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The heating values of wood, inner and outer bark, and
foliage components of seven small-size tree species were
studied. Significant differences were found between spe-
cies within each component. 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 increase with increas-
ing latitude.

The effective heating value of wood correlated best
with the lignin content, inner bark with carbohydrate, and
outer bark with carbohydrates and the extractives soluble
in alcalic solvents. It is suggested that the determination
of the heating value might be used as an indicator of the
cellulose content of coniferous wood.

Tutkimuksella selvitettiin pienildpimittaisen puuston
puu-, kuori- ja neulasositteiden limpdarvot. Erot puu-
lajien vililld olivat merkitseviit kaikkissa kokopuun osit-
teissa. Puulajien kesken ei havaittu suuria eroja rungon,
latvan ja kokopuun painotetuissa limpéarvoissa.

Kivenniis- ja turvemaalla kasvaneiden puiden limpo-
arvoissa havaittiin merkitsevii eroja vain ulkokuoressa.
Maantieteellinen sijainti sensijaan vaikutti merkitsevasti
useimpien kokopuun ositteiden limpdarvoihin. Rungon,
latvan ja kokopuun limp6arvot olivat pohjoisessa etelin
vastaavia arvoja korkeammat.

Tehollinen lampoarvo selitti merkitsevisti joidenkin
puunositteiden kemiallista rakennetta. Aineisto antaa olet-
taa, ettd limpdarvon madritystd voitaisiin kéyttad pika-
menetelména havupuiden puuaineen selluloosapitoisuu-
den arvioinnissa.
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1 Introduction

On a global scale fuelwood accounts for 5.4 % of
the total energy consumption. The correspond-
ing figure for developed countries is only 0.7 %
but is as high as 57.9 % in Africa. The more
astounding fact is that half of the world popula-
tion is dependent on the availability of fuelwood
and charcoal in their daily living. It has been
predicted that 2770 million people will suffer
from the fuelwood deficit by the year 2000 (Re-
port of... 1981).

In Finland the share of woodbased fuels in the
total energy consumption is (13 %) which is one
of the highest in all industrialized countries (Ener-
giakatsaus 1992). This figure includes black
liquor and other industrial wastes. The annual
production of stemwood is 79 Mm?*/a (Hakkila
1992). When crown, stumps and roots are in-
cluded the annual biomass production amounts
to 126 Mm?/a. According to the same source 10
Mm?/a of slash and small-sized trees would be
technically harvestable for energy production.
This would equal to 6 % of the nations primary
energy production.

A literature search was carried out to find out
how much is known of the heating values of the
temperate region. Some two hundred references
were found but a large percentage of them delt
with tropical species or gave information on ma-
terial where tree components or even species
were were mixed. Only a small share dealt with
the temperate species and an even smaller per-
centage with genera Pinus, Picea, Betula, Alnus,
and Populus, those which would be directly ben-
eficial to this study. The more important refer-
ences are reviewed in this context.

The major elemental constituents of wood are
carbon, hydrogen and oxygen. The first two are
the major combustible elements, whereas oxy-
gen is non-combustible but an essential structur-
al component of cellulose, hemicellulose, lignin
and extractives. It is the relative quantity of these
chemical compounds that determine the heating
value of wood (Wang et al. 1981). According to
Kollmann (1951) broad-leaved species have an
average carbon and hydrogen content of 49.0 %
and 6.0 % respectively. For conifers the figures
are 50.7 % and 6.2 %. When carbon and hydro-
gen combine with oxygen the following reac-
tions take place and energy is released (Kollman
1951):

C +',0,=CO + 10.215MJ
CO +',0,=CO, + 23.616MJ
C+0,=CO0, + 33.829MJ

H, + 1,0, = H,0 + 141.974MJ

Lignin and resins are rich in carbon and hydro-
gen and hence have a higher heating value than
carbohydrates, such as cellulose and hemicellu-
lose which have a lower concentration of these
elements. It follows that those tree components
which are high in lignin and extractives should
also have high heating values. Since conifers
usually have a higher content of lignin and ex-
tractives than broad-leaved species they also tend
to have slightly higher heating values per unit
weight (Howard 1973, Doat 1977 and White
1987). Both Howard and White show that the
heating value of wood has a positive correlation
with alcohol-benzene extractive content. White
in his study also shows heating value to be high-
ly correlated with the lignin content of extrac-
tive-free wood.

Thorngvist (1985) made an ultimate analysis
for Pinus sylvestris, Picea abies and Betula sp.
which showed the carbon content to be the high-
est in stem bark and small branches, and the
hydrogen content to be lowest in stem bark. The
exception to the rule is birch bark, which had the
highest concentration of hydrogen. Virtanen
(1963) found inner and outer bark to contain
52.0 % and 65.8 % carbon, and 6.0 % and 8.4 %
hydrogen respectively. The higher amounts of
carbon and hydrogen were caused by the suberin
and betulin which were found in high concentra-
tions in birch outer bark (Thérnqvist 1985). Ad-
ditional elemental information as well as heating
values on Central European tree species have
been compiled by Kollmann (1951) from a
number of German and Swiss sources.

Kollmann (1951) reported effective heating
values for cellulose (17.375-18.213 MJ/kg),
lignin (25.539 MJ/kg) and resins (35.588-38.100
MJ/kg) and pointed out that genera rich in cellu-
lose (e.g., Salix and Populus) had relatively low
heating values.

Murphey & Masters (1978) isolated cellulose
(17.030 MJ/kg), hemicellulose (16.670 MJ/kg)
and lignin (21.180 MJ/kg) from red oak (Quer-
cus rubra) to determine the heating values of
cellulose, hemicellulose and lignin to compare
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them to that of extractive free wood (19.950 MJ/
kg). The proportionate sum of the three compo-
nents was 17.900 MJ/kg which is only 89.72 %
of the heating value of the extractive free wood.
The authors suggest that this was caused by the
chemical destruction of the bonds during extrac-
tion providing an opportunity for oxidation, thus
lowering the energy potential of a unit mass of
each separate chemical component. Results from
a Nigerian study on Gmelia arborea by Fuwape
(1989) are of different magnitude. The heating
value of holocellulose, alpha-cellulose and lignin
were 19.715, 19.704 and 25.383 MJ/kg respec-
tively. Although Murphey and Masters were also
quoted in the Nigerian study no explanation for
the difference in heating values between these
two studies was given.

In a another study by Sandala et al. (1981) the
heating values of lignin and holocellulose from
bark were found to be different for red oak (Q.
rubra), white oak (Q. alba) and black cherry
(Prunus serotina). Also the values for the holo-
cellulose fraction from inner bark were found to
be lower than from outer bark. It was suggested
to be caused by an insufficient delignification
process. Outer bark had higher lignin concentra-
tion — and higher heating value — and a failure
in its removal would have made the heating val-
ue of the holocellulose from outer bark greater.
They also found the heating value of outer bark
to be higher than inner bark.

Olofsson (1975) has made one of the most
concise reports on the heating values of North
European tree species. He studied the stems,
whole-trees and logging slash of Pinus sylves-
tris, Picea abies and Betula sp. He found that the
differences in heating value per unit mass were
very small between various parts of the tree at
the same moisture content. It was also found that
in all species the trees from cleaning cuttings had
higher heating values than whole-trees from thin-
nings. This was caused by the higher percentage
of needles and branches which had higher heat-
ing values than stems. Stems had the lowest
values and showed very little difference between
species. Logging residue consisted of branches
and tops and its heating value lay between the
values of stems and branches. Of the three spe-
cies pine had the highest values for all the assort-
ments except for bark. Olofsson’s data has been
adapted to the conditions prevailing in Southern
Finland by Hakkila (1978). He has tabulated
effective heating values for different timber as-
sortments and species at different moisture con-
tents. Energy contents are given both in terms of
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mass and volume. It is the most referenced publi-
cation in this field in Finland. On the other hand
slightly lower values were recorded by Fredrik-
son & Rutegard (1985) for the mixed pine and
spruce logging slash components. They reported
that small branches with bark and wood had the
highest heating value followed by needles, wood
and bark.

Howard (1988) compared western hemlock,
Douglas-fir and Western redcedar whole-tree and
crown material from northwest Washington,
USA. He found crown material to contain more
energy per unit mass than whole-trees. Western
redcedar crown material had a higher heating
value than Douglas-fir or hemlock because of its
high resin content. In his study Howard also
quoted Arola (1977) and Corder (1973) who
showed that the bark of Douglas-fir and hemlock
had higher heating values than wood, whereas
western redcedar wood contained more energy
than bark does.

The physical and chemical characteristics of
both pines and broad-leaved species growing in
the southern United States are well recorded.
These studies also provide some information on
their fuel characteristics. Howard (1973) found
that loblolly pine (Pinus taeda) heating values
for earlywood, latewood and rootwood were not
significantly different. On the contrary, samples
from 1-inch top (wood and bark) had significant-
ly lower values. The bark of spruce pine (Pinus
glabra) decreased in heating value from the base
with increasing axial height. It was suggested
that this was caused by the increasing proportion
of inner bark. The geographic region, growth
rate and age of tree and bark density had no
significant effect on bark values. Needles had
higher values than wood or bark.

The heating values of stems and branches of 6-
inch trees of 22 broad-leaved species growing on
southern pine sites were studied by Manwiller
(Koch 1985). The compiled data indicated that
on average wood had a higher heating value than
bark. This was also supported by Harris’ studies
of five southern broad-leaved species (1984 and
1985). He also found that the position in the tree
has no effect on heating value. This, however, is
not supported by Manwiller who indicated that
stemwood has higher values than branch wood
and branch bark has a higher heating value than
stem bark. Wood from the stump-root system
was found to have the highest value of all.

Neenan & Steinbeck (1979) studied 6 to 15
year-old sprouts of nine broad-leaved species
from Georgia, USA. They found that differences



in the heating values of wood and bark are great-
er within species than the small but significant
difference between species. On average bark had
a lower heating value than wood, branches and
twigs. Leaves had the highest values of all com-
ponents. Stringer & Carpenter (1986) pointed
out in their study of black locust (Robinia pseu-
doacasia) biomass fuel that it is the leaves that
are of key importance in young (2-10 years)
whole-tree stems.

More temperate North American pines, spruc-
es and broadleaved species have been studied by
Singh & Kostecky (1986) and Musselman &
Hocker (1981). The species are not the same in
these two studies but they mostly belong to the
same genera. Conifers in general were found to
have significantly higher heating values than
broad-leaved species. Within conifer or broad-
leaved species there was no difference between
species. Musselman and Hocker did not find any
difference among broad-leaved bole and branch-
es either with or without bark. This is contrary to
Singh’s and Kostechky’s results which showed
highly significant differences between tree com-
ponents for both conifer and broad-leaved spe-
cies.

Geographic location, growth rate, tree age
(Howard 1973) and stem diameter (Stringer &
Carpenter 1986) are among the factors that heat-
ing value does not seem to correlate with. Doat
(1977) studied 111 tropical species from Africa,
Asia and South America and four temperate spe-
cies. He found that there was no correlation be-
tween wood density and heating value expressed
per unit mass.

Clonal research is very much involved with
yield. Only minor interest is shown in the clonal
effect on heating value. Neenan and Steinbeck
also pointed out that differences in yield poten-
tial were likely to outweigh variation in heating
value. Bowersox et al. (1979) found there to be
no difference between Populus hybrids, whereas
Sastry & Anderson (1980) found four clonal
groups with significantly different heating val-
ues. The authors of the latter study suggest that
the different conclusions drawn were possibly
caused by differences in genetic material. Ager
et al. (1986) studied 31 willow clones and found
heating values to be significantly different.

1.1 The aim

The primary aims of this study are to determine
the heating values of tree components of those
species that are native to Finland, how heating
values relate to wood chemistry, and whether
species effect the heating value. On the basis of
previous knowledge it is hypothesised that lati-
tude does not affect the heating value, the heat-
ing values of all studied tree components are
assumed not to be the same for all species. Also,
due to the absence of information on the effect of
soil type it is hypothesised not to have an effect
on the heating value.

From paper making point of view the trees that
have a high cellulose content are favourable. It
has been shown that cellulose and extractive
content do vary with the provenance (Hakkila
1969). One of the goals of the tree improvement
has been to select trees with higher cellulose
content. Even though Zobel et al. (1989) state
that the high cellulose content as a genetic char-
acteristic is poorly inherited it would useful to
find a fast and easy method for the determination
of cellulose content. Hence, an attempt is made
to find out if heating value could be used to
determine carbohydrate contents. As mentioned
earlier the heating value of cellulose is lower
than that of lignin and extractives. This means
that high heating value of wood proper is an
indication of low cellulose content.

The final aim is to give practical information
on the energy content of stem, branch and whole-
tree biomass of seven native tree species at dif-
ferent moisture contents for the evaluation and
pricing of fuelwood.

The author acknowledges Heikki Leppinen for the selec-
tion of sample tree stands, Markku Parhiala for field
work, Arto Ketola from University of Joensuu for statisti-
cal analysis, Maire Ala-Péntié and Keijo Polet for hel-
ping with the layout, and Raili Voipio for the chemical
analysis. Thanks are due to Professors Pentti Hakkila and
Olli Uusvaara from the Finnish Forest Research Institute,
Professor Matti Karkkdinen from Jaakko Poyry Consul-
ting and Dr. Paul Mitchell from Aberdeen University for
guidence and for reading the manuscript, and Jyrki Hyto-
nen for fruitful discussions. Finally, special thanks to
Reetta Kolppanen for doing alone all the hard work in the
laboratory.

Nurmi, J.

2 Research material and methods

2.1 Selection and handling of sample trees

The study was carried out at the Kannus Re-
search Station. It is located in Central Ostroboth-
nia where the share of young forests is greater
than anywhere else in the country. Thus it was
natural that the majority of the study material
was gathered from the vicinity of the station.
Eleven stands in five locations were chosen to
represent the southern material. Also two stands
from northern Finland were selected to study the
possible geographical effects. All the stands ex-
cept one were managed by the Finnish Forest
Research Institute.

The sample trees were taken for heating value,
chemical composition and proportion of wood,
inner bark, outer bark and foliage as follows. In
southern Finland two Scots pine (Pinus sylves-
tris), Norway spruce (Picea abies), downy birch

Table 1. Sample tree data.

(Betula pubescens) and black alder (Alnus gluti-
nosa) sample trees were selected from both min-
eral and organic soils. Silver birch (Betula pen-
dula), grey alder (Alnus incana) and trembling
aspen (Populus tremula) trees were taken only
from mineral soils as they are seldom found on
organic soils. The northern specimens included
pine, spruce and downy birch which were col-
lected from mineral soils at their northern grow-
ing extent (Figure 1 and Table 1). The individual
sample trees were selected on the basis of visual
observation by trying to choose the most typical
individuals from the stand. No random sampling
was used in any situation.

It is well documented that some wood charac-
teristics such as the proportion of juvenile and
heart wood, wood density, fibre characteristics
and moisture content vary with the relative stem
height. This is why the heating values were also

Species Tree Diameter, Length, Soil type Latitude Municipality
number cm m
P. sylvestris 1 9.6 11.7 mineral south Kannus
2 10.7 10.0 mineral south Kannus
3 10.2 6.6 organic south Kannus
4 11.8 6.0 organic south Kannus
5 11.8 7.0 mineral north Inari
6 9.2 5.0 mineral north Inari
P. abies 1 8.7 83 mineral south Kannus
2 9.8 8.0 mineral south Kannus
3 83 74 organic south Kannus
4 11.0 10.5 organic south Kannus
5 9.4 13.2 mineral north Inari
6 10.2 73 mineral north Inari
B. pubescens 1 9.0 10.0 mineral south Kalvid
2 8.8 10.0 mineral south Kailvia
3 8.1 10.8 organic south Kailvia
4 8.6 10.6 organic south Kilvia
5 9.6 7.6 mineral north Inari
6 89 6.6 mineral north Inari
B. pendula 1 10.2 14.6 mineral south Kilvid
2 10.0 13.1 mineral south Kailvia
A. incana 1 7.8 9.0 mineral south Kannus
2 8.0 9.1 mineral south Kannus
A. glutinosa 1 11.2 12.0 mineral south Kilvid
2 11.6 12.1 mineral south Kalvia
3 10.2 11.0 organic south Himanka
4 11.8 9.5 organic south Himanka
P. tremula 1 9.7 12.7 mineral south Kilvia
2 10.0 14.8 mineral south Kailvia
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Figure 1. The locations of sampling sites.

studied in relation to the stem height. After de-
limbing the stem the sample discs were sawn off
each stem for heating value and proportion of
wood, inner bark and outer bark at relative heights
of 10, 30, 50 and 80 %. In this manner more
samples were taken at the lower part of the tree
where more biomass is concentrated. One to two
sample discs of 5-10 cm in length were taken
from both sides of the relative height measure-
ment. Wether the disc contained branch wood or
not did not matter. Samples for the analysis of
the chemical composition were collected in a
similar manner. But, only at 20 and 80 % relative
heights were used because resources for a more
detailed study were not available.

All the branches in the crown were divided
into branch sections over and under 5 mm in
diameter. The latter one including foliage. Dead
branches were excluded because most of the
sample trees did not have them in sufficient quan-
ties to supply a single sample. It should be noted
that the largest branches on any species practi-
cally never exceeded 25 mm measured at the
base of the branch. The samples were attained

with a chainsaw without bar oil, bow saw and
clippers. The entire branch was always included
in the sample so that the portions under and over
5 mm were placed in different bags. The samples
were placed in a freezer at the research station to
prevent deterioration.

Each sample tree was weighed. The stems were
weighed by first bucking them at the centre be-
tween sampling points i.e. at 20, 40 and 65 % of
the relative height. This was done to determine
the stem mass that each sample represented and
to enable the calculation of weighted heating
values. Then all the branches were cut and sepa-
rated according to the diameter and weighed.

2.2 Preparation of samples

The laboratory handling of the samples included
separation of wood, bark and leaf components,
drying and milling 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
interest to separate the two bark components.
However, from the scientific point the informa-
tion on the fuel and structural properties of the
two bark components of tree species native to
Finland is nil. To provide more basic informa-
tion wood, inner bark and outer bark were sepa-
rated from each of the stem samples, i.e. discs
and whole branches over 5 mm in diameter. Bark
was separated from the branches less than 5 mm
in diameter 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
silver birch. But, with grey alder and black alder
and trembling aspen the separation was extreme-
ly tideous. After separation the samples were
dried to constant weight at 102 °C and weighed
to find out 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. Stain-
less steel bottom sieves with 0.5, 1 and 10 mm
perforations were used. The sieve with the larg-
est openings was used for primary reduction of
the sample followed by milling through either
one or both of the finest sieves depending on the
consistency of the material. To avoid contami-
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nating the samples with the remnants of the pre-
vious samples the mill was always thoroughly
cleaned using a vacuum cleaner, 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 some of
each sample was pelletized with a custom made
MKH press manufactured by Keski-Suomen
Terisrakenne Oy. A mould of 14 mm in diame-
ter was used. An attempt was made to make
approximately 1 gram samples as the recom-
mended sample size range for the used calorime-
ter was 0.6-1.2 grams. Five pellets were com-
monly made from each component.

After pelletizing the remainder of the sample
and the pellets were allowed to come to equilib-
rium moisture content with the surrounding at-
mosphere over several days. Many laboratories
in Finland keep their oven dried samples in a
desiccator. However, this method was not used
because of the large number of samples and the
rapid absorption of moisture into the sample be-
tween removing the samples from the desiccator
and combustion. It was found much more con-
venient and secure to determine the moisture
content of the sample from the powdered sample
with a Mettler PM100 balance equipped with a
Mettler LP16 infrared drying 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 degrees. In the
calibration of the dryer it was discovered 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 sample and the
average was used to calculate the calorific heat-
ing value. The range of moisture contents for the
whole study material was 4-8 %. The samples
were periodically cross-checked by drying them
in a conventional convection oven.

The extraction of chemical components 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 and branch in the
following order:
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inner & outer
bark, foliage

Extractives soluble in
organic solvents

— hexane, CH;(CH,),CH;
- aoci'one, CH,COCH,3
- ethgnol, CH;CH,0OH

— distilled water

Voo
‘ Carbohydrates

Lignins
— Klason
| —acid soluble

|

Alkali soluble
| extractives
-3 % KOH-solution

A more detailed description of the procedures used is
given by Voipio and Laakso (1992).

However, it is noted here that the extractive com-
position is given as a percentage of the dry weight
of the sample whereas lignin and carbohydrates
were determined from the extractive free sam-
ple. This means that if the percentage figures are
added up the sum will exceed 100% per sample.
The chemical composition of each biomass com-
ponent are given in Appendix 1 by species for
those trees listed in Table 1. These figures in
Appendix 1 are the arithmetic means of all the
sample trees and are separately calculated for the
southern and northern parts of the country.

2.3 Determination of the calorimetric and
effective heating values.

Three different measures of energy content can
be used. Calorimetric heating value (q,(gross)),
effective heating value of oven dry biomass
(q.(net)), also called net calorific value or lower
heating value of oven dry biomass, and effective
heating value of biomass with moisture
(q.(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
combustion of oven dry biomass, i.e. effective
heating value, one has to know the hydrogen
content. The hydrogen analysis was done for all
the tree components of each species at the Finn-
ish Forest Research Institute’s Central laborato-
ry 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,(net)).
It is simply the calorimetric value (g,(gross))
minus the heat released by the condensation wa-
ter that is created during combustion. The fol-
lowing formula is used for the calculation:

qu(net) = q.(gross)-2.45x0.09H, [1]
= q,(gross) — 0.22H,

where

2.45MJ/kg = the latent heat of vaporization of water at
20°C.

0.09 = a factor that expresses that one part of hydrogen
and eight parts of oxygen 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 heat energy for
evaporation comes from the burning fuel which
lowers the amount of usable energy. This is called
the effective heating value of moist biomass
which is proportionate to the fuel moisture con-
tent in the following way:

MC

moist) = t) - 2.45 x ———
qy(moist) = gy (net) %00 MG

[2]

where

q.(moist) = effective heating value of biomass with mois-
ture (MJ/kg of dry mass)

MC = the moisture content on fresh mass 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 date editing; LB-80 analytical bal-
ance; and a vessel compartment.

The operation of the calorimeter is as follows.
The prepared sample pellet is placed in a tared
crucible on a sample pan of the balance. The
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weight is entered into the memory of the calo-
rimeter. The crucible is placed in a sample hold-
er of the bomb and the fuse is attached. The
sample holder is placed in the combustion cham-
ber and closed with the bomb cap. The bomb is
pressurized to 3 MPa and placed in the vessel
compartment where it is automatically surround-
ed with water of known volume. The sample is
ignited and the water temperature is recorded by
the calorimeter. Based on the temperature profile
the calorimeter calculates the calorimetric heat-
ing value. The moisture content of the sample is
entered and the calorimeter calculates the calori-
metric value for an oven dry sample. A total of
about 2000 determinations were made from the
28 sample trees. The calorimetric values were
then converted to effective heating values on dry
mass basis using formula 1.

To have constantly accurate readings the equip-
ment has to be calibrated from time to time with
a benzoic acid standard the calorimetric heating
value of which is known to be 26.4534 + 0.0037
MJ/kg (Bureau... 1988). When analyzing fossil
fuels the nitrogen and sulphur content are often
rather high and their effect on the calorimetric
heating value has to be taken into consideration.
Wood, however, contains so minute quantities of
these elements that they can be neglected.

The number of sample trees per species was
small (n= 2-6) from the statistical point of view.
However, analysis of variance was carried out to
see if the data supported the hypothesis on the
effects of soil type and latitude on the heating
values of whole-tree components. To make the
data suitable for the analysis the weighted mean
heating values of stemwood, inner bark and out-
er bark of each sample tree were calculated from
those values determined at 10, 30, 50 and 80 %
relative heights. When testing the effect of soil
type only those species growing both on mineral
and organic soils in Southern Finland i.e. Scots
pine, Norway spruce, downy birch and black
alder were included. Similarly, to test the effect
of latitude only those species which grew on
mineral soils both in northern and southern Fin-
land, i.e. Scots pine, Norway spruce and downy
birch were included, as the northern specimens
came only from mineral soils.

The data was arranged in the same manner as
above to test the effect of tree species on the
heating values of tree components. The analysis
of variance and Duncan’s multiple range tests
were used. Tests were done separately for data
from southern and northern trees. In the case of
southern sample trees the data from mineral and
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organic soils was pooled.

The regressions were done separately for wood
and the two bark components. For this purpose
data from stem and branch components of both
southern and northern sample trees were pooled.
To overcome the low number of sample trees the
species were pooled (n= 30—40). The same meth-
od has been applied earlier by Doat (1977) and
White (1987). The dependent variables were the
percentage of lignin, carbohydrates, extractives
soluble in organic solvents and hot water, and
alkali soluble extractives. The dependent varia-
bles were matched with corresponding heating
values. There is one exception to the rule and
that is the chemical composition at 20 % relative
height. Unfortunately the sampling heights for
chemical and calorimetric analysis do not match
for the lower stem. Hence, it was decided to use

the average q,(net) value from 10 and 30% rela-
tive heights to match with the chemical composi-
tion from 20 % height.

It is realized by the author that the data pre-
sented in this study is made up of a small number
of sample trees. For this reason wood-bark and
stem-crown proportions were quoted from larger
biomass studies to calculate the weighted heat-
ing values of stem, crown and whole-tree bio-
mass. The proportions and the references used
are listed in appendix 3. When needed the diam-
eter of 10 cm and/or the height of 10 meters were
used on tables or substituted for equations. In
some cases no previous information was availa-
ble for a given component. In that case the data
collected in this study was used. Also the propor-
tions of inner and outer bark were determined in
this study.

3 Results and discussion

3.1 Heating value of biomass components

Biofuels are made of three basic elements car-
bon, oxygen and hydrogen. They usually make
up 95 % of the chemical composition. When
carbon and hydrogen are combusted heat is gen-
erated. The higher their share of the combusted
material the higher the heat output. Oxygen has a
contrary effect and is already present in abun-
dant quantities in the air. Wood and bark are
composed of carbohydrates, lignin and a number
of extractives, i.e. resins, terpenes and waxes.
Carbohydrates are lower in carbon and hydrogen
than the other chemical compounds making it
lower in thermal energy. The q,(net) is 17.4—
18.2 MJ/kg for carbohydrates, 25.5 MJ/kg for
lignin and 35.6-38.1 MJ/kg for resins (Koll-
mann 1951).

Wood, inner bark and outer bark have differ-
ent carbohydrate, lignin and extractive contents
due to the differences in their physiological ori-
gins. From this it follows that q,(net) is likely to
be different for different components. An at-
tempt is made to search for the relations between
heating values and the chemical compositions of
different tree components.
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3.1.1 Wood

The heating values of stemwood of all sample
trees of all species are shown as a function of
relative stem height in Figure 2. The tree num-
bers refer to Table 1. Each data point on the
figure is a mean of three replicative determina-
tions. The standard deviation of these three repli-
cations were small ranging from 0.001-0.085
MIJ/kg. This is an indication of well homoge-
nized samples. The corresponding ranges for in-
ner and outer bark were 0.001-0.098 MJ/kg and
0.001-0.305 MJ/kg. In all species q,(net) ap-
proaches homoscedasticity. This indicates a uni-
form chemical structure along the stem. Also,
the deviation around the mean is of the same
magnitude for all species.

The effect of soil and geographic factors were
tested prior to testing the differences between
species. The results on the analysis of variance
support the hypothesis that soil type and latitude
should not effect the g,(net) of wood (Table 2.).
The hypothesis was rejected only when branch
wood was tested against latitude.

Next, the analysis of variance and Duncan’s
multiple range test were carried out to test if
q.(net) was effected by species. The test statis-
tics support the hypothesis that heating value
should not be the same for all species (Table 3).
The heating values of coniferous wood were
significantly different from each other as well as
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Figure 2. Effective heating values of stemwood of each
sample tree (@=1,x=2,0 =3,/ =4,x=5,v=6) by
species as a function of relative stem height.

Nurmi, J.

from all the other species. This can also be seen
in Figure 3 which shows the average heating
values as a function of stem height. The higher
percentage of lignin in coniferous wood explains
to a large extent why it has a higher q,(net) than
the wood of broad-leaved species. The two birch
species, grey alder and aspen were not shown to
be different from each other. Black alder, how-
ever, is different from all the other species and
has a q,(net) between the coniferous and other
broad-leaved species. Olofsson’s (1975) q,(net)
is slightly lower for pine and higher for silver
birch.

Branch wood has a higher g,(net) than stem
wood. It increases with decreasing branch diam-
eter. The explanation for this is not so self evi-
dent. It is known that in coniferous branches
compression wood is formed. It is characterized
by increased lignin content. In thicker branches
the stresses are greater and hence more compres-

Table 2. F-ratios for one way analysis of variance with
repeated measures for soil type and latitude.

Factor
Soil type

Whole-tree component Latitude
Wood stem 0.02 0.78
branches 0.00 10.79*
Inner bark stem 0.60 74.00%**
branches 0.60 4.58
Outer bark stem 8.08* 44.70***
branches  30.74*** 36.81%**

sion wood is created, i.e. lignin content is in-
creased (Appendix 1). This means that g,(net)
would decrease with decreasing diameter if we
had extractive free wood. However, wood in the
smallest branches is richer in extractives than
other woody components. This explains why
branches <5 mm have a higher q,(net).

In broad-leaved species the reasoning is more
self-evident. The lignin gradient is the opposite
to coniferous wood as tension wood is character-
ized by lack of cell wall lignification. Hence, the
extractive content and heating value increase with
decreasing branch diameter but to a lesser degree
than in conifers. The only exception to the rule is

210 T—
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Figure 3. The average effective heating values of stem-
wood as a function of stem height for all species.

Table 3. The effective heating values (MJ/kg) and test statistics for wood components.

Whole-tree Latitude Species F-ratio
component Pinus Picea  Betula Betula Alnus Alnus  Populus
sylvestris  abies pubescens pendula  incana  glutinosa  remula

Stem South 19.308a 19.048b 18.617c¢ 18.611c 18.670c 18.883d 18.668c 27.59***
s=  0.147 0.125 0.100 0.071 0.071 0.077 0.106

Branches >S5 mm - 19.796a 19.627a 18.672b 18.726b 18.935b 18.725b 18.790b 18.53***
s=  0.028 0.142 0.067 0.095 0.121 0.285 0.196

Branches <5 mm -"- 20.150a 19.793b 18.885¢ 18.732¢ 19.035¢ 18.875¢ 18.763c  41.01***
s=  0.263 0.140 0.079 0.030 2974 0.107 0.017

Stem North 19.392a 19.083b 18.606¢ 3300
s=  0.249 0.071 0.083

Branches >Smm - 20.051a 19.432b 19.011b 27.64*
s= 0.178 0.072 0.046

Branches <5 mm -"- 20.839a 20.052b 19.172¢ 37.14**
s= 0.188 3.268 0.097

The mean heating values indicated with the same letter in horizontal direction do not differ from each other at 5% significance level.
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aspen. Its chemical composition should suggest
a similar trend from large to small branches. On
the contrary qy(net) decreases with decreasing
diameter. Why this should be could not be deter-
mined on the basis of the available data.

The northern branch specimens possess the
same trend in q,(net) as the southern ones (Table
3). But, the effect of branch diameter is some-
what more pronounced due to the relatively large
amounts of extractives soluble to organic sol-
vent. This makes the differences larger in the
north. Subsequent reductions are noted in the
carbohydrate contents.

The relationship of q,(net) and chemical com-
pounds can be seen in Figure 4. Here g,(net) is
used as an independent variable and lignin, car-
bohydrate and extractives as dependent varia-
bles. For all three regressions 8=0. Of the three
regressions heating value and lignin give the best
fitness. For lignin and extractives soluble in or-
ganic solvents and hot water the relationship
with heating value is positive and for carbohy-
drates a negative one. The correlation of lignin
and extractives with heating value has also been
noted by Doat (1977) and White (1987) for trop-
ical and North American species. However, their
correlations were better than those given by this
study. This could be caused by the fact that these
authors used only samples from the stem where-
as in this study branch material was also includ-
ed.

One of the aims of this study was to see if the
determination of heating value could be used as
a mean to predict the cellulose content of wood.
For this reason and inspite of the fact that the
number of sample trees per species is small the
test statistics concerning the relationship between
carbohydrate content and heating value are also
reported separately for each species in Table 4.
As with the pooled data the relationship is nega-
tive for individual species. The test statistics sug-
gest that this method might give a good predic-

Table 4. Carbohydrate content of wood (Y) as a function
of effective heating value (X).

Species Regression model R2 P

P. sylvestris  23.054-0.053X 0.852 0.001 8
P. abies 22.198-0.041X 0.918 0.001 8
B. pubescens 19.759-0.014X 0358 0.117 8
B. pendula 20.055-0.021X 0953 0.024 4
A. incana 18.826 + 136X  0.000 0.990 4
A. glutinosa  20.387-0.025X 0.504 0290 4
P. tremula 19.119-0.006X 0300 0452 4
14
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Figure 4. The chemical composition of wood as a func-
tion of effective heating value. Tree species A = P.
sylvestris, B = P. abies, C = B. pubescens, D = B.
pendula, E = A. incana, F = A. glutinosa, G = P.
tremula.
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Table 5. The effective heating values (MJ/kg) and test statistics for inner bark components.

Whole-tree Latitude Species F-ratio
component Pinus Picea Betula Betula Alnus Alnus Populus

sylvestris abies  pubescens pendula incana  glutinosa  tremula
Stem South 18.758a 17.844b 18.965a 18.846a  20.14c 19.262d 18.049b  84.41***

s= 0249 0282 1457 0.101 0.149 0107 0.248

Branches >S5 mm  -”-

19.441a 18.481b 18.985a 18.763ab 19.491a 19.413a 17.822b 4.61**

s= 0282 0738 0332 0.161 0.073 0160 0.146

Stem North 19.089a 18.828a 19.181a 0.13
s= 0.574 0.696  0.084
Branches >5 mm  -”- 20.379a 18.258b 18.975ab 10.12*

s= 0525 0304 0.036

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

tion of cellulose content on coniferous wood. It
might be useful to take a more detailed look to
this approach to determine the cellulose content.

3.1.2 Bark
3.1.2.1 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. Together they make up 10-20 % of the dry
stem mass and as much as 60 % of the small
branches. On average two thirds of the bark com-
ponent is inner bark (Appendix 3). In compari-
son with wood, bark is more complex in chemi-
cal structure. It contains compounds that are
present in wood in only minor quanties or not at
all. Such compounds include fenolic acids and
polyestolids which are soluble only in alkaline
solvents.

The heating values of individual stems by spe-
cies are shown as a function of relative stem
height in Figure 5. The first observation is that
there is more variation in conifers than in broad-
leaved species. Second, the trend in broad-leaved
species is more linear than in conifers. This non-
linearity is most evident in the northern speci-
mens of pine and spruce. This is also supported
by the results of analysis of variance which show
latitude to have a significant effect on heating
value (Table 2). Hence, Duncan’s test was made
separately for southern and northern trees. Data
from mineral and organic soils was combined.
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The test statistics on southern trees supports the
hypothesis which assumes that q,(net) should
not be the same in all species. This is illustrated
in Figure 6 which shows the range of species to
be about 2.4 MJ/kg at any given stem height.
This is threefold compared to stemwood indicat-
ing a greater variation in chemical structure as
well.

Conifers and broad-leaved species are distinctly
different in terms of lignin and extractives solu-
ble in organic solvents and hot water. Coniferous
inner bark contains low quantities of lignin where-
as in broad-leaved species the concentration is
three to four fold. The extractive content is high-
er in conifers but by a smaller margin than lignin
in broad-leaved species.

On the basis of information presented above
one would expect to find little deviation in heat-
ing values within subdivisions. However, we can
see from Table 5 that the g,(net) of southern
spruce is considerably lower than that of pine or
spruce specimens from northern Finland. Its
chemical structure suggests that the reason might
be found in the concentration of extractives solu-
ble in organic solvents and hot water. The higher
concentration of these extractives in the north
increases the heating value. As a result analysis
of variance testing does not support the hypothe-
sis of species being different in the north.

The qy(net) of branch inner bark was deter-
mined only on those branches over 5 mm in
diameter. There is less variability between spe-
cies in branch than stem inner bark. One would
expect this to reflect a greater degree of homoge-
nity in chemical structure among species. How-
ever, no evidence for this was found.

Of the four regressions of Figure 7 carbohy-
drates and alkali soluble extractives do support
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Figure 5. Effective heating values of inner bark of each
sample tree (@=1,x=2,0 =3,/ =4,x=5, v =6) by
species as a function of relative stem height.
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the Hy: B=0. Whereas with lignin and extractives
soluble in organic solvents and hot water as de-
pendent variables the model did not support the
hypothesis.

3.1.2.2 Outer bark

Outer bark is a less important fuel than wood or
inner bark when evaluated in terms of quantity.
It makes up usually less than 5 % of the stem
mass and no more than 10 % of the branch mass.
It presents more variability between species in
terms of chemical structure and heating value
than the other two components. The within spe-
cies variation of the heating values of outer bark
is no greater than with wood but many species
show a nonlinear trend along the stem. For the
two birch species the trend is a decreasing and
for black alder an increasing one. For other spe-
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Figure 7. The chemical composition of inner bark as a function of effective heating value. Tree species A = P. sylvestris,

B = P. abies, C = B. pubescens, D = B. pendula, E = A. incana, F = A. gl
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G = P. tremul.
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cies the trend is intermediate (Figure 8).

The most noticeable change in g,(net) is that of
black alder. It increases 4 MJ/kg from the base to
the top of the tree. This corresponds with an
increase in content of alkali soluble extractives
from 24.0 % at 20 % relative height to 32.2 % at
80 % height. The respective increase in organic
and hot water extractives is from about 14.9 % to
22.2 %. At the same time lignin concentration
drops from 32.0 % to 19.6 % (Appendix 1). As
the extractives are higher in heating value than
lignin the heating value of outer bark increases
as the ratio between the two compounds changes
in favour of extractives toward the top of the
tree.

The outer barks of the two birch species have
the highest q,(net) of all species. This is caused
by the high extractive concentration, mainly bet-
ulin (soluble in organic solvents) and suberin
(alkali soluble). According to Ekman (1983) birch
outer bark contains 315 g of triterpenoids per
kilogramme of bark and betulinol accounts for
77 % percent of that amount. The amount of
suberin is 322 g/kg.

The results show that the g,(net) of Betula sp.
decrease with stem height which could be seen
as a change in betulin and suberin content had
they been analyzed separately from other extrac-
tives. Unfortunately this was not done. As a
result the data on extractive content does not
support the trends seen on Figure 8. However, it
is known that outer bark derives its colour from
betulin. A decrease in betulin can be seen as a
colour change from white at the base (high q,(net))
to black at the top (low g,(net)).

The heating value of grey alder seems to peak
at the centre part of the stem but there is no data
on chemical structure available for that section.
One would expect a higher heating value for the

top part of the stem because of the increased
extractive contents. Correspondingly lignin con-
tent drops from 26.0 % to 11.7 % and carbohy-
drate content from 20 % to 14.2 %. It is most
likely that these trends counter balance each oth-
er as corresponding changes are not seen in the
heating values.

A lesser trend is seen in pine where the heating
value increases from the centre of the stem to the
top. This reflects the increase in extractives and
the decrease in lignin content. Aspen has a simi-
lar weak trend which is supported by a slight
increase in alkali soluble extractives and a de-
crease in both lignin and carbohydrates.

It was hypothesised that soil type and latitude
do not effect q,(net). Table 2 shows that data do
not support it. On average q,(net) of pine, spruce
and downy birch is lower when trees are grow-
ing on organic soils. The fact that latitude is
shown to be a significant factor is caused by
downy birch as its gy(net) is almost 3 MJ/kg
lower in the northern trees. Unfortunately the
data on chemical components does not explain
this difference.

Figure 9 shows the average q,(net) as a func-
tion of stem height. The range of heating values
is over 12 MJ/kg. This is much higher than with
wood and inner bark components. The test statis-
tics of analysis of variance shows species to be a
highly significant factor (Table 6).

The heating values of the outer bark of branch-
es over 5 mm in diameter are seen in Table 6.
The species are in the same order of magnitude
as the stem outer bark. The reasons for the order
are the same as with stem outer bark, i.e. high
energy alkali soluble, organic and hot water ex-
tractives as well as lignin in broad-leaved spe-
cies overruling low energy carbohydrates. The
ratio is the opposite in conifers causing them to

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

Whole-tree Latitude Species F-ratio
component Pinus Picea Betula Betula Alnus Alnus Populus

sylvestris abies  pubescens pendula incana glutinosa  tremula
Stem South 20.309a 20.542a 31.433b 32.045b 28.900d 23.286e 21.202¢ 400.16***

s= 0.624  0.448 3.035 3972 3944 2537 0.697

Branches >5 mm  -”-

21.166a 20.691a 27.580bc 28.548¢ 26.758bd 25.901d 21.886a 54.28***

s= 0295 0107 1.025 2.810 0.009 0.615 0319

Stem North

20.933a 20.771a 28.904b

2890.07***

s= 0.434 0207 1.024

Branches >5 mm  -”-

21.947a 20.801b 26.479¢

205.72%*+

s= 0.359  0.049 0.119

The means indicated with the same letter in horizontal direction do not differ from each other at 5% significance level.
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Figure 8. Effective heating values of outer bark of each
sample tree (@ =1, %=2,0 =3, . =4,X= 5, v =6)by
species as a function of relative stem height.
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have the lowest heating values.

When the heating value of outer bark on stem
and branches is compared the following obser-
vations are made. For pine and spruce outer bark
has higher values in branches than in stems. For
broad-leaved species the case is the opposite
with the exception of black alder and aspen. The
most likely explanation for conifers is the slight-
ly higher extractive content in branch outer bark.
It is more difficult to find an explanation for the
behaviour in broad-leaved species. However, with
birches, grey alder and aspen the amount of ex-
tractives soluble in organic solvents and hot wa-
ter are lower in branches than in stems.

In Figure 10 the chemical components are re-
gressed with heating value. All the regressions
support the Hy: B=0. For lignin and carbohy-
drates the slope is negative and positive for both
categories of extractives.

CARBOHYDRATES, %

20 % 28
EFFECTIVE HEATING VALUE, MJ/kg

N=30 R2= 671 P< 001 Y= -3040942937+X RM

ALKALI SOLUBLE EXTRACTIVES, %

20 4 28
EFFECTIVE HEATING VALUE, MJ/kg

Figure 10. The chemical composition of outer bark as a function of effective heating value. Tree species A = P.
sylvestris, B = P. abies, C = B.pubescens, D = B. pendula, E = A. incana, F = A. glutinosa, G = P. tremula.
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Table 7. The effective heating values (MJ/kg) and test statistics for bark on branches less than 5 mm in diameter.

Species F-ratio
Latitude Pinus Picea Betula Betula Alnus Alnus Populus
sylvestris abies pubescens pendula incana glutinosa tremula
South 21.258ab 20.273ac 21.945d 20.815¢ 21.534b 21.024ac 17.983e 39.26***
s=  0.156 0.287 1.515 0.152 0.255 0.660 0.038
North 22.082a 20.593a 20.815a - o 4.80
s=  0.602 0.252 0.068

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

Table 8. The effective heating values (MJ/kg) and test statistics for foliage.

Species F-ratio
Latitude Pinus Picea Betula Betula Alnus Alnus Populus
sylvestris abies pubescens  pendula incana glutinosa tremula
South 20.950a 19.400cd 19.550cd 19.700cd 20.600ab 20.100bc 19.200d 10.00**
s= 0.127 0.195 0.265 0.088 0.401 0.048 0.322
North 20.800a 19.300b  19.350b s - 96.78**
s= 0.118 0.062 0.026

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

3.1.2.3 Bark on small branches

Half of the dry mass of branches <5 mm in
diameter is bark. The two bark components were
not separated before the calorimetric and chemi-
cal analysis because of the small branch diame-
ter. The heating values and test statistics are seen
on Table 7. Species are shown to have a have a
significant effect on the heating value which is
supportive of the hypothesis.

Heating values are intermediate to those of
inner and outer bark of branches over >5 mm in
diameter. This is understandable as the bark com-
ponent is a combination of these two barks and is
also supported by the analysis on chemical com-
position (Appendix 1). This applies to all species
except pine. Its g,(net) is higher than the value of
either inner or outer bark values of the larger
branches. The only indication why this should be
is that carbohydrate content is lower in the <5
mm than in either of the two bark components of
>5 mm branches. This should give more room to
the high energy compounds.

3.1.3 Foliage
The chemical composition of foliage is rather

different in coniferous and broad-leaved trees.
The results of the analysis of variance of heating
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values in Table 8 also suggest differences in
chemical composition. Conifers are high in car-
bohydrates and extractives soluble in organic
solvents and hot water. Broad-leaved species on
the other hand are higher in lignin and alkali
soluble extractives. This would indicate rather
similar heating values within both subdivisions.
This, however, is not the case. On the contrary
the heating values of conifers and broadleaved
species do overlap. Why for example pine and
spruce have heating values of such a different
magnitude can not be concluded on the basis of
the chemical data. Olofsson reports a slightly
smaller difference as his spruce had a higher
q.(net) than in this study.

The broad-leaved genera are in their own
groups in terms of chemical composition. Birch-
es have a higher content of extractives soluble in
organic solvents and low lignin content. Alders,
which are higher in heating value are lower in
these extractives and higher in lignin. It seems
that whatever the fraction composition of these
extractives is they are lower in heating value
than lignin. The genera seem to have similar
compositions when concerning alcali soluble ex-
tractives and carbohydrates .

Aspen is lowest of all species in heating value.
Lignin and carbohydrate content are the same as
in other broad-leaved species. However, aspen
has the lowest content of extractives soluble in
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Table 9. The effective heating values (MJ/kg) of oven dry stem components.

Species Latitude Wood Bark Whole stem
Inner Outer All bark
P. sylvestris south 19.308 18.758 20.309 19.529 19.333
north 19.392 19.089 20.933 19.981 19.479
P. abies south 19.048 17.844 20.542 18.803 19.022
north 19.083 18.828 20.771 19.621 19.161
B. pubescens south 18.617 18.965 31.433 22.745 19.187
north 18.606 19.181 28.904 22.545 19.528
B. pendula south 18.611 18.846 32.045 22.525 19.151
A. incana south 18.670 20.141 28.900 21.566 19.000
A. glutinosa south 18.883 19.262 23.286 21.438 19.305
P. tremula south 18.668 18.049 21.202 18.574 18.652

organic solvents and highest alcali soluble ex-
tractive content. The composition of these ex-
tractive fractions are species specific but it seems
that it is the extractives soluble in organic sol-
vents that increase the heating value among broad-
leaved species. The reason why this does not
apply to spruce has to lie in the differences in the
extractive composition.

3.2 The weighted heating values of stem,
branch and whole-tree biomass

Stem biomass is composed of wood, inner bark
and outer bark. The proportions of these compo-
nents vary with the relative stem height and age
of the tree (Taras 1978, Hakkila et al. 1975). The
majority of stem mass is concentrated 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 calcu-
lated.

Figure 11 shows that in all species and at any
given stem height the heating value of outer bark
is higher than the heating value of wood or inner
bark. Furthermore, the heating value of com-
bined inner and outer bark is higher than that of
wood for all species except for aspen and south-
ern sample trees of spruce (Table 9).

Musselman & Hocker (1981) and Singh &
Kostecky (1986) found that North American spe-
cies in genera Pinus, Picea, Betula and Populus
had higher heating values in bark as well. Olofs-
son (1975) reports q,(net) of pine, birch and
spruce bark to be higher than of wood as well.
His value for spruce bark is higher than what was
determined in this study for the specimens either
from southern or northern Finland. On the other
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hand, the heating values of pine, downy and
silver birch bark of this study are higher than
those given by Olofsson.

The average q(net) of stem biomass is the
weighted mean of wood and bark values (Table
9). In spite of the large differences in proportions
and q,(net) of tree components the differences
between species actually turn out to be very
small on whole stem basis. This has also been
earlier shown by Olofsson (1975). Although out-
er bark is higher in heating value than the other
two components it makes a lesser contribution to
the average heating value of stem biomass than
the other two components. This is caused by the
small quantity. For example the high qv(net) of
the birch bark has relatively little effect on the
weighted g,(net) of stem biomass. This is also
supported by Sandala et al. (1981) who report on
the heating values of three broad-leaved species
from the north eastern United States. It should
also be noted that the stems of the northern spec-
imens have a higher heating value than the south-
ern ones. On a whole this is caused by the com-
bined effect of higher component q,(net) values
and higher bark percentage (Appendix. 3). This
holds also for the crown material.

The crown is formed by branches including
wood, bark and foliage. Biomass studies refer-
enced in appendix 3 show that bark accounts
roughly for one third of the branch mass without
foliage. This enhances the heating value of crown
biomass as the heating value of bark is higher
than of wood. A considerable amount of the live
crown is made up by foliage. This is especially
true in conifer stands (Hakkila 1991). Although
the heating values of foliage are reported in Ta-
ble 10 the values for crown do not include foli-
age. This is because most often whole-tree chips
do contain little foliage as they are lost during
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Figure 11. The average effective heating values of stem-
wood (m), inner bark (%) and outer bark () for each
species as a function of stem height.
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Table 10. The effective heationg values (MJ/kg) of wood, bark and foliage components of branches over and under 5

mm.

Species Latitude Wood Bark Foliage ~ Crown
All without

>5 mm <5 mm branch >5 mm <5 mm All foliage

Inner Outer bark

P. sylvestris  south 19.796 20.150 19.970 19.441 21.166 21.258 20.668 20.996 20.234
north 20.051 20.839 20.473 20379 21.947 22.082 21.629 20.777 20.873
P. abies south 19.627 19.793 19.734 18.481 20.691 20.273 19.830 19.224 19.772
north 19.432  20.052 19.900 18.258 20.801 20.593 20.390 19.298 20.108
B. pubescens  south 18.672 18.885 18.734 18985 27.580 21.945 22294 19.766 19.944
north 19.011 19.172 19.076 18975 26.479 20.815 21.447 19.372 20.181
B. pendula south 18.726  18.732 18.728 18.763 28.548 20.235 21.083 19.723 19.526
A. incana south 18935 19.035 18962 19.491 26.758 21.534 21.676 20.571 20.029
A. glutinosa  south 18.725 18.875 18.769 19.413 25901 21.024 20.383 20.080 19.365
P. tremula south 18.790 18.763 18.786 17.822 21.886 17.983 18.280 19.180 18.613

Table 12. The effective heating values (MJ/kg) of wood fuel at different moisture contents in southern and northern

Finland.

seasoning and comminution. In addition the heat-
ing value of foliage is not very different from the
rest of the crown. Its inclusion would make only
a very small difference to the heating value.

Pine has the highest crown heating value. Next
come alders, birches and spruce. Aspen has the
lowest heating value which is about the same as
for the stem (Table 10). Olofsson (1975) gives
similar values for pine and spruce but, his value
(20.28 MJ/kg) for birch branches is much higher
than 19.526 MJ/kg determined in this study for
silver birch.

Crown biomass is higher in heating value than
stem biomass. This is a common phenomema in
many genera (Hughes 1971). From the fuelwood
point of view this is a positive aspect because
branches are a low quality, low value and most
often a totally unacceptable raw material for most
sectors of the woodworking industry. When trees
are harvested with branches intact not only will
the amount of harvested biomass increase but the
energy recovery will also increase per unit weight.

A whole-tree includes all the components of a
tree above the stump cross-section (Hakkila
1989). Its heating value is somewhat dependent
on the stem and crown biomass proportions. This
in its turn is dependent on the stand history. The
effect of latitude is also seen in the whole-tree
heating values. This is natural as it has been
shown to have an effect on the heating value of
the components. On a whole-tree level this dif-
ference is to the advantage of the northern speci-
ment.

The differences between species, however, are
small at the whole-tree level. Pine has the high-
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Table 11. The effective heating values (MJ/kg) of stem,
crown without foliage and whole tree biomass.

Species Latitude  Stem Crown  Whole-tree
P. sylvestris  south  19.333 20.234  19.525
north  19.479 20.873  19.763
P. abies south  19.022 19.772  19.286
north  19.161 20.108  19.478
B. pubescens south  19.187 19.944  19.301
north  19.528 20.181  19.651
B. pendula  south  19.151 19.526  19.208
A. incana south  19.000 20.029  19.182
A. glutinosa  south  19.305 19.365 19.314
P.tremula  south  18.652 18.613  18.647

est and aspen the lowest g,(net) by a margin of
only 5 %. These differences may be so insignifi-
cant that they may not effect the pricing of fuel-
wood when purchased in the form of whole-
trees. Even the errors of similar margin may take
place in timber scaling, not to speak of the mois-
ture variation within a fuelwood pile which has a
much greater effect on the fuelwood value. In
addition, it is interesting to see that inspite of the
differences in materials and methods between
this and Olofsson’s study the heating values for
pine (19.453 vs.19.59 MJ/kg), spruce (19.146
vs. 19.19 MJ/kg) and silver birch (19.049 vs.
19.04 MJ/kg) are almost the same. For practical
purposes, tables of effective heating values of
moist wood derived from Table 11 are given
separately for southern and northern Finland for
fixed moisture contents in Table 12. Those inter-
ested in other moisture contents should refer to
the Formula [2] in Chapter 23.
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Tree part Species Moisture content, %
0 10 20 50 60
SOUTHERN FINLAND
Stem P. sylvestris 19.333 19.061 18.721 18.283 17.700 16.883 15.658
P. abies 19.022 18.750 18.410 17.972 17.389 16.572 15.347
B. pubescens 19.187 18.915 18.575 18.137 17.554 16.737 15.512
B. pendula 19.151 18.879 18.539 18.101 17.518 16.701 15.476
A. incana 19.000 18.728 18.388 17.950 17.367 16.550 15.325
A. glutinosa 19.305 19.033 18.693 18.255 17.672 16.855 15.630
P. tremula 18.652 18.380 18.040 17.602 17.019 16.202 14.977
Crown P. sylvestris 20.234 19.962 19.622 19.184 18.601 17.784 16.559
without P. abies 19.772 19.500 19.160 18.722 18.139 17.322 16.097
foliage B. pubescens 19.944 19.672 19.332 18.894 18.311 17.494 16.269
B. pendula 19.526 19.254 18.914 18.476 17.893 17.076 15.851
A. incana 20.029 19.757 19.417 18.979 18.396 17.579 16.354
A. glutinosa 19.365 19.093 18.753 18.315 17.732 16.915 15.690
P. tremula 18.613 18.341 18.001 17.563 16.980 16.163 14.938
Whole-tree  P. sylvestris 19.525 19.253 18.913 18.475 17.892 17.075 15.850
P. abies 19.286 19.014 18.674 18.236 17.653 16.836 15.611
B. pubescens 19.301 19.029 18.689 18.251 17.668 16.851 15.626
B. pendula 19.208 18.936 18.596 18.158 17.575 16.758 15.533
A. incana 19.182 18.910 18.570 18.132 17.549 16.732 15.507
A. glutinosa 19.314 19.042 18.702 18.264 17.681 16.864 15.639
P. tremula 18.647 18.375 18.035 17.597 17.014 16.197 14.972
NORTHERN FINLAND
Stem P. sylvestris 19.479 19.207 18.867 18.429 17.846 17.029 15.804
P. abies 19.161 18.889 18.549 18.111 17.528 16.711 15.486
B. pubescens 19.528 19.256 18.916 18.478 17.895 17.078 15.853
Crown P. sylvestris 20.873 20.601 20.261 19.823 18.475 17.658 16.433
without P. abies 20.108 19.836 19.496 19.058 18.548 17.731 16.506
foliage B. pubescens 20.181 19.909 19.569 19.131 18.548 17.731 16.506
Whole-tree  P. sylvestris 19.763 19.491 19.151 18.713 18.130 17.313 16.088
P. abies 19.478 19.206 18.866 18.428 17.845 17.028 15.803
B. pubescens 19.651 19.379 19.039 18.601 18.018 17.201 15.976

4 Conclusions

Species were found to have a significant effect
on the heating value of wood, bark and foliage
components. The heating value of wood is high-
est in the conifers. But, the heating value of the
combined inner and outer bark is higher in the
broad-leaved species. On the whole the com-
bined bark has a higher heating value than wood.
The heating value of crown material is higher
than that of the stem. This means that those parts
of the tree that are not wanted by the forest
industry as a raw material, i.e. bark, crown and
small whole-trees in general are actually the fuel-
wood components of a tree with the highest heat-
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ing values per unit weight. It should be noted,
however, that unless some form of integrated
harvesting is used the procurement of small trees
and crown material may be to costly to carry out.
Also, the conventional boilers with grates do
require larger facilities when this low density
fuel is burned. Fortunately floating bed instala-
tions are invading the markets. They are more
expensive to instal, but have the advantage of
being much less sensitive to the fuel composition
and quality than the conventional boilers. Fur-
thermore, it is important to recognize that the
heating value of the stem or whole-tree biomass
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is very little affected by species. From the user
point of view the moisture content and the quan-
tity of fuelwood are much more important fac-
tors than the species.

It was hypothesised that there is a relationship
between chemical composition heating value. The
test statistics from the regression analysis do
support the hypothesis of some chemical compo-
nents being dependent on the effective heating
value. The heating value of inner bark does not
form good regressions with any of the dependent
variables because of the variation in data. The
best models for outer bark do result when carbo-
hydrates and alkali soluble extractives are used
as dependent variables. With wood the depend-
ence of lignin and extractives soluble in organic
solvents and hot water on heating value are strong-
er than that of carbohydrates on heating value.
However, it seems that when regression analysis
is focused on individual species rather than on
pooled data heating value would give a good

estimate of the carbohydrate content for conifer-
ous species. A more detailed work would need to
be carried out to find out wether this method
could be used to determine carbohydrate con-
tents.

Soil type has only a minor effect on the heating
value of the individual components. Contrary to
the hypothesis the results do suggest that latitude
has a significant effect on most of the compo-
nents. The results indicate that the heating value
of stem, crown and whole-tree material is higher
in the northern extent of the growing range than
in the southern part of the country.

One of the aims of the study was to give prac-
tical information of the heating values to the
fuelwood users. This is fulfilled by giving heat-
ing values of stem, crown and whole-tree bio-
mass of seven indegenous species at varying
moisture contents separately for the southern and
northern parts of the country.
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Appendix 1. The chemical composition of biomass components by species. The trees from the northern latitude are Appendix 2. The al composition of tree components by speciesAppendix 1. The chemical composition of

indicated with an asterisk (*). biomass components by species. The trees from the northern latitude are indicated with an asterisk (*)..
A. The Lignin content. ;,;;;;;; ------------------ Wood Inner bark Outer bark Bark Foliage
Tree species Stem Branches > S5mm Branches < 5mm Stem Branches Stem Branches Stem Branches Br;nches
--------------------------------------------------------------------------- Smm > 5mm
20% height 8xheight S Ll L . B
Wood Inner Outer Wood Inner Outer Wood Inner Outer Wood ALL  Foli- Carbon I
bark  bark bark bark bark bark bark age =00 hecccececcicccacccesscesccscccccceccccssseccmemcesmmemanean. 5575563; --------- 549‘; -------- ;;-20
P. sylvestris 25,5 5,3 29,5 27,0 7,2 17, 9,7, 7,1, 15,7 27,8, 10,5 P sylvestris- 3234 ' 3333 90.87 zg% ggzg 55.56  56.10 54.02 51.30
26,8 7.3 30,6 28,0° 9,0° 1419 30,2 7,20 15,00 2.2 167 P. abies 52.43 53.36 50.37 ¢ : g ‘37 57 82 29.12
P. abies 27,8, 7.7 229 28,2 9,2 23,9 31,7, 7,2, 2,7 30,2, 18,7 B. pubescens 50.97 50.97 48.39 52.20 52.49 72.64  68. e ek
27,5° 4,3 21,0 26,4° 4,8 18,1 29,8 5,7 21,7 26,1 22,3 B. pendula 47.43  4B.67  48.05 48.00 48.60 66.71  64.34 = ._’5
B. pubescens 22,2 2,2 6,2 21,5 21,9 6,3 21,5 17,7, 11,2, 22,5 14,1 A. incana 49.09 48.21 49.17 49.67  48.34 64.09  60.58 51.53 49.
20,3" 16,3° 6,1 20,2°15,9" 9,0 21,1°15,8" 11,1 21,8" 12,0° A. glutinosa 46.64  47.90  48.45 50.29 50.09 58.52 6%.22 15,:8; zgg
B. pendula 21,9 21,6 11,7 22,7 20,2 7,9 21,9 16,8 10,1 22,8 14,5 ) X 48.95 47.81 52.71  52. 3 .
A. incana 230 26,7 260 2204 1604 1107 2308 2109 1 2 SesCremila 46.21 46.84 50.25 4 8.95 4r81 g sese e 8B
A. glutinosa 2,8 28,4 32,0 25,2 2,6 19,6 3,5 216 5 WO BB 020200 0 mmemeemwes
P. tremula 20,1 14,8 16,9 19,8 15,2 12,5 49 1 Y Ogen
P. sylvestris 6.09 6.03 5.23 6.17 6.36 5.68 6.12 6.70 6.82
P azies 5.86 5.61 5.14 5.59 5.62 5.85 5.77 5.95 6.28
8. The carbohydrate content. B. pubescens 5.86 5.80 5.15 5.79  6.10 9.37  8.43 6.55 6.13
B. pendula 5.22 5.25 5.18 5.10 5.01 9.41 8.40 5.33 6.08
----------------------------------------------------------------------------------------------------------------- A. incana 5.77  5.16 5.7 6.15  5.94 8.59  7.66 6.48 6.22
Tree species Sten Sranches > 5m Branches <Sm A. glutinosa 5.01 5.8  5.89 5.77  5.57 6.37  7.56 6.23 5.90
'''' P 5,[',,';{;,,'{"'"""""'8'0‘,[',,';,-'9},'{" P. tremula 4.98 5.09 5.98 5.74 5.73 6.42  6.18 5.77 5.95
Wood Imner Outer  Wood Imner Outer  Wood Immer Outer  Wood ALL  Foli-
bark bark bark bark bark bark bark age
----------------------------------------------------------------------------------------------------------------- : . 0.88
P. sylvestris 69,6 41,8 35,4 66,1 37,0 38,4 56,6 37,6 33,2 51,6 31,1 37,4 P. sylvestris 0.08  0.10  0.19 0.48  0.55 g;g gzg g ?2 079
73,0 45,47 31,4 66,0740,0" 34,1 59,8"39,4" 35,1° 45,6 33,0 39,3 P. abies 0.01  0.03  0.14 0.47  0.52 - ) 1.20 17
P. abies 78,9 49,1 31,5 74,5 48,2 36,3 66,2 49,6 30,3 63,3 36,5 31,7 B. pubescens 0.12 0.18 0.28 0.63 0.86 0.28 0.47 . 1.”
75,7 38,3° 30,3 73,1736,6" 30,5’ 67,3°34,1" 2,1 50,6" 263 39,3 8. pendula 0.07 0.18 0.28 0.33  0.65 0.79  0.59 0.74 K
B. pubescens 67,0 38,4 5,3 65,3 35,8 5,8 64,2 32,9 7,8 60,0 23,4 20,1 A. incana 0.44 0.59 0.83 1.49 1.74 1.28 1.23 1.72 2.79
78,4 33,5 7,9 73,7 31,1 7.6 72,0°24,2° 6,9 50,9" 19,2 .. A. glutinosa 0.20 0.46 0.62 1.06 1.26 1.15 1.06 1.33 sgg
B. pendul 69,9 41,8 13,9 65,9 46,2 10,3 64,6 41,6 14,0 63,0 26,0 22,3 3 . X g
A. inc-naB 69,0 33,8 20,0 62,6 33,9 14,2 63,0 34,0 17,1 55,0 28,3 20,4 P. tremula 0.15 0.29 0.61 0.8 __L':?_"_) _________ (_]f?____?.?? __________ ].(.)‘.J ...............
A. glutinosa 69,8 37,6 24,9 64,8 44,2 28,1 63,9 33,8 20,9 57,0 25,9 23,8  eeeeeeeeeeeeeeeeemeeeecceeeeeeeeseceecseeeceaooeas
P. tremula 7%,6 41,1 31,6 69,1 49,8 26,1 69,3 48,0 40,3 58,8 38,5 24,8
C. The content of extractives soluble in organic solvents and hot water.
Tlree species T sten T Branches > Sm  Branches < Sm
20% height 80% height
Wood  Inner Outer Wood Inner Outer Wood Inner Outer Wood ALl Foli-
bark bark bark bark bark bark bark age
P. sylvestris 39,5 15,9 5,4 46,4 23,3 9,1, 43,3 28,4 14,1, 38,2, 40,6
37,7 23,4 8,7 44,7 32,1 9,00 49,3 35,9 27,4° 40,6° 41,7
P. abies 37,4, 23,4 4,9 38,7 20,9 5,2, 30,5 22,0
45,17 26,2 6,2" 52,1 25,3 7,2 37,3 25,5
21,3, 33,2 5,8 23,7 29,6, 6,8 29,0 2,1
37,5 28,8 9,6" 39,8 28,4 10,2" 38,0 25,1
18,8 31,6 58 18,9 32,7 7,0 19,5 26,5
20,4 27,8 7,5 38,2 39,0 8,2 21,3 22,7
20,5 14,9 6,2 22,4 22,2 8,3 23,5 2,1
23,1 26,5 6,1 20,5 25,2 8,6 20,0

bark  bark bark  bark bark bark bark
P. sylvestris 18,8 18,9, . 26,7, 21,1 30,7, 24,4 17,7
16,5 12,0 25,7 11,0" 27,3 20,3 15,17
P. abies 15,2, 18,8 16,0 24,5 18,3, 19,7 13,0
20,0" 21,8 © 19,9 21,2" 22,6 21,7 1,7
B. pubescens 15,3, 55,0, . 57,0, 17,7, 54,7, 36,6, 25,6
15,6" 57,6 53,3 19,5 55,3 36,9 ..
8. pendula 14,1 46,3 5 45,6 18,5 44,6 33,0 23,9
A. incana 14,2 20,5 5 36,9 2,1 37,5 29,9 25,2
A. glutinosa 16,4 24,0 S5 32,2 18,2 34,4 29,9 22,8
P. tremula 26,9 22,6 25,5 26,1 26,0 22,5 28,1
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Appendix 3. The 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.

A. Stem composition.

Bark division” Stem division Literature
Inner Outer Wood  Bark source
Species Latitude %
P. sylvestris south 50.5 49.5 88.9 11.1 1
north 54.7 45.3 85.2 14.8 =
P. abies south 64.7 35.3 87.9 12.1 10}
north 60.0 40.0 85.5 14.5 *)
B. pubescens  south 69.4 30.6 86.2 13.8 1b}
north 65.0 35.0 76.6 23.4 *)
B. pendula south 72.5 27.5 86.2 13.8 1
A. incana south 84.0 16.0 88.6 11.4 2)
A. glutinosa south 45.8 54.2 83.5 16.5 3)
P. tremula south 83.2 16.8 83.5 16.5 4)
1) Hakkila 1967
3) Bjorklund 1984
2) Hakkila 1970
4) Karkkainen 1980
*) data collected in this study
B. Crown composition
Branches > 5 mm” Branches” Total branch Literature
<5 mm source
Bark, % Branch
Species Latitude Inner Outer Wood Bark Wood  Bark Wood Bark
P. sylvestris south 61.5 38.5 69.6 30.4 43.6  56.4 62.9 37.1 1
north 53.6 46.4 64.6 35.4 33.6 66.4 65.4 34.6 n
P. abies south 75.5 24.5 72.7 27.3 50.1  49.9 60.4 39.6 1
north 40.9 59.1 65.3 34.7 37.3  62.7 57.5 42.5 1
B. pubescens south 59.7 40.3 7.9 22.1 67.7 32.3 66.1 33.9 2)
north 61.4  38.6 59.6 40.4 44.3  55.7 54.9 45.1 *)
B. pendula south 73.2  26.8 73.9 26.1 S4.4  45.6 66.1 33.9 2)
A. incana south 69.2  30.8 7.1 28.9 52.1 47.9 60.7 39.3 2)
A. glutinosa south 71.7  28.3 64.7 35.3 48.9 511 63.1 36.9 3)
P. tremula south 87.4 12.6 70.7 29.3 39.1 60.9 65.9 34.1 *)
1) Hakkila 1991
3) Bjérklund 1984
2) Bjorklund & Ferm 1982
*) data collected in this study
C. Whole-tree composition.
Species Latitude Branches” Whole-tree Literature
>S5 mm <5 mm Crown Stem source
P. sylvestris south 50.8 49.2 21.3 78.7 1
north 46.4  53.6 20.4 79.6 1b)
P. abies south 35.4 64.6 35.2 64.8 1
north 264 75.6 33.5 66.5 1b]
B. pubescens south 69.4 30.6 15.1 84.9 1)
north 59.8 40.2 18.9 81.1 1
B. pendula south 73.7 26.3 15.1 84.9 1)
A. incana south 72.8 27.2 17.7 82.3 2)
A. glutinosa south 70.7 29.3 15.8 84.2 3)
P. tremula south 84.8 15.2 1.6 88.4 4)

1) Hakkila 1991

2) Simola 1977

3) Bjorklund 1984

4) Kérkkdinen 1980

*) data collected in this stydy
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men kuukauden kuluessa siitd, kun kisikirjoi-
tuksen lopullinen korjattu versio on saapunut
toimitukselle.
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Tekijén tulee antaa lopullinen kasikirjoitus
ja kuvaoriginaalit toimitukselle kahden kuu-
kauden kuluessa hyviksymispaatoksestd. K-
sikirjoituksen saatteesta pitda selvisti ilmetd,
ettd kisikirjoitus on lopullinen, painoon tar-
koitettu kappale. Teksti otetaan mieluiten vas-
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