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The effective heating values of the above and below ground biomass components of
mature Scots pine (Pinus sylvestris), Norway spruce (Picea abies), downy birch (Betula
pubescens), silver birch (Betula pendula), grey alder (Alnus incana), black alder (Alnus
glutinosa) and trembling aspen (Populus tremula) were studied. Each sample tree was
divided into wood, bark and foliage components. Bomb calorimetry was used to deter-
mine the calorimetric heating values.

The species is a significant factor in the heating value of individual tree components.
The heating value of the wood proper is highest in conifers. Broad-leaved species have a
higher heating value of bark than conifers. The species factor diminishes when the
weighted heating value of crown, whole stems or stump-root-system are considered. The
crown material has a higher heating value per unit weight in comparison with fuelwood
from small-sized stems or wholetrees. The additional advantages of coniferous crown
material are that it is a non-industrial biomass resource and is readily available. The
variability of both the chemical composition and the heating value is small in any given
tree component of any species. However, lignin, carbohydrate and extractive content
were found to vary from one part of the tree to another and to correlate with the heating
value.
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Symbols

MC

P
q.(gross)
q.(net)

q,(moist)
RMS

r

B

ESOS
dbh

= moisture content on green weight bases (%)

probability

calorimetric heating value

effective heating value of oven dry biomass or net calorific value or,
lower heating value of oven dry biomass

effective heating value of biomass with moisture

residual mean square

= correlation coefficient

regression coefficient, slope

= extractives soluble in organic solvents
= diameter at breast height

1 Introduction

In Finland the share of woodbased fuels of the
total energy consumption is some 15 %. This is
the highest in all industrialized countries. This
figure includes black liquor and other industrial
wood wastes. According to the 8th national forest
inventory the average annual volume increment of
stemwood during 1986-94 was 77.1 Mm?*/a (Met-
sdtilastollinen vuosikirja 1995). The total growth
of the above ground woody biomass, branches
and foliage included is some 110 Mm?¥a. Of this
volume 29 Mm?/a is logging residue and small-
sized trees (Hakkila and Fredriksson 1996).

Possible but rather restricted areas of utiliza-
tion for this reserve are pulp and paper products,
panel products, chemicals and fodder. However,
due to the low quality of this non-commercial
wood the most likely form of utilization is fuel-
wood. Age long traditions in this field have led to
the high level of technical know-how in both har-
vesting and combustion. Unfortunately the oil
price is a dictating factor for the expansion of
fuelwood utilization. Because of the difficulties
wood has had in competition with other energy
sources there has been a need to expand our knowl-
edge of this renewable energy source.

This report is the second part of a study on the
heating values of woody biomass native to Fin-
land. The first part dealt with the above ground
biomass of small-sized trees, and the results have
been reported by Nurmi (1993). In that study the
heating values of wood, inner and outer bark, and
foliage components of small-size trees of seven
species were studied. Significant differences were
found between species within each tree compo-
nent. However, the differences between species
for weighted stem, crown and whole-tree biomass
are very small. The weighted heating value of the
crown mass is slightly higher than that of the stem
in all species. The heating value of stem, crown
and whole-tree material was found to be 1-2 %
higher in the northern part of the country.

The effective heating value of wood was found
to correlate best with the lignin content, inner bark

with carbohydrate, and outer bark with carbohy-
drates and the extractives soluble in alcalic sol-
vents. It was also suggested that the determina-
tion of the heating value might be used as an indi-
cator of the cellulose content of coniferous wood.

This second part will concentrate on the heat-
ing values of mature trees. The main emphasis is
given to the crown mass, because it is the most
significant part of the above ground biomass with
no industrial use. Some 24 Mm?® of crown mass
are estimated to be left in the forest in conjunction
with the harvesting of industrial wood. It is our
largest unused biomass reserve today. However,
when considering the utilization of residue mate-
rial one has to remember the possible environ-
mental consequences. It has been estimated that
the nutritional status of the site, baring capacity,
rockiness and the small size of final cuttings will
limit the amount of harvestable residue. In addi-
tion the prerequisite of mechanized harvesting
does in practice limit residue harvesting to regen-
eration cuttings. All this will limit the available
quantity to some 8.6 Mm?® of foliage free biomass
(Hakkila and Fredriksson 1996).

Although stem wood from the regeneration
cuttings (i.e. Scots pine, Norway spruce and sil-
ver birch) can not be considered as fuelwood by
any means, it was also included in the study to
compare the data with the results on small-sized
trees (Nurmi 1993) and to see if the tree size af-
fects heating value.

1.1 The Aim

The first aim of this study is to determine the
heating values of tree components of the major
tree species in Finland, and secondly how heat-
ing values relate to wood chemistry. On the ba-
sis of information from the small-sized trees the
following is hypothesized: the species is a sig-
nificant factor on the heating value of individual
tree components.
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Each tree component (wood, inner bark, outer
bark) originates from different mother cells. This
is reflected in the carbohydrate-lignin-extractive
ratios as their sum is always a unity. As a result,
differences in heating values between components
may exist. When lignin, carbohydrate and extrac-
tive content alternatively are used as a dependent
variable and heating value as an independent var-
iable in simple linear regressions, it is hypothe-
sized that the population regression coefficient,
ie. the slope, is not zero ( # 0). Heating values of
mature trees are compared with the heating val-
ues of small-sized trees presented in the earlier
study (Nurmi 1993). Tree size is hypothesized to
have an effect on the heating value.

The third aim is to give practical information
on the energy content of both above and below
ground biomass of mature trees at different mois-

ture contents for the evaluation and pricing of
fuelwood. The emphasis of this aim is on the crown
biomass of spruce and pine as they are the most
readily available forest biomass for fuelwood at
the moment.

Acknowledgements. The author acknowledges Heikki
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Markku Parhiala for field work, Arto Ketola and Sep-
po Vihanta for help in the statistical analysis, Keijo
Polet for the computer graphics, and Raili Voipio for
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Pentti Hakkila and Ass. Professor Raida Jirjis for read-
ing the manuscript, and to Dr. Jyrki Hytonen for fruit-
ful discussions and being an example. Elva Nurmi
edited the language of the text. Finally, special thanks
to Reetta Kolppanen for doing all the hard work in the
laboratory alone.

2 Material and Methods

2.1 Selection and Handling of Sample
Trees

The study was carried out at the Kannus Re-
search Station. All the study material was col-
lected in Central Ostrobothnia where the station
is located. The geographical location and the site
factor were not taken into consideration as the
resources to accomplish the study were limited.
Nonetheless, it has been earlier shown by Nurmi
(1993) that geographical location has a signifi-
cant effect on the heating value of some tree
components of small-sized trees. However, the
fact that the vast majority of regeneration cut-
tings do take place in the southern part of the
country justifies the decision to exclude the north-
ern part of the country. As far as the site factor is
concerned, significant differences were found
between mineral and organic soils on the outer
bark components of the small-sized trees (Nurmi

Table 1. Sample tree data.

1993). But as outer bark composes only about
3% of the dry stem mass it was considered
justifiable not to include the site factor in the
study.

The locations of sampling sites and the sample
tree data are seen in Table 1. Two sample trees of
each of the seven species — Scots pine (Pinus syl-
vestris), Norway spruce (Picea abies), downy
birch (Betula pubescens), silver birch (Betula pen-
dula), grey alder (Alnus incana). black alder (Al-
nus glutinosa) and trembling aspen (Populus trem-
ula) were selected from mineral soils for the anal-
ysis of heating value. The chemical analysis was
done on pine, spruce and the two birch species.

The individual sample trees were selected on the
basis of visual observation by trying to choose the
most typical individuals from the stand. No ran-
dom sampling was used. Trees were felled and
delimbed. All the delimbed branches were cut into
branch sections according to diameter: < 5, 5-25,

Species Sample dbh, Stump Height, Municipality
tree cm diameter, cm m
P. sylvestris 1 28.3 35.0 20.0 Kilvid
2 377 41.9 20.6 Kilvid
P. abies | 325 359 19.5 Kilvid
2 39.0 45.2 22.0 Kilvid
B. pubescens 1 26.2 35.0 19.8 Kilvia
2 30.9 45.1 19.0 Kilvid
B. pendula 1 22.0 34.5 28.7 Kilvid
2 25.7 37.7 19.8 Kilvid
A. incana 1 23.2 30.1 16.3 Kilvid
2 19.6 24.0 15.8 Kilvida
A. glutinosa 1 23.2 35.2 16.6 Oravainen
2 26.6 353 17.0 Bodo
P. tremula 1 25.8 29.0 18.0 Kilvida
2 23.6 29.8 19.0 Kilvid
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25-50 and > 50 mm. Samples were taken for the
determination of heating value, chemical compo-
sition and moisture content. Dead branches were
excluded.

The stump-root systems were dug out of the
ground with an excavator. They were washed with
a pressure hose to get rid of soil prior to dividing
them into roots and stump. In this context stump
is considered as the continuation of the stem be-
low the crosscut and containing the underground
portion as well. Roots were sorted and sampled
according to the diameter into classes of 5-25,
25-50, 50-100 and 100200 mm. The diameter
was measured in vertical direction as described
by Hakkila (1975). Stumps were sampled by ex-
tracting a sample from the midpoint between the
crosscut and the lowest point of the underground
projection of the main stem.

Sample discs were sawn off each stem for the
determination of heating value and proportion of
wood, inner bark and outer bark at relative heights
of 10, 30, 50, 80 and 90 %. Samples for the deter-
mination of chemical composition were taken at
20 and 80 % relative heights. These heights had
been found practical and sufficient in an earlier
study by Voipio and Laakso (1992). The samples
were attained with a chainsaw without bar oil, a
bow saw and clippers, and placed in plastic bags
for storage in a freezer.

The above ground biomass of each sample tree
was also weighed. The stems were weighed by
first bucking them at the center between sampling
points, i.e. at 20, 40, 65 and 85 % of the relative
height. This was done to determine the stem mass
that each calorimetric sample represented and to
calculate the weighted mean heating values. Sim-
ilarly all the branches were cut and separated ac-
cording to the diameter and each class was
weighed. The stump-root systems were not
weighed as some of the root mass was lost during
the excavation. Instead calculations are based on
Hakkila’s (1975) results.

2.2 Preparation of Samples

The laboratory handling of the samples included
separation of tree components, drying and mill-
ing of the components, pressing the powdered
samples into pellets, combustion of the samples

in an oxygen bomb calorimeter and extraction of
the chemical components.

From the practical point of view there is no in-
terest to separate the two bark components. How-
ever, from the scientific standpoint previous in-
formation on the fuel properties of the two bark
components of tree species native to Finland is
limited. To provide more basic information wood,
inner bark and outer bark were separated from
each of the stem samples, i.e. discs and whole
branches over 5 mm in diameter. Root bark and
bark on the branches less than 5 mm in diameter
was separated as one component. Carefulness in
separation was of prime importance and the foun-
dation in gaining reliable data. Species with dis-
tinct outer bark were relatively easy to handle.
They included pine, spruce, downy birch, and sil-
ver birch. With grey alder, black alder and trem-
bling aspen, however, the separation was extreme-
ly tedious. After separation the samples were dried
to constant weight at 102 °C and weighed to de-
termine the proportion of each component at each
sample point.

The milling of each entire component, e.g. whole
discs in the case of the wood component, was done
with a Retsch SM-1 cutting mill. Stainless steel
bottom sieves with 0.5, 1 and 10 mm perforations
were used. The sieve with the largest openings
was used for primary reduction of the sample fol-
lowed by milling through either one or both of the
finest sieves depending on the consistency of the
material. To avoid contaminating the samples with
the remnants of the previous samples the mill was
always thoroughly cleaned using a vacuum clean-
er, pressurized air and brushes.

During bomb calorimetry analysis some fuels
may splatter around the bomb if they are burned
in powder form. To avoid this problem the sam-
ples were pelletized with a custom made MKH
press manufactured by Keski-Suomen Teris-
rakenne Oy. A mould of 14 mm in diameter was
used. Anattempt was made to make approximately
1 gram samples as the recommended samples size
range for the calorimeter is 0.8-1.3 grams. Five
pellets were commonly made from each compo-
nent.

After pelletizing, the remainder of the sample
and the pellets were allowed to come to equilibri-
um moisture content with the surrounding atmos-
phere over several days. Many laboratories keep

Nurmi, J.
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Component | separation

Wood
Inner & outer bark
| Foliage

Extractives soluble in
organic solvents

- hexane, CHz(CH)4CH3

- acetone, CH3COCHz
- ethanol, CHBCH2OH

- distilled water

Lignins Carbo-
- Klason hydrates
- acid soluble

Alkali soluble
extractives from
bark and foliage
- 3 % KOH-solution

Fig. 1. Order of chemical analysis of the whole-tree
components.

their oven-dried samples in a desiccator. Howev-
er, this method was not used because of the large
number of samples and the rapid absorption of
moisture into the sample between removing the
samples from the desiccator and combustion. It
was found much more convenient and secure to
determine the moisture content of the sample from
the powdered sample with a Mettler PM 100 bal-
ance equipped with a Mettler LP16 infrared dry-
ing unit which gives the moisture content to the
nearest 1/100 %. The sample size varied between
0.7-1.2 grams and the selected temperature was
105 °C. In the calibration of the dryer it was dis-
covered that a drying time of 3.5 to 4.5 minutes
was sufficient to bring the sample to a constant
weight. Three determinations were made per sam-
ple and the average was used to calculate the cal-
orific heating value. The range of moisture con-
tents for the whole study material was 1.5-8.0 %.
The samples were periodically cross-checked by
drying them in a conventional convection oven.

The extraction of chemical components of pine,
spruce and birch species was done at the Finnish

Forest Research Institute laboratory in Vantaa.
The lignin, carbohydrate and extractive contents
were determined in wood and bark components
of stem, branches and roots as shown in Fig. 1.

It should be noted that the extractive composi-
tionis given as a percentage of the dry mass of the
sample, whereas total lignin (Klason + acid solu-
ble lignin) and carbohydrates were determined
from the extractive free sample. This means that
if the percentage figures are added up the sum
will exceed 100 % per sample. The chemical com-
position of each biomass component is given by
species in Appendix 1. A more detailed descrip-
tion of the procedures used is given by Voipio
and Laakso (1992).

2.3 Determination of the Calorimetric and
Effective Heating Values

Three different measures of energy content ap-
pear in literature: calorimetric heating value
(g.(gross)), effective heating value of oven dry
biomass (g,(net)), also called net calorific value
or lower heating value of oven dry biomass, and
effective heating value of biomass with moisture
(g.(moist)). Calorimetric heating value is deter-
mined in a bomb calorimeter and all other heat-
ing values are derived from it. Calorimetric heat-
ing value includes the heat of condensation from
water created during the combustion of the sam-
ple. In free combustion this water escapes with
flue gases resulting in a loss of energy. The
amount of water is directly proportional to the
amount of hydrogen in the combustible matter.
To calculate the energy available in the free com-
bustion of oven dry biomass, i.e. effective heat-
ing value, one has to know the hydrogen content.
The hydrogen analysis was done for all the tree
components of each species at the Finnish Forest
Research Institute’s Central laboratory at Vantaa
with a Leco CHN -analyzer. The results are
shown in Appendix 2.

All the results in this study are given as effec-
tive heating values of oven dry biomass (g,(ner)).
It is simply the calorimetric value (g,(gross)) mi-
nus the heat released by the condensation water
that is created during combustion. The following
formula is used for the calculation:
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q.(net) = q.(gross) —2.45 x 0.09H, (1)
= q,(gross) — 0.22H,

where

2.45 MJ/kg = the latent heat of vaporization of wa-
ter at 20 °C.

0.09 = a factor that expresses that one part

of hydrogen and eight parts of oxy-
gen form nine parts of water

H, = the hydrogen content of oven dry
biomass (%).

In practice, however, biofuels always contain
some moisture which has to be evaporated in the
first stage of combustion. The energy needed for
evaporation comes from the burning fuel lower-
ing the amount of usable energy. This is called
the effective heating value of moist biomass
which is proportionate to the fuel moisture con-
tent and can be expressed on both dry and wet
weight basis. The latter has been used more com-
monly by the fuelwood trade.

. MC
B tir) = qy(net)—2.45x ————— 2
qv(moistq,) = qy(net) 00— MC (2)
Gv(moisty,) = qp(net)x(loo-lOMOC)-z.45xMC
(3)
where

q.(moist,,) = effective heating value of biomass
with moisture (MJ/kg of dry biomass)

q.(moist,,) = effective heating value of biomass
with moisture (MJ/kg of wet biomass)
MC = the moisture content on green weight

basis (%)

Leco AC-300, a microprocessor-based isother-
mal-jacket bomb calorimeter, was used to deter-
mine the calorimetric heating values. It includes
a master cabinet for loading the bomb and the
housing of electronics; a control console for op-
erations and data editing; LB-80 analytical bal-
ance; and a vessel compartment.

The complete description of the calorimetric
analysis is given by Nurmi (1993, p. 10). Hence
only the outline of the analysis is given here. The
pelletized and weighed sample is combusted in a
pressurized combustion chamber of the calori-
meter. The heating value is calculated on the bas-

10

es of the temperature profile of the water jacket.
The moisture content of the sample is entered and
the calorimeter calculates the calorimetric value
for an oven dry sample. The calorimetric values
are then converted to effective heating values on
dry basis using Formula 1. Nitrogen and sulphur
contents were notanalyzed as wood contains them
in such minute quantities that they can be omitted
when calculating heating values. A benzoic acid
standard was used to calibrate the system. A total
of 950 determinations were made from the 14
sample trees.

To test the effect of tree species on the heating
value of a given tree component the sample tree
data was pooled. The number of samples per tree
component varied from 2 in the case of stump-
wood to 10 in the case of stemwood and bark. The
analysis of variance and Duncan’s multiple range
tests were used. Due to the low number of stump-
wood samples good judgement has to be used
when reffering to this data. Furthermore analysis
of variance with repeated measures was used to
test the significance of relative stem height, branch
and root diameter on the heating value.

The regression analysis on chemical composi-
tion was done separately for wood and the two
bark components. Lignin, carbohydrates, extrac-
tives soluble in organic solvents and hot water
(ESOS), and alkali soluble extractives were used
as dependent variables and matched with the cor-
responding heating values. There is one excep-
tion to the rule and that is the chemical composi-
tion at 20 % relative height. Unfortunately the
sampling heights for chemical and calorimetric
analysis are not the same at the base of the stem.
Hence, it was decided to use the average g,(net)
value from 10 and 30 % relative heights to match
with the chemical composition from 20 % height.

Itis realized by the author that the data present-
ed in this study is made up of a small number of
sample trees. For this reason stemwood-stembark
and stem-crown proportions were quoted from
larger biomass studies to calculate the weighted
heating values of crown, stem, whole-tree and
stump-root biomass. The proportions and the ref-
erences used are listed in the Appendix 3. In some
cases no previous information was available for a
given component. In that case the data collected
in this study was used. Also, the data on the inner-
outer bark ratio is an outcome of this study.

3 Results and Discussion

3.1 Heating Value of Wood Components

The heating value of any fuel is dependent on its
chemical composition. Biofuels are made of three
basic elements: carbon, oxygen and hydrogen.
They usually make up 95 % of the dry matter.
When carbon and hydrogen are combusted they
generate heat. The higher their share of the com-
busted material, the higher the heat output. Oxy-
gen has a contrary effect because it is already
present in abundant quantities in the air. Wood
and bark matter are made of cellulose, hemicel-
lulose, lignin and a number of extracts, i.e. res-
ins, terpines and waxes. Cellulose and its mon-
osaccharide sugars are lower in carbon and hy-
drogen than the other chemical compounds mak-
ing it lower in thermal energy in comparision
with lignin (Kollmann 1951).

The analysis of variance and Duncan’s multi-
ple range test were carried out to test if species is
a factor that has a significant affect on the g,(net)
of any given tree part. The test statistics support
the hypothesis that heating value should not be
the same for all species (Table 2). Pine has the
highest g, (net) (19.532 MJ/kg) and spruce the

second highest (19.163 MJ/kg) of all stemwoods.
This is primarily caused by the higher lignin con-
tent and secondly by a slightly higher ESOS con-
tent. The case is much the same as with small-
sized trees (Nurmi 1993). When comparing the
heating values of the stemwood of small-sized
and mature trees significant differences were
found in alders, aspen and silver birch (Table 3).
In Fig. 2a we see that the heating value of stem-
wood is independent of the relative stem height.

Branch, stump and root wood components were
also submitted to Duncan’s multiple range test.
The results of Table 2 support the hypothesis of
all species not having the same g,(ner). In the case
of branch wood, conifers have significantly high-
er heating values than broad-leaved species. This
could be due to the compression wood which is
formed in the lower side of coniferous branches.
This wood is characterized by increased lignin
content and hence by a higher g,(net). The differ-
ence between pine and spruce branch wood to the
advantage of pine is not quite clear in the face of
the evidence. However, it does seem that the dif-
ference is caused by the greater quantity of ESOS
present in pine branch wood (Appendix 1). Fig.

Table 2. Effective heating values in dry basis (MJ/kg) and test statistics for wood components.

Tree part Species F-ratio
P. sylvestris P. abies B. pubescens  B. pendula A.incana  A. glutinosa  P. tremula
b ) d ~d
Stem 19532° 191637 18571  18417°  18761° 184977 184300  78.76%**
a a a a a a a
b Ay 'l de
Branches 19989, 19300,  18.644° 18568 18.875 18.508; 18812,  52.54%x+
a b b b b b b
Stumps 22362. 19175, 18613 18500 19271, 18909, 18319,  21.61%**
b I} 2 3 d
Roots 19.324: 19.3342 18.506 18.503; 18.828, 18979, 18298 d46.24%x
F-ratio 4922%% 176 0.09 0.72 3.30% 43.45%%% 30 53w

The figures indicated with a different upper index in horizontal direction and lower index in vertical direction differ from each other at 5 %

significance level.
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Table 3. Effect of tree size on the heating values of stem and branch wood.

Tree Tree Species
component size
Pinus Picea Betula Betula Alnus Alnus Populus
sylvestris abies pubescens pendula incana glutinosa tremula
Stem Large 19.532 19.163 18.571 18.417 18.761 18.497 18.430
Small 19.308 19.048 18.617 18.611 18.670 18.883 18.668
F-ratio 1.62 5.73 1.87 7.55* 14.16%*  139.57*** 60.36***
Branches Large 19.989 19.300 18.644 18.568 18.875 18.508 18.812
Small 19.895 19.704 18.766 18.729 18.985 18.637 18.776
F-ratio 0.24 11.68**  1.57 9.21* 0.34 1.36 0.41

2b shows that excluding black alder the branch
diameter is not a significant factor. However, one
should be careful with the interpretation of the
results as they are made of only two samples per
diameter class.

Where the g,(net) of stumpwood is concerned,
pine has a significantly higher value from all the
other species (Table 2). This difference is caused
by the high content of ESOS. Pine stumpwood
contains some 18-20 % of these extractives
whereas spruce and birches contain only 3—6 %.
When all the other species average about 19 MJ/
kg, pine is 17 % higher at 22.4 MJ/kg, which puts
it in advantage over all other species.

Species is also a significant factor in rootwood
heating value. However, no significant differenc-
es were found within the genera Betula and Al-
nus. Conifers show the highest g,(nef) which could
be caused by the relatively high levels of lignin.
There is no significant difference between the two
coniferous genera in g,(net) (Table 2). As with
the branch wood the heating value of root wood
does not seem to be effected by the root diameter
(Fig. 2¢).

It was also tested whether heating value chang-
es from one part of the tree to another. This was
done separately for each species. It was found out
that the g,(net) of spruce, downy and silver birch
wood did not show significant differences within
the tree (Table 2). However, the two alder species
and aspen did. Aspen branches were significantly
higher in g, (net) than the rest of the tree. Alders
on the other hand had higher heating values in the
stump-root system. The effect of the tree part is
most significant in pine. Stump and branch wood

12

are significantly higher in g,(net) than stem- and
rootwood. The reasons behind this significance
are traced back to the chemical structure as dis-
cussed above.

The relationship between the heating value and
the chemical composition of wood is demonstrat-
ed in simple linear regression equations in Ap-
pendix 4. Only those cases are listed where the
probability of f = O is less than 5 %. It was found
that single tree components do not provide good
correlation due to the low degree of variation both
in the independent and dependent variables. This
means that the chemical composition of any sin-
gle component may not be predicted by the heat-
ing value. Hence, the pooling of different combi-
nations of tree components was tried. This means
that what really was tested was the variability
between the tree components.

Of all the regressions those with pine stumps
included had the lowest probabilities. This is
caused by the high extractive content leading to a
high g,(net) and is seen as a positive slope of the
equation. On the other hand stumpwood is low in
lignin and hence, the slopes of regressions pre-
dicting lignin content are negative. Spruce wood,
however, is so uniform in terms of lignin content
that it can not be significantly predicted with any
combination of tree parts.

Heating value does not correlate to a high de-
gree with carbohydrate content of either conifer
species. Not even when data from different wood
components are pooled. Earlier it has been sug-
gested by Nurmi (1993) that on the basis of data
on small-sized trees it might be possible to pre-
dict carbohydrate content by determining the heat-
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Fig. 2. Effective heating values (MJ/kg) of wood by species: (A) on the stemwood at different relative stem
heights, (B) the branch wood in different diameter classes and (C) the root wood in different diameter
classes. The statistical significance of relative stem height or diameter class shown above.

ing value of wood. However, the data on mature
trees does not give a very convincing evidence of
this relationship.

The lignin content of downy birch could be
predicted with a number of combinations of tree
parts, but carbohydrate and ESOS content did not
correlate with heating value at all. The lignin con-
tent of silver birch correlated with heating value
only when both stem and branch wood data were
included in the analysis, whereas the content of
ESOS correlated with heating value in many com-
binations of tree part (Appendix 4).

3.2 Heating Value of Bark Components
3.2.1 Inner Bark

In the forest industry inner and outer bark are
handled as one component. In this study, howev-
er, bark is divided into inner and outer bark. This
is done to provide basic information on the chem-
ical composition and heating value of these two
bark components of different physiological ori-
gins. Depending on the species they make up 7—
16 % of the dry stem mass (Appendix 3). On
average 50-75 % of the bark component is inner
bark. In comparison with wood, bark is more
complex in chemical structure. It contains com-
pounds that are present in wood in only minor
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Fig. 3. Effective heating values (MJ/kg) of inner bark by species: (A) on the stem at different relative stem
heights, (B) on the branch in different diameter classes. The statistical significance of relative stem height or

diameter class shown above.

quantities or not at all. Such compounds include
fenolic acids and polyestolids which are soluble
only in alkaline solvents.

The effect of relative stem height on heating
value is shown by species in Fig. 3a. The g,(net)
of inner bark of some species demonstrates more
sensitivity to the stem height than wood. The rel-
ative stem height is a significant factor on the
heating value of pine, downy birch and black al-
der. Similar phenomena was observed with small-
sized trees (Nurmi 1993). The test statistics sup-
port the hypothesis which assumes that g (net)
should not be the same in all species (Table 4).

When the effect of tree size on the g,(net) of stem
inner bark is tested, spruce, silver birch, both al-
ders and aspen demonstrated significant differ-
ences (Table 5). Most commonly the mature trees
had higher heating values.

The g,(net) of branch inner bark was determined
only on those branches over 5 mm in diameter.
There is about the same amount of variability
between species in branch inner bark as in stem
inner bark (Table 4). When tree size is tested we
find statistically significant differences only in
alders and downy birch (Table 5). With alders itis
for the advantage of mature trees and with downy

Table 4. Effective heating values in dry basis (MJ/kg) and test statistict for inner bark.

Tree part Species F-ratio

P. sylvestris P. abies B. pubescens  B. pendula A.incana  A. glutinosa  P. tremula

ab a a
Stem 18.976 18.619

a a a

a b c
Branches 19.277a 17.866b
F-ratio 0.85 14.62*%*  45.87*** 4 89*

b

d b
18.869 18.318 20.541: 19.726 19.204aa 43.63%**

Q2

d
l8.494b 19.073b 20.111 19.548p 18A459F 53.83%**
b a b

12:35%%* 821* 7.36%*

The figures indicated with a different upper index in horizontal direction and lower index in vertical direction differ from each other at 5 %

significance level.
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Table 5. Effect of tree size on the heating value of stem and branch inner bark.

Tree Tree Species
component size
Pinus Picea Betula Betula Alnus Alnus Populus
sylvestris abies pubescens pendula incana glutinosa tremula
Stem Large 18.976 18.619 18.869 19.318 20.541 19.726 19.204

Small 18.758 17.844 18.965 18.846 20.141 19.262 18.049

F-ratio 1.71 31.9%**  0.30 51.22%%% 40.11%%%  45.04%** 39 16%**
Branches Large 19.277 17.866 18.494 19.073 20.111 19.548 18.459

Small 19.441 18.481 18.985 18.763 19.491 19.413 17.822

F-ratio 3.80 5:12 10.87* 1.57 68.41%%  97.65%** 4.18

birch for the advantage of the small-sized trees.
The branch diameter has no effect on the ¢,(net)
(Fig. 3b).

Conifers and broad-leaved species are distinct-
ly different in chemical composition. Coniferous
inner bark contains low quantities of lignin, where-
as in broad-leaved species the concentration is
threefold. Conifers on the other hand have twice
as high concentrations of ESOS than the broad-
leaved species (Appendix 1).

Pine inner bark is very uniform in chemical
composition and heating value. Hence, no corre-
lation was found between these two variables.
Individual components of spruce and birch spe-
cies do not show significant correlation either.
However, when data from stem and branches is
pooled these species do show correlation with
some combination of heating value and a chemi-
cal composition. In birch species the significant
correlation is found with carbohydrates, and in
spruce with the ESOS (Appendix 4). It should be
noted that this significance is strictly caused by
the differences between and not within tree com-
ponents.

3.2.2 Outer Bark

Outer bark is a less important fuel than wood or
even inner bark when evaluated in terms of quan-
tity. In those included in this study it made up
only 3 % of the oven dry stem mass. However,
outer bark presents more variability between spe-
cies in terms of chemical structure and heating
value than wood or inner bark. In general the

coniferous outer bark has distinctly lower heat-
ing values than the broad-leaved species. This is
because coniferous outer bark is rich in carbohy-
drates but low in extractives (Appendix 1).

Although the g,(net) seems to be effected by
the relative stem height this factor seems to be a
more significant one only with the conifers and
alders (Fig. 4). With these species the trend of
heating value along the stem is much like those of
the small-sized trees (Nurmi 1993). Table 6 shows
the difference between species to be as much as
11 MJ/kg. This is much higher than with wood
and inner bark components, but it is about the
same as that which was observed with the small-
sized trees (Nurmi 1993). The test statistics of
analysis of variance shows species to be a highly
significant factor.

The highest heating values are found in the birch
species (Fig. 4). This is caused by the high extrac-
tive concentration, mainly betulin (ESOS) and
suberin (alkali soluble). According to Ekman
(1983) birch outer bark contains 315 g of triterpe-
noids per kilogramme of bark and betulinol ac-
counts for 77 % percent of that amount. The
amount of suberin is 322 g/kg. In addition it should
also be noted that the low ash content of birch
bark contributes to the high heating value (Voipio
and Laakso 1992) . As with the small-sized trees
there is no statistical difference in the heating value
of the two birch species (Table 6).

The next highest heating values are found in
grey alder followed by black alder. The g.,(net) of
mature grey alder peaks at the center of the stem
asdid the g,(ner) of small-sized ones (Nurmi 1993).
The effect of tree size on the heating value is very
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Fig. 4. Effective heating values (MJ/kg) of outer bark by species: (A) on the stem at different relative stem
heights and (B) on the branch in different diameter classes. The statistical significance of relative stem
height or diameter class shown above.

Table 6. Effective heating values (MJ/kg) and test statistics for outer bark.

Tree part Species F-ratio
P. sylvestris P. abies B. pubescens  B. pendula A.incana  A. glutinosa  P. tremula
a a b b c d a
Stem 20.558, 20721~ 31.859, 31.322 25677, 22452, 21 401, 288.55%**
b d d
Branches 20363, 20771, 28527, 29.870, 25149, 23924, 20482, 5383w
F-ratio 0.94 0.17 18.26%** 411 1.2 3.11 3.89

The figures indicated with a different upper index in horizontal direction and lower index in vertival direction differ from each other at 5 %

significance level.

Table 7. Effect of tree size on the heating value of stem and branch outer bark.

Tree Tree Species
component size
Pinus Picea Betula Betula Alnus Alnus Populus
sylvestris abies pubescens pendula incana glutinosa tremula
Stem Large 20.558 20.721 31.859 31.322 25.677 22.452 21.401
Small 20.309 20.542 31.433 32.045 28.900 23.286 21.202
F-ratio 0.02 0.15 0.46 2.80 110:70%** 1,13 0.33
Branches Large 20.363 20.771 28.527 29.870 25.149 23.924 20.482
Small 21.166  20.691 27.580 28.548 26.758 25901 21.886
F-ratio 3.10 0.46 5.87* 2.94 17.31%%  2.02 13.49%*
16
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Table 8. Effective heating values (MJ/kg) and test statistics for bark on branches less than 5 mm in diameter,

root bark and foliage.

Tree component Species F-ratio
Pinus Picea Betula Betula Alnus Alnus Populus

sylvestris abies pubescens pendula incana glutinosa tremula
Bark on 21.387a  20.266bc 20.576c  20.133bc 21.845a 21.755a 19.687b  15.42%%
branches <5 mm
in diameter
Root bark 20.427a  19.549b  19.652b  20.179a 20.362a  19.611b  19.593b  5.72%**
Foliage 21.038a  19.188b  19.357b  19.757ab 20.367ab 19.784ab 19.852ab 2.82

Means indicated with the same letter in horizontal direction do not differ from each other at 5 % significance level.

significant. The difference in ¢,(net) is as much as
3.3 MJ/kg in favour of the small-sized trees. This
is the only case where the stem outer bark is sig-
nificantly effected by stem size (Table 7).

The sensitivity of black alder heating value to the
stem height is statistically significant, but it is
much less pronounced than on small-sized black
alder stems (Nurmi 1993). Although the chemical
compositions of large diameter alders were not
determined we know from the data on small-sized
trees that this is the result of the increase in extrac-
tive content from the base to the top of the tree.

The heating values of the outer bark of branch-
es over 5 mm in diameter are very similar to the
stem material. In Table 6 we can see that the only
significant difference between stem and branch
material was found in downy birch. This suggests
that the chemical composition should be rather
uniform throughout the trees. Also the branch
diameter is an insignificant factor with most spe-
cies silver birch and black alder being the only
exceptions (Fig. 4).

The chemical composition of pine and spruce
stem bark did not correlate with the g,(ner) in any
combination of tree parts, not even when the stem
and branch data were pooled. On the other hand
downy birch stem bark demonstrated correlation
with ESOS (p = 0.01) and lignin (p = 0.05). Sim-
ilarly correlation in silver birch stem bark was
found between carbohydrates and g,(ner). Addi-
tionally, in the case of downy birch the combined
q,(net) data on stem and branches correlates with
carbohydrates and ESOS. Both correlations were

caused by the differences in heating value and
chemical composition between the two tree com-
ponents (Appendix 4).

3.2.3 Bark on Small Branches

Half of the dry mass of small branches less than
5 mm in diameter is bark. This bark contains
both inner and outer bark. Hence, the g, (net)
falls in between the heating values of the two
bark components of larger branch diameters. This
is also supported to some extent by the analysis
on chemical composition (Appendix ). Pine is
an exception to the rule as its g,(ner) is higher
than the value of either inner or outer bark val-
ues of the larger branches. The same was ob-
served with small-sized pine trees (Nurmi 1993).
The only two indications why this should be is
that pine bark on small diameter branches is
rather high in ESOS (Appendix 1) and low in
ash content (Voipio and Laakso 1992). The mag-
nitude of heating values and the test statistics are
shown in Table 8.

3.2.4 Root Bark

In comparison with stem and branch bark, root
bark is higher in lignin but lower in carbohy-
drates and extractives (Appendix 1). The heating
value of coniferous bark is higher on roots than
on stems, the case being the opposite with the
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Fig. 5. Effective heating values (MJ/kg) of root bark by species in different diameter classes. The statistical

significance of diameter class shown above.

broad-leaved species. Although there is less var-
iability among root bark than among stem bark,
the species is still a significant factor (Table 8).
On the other hand root diameter is not a signifi-
cant factor, the exceptions being downy bich and
black alder (Fig. 5).

3.3 Foliage

The significance of tree species on the g,(nef) of
foliage is low. Pine is the only one to be signifi-
cantly different from the other species (Table 8).
It is known from literature that pine needles have
a much lower ash content than the foliage of
other species (Hakkila and Kalaja 1983, Voipio
and Laakso 1992). This a more convincing rea-
son for the difference than the one given by the
combustible chemical components of this study.
Making decisions on the bases of lignin, carbo-
hydrate or extractive composition involves quite
a deal of uncertainty as the analysis of variance
for the pooled data gives low probability values.
The lignin content of pine is lower and carbohy-
drate content higher than in other species. Based
on previous knowledge on the g,(net) of carbo-
hydrates and lignin the opposite outcome should
be more likely. Olofsson (1975) reports similar
values for the pine foliage but his figures for
spruce are 0.8 MJ/kg higher than the values re-
ported in this study. A difference of the same
magnitude was also observed for the spruce foli-
age of small-sized trees (Nurmi 1993). When
comparing the g, (net) of the foliage of mature
trees with that of small-sized trees the species
are roughly in the same order of magnitude.
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3.4 Weighted Heating Value of the Above
and Below Ground Biomass

3.4.1 Crown and Logging Residue

The crown is formed by branches including wood,
bark and foliage. Bark accounts for roughly one
third of the live branch mass without foliage.
This enhances the heating value of crown bio-
mass as the heating value of bark is higher than
that of wood (Tables 9 and 10). Foliage is anoth-
er major component of the live crown. This is
especially true in conifer stands. It accounts for
25.7 % of mature pine and 37.6 % of spruce
crowns (Hakkila 1991).

Pine has the highest and aspen the lowest foli-
age free crown heating value. Other species were
intermediate. The foliage-bearing crown materi-
al of pine is as much as | MJ/kg higher in heating
values than spruce (Table 10). This is explained
by the difference in the g,(net) of foliage which is
1.85 MJ/kg higher in pine. Olofsson (1975) re-
ported 0.2-0.4 MJ/kg higher figures for foliage-
bearing conifer branches than those determined
in this study. This difference could be caused by
the difference in the research methods used. In
Olofsson’s study heating values were determined
from an intermixed branch sample of wood, bark
and foliage. In this study, however, heating val-
ues were separately determined for each compo-
nent and the weighted heating value for the branch
mass was calculated.

From the standpoint of fuelwood procurement
the crown mass should receive much attention as
itaccounts for as much as 85-90 % of spruce log-
ging residue. Of all the forest biomass reserves it

Nurmi, J.
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Table 9. Effective heating values (MJ/kg) of wood, bark and foliage components of branches over and under

5 mm.
Species Wood Bark Foliage Crown
without foliage
>5mm <5mm Total Inner Outer <5mm  All bark
branch
P. sylvestris 20.01 1996 19.99 19.28 2036 21.39 2030 21.04 20.09
P. abies 1936 19.23 19.30 17.87 20.77 2027 19.60 19.19 19.41
B. pubescens 18.68 18.57 18.64 18.49 2853 20.58 21.03 19.36 19.33
B. pendula 18.53 18.65 18.57 19.07 29.87 20.13 21.78 19.76 19.61
A. incana 18.83 19.11 18.88 20.11 25.15 21.85 21.69 20.54 19.74
A. glutinosa 18.48 18.66 18.51 1955 2392 2176 2129 19.78 19.47
P. tremula 1876 19.00 18.81 18.46 2048 19.69 19.20 19.02 18.96
Table 10. Effective heating values (MJ/kg) of the crown components.
Component Species
P. sylvestris P. abies B. pubescens  B. pendula A.incana  A. glutinosa  P. tremula
Bark 20.30 19.60 21.03 21.42 21.69 21.25 19.20
Wood 19.99 19.30 18.64 18.57 18.87 18.51 18.81
Crown without foliage 20.09 19.41 19.33 19.61 19.74 19.47 18.96
Foliage 21.04 19.19 19.36 19.76 20.37 19.78 19.85
Crown with foliage 20.33 19.33

is this residue from regeneration cuttings which is
most readily available for energy production.
Annually about 29 Mm? of this material is created
by wood harvesting of which 8.6 Mm?® is consid-
ered harvestable (Hakkila and Fredriksson 1996).
In comparison with the harvesting of small-sized
trees from over-stocked stands residue from clear-
cuts can be handled as a mass item with conven-
tional forest machines. This has at least two ad-
vantages. The cost of fuel per produced megawatt
hour is lower and the regeneration of the forest
becomes easier when the residue is removed. As
aresultresidue from clearcuts is considered a more
attractive source of fuelwood than small-sized
trees.

Residue harvesting involves some storage and
seasoning of the fuel stock. As a result varying
amounts of foliage will fall off. From the ecolog-
ical standpoint this may be beneficial if seasoning
takes place on a clear cutting area and not at the
landing. Table 10 contains figures for foliage free

crown. In the case of conifers it also gives heating
values with foliage intact. This is because the most
sophisticated combustion plants are able to con-
sume wet material and still utilize the energy in
the exhaust steam through a condensation pros-
ess. It also makes sense from the harvesting point
of view to harvest the crown material with foliage
as it significantly increases harvesting yield and
productivity.

In addition to the crown, the harvesting residue
also contains the top section of the stem. The pro-
portion of the top section in the residue is depend-
ent on the top diameter of the merchantable stem.
This diameter on the other hand depends on a giv-
en wood market situation. For spruce, however,
Nurmi (1997) has measured the proportion of the
residual stem section of spruce crowns. This pro-
portion has a negative correlation coefficient with
stem volume. The residual stem section of a 500
liter stem accounted for 11.5 % of the total resid-
ual dry mass. The weighted g,(net) for spruce har-
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Table 11. Effective heating values (MJ/kg) of stump
and root components.

Table 12. Effective heating values (MJ/kg) of oven
dry stem components.

Species Root Root ~ Whole Stump Stump-root
wood bark roots system

P. sylvestris  19.32 2043 19.51 2236 21.02
P. abies 1933 19.55 19.38 19.18 19.32
B. pubescens 18.60 19.65 18.84 18.61
B. pendula  18.50 20.18 18.97 18.50
A. incana 18.83 20.38 19.28 19.27
A. glutinosa 1898 19.66 19.17 1891
P. tremula 18.30 19.73 18.78 18.32

vesting residue is 19.316 MJ/kg. This is slightly
less than the heating value of spruce crown mate-
rial. However, the difference is so small that any
difference in moisture content will rule out this
difference.

3.4.2 Stump-Root System

According to Hakkila (1989) the stump-root sys-
tem is defined as “all below- and above-ground
wood and bark mass of a tree below the stump
cross-section”. Putting the economical consider-
ations aside, pine and spruce are the only species
to provide plentiful raw material for harvesting
stump-root systems. The average heating values
of stump-root system of these two species are
reported in Table 11. The stump and root pro-
portions in the complete stump-root system are
based on Hakkila’s (1975) results. Much of the
mass of the pine stump-root system is concen-
trated on the stump component. Hence, the g,(ner)
is as high as 21.023 MlJ/kg. Unlike pine the
majority of spruce stump-root mass is in the root
component. This, however, has very little effect
on the weighted heating value (19.316 MJ/kg) as
the heating values of stumps and roots are not so
different. The proportion of stump-root system
of the merchantable stem volume is about 22—
24 % in both species (Hakkila 1972). Hence,
pine does appear as a more atractive alternative
for fuelwood harvesting than spruce. However,
this difference in heating value for the benefit of
pine may well be compensated for by the higher
harvesting productivity of spruce harvesting. On
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Species Wood Bark Weighted
stem
Inner Outer  All bark  mean

P. sylvestris ~ 19.53 1898 20.56 19.77 19.55
P. abies 19.16 18.62 20.72 19.11 19.16
B. pubescens 18.57 18.87 31.86 2247 19.06
B. pendula 18.42 19.32 31.32 22.08 18.96
A. incana 18.76 20.54 25.68 21.15 19.14
A. glutinosa  18.50 19.73 22.45 2131 18.90
P. tremula 1843 1920 21.40 19.87 18.62

one hand this is due to the more superficial root
system of spruce. On the other hand the greater
number of small diameter roots makes it more
difficult and time consuming to clean pine roots
(Hakkila et.al. 1974).

3.4.3 Stems

The proportions of wood, inner bark and outer
bark components vary with the relative stem
height and age of the tree (Taras 1978, Hakkila
et al. 1975). The majority of stem mass is con-
centrated in the wood proper (Appendix 3). This
makes it the single most important component to
consider when a heating value for the whole
stem is calculated.

Table 12 shows that in all species the heating
value of outer bark is higher than the heating val-
ue of wood or inner bark. Although outer bark is
higher in heating value than the other two compo-
nents there is only a small amount of it. Hence, it
makes a lesser contribution to the average heating
value of stem biomass than inner bark. For exam-
ple the high g.(ner) of the birch outer bark has
relatively little effect on the weighted g,(net) of
stem biomass. This is also supported by Sandala
et. al. (1981) who reported on the heating values
of three broad-leaved species from the northeast-
ern United States. Furthermore, the heating value
of combined inner and outer bark is higher than
that of wood for all species except for spruce. The
same fact has been observed on small-sized trees
(Nurmi 1993). Musselman and Hocker (1981) and
Singh and Kostecky (1986) found that North
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American species in the genera Pinus, Picea, Bet-
ula and Populus had higher heating values in bark
as well. Olofsson (1975) has also reported pine,
birch and spruce bark to be higher in heating val-
ue than wood.

3.5 Heating Value of Biomass
with Moisture

In spite of the large differences in proportions and
q.(net) of tree components the differences be-
tween species actually turn out to be small for
crown, whole stem or stump-root material. This
has also been shown earlier by Olofsson (1975)
and Nurmi (1993). From the practical point of
view moisture content is a much more significant
factor. This is because the moisture in wood needs
to be evaporated and the energy required to evap-
orate it comes from the fuel itself. This means that

the higher the moisture content, the less energy is
yielded by the fuel. All types of fuelwood always
contain some moisture. How high the biomass
moisture content is depends on the harvesting
schedule, i.e. when fuelwood is harvested; how,
when and in what form it is stored; what time of
the year it is comminuted. Only those modern
heating plants capable of retrieving the heat of
condensation from the flue gasses may overlook
the moisture content to some extent.

For the reader’s convenience the effective heat-
ing values of crown, stem, whole-tree as well as
stump-root biomass are presented in Table 13 on
dry weight basis and in Table 14 on wet weight
basis. The latter table is a more convenient one
for heating plant staff and the procurement organ-
izations in everyday use as this form of expres-
sion is more common to the trade. Those interest-
ed in other moisture contents should refer to the

Formulas (2) and (3) in Chapter 2.3.

Table 13. Effective heating values of mature whole-tree biomass (MJ/kg of dry biomass) as a function of

moisture content,

Tree part Species Moisture content, %
0 10 20 30 40 50 60
Crown P. sylvestris 20.09  19.81 1947 19.03 1845 17.63 16.41
P. abies 19.41 19.14 1880 1836 17.78 16.96 15.73
B. pubescens 1933 19.06 18.72 1828 17.69 16.88 15.65
B. pendula 19.61 1934 19.00 1856 1798 17.16 15.94
A. incana 19.74 1947 19.13 18.69 18.11 17.29 16.07
A. glutinosa 1947 19.19 18.85 1842 17.83 17.02 15.79
P. tremula 1896 18.69 1835 1791 17.32  16.51 15.28
Stem P. sylvestris 19.55 19.28 1894 18.51 1792 17.11 15.88
P. abies 19.16 1895 18.61 18.17 17.59 16.77 15.54
B. pubescens 19.06 18.78 18.44 18.01 17.42  16.61 15.38
B. pendula 1896 18.69 1835 1791 17.33  16.51 15.29
A. incana 19.14 1887 1853 18.09 17.51 16.69 15.46
A. glutinosa 1890 18.6 1828 1785 1726 16.45 15.22
P. tremula 18.62 18.34 18.00 1756 1698 16.16 14.94
Whole-tree P. sylvestris 19.63 1937 19.03 18.59 18.01 17.19 15.96
P. abies 19.24  19.01 18.67 1823 17.65 16.83 15.61
B. pubescens 19.09 18.82 1848 18.04 1746 16.64 15.42
B. pendula 19.05 18.78 1844 18.00 1742 16.60 15.38
A. incana 19.22 1896 1862 18.18 17.59 16.78 15.55
A. glutinosa 19.00 18.73 1839 1795 1737 16.55 15.32
P. tremula 18.66 1838 18.04 17.60 17.02 16.20 14.98
Stump/root P. sylvestris 21.02  20.75 2041 1997 19.39 1857 17.35
system P. abies 19.32  19.04 1870 1827 17.68 16.87 15.64
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Table 14. Effective heating values of mature whole-tree biomass (MJ/kg of wet biomass) as a function of

moisture content.

Tree part Species Moisture content, %
0 10 20 30 40 50 60
Crown P.sylvestris 20.09 17.84 1558 1333 11.07 8.82 6.57
P. abies 1941 17.22 1504 1285 1067 8.48 6.29
B. pubescens 1933 17.15 1497 1280 10.62 8.44 6.26
B. pendula 19.61 1740 1520 1299 10.79 8.58 6.37
A. incana 19.74 1752 1530 13.08 1086 8.65 6.43
A. glutinosa 1947 1728 1509 1289 1070 8.5l 6.32
P. tremula 1896 16.82 1468 1254 1040 826 6.11
Stem P. sylvestris 19.55 1735 15.15 1295 1075 8.55 6.35
P. abies 19.16 17.00 14.84 12.68 10.52 8.36 6.19
B. pubescens 19.06 1691 1476 12.61 1046 8.3l 6.15
B. pendula 1896 1682 14,68 1254 1040 8.26 6.11
A. incana 19.14 1698 1482 12.66 10.50 835 6.19
A. glutinosa 1890 1677 14.63 1250 1036 823 6.09
P. tremula 1862 1651 1441 1230 10.19 8.09 5.98
Whole-tree P.sylvestris 19.63 1742 1521 13.01 10.80 8.59 6.38
P. abies 1924 17.07 1490 1273 1056 8.40 6.23
B. pubescens 19.09 1694 1478 12.63 1047 8.32 6.17
B. pendula 19.05 1690 1475 12.60 1045 8.30 6.15
A. incana 1922 17.05 1489 1272 1055 8.39 6.22
A. glutinosa 19.00 1686 1471 1257 1042 8.28 6.13
P. tremula 18.66 1655 1444 1233 1022 8.11 5.99
Stump/root  P. sylvestris 21.02 18,67 1633 1398 11.63 9.29 6.94
system P. abies 1932 17.14 1497 1279 1061 8.44 6.26
22

4 Conclusions

The number of sample trees was small. Howev-
er, the number of samples per each sample tree
was a minimum of 32 not including the three
repetitions of each sample. This number of sam-
ples is sufficient to give a reliable knowledge on
how the heating value varies within the tree.
However, the data was not sufficient to make
solid conclusions on the species factor on every
single tree component.

The species is a significant factor in the heating
value of individual tree components. This is in
accordance with the earlier study on small-sized
trees. The heating value of the wood proper is
highest in conifers. This is true with stem, branch
and root components. Similarly broad-leaved spe-
cies have a higher ¢,(ner) of combined inner and
outer bark than conifers. The species factor, how-
ever, becomes minor when whole stems or branch-
es are considered. Pine, however, stands out as an
exception to the rule as its crown and stump ma-
terial contain more energy than the same tree parts
of other species.

What is interesting from the utilization point of
view is that the crown mass of mature trees in
comparison with small-sized stems and whole-
trees has a higher heating value per unit weight.
Additionally, crown material is plentiful in the
form of logging residue and can easily be harvest-

ed due to its nature. Harvesting this material, how-
ever, requires the right harvesting methods (Nur-
mi 1994, Elonen and Korpilahti 1996). When they
are mastered, the harvesting of logging residue
has a considerable advantage over the harvesting
of small-sized trees for energy. In addition, this is
a resource that does not have any industrial use.

The stumps and roots are similarly unsuitable
asindustrial raw material. Although large volumes
of stumps and roots are available on clearcut are-
as and could provide a source of fuelwood, their
harvesting is much more problematic than that of
the above ground residue. This brings up the con-
cern over the harvesting cost. The material also
contains significant quantities of mineral soil and
stones which could damage comminution and
combustion equipment.

The variability in chemical composition is small
in a given tree component of a given species. Sig-
nificant correlations between chemical composi-
tion and q,(net) of wood or bark components are
found only when the analysis is done by pooling
the data on tree components. This means that the
variability is actually caused by the differences
between tree parts and not within them. Hence, it
is concluded that the heating value is a poor indi-
cator of chemical composition within any given
part of the tree.
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Appendix 1. Chemical composition of biomass components by species. The asterisk (*) indicates combined

inner and outer bark on all roots and branches < 5 mm in diameter.

Component Species Stem heights, % Branches, mm Stump Roots, mm Foliage
20 80 <5 525 2550 >50 5-50 50—  100-
100 200
Lignin, % of dry weight
Wood P. sylvestris 265 273 299 321 295 317 24.0 284 270 269
P. abies 275 283 31.0 309 31.5 28.7 28.8 282 28.0
B. pubescens 199 203 193 200 213 19.5 222 212 215
B. pendula 194 199 222 200 203 .. 8.6 209 215 197
Inner bark P. sylvestris 145 13.6 21.5*% 139 121 99 42.3% 41.5*% 43.3*
P. abies 9.6 10.1 322* 53 99 33.0% 33.6* 30.9*
B. pubescens 313 363 32.7*% 26.6 28.6 38.9% 44.0*% 42.8*
B. pendula 33.0 33.1 31.7% 285 295 .. 44.3% 44.8% 435 .
Outer bark P. sylvestris 3.7 253 27.8 305 21.5 12.2
P. abies 237 285 26.6 383 16.5
B. pubescens 38.7 46.0 45.1 463 28.9
B. pendula 335 281 389 299 247
Carbohydrates, % of dry weight
Wood P. sylvestris 744 719 61.8 613 654 673 74.4 72.1 75.1 746
P. abies 73.8 735 61.0 642 632 73.5 68.7 704 71.7
B. pubescens 68.6 67.8 63.8 683 724 67.5 69.7 70.0 70.7
B. pendula 743 710 640 668 668 . 35.2 68.1 689 723
Inner bark P. sylvestris 61.6 70.5 50.7% 642 646 654 . 32.2* 33.0*% 32.1*
P. abies 69.7 68.0 44.2*% 640 559 40.5% 43.0% 43.1*
B. pubescens 51.5 549 26.5*% 486 478 32.3*% 28.8* 28.5*
B. pendula 493 495 25.7* 473 449 . 21.7% 24.5% 23.5% .
Outer bark P. sylvestris 41.8 55.5 503 445 549 66.9
P. abies 48.1 440 357 368 51.7
B. pubescens 6.8 54 96 9.0 30.9
B. pendula 74 6.2 79 6.7 40.0
Extractives soluble in organic solvents and hot water (ESOS), % of dry weight
Wood P. sylvestris 60 7.6 128 86 50 7.2 18.7 64 68 60
P. abies 37 38 85 63 58 3.6 63 72 6.1
B. pubescens 37 49 92 65 6.1 5.8 84 87 68
B. pendula 24 41 9.1 60 52 . 3.6 6.6 57 50
Inner bark P. sylvestris 326 327 30.6% 28.1 299 350 18.8% 21.7* 20.0*
P. abies 39.2 394 17.8% 31.7 353 25.2% 22.6* 26.5*
B. pubescens 16.4 23.0 19.1* 19.2 155 19.4* 18.7* 20.0*
B. pendula 17.8 143 17.2* 232 186 . 17.9% 21.6* 22.9% ..
Outer bark P. sylvestris 26.1 223 202 179 124 38.6
P. abies 33.6 248 252 174 37.8
B. pubescens 333 303 176 228 324
B. pendula 344 349 27.9 30.7 28.8
Alkali soluble extractives, % of dry weight
Inner bark P. sylvestris 154 15.7 24.1* 142 19.7 9.7 9.4* 10.9* 10.5*
P. abies 17.2 19.1 26.8* 194 247 17.6* 13.6% 15.2%
B. pubescens 10.2 8.9 38.8% 21.5 169 19.4*% 24.3* 21.1*
B. pendula 16.0 144 40.8* 21.0 149 10:4% 153* 10:7*% .
Outer bark P. sylvestris 12.8 20.1 22.1 274 12.0 16.9
P. abies 147 24.6 29.0 305 16.8
B. pubescens 54.1 614 599 59.7 29.6
B. pendula 553 586 61.6 614 23.2
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Appendix 2. Elemental composition of tree components.
Elemenl./ Wood Inner bark Outer bark All bark Foliage
Species
Stem Branches Stump  Roots Stem  Branches Stem Branches Branches Roots
> 5mm > 5mm <5mm
Carbon, % of dry weight
P. sylvestris 5270 55.59 5849 54.08 51.86 52.32 54.88 54.72 55.07 55.59 50.49
P. abies 5148 5284 52.69 54.08 52.04 48.84 5554 5590 5495 5232  51.50
B. pubescens 51.68 52.68 51.52 52.67 51.08 51.68 72.77 70.62 54.88 5328 51.50
B. pendula 51.92 5237 512 5152 5244 5246 7224 7024 53.02 5494 51.00
A. incana 5272 51.61 S51.78 5224 5461 54.14 65.07 60.71 5531 55.11 52.60
A. glutinosa 51.78 51.54 49.02 5094 53.08 53.33 59.07 60.71 5634 53.96 50.69
P. tremula 51.86 51.50 51.44 50.70 51.86 50.99 5570 52.85 5243 54.19 51.40
Hydrogen, % of dry weight
P. sylvestris 6.46 639 707 6.38 581 5.60 552 5.66 577 4.89 6.37
P. abies 632 652 625 6.36 579 5.39 5.66 546 564 532 5.78
B. pubescens 628 638 632 6.22 563 5.77 921 893 6.24 5.19 5.84
B. pendula 621 645 6.15 6.31 581 5.79 9.24  9.00 587 5.28 6.13
A. incana 634 633 6.16 6.26 6.07 5.88 749  7.08 6.13 573 5.89
A. glutinosa 6.23 635 6.07 6.15 572 5.7 6.03 7.13 6.34 552 5.94
P. tremula 632 628 6.18 6.17 588 5.80 6.44 633 5.80 541 5.90
Nitrogen, % of dry weight
P. sylvestris 0.07 0.08 0.05 0.08 0.54 0.53 0.25 0.25 0.73 037 1.07
P. abies 0.04 0.09 0.08 0.12 0.61 0.39 039 04 0.53 041 0.89
B. pubescens 0.07 0.17 0.08 0.24 0.38  0.39 032 032 0.65 049 1.99
B. pendula 0.04 0.16 007 0.17 0.38 0.51 0.33  0.38 0.82 0.6l 1.61
A. incana 0.18 021 022 0.28 0.75 0091 099 122 1.45 1.22 3.21
A. glutinosa 0.2 033 024 053 1.17  1.19 098 1.14 1.44 13 2.7
P. tremula 0.02 0.14 0.13 037 1.13 091 049 046 0.75 1.21 1.95
26
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Appendix 3. Stem, crown and whole-tree composition by species. The division of stem and branch biomass
into wood and bark, and the division of whole-tree into crown and stem are based on referenced biomass

studies.

Stem composition, %

Species Bark division” Stem division

Inner  Outer Wood  Bark References
P. sylvestris 494 50.6 92.7 7.3  Hakkila 1967
P. abies 774 226 90.8 9.2  Hakkila 1967
B. pubescens 727 213 87.6 12.4  Data collected in this study
B. pendula 76.9 23.1 85.1 149  Data collected in this study
A. incana 87.5 125 84.3 15.7  Data collected in this study
A. glutinosa 419 58.1 85.6 16.6  Bjorklund 1984
P. tremula 70.3  29.7 88.0 13.3  Kirkkiinen 1980

Crown composition, %

Species Branches > 5 mm Branches < 5 mm Total branch
Bark Branch

Inner  Outer Wood  Bark Wood  Bark Wood  Bark
P. sylvestris 74.9 25.1 81.8 18.2 49.7 50.3 68.7 313
P. abies 61.5 385 794 20.6 489 51.1 64.6 354
B. pubescens 71.8 282 78.1 219 582 418 71.3 28.7
B. pendula 71.8 28.2 750 250 532 468 67.6 324
A. incana 68.7 313 73.0 27.0 50.3 497 69.0 31.0
A. glutinosa 63.7 363 69.2 30.8 492 508 65.6 344
P. tremula 65.5 305 69.2 30.8 376 624 62.5 37.5
Whole-tree composition, %
Species Branches™ Whole-tree

>5mm <5 mm Crown Stem References
P. sylvestris 594 40.6 15.9 84.1 Hakkila 1991
P. abies 51.6 484 339 66.1 Hakkila 1991
B. pubescens 659 34.1 134 86.6  Hakkila 1991
B. pendula 65.9 34.1 13.4 86.6 Hakkila 1991
A. incana 826 174 145 85.5 Data collected in this study
A. glutinosa 82.1 179 179 82.1  Bjorklund 1984
P. tremula 78.9 21.1 11.2 88.8  Kirkkidinen 1980

Stump/root composition, %

Species Roots Stump/root system References
Bark  Wood Roots ~ Stump

P. sylvestris 10.3  89.7 47 53 Hakkila 1975

P. abies 125 875 68 32 Hakkila 1975

* Data collected in this study
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