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Abstract. The EU common effort to reduce fossil fuel consumption paves the
way to enhancing interest towards renewable resources, as solid biofuel. Its
properties and origin are fundamental issues affecting energy conversion effi-
ciency and supply chain sustainability. Laboratory conventional analyses are
time consuming and require huge economic efforts, so it is essential to obtain
rapid and real-time quality information along all the supply chain. Near Infrared
Spectroscopy (NIRS) is able to satisfy these requirements, minimizing the time
delay and promoting on site analysis along the whole process. The aim of the
present work is to evaluate the performance of two different portable MEMS
(Micro Electro Mechanical System) NIR spectrophotometers for identifying the
raw biomass of which pellet is made. Thus, samples of different categories have
been collected, particularly Italian softwood and hardwood species, wood pro-
cessing industry residues and bioenergy crops. Ten replicates for each sample
have been performed and different spectral pretreatments have been tested to
reduce noise and scattering effects. Principal Component Analysis (PCA) has
been used to investigate the spectral variability and look for groupings among
the categories. According to the spectral range, the C12 and C13 spectropho-
tometers revealed different performance in groups separation due to the detec-
tion of different chemical bonds, for example glue presence. More interesting
results could be obtained by widening the biomass samples to manage stronger
dataset for chemometrics analysis. Nevertheless, results of the research aim at
introducing NIR sensor, coupled with chemometrics, onboard pellet combustion
devices to improve process efficiency and environmental performance.
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1 Introduction

The current economic and political situation and the EU effort to reduce fossil fuel
consumption paves the way to enhancing interest towards renewable resources. Solid
biofuels play a key role, but their physical properties and origin are fundamental is-
sues affecting energy conversion efficiency and supply chain sustainability [1]. But
laboratory conventional analyses are time consuming and require important economic
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efforts, therefore it is crucial to obtain rapid and real-time quality control method
along all the supply chain [2]. Near Infrared Spectroscopy (NIRS), coupled with
chemometrics, proves to be able to satisfy these requirements, minimizing the time
delay of the laboratory analyses and promoting on-site monitoring along the whole
process [3]. The main aim of the present work is to evaluate the performance of two
different portable MEMS (Micro Electro- Mechanical System) NIR spectrophotome-
ters for identifying and detecting the raw inner components of different pellet source.
In this way, three categories are investigated to evaluate three groups separation: i)
softwood and hardwood species, ii) wood processing industry residues and iii) bioen-
ergy crops.

2 Material and Method

2.1 Biomass material

To start the investigation, a total of 178 sample have been considered. According to
the different classification analyses, different biomass typologies have been collected
for each category, as shown in Table 1.

Table 1. Class division of considered biomass samples.

. . . Number of
Aim Biomass origin
samples
Pine tree 15
Fir wood 19
Softwood/Hardwood Oak 9
Chestnut 4
Beech 25
Oriented Strand Board (OSB) 12
Chipboard (CB) 29
Treated wood Plywood (PW) 9
Multilayer (MLT) 3
Straw 15
Sorghum 15
Herbaceous Sorghum stalk 15
Corn stalk 15

Each sample, after stabilization process, has been milled to 1 mm of particle size us-
ing a cutting mill (mod.SM 2000, RETSCH), then each sample has been stored in
hermetically closed plastic vial to maintain physical characteristics unaltered.

2.2 NIRS analysis

NIR spectral acquisitions were performed using two compact and portable spectro-
photometers MEMS (Micro Electro-Mechanical System, HAMAMATSU) operating



on different spectral range: i) C15712 model (C12): 1350-1650 nm (7407-6061 cm™?),
spectral resolution of 18 nm, and ii) C15713 model (C13): 1550-1850 nm) (6452-
5405 cm), spectral resolution of 20 nm. These modules have built-in light source
(tungsten lamp) and MEMS-FPI spectrum sensor (InGaAs photodiode), using Fabry-
Perot Interferometer. Their compact size and weight (32x74x16 and 80 gr) make them
handy and suitable for on-field application.

The acquisitions were carried out in reflectance mode. The reference, shading (light
on) and background spectrum (light off) were acquired every hour during the analysis.
Ten replicates were performed for each sample, following pyramidal scheme around
the little heap poured from the plastic vial on a flat surface.

2.3  Chemometric elaboration

Chemometrics turned out to be fundamental to multivariate analyses performances to
extract relevant information from spectral data about the material origin, according to
chemical differences between biomass sources. PCA method was computed for each
material classification using Matlab (ver. 9.7.0, 2019) to group sample among differ-
ent categories. Spectra were pretreated to reduce noise and scattering effect, coming
from external lights interference. PCA analysis were developed on mean-centered
data of the replicates and performances have been checked using score plot. Then
spectra interpretation has been carried out in the loading plot to main relevant peaks
assessment, considering Principal Components (PCs) investigation to identify main
discriminative chemical components.

3 Results

3.1  Softwood/Hardwood

A total of 72 virgin wood samples have been considered to discriminate softwood
from hardwood. According to the spectral range, C13 spectrophotometer has shown to
provide a better separation between hardwood and softwood species than C12 due to
C-H bonds detection related to wood components. The best performance has been
obtained with second derivative pre-treatment (second polynomial order, 21 smooth-
ing points with Savitzky-Golay) on the entire spectral range and each sample was
averaged across its ten replicates.

The spatial distribution for the first and second PC has been provided in the score plot
(Fig.1). The clear separation between groups and the higher scattering distribution of
hardwood samples could be due to their higher inner variability [4].
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Fig. 1. Score plot of the two PCs for the virgin wood separation (softwood/hardwood). The
dash line shows the evident separation between groups.

The most relevant wavenumbers, related to the negative peaks according to the deriv-
ative pretreatment (second derivative), have been provided in the loading plot (Fig.2).
Dash line and corresponding number have been used to identify the main negative
peaks both related to the first and second PCs. In particular: 1) peak at 1672 nm is
related to aromatic groups of lignin, while 2) peak at 1679 nm and 3) peak at 1709 nm
are related to hemicellulose (C-H stretching bonds) [5].
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Fig. 2. Loading plot of spectra with second derivative (second polynomial order, 21 smoothing
points with Savitzky Golay) related to softwood/hardwood separation. Dash lines and respec-
tive number refer to the main negative peaks revealed.



3.2 Virgin wood/Herbaceous

A total of 72 virgin wood and 60 herbaceous samples have been considered to dis-
criminate between different biomaterials. According to the spectral range, C13 spec-
trophotometer has again shown a slight better separation between typologies than
C12, related to wood components. The best performance has been obtained with sec-
ond derivative pre-treatment (second polynomial order, 21 smoothing points with
Savitzky-Golay) on the entire spectral range and each sample was averaged across its
ten replicates.

The spatial distribution for the first and second PC has been provided in the score plot
(Fig.3). The clear separation between hardwood and softwood is confirmed, as well as
the separation with herbaceous material, where samples show a less scattering be-
cause of the reduced heterogeneity.
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Fig. 3. Score plot of the two PCs for the virgin wood-herbaceous separation. The rectangular
blocks help to better shaping the separation.

The most relevant wavenumbers, related to the negative peaks according to the deriv-
ative pretreatment (second derivative), have been provided in the loading plot (Fig.4).
Even in this case, dash line and corresponding number have been used to identify the
main negative peaks both related to the first and second PCs. Detected peaks comply
with the previous detection for the virgin material separation, in particular: 1) peak at
1670 nm is related to aromatic groups of lignin, while 2) peak at 1705 nm is related to
hemicellulose; 3) peak at 1725 nm corresponded to C-H stretching bonds [5].
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Fig. 4. Loading plot of spectra with second derivative (second polynomial order, 21 smoothing
points with Savitzky Golay) related to virgin wood/herbaceous samples separation. Dash lines
and respective number refer to the main negative peaks revealed.

3.3 Virgin wood/Treated wood

A total of 72 virgin wood and 46 treated wood samples have been considered to dis-
criminate the treatment degree of wood. According to the spectral range, C12 spec-
trophotometer has shown better performance than C13 in grouping related to wood
additives and components. The best performance has been obtained with first deriva-
tive pre-treatment (second polynomial order, 21 smoothing points with Savitzky-
Golay) on the entire spectral range and each sample was averaged across its ten repli-
cates.

The spatial distribution for the first and second PC has been provided in the score plot
(Fig.5). The limited separation between virgin and treated wood is more evident along
both PC1 and PC2 directions. In particular, virgin wood main fitting the positive PC1
and negative PC2, whereas the opposite has been confirmed for treated wood. The
closeness between softwood and treated wood reflects the use of fir wood residues in
industrial wood treatment, in particular for OSB and plywood [6], while hardwood is
confirmed more heterogenous than other groups [4].
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Fig. 5. Score plot of the two PCs for the virgin wood-treated wood separation. The dash line
shows the slight and not marked separation between groups.

The most relevant wavenumbers, related to the positive peaks according to the first
derivative pre-treatment, have been provide in the loading plot (Fig.6). Even in this
case, dash line and corresponding number have been used to identify the main posi-
tive peaks both related to the first and second PCs. Although detected peaks shown to
be less significant, they are more concentrated in different wavenumbers than previ-
ous separations, in particular: 1) peak at 1405 nm, related to lignin and extractives and
2) peak at 1480 nm, related to cellulose and to O-H stretching bonds This shifting is
probably related to specific glue bonds detection [7].
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Fig. 6. Loading plot of spectra with first derivative related to virgin wood/treated wood samples
separation. Dash lines and respective number refer to the main positive peaks revealed.



4 Conclusion

Results demonstrate the reliability of the performances of NIR application to discrim-
inate origin and biomass chemical components. More useful results could be obtained
by widening the biomass samples to manage stronger dataset for chemometrics analy-
sis. Nevertheless, NIRS can be considered a smart, rapid and cost-effective tool to
characterize biofuel quality and to improve the effectiveness of biomass placing and
utilization as a renewable resource. Furthermore, the use of portable NIRS instru-
ments, coupled with chemometrics, could enhance the monitoring performance,
onboard combustion devices and along conveyor belts, to control environmental im-
pact.
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