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Abstract
A biorefinery can operate with various plant materials as feed stock, (in contrast to fossil-based oil refineries). It has 
been defined by the International Energy Agency, Task 42, as “the sustainable processing of biomass into a spectrum of 
marketable bio-based products (chemicals, materials) and bioenergy (biofuels, power, heat)”. One of the challenges in 
operating large-scale facilities is that the biomass supply-chain is dependent on reliable availability of appropriate raw 
materials, continuous at all seasons while maintaining a high quality. Currently, various types of biorefineries are fre-
quently discussed e.g. sugar-based bio refineries or thermochemical bio refineries; however, both strategies are dependent 
on solid and well-known characteristics of the biomass regarding their chemical and biological processes. A woody bio-
mass supply-chain, from forest residues are influenced by factors such as: tree species, growth conditions and occasionally 
forest fertilization but how these factors influence the composition of the biomass are poorly understood. In this study, we 
used field experiments in Sweden where poplar, hybrid aspen, birch, Scots pine and Norway spruce were grown at vari-
ous sites across a latitude gradient and treated with fertilizers within each site – making direct comparisons between tree 
species and fertilization treatment possible. The presented results demonstrate that there are minor differences in biomass 
composition i.e. cellulose, lignin, hemicelluloses (mannan, xylan, galactan, arabinan) and oil content, between forest site 
and fertilization treatment. Moreover, our results demonstrate that geographic location (northern or southern latitudes) has 
limited effect on the chemical composition In addition, our results demonstrate that deciduous tree species (poplar, birch 
and hybrid aspen) have similar biomass composition but that the compositions are different to coniferous species. For an 
industrial context, our results suggest that if biomasses are a blend of coniferous and deciduous tree species, the process 
design must be adjusted to reach optimal usage of the lignocellulosic feedstock in full-scale industrial processes.

Keywords  Biorefinery · Woody biomass · Lignocellulosic composition · Deciduous and coniferous tree species · 
Biomass supply chain
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1  Introduction

Increasing demand for energy, decreasing use of fossil fuels, 
increasing fuel prices and global warming will require an 
expanded search for alternative fossil-free and carbon-
neutral energy supply systems where production of biofu-
els and chemicals are some of the key components. In this 
transition, biomass can serve as a renewable feedstock for 
producing liquid and gaseous biofuels (or chemicals). In the 
European Union (EU), the Renewable Energy Directive II 
REDII [1] sets an overall renewable energy target of 32% 
and a 14% target for the transport sector by 2030. Among 
the EU member states, Sweden stands out by using more 
than 20% renewable fuels for domestic transport in 2015, of 
which 85% are imported [2, 3]. Recently, the Swedish gov-
ernment has decided that, by the year 2030, CO2 emissions 
from domestic transport, i.e. road, railway and shipping, 
should be reduced by 70% compared to those in 2020 [4]; in 
addition, Sweden is planned to be carbon neutral by 2045, 
followed by net negative CO2 emissions [4]. This reduction 
in CO2 emissions will require a steady biomass supply from 
agriculture and forestry sources. At the same time, pres-
ent wood-based industry is planning for new products and 
an increase of their current products. Thus, there will be a 
future increased demand for woody biomass. One option for 
increasing the production of woody biomass per unit area is 
to plant tree species (Poplars and hybrid aspen) that have 
natural fast growth and to use forest management practises 
that will increase tree growth e.g. fertilization.

The RED II restricts the use of biomass for biofuel pro-
duction if the areas could be used for food or feed produc-
tion [1]. This is not the case for tree biomass production of 
poplars and hybrid aspen from arable land, making biomass 
production from tree plantations an interesting option as a 
resource for biorefineries in these areas. Woody biomass 
from the forest industry is an abundant and economically 
valuable resource in Sweden, covering over two-thirds of 
the area of the country. These forests are dominated by the 
softwood species Norway Spruce and Scots Pine that con-
stitute over 75% of the growing volume, followed by hard-
wood, Birch of 16% and Aspen of a few percent [5].

1.1  Biorefineries

In contrast to existing oil refineries, a biorefinery operates 
with plant materials. Biorefineries have been defined by 
the International Energy Agency, Task 42, as “the sustain-
able processing of biomass into a spectrum of marketable 
bio-based products (chemicals, materials) and bioenergy 
(biofuels, power, heat)” [6]. Like petroleum, biomass can 
be utilized as raw material to produce a range of chemicals 
and energy carriers, such as ethanol, methanol, di-methyl 

ether (DME) and many other compounds [7–9]. One of the 
challenges in operating large-scale facilities is material sup-
ply, i.e., to make sure that the availability of appropriate raw 
materials is secured for continuous operation all seasons 
and all year round [10].

If biomass is intended for use in a biorefinery plant 
[6, 11], parameters such as the compositions of structural 
carbohydrates and lignin, as well as extractives, have an 
influence on the possible yields of different products. The 
yield has a direct impact on the economic viability of the 
intended production process. This makes it important to 
have knowledge of the composition of potential lignocel-
lulosic resources. Lignocellulosic materials differ from 
one species to another. However, the main constituents 
are basically the same, although the contents of individual 
carbohydrates, aromatics and other compounds vary; about 
50–60% are carbohydrates, i.e. cellulose and hemicellu-
loses, 20–30% lignin, while the rest consists of extractives, 
fatty acids, ash, etc [12]. Hardwood is generally richer 
in xylose and arabinan, while softwood contains higher 
amounts of mannose.

The oil content in tree species varies between spe-
cies and for trees native to boreal and temperate regions, 
it also shows seasonal variations with oil accumulating in 
the autumn in preparation for winter [13]. Oil consists of a 
glycerol molecule with three fatty acids attached, but fatty 
acids are also a major part of cell membrane lipids. Fatty 
acid content in tree is relatively low but still accounts for an 
important constituent in crude tall oil, which is a by-product 
from the pulp and paper industry [13].

One option to increase biomass production is to plant 
tree species that naturally has a high growth rate. One of the 
most fast growing and frequently used species in plantation 
forestry is the genus Populus [14–16]. Many of these plan-
tations have been established on arable land [16–18] and in 
a few cases on forest land [19, 20]. On arable land biomass 
production of Populus (Hybrid aspen and poplars) has been 
shown to reach 25 m3 ha− 1 and year− 1, while at forested 
arable land, biomass production has been shown to be 15 
m3 ha− 1 and year− 1 at a plantation age of 10 years [21]. 
Biomass production for Norway Spruce and Scots Pine has 
been found to reach about 4–7 m3 h− 1 and year–1, respec-
tively, while for birch production it can reach 5- 10.5 m3 
ha− 1 year− 1 [22]. Thus, there is a large potential to increase 
biomass supply by planting Populus species.

Several studies have suggested that the total available 
area for Populus plantations in Sweden is approximately 
400 000 ha arable land [21, 23] and over 2.5 million ha of 
boreal forest land [23]. In addition to these areas, there are 
over 1.2 million ha of forested arable land [21]; forest land 
that has a high soil fertility and water holding capacity, all 
parameters important for a high tree growth.
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Tree growth rate and total biomass production are influ-
enced by several parameters, including site fertility and 
forest management practices, e.g. fertilization [24]. Fibre 
length and width are also influenced by growth rate. Thus, 
trees growing at different site conditions (high or low soil 
fertility) and fertilization could have an impact on biomass 
composition. However, knowledge regarding how site con-
ditions and management practices influences biomass com-
position needs to be determined, and comparisons between 
tree species are needed for industrial applications.

Thus, there is a need for understanding how biomass 
quality is influenced by tree species, growth conditions and 
forest management. Therefore, in this paper, different forest 
management methods (fertilization) and site characteristics 
(arable and forest land with different soil fertility and geo-
graphic location) were investigated. In addition, the influ-
ence of biomass quality of hybrid aspen, poplar, Norway 
spruce and Scots pine is discussed, as well as how such dif-
ferences in biomass quality can affect potential utilization in 
biorefineries.

2  Materials and methods

2.1  Experimental design for analysed biomasses 
properties

The method used to analyse the effect on site conditions and 
fertilization was a based on a tree species and fertilization 
experiment established at two geografic regions in northern 
and southern Sweden in 2012–2015. In each region, three 
experimental sites were located. (Fig. 1). At each site four 
blocks were designed, each containing plots with Norway 
Spruce, Scots pine and hybrid aspen and poplars. In addi-
tion, birch was planted at site For − 1559, For − 8252 and 
Agr – 1584. The plot size was 24 × 24 m and within each 
block aspen and poplar plots were separated from the other 
tree species with a 10 m corridor (Fig. 2). The stem den-
sity planted was about 1400 trees per ha corresponding to 
about 3 × 3 m distance between the trees. The sites were 
selected to represent a gradient in site index (fertility) from 
poor fertility T23to fertile sites G32. Site indexes are deter-
mined according to standard procedures where the letters T 
or G, represent tree species where T = pine and G = Norway 
spruce. The numbers following the letters (T23 or G32) rep-
resent the tree height after 100 years of growth (the higher 
the number, the more fertile the site) (Table 1).

At each experimental site, fertilization treatments were 
performed by broadly adding 75 kg of nitrogen (N) per hect-
are using the commercial fertilizer SkogCan (27% N con-
tent). This was manually done repeatedly every second year 
after planting. Biomasses (whole stem without branches, 
leaves or needles) were sampled at each experimental site 
by selecting two representative trees (having similar heights 
and diameters as other trees in the plot), with no sign of 
damage of pathogen infection, in each block for all planted 
species and fertilization treatments. In some cases failure in 
establishment occured (poplars at forests land); thus, bio-
masses could not be sampled. Missing samples are shown 
as NP (not present) in Table 2.

2.2  Sample Preparation for biomass analysis

The wood samples (fresh logs) from each location of cul-
tivation, tree species and fertilization treatments (Fert and 
No-fert) were coarsely ground within a timeframe of less 
than two months after harvest. The samples were stored 
frozen at −18 ° C to avoid microbiological degradation 
until they were thawed and utilized (a maximum of 48 h 
in advance). Coarse milling was performed with a mobile 
woodchipper (Först ST6 D, Först, Andover, UK), powered 
with a 42 hp diesel engine.

A total of 143 samples were selected for biomass analy-
sis. These samples were transferred to paper bags and dried 

Fig. 1  Location of experiments for biomass characteristics. Agr rep-
resents experiments at agricultural land; For represents experiments 
at forest land. The individual numbers indicate each experiment listed 
in Table 1
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2.3  Total fatty acid analysis

For determination of total fatty acid content, 100 mg 
DW of ground samples were transferred to glass tubes 
with screw caps. Acidic methylation of lipids was per-
formed by adding 2 mL of 2% H2SO4 in dry methanol 
(v/v) and incubating on a heating block at 90 °C for 60 
min. After coooling, 300 nmol of heptadecanoic methyl 
ester (Larodan, Solna, Sweden) in methanol was added 
to each tube as internal standard. Fatty acid methyl esters 
were extracted into heptane by adding 1.5 mL heptane 
and 2 mL water, then vortexing thoroughly followed by 
centrifugation for 2 min at 3,000 rpm. A volume of 300 
µL of the heptane phase was transferred into gas chroma-
tography (GC) vials, which were stored at −20 °C until 
analysis. Separation of fatty acid methyl esters from 1 
µL injections was performed on a CP-wax 58 column 
(FFAP-CB, 50 m, 0.32 mm inner diameter, 0.20 μm film, 
Varian, Palo Alto, USA) using an Agilent Technologies 

at 45 °C for a minimum of 72 h before they were milled to 
a fine powder. Milling was performed in a knife mill (SK1, 
Retsch GmbH, Germany). The knife mill is equipped with a 
1.0 mm sieve to ensure size distribution. The samples were 
stored in sealed plastic bottles under dry conditions at room 
temperature until they were analysed for total fatty acids 
and structural carbohydrates and lignin.

Table 1  Experimental ID, former land use history, soil conditions, and site index (SI)
Experiment Site type Lat °N Long °E Soil type1 Soil moist class2 Preci, mm Temp

day C
SI3

Gideå (1559) For 63.40 19.02 T/SL ME/MO 700 1010 T23
Armsjön (1561) For 62.15 17.42 T/SL ME 700 1120 G24
Hemling (1560) Ara 63.66 18.55 S/SL ME 600 940 -
Sävsjö (1582) For 56.98 15.48 T/SL ME 700 1300 T22
Tönnersjö (8252) For 56.68 13.09 S/GR ME 1064 1500 G32
Påarp (1584) Ara 56.42 12.71 S/FT ME 750 1575 -
1 Soil type T = till, S = sediment; Soil texture SL = sandy loamy, SA = sand, GR = gravel, FT = fine texture
2 Soil moisture class ME = mesic, MO = moist, DR = dry
Site index Top height at 100 years total age [25]
T = Scots pine, G = Norway spruce. For represents forets sites and Ara arable land

Table 2  Tree height (m) of Spruce, Pine, H-aspen, Poplar and Birch 
used for biomass analysis
Experiment Spruce Pine H-aspen Poplars Birch
Gideå (1559) 1.8 1.5 3 NP NP
Armsjön (1561) 2 2 2 NP NP
Hemling (1560) 1.4 1.8 2 1.5 NP
Sävsjö (1582) 1.5 1.8 4 NP 4
Tönnersjö (8252) 2 2 5 NP 5
Påarp (1584) 2 2 6 8 6
NP represents samples that were not present in the experiment due to 
failures in establishment. For represents forets sites and Ara arable 
land

Fig. 2  Design of experimental 
block one (out of four) and 
of design of plot within an 
experimental site. Planted species 
are Hybrid Aspen, Silver Birch 
(Birch), Scots Pine, Poplar, 
Norway Spruce. Treatments are 
Fertilization (Fert) and No fertil-
ization (No-Fert). Tree spacing 
are 3 × 3 m corresponding to 1100 
trees per ha
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8860 gas chromatograph with flame ionization detector 
and 7693 A autosampler (Santa Clara, US). Temperature 
program; injector 240 °C, detector 260 °C, oven started 
at 150 °C increasing with 4 °C/min up to 210 °C followed 
by an increase with 10 °C/min up to 250 °C/min with a 
hold for 5 min. Fatty acid methyl esters of lengths 16–20 
carbons were quantified in nmol in relation to the area of 
heptadecanoic acid methyl ester as internal standard. The 
results shown is the sum of all fatty acid methyl esters in 
weight%.

2.4  Structural carbohydrates and lignin analysis

Carbohydrate and lignin analyses were performed according 
to the standardized laboratory analytical procedures (LAP) 
of the National Renewable Energy Laboratory (NREL, 
Golden, CO, USA), titled ‘Structural Carbohydrates and 
Lignin in Biomass’ [26]. The procedure involves two-step 
acid hydrolysis to fractionate the biomass into forms that are 
more easily quantified. The liquid fraction after acid hydro-
lysis was collected to measure the acid-soluble lignin (ALS) 
content by an UV/VIS-spectrophotometer (UV-1800, Shi-
madzu, Kyoto, Japan). In addition, the hydrolysate was 
used for measuring the carbohydrate content utilising HPLC 
(Shimadzu, Kyoto, Japan). The analysis was run on a lead 
column (Concise Separations, Coregel CHO 782, San Jose, 
CA, USA) heated to 70 °C with deionized water as eluent 
and a flow of 0.6 mL/min, using a refractive index detector 
(Shimadzu). The HPLC standard sugar solution contained 
glucose, xylose, arabinose, mannose and galactose in rel-
evant concentrations. The content from the solid phase was 
determined as acid-insoluble lignin (AIL) by gravimetric 
analysis.

2.5  Statistical analysis

Data for each of the chemical compounds was statistically 
analysed by analysis of variances (ANOVA) using the 
general linear model in Minitab 2121 (Pennsylvania, US) 
in which the effects of the fixed parameters tree species, 
geographical location, fertilizer treatment, and interactions 
thereof, were tested. It showed that location and species had 
significant effect on all compounds, while fertilizer treat-
ment did not, and with no interaction effects seen between 
location and fertilizer, or between fertilizer and species. 
Data for each chemical compound was therefore further 
treated separately for each species in 1-way ANOVA, fol-
lowed by post-hoc tests using the Tukey method with 95% 
confidence intervals to get the grouping information. Cor-
relation plots were done using the Python (v. 3.12.6) library 
biokit.vis.
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interaction effect between location and fertilizer, or between 
fertilizer and species (Table 3). Therefore, the data was fur-
ther treated separately for each species, with post-hoc tests 
indicating significant differences between samples. It can be 
noted that due to an unbalanced data set (i.e., not all species 
were present at all locations), it was not possible to deter-
mine if there was any interaction effect between location 
and species. The reason for the missing samples was caused 
by establishment failures of poplars on acidic soils, which is 
a result in line with other studies [27].

3.1  Fatty acid content for tree species and growth 
conditions

Oil is used by trees in temperate regions as a transient 
energy storage during the winter when metabolic shifts 
occur, which lead to increased amounts of oil that is stored 

3  Results and discussion

This study was carried out to find out the effects – if any – of 
fertilization and growth location on biomass composition. It 
is important to note that the data gathered in this study was 
to an effort to provide a source for future biorefinery strate-
gies; furthermore, access to such data is invaluable for engi-
neers the day an actual design is carried out. To analyze the 
effects of tree species, geographical location, and fertilizer 
treatment on biomass composition of wood tissue, the con-
tents of fatty acids, acid insoluble and soluble lignin, cellu-
lose, xylan, galactan, arabinose and mannan were analyzed. 
Of these compounds, cellulose, lignin and xylan made up 
the major proportion of wood tissue dry matter. Analysis of 
variances clearly showed that location and species had a sig-
nificant effect on all compounds analyzed, while fertilizer 
treatment had no effect (Table 3). Furthermore, there was no 

Fig. 3  Total fatty acid content (% of dry weight) in tree tissues sam-
pled from different species, locations, and fertilizer treatment (blue 
means fertilized, red means not fertilized). Locations are shown on 
the X-axes (A-E), for detailed information see Fig. 1. Results show 

the mean ± standard deviation based on 2–3 replicates. Bars that do 
not share a letter are significantly different according to Tukey’s test at 
significance level p < 0.05
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linoleic acid (16:0, 18:1, and 18:2, respectively) which are 
among the common fatty acids in most plants. It can be 
noted that even though the samples in our study were taken 
during the winter season, when the levels were expected to 
be the highest, the levels of total fatty acids were relatively 
low as compared to levels that were previously reported for 
wood tissue [13]. One explanation for this could be that the 
sample treatment before analysis of different compounds 
in our study were not optimized to avoid degradation of 
lipids (i.e. samples were dried at 45 °C and then stored at 
room temperature for a couple of months before fatty acid 
analysis). It could be noted that seasonal harvest time and 
processing and storage conditions of the raw material influ-
ence the fatty acid content, which might influence the bio-
refinery output.

in the cambial meristems and pith rays [13]. Crude tall oil is 
a by-product from the pulp industry which consists of fatty 
acids, resin acids and unsaponifiables and is produced at a 
yield of 30–50 kg/tonne pulp, where of approximately 60% 
are fatty acids [28]. The total fatty acid content in the sam-
ples in our study varied between approximately 0.1–0.5% 
by dry weight (Fig. 3). Significant species differences could 
be observed with Scots pine having the highest fatty acid 
content as compared to all the other species, which were 
not significantly different from each other (Fig. 3F). There 
were no clear trends with regard to the levels of fatty acids 
at different locations in Sweden, but for hybrid aspen and 
Norway spruce, the samples from Tönnersjöheden showed 
lower values than in samples from Hemling (Fig. 3A and 
E). The fatty acids consisted mainly of palmitic, oleic and 

Fig. 4  Acid-insoluble lignin content (% of dry weight) in tree tissues 
sampled from different species, locations, and fertilizer treatment 
(Blue: fertilized, Red: not fertilized). Locations are shown on the 
X-axes (A-E), for detailed information see Fig. 1. Results show the 

mean ± standard deviation based on 2–3 replicates. Bars that do not 
share a letter are significantly different according to Tukey’s test at 
significance level p < 0.05
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the structural carbohydrate data is that the Armsjön site 
produces Norway spruce and Scots pine with lower lignin 
content (Fig. 4 (AIL) and Fig. 5 (ASL)) and higher cel-
lulose contents (Fig. 6). This is a trend that is found for 
the softwood species from this site. The content of AIL 
in Scots pine and Norway spruce are approximately the 
same in all samples from the different locations, except a 
statistically significant lower content in Scots pine from 
Armsjön (Fig. 6). Unfortunately, hardwood samples are 
lacking from this location so comparisons between some 
species and additional sites were not possible to analyse. 
There could be several reasons for this finding, e.g., soil 
chemistry, which may have an effect on biomass composi-
tion. However, soil classification between site “Armsjön” 
and site “Gideå “are similar but the differences in lignin 
and cellulose remain. In addition, tree heights in most 

3.2  Composition of tree species and growth 
conditions

The compositions are presented in Figs. 4, 5, 6, 7, 8, 9 
and 10, which show the compositions for all the tree spe-
cies included in the study, compiled based on location. The 
overall compositions are all within the expected range, for 
the relevant species, which are published in the literature 
[29–34]. The acid-insoluble lignin (AIL) content is in gen-
eral higher for the softwood species, as is the mannan con-
tent. In contrast, the xylan content is observed to be higher 
in hardwood species [34].

From the results of this study, it can be concluded 
that the location is of higher importance than the poten-
tial addition of fertilizer regarding the composition of the 
tree species. However, one difference that can be seen in 

Fig. 5  Acid-soluble lignin content (% of dry weight) in tree tissues 
sampled from different species, locations, and fertilizer treatment (blue 
means fertilized, red means not fertilized). Locations are shown on the 
X-axes (A-E), for detailed information see Fig. 1. Results show the 

mean ± standard deviation based on 2–3 replicates. Bars that do not 
share a letter are significantly different according to Tukey’s test at 
significance level p < 0.05
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Regarding the galactan content, which makes up a 
smaller part of both hardwood and softwood (Fig. 8), it can 
be noted that the location is of minor importance for all 
wood species. In contrast, the arabinan content is slightly 
more influenced by the location of the plantation. A guarded 
interpretation of these results is that the more northern the 
location, the higher the arabinan content; however, the 
Armsjön site produced softwood species with notably less 
arabinan content than the other sites (Fig. 9). In softwood, 
the content of mannan is slightly lower in wood originating 
from the location Hemling, which is in the most northern 
and inland location. However, the mannan contents in Scot 
pine and Norway spruce are clearly higher than in the hard-
wood species (Fig. 10).

In terms of utilizing the different wood species in a biotech-
nology-based biorefinery, there are only minor differences 

experimental sites are similar so differences in tree size are 
not likely to cause these differences alone. As the cause for 
this difference currently remains unknown, the result with 
lower lignin and higher cellulose content at site “Armsjön” 
must be regarded with caution. The variation in cellulose 
content in the samples from the five locations is larger than 
are the corresponding lignin contents. However, the trends 
regarding location are not obvious. For hardwood, a more 
southern location seems to be beneficial to yield a higher 
cellulose content (Figs. 1 and 6). In contrast, this trend is 
not observed regarding softwood; however, a difference 
can be perceived for the two northern locations, Hemling 
and Gideå, where the cellulose content in Norway spruce 
is lower, in comparison with the other locations. The xylan 
contents vary less for the different harvesting locations 
(Fig. 7).

Fig. 6  Cellulose content (% of dry weight) in tree tissues sampled from 
different species, locations, and fertilizer treatment (blue means fertil-
ized, red means not fertilized). Locations are shown on the X-axes (A-
E), for detailed information see Fig. 1. Results show the mean ± stan-

dard deviation based on 2–3 replicates. Bars that do not share a letter 
are significantly different according to Tukey’s test at significance 
level p < 0.05
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birch as for these species’ biomass production would prob-
ably be about 4–10 m3 h− 1 and year–1. The findings in this 
study suggest that site conditions (except Armsjön) have 
limited effects on the biomass composition; thus, a wood 
biomass supply chain does not require the need of dividing 
where a tree species are produced but instead separating or 
with known mixtures of biomasses of known tree species. 
It is important to note that the biomass composition of the 
trees originating from different locations may influence the 
overall result after further processing. For example, a lower 
cellulose content will result in less glucose, which affects the 
overall yield of the desired product. In the same manner, a 
variation in lignin content will cause a similar problem, if 
lignin is to be used for a specific product. The ratio of the 
constituents may be important when decisions about the pro-
cess design are to be made. If the process aims at generation 
of fermentation products, such as ethanol or lactic acid, it 

between the output of carbohydrates from the different sites. 
Based on the compositional data alone, it would be possible 
to produce almost similar amounts of materials from one 
hectare at any of the sites. However, addition of fertilizer is 
important for annual growth; this results in a higher produc-
tivity and a higher yield per area, but our results suggests that 
there are minor changes in biomass composition. Altogether, 
this suggests that from a forest management perspective, bio-
mass productions can be optimised with one purpose: high 
production at each land unit. However, biomass production 
varies between species, with Populus species (Hybrid aspen 
and poplars) it can reach 25 m3 ha− 1 and year− 1 at arable 
land. but at forested arable land, biomass production is lover, 
about 15 m3 ha− 1 and year− 1 at a plantation age of 10 years 
[21]. However, at forest sites, poplar is problematic to culti-
vate due to the acidic soil conditions [27, 35]. Here, a better 
choice of tree species would probably be hybrid aspen or 

Fig. 7  Xylan content (% of dry weight) in tree tissues sampled from 
different species, locations, and fertilizer treatment (blue means fertil-
ized, red means not fertilized). Locations are shown on the X-axes (A-
E), for detailed information see Fig. 1. Results show the mean ± stan-

dard deviation based on 2–3 replicates. Bars that do not share a letter 
are significantly different according to Tukey’s test at significance 
level p < 0.05
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There are large land areas available where highly pro-
ductive biomass plantations (Populus) could be established 
reaching approximately 400 000 ha arable land [21, 23] and 
over 1.2 million ha of forested arable land [21]. It should be 
mentioned that the use arable land for these plantations will 
not compeat with food and feed production as the land can 
not meet the requirement for high productivity and exten-
cive and costly transportation of equipment to harvest and 
manage the sites.

However, the largest potential for producing large vol-
umes of biomass is probably forested arable land (often 
monocultures with Norway spruce and with low biodi-
versity values). Therefore, replacing these stands with 
a fast-growing broadleaf will probably have a positive 
effect on biodiversity and biomass productivity. As these 
tree species have a high biomass production, pressure of 

is common to use an enzyme cocktail, which converts the 
polymers into monomeric sugars. However, if the intended 
product is generated from, e.g., arabinoxylans or galactoglu-
comannans, then the ratio between the individual sugars has 
an impact on the final product.

The performance of the process may also be affected by 
the presence of compounds that were not analysed in the 
current study, e.g., various extractives. In addition, our 
results suggest that fertilization has limited effect on bio-
mass composition, suggesting that application of fertilizers 
can be used to increase biomass production without consid-
eration of biomass composition. In fact, forest fertilization 
is one of the cost-effective methods to increase growth of 
the Swedish forest, but it should be noted that the analysed 
samples are collected from relatively small trees, thus, fer-
tilization effects later in the rotation period could occur.

Fig. 8  Galactan content (% of dry weight) in tree tissues sampled from 
different species, locations, and fertilizer treatment (blue means fertil-
ized, red means not fertilized). Locations are shown on the X-axes (A-
E), for detailed information see Fig. 1. Results show the mean ± stan-

dard deviation based on 2–3 replicates. Bars that do not share a letter 
are significantly different according to Tukey’s test at significance 
level p < 0.05
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the situation, e.g., if gels or films are to be manufactured, 
where the components must be available at certain ratios 
to assure a consistent product quality.

However, our pairwise correlations between different 
chemical compounds in deciduous and coniferous spe-
cies (Fig. 11) suggest that that cellulose content is strongly 
negatively correlated to the acid-insoluble lignin content 
in deciduous trees. The same correlation could be seen in 
coniferous species, but in addition the cellulose content was 
also strongly negatively correlated to acid-soluble lignin as 
well as to arabinan content. In both deciduous and conif-
erous species, a strong positive correlation was observed 
between fatty acid and arabinan content. Further, arabinan 
content in conifer species was also strongly positively cor-
related to both acid-soluble and acid-insoluble lignins.

However, if the wood is intended for various fermenta-
tion processes, such as bioethanol or lactic acid production, 

harvesting natural forests might therefore decrease. Inter-
estingly a newly published paper Böhlenius et al. [21]. 
suggested that biomasses from these plantations, if estab-
lished, could support 16 bio-fuel industries, each with a 
capacity of 160 000 ton (dry weight) annually with the 
main location in the southern part of Sweden. Biorefiner-
ies require vast amounts of all-year-round material sup-
ply, which must not be transported too far away from the 
biorefinery location to avoid high material costs, while 
maintaining a sustainable chain of production [36]. There-
fore, it is of great advantage if the material supply to the 
biorefinery is not limited to specific wood species. If the 
product(s) can be generated from a blend of woody mate-
rials, the dependency of a single tree species is alleviated 
[36]. This may be possible, if the main product(s) is not 
relying on a certain relationship between xylose and arabi-
nose, or glucose, galactose and mannose, which may be 

Fig. 9  Arabinan content (% of dry weight) in tree tissues sampled from 
different species, locations, and fertilizer treatment (blue means fertil-
ized, red means not fertilized). Locations are shown on the X-axes (A-
E), for detailed information see Fig. 1. Results show the mean ± stan-

dard deviation based on 2–3 replicates. Bars that do not share a letter 
are significantly different according to Tukey’s test at significance 
level p < 0.05
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supply for industrial purposes, such as biofuel and chemical 
production.

	● The results suggest that biomass properties are not influ-
enced by geographic locations, i.e. longitude (north to 
south) but site conditions could have an impact.

	● Growth enhancing treatments with fertilizers had no ef-
fect on biomass composition.

	● Deciduous tree species have similar biomass composi-
tion; however, since the compositions are different to co-
niferous species, full-scale industrial processes must be 
properly designed and/or adjusted to reach optimal usage 
of the biomasses utilised. These results have an indus-
trial relevance, and they can be utilized for the aforemen-
tioned process-design. The results from this study may 
have the possibility to be generalized if similar studies 
are carried out in other regions and/or countries.

where the raw material is hydrolysed to monomeric sugars, 
the blend of various tree species may not be critical. Nev-
ertheless, it is of vital importance that the production pro-
cedure is robust for various raw material blends to avoid 
unexpected issues in the process; most chemical processes 
are designed for certain residence times in the reactors, and 
a specified range of expected product concentrations prior 
to the final downstream upgrading steps. If this does not 
hold true, the final product may be outside of the required 
product specification range.

4  Conclusions

This study is one of few studies that investigates how bio-
mass composition is influenced by growth conditions and 
forest management methods aimed at increasing biomass 

Fig. 10  Mannan content (% of dry weight) in tree tissues sampled from 
different species, locations, and fertilizer treatment (blue means fertil-
ized, red means not fertilized). Locations are shown on the X-axes (A-
E), for detailed information see Fig. 1. Results show the mean ± stan-

dard deviation based on 2–3 replicates. Bars that do not share a letter 
are significantly different according to Tukey’s test at significance 
level p < 0.05
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