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The increase in the demand for energy supply during the past few
decades has brought and will bring to a growth in the utilisation of
renewable resources, in particular of solid biomasses. Considering
the variability in the properties of biomass and the globalisation of
the timber market, a chemical and physical characterisation is essential to determine the biomass quality.
The specific international standards on solid biofuels (ISO 17225
series) describe proper specification and classification of wood chip
and pellet, to ensure appropriate quality. Moreover, standard requires
information about origin and source of the biomass, normally only to
be declared by the producers. In order to fulfill the requirements for
the biomass quality, the origin and the source should be assessed,
even if currently is hard to determine, in particular on milled or densified biomass. Infrared spectroscopy can provide information on the
biomass at the chemical level, directly linked also to its origin and
source. This technique is fast and not destructive thus suitable also
for online monitoring along the biofuel production chain. In this
study, 60 samples belonging to 8 different species were collected and

related spectra were acquired using a Fourier transform infrared (IR)
spectrometer equipped with a module for solid analysis and analysed
by principal component analysis. The results obtained show that the
method is very efficient in the identification between coniferous and
deciduous wood (99% confidence level) and good results were
obtained in the recognition of coniferous/deciduous mixtures, too.
Nevertheless, some clear differences have been also noted among
intra-class grouping, but additional tests should be carried out.
This technique can provide useful information to solid biofuel
stakeholders about wood quality and origin, important especially for
sustainability issues. Further work will be oriented to the development of IR methodologies for the fast measurement of other important biomass parameters (e.g., ash content, high calorific value, nitrogen content, etc.).
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Considering the continuous increase in energy demand (Casal et
al., 2010) at global level, during the next years the energy production
is expected to grow (González et al., 2015). For this reason it is important to ensure the supply of reliable and affordable energy and to
achieve a low-carbon, high-efficiency and sustainable energy system.
In order to decrease the levels of greenhouse gases in our atmosphere it is fundamental to increase the contribution of renewable
energy to our energy supply (IEA, 2004). In that respect, European
public policies have set the target of 20% for the share of renewable
sources in energy consumption in the EU by 2020.
Since 2004, the share of renewable sources in gross final consumption of energy grew significantly in all European Member States, with
thirteen Member States having at least doubled their share of renewables over the last 10 years (EUROSTAT, 2015). Biomass, a key renewable energy source, contributed approximately 9.9% to the EU’s
renewable electricity in 2013 (EUROSTAT, 2015).
Considering the increase in the use of solid biofuels, a greater control of biomass to ensure its quality is needed. Some biofuels are relatively homogeneous, i.e., wood pellets (Toscano et al., 2013; Duca et
al., 2014), while others like woodchips are rather heterogeneous
because of the presence of bark and other contaminants (Spinelli et
al., 2011).
In recent years CEN/TC 335 has established a number of standards
relating to solid biofuel quality including woody and non-woody material to ensure biomass quality both for industrial use and commercial
and residential application (CEN/TC 335, 2014).
According to the CEN standards, biomasses have to respect specified limits for a number of quality parameters to make sure the efficient operation of industrial and small-scale boilers. Quality is determined not only by chemical-physical parameters, but also by quality
attributes such as origin and source to be displayed on the labels of
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Materials and methods
Sample preparation

Fourier transform-infrared-attenuated total
reflectance analysis
Mid infrared spectra were collected for all woody samples by means
of a Fourier transform infrared spectrometer (FT-IR mod. Nicolet iS
10; Thermo Fisher Scientific, Inc., Waltham, MA, USA) equipped with
a ZnSe single reflection attenuated total reflectance accessory (mod.
Smart iTR; Thermo Fisher Scientific, Inc.). For each analysis a small
amount of milled sample was pressed onto the crystal using a high
pressure tower and its infrared spectra acquired with the following
settings: wave number range of 4000÷600 cm–1; 64 scans per sample;
spectral resolution of 4 cm–1. In order to exclude signals, which are not
associated to the sample (e.g., environment), an infrared spectrum
without sample (blank spectrum) was acquired before each analysis.
All samples were analysed in triplicate.
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Data pre-treatment and principal component analysis
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All infrared spectra were pre-treated before performing PCA. The
signal pre-treatment is useful to better show the spectral differences
between hardwood and softwood. PCA is one of several multivariate
chemometric methods able to extract information from noisy data; in
this study it was performed for the evaluation of spectral data and for
the discrimination of the two classes of wood. All the pre-treatment
operations were performed by The Unscrambler® (ver. 9.7; Camo
Process AS, Oslo, Norway). As a first step, the fingerprint region that
contained the most spectral information was selected for subsequent
elaboration, i.e., the wavenumber range between 650 cm–1 up to 1850
cm–1.
Afterwards, standard normal variate was performed to reduce the
variations caused by scattering effects and first derivatives (second
polynomial order, 13 smoothing points with Savitzky-Golay) were calculated in order to enhance spectral differences. As last step, before
the chemometric processing, the three replicates of each sample were
averaged in one representative pre-processed spectrum.
PCA was performed by means of Matlab (ver. 7.10.0; The
MathWorks, Inc., Natick, MA, USA) on the data matrix of wood samples
resulting from the pre-treatment process. The data were mean centred
before computation. For each of the two groups, i.e., hardwood and
softwood, an error ellipse was calculated at a specific level of significance (99% confidence level). Loading plot of the PC1 was assessed to
identify the compounds associated to the hardwood and softwood discrimination. Finally, the spectra of the mixtures were projected on PCs
space using the loadings calculated in the PCA of wood samples. A further elaboration of the PCA results has shown also a good performance
in wood species identification.

N

on
-c

om

m

er
c

In this study, 30 hardwoods and 30 softwoods, reported in Table 1,
have been collected and analysed. The selected wood species are widespread and common in Europe for pellet production. The samples were
obtained from whole pieces of wood with well-known origin, like
beams or boards from sawmills and debarked tree log disks wood
slices. All the samples were initially reduced in smaller pieces and subsequently were ground by means of a cutting mill (mod. SM 2000;
Retsch GmbH, Haan, Germany). The material was sieved and the particles size under 0.25 mm was selected for IR analysis. The samples
were stored in plastic containers until the analysis.
Some mixtures between hardwood and softwood were prepared and
analysed in the same way as samples in order to test the ability of the
multivariate model to distinguish the mixtures from the individual
constituents in pure ground wood products.
For the preparation of the mixtures the most common European
species for the production of woody pellets in Europe have been used,
i.e., beech, fir and pine. In order to increase the representativeness of
the material and to simulate the industrial conditions, 10 samples of
the same species were mixed together in equal quantities to obtain an

average sample. The average samples were then mixed in the proportions indicated in Table 2 to form the 6 mixtures used in this study.
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the product. Unfortunately, conventional wet chemistry analysis is
time-consuming, labour-intensive and expensive, all of which hinder
at-line or online operation (Liu et al., 2010). Infrared spectroscopy
returns results in short time and at a reduced cost, thus can permit a
best control on the market by the producers and distributors of the biofuel and the operators involved in the quality control. Within this context near infrared spectroscopy is playing an important role in the biofuel and bioenergy sector for the prediction of chemical characteristics (Lestander et al., 2009; Fagan et al., 2011) and quality attributes
of biomass (Chen et al., 2010; Santoni et al., 2015).
Prediction of the origin and source using infrared spectroscopy
would allow biomass producers and suppliers to guarantee that the
product fulfils the requirements for the biomass quality, especially on
milled or densified biomass currently hard to determine and only
declared by the producers with few practical possibilities to verify
these claims.
Taking into account the above considerations, the purpose of this
study is to identify spectral differences between hardwood and softwood samples by means of Fourier transform infrared spectrometer
(FT-IR) and principal component analysis (PCA) (Bergman et al.,
2005). For this purpose, the spectra of 60 wood samples were used as
training set. Furthermore, the PCA model was tested by analysing six
mixtures of different amount of hardwood and softwood.

Table 1. Number of samples divided by type of species.
Hardwood
Sessile oak (Quercus petraea)
Beech (Fagus sylvatica)
Ash (Fraxinus excelsior)
Sycamore maple (Acer pseudoplatanus)
Sugar maple (Acer saccharum)
[page 18]

(n=30)

Softwood

(n=30)

10
10
3
4
3

Larch (Larix decidua)
Fir (Abies spp.)
Pine (Pinus spp.)

3
11
16
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Spectra analysis
The FT-IR spectra of 30 softwoods and 30 hardwoods are shown in
Figure 1. Although the spectra could seem similar graphically, there are
some evident spectral differences between hardwood and softwood
groups, as highlighted in Figure 1. These differences are obviously less
evident in mixture of both groups.
PCA can exploit these differences to identify which group the sample
belongs to or the component amounts in a mixture. For this reason PCA
could be a useful analytical tool for wood and pellet industries for monitoring, processing control and logistic issues.

Principal component analysis

Table 2. Proportions of hardwood/softwood mixtures.
Mixture
BF 1
BF 2
BF 3
BP 1
BP 2
BP 3

Beech

Fir

Pine

25
50
75
25
50
75

75
50
25
-

75
50
25
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The scree plot (Figure 2) shows that the two first PCs together
account for 86.3% (PC1: 78.6%; PC2: 7.7%) of the total initial variability,
considering also PC3 (4.7%) the value reaches 91.0%. Therefore, the
following elaborations take into account the three first PCs.

Figure 3 presents the scores of the three first PCs: as evident there
is a clear separation between the two groups along the PC1. Hardwoods
have positive PC1 scores, while softwoods have negative PC1 scores.
Hardwood and softwood groups are significantly separated as shown by
99% confidence limits, highlighted as grey ellipsoids in Figure 3.
The projections of the six mixtures on the three first PCs space are
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Results and discussion

N

Figure 1. Spectra of softwood (red line on the left, n=30) and hardwood (green line on the right, n=30).

Figure 2. Scree plot of principal component (PC) analysis.

Figure 3. Score plot of the three first principal components (PC).
Green dots: hardwood; red dots: softwood; blue dots: mixture.
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clearly positioned outside the ellipsoids. In addition, the distances from
the groups are in line with the mixture percentages: BF1 and BP1 are
placed in the left side of the plot near the softwood ellipsoid, while BF3
and BP3 are placed in the right side near the hardwood ellipsoid. BF2
and BP2 are positioned in the middle as expected, highlighting the
suitability of the method. It is evident that the methodology is efficient
in identifying mixture from pure wood and has a good potential for
quantitative purposes also at low concentrations.
More detailed information at the qualitative level about wood species
can be obtained. In Figure 4 is reported the result of intra-class grouping, where samples belonging to the same species have similar scores.
This behaviour is more evident for some species than others. Sessile
oak is clearly divided from the other deciduous species. The two
species of maple can be clustered in the same group. Evident is also the
division between pine and fir and between sessile oak and beech.

Instead, small groups of samples, i.e., larch and ash, are problematic to
discriminate probably because of the low number of samples. Even if
the recognition of the species was not the principal aim of this study,
some very good results have been achieved and could be further investigated in order to be exploited in industry applications.
In Figure 5 the loading plot of PC1 has been reported with the indication of the most relevant wavenumbers. In Table 3 the most relevant
wavenumbers associated to the differences between hardwoods and
softwoods have been reported. The most relevant compounds responsible to the discrimination are lignin and hemicellulose, which are effectively different in chemical composition between hardwood and softwood. In more detail softwood lignin is mainly (<98%) composed of
guaiacyl-units (Feldman, 1985), while hardwood one is composed by
guaiacyl/syringil units in variable rates. Hemicelluloses are mainly
composed by 80-90% of 4-O-methylglucoronoxylan in hardwoods, while

Table 3. Main infrared absorption bands found in PC1 responsible for hardwood and softwood discrimination.
Compound Reference

806
1042
1122
1143
1235

Glucomannan
(s) C-C and (s) C-O
(b) C-H in plane in the syringyl monomer
(b) aromatic C-H in plane of guaiacyl units
Syringyl ring breathing with (s) C-O, (s)
C-C stretching, (b) OH in plane

H
L
L
L, C

6

1328

L, C

7

1512

C1-O syringyl derivates plus guaiacyl
(characteristic of hardwoods)
and C-H vibration in cellulose
Specific band of aromatic skeletal vibrations

8

1593

L

9

1693

10

1734

(Schwanninger et al., 2004; Deka et al., 2008) 806 cm−1
(Popescu et al., 2009) 1040 cm−1
(Pandey and Pitman, 2003) 1122 cm−1
(Schwanninger et al., 2004) 1140 cm−1
(Evans, 1991; Popescu et al., 2009) 1234 cm−1
(Reyes et al., 2013) 1233 cm−1
(Emandi et al., 2011) 1226-1234 cm−1
(Emandi et al., 2011) 1320-1328 cm−1
(Pandey and Pitman, 2004) 1328 cm−1
(Faix, 1991) 1330 cm−1
(Popescu et al., 2009) 1510 cm−1
(Schwanninger et al., 2004) 1515-1505 cm−1
(Emandi et al., 2011) 1510-1501 cm−1
(Popescu et al., 2009) 1594 cm−1
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4
5
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Wavenumber (cm−1)
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Peak number
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(s) C=C of the aromatic ring (syringyl),
(s) C=O, (b) CH
C=O stretching vibrations of unsaturated
acids and ketones (resin acids)
(s) Unconjugated C=O in ketones,
carbonyls and ester groups in xylans,
well defined in hardwood respect to softwood

L

E
H

(Mamleeva et al., 2009) 1690 cm−1
(Nuopponen et al., 2003; Rautkari et al., 2010) 1697 cm−1
(Chen et al., 2010) 1739 cm−1
(Pandey and Pitman, 2003) 1738/1734 cm−1
(Emandi et al., 2011) 1724-1736 cm−1

N

(s), stretching; (b), bending; H, hemicellulose; C, cellulose; L, lignin; E, extractives.

Figure 4. Score plot of the two first principal components (PC).
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Figure 5. Loading plot of principal component 1 (PC1).
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This study clearly indicates that infrared spectroscopy associated
with multivariate analysis can effectively discriminate wood samples
between hardwood, softwood and mixtures. For this reason, the method
could be a valid support to verify the compliance to biomass quality
technical standard. Exploiting the chemical differences between hardwood and softwood the method is able to identify the material, mainly
due to lignin and hemicellulose content. The application of this technique on the ground material employed in the pellet production process
has several strong points such as fast and non-destructive analytical
response, low cost of the analysis and no requirement of specialised
operators. Therefore the information on the biomass quality is quickly
returned. Infrared spectroscopy results to be easily implementable on
production lines and allows a monitoring of the ground material both
for a control of suppliers and for process tuning. Interesting practical
aspects could be the mixing of hardwood and softwood in order to
obtain the optimal densified product density and the control of energy
consumption and efficiencies during pelletizing. Moreover, it could be
used to check the conformity of the producers’ declarations, e.g., softwood presence in a sample declared 100% hardwood. The method is
already effective for the discrimination of hardwood, softwood and mixtures, but needs further development to enhance the information on
biomass quality, both in species identification and in other quality
parameters (e.g., calorific value, nitrogen content, ash content).
Further studies are needed to assess the performance of this method
also on more heterogeneous biofuels (e.g., woodchips).
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60-70% glucomannans and 15-30% arabinogalactan are the main constituents in the softwood (Toscano et al., 2015).
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