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ABSTRACT
The aim of this thesis was to improve the quality of energy wood and therefore increase the
potential of forest energy. The role of moisture content in energy wood was crucial in this
study and the data concerning it was collected at various stages in the operational energy
wood supply chain.
About half of the mass of a freshly-felled tree consists of water. From the point of view
of energy generation this water is unwelcome. There are two main ways to dry energy
wood; these are artificial drying and drying naturally. The Norway spruce (Picea abies L.
Karst.) stump wood dries fairly quickly in favourable natural conditions. The average
moisture content (wet basis) of a stump was about 31 % one month after stump harvesting.
Spruce stump wood also retains its dryness well in storage all year round; providing the
stumps are dried well one time after harvesting. Small-sized whole trees did not dry well at
roadside storage sites under natural conditions. About one year after harvesting the
moisture content of a small-sized whole tree was still about 43 %. However, during storing
a remarkable weight loss of 37 % was detected between the forest and the heating plant.
The most effective and the fastest drying method found in this study was the continuous
compression drying method. The lowest moisture content of 30 % was achieved for Downy
birch (Betula pubescens Ehrh.) by continuous pressing using 38 MPa and with a pressing
time of 30 seconds. Correspondingly, the moisture content of softwood was about 35 %
under the same pressing conditions. The energy consumption for compression drying is
very low compared to the energy required to vaporise water in thermal drying.
The techno-economic forest energy potential of the study area was 1.6 TWh/y and it
could be even greater (2.7 TWh/y) if the Scots pine (Pinus sylvestris L.) stumps were also
fully utilised for energy recovery. The forest energy potential calculations were made using
the heating value of fresh wood and therefore the real potential will be greater when using
dried energy wood. For absolutely dry wood the potential was about 1.9 TWh/y.
The properties of energy wood vary widely depending on its assortment, storage
conditions, as well as the weather conditions and the origin of the energy wood. However, a
better understanding of energy wood properties will increase forest energy’s potential and
the use of renewable energy and thus help mitigate climate change globally.
Keywords: bioenergy, energy wood, forest energy, measuring, stump, whole tree
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“Where no wood is, there the fire goeth out”
Proverbs 26:20
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1 INTRODUCTION
1.1 Background
Population growth and rising living standards are increasing world energy consumption. In
2008, the world’s primary energy demand was 12,271 Mtoe (142,712 TWh) and demand is
increasing every year, from 2008 to 2035, by between 0.7 - 1.4 % depending on the
scenario used (World Energy Outlook 2010). Most of the energy, 80 % (Figure 1), is
generated with fossil fuels and the share of renewable energy sources is only slightly more
than 10 % (World Energy Outlook 2010). However, there are five strong driving forces
(climate change, high price of fossil fuels, reduction of fossil fuel deposits, energy security
and rural development) which strongly promote the use of renewable energy sources
globally. The most important driver is global climate change (United Nations Framework…
1992, Kyoto Protocol to… 1998, Hakkila 2004, Directive 2009).
The on-going anthropogenic climate change is due to greenhouse gas emissions which
have increased during the last century (Solomon et al. 2007, Ilmasto-opas.fi 2012).
Increases in the carbon dioxide content of the atmosphere have especially promoted the
greenhouse effect (Ilmasto-opas.fi 2012). Other remarkable greenhouse gases are methane
and nitrous oxide (Solomon et al. 2007). The atmosphere’s carbon dioxide content rose,
from the 18th century to the present time, from 208 ppm to 390 ppm (Pimenoff et al. 2008,
Recent Mauna Loa… 2012). The use of fossil fuels is the main cause for the increased
carbon dioxide (CO2) content in the atmosphere (Le Treut et al. 2007).
The greenhouse gas emission will result in an increase in the global mean temperature
(Ilmasto-opas.fi 2012). For example the mean temperature of the globe has risen by about
0.8 °C compared to the period before industrialisation (Solomon et al. 2007). It has been
estimated that the Greenland ice sheet will melt if the temperature rises by 1 - 2 degrees
from the present level (Lenton et al. 2008). If the Greenland ice sheet totally melted, the sea
level would raise by as much as 7 metres (Lenton et al. 2008). Global warming also causes
other serious changes on the planet, such as: the melting of the West Antarctic ice sheet, the
melting of Artic sea ice, the melting of permafrost, the disappearance of Boreal forests and
the decreasing of the Indian summer monsoon etc. (Lenton et al. 2008). The impacts might
be catastrophic for mankind. Therefore it is a fact that greenhouse gas emissions must be
reduced so that global warming can be prevented. Energy efficiency and renewable energy
has an essential role to play in fighting climate change.
Higher prices for fossil fuels promote the use of renewable energy. A variety of
geopolitical and economic events directly affect the price of crude oil. In the early 70’s the
price of crude oil was under 20 dollars per barrel, but the price rose quite rapidly in the 70’s
to almost 50 dollars per barrel at the time of the oil crisis in 1973. The rise in the oil price
continued until the highest point was reached at slightly over 80 dollars per barrel in 1982
after which the price began to fall temporarily. The price was about 30 dollars per barrel for
almost the whole of the 90’s. However, the price began to rise again in the new millennium
and it was over 120 dollars per barrel before the global financial collapse in 2008. (What
drives crude... 2012). In the autumn of 2012 the price of crude oil was about 90 dollars per
barrel (Petroleum & other liquids 2012). Crude oil sets the price of petroleum and also
other forms of energy (What drives crude... 2012). The interest in biofuels will increase
when the price of oil is high and fluctuations in fossil fuel prices affect the use of forest
energy (Hakkila 2006a, Thorsén et al. 2010, Mikkola 2012).
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Figure 1. World primary energy demand by fuel in 2008 (Drawn by Jussi Laurila according
to World Energy Outlook 2010).

Other important driving forces are the reduction of fossil fuel deposits as well as energy
security. Energy security is increased in that the use of renewable energy contributes
significantly to local energy independence (Lunnan et al. 2008). Moreover, rural
development drives the use of renewable energy, because it promotes development and
employment in rural areas, which is desirable (Lunnan et al. 2008). The lack of fossil fuel
deposits, the great forest energy potential and high energy demands promote the
development and use of bioenergy (Röser 2012). The strong rise in the world market price
of fossil fuel and the high cost of emission trading has changed the price relationship
between fossil and renewable energy. The competitiveness of renewable energy in the
current situation is better now than during the time of cheap oil (Pitkän aikavälin ilmasto…
2008).
There are versatile renewable energy sources in the world. There is hydropower, solar
energy, wind energy and bioenergy forms of renewable energy. Bioenergy is also divided
into several different sources, such as: field crop energy, forest energy and algae energy.
However, currently forest energy is probably the most important source of bioenergy in
many countries (Riala & Asikainen 2012). Also forest energy is divided into different
sources according to its origin. The main sources in Finland are, for example: small-size
trees from young stand thinning sites, logging residues and stump wood from clear cutting
areas.
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The use of wood as fuel has a long tradition in many Nordic countries, especially in Finland
and Sweden where the development of the utilization of forest energy is the most
progressive in Europe (Asikainen et al. 2008, Röser 2012). Also, the share of
mechanization in wood harvesting is high in Finland and Sweden compared to other
European countries (Asikainen et al. 2008). However, the present large scale use of forest
energy is also a relatively new phenomenon in these countries.
According to the Finnish long-term climate and energy strategy wood fuel has an
important role to play in increasing the use of renewable energy (Pitkän aikavälin ilmasto…
2008). The aim of the European Union Commission is to substantially increase renewable
energy usage by the year 2020 (Directive 2009). In 2012, the amount of forest wood chips
used for heat energy production in Finland was 8.3 million m3 solid, while the technoeconomical potential of forest energy was about 15 million m3 solid per year (Ylitalo 2013,
Hakkila 2004, Laitila et al. 2008). Accordingly, forest energy is a limited resource despite
its renewability (Hakkila 2004). The use of forest wood chips for heat energy production
has increased quite rapidly over the past 10 years in Finland (Figure 2). As a comparison,
the use of wood fuel for district heating in Sweden was 32 TWh (circa 16 million m3 solid)
in 2010 (Wigrup 2012). The total wood consumption for energy generation in the EU’s 27
member states was 346 million m3 in 2010 (Mantau et al. 2010). The aim of the Finnish
Ministry of Employment and Economy is to increase the use of forest wood chips up to
13.5 million m3 solid per year by the year 2020; based on the European Union
Commission’s target (Directive 2009, Työ- ja elinkeinoministeriö 2010). The target is very
challenging and new innovations, research and development work is needed so that the goal
can be met.
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Figure 2. Consumption of forest wood chips from 2000 to 2012 in Finland (Drawn by Jussi
Laurila according to Ylitalo 2013).
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1.2 Moisture content of wood
About half of the biomass of a living tree consists of water (Hakkila 1989, Haygreen &
Bowyer 1996, Kärkkäinen 2007). It is well known that the moisture content range (wet
basis), in Finland, of freshly-felled small-sized Scots pine and Norway spruce trees varies
between 50 - 60 % and birch trees 40 - 50 % (Hakkila 1989, Kärkkäinen 2007). The share
of water varies both between the separate parts of the tree and between trees. In the
outermost growth ring of spruce the moisture content is even as high as 60 % whereas the
moisture of the heartwood is only about 30 %. With the pine tree the corresponding values
are a little lower (Saranpää & Tuimala 1997, Kärkkäinen 2007). The variation of moisture
content can be explained partly by, among other things, the density of the wood and by the
age of the tree (Kärkkäinen 2007). In general the denser the wood is, the lower the moisture
content of the wood. The age of the tree significantly affects the proportion of heartwood in
a tree (Haygreen & Bowyer 1996). For example the heartwood of pine and spruce is
substantially drier than sapwood (Haygreen & Bowyer 1996, Kärkkäinen 2003). It has also
been shown that the moisture of the tree is partly determined by its hereditary (Kärkkäinen
2003). The moisture varies significantly according to the season and also a little bit
according to the time of day. The moisture of a living conifer will be at its highest in the
winter season (Saranpää & Tuimala 1997). The moisture is also at its lowest in the
commercial part (log and pulp wood) of the tree. The exception to this may be stump wood
where the moisture can be relatively low due to the high density of the stump. Usually the
moisture increases from the middle of the stump moving towards the root points
(Kärkkäinen 2007).
Wood has a cellular structure, mostly formed of dead cells, which have stiff cell walls
and a void inner cavity called the lumen (Gibson & Ashby 1999, Kärkkäinen 2007). There
is water retained in the wood cell in two ways (Figure 3). Part of it is free water in the cell
lumens and part is bound to the cell walls (Haygreen & Bowyer 1996). Also, there is
saturated water vapour in the lumen. In a living tree water is transported from the roots to
the crown through these hollow lumens. Therefore, in freshly-felled trees the lumens are
also filled with water as well as the cell walls (Kärkkäinen 2007).

Cell wall saturated with water

Saturated water vapor

Liquid water

Figure 3. Water in a green wood cell (Re-drawn by
Jussi Laurila according to Haygreen & Bowyer
1996).
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Wood is a hygroscopic material because it tends to absorb water from the surrounding air
(Kärkkäinen 2007). Wood also has equilibrium moisture content (EMC) which depends on
the temperature and the relative air humidity (Haygreen & Bowyer 1996, Kärkkäinen
2007). The amount of water vapour which is entering the wood in the equilibrium moisture
content and leaving it is equal (Kärkkäinen 2007). The equilibrium moisture content of
wood is different dependent on whether the moisture of the wood is decreasing or
increasing. When moisture increases, the equilibrium moisture content will be lower than
when the moisture content is decreasing (Kärkkäinen 2007). The reaction of untreated
wood to moisture changes is moderately quick (Kärkkäinen 2007). According to Time
(2002) the new equilibrium moisture content point of thin (10 mm) spruce samples was
reached within a day in a temperature of 25 °C when the relative air humidity varied
between 75 and 94 %.
The amount of water in the wood can be described using different methods and concepts
(Kärkkäinen 2007). When speaking about the moisture of wood, some of the general
concepts used are moisture ratio (dry basis) and moisture content (wet basis). The moisture
content (MC) is the relation of the mass of the water and the total mass of the fresh wood,
Equation 1. The moisture ratio (MR) is the relation of the mass of the water and the mass of
the dry wood, Equation 2. (Saranpää & Tuimala 1997, Kärkkäinen 2003).

where:
MC =
MR =
mg
=
m0
=

(

)

(

)

(1)

(2)

moisture content (wet basis)
moisture ratio (dry basis)
the mass of the sample before drying
the mass of the sample after drying

According to the recommendation, the moisture content and the moisture ratio are usually
shown in per cent (Kärkkäinen 2007). The conversion between moisture content and
moisture ratio can be easily calculated using equations 3 and 4 (Saranpää & Tuimala 1997,
Kärkkäinen 2003). However, in practice the terms of moisture content and moisture ratio
have not been totally established and this might cause confusion (Kärkkäinen 2007).
(3)

(4)
There are several methods for the measurement of wood moisture. The methods can be
divided into two main types: one phase methods and two-phase methods (Kärkkäinen
2007). In a one phase measuring method the mass of the water and the mass of the wood is
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not measured separately. In this method the moisture of the wood is directly determined
with one measuring based on, for example: the electrical conductivity, micro waves,
infrared waves or nuclear magnetic resonance (Kärkkäinen 2007).
In the two-phase methods the mass of the water and the mass of the wood is determined
separately. The simple laboratory method is to weigh the mass of fresh wood and then the
mass of the wood absolutely dry. Thus, the mass of the water, which the wood contained, is
obtained as a result of subtracting the one from the other. The drying can be carried out in
an oven at 85 to 120 ˚C depending on the standard used (Kärkkäinen 2007). Usually a
drying time of 24 hours is sufficient, but longer times can also be used. The drying time can
be shortened by raising the temperature of the oven (Kärkkäinen 2007). However, the result
will not be as exact as that obtained using lower temperatures (Kärkkäinen 2007).
There are several standards for the determination of the moisture of wood which differ
from each other (Kärkkäinen 2007). The variation is found in the drying times and
temperatures used and also the ventilation definitions might be incomplete (Kärkkäinen
2007). In addition, too long a drying time and too high a temperature in the oven causes
loss of volatile wood compounds. This directly reduces the mass of the wood and gives
incorrect results. Moreover, in practice it is impossible to know exactly when the wood is
absolutely dry (Kärkkäinen 2007). Due to the above mentioned factors the two-phase oven
methods also have inaccuracy factors. However, the two-phase method is more accurate
than the one phase method which is based on electrical conductivity. Especially above the
fibre saturation point the one phase method (electrical conductivity) is imprecise.

1.3 Drying of energy wood
From the point of view of logistics and energy generation the moisture in wood is
unwelcome and it causes extra costs in the energy wood supply chain (Nurmi 2000, Hakkila
2004). When wood is burnt, water evaporates before the wood begins to chemically
decompose. The warming of the water, the vaporising of the water and the rising of the
vapour’s temperature requires thermal energy. This causes a reduction in the wood’s
heating value and the temperature at which the fuel is burning. The decline in the burning
temperature also slows down the speed at which the burning happens (Kärkkäinen 1981,
Pietilä 2005).
Energy generated from wood fuel can be increased by improving the wood quality. The
moisture content of the wood is an important quality factor in energy wood (Jahkonen et al.
2012, Routa et al. 2012). The lower the wood fuel’s moisture content, the better its quality.
The heating value (5.3 MWh/ton) of dry wood is significantly higher than the heating value
(2.2 MWh/ton) of fresh wood (Alakangas 2000, Nurmi 2000, Kärkkäinen 2007). It is
therefore economically reasonable to dry energy wood before transportation and utilization
(Routa et al. 2012). The drying of energy wood can be done either by using artificial drying
(thermal drying, cold-air drying, compression drying) or by using natural conditions (solar
radiation and wind).
The moisture qualification of energy wood depends on what the fuel is going to be used
for: in general the dryer the wood the better the fuel. The moisture content of wood fuel
which is used in household fireplaces should be 15 - 20 %. From the point of view of the
durability of wood chips in storage, the moisture content should not exceed 25 %. The
moisture content of wood fuel which is to be used in a heating plant of less than 1 MW
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should not be more than 40 %. Large heating plants can use fairly moist fuel although it
lowers the energy content of the fuel (Alakangas 2000).
The disadvantage of energy wood drying at the road side storage under natural
conditions is its slowness and the dryness achieved. Typically the moisture content of
small-size trees varies between 35 - 40 % after a period of road side storage in Finland
(Hakkila 1989, Hillebrand & Nurmi 2004). Because of the disadvantages of natural drying
artificial drying methods like thermal drying are also used. However, the energy
consumption of thermal drying is quite high and therefore the method is not so cost
effective. When wood dries, for example in thermal drying, the free water in the lumen
leaves first (Haygreen & Bowyer 1996). The moisture content at which lumen is free of
water, but the cell walls are still fully saturated, is called the fibre saturation point (Skaar
1972). The fibre saturation point differs between tree species, usually being between 20 25 % (Skaar 1972, Koponen 1985). The wood contains hydroxyl groups, which can form
strong intermolecular hydrogen bonds with water molecules (Skaar 1972). Therefore, water
can bind tightly to the cell wall and the energy required when vaporizing water using
thermal drying is quite high (2300 kJ/kg).
Other artificial drying methods are cold-air drying and compression drying. The latter
one is not used much for wood drying in practise. However, compression drying has been
used for decades for bark drying in the plywood, pulp and sawmills industry (Isomäki 1974,
Alakangas 2000, Ahtila 2010, Siitonen 2010). Bark is a softer material than wood and
therefore it is presumably more suitable for compression drying than wood (Kärkkäinen
2007). However, the moisture content of bark might still be above 60 % after compression
drying, especially in conifers (Alakangas 2000). The idea of compressing drying for wood
has been tested in a few studies. The first studies were in North America at the beginning of
the 1980s (Haygreen 1981, 1982). Liu & Haygreen (1985) continued the studies later and
determined the optimal pressure and compression times for some of the North American
tree species. Yoshida et al. (2010) introduced a roller compression dryer in Japan. The dryer
contains two rollers that are positioned closely together leaving a narrow gap. Wood chips
are fed into the gap, and the compression of the rollers removes the water. However, the
lowest moisture content achieved by the roller press was fairly modest being just 46 %.
Referring to the above-mentioned drying results: research, development and new
innovations are needed for the drying of energy wood. The moisture content could be taken
into consideration in the pricing of the energy wood, because one is able to pay more for
dry fuel than for fresh.

1.4 Measurement of energy wood
The measurement of energy wood is an important part of its procurement (Hakkila 2006b,
Lauhanen & Laurila 2007a). The measurement results set the price of the energy wood
between the buyers and the sellers as well as what the machine entrepreneur’s remuneration
will be (Nurmi 1992). However, there is no legal act regarding energy wood measurement;
unlike
timber
measurement
in
Finland
(Puutavaranmittausasetus
1991,
Puutavaranmittauslaki 1991). There is a measurement agreement which contains guidelines
and it gives the principles on how to measure the weight, volume and energy content of
energy wood (Lindblad et al. 2010). The measurement agreement is generally used in the
forest energy sector and several organisations are behind this agreement in Finland
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(Lindblad et al. 2010). However, an energy wood measuring act is coming (Hakkila 2006b,
Työryhmä esittää energiapuun… 2012).
The energy wood measurement methods commonly used in Finland are: the
measurement of the frame volume of energy wood stacks, the measurement of the energy
wood’s weight using a crane scale, the measurement of the volume of the energy wood
chips and the measurement of the energy content of the energy wood (Lindblad et al. 2010).
The weighing results can be converted into volume by using the fresh density number from
the measurement agreement. The bulk volume of the chips can be changed into the solid
volume by using a coefficient. The factor that is normally used in practise when changing
solid volume to bulk volume is 2.5 and from bulk volume to solid volume the factor is 0.4
(Lindblad et al. 2010). The frame volume of an energy wood stack can also be converted
into a solid volume by using the solid volume factor based on the measurement agreement
(Lindblad et al. 2010). Energy content can also be converted into volume. Timber and
energy wood measuring always happens with bark on the trees in Finland.
Unfortunately, exact wood energy measuring is challenging and there are many
problems, when measuring biomass (Rosillo-Calle et al. 2007). First of all, the shape of the
energy wood is challenging when measuring it. Small-sized whole trees, which contain: a
stem, branches and leaves, are especially difficult to measure. However, the yield of energy
wood is 15 - 35 % higher when harvesting whole-trees compared to delimbed stems
(Hakkila 2001, Laitila 2012). Secondly, there are several units (weight [kg], volume [m3] or
energy content [MWh]) which can be used when measuring energy wood. Also, the
conversion from one unit to another unit can be unreliable and inaccurate. And thirdly, the
change in moisture content makes the situation even more complex, because it should be
known when the result is based on fresh or dry weight (Hakkila & Parikka 2002).

1.5 Weight loss of energy wood
After harvesting, the energy wood is at the roadside storage sites for a longer or shorter
time, usually from ½ year up to 2 years (Hakkila 1989, Hillebrand & Nurmi 2004). There is
some weight loss in the energy wood supply chain from the forest to the heating plant;
especially during storage (Hakkila 2006b). However, there are not many surveys
concerning it (Jirjis & Norden 2005, Pettersson & Nordfjell 2007, Anerud & Jirjis 2011).
The weight loss comes from many different sources such as: harvesting, storing, chipping
and transportation (Figure 4). Probably, the drying of the energy wood in storage is the
most important source of weight loss. However, the drying of the energy wood is desirable
and it improves the quality of the wood fuel. There are also other sources of weight loss
which are totally unwelcome, such as: storage and transportation loss and the dry matter
loss of wood (Jirjis & Norden 2005, Hakkila 2004, Pettersson & Nordfjell 2007, Anerud &
Jirjis 2011).
According to Jirjis & Norden (2005) the dry matter loss for composite residue logs can
even be as high as 11.5 % after a storage period of 8 months. Pettersson & Nordfjell (2007)
reported similar observations for composite residue logs after 9 months of storage. A lower
dry matter loss of 8.3 % is reported for stump wood after a storage period of 13 months
(Anerud & Jirjis 2011).

17

Figure 4. Energy wood supply chain from the forest to the heating plant consists of many
phases where losses might exist (Picture: Jussi Laurila).

According to Erkkilä (2010) the average weight loss (storage and chipping) in storage was
3 - 4 %. Tyynismaa (2012) got similar results in the Seinäjoki region. Despite unwelcome
weight loss, storing is an important part of the forest energy supply chain, because it
decreases the moisture content of the energy wood and secures the availability of wood fuel
around the entire year (Hakkila 1989, Ranta 2002, Laitila 2012).

1.6 Theoretical framework of the thesis
The aim of the European Union Commission is to increase renewable energy usage
substantially in every member state as well as in Finland (Directive 2009). The study area
of this thesis consists of 6 % of the total area of Finnish forest land (Ylitalo 2011). Within
this area there is a lot of primary production in both agriculture and forestry. Also, there is
lively heating entrepreneurial activity in the area (Sauvula-Seppälä 2010). Usually the
heating entrepreneur is a small-business and they do not have sufficient resources for
research and development work. However, the use of energy wood by heating
entrepreneurs is significant. In addition there are large-scale energy operators which have a
remarkable effect on the usage of forest energy.
The use of forest energy has been growing rapidly in recent years. However, there is not
enough research-based information in this sector to support decision-making, although
there is an acute need for it. The availability and quality of energy wood are critical factors
for both heating entrepreneurs and large-scale energy operators. In this work the forest
energy potential of the study area and the effect of moisture content and weight loss on this
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potential are clarified. Also, the moisture and drying of the energy wood in natural
conditions are examined. Because of the poor drying results obtained from natural
conditions, the possibilities of the artificial drying method compression drying were also
examined.

1.7 Aim of the thesis
The primary aim of this study was to examine the quality of energy wood and especially the
moisture content and drying of energy wood. Moisture content is an important factor
because it directly affects the transportation costs and heating value of energy wood. From
the point of view of combustion moisture is unwelcome and small heating plants are
especially affected by the use of moist wood fuel. The drying of energy wood was studied
both under natural conditions as well as artificial ones in the laboratory. The latter one was
studied because the drying of energy wood under natural conditions is limited. The aim was
also to examine the forest energy potential in the study area (Figure 6) and clarify how
moisture content affects it. The new information can be used to improve the quality of
energy wood and increase the potential of forest energy by decreasing the moisture content
of wood fuel. More specifically the aims of the study were:








To study the municipality’s forest energy potential in South and Central
Ostrobothnia (Study I).
To examine the moisture content of Norway spruce stump wood at the clear
cutting areas and at the roadside storage sites (Study II).
To clarify the correlation between moisture content and other factors such as
drying time (Study II, III & IV).
To examine weight loss of small-sized whole trees at various stages in the energy
wood supply chain (Study III).
To examine the possibilities of energy wood compression drying (Study IV).
To study the effect of moisture content on energy wood potential and fuel
properties (Study I, II, III & IV).
To develop the profitability of energy wood procurement and improve the
properties of energy wood (Study I, II, III, IV).
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2 MATERIAL AND METHODS
Study I is based on the National Forest Inventory (NFI-10) data produced by The Finnish
Forest Research Institute (Metla). Studies II & III were field studies under real energy
wood harvesting conditions in South Ostrobothnia. Study IV was a laboratory test which
was carried out on three commercially important tree species in Finland. In each of the
studies either one or more of the three primary data sources from forest to heating plant
were used (Figure 5). Each study was carried out in western Finland in the same 1.25
million hectares of forest that the Regional Unit of South and Central Ostrobothnia of the
Finnish Forest Centre (previous organisation name before 2012: “the Forest Centre of
South Ostrobothnia”) covers (Figure 6).

Figure 5. The three primary data sources for measurements, analyses and results.

Figure 6. Each study was made in the area (grey) that
the Regional Unit of South and Central Ostrobothnia of
the Finnish Forest Centre covers.
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2.1 Study sites (Study II & III)
There were four Norway spruce (Picea abies L. Karst.) stump harvesting sites in study II
and the data was collected between June 2006 and May 2009 in western Finland. Spruce
stumps are usually harvested for energy production because they are loosely anchored in
the ground and therefore easier to harvest than pine (Hakkila 1972, Laitila et al. 2008). In
general, the sites represented typical stump harvesting sites in Finland. The soil types were
fertile or semi fertile mineral soil except for one site which was fertile peat soil. The total
study area was 19.9 hectares. The stumps were harvested by excavators which lifted and
split the stumps. At first, the stumps were in small piles on the clear cut areas and then,
after some weeks, the stumps were moved to the roadside storage sites with a forwarder.
The small-sized whole tree data (Study III) was collected from energy wood thinning
sites from young stands in western Finland. Tree species was Scots pine (Pinus sylvestris
L.), Norway spruce (Picea abies) and Downy birch (Betula pubescens Ehrh.). The data was
collected from the real worksites where energy wood was harvested mechanically using the
whole tree method. In total 12.7 million kg of energy wood was collected from 75
worksites. The collection period was from November 2004 to October 2009.

2.2 Sampling and samples (Study II & IV)
The stump wood moisture content samples were collected from both the clear cut areas and
the roadside storage sites randomly (Study II). In every case the samples were taken from
the top surface layer of the piles. The sampling point was midway between the stump and
the end of the root (Figure 7). The shape of the samples was a circular slice of wood, the
length of which was 4 - 11 cm with an average diameter of 7 cm. Eight samples per
worksite (4 sites) were taken at each sampling time and the total number of samples was
333.
The compression drying of energy wood study (Study IV) was made on sawdust from
small-sized freshly-felled: Scots pine (Pinus silvestris), Norway spruce (Picea abies) and
Downy birch (Betula pubescens). The samples were collected from western Finland and it
consisted of chain-saw sawdust from the freshly-felled trees. The particle size of the
sawdust varied from 0.5 mm to 4.0 mm. The samples were taken in March 2012. The initial
moisture content of Scots pine was 60 %, Norway spruce was 63 % and Downy birch was
45 %.

Figure 7. The sampling point of Norway spruce stump wood for moisture content analysis.
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2.3 Measurements at different phases of the supply chain (Study III)
In Study III there were three different stages in the energy wood supply chain where
energy wood was measured (Figure 5). The first measuring (kg) was carried out at the
forest work sites using a crane scale. Two Ponsse Loadoptimizers and one TB 3000 crane
scale was used in this study. Additional information on logging, forest haulage, trees and
stands was also recorded in the first stage.
The second measuring was carried out at the roadside storage sites where the frame
volume of the energy wood stacks was measured based on the length, width and height of
the stack. The levelled out measuring method (Figure 8) was used. The frame volume was
converted to a solid volume using the solid volume factor from the official guide for the
measurement of energy wood (Lindblad et al. 2008). Additionally, measuring time, tree
species information and whether the stack was covered or not was recorded.
The third measuring was carried out at the heating plant by the heating entrepreneurs or
the receiver of the energy wood. The receiving time, the loose volume of the chips (m 3), the
wood’s weight (kg), the energy content of the chips (MWh), the energy density of the chips
(MWh/m3) and the moisture content (%) of the wood was collected from five different
energy organisations in the study area.

Figure 8. The width of a stack was measured at both ends of the stack and was based on
the levelled out width as well as length of the stack (Picture: Jussi Laurila).
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2.4 Potential data and analysis (Study I)
The potential of forest energy and the resource requirements for energy wood procurement
were calculated for the different municipality’s forest land wood production in South and
Central Ostrobothnia. There were 31 municipalities in this area and 12,500 km2 of forest
land. The potential was calculated for three different development classes based on Tapio’s
classification; the advanced seedling stands, young thinning stands and mature stands
(Saarenmaa 2002). The average hectare-specific logging outturns were used as felling
accumulations (Sirén et al. 2001, Vesisenaho 2003, Hakkila 2004, Maa- ja
metsätalousministeriö 2006).
Both theoretical and techno-economic potential was calculated. Theoretical potential
refers to the total amount which can be utilised for energy generation when limitations are
not taken into account. It was estimated that the techno-economic potential was 50 % of the
theoretical potential (Hakkila 2004, Maa- ja metsätalousministeriö 2006, Lauhanen &
Laurila 2007b, Maidell ym. 2008). In the calculations the energy content of 2 MWh/m3 for
freshly felled wood with bark was used (Alakangas 2000, Maa- ja metsätalousministeriö
2006).
The techno-economic potential was calculated using equation number 5. The resource
requirements for the energy wood procurement were calculated for the type of machine
used. In the calculation the numbers used were the yearly output of the machines and
vehicles determined by Asikainen (2004).
̅

(5)

where:
Ptt
= Techno-economic potential, MWh/y
Ahak = Felling plan area according to NFI-10 (5-year period), ha
= The average energy wood yield per hectare, MWh/ha
̅

2.5 Laboratory measurements (Study IV)
The compression drying tests were made at room temperature (20°C) using a Lloyds EZ 50
materials testing machine with a pressing cylinder and piston (Figure 9). The diameter of
the steel piston was 20 mm and the piston fitted the cylinder precisely. The height of the
cylinder was 118 mm. There were little holes (diameter of 5 mm) near the bottom of the
cylinder for the water to run-off. Also, there was another route for water run-off in the joint
between the bottom plate and the cylinder. The compression force was generated by the
material testing machine and the pressing data and piston positions were collected to a log
file for further analysis. For each compression drying test about 14 g of freshly-felled
sawdust was used.
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Figure 9. Doctor Mikko Havimo shows how the material testing machine Lloyds EZ 50
works (Picture: Jussi Laurila).

Two pressing methods (momentary and continuous) were used in the wood compression
dying tests. The momentary pressing tests were made using six pressing forces (6 MPa, 13
MPa, 19 MPa, 26 MPa, 32 MPa and 38 MPa). With this method the pressure was relieved
immediately when the maximum force was reached. In the first continuous test holding
times of 30 and 60 seconds was used with a pressure of 13 MPa and in the second test a
holding time of 30 seconds was used with a pressure of 38 MPa. Every testing value was
used with each tree species. In total 81 tests were carried out.

2.6 Moisture content and heating value analysis (Study II, III & IV)
The moisture content analysis was made based on standard (ISO 589:2003) “Hard coal Determination of total moisture”. The mass of the samples were weighed both fresh and
absolutely dry using a laboratory scale (Figure 10). The drying temperature was 105 ºC,
and a drying time of 24 h was used. Weather data was obtained from the Finnish
Meteorological Institute and from Finland’s environmental administration. The moisture
content (wet basis) of the wood was calculated using equation 1 (Kärkkäinen 2007). The
heating value analysis was made according to standard (CEN/TS 14918:2005) “Solid
Biofuels - Method for the determination of calorific value”.
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Figure 10. Moisture content analysis based on the weighing of fresh and absolutely dry
samples based on standard ISO 589:2003 (Picture: Jyrki Foudila).

2.7 Effect of moisture content and weight loss on forest energy potential
The effect of the moisture content and weight loss on the forest energy potential was
calculated for the study area (Figure 6). The techno-economic potential 1.6 TWh/y (0.82
million m3 solid) from Study I was used as primary data. The effect of weight loss on
potential was calculated based on data from Study III. The heating value as received
(Qnet,ar) was based on equation 6 (Alakangas 2000). The weight based heating value
(MWh/ton) was converted to a volume based heating value (MWh/ton) using a wood
density of 427 kg/m3. The average wood densities are: for pine (420 kg/m3), spruce (380
kg/m3) and birch (480 kg/m3) (Fagerstedt et al. 2004). Moreover, the average heating value
(pine, spruce and birch) for dry matter (Qnet,d) 5.4 MWh/ton was used (Alakangas 2000,
Nurmi 2000). The calculations produced a moisture content range of 0 - 60 %.
(6)
where:
Qnet,ar = heating value as received, kWh/kg
Qnet,d = heating value of dry matter, kWh/kg
MCar = moisture content as received, %
0.006781 kWh/kg = latent heat for vaporization of water (+25 °C)
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3 RESULTS
3.1 Forest energy potential (Study I)
The techno-economic forest energy potential in the area (Figure 6) of the Regional Unit of
South and Central Ostrobothnia of the Finnish Forest Centre was 1.6 TWh/y (0.82 million
m3 of solid wood). Therefore, the average hectare-specific potential for forest land for wood
production was 1.4 MWh/ha/y. If the pine stumps were also fully utilised for energy
generation then the techno-economic potential of the area would be as much as 2.7 TWh/y.
Municipality-specific techno-economic potentials are shown in Table 1.
The greatest techno-economic potential 709 GWh/y (354,603 m3/y) was obtained from
the first thinning sites as an integrated harvest (Figure 11). The second greatest potential
387 GWh/y (193,485 m3/y) was obtained from the improvement of young stands. The rest
of the potential was obtained from the spruce-dominated clear cutting areas as logging
residues 251 GWh/y (125,708 m3/y) and stumps 297 GWh/y (148,564 m3/y). The greatest
municipality-specific potentials were in the western parts of the study area and in
Vähäkyrö, Isokyrö and Laihia. Higher than average potentials were also found in Himanka,
Kokkola, Evijärvi and Veteli. For full utilisation of the potential of forest energy in the area
185 harvest machines per year, and twice that number of drivers to operate them in two
shifts, would be needed.

800
43 %

Potential, GWh/y

600

400

24 %
18 %

15 %
200

0
Improvement of First thinning
young stands

Logging
residues

Stumps

Figure 11. Potential annual techno-economic forest wood energy sources in the area of the
Regional Unit of South and Central Ostrobothnia of the Finnish Forest Centre.
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Table 1. Techno-economic forest energy potential in the study area (Figure 6) by municipality from four energy wood sources.
_______________________________________________________________________________________________________________________________
Municipality
Improvement of young stands
First thinning
Logging residues
Stumps
Total
GWh/y
GWh/y
GWh/y
GWh/y
GWh/y
-20% ±0%
+20%
-20% ±0%
+20%
-20% ±0%
+20%
-20% ±0%
+20%
-20% ±0%
+20%
_______________________________________________________________________________________________________________________________
Alajärvi
15
19
23
30
37
44
7
9
11
9
11
13
61
76
91
Alavus
11
13
16
18
22
27
4
4
5
4
5
6
36
45
54
Evijärvi
7
8
10
13
17
20
4
4
5
4
5
6
28
35
41
Halsua
9
11
13
11
14
16
1
1
1
1
1
1
21
26
32
Himanka
7
8
10
12
15
18
4
4
5
4
5
6
27
33
40
Ilmajoki
6
7
8
14
18
21
10
13
15
12
15
18
42
53
63
Isojoki
9
12
14
20
25
30
11
14
16
13
16
19
53
67
80
Isokyrö
4
6
7
9
12
14
5
7
8
6
8
9
25
32
38
Jalasjärvi
13
16
19
16
20
24
7
8
10
8
10
12
43
54
65
Kannus
12
15
18
18
22
27
3
4
5
4
5
6
37
46
55
Karijoki
2
3
4
5
7
8
4
5
7
5
6
8
17
22
26
Kauhajoki
23
29
34
28
36
43
14
18
22
17
21
26
83
104
124
Kauhava
17
22
26
40
50
60
8
10
13
10
12
15
76
95
114
Kaustinen
8
10
12
13
16
20
2
3
3
3
3
4
26
33
39
Kokkola
25
31
37
42
53
63
9
11
14
11
13
16
87
109
130
Kuortane
7
8
10
13
17
20
3
4
5
4
5
6
27
34
40
Kurikka
11
13
16
24
30
36
18
23
27
21
27
32
74
93
111
Laihia
7
9
10
18
22
27
12
15
18
14
17
21
50
63
75
Lappajärvi
7
9
11
16
20
24
4
5
5
4
5
6
31
39
46
Lapua
9
11
14
23
29
35
7
9
10
8
10
12
47
59
71
Lestijärvi
10
12
14
17
21
25
3
4
5
4
5
6
33
41
49
Perho
13
16
20
20
25
30
3
4
5
4
5
5
40
50
60
Seinäjoki
18
23
27
31
39
47
12
15
18
14
17
21
75
94
113
Soini
7
9
11
18
23
28
6
7
9
7
9
11
39
49
58
Teuva
7
9
10
15
19
22
12
16
19
15
18
22
49
61
74
Toholampi
12
15
18
17
21
25
4
5
6
5
6
7
38
47
57
Töysä
4
5
6
7
9
10
3
4
4
3
4
5
18
22
26
Veteli
10
13
15
17
21
26
4
5
6
5
6
7
36
45
55
Vimpeli
5
6
7
9
11
14
3
4
4
3
4
5
20
25
30
Vähäkyrö
2
3
3
5
7
8
2
3
4
3
4
4
13
16
19
Ähtäri
12
15
17
27
33
40
11
14
17
13
17
20
63
79
95
Total
310
387
464
567
709
851
201
251
302
238
297
357
1316 1645 1974
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3.2 Moisture content of stump wood (Study II)
The average initial moisture content of stump wood was 53 % immediately after harvesting
at four stump harvesting sites in western Finland. After stump harvesting the moisture
content decreased fairly quickly at the storage site, and about one month after harvesting
the average moisture content was 31 % in the summer of 2006. The lowest recorded
moisture content for stumps in this study was just 13 %.
During the autumn the moisture content increased a little bit while raining and
decreased during the following spring to a lower level than the previous autumn (Figure
12). The same phenomenon was repeated each year during this study. The moisture content
of stump wood was at its highest point at the beginning and at the end of the year. On
average the lowest annual moisture content was at the beginning of July. At the end of the
study, three years after harvesting, the moisture content of the stump wood was about 14 %
and the heating value was 5.24 MWh/ton.
In the study a correlation between the moisture content of stump wood and other factors
was detected. There was a weak (R2=0.31) non-linear correlation between stump wood
moisture content and relative air humidity. Also, there was a weak (R 2=0.40) non-linear
correlation between stump wood moisture content and absolute air humidity. Moreover,
there was a non-linear correlation (R2=0.44) between stump wood moisture content and
temperature. Furthermore, a non-linear correlation (R2=0.51) between the stump wood
moisture content and time was observed. The highest coefficient of determination
(R2=0.63) in this study was obtained using a four variable moisture content model
(Equation 7). However, there was no correlation between moisture content and the diameter
of the sample and precipitation in the long term.

Figure 12. Average moisture content of Norway spruce stump wood and relative air
humidity as a function of time.
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(7)
where:
MC =
twn
=
AHa =
Ta
=
td
=

moisture content (wet basis)
calendar week number
relative air humidity (weekly average)
temperature (weekly average)
drying time in weeks

3.3 Weight loss and moisture content of small-sized whole trees (Study III)
The average storage time for small-size energy wood at the road side storage was 11
months. After the storage period a remarkable average weight loss of 37 % was detected
between the forest and the heating plant (Figure 13). However, part of the weight loss
comes from the drying of the energy wood at the storage site.
The average moisture content measured at the heating plant 11 months after harvesting
was about 43 %. There was a difference, over the years, in the moisture content measured.
In 2007 the average moisture content was 38 %, in 2008 it was 45 % and in 2009 it was 42
%. Most of the stacks (85 %) were covered with waterproof paper. There was no correlation
between the moisture content and the time from the harvesting.

Total weight at the heating plant, tonnes

400
350
300

y = 0.5223x + 15659
R² = 0.9452

250
200
150
100
50
0
0
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200

300
400
500
600
Total weight in the forest, tonnes

700

800

Figure 13. The weight loss of small-size whole trees between the forest and the heating
plant during storage.
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3.4 Wood moisture reduction by compression drying (Study IV)
3.4.1 Moisture content with momentary pressing
In the momentary pressing test the sample was compressed until a defined maximum
pressure was reached, after which the compression was immediately released. In this
method a lowest moisture content of 33 % was reached for birch at a pressure of 38 MPa
(Figure 14, Table 3). The pressure of 19 MPa had reduced the moisture content of birch by
10 percentage points from its initial moisture content (45 %). However, the softwood’s
drying rate was higher than hardwood in this study. The highest drying rate of 25
percentage points was achieved for spruce and the second highest 24 percentage points for
pine at a pressure of 38 MPa. Even 19 MPa was enough to decrease the moisture content of
softwood by 20 percentage points, which was double that of birch at the same pressure. The
moisture content of spruce and pine were almost at the same level at each pressure level.
Figure 14’s curves illustrate the effect of compression pressure on the moisture content
of wood. Three parameter exponential decay regression equations (Equation 8) were fitted
to the measured values. The parameter values were presented in Table 2 for each tree
species.

Scots pine
Norway spruce
Downy birch
Regression, pine
Regression, spruce
Regression, birch

65

Moisture content, %

60
55
50
45
40
35
30
0

10

20

30

40

50

Compression pressure, MPa
Figure 14. Effect of the compression pressure on the moisture content of Scots pine,
Norway spruce and Downy birch.
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(8)
where:
MC =
p
=
y0
=
a
=
b
=

moisture content, % (wet basis)
maximum compression pressure, MPa
model parameter (Table 2)
model parameter (Table 2)
model parameters (Table 2)

Table 2. Parameter values and coefficient of determination for regression equations 8 for
each tree species.
_________________________________________________________________________
Scots pine
Norway spruce
Downy birch
_________________________________________________________________________
y0
35
37
30
a
25
25
17
b
0.088
0.12
0.053
2
R
0.98
0.99
0.93
_________________________________________________________________________

3.4.2 Moisture content with continuous pressing
In the continuous pressing method a holding time (30 or 60 seconds) was used after the
maximum pressure was achieved. With this method the drying results were a little bit better
than when using the momentary pressing method with the same pressure. In general, when
the pressure was 13 MPa, and a pressing time of 30 seconds instead of 0 seconds was used,
continuous pressing increased the drying effect on the wood by 1 - 2 percentage points.
However, there was only a small additional effect on the moisture content of wood when
the pressing time was doubled from 30 to 60 seconds with 13 MPa.
Accordingly the continuous pressing method using 13 MPa with a holding time of 30
seconds resulted in, for example, 37 % moisture content for birch, while momentary
pressing gave 38 %. However, under a pressure of 38 MPa the disparity was a little bit
greater (Table 3). The lowest moisture content in this study (birch 30 %, pine 34 % and
spruce 35 %) was achieved by using the continuous pressing method with a pressure of 38
MPa with 30 seconds holding time (Table 3). The pressing time of 60 seconds with 38 MPa
was not examined completely in this study, because of the limited extra drying effect when
compared to the holding time of 30 seconds.
3.4.3 Energy consumption of compression drying
Energy consumption for the compression drying of water (kJ/kg) was 11.0 kJ/kg for pine,
9.7 kJ/kg for spruce and 41.0 kJ/kg for birch. The energy required was much lower than the
energy required for vaporizing water in thermal drying, because latent heat for the
vaporization of water is 2300 kJ/kg. The compression drying of wood, depending on tree
species, therefore requires only 0.4 - 1.8 % of the energy required for the vaporization of
water.
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Table 3. Moisture content of Scots pine, Norway spruce and Downy birch before and after
momentary and continuous pressing with a pressure of 38 MPa.
_________________________________________________________________________
Tree species
M o i s t u r e c o n t e n t
Initial
0 second
30 seconds
_________________________________________________________________________
Scots pine
60
36
34
Norway spruce
63
37
35
Downy birch
45
33
30
_________________________________________________________________________

3.5 Effect of moisture content and weight loss on forest energy potential
Potential techno-economic forest energy in the study area (Figure 6) was about 1.6 TWh/y
(0.82 million m3 solid) for fresh wood (50 %) according to Study I. Figure 15 illustrates the
effect of moisture content on the forest energy potential in the study area. The range of
potential was about 1500 - 1900 GWh/y. For absolutely dry wood the potential was about
1900 GWh/y. Based on the average moisture content (43 %) of small-size whole trees after
11 months storage (Study III) the potential was 1710 GWh/y. According to the moisture
content (31 %) of stump wood one month after harvesting (Study II) the potential was 1780
GWh/y. Similar potential was also achieved by using the lowest moisture content (30 %)
from the compression drying test (Study IV).
There was a 37 % weight loss on average between the forest and the heating plant
according to Study III. Furthermore, based on Study III the average moisture content of
small-sized whole trees was 43 % at the end of storage. Taking into account the above
mentioned factors the techno economic-forest energy potential was 1.2 TWh/y in the study
area.
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Figure 15. The effect of moisture content on the forest energy potential in the study area
3
based on 0.82 million m of solid energy wood.
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4 DISCUSSION

4.1 Forest energy potential (Study I)
A completely exact potential for forest energy cannot be presented here because there are
always many factors causing inaccuracies in the potential calculations. Some assumptions
have to be made. Ultimately the forest owner’s willingness to supply wood to the market
might be a key factor, but it was not taken into account in this study (Maidell et al. 2008).
Hectare-specific yields of energy wood, which are based on the literature, were used in the
calculations. However, many factors (structure, habitat, silvicultural state, harvesting
method etc.) affect the yields. For example, the integrated harvest method does not always
come about in practice, because it is possible that the whole yield is utilised in heat energy
production instead of for both industrial and energy usage. When large areas are dealt with
using calculations for hectare-specific yields, then mistakes of a few cubic metres will
already affect the final result significantly.
The yield of logging residues and stumps are directly tied up to the amount of harvested
industrial round wood in the area. Also, the fertility of the stump, logging residue and
whole tree harvesting sites should at least be at the level of sub-xeric forest or even more
fertile. According to recommendations the stumps, logging residues and whole trees from
low fertile soils should not be harvested, because the nutrient economy of the forest can
suffer because of it (Koistinen & Äijälä 2005, Äijälä et al. 2010).
On the basis of the earlier potential calculations it was supposed that the technoeconomic potential was half of the theoretical potential (Hakkila 2004, Maa- ja
metsätalousministeriö 2006, Lauhanen & Laurila 2007b, Maidell et al. 2008). However, it
is difficult to present the exact relation between a theoretical and techno-economic
potential.
At the Forest Centre Regional Unit level the comparison of results with earlier studies is
difficult because of different divisions in regions and potential definitions. The range of the
techno-economic potentials that have been calculated in earlier studies for the area was
1.1 - 2.1 TWh/y, whereas in this study the result was 1.6 TWh/y (Lauhanen & Laurila
2007b, Maa- ja metsätalousministeriö 2006, Maidell et al. 2008, Anttila et al. 2013). The
forest energy potential (1.6 TWh/y) of the area consisted of small-sized whole tree from the
improvement of young stands (24 %), small-sized whole tree from first thinnings (43 %),
logging residues (15 %) and stumps (18 %) from clear cutting areas. It is remarkable that
the energy potential of logging residues is fully utilised in the Regional Unit of South and
Central Ostrobothnia of the Finnish Forest Centre area (Anttila et al. 2013). Furthermore,
the stump potential is almost fully utilised as well (Anttila et al. 2013). According to Anttila
et al. (2013) there is about 0.4 TWh/y of unutilized energy potential of small-sized trees
when using the whole tree harvesting method and only 0.2 TWh/y when harvesting
delimbed stems. Thus, increasing the use of forest energy is rather limited in the area.
However, the utilization of large-sized trees for energy generation might be a solution for
the growing renewable energy needs.
The advantage of the calculation method that has been used in this study was the novel
use of municipality specific data and the latest NFI 10 material. Moreover, the results were
published under energy wood sources (improvement of young stands, first thinning,
logging residues and stumps) and by municipality instead of by province, which have
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usually been used in potential calculations. The method which was used in this study can
also be duplicated in other Finnish Forest Centre Regional Unit areas.

4.2 Moisture content of stump wood (Study II)
The most favourable time for stump harvesting is in the spring and early summer. In the dry
summer the moisture content of harvested stump wood decreases relatively rapidly, and
about one month after stump harvesting the moisture content was level of 30 %. During the
late autumn the moisture content increases again, but not significantly. If stumps were dried
well in the summer the water absorption was very slow in the autumn. Every subsequent
spring and summer the moisture content was at a lower level compared to the previous
year. Overall the stumps were combustible at any point during the three year storage period;
excluding the one month drying period immediately after harvesting.
There were many different factors which affected the moisture content and drying of
stump wood. Probably the weather is the most important factor. According to Erber et al.
(2012) meteorological data with site specific drying models can predict the moisture
content of naturally dried logwood. However, good topography of storage sites is also
essential. For example: ditches, hillocks, pit sites and the geographical location can result in
different moisture contents. In addition, the structure of the storage causes variations in the
stump wood moisture content. Moreover, the stump splitting methods used in harvesting
can affect the moisture content; sometimes more sometimes less. The spruce stump’s wood
moisture content model (Equation 6) was significant (p-value < 0.001) and the model is the
first one which has ever been presented for Norway spruce stump wood in the study area
conditions. However, there were still some residual values in the model. Therefore more
data is needed to construct a more reliable and better model. Routa et al. (2012) found that
net evaporation could be a good determining variable for the modelling of energy wood
drying. Finnish Forest Research Institute, University of Eastern Finland and Finnish
Meteorological Institute are to develop presently different calculating models to forecast the
moisture content of energy wood (Routa et al. 2012).
There was almost no deterioration in the heating value of the stump wood during the
three year storage period. The energy content (5.24 MWh/ton) for the dry mass of stump
wood was almost the same after the three year storage period than the fresh wood (5.37
MWh/ton) immediately after harvesting (Nurmi 2000). The ash content of the stump wood
was however lower than normal. Normally stumps include some soil remnants which
increase the ash content, it is probable that rain and frost cleaned the stumps at the storage
site during the long storage period.
The samples were collected from the surface layer of the stump piles at the forest or at
the roadside storage sites. Inside the piles the moisture content of the energy wood might
have been different than on the surface of the pile (Jirjis 2005). The moisture content might
be either higher or lower depending on, for example, the weather conditions and the season.
However, the moisture content of stump wood on the surface layer of the pile was quite
stable; excluding the one moth drying period at the beginning. Further studies about
moisture content in different parts of a pile and in different kinds of piles is needed. Also,
studies about Scots pine stump wood are needed.
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4.3 Weight loss and moisture content of small-sized whole trees (Study III)
There was a strong correlation between the different measurement methods in this study;
although a remarkable weight loss between the forest and the heating plant was detected.
Part of the weight loss comes from the loss of water and therefore it is desirable. However,
the average moisture content in this study was 43 % at the heating plant after, on average,
11 months of storage time. The result was only 10 percentage points lower than the
moisture content of freshly-felled small-sized trees. Therefore the dry matter loss was about
one third of the total weight loss in this study. However, previous studies of the moisture
content of energy wood were 35 - 42 % after various storage periods (Hakkila 1989,
Hillebrand & Nurmi 2004).
The loss of water cannot be the only explanation for the entire weight loss. There has to
be also other unknown factors such as dry matter loss. According to a Swedish study the
dry matter loss of energy wood can be 8 - 12 % after an 8 - 13 month storage period,
depending on energy wood assortment (Anerud & Jirjis 2011, Jirjis & Norden 2005,
Pettersson & Nordfjell 2007. However, neither dry matter loss nor the loss of volatile
compounds was examined in this study.
Even dry matter and water loss together cannot account for the total loss of weight in
this study. However, it is impossible to know exactly where all of the weight loss came
from; because there is no absolute value measured in this study. It might be possible that
the crane scale had a positive systematic measurement error. Loss of foliage and needle
mass might also be a part of the explanation as well as wood degradation. Moreover, loss of
wood chips is also possible during roadside chipping and transportation. The data was
collected mainly from different forest energy sector organisation’s databases. Every
organisation has their own data system and privacy protection might be infringed if the
whole of the data was given to a third party. A mistake might be possible when manually
picking up the information from the database. Measurements of the stacks at the roadside
storage were carried out by the authors and every time the same measurement methods and
instruments were used. However, systematic measurement error of frame volume might be
possible in this study.
The measurement of the amount of energy wood is an important stage for energy wood
sellers and buyers. The amount of energy wood sets the price paid for the energy wood.
Thus, it is essential that the measurement result is reliable and accurate. Further studies
about measurement of energy wood are needed. It is important to clarify where weight loss
between the forest and the heating plant comes from.

4.4 Wood moisture reduction by compression drying (Study IV)
Compression drying was a fast and an effective method for wood drying on a laboratory
scale. The drying rate of softwood was higher than hardwood. Obviously, the initial
moisture content of wood and tree species had a direct effect on the drying rate of the
wood. The drying results for the pressing depended strongly on the pressing force used.
Scots pine and Norway spruce behaved similarly in the compression tests, and their
energy consumption per unit of removed water was at the same level. Downy birch required
more energy for removing the same amount of water. However, in all cases the required
energy was only a fractional part of the energy required in thermal drying. In reality the
energy consumption of compression drying might be a little bit higher than the theoretical
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values which were presented in this study because the energy requirement calculations did
not take into account the efficiency of the electrical motor driving the compression piston.
The higher energy required by birch was probably due to its higher density compared to
the softwoods. More energy is needed to crush the denser and stronger birch wood than the
softer pine and spruce. Similar results were obtained by Yoshida et al. (2010) who found
that in the roller compression of several tree species hardwoods consumed more energy
than softwoods.
According to this study the usable range for the compression drying of wood was about
10 - 30 MPa. Using a holding time of 30 seconds (continuous pressing) instead of 0
seconds (momentary pressing) resulted in the wood being a little bit dryer when using the
same pressure. However, the increasing of the pressing time from 30 to 60 seconds does not
significantly improve the drying results.
The experiment presented here did not support the hypothesis that the fibre saturation
point can be reached using only compression drying. The lowest moisture content measured
for pine, spruce and birch were 7 - 12 percentage points over the fibre saturation point of
23 % (Koponen 1985).
In this study the compression drying results for pine, spruce and birch wood were
ascertained with different pressing forces and time. Previous results for Finnish tree species
have not been published using a similar method. The compression drying test of the energy
wood was made using sawdust in this study. The results might be different for different
wood particle sizes and different drying cylinder sizes, but, sawdust was chosen because its
particle size was more homogenous than wood chips, for example, and therefore it was
easier to control and study under laboratory conditions. However, further studies about
large scale compression drying for wood chips are needed. The compression drying method
must be capable of being integrated into the energy wood supply chain and plant
technology before the method can be introduced.

4.5 Effect of moisture content and weight loss on forest energy potential
It is well known that the moisture content of wood will specifically affect the wood’s
energy content. However, the energy content (2 MWh/m3) of fresh wood is usually used in
potential calculations. The energy wood, however, is used drier than freshly felled wood in
practice, in which case the energy content is greater than 2 MWh/m3. Due to this the real
techno-economic potential is probably higher than the numbers that have been presented
(1.6 TWh/y); for example in Study I. The disparity in potential between absolutely dry
wood and freshly-felled trees was 400 GWh/y. However, in the study area the potential of
1900 GWh/y for absolutely dry forest energy is theoretical and impossible to reach in
practice. Probably, the most realistic potential is 1710 GWh/y which was based on the
moisture content (43 %) of small-size whole trees 11 months after harvesting; according to
Study III. However, the same level of moisture content and potential (1780 GWh/y) could
be achieved in the future using compression drying. The weight loss reduces the potential
substantially.
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4.6 Final remarks
Moisture content of energy wood is one of the most important quality factors for heat
energy production. It directly affects transportation costs and the heating value of wood.
Also, the moisture affects wood durability in storage, moreover, the dryer the wood the
greater the forest energy potential. However, nowadays many heating plants still use quite
moist fuel and there are many reasons for that. Firstly, the drying of energy wood in natural
conditions is a slow and limited process. Secondly, the traditional artificial drying (cold or
hot air drying) of energy wood requires a lot of energy. Therefore new drying methods and
innovations are needed. Forest energy is a limited resource, despite its renewability. There
is no reason to waste energy to combust fresh wood.

5 CONCLUSIONS











The techno-economic potential of forest energy in the Regional Unit of South and
Central Ostrobothnia of the Finnish Forest Centre was 1.6 TWh/y and it would be
significantly higher (2.7 TWh/y) if the pine stumps in the area were also fully
utilised for energy generation (Study I).
The techno-economic forest energy potential would also be much higher in the
area, if the wood is utilised dry instead of fresh, which is usually used in potential
calculations (Study I, II, III & IV).
Norway spruce stump wood keeps its dryness and energy content well at roadside
storage sites all year round providing that the stumps are dried well at the
beginning during the first summer (Study II).
Part of the energy wood weight loss is desirable (removing of water) and part is
undesirable (dry matter loss, storage loss, transportation loss and wood
degradation) in different phases of the energy wood supply chain (Study III).
The loss caused by measuring errors must be eliminated by developing the
measuring methods to be more reliable and accurate (Study III).
Compression drying is a potential method for wood drying according to the
laboratory tests and the required energy is very low compared to the thermal
vaporization of water (Study IV).
The moisture content of the wood is the sum of many factors of which the most
significant factors are the weather during natural drying conditions and the
pressure used during compression drying (Study II, III and IV).
The properties of energy wood are varying quite widely depending on the energy
wood assortment and the origin of the wood (Study I, II, III and IV).
The new information obtained in these studies can be used to improve the
profitability of energy wood procurement and utilization (Study I, II, III and IV).
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