2 and CO at each temperature increased slowly with time,
with higher oxygen levels of close to 20% being maintained during the entire test period.
Biological reaction could be dominant during the storage of wet biomass, leading to the
highest level of microbial activity at 20oC rather than at higher temperatures.
Wood chips were then sterilized to delineate the mechanism that dominates gas
emissions. Results indicated that the biological mechanism was no longer the dominant
mechanism for CO2 emission as the microbes would have been killed by the sterilization
process. Thus, biological process played a leading role in generating CO2 emissions from the
stored WRC wood chips. Microbial analysis results are compatible with the CO2 emission
results.
Qualitative GC/MS analysis results indicated that the major VOCs emitted include
benzene and its derivatives, methanol, terpene, aldehydes, acids, alkane, indole, furan,
acetone, ethers and esters. The total concentration of VOCs was found to be higher at higher
temperatures for both aerobic and non-aerobic storage conditions. Under non-aerobic
conditions, the concentrations of TVOC at the end of 60 days storage were 11, 89, 237, 429
and 560 ppm with the temperature ranging from 5 to 50oC. The TVOC concentrations from
the non-aerobic reactors were lower than the TVOC concentrations from the aerobic reactors

95

over the entire storage period. Taking the total CO2 emissions together with the total TVOC
emissions over the entire storage period, a positive correlation between the percent dry
matter losses and gas emission was found.
The gas emissions from the materials with lower initial moisture content of 35% (wet
basis) exhibited the same trends as those from higher initial moisture content of 50% (wet
basis) under both aerobic and non-aerobic conditions. However, the amounts of gases were
found to be lower to different extents, indicating that moisture content is another important
factor that affect the gas emissions from stored biomass, as it affects microbial activity as
well as chemical reaction rate.
Overall, the gas emission results from this study reaffirm the importance of ensuring
safe and environmentally friendly storage conditions for wet woody biomass such as the
WRC woodchips, and controlling the emission of odorous VOCs.
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Chapter 6. Gas emissions from stored Douglas fir (Pseudotsuga menziesii)
6.1 Introduction
In Canada, large amounts of woody biomass constitute renewable resources for conversion
into solid or liquid biofuels. Woody biomass are partially generated by the wood products
industry, including paper mills, sawmills, and furniture manufacturing; also it could be the
by-product of forest management including mostly of tree branches, tops of trunks, needles,
leaves, and other woody parts left on the forest floor (Easterly & Burnham, 1996); urban
wood wastes is another source, including tree trimmings, land clearance and other wood
products.
Douglas fir as a popular softwood species makes up some 25% of the tree species in
coastal British Columbia. Douglas fir residues mainly include wood chips, bark, needles and
leaves. Traditionally, wood chips are used in pulp mills. Today, these woody residues can
also be the source of fuel for bioenergy production (Phanphanich & Mani, 2009). In the pulp
industry, wood chips are normally made from debarked round wood. However, for heating
purposes, whole trees or logging residues including bark and needles are used (Hellenbrand
& Reade, 1992). After logging and other process operations, the forest residues are usually
piled in the forest or on site. Biomass feedstocks need to be stored for a period of time to
ensure continuous availability for biofuel production during the growing season and winter
months.
These biomass have high moisture content over 40% (wet basis), which induce
problems during their storage, including gas emissions and dry matter losses due to
degradation (Krupińska et al., 2007). It is well known that all biomass gradually decomposes
over time, both chemically and biologically. Losses of dry matter are due to the
decomposition of forest residues. Microbial activity in the stored biomass, especially fungal
growth, is the major cause of the initial heat development which in turn encourages further
growth leading to high temperatures in the pile. In extreme cases, this would cause selfignition and potentially fire (Jirjis, 1995). Materials with green parts are relatively rich in
nutrients, and are even more favourable for microbial growth (Thörnqvist, 1984). During the
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period of fast decomposition, there exist the risks of emissions, energy losses, and fires
(Wihersaari, 2005a).
Previous studies have been conducted on dry matter changes for a variety of woody
biomass (Afzal et al., 2010; Eriksson & Gustavsson, 2010; Pettersson & Nordfjell, 2007;
Thornqvist, 1985; Wihersaari, 2005a). A number of factors such as the physical
characteristics of biomass feedstocks, weather conditions, and the method and duration of
storage can influence dry matter losses during storage. Dry matter produces energy in
thermal processes such as combustion; hence dry matter losses would reduce the calorific
value and the potential revenue. It is important to minimize such losses during biomass
storage.
The common gas emissions from biomass are identified to be CO2, CO, CH4 and nonmethane volatile organic compounds (VOCs) (Johansson et al., 2004). The generation of
CO2 can be from thermal oxidation, aerobic biodegradation or anaerobic biodegradation.
Aerobic degradation relies on aerobic microorganisms, which decompose the organic matter
producing heat, CO2 and H2O (Tonn et al., 2011). For instance, the breakdown of
carbohydrates

with

oxygen

consumption

may

be

represented

by

the

reaction

C6H12O6 + 6O2 → 6CO2 + 6H2O. (Svedberg et al., 2004) and (Arshadi & Gref, 2005)
postulated that CO is formed from the auto-oxidative degradation of lipids and fatty acids
present in wood, and storage temperature is one of the critical factors. (Hellebrand & Schade,
2008) suggested that CO generation is independent of microbial activity in the feedstock, but
is promoted by increased temperatures and available oxygen. Moreover, CO produced from
plant litter was most likely caused by thermochemical oxidation rather than a biological
process. CH4 generation is usually due to anaerobic decomposition of biomass due to the
action of microorganisms. The methanogens can use CO2 and H2, or acetic acid to produce
CH4. Some VOCs can be emitted from the breakdown of wood hemicellulose (Johansson &
Rasmuson, 1998). Wood extractives have also been realized as one source of VOCs.
Several factors such as temperature, moisture content and freshness of the materials
were found to have effects on the gas emissions from stored biomass. Kuang et al. (2009)
concluded from their lab-scale study that peak emissions of these gases were associated with
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higher temperature and relative humidity in the headspace of the reactors with stored wood
pellets. Wihersaari (2005a) found that the greenhouse gas emissions were almost three times
higher for fresh versus dried forest residues. Pellets made from aged sawdust were suggested
to generate less VOCs than pellets made from fresh sawdust due to the oxidation process
(Kuang et al., 2008). Wood chip piles were investigated in an existing terminal storage and it
was revealed that air emission increased when the temperature directly above the pile
increased (Rupar & Sanati, 2005). When the biomass are stored in confined spaces, these
emissions due to decomposition will accumulate to toxic levels, while oxygen will be
depleted simultaneously (Svedberg et al., 2009).
There are few published studies on the storage of fresh woody biomass in regard to
gas emissions. The objectives of this chapter were to investigate the gas emissions from the
stored fresh Douglas fir residues under different temperatures, and to measure the dry matter
changes during the storage period. Gas emissions were reported in the literature for stored
wood pellets with low moisture contents, suggesting that microbes might not be totally
eliminated by pelletizing. It is desirable to extend the study to forest residues which have
much higher moisture contents that would promote greater microbial activities.

6.2 Materials and methods

6.2.1 Materials
The materials used in this study were Douglas fir (Pseudotsuga menziesii) wood chips and
greens. Douglas fir (DF) chips as shown in Figure 6.1 were obtained from Fibreco Export
Inc., North Vancouver, BC. They originate from suppliers in British Columbia, and are
produced from sawmill operations’ residual chips and through whole log chipping. The wood
chips contain no more than 1% bark. Fresh DF greens were obtained from trimmings and cut
branches of DF trees in the Vancouver area.
All materials were stored in a cold room at 4oC to minimize any degradation before
the experiment. The size of chips as measured by Gilson Testing Screen (TS-1 & TS-2,
Serial No. 2920, Gilson Company, Worthington, Ohio) had a range of 5-30 mm. Moisture
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content of the samples was determined in triplicate in a forced-air convection oven at 103°C
for 24 h to obtain the bone dry biomass according to ASABE Standards S358.2 (ASABE,
2010a). Initial moisture contents of the DF chips and greens were 48% (wet basis) on
average, and 54% (wet basis) on average, respectively. A number of glass containers (2L)
were fitted with valves and sampling ports and assembled as reactors for the experiment.
Each bottle was loaded with 170 g dry mass materials.

Figure 6.1. Douglas fir wood chips with the size range of 5-30 mm
6.2.2 Experimental setup
The green parts of the residues are expected to be more readily degraded as compared to the
woody parts due to the presence of more nutrients. Thus, the emitted gases would be
different as a result of the mixing ratio of greens and wood. In order to delineate the
differences in gas emission from the greens and the chips, three series of tests were
conducted in this study. For each test series, eight reactors were divided into two groups to
simulate the storage situation, one group under aerobic and the other group under nonaerobic conditions. The actual storage environment would be in-between these two
conditions in terms of oxygen content.
In Test Series #1, reactors were only filled with DF chips (Figure 6.2a). Test Series
#2 involved only DF greens (Figure 6.2b). For Test Series #3, chips and greens were mixed
in the ratio of 1:1 on dry mass basis (Figure 6.2c). In each test, eight reactors were divided
into two equal groups. Group 1 reactors are “non-aerobic reactors”, which were sealed at all
times to study gas emission under airtight (non-aerobic) conditions. After daily gas sampling
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event, air was pumped into an aerobic reactor via a metal tube inserted into the bottom of the
reactor in order to replenish and maintain high oxygen level (aerobic condition) in the reactor.
After the reactors were loaded with the materials, they were sealed and placed either in a
cooler at 5oC, or in ovens with temperature maintained at 20, 35 and 50oC. The range of
temperature adopted for the test represents cool to hot climate conditions in different
geographic locations, and involving seasonal variations. Two replicates were performed for
each test. In all cases, the experiment was run for two months.

Figure 6.2. Three series of tests with different materials (a: DF wood chips; b: DF greens; c:
mixed DF chips and greens); and two kinds of reactors (left: non-aerobic reactor; right:
aerobic reactor)
6.2.3 Gas emission measurements
Details about the instrumentation for measuring gas emissions and sampling have been
described in Chapter 5, section 2.3. The concentrations of carbon-based gas emissions (CO2,
CO, CH4) along with O2 and VOCs were analyzed by GC, GC/MS and VOC monitor. Gas
samples were taken from the Group 2 reactors daily, while gas samples from the Group 1
reactors were measured more frequently in the beginning of the test than the later period.
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6.2.4 Microbial analysis
Samples were taken from each reactor and sent to a microbiology laboratory in Vancouver,
BC for microbial analysis at the end of all tests. The methodology used for total bacterial
counts and mold counts has been described in Chapter 5, section 2.4.

6.2.5 Data analysis
In this study, the emissions of CO2, CO and CH4 are expressed as emission factor, in units of
(gram gas species per kilogram dry matter DM). The conversion of measured gas
concentrations into emission factors have been described in Chapter 5 section 2.5.

6.3 Results and discussion
Results are presented in this section for the three series of tests which involved DF chips,
greens, and mixed chips and greens, respectively. Gas emission characteristics, microbial
analysis and dry matter losses will be discussed.

6.3.1 Characteristics of gas emissions from Douglas fir chips (Test Series #1)
Results pertinent to the non-aerobic conditions are presented first, followed by the results
pertinent to the aerobic conditions. Gas emissions include CO2, CO, CH4, H2 and VOCs.

6.3.1.1 Non-aerobic conditions
Figure 6.3 shows the results of gas emissions obtained from the reactors with DF wood chips
under non-aerobic conditions. The emission factors of CO2, CO and CH4 gases increased
with time under all temperatures due to accumulation in the airtight reactors. The trends of
the O2 profiles were exactly opposite to the CO2 profiles for all temperatures. At 20, 35 and
50oC, when the initial O2 content was high in the reactors, CO2 was generated rather rapidly
and the emission factor fCO2 reached a plateau of 2.8-3.0 g/kg DM after 10 days. This
corresponds to a CO2 concentration of 16.5%, and there are no statistically significant
differences between the three temperatures. At the later stage, when oxygen content was
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depleted to zero, no more CO2 was generated, thus cumulative CO2 emission remained
constant. By comparison, under 5oC, fCO2 went up gradually and it attained 2 g/kg DM (or,
11% CO2 concentration) after 50 days storage. That the CO2 emission factor increased with
temperature suggested that the emission was likely dominated by chemical oxidation
mechanism during storage.
In general, CO generation is due to the chemical oxidation of materials and is
promoted by increased temperatures and the availability of oxygen. In this test, CO was only
observed in the reactors at 35 and 50oC, but not the lower temperatures of 5 and 20oC. At the
end of storage, fCO was 2×10-4 and 5.5×10-4 g/kg DM, respectively. These values are
equivalent to 0.0019% and 0.005% concentration, and they are four orders of magnitude less
than fCO2. Likewise, the emissions of CH4 from the reactors were very low, which is five
orders of magnitude lower than fCO2. In biogas production, one microbial metabolic pathway
is for methane to be produced from hydrogen and carbon dioxide during the biodegradation
process. Since the measured H2 content was low compared to CO2 content (Figure 6.3), the
storage environment is deemed unfavorable for the methanogens.
As for VOCs, a range of chemical compounds were found by GC/MS at all
temperatures tested. The VOCs were identified to be alkanes (hexane), alkenes, terpenes (αpinene), aldehydes, acids, ketones (acetone), benzene and its derivatives, ethers, esters, and
nitrogen compounds. The cumulative concentrations of total VOCs (TVOCs) from the nonaerobic reactors at the end of two-month storage were 12.6, 256, 677 and over 1000 ppm (the
detection limit) for temperatures 5-50oC. As temperature increased, there was a significant
increase in the TVOC concentrations.
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Figure 6.3. Gas emission profiles from stored DF chips at different temperatures under nonaerobic conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)
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6.3.1.2 Aerobic conditions
As a result of daily pumping of air into the aerobic reactors, the oxygen content in the
reactors was kept relatively high during the entire test period (Figure 6.4a). CO2 emission
factors (fCO2) over the same period are shown in Figure 6.4b; it can be seen that the daily
increment in CO2 emission decreased with time for all temperatures. This could be attributed
to the reduction in moisture content of the DF chip samples with time. More emission was
observed under higher temperatures, and the fCO2 values varied from 18 g/kg DM at 50oC to
3 g/kg DM at 5oC. This phenomenon is similar to the non-aerobic reactors; thus chemical
oxidation mechanism could contribute primarily to the emission.

Figure 6.4. Gas emission profiles from stored DF chips at different temperatures under
aerobic conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)
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CO was only observed to emit from the 50oC reactor, with emission factor equal to
6×10-4 g/kg DM after 50 days. This is five orders of magnitude lower than the CO2 emission
factor. It shall be noted that at the beginning of the tests, both CO2 and CO emission factors
were similar in magnitude for the non-aerobic and the aerobic reactors. But thereafter, their
differences became increasingly larger. After 50 days, fCO2 was 3 g/kg DM and 18 g/kg DM
respectively for the non-aerobic and aerobic reactors at 50oC. No CH4 emission was detected
from the aerobic reactors.
The components of VOCs emitted from the reactors under aerobic conditions were
similar to those detected from non-aerobic reactors. The results from GC-MS analysis
showed the following: branched and straight chain hydrocarbons (alkanes, alkenes, alkynes),
terpenes, aldehydes, acids, ketones, benzene and its derivatives, ethers, esters, and other
compounds.

Figure 6.5. Cumulative concentration of total VOCs (TVOC) at different temperatures from
aerobic reactors - wood chips

Figure 6.5 illustrates the profiles of cumulative TVOC concentrations from the
aerobic reactors for DF wood chips. On day 1, the TVOC concentration of 500 ppm was
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significantly higher at 50oC than other temperatures, for instance, 0.5 ppm at 5oC. Like the
carbon-based emissions, the daily increments of TVOC concentration also decreased with
time to different extents depending on temperature during the storage period. Other
researchers have also reported that temperature could induce the release of VOCs; however,
heat treatment of the materials may lower the subsequent VOC emissions (Arshadi et al.,
2009; Hyttinen et al., 2010; Stahl et al., 2004). Aside from temperature, moisture content is
another factor that affects the emissions. Since VOCs originate from the biological and
chemical breakdowns of wood and extractives, their generation rates would slow down as the
moisture content of materials decreased with time. After 50 days storage, the cumulative
TVOC concentration was almost 10,000 ppm at 50oC, while the corresponding values at 5,
20 and 35oC were substantially lower, ranging from less than 10 to 1000 ppm.
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6.3.2 Characteristics of gas emissions from Douglas fir greens (Test Series #2)

6.3.2.1 Non-aerobic conditions

Figure 6.6. Gas emissions profiles of stored DF greens at different temperatures under nonaerobic conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)
The CO2 emission factors increased slowly at 35 and 50oC, while the generation of CO2 at 5
and 20oC was fast it the beginning and then it slowed down at the later period of storage.
After two-months storage, at 35 and 50oC, fCO2 increased from 8.5 and 5 g/kg DM to 10.8
and 7 g/kg DM (which correspond to CO2 concentrations of 43% and 32%), respectively. In
contrast, fCO2 was the highest at 20oC in the first two weeks of storage, approaching a plateau
of 17.5 g/kg DM. Thereafter, it was overtaken by fCO2 at 5oC, when the peak value of 25 g/kg
DM was attained after two months. This phenomenon of higher emission factor under lower
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temperature implies that biological mechanism was dominant in this test. It shall be noted
that CO emissions were 4-5 orders of magnitude lower than CO2 emission (Figure 6.6).
Oxygen content depleted quickly within 2 days from the beginning of the test, and no
oxygen was detected at all temperatures during the test. As there was little to no oxygen in
the reactors but CO2 emission kept increasing at 5oC, the emission of CO2 could be due to the
anaerobic biodegradation of the materials. Furthermore, CH4 was practically not produced (6
orders of magnitude lower than CO2 as seen in Figure 6.6).
GC-MS analysis results show that the VOC components from stored DF greens under
non-aerobic conditions are mainly hydrocarbons, aromatic hydrocarbons, terpenes, ketones,
aldehydes, methanol, acids and esters. For instance, α-pinene and acetone were found at all
temperatures, whereas camphene and β-pinene were detected at 20 and 35oC. Hydrocarbons
such as hexane and heptane were present. Pyridine, ammonia, indole and phenyl-furoxan
were detected at 50oC, while nitrogen and sulfur compounds were found at 35 and 50oC
temperatures. Higher temperature could have induced the breakdown of organic matter and
generate various VOCs. The release of odorous VOCs was observed upon opening the 50oC
reactor after the test.
The total VOCs concentrations from DF greens under non-aerobic conditions are
quite high. After two-month storage, the concentrations from the reactors at 20oC, 35oC and
50oC all exceeded 1000 ppm, which is significantly higher than the TVOC concentration of
210 ppm for the 5oC reactor. These results suggested that the DF greens are more readily
degradable materials.

6.3.2.2 Aerobic conditions
Figure 6.7 shows that daily consumption of oxygen under 20oC was considerable, as the
oxygen concentration was depleted to almost zero at all times whereas oxygen content was
relatively high around 18% at 50oC during the test. CO2 and CO were measured from the DF
greens under aerobic conditions during the whole storage period. Unlike the DF chips, the
daily increment of CO2 emission factor was somewhat constant for all temperatures. After 60
days storage, fCO2 was found to be the highest at 20oC (190 g/kg DM), followed by 35oC
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(130 g/kg DM), whereas lower fCO2 values were observed at 5 and 50oC, being 70 and 25
g/kg DM, respectively. These results may again be attributed to the dominance by biological
rather than chemical oxidation mechanism.

Figure 6.7. Gas emission profiles from DF greens at different temperatures under aerobic
conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)
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CO emission was 2-4 orders of magnitude lower than CO2 emission (Figure 6.7c);
maximum fCO values were 0.28 g/kg DM and 0.01 g/kg DM at 50 and 20oC, respectively. As
oxygen was consumed during the biological degradation process, the environment in the
reactor was not favorable for CO generation. Again, CH4 was not detected from the aerobic
reactors.
The VOCs produced from DF greens under aerobic conditions were mainly terpenes,
ketones, hydrocarbons, benzene and its derivatives. Acids, esters and alcohols were also
found. Indole and some sulfur compounds were detected under the higher temperatures of
35 and 50oC. The emission from the 5oC reactor was much cleaner than that from the 50oC
reactor, as fewer compounds were found. As a result of microbial process, terpene is the
most popular component from stored DF greens. Othere researchers have found some of the
above-mentioned VOCs including terpenes in the drying process of grass (Johansson & Salin,
2011) and composting of garden wastes (grass and leaves) (Eitzer, 1995; Komilis et al., 2004;
Wilkins & Larsen, 1996).

Figure 6.8. Cumulative concentration of TVOCs from aerobic reactors for DF greens
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As seen in Figure 6.8, temperature is positively correlated with TVOC concentration
no matter what mechanism might be dominant during the test. The initial concentration was
less than 20 ppm at 5oC but as high as 670 ppm at 50oC. The decrease in daily increments of
TVOC concentrations could be a result of the reduction in moisture content over the test
period as well as limitation of degradable substrates. Cumulative TVOC concentration was
16,000 ppm for the 50oC reactor and 8,000 ppm for the 20oC reactor, respectively after twomonth storage.

6.3.3 Characteristics of gas emissions from mixed Douglas fir wood chips and greens
(Test Series #3)

6.3.3.1 Non-aerobic conditions
Figure 6.9 illustrates the gas emissions from the non-aerobic reactors. At the early period of
test, CO2 emission from the 20oC reactor was the highest. However, the emission factor
pertinent to the 5oC reactor took over and became the highest after about 3 weeks. The values
of fCO2 under all temperatures lied between the values for the chips and the greens, as
expected. The peak CO2 emission factors, fCO2 were (14, 12, 8.3 and 5 g/kg DM), which
correspond to CO2 concentration of (48, 42, 34 and 24%) for temperatures ranging from 550oC. Again, the lower CO2 emission at higher temperature indicated that anaerobic
biodegradation of the substrate could be the dominant process with no oxygen present in the
reactors. In fact, oxygen was only detected at 5oC in the first few days, and it dropped
quickly to zero after 8 days. There was no oxygen detected from the beginning of the test for
the other three temperatures. CO and CH4 emissions were low to negligible.
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Figure 6.9. Gas emissions from stored DF mixed chips and greens at different temperatures
under non-aerobic conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)

The main VOCs include branched, straight and cyclic chain hydrocarbons, terpenes,
acids, esters, aldehydes, alcohol and benzene. Specifically, compounds such as α-pinene,
ocimene, butane, methanol, methoxyacetic acid, heptyl ester, cyclopentane, cycloheptatriene,
and cyclohexene were found. Indene and hydrazide (formic acid hydrazide) were also
emitted from the reactors. Furanone was detected from the reactor under 50oC.
At the end of the test, the TVOC concentrations from the reactors with mixed DF
wood chips and greens were measured. The results showed that the concentrations at 20, 35
and 50oC were beyond 1000 ppm (the detection limit) due to the green parts in the substrate.
Much lower TVOC concentration of 120 ppm was detected at 5oC, reaffirming that
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temperature can induce the release of VOCs leading to high emission under higher
temperature.

6.3.3.2 Aerobic conditions
Figure 6.10a indicates that, at the beginning, the oxygen concentrations at all temperatures
except 5oC were low as a result of fast degradation rates. Subsequently, oxygen
concentrations increased, though at different rates during the test with respect to the various
temperatures, ranging from 10-18% at the end of the test. CO2 and CO emission results were
plotted in Figure 6.10 for the reactors with mixed DF chips and greens under aerobic
conditions. The CO2 emission factor was found to be 30 g/kg DM at 50oC versus 150 g/kg
DM at 20oC (Figure 6.10b). By comparison, the CO emission factor reached a value of 0.08
g/kg DM after 60 days of storage at 50oC (Figure 6.10c).
Components of VOC emission from these mixed materials under aerobic conditions
include alkanes, alkenes, alkynes, terpenes, benzene and its derivatives, acids, esters, ketones
and so on. These are similar to the non-aerobic reactors. However, specific compounds were
also found in aerobic reactors such as pentene, benzonitrile, butene, heptadiene, toluene,
ketoprofen, benzoic acid and ethyl ester.
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Figure 6.10. Gas emissions from DF mixed chips and greens at different temperatures under
aerobic conditions (+: 5oC; ●: 20oC; □: 35oC; ▲: 50oC)
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As shown in Figure 6.11, the daily increment of TVOC concentration diminished
with time. This trend was similar to the other materials tested under aerobic conditions.
Temperature was again in accord with the TVOC concentrations. The initial TVOC was
measured to be 550 ppm at 50oC, while it was only 10 ppm at 5oC. In terms of cumulative
TVOCs, the values were 11,000 ppm and 1,500 ppm at 50 and 20oC, respectively.

Figure 6.11. Cumulative concentration of TVOC at various temperatures from aerobic
reactors for mixed materials

6.3.4 Comparing the results from the three types of DF materials

6.3.4.1 Non-aerobic conditions
Overall, the profiles of gas emissions from DF chips exhibited differences from the DF
greens, but gas emissions from mixed chips and greens have similar trends as those from the
greens.

116

The trends of CO2 profiles were different for wood chips versus greens. Greens are
more readily degradable materials than wood chips; hence it is reasonable that CO2 emission
factor for the greens was much higher than those for the wood chips by 8 folds. The emission
factors for the mixed materials are in between, as expected, though the mixed materials and
the chips differ by several times. Thus, during storage, emission of CO2 from the reactor
increased significantly in the presence of greens which played a critical role.
Chemical oxidation was suggested to be the dominant mechanism for CO2 emission
from stored DF chips, while biological degradation could be the main mechanism in stored
DF greens and mixed materials. As oxygen content was depleted to zero, the gas emission
rate became very slow and CO2 increased little for wood chips. In contrast, the greens and
mixed materials went through the anaerobic degradation process without oxygen, and
produced CO2 emissions rather than CH4. Due to their greater nitrogen content, greens have
lower C:N ratio (around 45) as compared to wood chips (around 250), which favors the
living of microbes.
Very low levels of CO emission were observed for all three types of materials. In
general, CO is produced by the chemical oxidation of organic matters such as lipids and fatty
acids, and it is promoted by storage temperature and availability of oxygen. Apparently,
these factors were not significant in this experiment. Very low levels of CH4 were also
observed for all three types of materials.
The main VOC components detected from the three types of materials are similar,
including hydrocarbons, terpenes, ketones, aldehydes, benzene and its derivatives, acids and
esters. Some of the VOCs were also reported by other researchers who worked with yard
wastes, for instance, (Sinicio et al., 1995). In this study, odorous compounds such as pyridine,
ammonia, sulfur compounds, indole and furanone were associated with the storage of DF
greens and mixed materials under higher temperatures. As green materials contain greater
nitrogen content for microorganisms to assimilate, more VOCs were generated during
biodegradation. Thus, the total concentrations of VOCs (TVOC) were much higher for the
greens and mixed materials as compared to wood chips.
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Microbial analysis
Results in terms of total microbial counts (bacteria and molds) for all three types of materials
are listed in Tables 6.1a and 6.1b. These results suggested that temperature is a key factor
affecting the activity of microbes. For all materials, the counts for the 50oC reactor were
consistently much lower than those pertinent to the other temperatures, whereas a higher
level of microbial activities was observed at 20oC.
Microbes living on biomass have a maximum temperature; the rate of microbial
growth may become progressively slow and sometimes cease at temperatures close to the
maximum (Ayerst, 1969). Apparently, the microbes could not withstand a temperature as
high as 50oC. In addition, the very low counts of microbes for the wood chips amidst a high
emission of CO2 at 50oC is suggesting that CO2 generation could be attributed to chemical
oxidation mechanism. Microbial respiration might also contribute to CO2 emissions from the
chips at 5, 20 and 35oC.
The total bacterial counts (TBC) for the DF wood chips were higher than the greens
and the mixed materials have intermediate TBCs. This might be due to the inhibition of
microbial activity by the high concentration of CO2 in the reactors with the greens while
there was little to no oxygen. For the mixed materials, the trend of microbial counts is
consistent with the emission of CO2.
Table 6.1a. Total bacterial counts of the Douglas fir samples (cfu/g sample)
Test #1 (DF wood
chips)

Test #2 (DF greens)

Test #3 (DF mixtures)

Temperature,
o
C

Nonaerobic

Aerobic

Nonaerobic

Aerobic

Nonaerobic

Aerobic

5

20000

25000

110

80

13000

120000

20

23000

30000

40

130000

8500

200000

35

18000

12000

20

130000

160

180000

50

50

3800

10

10

50

15000
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Table 6.1b. Mold counts of samples (cfu/g sample)

Temperature,
o
C

Test #1
(DF wood chips)
NonAerobic
aerobic

Test #2 (DF greens)

Test #3 (DF mixtures)

Nonaerobic

Aerobic

Nonaerobic

Aerobic

20

<5

2600

<5

6×106

120

1×105

35

<5

nm

<5

4×106

<5

20

Dry matter losses
For Douglas fir chips, the reduction in dry matter after the storage test was presented in
Table 6.2. Dry matter losses were highest at 50oC, which corresponds to the gas emissions
results in Figure 6.3. Higher gas emissions at higher temperatures implied that chemical
oxidation mechanism was dominant. Dry matter losses of 0.24% as measured for 5oC was
much lower than those for the reactors at other temperatures. As the total bacteria counts for
5, 20 and 35oC are relatively high compared to that at 50oC, biological process may also
contribute to the gas emissions.
For the DF greens, temperature had a negative relationship with respect to the dry
matter losses. The trend of dry matter losses is compatible with the trend of emission factors.
The highest loss was 3.2% under 5oC, while under 50oC the dry matter loss was 2.5%. Hence,
the dry matter losses from the DF greens were 3-10 times greater than those from the wood
chips, depending on the temperature.
Results of dry matter losses from mixed materials under non-aerobic conditions
(Table 6.2) and results of gas emissions are in good agreement. Highest dry matter losses
were found to be 2.2% at 5oC. Considerable losses of dry matter along with no oxygen
detected indicated that the generation of gases was due to the biological degradation rather
than chemical oxidation and microbial respiration. Again, these relatively high losses might
be largely due to the greens in the samples. This corresponds with the gas emission results,
and reaffirms that green materials are much easier to degrade than wood chips.
With data for WRC chips from Chapter 5 included, the correlation between dry
matter losses and total CO2 emission under non-aerobic conditions is then shown in Figure

119

6.12. The dry matter losses have a positive correlation with CO2 emissions. This reaffirms
that gas emission is an important factor leading to dry matter losses.
The effect of temperature on the dry matter losses for DF under non-aerobic
condition is depicted in Figure 6.13. The correlations between dry matter losses and
temperature are different for different DF samples. With an increase in temperature, dry
matter losses from DF chips increased. But dry matter losses have a negative correlation with
temperature for DF greens. DF mixed materials had similar behaviour as the greens. The
degradation of biomass is a major factor causing the dry matter losses. For greens and mixed
materials, biological mechanism is dominant during the storage process. Higher temperature
might inhibit the biological activity and slow down the degradation process, thus exhibiting
slightly less dry matter losses. The relationships between temperature and dry matter losses
for different DF samples are expressed by
DF chips

DMloss = 0.014T + 0.18

(6.1)

DF greens
DMloss = −0.016T + 3.35

(6.2)

DF mixed materials
DMloss = −0.0044T + 2.21

(6.3)

Table 6.2. Dry matter losses from each test (%)
Test #1
(DF wood chips)

Test #2 (DF greens)

Test #3 (DF mixtures)

Temperature,
o
C

Nonaerobic

Aerobic

Nonaerobic

Aerobic

Nonaerobic

Aerobic

5

0.24

0.97

3.20

8.03

2.17

5.26

20

0.47

1.92

3.14

15.6

2.15

11.1

35

0.68

2.09

2.76

14.7

2.06

8.71

50

0.87

2.36

2.52

8.95

1.98

6.79
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Figure 6.12. Correlation between dry matter losses and total CO2 emission of WRC and DF
materials at all temperatures under non-aerobic conditions

Figure 6.13. Correlation between temperature and dry matter losses from DF materials under
non-aerobic conditions
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6.3.4.2 Aerobic conditions
Obviously, with mixed materials, the trends of gas emission under all temperatures were
similar to the trends of the greens. In fact, the measured gases and their general trends are the
same for all three types of materials. Again, CO2 emissions were the highest for the greens,
followed by the mixed materials. The components of VOCs are similar for all three materials,
and the trends of total VOC emissions are the same despite different concentrations.
Microbial analysis
The microbial counts from aerobic reactors with DF wood chips under all the temperatures
are also shown in Tables 6.1a and 6.1b. TBCs for reactors at 5, 20 and 35oC (12,000-30,000
cfu/g sample were relatively high when compared to that at 50oC (3,800 cfu/g sample). These
results seem to support the argument that chemical oxidation was dominant for CO2
production during the storage of DF wood chips.
For the greens, the results of microbial analysis can also be found in Table 6.1. TBCs
were high (around 1.3×105 cfu/g sample) and close to each other at 20 and 35oC. In contrast,
the values obtained at 5 and 50oC were very low, being 80 and 10 cfu/g sample respectively,
implying that 20-35oC may be the most favorable temperatures for microbes living on the
greens. The mold counts detected from the green samples were dramatically higher at 6×106
and 4×106 cfu/g of sample at 20 and 35oC respectively, as compared to the wood chips,
indicating that the abundant nutrients in the greens favor the growth of mold. Furthermore,
when compared to the extremely low mold counts (<5 cfu/g of sample) for samples stored
under non-aerobic conditions, it means molds tend to thrive under aerobic condition rather
than in an environment with limited oxygen. This has been proven by the other researches
(McGinnis, 2007; Reed et al., 2007; Shi et al., 2012; Zhang et al., 2010). Overall, the
microbial analysis results are in accord with gas emissions and they support the argument of
dominance by biological mechanism.
The results of microbial counts for mixed materials also support the argument that
CO2 emission was dominated by biological degradation mechanism. As the highest CO2
emission was observed at 20oC, the microbial counts (bacteria plus molds) were also highest
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at 2×105 cfu/g sample. By comparison, the relatively low microbial counts of 1.5×104 cfu/g
sample are compatible with the lowest emission of CO2 at 50oC.
Dry matter losses
For the wood chips under aerobic conditions, the dry matter losses increased from 0.97% to
2.36% as temperature ranged from 5oC to 50oC (Table 6.2). The greater dry matter losses
versus the non-aerobic reactors may be due to the daily air pumping which may remove
some dry matter from the chips.
The dry matter losses from the reactors with DF greens under aerobic conditions were
substantially greater compared to those under non-aerobic conditions as a result of the daily
ventilation to replenish oxygen in the reactor. The highest dry matter loss was 15.6% under
20oC after two-month storage, which is in parallel with the gas emission results in Figure 6.7.
Whereas, dry matter losses under 35 and 50oC were 14.7% and 8.95% respectively, and the
lowest loss was 8% at 5oC. Considerable losses of dry matter indicated the generation of
gases was due to biological degradation rather than microbial respiration. Although
MacGregor et al. suggested that the maximum composting activity may be achieved under
thermophilic conditions of 50-60°C (MacGregor et al., 1981), Rao et al. and Vikman et al.
reported faster biodegradation rate of organic matter, and increased rate of O2 uptake and rate
of mineralization of carbon to CO2 within the mesophilic temperature range of 35-43oC (Rao
et al., 1996; Vikman et al., 2002). Ananda et al. did a comprehensive review of green waste
composting under mesophilic and thermophilic conditions (Anand et al., 2012). They
concluded that aerobic mesophilic condition is most favorable for the growth and
development of cellulolytic microbes and increasing their cellulose activity required for
lignocellulosic degradation. It is also the best in terms of the quality of finished compost.
Dry matter losses from the greens under aerobic conditions are significantly higher
than the wood chips. The losses from mixed materials were lower than greens, but they are
still 3-5 times greater than the wood chips. The greens with more nutrients than the wood
chips are more readily degradable. Results from composting of leaves with 3 mm particle
size showed that around 30% dry matter was lost after 6 weeks in the process (Satin, 2011).
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For the mixed materials, dry matter losses in the reactors at temperatures ranging
from 5 to 50oC amounted to 5.3%, 11.1%, 8.7% and 6.8%, respectively. Again, with data for
WRC chips from Chapter 5 included, the results show that dry matter losses have a positive
correlation with gas emissions, as demonstrated in Figure 6.14.
The dry matter losses as a function of temperature for DF materials under aerobic
condition are shown in Figure 6.15. The dry matter losses exhibited exponential relationship
with temperature for DF chips; while the curves for greens and mixed materials displayed
similar polynomial shape. The equations used to describe the relation between temperature
and dry matter losses for chips, greens and mixed materials are
DF chips

DMloss = −1.96 ⋅ exp ( −0.069T ) + 2.36

(6.4)

DF greens

DMloss = −0.0148T 2 + 0.829T + 4.409

(6.5)

DF mixed materials

DMloss = −0.00973T 2 + 0.557T + 3.005

(6.6)
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Figure 6.14. Correlation between dry matter losses and total CO2 emission from WRC and
DF materials at all temperatures under aerobic conditions

Figure 6.15. Dry matter losses as a function of temperature for DF materials
under aerobic conditions
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As an extension of the research results, data from tests using DF wood chips under
both non-aerobic and aerobic conditions were compiled to estimate the number of days, d, to
reach 1% loss in dry matter, using the IBSAL approach (Sokhansanj et al., 2003):

ln ( d ) = a + bT

(6.7)

where d is the number of storage days; T is the temperature (oC); a and b are constants. Table
6.3 lists the estimated a and b values along with the coefficient of determination R2.
Table 6.3. Estimated constants a and b for DF wood chips in Eq (6.7)
a

b

R2

Non-aerobic

5.36

-0.028

0.95

Aerobic

3.90

-0.018

0.79

Eqn (6.7) is graphically represented by Figure 6.16 temperatures ranging from 0 to
50oC. Under non-aerobic conditions, the wood chips hardly degraded and they would take a
very long time to lose even just 1% dry matter.

Figure 6.16. The number of days before DF wood chip loses 1% dry matter
for temperatures from 0 to 50oC
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6.3.4.3 Comparison of changes in visual appearance of materials
The changes in visual appearance of the tested materials during storage are presented in
Figure 6.17. It shows that wood chips were not perceptible; there was no color change
observed before and after storage.
For non-aerobic conditions, green materials became brown only after one day of
storage under 35 and 50oC. Materials started to turn brown after five days at 20oC; whereas
at the end of the storage, there were still some greens detected from the reactor at 5oC. In
contrast, the materials changed to dark brown from day 33 at 50oC, while the others stayed as
brown. The greens experienced similar color changes under both aerobic and non-aerobic
conditions. However, more greens remained at 5oC under aerobic condition. Molds were
clearly visible in the reactors under 20 and 35oC.
Mixed materials appear to behave as wood chips and greens in combination. The
green parts went through similar color changes as those from Test Series #2 (for greens only),
while the wood chips did not have any visible changes as in Test Series #1 (for chips only).

127

128

Figure 6.17. The appearance of the materials in three series tests (DF chips, greens and
mixed chips and greens) before and after the storage
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6.3.5 Comparison of gas emissions between stored Douglas fir and Western Red
Cedar wood chips

6.3.5.1 Non-aerobic conditions
The results from stored Douglas fir chips are compared to Western Red Cedar chips. The
dominant mechanisms of gas generation are considered to be different between these two
materials. The CO2 emission was positively related to temperature (5, 20, 35 and 50oC) for
DF chips, whereas the highest CO2 emission was measured at 20oC for WRC chips. However,
the highest CO2 emission factors were both around 3 g/kg DM. CO emissions were much
higher from the stored WRC chips than the DF chips, which might be attributed to the
different oxygen contents in the reactors. CH4 emissions were negligible for both types of
wood chips.
The major VOCs from these two types of chips are similar, consisting of hydrocarbon,
methanol, aldehydes, terpene, acid, ketone, esters and aromatic compounds. A comparison of
VOCs from qualitative GC/MS analysis for these two types of woody chips is listed in Table
6.4. The total concentrations of VOCs from the WRC chips are approximately 3 times lower
than those from the DF chips especially under higher temperatures. The total bacterial counts
from WRC chips were substantially lower; for instance TBC was 140 cfu/g sample as
compared to 2.3×104 cfu/g sample for the DF chips under 20oC.
Table 6.4. A comparison of VOCs identified by qualitative GC/MS analysis
WRC chips

DF chips

alkanes, alkenes, alkynes, aldehydes, acid,
benzene and its derivatives, methanol,
terpene, ketone, ethers and esters;

alkanes (hexane), alkenes, aldehydes, acids,
benzene and its derivatives, terpenes (αpinene), ketones (acetone), ethers, esters;

furan, indole

nitrogen compounds

The dry matter losses from stored DF chips ranged from 0.24% to 0.87%, as
compared to 0.058% to 0.26% for WRC chips, suggesting that DF chips are somewhat more
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degradable than WRC chips. It reaffirms the decay-resistance characteristics of WRC, which
is also reflected in the low microbial counts mentioned above.

6.3.5.2 Aerobic conditions
Gas emissions exhibit the same trends for both the WRC and DF chips. At 20oC, the highest
CO2 emission factor fCO2 for WRC chips was 6.6 g/kg DM, as compared to 10.1 g/kg DM for
DF chips after 50 days storage. At 50oC, the highest fCO2 was 17.7 g/kg DM for the DF chips.
With the same initial moisture content, DF chips are more susceptible and degradable than
WRC chips in the presence of oxygen.
The initial total concentrations of VOCs from DF chips are almost 10 times higher
than WRC chips, especially under high temperatures. The trends were similar for both types
of materials. At the end of the test, TVOCs from DF are much higher than WRC chips.
The dry matter losses from DF chips were about 4 times greater than those derived
from WRC chips under aerobic conditions. It indicates the DF chips can be degraded more
readily with the existence of oxygen.

6.3.6 Comparison of gas emissions with wood pellets
Gas emissions from stored wood pellets (3.7-10% moisture content, wet basis) under
oxygen-depleting environment (Kuang et al., 2009) were compared with Douglas fir chips.
The peak emission factor of CO2 from wood pellets increased from 0.025 g/kg DM to 0.23
g/kg DM as temperature was raised from 10 to 45oC after 30 days storage, while the
corresponding peak CO emission factor changed from 0.001 to 0.058 g/kg DM. The
chemical auto-oxidation process was suggested to be the dominant mechanism for the gas
emissions from wood pellets. Table 6.5 lists gas emission values for non-aerobic storage of
wood chips and pellets after 30 days storage.
The gas emissions from regular white pellets with moisture contents of 4, 9, 15, 35
and 50% (wb) were measured at 25oC, 40oC, and 60oC during a 9-week storage period
(Yazdanpanah F., 2012). Results showed the CO2 emission factors, which ranged from
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0.007-0.415 g/kg DM, had a positive correlation with temperature as well as moisture
content. CO emission was also found to be positively related to temperature.
The same mechanism was found in stored DF wood chips. As temperature rises, CO2
emissions increase. The highest fCO2 from DF chips under 50oC was almost 10 times larger
than those derived from wood pellets with moisture contents ranging from 4% to 50% (wb),
whereas fCO was lower than those from wood pellets. The large differences in CO2 emissions
may be attributed to the higher moisture content of the fresh chips (50% wet mass basis) with
live microbes, whereas most of the microbes should have been killed during pelletization and
the pre-pelletization drying process at high temperatures. Moisture content is a key factor
affecting the reaction rate. When the initial O2 content was high in the reactors, it is possible
for the fresh wood chips to release a greater amount of CO2 than the wood pellets. By
comparison, alkanes, hexanal, acetone and benzene were detected from wood pellets
storage (Arshadi & Gref, 2005; Svedberg et al., 2004).
Table 6.5. Comparison of gas emissions from wood pellets and chips under non-aerobic
condition after 30 days storage
Wood pellets (5.1% w.b.)
(g/kg DM)

WRC chips (50% w.b.)

DF chips (50% w.b.)

(g/kg DM)

(g/kg DM)

(Kuang et al., 2009)
Temperature
(oC)

CO2

CO

10

0.028

0.001

5

0.63

-

5

1.21

-

23

0.037 0.0074

20

2.8

-

20

2.78

-

35

0.15

0.036

35

2.12 0.0015

35

2.95 0.00012

45

0.24

0.058

50

0.25

50

3.02 0.00047

Temperature
CO2
(oC)

CO

Temperature
CO2
(oC)

0.018

CO

6.3.7 Comparison of gas emissions with other woody materials
The levels of oxygen and toxic gases from logs and wood chips stored in confined spaces
during sea transportation were studied (Svedberg et al., 2009). The materials had been on
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board for 37-66 hours. The concentration of oxygen in the cargo was 10% in average;
however, it was depleted to 0% in some places. The average concentrations of CO2 and CO
were 7.5% and 46 ppm, respectively. The major emission of the hydrocarbons from stored
materials was monoterpenes (α-pinene). It was also observed that oxygen level was higher
during the cold season.
A high level of microorganisms present in wood chips versus wood pellets was found
by others. (Madsen et al., 2004) reported that high bacterial activities were found in dusts
from straw and wood chips (8×104 - 3.1×106 cfu/mg dust), while lower bacterial counts were
measured in dusts from briquettes and wood pellets (between 20 and 60 cfu/mg dust).

6.4 Conclusion
Gas emissions were studied using three test series involving stored Douglas fir chips, greens
and mixed materials (chips plus greens). Experiments were conducted using lab-scale
reactors for a range of temperatures under both aerobic and non-aerobic conditions, which
would correspond to the environment within a pile depending on the availability of oxygen.
Results from the tests showed that CO and CH4 emissions were 2-5 orders of
magnitude less than CO2 emission for Douglas fir residues. The relationship between CO2
emissions and temperature differs with the stored materials and depends on the mechanism chemical oxidation versus biological (biodegradation or microbial respiration).
Under non-aerobic conditions, the CO2 emissions increased with time for all
temperatures. At higher temperatures, higher CO2 emissions were measured from stored
chips which suggested that chemical reaction was in dominance. In contrast, lower emissions
of CO2 at higher temperatures were observed from the greens and the mixed materials. The
CO2 emissions from stored DF greens were found to be 8 times higher than those produced
from wood chips. The significantly higher emissions of CO2 together with the eventual lack
of oxygen from stored DF greens indicated that the storage environment has turned anaerobic
and the materials went through the anaerobic degradation. It reaffirms that the green
materials are easier to be degraded than wood chips due to the higher content of nutrients.
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The amount of gas emissions from mixed materials is generally in between the values
obtained from wood chips and greens.
Results also showed that CO2 emissions from the aerobic reactors exhibit similar
trends as the non-aerobic reactors with respect to the effect of temperature. However, the
total gas emissions are higher from the aerobic reactors over the same storage period.
The major VOCs components detected from the three types of materials by GC/MS
are similar, including hydrocarbons, terpenes, ketone, aldehyde, acetone, methanol, benzene
and its derivatives, acid and esters. However, some unique VOCs from each material are
odorous or have potential impact on human health. These include pyridine, ammonia, sulfur
compounds, indole and furanone found from stored greens and mixed materials under higher
temperatures.
The total concentration of VOCs (TVOC) was found to have a positive correlation
with temperature for all materials under both aerobic and non-aerobic storage conditions.
The TVOCs are much higher from greens and mixed materials than wood chips, which may
also be attributed to the readily degradation of green materials. Under aerobic conditions, the
cumulative TVOC concentrations were greater versus the non-aerobic reactors over the
storage period.
Microbial analysis results in terms of total bacterial counts and mold counts are
compatible with the CO2 emission results. Different extents of dry matter losses from the
three materials were found. Reactors with greens were measured to have the largest dry mass
losses, which are generally 4 times more than those for wood chips. The percent dry matter
losses from the aerobic reactors are greater than those from the non-aerobic reactors. When
the total CO2 emissions together with the total TVOC emissions over the entire storage
period were taken into account, a positive correlation was obtained between the percent dry
matter losses and gas emission under both aerobic and non-aerobic conditions.
In conclusion, Douglas fir materials may be degraded to a certain extent during the
storage as a result of the chemical and/or biological processes. Green materials can be much
more readily degraded than wood chips; thus the presence of greens exerts significant effect
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on gas emissions. Comparison of Douglas fir with Western Red Cedar and other woody
materials shows that Douglas fir is a more readily degradable material than Western Red
Cedar. Moreover, much more gas emissions are produced from Douglas fir chips than wood
pellets as a result of higher moisture content.
Overall, the gas emission results from this study can help to understand the
production and evolution of gases from stored wet biomass. It gives the concept regarding
what types of gases would be produced and how they behave. It provides a background to
better manage and handle the storage of high-moisture biomass. This work reaffirms the
importance of work safety and eco-friendly storage conditions for wet woody biomass and
controlling the emission of odorous VOCs.
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Chapter 7. Conclusions and Recommendations
7.1 Conclusions
The overall goal of this thesis was to study the biomass moisture content and gas emissions
during storage. The physical and chemical properties of the biomass may change due to
moisture variation and gas emissions. The specific objectives were: 1) to investigate the
drying characteristics of woody biomass; 2) to describe the wetting and drying processes of
woody biomass and adopt a model to simulate the time-dependent moisture content of the
materials during storage; 3) to apply the model to a biomass pile stored in the field under
natural weather conditions; 4) to study the gas emissions from different kinds of woody
biomass under different storage conditions and to quantify the emitted gases.
In chapter 1, recent published research on biomass storage was reviewed. The
problems associated with storage, which include variation of moisture content, gas emissions
and dry matter losses were identified. A comprehensive literature review about moisture
sorption characteristics of biomass was also included in this chapter, along with the
equilibrium moisture content and moisture sorption isotherms. Literature review also covered
gas emissions from different stored biomass. The effects of temperature, moisture content,
storage time and microbial activities were discussed. Most studies have been carried out on
wood pellets and woody materials with low moisture content. Very few works were
conducted on the fresh woody biomass with high moisture content, especially the gas
emissions from different high moisture materials.
The sorption characteristics of Aspen materials with the details of drying and
adsorption processes were presented in Chapter 2. The effects of temperature and relative
humidity on the sorption characteristics and the drying rate of woody biomass were studied.
The moisture sorption isotherm was obtained based on the experimental data. Experiments
using Trembling Aspen (Populus tremuloides) as materials were conducted in a controlled
environment chamber. Results showed that low temperature and high relative humidity of
ambient air led to higher equilibrium moisture content (EMC) for both desorption and
adsorption processes. At higher temperature, the EMC was reached over a shorter drying
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time indicating a higher sorption rate; relative humidity was also positively correlated with
the adsorption rate. The Modified Oswin model that relates equilibrium relative humidity to
temperature and EMC was found to provide the best fit to the experimental data for both
desorption and adsorption processes. The adsorption and desorption curves displayed a
sigmoidal shape and the curves exhibited hysteresis effect between adsorption and desorption.
The trend of drying rate constant versus temperature followed the Arrhenius equation, and
Page’s model was appropriate for predicting the drying characteristics of Aspen.
In Chapter 3, a mathematical model was adopted. The model was further developed
and calibrated for simulating the wetting and drying processes of Aspen. The changes of
moisture content during storage were studied. The moisture of the materials was divided into
internal and external moisture contents, which represent the bound water and free water
associated with the wood, respectively. The biomass exchanges moisture with the
surrounding environment by evaporation and precipitation. The internal moisture equation
originated from the Lewis’ equation, while the change in external moisture content was
related to the differences between evaporation and precipitation. The Aspen materials were
subject to periods of artificial precipitation and constant temperature evaporation in the
laboratory. Time-dependent moisture data along with pan evaporation rates were used to
estimate the parameters of the equations. The three coefficients of the model were estimated
to be 0.206 mm-1, 0.129 mm-1 and 0.239 mm-1, with small standard errors of estimation.
The model was then applied to the Aspen bales stored in the field during one-year
storage under natural conditions in Chapter 4. With the inputs of available weather data
which included temperature, relative humidity, wind speed, solar radiation and precipitation,
the model was used to estimate the daily evaporation and hence the moisture content of
Aspen under both covered and uncovered conditions during the one-year storage period
(June 2011-May 2012). The uncovered bales were exposed to the natural weather conditions
while the covered bales were protected from precipitation and solar radiation. For the
uncovered bales, the predicted moisture contents fluctuated around 20% (dry basis) in the
summer time. The high moisture contents of materials estimated during the NovemberMarch period were in line with the low temperature and high precipitation conditions. The
predicted moisture content ranged from 15% to 80% (dry basis). By comparison, for the
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covered bales, higher moisture contents as predicted for the period extending from October
to March resulted from the low evaporation rates which corresponded to high relative
humidity conditions. The predicted moisture contents were approximately 14% different
from the actual values. Nevertheless, the measured moisture contents exhibited the same
trend as the predicted moisture contents for both situations. The predicted moisture contents
and the profiles were in reasonably good agreement with the measured in-field results. This
indicated that the lumped model presented in chapter 3 may be used as a first approximation,
and applied to estimate the moisture content of Aspen or similar biomass during relatively
long-term field storage with a reasonable degree of accuracy.
Chapters 5 and 6 presented the results of gas emissions from the storage of two
important types of woody biomass in British Columbia under different storage conditions
with respect to temperature, initial moisture content and oxygen availability. Experiments
were conducted using lab-scale reactors for a range of temperatures under both aerobic and
non-aerobic conditions, which would correspond to the environment within a pile of
woodchips depending on the availability of oxygen.
In chapter 5, the gas emissions from stored Western Red Cedar chips were studied.
Results from WRC chips with initial moisture content of 50% wet basis in non-aerobic
reactors showed that the highest CO2 emission factor of 2.8 g/kg DM (equivalent to 16% in
concentration) was observed at 20oC along with the lowest O2 concentration of zero while
temperature ranged from 5 to 50oC, suggesting biological reaction could be the dominant
mechanism for CO2 generation during the storage period. Gas emissions from sterilized
woodchips confirmed this phenomenon. Although the CO emission factor was much lower at
0.03 g/kg DM, it increased with increasing temperatures due to chemical oxidation. CO2 and
CO emissions from the aerobic reactors exhibited similar trends as the non-aerobic reactors
with respect to the effect of temperature. The cumulative emissions of both CO2 and CO at
each temperature increased slowly with time, with higher oxygen levels of close to 20%
being maintained during the entire test period. Over a storage period of 55 days, the total
CO2 emissions from the non-aerobic and aerobic reactors were 2.8 g/kg DM and 6.6 g/kg
DM, respectively for the 20oC temperature. Similarly, the total CO2 emission was greater for
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the aerobic reactors at other temperatures. Microbial analysis results in terms of total bacteria
counts supported the argument of dominance by biological mechanism for CO2 emission.
Results from the qualitative GC/MS analysis indicated that the volatile organic
compounds (VOCs) emitted from the stored WRC woodchips included benzene and its
derivatives, methanol, terpene, aldehydes, acid, alkane, indole, furan, acetone, ethers and
esters. Some of these VOCs may be associated with the characteristics pungent smell of
WRC which can cause odor nuisance to the neighboring community. The total VOC
concentration was found to have a positive correlation with temperature. Percent dry matter
losses were less than 0.3% for the non-aerobic reactors as compared to 0.15-0.57% for the
aerobic reactors under different temperatures; the differences between aerobic and nonaerobic reactors were compatible with the estimated total gas emission over the storage
period. The accumulated concentrations of TVOC emitted from the non-aerobic reactors
were lower than the summation of the daily TVOC concentrations from the aerobic reactors
over the storage period. Taking the total CO2 emissions together with the total TVOC
emissions over the entire storage period, a positive correlation between the percent dry
matter losses and gas emission was found.
The plots of gas emission data from the materials with lower initial moisture content
of 35% wet basis exhibited the same trends as those from higher moisture content under both
aerobic and non-aerobic conditions. However, the amounts of gases were found to be lower
to different extents, indicating the moisture content is another important factor affecting the
gas emission from stored biomass. The moisture content was found to have a positive
correlation with the microbial activities, the chemical reaction rate and the evolution of gas
emissions.
In chapter 6, the gas emissions were studied from three tests involving stored Douglas
fir chips, greens and mixed chips and greens (with ratio of 1 chip:1 green in dry mass). The
initial moisture contents of these materials were all around 50% wet basis. Results showed
that the test with green materials more likely experienced biologically dominant degradation
rather than chemical oxidation. Under non-aerobic conditions, higher emissions of CO2, CO
and CH4 were measured at higher temperatures from stored chips which suggested the
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chemical mechanism was in dominance. By comparison, the emissions of CO2 were lower at
higher temperatures from DF greens and mixed chips and greens. The emissions of CO2 from
stored DF greens were as much as 8 times higher than DF wood chips. The amount of gas
emissions from mixed greens and chips was generally between wood chips and greens. The
oxygen was not detected from stored DF greens and mixed materials under non-aerobic
conditions. The outstanding high emissions of CO2 along with no oxygen from stored DF
greens indicated that the biomass had experienced the anaerobic degradation during storage
period. This performed that the green materials are much easier to be degraded than wood
chips as a result of the higher content of nutrients. Further results from the aerobic reactors
showed that the emissions of CO2 and CO exhibited similar trends as the non-aerobic
reactors with respect to the effect of temperature. However, the total gas emissions from the
aerobic reactors were calculated to be higher than those from non-aerobic reactors after the
entire storage period. Microbial analysis results in terms of total bacterial counts and mold
counts were compatible with the CO2 emission results.
The major VOCs components detected from DF chips, greens and mixed materials by
GC/MS were similar, which included hydrocarbons, terpenes, ketone, aldehyde, acetone,
methanol, benzene and its derivatives, acid and esters. In addition, some odorous compounds
such as pyridine, ammonia, sulfur compounds, indole and furanone were found from stored
DF greens and mixed materials under high temperatures. The total concentration of VOCs
was found to be positively related to temperature from all three materials under both aerobic
and non-aerobic storage conditions. The TVOCs were much higher from greens and mixed
materials comparing to wood chips. This might be attributed to the easily degradation of
green materials. Results showed that the summations of the daily TVOC concentrations from
the aerobic reactors were higher than the accumulated concentrations of TVOC emitted from
the non-aerobic reactors over the storage period. The dry matter losses during storage were
measured from three types of materials. DF greens had the largest dry mass losses, which
were almost 4 times higher than those from wood chips. The dry matter losses from aerobic
reactors were larger than those from non-aerobic reactors. Taking account of the total CO2
emissions along with the total TVOC emissions over the entire storage period, a positive
correlation between the percent dry matter losses and gas emission was found.
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Results indicated that Douglas fir materials would be degraded during the storage
process as a result of the chemical and biological processes. Greens were more readily
degradable materials comparing to wood chips. When comparing to Western Red Cedar
chips, higher gas emissions and larger dry matter losses were measured from DF chips. It
showed Douglas fir is a more easily degradable material than Western Red Cedar. Small
degree of dry matter losses from WRC chips over storage period also reaffirmed the decayresistance properties of WRC.
Overall, this study was focused on the storage and natural drying aspects of the
supply chain of biomass intended for bioenergy production. A model was adopted for
predicting the moisture content of biomass stored in the field, and lab-scale tests were
conducted under controlled environment conditions to calibrate the model, using artificial
and drying wetting cycles. The model was verified using one-year in-field data. This model
would be useful as a first approximation tool for predicting moisture content of biomass
during storage. Another series of lab-scale tests were conducted under controlled
environment conditions (aerobic and non-aerobic) to quantify the gas emissions from highmoisture biomass. Results showed there was a good correlation between dry matter losses
and gas emissions. The measurement techniques used in this study are applicable for
estimating gas emissions. A correlation between CO2 emission and dry matter losses was
established. The number of days required for the biomass to reach 1% dry matter loss was
also determined. This can help to devise ways to prevent excessive losses of dry matter
during storage, which have economic implications. Information may be derived from the
results regarding work safety associated with the storage of high-moisture biomass in
confined space.
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7.2 Recommendations for future research
Several studies are recommended in the future.
1) This thesis did not consider self-heating of biomass during storage, but this is an area
that can be explored in future.
2) It would be helpful to take account of the leachate from precipitation tests of biomass
in lab-scale experiment. It is useful to collect and test the contents of the leachate.
3) A lumped model was used to describe the moisture variation in a pile. The average
moisture content of the pile was estimated. In order to predict moisture stratification
in the pile, the phenomenon of moisture diffusion shall be investigated. In order to get
more accurate results, extra parameters should be considered to optimize the model in
the future study.
4) The moisture content of the bale under the transparent cover during one-year storage
in the field has been estimated in this thesis. It would be worthwhile to conduct a field
test with covered bales during one-year storage to validate the predicted moisture
content.
5) The aerobic and non-aerobic tests in the lab provided a concept of gas evolution
within a pile of biomass. The measurement of gas emissions from a large-scale pile is
recommended.
6) Moisture content was found to be an important factor affecting gas emissions. Initial
moisture contents of 35% and 50% wet basis in Western Red Cedar chips have been
studied. Various initial moisture contents can be investigated to study the specific
relations between moisture content and gas emissions.
7) Green materials have a major effect on gas emissions from stored Douglas fir
materials. The greens-to-chips ratio of 1 (dry weight) has been used as the basis of the
study. It would be worthwhile to consider different ratios. The study on the relation
between gas emissions and percent of greens is recommended.
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8) The VOCs from stored materials have only been qualitatively studied due to
limitation of the laboratory instrumentation. It would be worthwhile to quantify those
VOC components. It would give a better understanding how the temperature affects
the concentration of different VOC components.
9) Dry matter losses were found not to be totally accounted for by gas emissions. Some
dry mass might be lost as it was dissolved in the leachate. It is recommended to
measure the dry matter in the leachate from the stored materials.
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Appendix A. Summary of different drying methods
Table A1. Summary of different drying methods
Method
Natural drying
(air drying)

Forced air drying

Conventional
methods

Description
Materials are exposed to
the natural weather
environment
(with/without cover)
Materials are exposed to
the outside
environment under cover
with circulation by fans

Advantages

Disadvantages

No energy input

Low drying efficiency,
depend on weather and
take a long time (up to
6-12 months)

Little energy input

Low drying efficiency

Low temperature
drying

Temperature from 2555oC with circulation by
fans

Energy efficient,
maintain the quality
of materials

Long drying time

Conventional
kiln drying

In an insulated structure
with temperatures up to
80ºC, with humidity
control and circulation
by fans

Good control

Relatively high cost

High temperature
drying

Temperature from
100oC, up to 150oC

High throughput,
good control
Bugs and insects are
killed

High cost, heat waste,
strict requirement on
insulation

Dehumidification
drying

Moisture condenses and
water is drained from the
system

Efficient utilisation
of heat (recycled);
good control

Slow drying rate, low
temperature (60oC),
well insulation,
chemical condensation

Solar drying

Materials are stored in a
construction with solar
collection

Low cost, faster
drying rate than air
drying, materials
protected from
outside, free and
abundant energy

Depend on weather

Vacuum drying

Materials are dried in a
reduced pressure
environment, air is drier
than the object being
dried

Less energy needed,
work faster, little
damage on materials

High investment cost,
products with an
increased hygroscopic
and thermo plasticity

Radio frequency
drying

It heats at the molecular
level from within the
material and the middle
as well as the surface

Heat materials only,
fast drying, no waste
of heat, lower drying
temperature, save
space

Expensive, risk of
failure, technology
needed

Specialized
methods
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Appendix B. Derivation of Equation (5.1)
Mass of materials in the reactor: m
Void space in the container: V
At t = 0, N2 concentration is Cn0
At time t, the N2 concentration is Cnt, the gas concentration is Ci, and the gas volume is Vt.

Since N2 is an inert gas, which is not consumed or generated, the mass of N2 remains the
same over the entire test.

VCn0 = VtCnt
Vt = VCn0/Cnt

Based on Ideal Gas Law, PsV = nRT,
for each gas species produced, PsCiVt = (mi/Mwt)RT
PsCi (VCn0/Cnt) = (fi m/Mwt)RT

Hence,

fi =

Ps CiVM wt Cn 0
mRTCnt

157

Appendix C. Summary of bales temperatures
Table C1. Summary of monthly average temperature data for the four bales
June

July

August

September

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

13.5

13.5

13.5

13.5

14.8

14.8

14.8

14.8

18.0

18.0

18.0

18.0

16.2

16.2

16.2

16.2

2

11.9

11.9

11.9

11.9

17.6

17.6

17.6

17.6

20.1

20.1

20.1

20.1

16.1

16.1

16.1

16.1

3

13.8

13.8

13.8

13.8

17.2

17.2

17.2

17.2

19.5

19.5

19.5

19.5

18.1

18.1

18.1

18.1

4

14.0

14.0

14.0

14.0

17.0

17.0

17.0

17.0

20.1

20.1

20.1

20.1

19.9

19.9

19.9

19.9

5

15.3

15.3

15.3

15.3

18.6

18.6

18.6

18.6

17.7

17.7

17.7

17.7

20.7

20.7

20.7

20.7

6

16.5

16.5

16.5

16.5

18.7

18.7

18.7

18.7

17.9

17.9

17.9

17.9

20.9

20.9

20.9

20.9

7

14.4

14.4

14.4

14.4

16.3

16.3

16.3

16.3

18.0

18.0

18.0

18.0

20.5

20.5

20.5

20.5

8

14.5

14.5

14.5

14.5

15.6

15.6

15.6

15.6

18.1

18.1

18.1

18.1

21.7

21.7

21.7

21.7

9

15.5

15.5

15.5

15.5

15.3

15.3

15.3

15.3

18.1

18.1

18.1

18.1

19.6

19.6

19.6

19.6

10

15.3

15.3

15.3

15.3

17.5

17.5

17.5

17.5

17.0

17.0

17.0

17.0

19.4

19.4

19.4

19.4

11

14.6

14.6

14.6

14.6

17.9

17.9

17.9

17.9

17.8

17.8

17.8

17.8

20.2

20.2

20.2

20.2

12

15.4

15.4

15.4

15.4

17.1

17.1

17.1

17.1

19.1

19.1

19.1

19.1

19.3

19.3

19.3

19.3

13

16.2

16.2

16.2

16.2

16.3

16.3

16.3

16.3

18.0

18.0

18.0

18.0

17.2

17.2

17.2

17.2

14

14.3

14.3

14.3

14.3

15.5

15.5

15.5

15.5

18.1

18.1

18.1

18.1

17.2

17.2

17.2

17.2

15

14.1

14.1

14.1

14.1

17.3

17.3

17.3

17.3

17.4

17.4

17.4

17.4

15.9

15.9

15.9

15.9

16

13.9

13.9

13.9

13.9

16.2

16.2

16.2

16.2

17.8

17.8

17.8

17.8

14.1

14.1

14.1

14.1

17

16.0

16.0

16.0

16.0

16.8

16.8

16.8

16.8

17.7

17.7

17.7

17.7

13.9

13.9

13.9

13.9

18

14.8

14.8

14.8

14.8

17.8

17.8

17.8

17.8

17.3

17.3

17.3

17.3

15.0

15.0

15.0

15.0

19

14.8

14.8

14.8

14.8

18.3

18.3

18.3

18.3

18.4

18.4

18.4

18.4

15.7

15.7

15.7

15.7

20

16.7

16.7

16.7

16.7

17.3

17.3

17.3

17.3

20.6

20.6

20.6

20.6

16.5

16.5

16.5

16.5

21

17.7

17.7

17.7

17.7

16.2

16.2

16.2

16.2

24.1

24.1

24.1

24.1

17.7

17.7

17.7

17.7

22

16.7

16.7

16.7

16.7

16.2

16.2

16.2

16.2

18.6

18.6

18.6

18.6

17.2

17.2

17.2

17.2

23

15.1

15.1

15.1

15.1

16.8

16.8

16.8

16.8

19.2

19.2

19.2

19.2

21.3

21.3

21.3

21.3

24

14.0

14.0

14.0

14.0

19.7

19.7

19.7

19.7

19.3

19.3

19.3

19.3

20.6

20.6

20.6

20.6

25

14.8

14.8

14.8

14.8

18.5

18.5

18.5

18.5

20.1

20.1

20.1

20.1

15.3

15.3

15.3

15.3

26

14.7

14.7

14.7

14.7

16.5

16.5

16.5

16.5

20.5

20.5

20.5

20.5

12.6

12.6

12.6

12.6

27

17.7

17.7

17.7

17.7

17.6

17.6

17.6

17.6

20.7

20.7

20.7

20.7

14.5

14.5

14.5

14.5

28

18.7

18.7

18.7

18.7

18.1

18.1

18.1

18.1

19.6

19.6

19.6

19.6

11.8

11.8

11.8

11.8

29

17.4

17.4

17.4

17.4

18.5

18.5

18.5

18.5

17.5

17.5

17.5

17.5

14.5

14.5

14.5

14.5

30

16.0

16.0

16.0

16.0

20.5

20.5

20.5

20.5

17.2

17.2

17.2

17.2

14.5

14.5

14.5

14.5

18.1

18.1

18.1

18.1

16.8

16.8

16.8

16.8

31
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October

November

December

January

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

21.1

21.2

21.2

26.4

7.1

6.5

6.4

5.9

4.0

3.8

3.0

3.5

11.8

11.6

5.1

6.9

2

21.1

20.9

20.9

26.0

6.0

5.5

5.6

5.3

4.4

4.5

3.2

3.6

11.3

11.1

5.0

6.1

3

21.7

21.7

21.7

26.9

7.0

6.3

6.7

6.9

4.2

4.0

3.3

5.5

14.6

13.4

7.6

9.2

4

20.7

20.4

20.4

25.7

5.7

5.5

4.9

5.4

12.7

13.2

7.6

7.1

13.1

12.2

5.8

7.5

5

15.1

14.6

14.6

20.3

5.9

5.4

5.4

5.9

12.1

12.1

7.5

6.5

16.9

15.8

10.2

11.6

6

12.4

12.1

12.1

12.0

5.7

4.3

3.7

4.1

11.9

11.5

6.8

6.6

16.8

15.7

10.2

11.5

7

13.2

13.0

13.0

12.9

5.9

3.9

4.2

4.4

12.5

12.3

7.1

6.7

17.0

16.3

11.2

11.4

8

12.2

11.8

11.8

11.5

7.2

5.7

6.0

6.0

11.7

11.8

6.8

6.0

17.3

16.9

11.1

12.1

9

12.7

12.5

12.5

12.3

8.9

7.9

8.2

8.3

10.6

10.4

6.3

5.8

15.7

15.4

10.8

10.1

10 11.3 11.1 11.1 10.8 9.6

9.1

9.8

9.9

11.3

10.8

6.5

6.2

16.8

16.1

11.5

10.8

11 12.1 11.7 11.7 11.6 7.0

6.1

6.9

7.1

11.4

11.2

6.3

5.9

15.7

15.4

10.8

10.1

12 11.5 11.3 11.3 11.0 4.4

3.4

3.8

4.0

10.6

10.4

6.0

5.4

16.8

16.1

11.5

10.8

13 10.5 10.1 10.1 10.1 5.1

4.5

4.5

5.0

11.0

10.6

6.2

5.8

13.2

12.6

6.7

7.6

14 10.9 10.2 10.2 10.3 5.5

4.8

5.1

4.9

11.7

11.2

6.1

6.9

12.9

12.5

6.6

7.4

15 10.0

9.4

9.4

9.4

4.9

4.2

4.3

3.8

13.2

12.6

7.3

8.3

15.1

14.1

8.3

9.5

16

8.9

8.9

9.0

5.3

3.2

3.2

3.4

14.5

13.9

8.6

9.8

14.6

13.5

7.5

8.8

17 10.5 10.0 10.0 10.1 3.1

2.3

3.5

2.7

15.8

15.1

10.0

9.9

15.6

15.1

9.9

10.0

18 11.8 11.1 11.1 11.0 2.3

0.8

1.7

0.8

16.0

15.7

10.4

9.8

16.6

15.7

10.1

11.1

19 12.4 11.7 11.7 11.4 2.3

1.1

1.9

0.9

15.4

15.2

10.0

10.0

13.2

13.0

8.8

7.5

20 12.3 12.3 12.3 12.0 0.8

0.3

0.3

0.4

14.6

14.7

9.1

8.6

13.7

14.1

9.0

8.2

21 11.2 10.6 10.6 10.7 4.4

2.8

2.7

2.0

12.3

12.4

7.4

6.7

11.3

10.9

6.7

5.5

22 10.9 10.6 10.6 10.7 7.4

5.7

6.9

6.2

10.8

11.0

6.2

6.7

11.5

11.2

6.7

5.7

23 10.5 10.3 10.3 10.5 5.8

4.7

5.8

5.4

13.3

12.2

7.1

8.7

10.6

10.2

5.6

5.2

24

9.6

9.0

9.0

9.2

4.3

3.0

3.7

3.4

15.5

14.5

9.3

10.1

11.2

10.8

5.5

5.9

25

8.9

8.2

8.2

8.5

4.9

3.4

4.3

4.0

15.6

15.4

9.9

9.2

10.9

10.3

5.1

5.5

26

7.1

6.7

6.7

6.6

6.7

4.8

5.5

5.2

13.5

13.5

7.9

8.4

11.8

10.3

5.1

5.6

27

7.2

6.6

6.6

6.8

8.5

6.9

8.4

7.8

14.2

13.3

8.1

10.5

10.7

10.3

4.6

5.4

28

7.5

6.8

6.8

6.8

5.5

4.5

5.5

4.7

17.9

16.7

11.9

11.0

10.9

10.4

4.9

5.4

29

8.5

7.6

7.6

7.5

4.5

3.5

4.4

3.5

15.3

15.1

10.0

9.2

10.7

10.3

4.7

5.2

30

9.6

8.8

8.8

8.6

4.2

2.8

4.0

3.0

14.4

13.8

8.8

7.7

10.7

10.3

4.6

5.2

31

9.4

9.0

9.0

8.5

12.2

12.1

6.8

6.5

10.7

10.3

4.7

5.2

9.6
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February

March

April

May

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

14.1

12.9

8.1

7.4

13.4

12.3

7.2

8.5

15.7

14.7

10.0

11.2

19.9

18.4

13.5

14.0

2

14.0

13.4

9.7

7.1

13.9

12.7

8.1

8.6

17.1

16.1

11.0

12.0

18.4

17.8

12.2

13.2

3

15.0

14.6

10.2

6.2

15.3

14.5

9.6

10.0

16.9

15.9

10.8

11.4

18.5

17.4

12.3

13.2

4

15.9

15.0

10.9

6.4

16.4

15.6

11.2

11.3

16.3

15.4

10.7

11.1

19.5

18.2

13.4

14.2

5

13.9

12.9

7.7

7.7

15.4

13.7

9.3

9.7

17.0

15.9

11.0

11.5

20.1

18.6

13.6

14.3

6

14.0

13.2

8.5

7.9

13.2

12.0

7.2

7.6

17.3

16.0

11.3

12.0

20.2

19.4

13.4

14.9

7

15.1

14.6

9.3

9.6

12.8

11.2

5.9

7.2

17.9

16.6

12.3

12.9

22.1

21.5

15.7

16.7

8

16.4

15.8

9.9

10.7

14.1

12.6

7.2

8.6

18.9

17.9

13.7

14.3

23.1

21.9

16.5

17.8

9

17.1

16.5

10.8

11.7

15.4

14.6

9.9

10.6

20.7

19.7

14.6

15.6

20.0

18.1

13.3

14.3

10

16.1

15.5

9.7

10.6

15.7

14.7

10.4

10.5

21.3

20.0

14.9

15.6

18.9

17.7

12.7

14.0

11

18.1

17.4

12.3

12.4

15.2

13.7

9.0

9.4

20.6

19.5

14.6

15.0

19.7

19.5

13.8

14.5

12

16.8

16.1

11.3

10.8

13.4

12.8

8.0

8.5

20.1

18.9

14.2

14.8

21.7

21.8

15.7

16.7

13

16.0

15.4

10.9

10.2

13.5

12.3

7.5

8.1

20.1

19.0

14.6

14.9

24.0

23.5

17.9

18.8

14

15.0

14.5

10.2

9.5

12.6

11.6

6.9

7.2

20.9

19.8

14.5

15.0

25.4

24.2

19.2

19.4

15

14.5

14.0

8.9

8.6

15.9

15.8

10.9

11.7

20.4

19.3

13.7

14.9

25.0

23.7

18.9

19.0

16

14.4

13.8

8.1

9.0

16.0

14.4

9.8

10.6

19.7

18.5

12.5

13.3

23.5

22.0

17.3

17.8

17

14.5

13.7

8.3

9.3

15.5

14.3

9.3

10.6

17.7

16.2

12.4

13.4

21.8

20.1

15.3

16.2

18

14.2

13.2

8.0

9.2

14.8

13.4

8.5

9.5

18.9

18.3

12.4

14.0

20.8

19.6

14.7

15.3

19

13.6

12.2

6.9

8.3

13.4

12.1

7.5

7.8

17.9

17.0

12.4

13.6

21.6

21.1

15.5

16.0

20

13.6

12.2

6.7

8.2

13.5

12.6

7.6

8.9

19.4

18.3

13.3

14.1

21.9

21.7

15.9

16.7

21

14.4

13.7

8.2

9.3

14.7

13.8

12.4

9.4

19.4

18.6

14.2

14.6

22.4

22.2

16.9

18.3

22

15.7

14.8

10.1

10.3

14.2

13.0

8.4

8.4

20.8

19.9

16.0

16.6

22.2

21.7

16.5

17.0

23

15.2

13.6

8.9

9.7

15.5

14.9

9.7

10.8

23.1

22.2

16.6

17.0

21.1

20.8

15.4

16.0

24

13.6

12.6

6.9

8.5

16.8

15.8

11.2

11.2

21.6

20.6

15.8

16.3

21.0

20.3

14.7

16.1

25

12.5

11.4

5.8

7.2

17.9

17.2

12.2

12.2

21.0

20.3

15.6

16.1

23.6

23.0

17.7

18.4

26

11.7

9.6

4.5

5.9

17.9

16.7

11.9

12.4

21.2

19.9

14.6

15.0

25.4

24.6

18.8

19.6

27

10.9

9.1

3.7

5.6

17.3

16.5

11.6

12.2

19.7

18.3

13.3

14.2

24.0

22.4

17.5

18.5

28

10.9

10.2

4.3

6.4

17.6

16.6

11.8

12.8
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Figure C1. The locations of thermocouples in each bale
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Appendix D. GC and GC/MS spectra

162

Figure D1. GC spectra of the gas samples from the reactors with experimental materials
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Figure D2. GC/MS spectra of the gas samples from the reactors with experimental materials
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(1) 2-Cyclohexen-1-one, 2-methyl-5-(1-methylethenyl)-

(2) N-(m-Nitrophenyl)benzamide

165

(3) Bicyclo[2,2,1]heptane, 7,7-dimethyl-2-methylene-

(4) Pentanal, 3 methyl-

166

(5) Ocimene

(6) 1R-, alpha-Pinene

167

(7) Camphene

(8) 2(3H)-Furanone, dihydro-3-methyl-

168

(9) 1H-Indole, 2-methyl-3-phenyl-

(10) Isopropyl Alcohol

169

(11) 2-Phenazinecarboxylic acid
Figure D3. Identification of compounds by using mass-charge ratio
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