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Abstract: Historically, on-line and real-time measurement
of wood chip properties in the pulp and paper industry has
been a challenge and has hampered the development of
advanced process control strategies. In this study, visible
and near-infrared (VIS-NIR) spectroscopy is investigated as
a means to characterize wood chip brightness and chemical
composition (i.e. extractives, lignin and holocellulose
content) on-line. The estimated standard error on the
holocellulose reference measurement was significantly
reduced using data reconciliation. VIS-NIR calibration
models were developed using partial least square regres-
sion. Derivative and baseline correction were found to be
the most appropriate pre-processing methods. Model
desensitization to the influence of moisture content and
temperature by means of external parameter orthogonali-
zation resulted in more robust models critical for on-line
applications under harsh industrial conditions.Wavelength
selection improved model accuracy for all properties. A
comparison of two different spectrometer and probe com-
binations demonstrated that, after wavelengths selection, a
non-contactmeasurement ofwoodchips performsaswell as
a contact measurement of wood powder for monitoring
chemical composition. On-line prediction of wood chip
brightness and chemical composition using the developed
VIS-NIR models was demonstrated over 7 months in a kraft
pulp mill processing both hardwood and softwood chips.

Keywords: analyzer; chemical composition; near-infrared
spectroscopy; non-destructive; on-line monitoring; wood
chips.

1 Introduction

Wood is a biological raw material and, as such, has an
inherent variability in chemical composition and physical
properties. Wood chemical composition consists mainly of
holocellulose (cellulose and hemicelluloses), lignin, and
extractives. The concentrations vary substantially among
trees and are a function of wood type (hardwood versus
softwood), species, age, growing conditions and season of
harvest (see Table 1). Wood properties also vary with anat-
omy within a tree and after harvest during storage and
seasoning. Historically, on-line and real-time measurement
of wood chip properties in the pulp and paper industry has
been a challenge and has hampered the development of
advanced process control strategies (Trung and Allison
2015). MacLeod (2007) summarizes the situation as follows,
“Surprisingly for a worldwide industry which has been in
business for many decades, there is no simple, fast, and
cheap way to determine the gross chemical composition of
the wood in use”. According to MacLeod (2007), the chem-
ical composition of wood is the primary variable in deter-
mining kraft pulp yield, delignification rate and the alkali
chargeneeded to reach a target kappanumber. Brightness is
a physical property of the wood that is of particular impor-
tance for thermomechanical pulp (TMP) as it influences
bleaching agent consumption and product quality (Hu et al.
2011; Schanda 2007). High feedstock variability makes it
difficult to obtain uniformly high quality pulp at the desired
production rate, yield and target properties. Frequent
and low-cost measurement of wood chip properties would
be beneficial to the industry in many ways. First, it could be
used to develop new and advanced process control strate-
gies for optimizing operations (digester, refiner and bleach
plant) in order to maximize the value extracted from the
feedstock, minimize waste, and keep production volumes
and product quality on target. Second, it would facili-
tate process troubleshooting when issues arise in a mill
(e.g. accelerated corrosion, pitch depositions, kappa vari-
ability, etc.). Third, it would help to gain a better under-
standingof the chip seasoningprocess and, in turn, to better
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regulate the duration of seasoning and its impact on the
pulping process. Fourth, it could help to better assess the
quality and value of purchased chips.

The literature shows that visible and near-infrared
(VIS-NIR) spectroscopy combined with chemometrics can
be used to measure a multitude of wood properties
(Tsuchikawa 2007; Tsuchikawa and Kobori 2015). VIS-NIR
spectroscopy is a promising technology for on-line real-time
characterization of wood and biomass properties because it
is non-contacting, non-destructive, fast and safe with no
requirement for sample preparation and, most importantly,
it can measure multiple properties simultaneously. Sup-
plementary Table S1 summarizes results obtained from
literature studies on the measurement of brightness and
woodchemical compounds.Most of thesepublicationswere
either feasibility studies or studies that aimed at developing
a portable or bench-top spectroscopic system for solid or
ground wood in a conditioned or dry state. The measure-
ment of fresh wood chips entering a mill is a much harder
problem. First, fresh chips are expected to exhibit wide
variations in moisture content and temperature that influ-
ence the spectra and, thereby, interfere in the prediction of
the targeted properties (Hans and Allison 2019). Second,
random chip orientation and conveyer movement result in
more spectral variability than from a stationary sample
(Axrup et al. 2000). Off-line predictions of TMP brightness
from VIS-NIR spectra collected on solid and ground wood
samples was reported in Nilsson et al. (2005). However, this
study, like others using RGB cameras (Achiche et al. 2005,
2007; Benaoudia et al. 2005), inferred pulp brightness and
did not measure wood brightness directly. A direct method
to measure wood chip ISO brightness off-line was proposed
in Hu et al. (2011) and a linear correlation to TMP brightness
was demonstrated. On-line measurements of fresh wood
chip extractives and Klason lignin were reported in Axrup
et al. (2000). Amodel for total (soluble and insoluble) lignin
content was subsequently presented in Skvaril et al. (2015a)
and used in simulation of model based control and diag-
nostic strategies for a continuous pulp digester (Moksadur
et al. 2018; Skvaril et al. 2015b). To the best of our knowl-
edge, these four studies are the only ones that discuss the

on-line measurement of fresh wood chip chemical compo-
sition under industrial conditions. However, the problem of
calibrationmodel robustness to confounding variables such
as moisture content and temperature was not discussed in
their work. In addition, it appears that the measurement of
fresh chip holocellulose content has not been presented.

Recently, an on-line analyzer based on NIR spectros-
copy capable of measuring wood chip and biomass mois-
ture content, temperature and calorific valuewas developed
(Hans and Allison 2019; Hans et al. 2017) and subsequently
employed in a dry chip feed-rate control strategy for
continuous digesters (Gilbert et al. 2018). The novelty of this
study is the extension of this work to the on-line charac-
terization of wood chip brightness and chemical composi-
tion, i.e. extractives, lignin and holocellulose content while
accounting for the influence of moisture content and tem-
perature on the spectra aswell as changes in chip properties
occurring during seasoning. For this purpose, wood chips
from four western Canadian species (hardwoods and soft-
woods) were seasoned for one year and samples collected
every month. Including different species provided vari-
ability in holocellulose and lignin content while variability
in brightness and extractives content was generated by
seasoning (Allen et al. 1991; Gutiérrez et al. 1998, 1999). This
variability is especially useful for developing robust cali-
bration models based on VIS-NIR spectroscopy. Potential
errors in the reference measurements were mitigated using
data reconciliation (Crowe et al. 1983). VIS-NIR measure-
ments were done on frozen and unfrozen fresh chips as well
as on dry chips and wood powder by means of two different
spectrometers. This experimental protocol enabled studying
the effect of the instrumentation design and material type
and condition on the spectra and prediction models. The
choice of spectra pre-processing method and wavelength
selection are discussed and the models are desensitized for
the influence ofmoisture content and temperaturebymeans
of external parameter orthogonalization (EPO) (Roger et al.
2003). Finally, the calibration models obtained are quali-
tatively validatedon-line over 7monthsof data acquired ina
western Canadian kraft mill that produces both hardwood
and softwood pulp grades.

2 Materials and methods

2.1 Sample preparation

In October 2018, logs were freshly harvested in the vicinity of the town
of 100 Mile House, in the province of British Columbia, Canada. Two
logs of 2 m long and with an average diameter of about 15 cm in
diameter were harvested from the base of two separate trees for four

Table : Chemical composition of hardwoods and softwoods
(in % dry mass).

Chemical Hardwoods Softwoods References

Cellulose – – Tarasov et al. ()
Hemicellulose – –
Lignin – –
Extractives – – Sjöström and Alén ()
Ash .–. .–. Rowell ()
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different species common in the area: aspen (Populus tremuloides
Michx.), black cottonwood (Populus trichocarpa Torr. & A.Gray ex.
Hook.), black spruce (Picea mariana (Mill.) Britton, Sterns & Poggen-
burg) and Douglas fir (Pseudotsuga menziesii (Mirbel) Franco). In the
remainder of this paper, we will refer to these as A, BC, BS and DF,
respectively. The logs were sealed in plastics bags immediately after
harvesting and shipped to FPInnovations’ facilities in Vancouver.
Logs were debarked manually and chipped in a CM&E Model 36 disc
chipper. Chips from each species were sealed in separate plastics bags
and the chipper was cleaned between species to avoid mixing. In
November 2018, four small chip piles of approximately 1m in diameter
and 50 cm in height, were constructed in FPInnovations’ yard and left
to age for one year under natural conditions. Each month, a sample of
chips of approximately 3 kg was collected from the surface of each
pile, sealed in a plastic bag and immediately frozen. In November
2019, all samples collected during the previous 12 months were pro-
cessed through a Williams classifier for 1.5 min. Chips smaller than
3/8ʺ (0.95 cm) and larger than 1 1/8ʺ (3.49 cm) were discarded.

2.2 Near-infrared spectroscopy

Fresh sampleswere scanned frozen (−20 °C) andunfrozen (20 °C)with a
Polytec PSS-2121 (Polytec GmbH, Waldbronn, Germany) near-infrared
(NIR) spectrometer connected to a Polytec PSS-H-A03 sensor head.
This spectrometer operates in the wavelength range of 1100–2100 nm.
Further details on this systemare given inHans et al. (2017). The sensor
head was installed over a turntable, at a distance of 25 cm from the
surface of the sample that was placed in a 40 cm diameter pan. The
Polytec spectrometer’s integration time was set to 25 ms and 400
spectra were averaged per scan. The samples were then dried over-
night at 35 °C ina ventilateddrying chamber to amoisture content of 5.5
± 0.8% (wet basis). In the chamber, the chipswere spread on ametallic
lattice to ensure even drying. Samples were then re-scanned under the
Polytec system and with an ASD LabSpec 4 VIS-NIR spectrometer
connected to an ASD turntable. The ASD LabSpec 4 operates in the
wavelength range of 350–2500 nm with a resolution of 1 nm. The light
source of the ASD turntable was positioned 10 cm above the surface of
the sample that was placed in a 14 cm diameter pan. The ASD spec-
trometer’s integration time was set to 34 ms and 50 spectra were
averaged per scan. Finally, following standard T257 (Tappi standard
2014), the chip samples were ground in a Wiley mill (model ED-5;
Thomas Scientific, Swedesboro, New Jersey) equipped with a 0.50 mm
sieve and then further ground in a second Wiley mill (model 8-338;
Thomas Scientific) equipped with a 40 mesh (0.38 mm). Dry ice was
added with the chips in theWiley mills to avoid over-heating (Hu et al.
2011). A subsample of the final wood powder produced was collected
from each sample and placed in an aluminum pan with a diameter of
5 cm. This subsample was scanned with the ASD LabSpec 4 connected
to an ASD contact probe with an illumination diameter of 1 cm. The

contact probe was placed directly in contact with the powder but no
pressure was applied (other than that generated by the probe’s own
weight).

This succession of spectroscopic measurements generated four
distinct spectral datasets acquired from various types of wood mate-
rial, with different instruments and under diverse conditions of
moisture and temperature. The characteristics of these datasets along
with their labels are summarized in Table 2.

2.3 Brightness and chemical analysis

For each sample, another subsample of wood powder was collected
and ISO brightness was measured as the directional reflectance of
light at 457 nm following Hu et al. (2011). A final subsample of
approximately 1 g of wood power was extracted with acetone for
20 min on an ASE (Accelerated Solvent Extraction) system (Thermo
Fischer Scientific) at 1600 psi and 90 °C. The extractives were evapo-
rated, oven dried for 1 h and weighed to determine the percentage of
extractives. The extracted wood powder was weighed in a beaker,
hydrolyzed with 72% sulfuric acid and diluted to 3% by adding 84 mL
ofmilli-Qwater before autoclaving for 1 h at 121 °C. After cooldown, the
resulting samples were filtered in a medium grit glass filter (Corning
Pyrex 30 ml Gooch Crucible Medium Fritted 30 mm Disc). The filtered
solids were dried and ashed at 525 °C to determine the percentage of
Klason or acid insoluble lignin. The filtrate of the hydrolyzed sample
was diluted to 100 ml and analyzed by UV spectroscopy (at 205 nm
using a quartz cell) to determine the percentage of acid soluble lignin.
Total lignin was computed as the sum of acid soluble and insoluble
lignin. The filtrate was then further diluted to 100mL and analyzed by
ion chromatography with the ICS-5000+ (Thermo Fischer Scientific)
configured for HPAE-PAD (high-performance anion-exchange chro-
matography with pulsed amperometric detection) and equipped with
a CarboPac PA-1 analytical column and a post-column addition. Six
standardswere used to constitute the calibration curve and an internal
standard of deoxy-D-glucose was added to all injections to ensure the
stability of the results. Following Acquah et al. (2015), the percentages
of arabinan, galactan, glucan, xylan and mannan were determined
and summed to obtain holocellulose.

2.4 Data reconciliation

Rawdata is subject to errors. Data reconciliation is a technique used to
denoise data through the enforcement of equality constraints that
typically arise from conservation laws, such as mass and energy bal-
ances. It aims at making the minimum adjustments to data to satisfy
conservation laws (Crowe et al. 1983). In this study, the measurement
of extractives, lignin and holocellulose content was performed on a
percent of total mass basis. The sum of these constituents must equal

Table : Spectral database characteristics summary.

Dataset label Material type Spectrometer Moisture Temperature

Polytec-Fresh Chips Polytec Fresh (variable) Frozen and unfrozen
Polytec-Dry Chips Polytec Air-dry Room
ASD-Chips Chips ASD Air-dry Room
ASD-Powder Powder ASD Air-dry Room
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99.5% for hardwoods and 99.7% for softwoods to meet conservation
laws, assuming average ash contents of 0.5 and 0.3, respectively
(Table 1). According to this, and following Crowe et al. (1983), the raw
data (X ) were reconciled (Xcor) by matrix projection as follows:

Xcor = X − PBT(BPBT)
−1
BX

where P is a diagonal matrix of the squared standard error of mea-
surements (SEMs) and B is a balance matrix (+1 for inputs and −1 for
outputs). For extractives, because a linear regression model could be
fit to the original (unreconciled) trends with p-value <0.001 for each
species; the root mean square error (RMSE) of this model was used as
an estimate of the SEMs. For lignin and holocellulose, the standard
deviation of the data for each species was used to estimate the SEMs.
The estimated SEMs used for the data reconciliation are given in
Table 3 for each species.

3 Results and discussion

3.1 Age and species effects

In order to mitigate variability in feedstock properties, it is
common practice in the pulp and paper industry to season
the wood. Seasoning is the practice of storing the wood in
piles (either of logs or chips) for a certain amount of time.
This process typically leads to a reduction of extractives
content and to changes in the wood chemical composition
(Allen et al. 1991; Gutiérrez et al. 1998, 1999). When chips
are stored in piles, only a small layer at the surface is
exposed to abiotic factors. This fraction is referred to as the
“outer weather belt” in Heinek et al. (2013) and has a depth
of 20–40 cm. In large chip piles, the rest of the chips
generally offer an aerobic atmosphere protected frommost
abiotic factors. Under these conditions, several processes
and chemical reactions take place including exothermic
oxidation reactions, aerobic respiration (from the microor-
ganisms), enzymatic reactions, heat transfer, continuation
of life functions (remaining living cells) and evaporation of
volatile compounds (Ferrero et al. 2009; Jirjis and Theander
1990; Nugent et al. 1976; Ramnath et al. 2018). A review of
the microorganism communities present in large-scale

wood chip and log piles is provided in Noll and Jirjis
(2012). However, the chip piles created for the purpose of
this study, because of the small size, were only represen-
tative of the “outer weather belt” and it can be safely
assumed that the inner part was not protected. As a result,
the chips were mostly affected by abiotic factors such as
rain, temperature, and UV radiation (Oberhofnerová et al.
2017) as well as by non-decaying fungi (mould, yeast and
staining fungi) that grow at the surface or within cell
lumens (Stirling 2005).

Table 3 shows the estimated SEMs after data recon-
ciliation. In comparisonwith the ones before, it can be seen
the estimated SEMs of extractives and lignin both remain
essentially unchanged. However, the SEMs of hol-
ocellulose were reduced by a factor of 3–8 depending on
species. This reflects the relatively higher measurement
error for this compound obtained with the reference
method (ion chromatography).

Reconciled data illustrating changes in chip bright-
ness and chemical composition with age are shown in
Figure 1. It can be seen that brightness and extractives
both decreased with age. The statistical significance of
these trends was determined by means of an F-test
(α = 0.05) over a linear regression model. All trends were
significant for both variables and all species with only one
exception: the brightness trend of DF had a p-value of
0.056. Loss in brightness and extractives is explained by
the abiotic degradation of the wood chips. Brightness loss
is attributedmostly to the growth of non-decaying fungi at
the surface of the chips and the leaching of water soluble
compounds. A 7% drop in ISO brightness of lodgepole
pine chips was reported in Stirling (2005) after 115 days of
storage and was attributed to the grow of mould. To a
lesser extent, brightness loss may also have been caused
by the deposition of air dust particles (Oberhofnerová
et al. 2017). Loss of extractives was caused by oxidation,
leaching and evaporation processes as well as degrada-
tion by non-decaying fungi (Gutiérrez et al. 2009; Stirling
2005; Weigel et al. 2002).

No noticeable changes in lignin were observed while
only two species, BC and DF, showed a significant increase
in holocellulose with age. The small pile size did not create
the right conditions for wood decaying fungi such aswhite-
rot, brown-rot and soft-rot to develop. This explains the
constant percentage of lignin content observed since it is
well accepted that losses in lignin and holocellulose are
mainly caused by the activity of decaying fungi. The slight
increase of holocellulose for BC and DF observed in this
study is only relative as the amount of each chemical
compound is expressed as a percentage of the total mass,
which decreases with time, i.e. the percentage of

Table : Estimates of the standard errors of measurement before
and after data reconciliation.

Data reconciliation Property/species A BC BS DF

Before Extractives . . . .
Lignin . . . .
Holocellulose . . . .

After Extractives . . . .
Lignin . . . .
Holocellulose . . . .
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extractives dropped by an amount similar to the increase in
holocellulose. The fact that the relative percentage of hol-
ocellulose increased and not lignin is an artifact of mea-
surement error and data reconciliation. Under ideal
circumstances one would expect both holocellulose and
lignin percentages to increase proportionally to offset the
loss of extractives.

Differences in brightness and chemical composition
between species are shown in Figure 2. Highly significant
differences (p-value <0.0001) between all species were
observed for lignin and holocellulose. Differences in
brightness were mostly observed between the hardwood
and softwood groups, with DF having very low brightness.
This difference is visible with the naked eye since DF has a
characteristic dark red tint due to its heartwood extractives
composition.

Extractives were significantly higher for A while no
noticeable differences were observed between the three
other species. Species A is well known for its high extrac-
tives content among Canadian species (Allen 1987). The
chemical composition of all four species agrees with the
literature (Table 1). Similar levels of extractives and dif-
ferences between A, BS and DF were reported in Allen
(1987). For these, the results obtained for total lignin and

holocellulose content are in accordance with the data re-
ported in Kaar and Brink (1991) and Rowell (2005). No re-
ported values were found for BC.

3.2 VIS-NIR calibration model development

Calibration models capable of predicting brightness,
extractives, lignin andholocellulose (target variables) from
VIS-NIR spectra were developed for each dataset presented
in Table 2. The significant reduction in the estimated
SEMs obtained for holocellulose after data reconciliation
(Table 3) directly translated into more accurate calibration
models. Calibrations obtained for extractives and lignin
before and after data reconciliation showed similar per-
formance. For conciseness, only the results obtained from
the reconciled data will be presented. The calibration
models were developed and refined in three steps as
described below.

3.2.1 Preprocessing optimization

For each dataset, the following spectra pre-processing
methods were evaluated: standard normal variates

Figure 1: Change in wood chip brightness,
extractives, lignin and holocellulose
content aswell as the sumof the three latter
(total) with age for four different species:
aspen (A), black cottonwood (BC), black
spruce (BS) and Douglas-fir (DF).
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(SNV), multiplicative scatter correction (MSC), derivative,
smoothing, detrending, baseline correction and VSN
(variable sorting for normalization). Where applicable,
parameters of the preprocessingmethodwere tuned using
a wide range of parameters. Partial least squares (PLS)
regression models were built for each set of pre-processed
data and the combination that led to the best model
performance was selected. The best model performance is
defined here by the highest ratio of performance to
interquartile of the 10-fold cross-validation model
(RPIQcv). The optimal number of latent variables in the
PLS models was automatically selected according to
Wold’s criterion (Li et al. 2002) with an initial threshold of
0.99. When this threshold was not reached, it was auto-
matically decreased in increments of 0.01 until the algo-
rithm converged. For further details about PLS regression
and related statistics employed in this paper, the reader is
referred to Hans et al. (2017). This routine was repeated for
all target variables. Again, for conciseness purposes, only
the best preprocessing method and corresponding PLS
model performance are reported.

The performance of the PLS cross-validation models
based on the full spectral range are presented in Table 4
along with the pre-processing method used. Baseline
correction and derivative pre-processing led to the best

models and these two methods often provided similar
results. VIS-NIR spectra often exhibit baseline offset and
curvilinear trend, likely caused by changes in illumina-
tion angle or optical path length (Rinnan et al. 2009). This
is the case here since the height of the chips in the panwas
notmeasured andmay have varied between samples. This
reflects the conditions at themill as the height of the chips
on the conveyor belt is not controlled. Derivative can be
seen as a special form of baseline correction as first
derivative removes a constant offset and second deriva-
tive removes the offset plus a linear term (i.e. linear tilting
of the spectrum) (Maesschalck et al. 1999). Supplementary
Table S1 also reports derivative as the preferred spectra
pre-processing method for predicting wood extractives,
lignin and holocellulose content. However, in contrast
with Supplementary Table S1, where MSC and SNV are
commonly used, these methods were not the most
appropriate for the datasets of Table 4.

Table 4 also shows that the Polytec-Dry dataset always
gave better results than the Polytec-Fresh and ASD-Chips
datasets, even though the latter covers a larger spectral
range. This demonstrates the importance of the optics in
the reflectance measurement of wood chips. As mentioned
earlier, the ASD-Chips spectrawere acquired using the ASD
turntable with simply a fiber optic and a halogen light

Figure 2: Boxplots showing differences in
brightness, extractives, lignin and
holocellulose content between species.
Differences were determined regardless of
age influenceby ANOVA followedby Tukey’s
test with the following coding for p-value:
**** <0.0001, *** <0.001, ** <0.01, * <0.05.
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source. In comparison, the Polytec PSS-H-A03 probe head
is an optical system that provides a collimated illumination
beam with the diffuse reflected light collected at a small
angle intersecting the incident beam. This setup makes a
significant difference by limiting variations in path length
and scattering effects.

Finally, it can also be observed fromTable 4 thatmodels
obtainedwith the Polytec-Dry dataset for wood components
arenearly equivalent to thoseobtainedwith theASD-Powder
dataset. This suggests that the information contained in
the 350–1100 nm and 2100–2500 nm regions is not critical
for the prediction of these components. In contrast, the
ASD-Powder dataset performed best for brightness because
of the information provided by the VIS region.

3.2.2 Model desensitization

The Polytec-Fresh dataset is of particular interest because
it includes sampleswith variablemoisture content scanned
under frozen and unfrozen conditions. However, in an
industrial environment, chips could be subject to even
larger changes in moisture content and temperature. In
order for a calibration model to perform well in this type of
environment, it is necessary to further desensitize it to
moisture content and temperature disturbances (the con-
founding variables). Here, this was achieved using EPO
(Roger et al. 2003). Briefly, EPO assumes that a spectra
matrix can be decomposed into two subspaces: a useful
subspace that represents the influence of the target vari-
able and an external (parasitic) subspace that represent the

influence of the confounding variables. The goal of EPO is
to remove spectral distortion caused by the confounding
variable so the new (corrected) spectra contain essentially
useful information. The approach and dataset used to
perform this task and build the EPOmatrix are described in
Hans and Allison (2019). The resulting dataset was called
Polytec-Fresh-EPO and the models obtained are presented
in Table 5.

In comparison to the models summarized in Table 4,
desensitization reduced the number of LVs formostmodels
anddecreased the RMSEcv of allmodels except extractives.
A large number of EPO components was required for each
model (between 2 and 6), which reflects the strong influ-
ence of temperature and moisture content on wood NIR
spectra. A similar number of EPO components was used in
Hans and Allison (2019) to correct biomass spectra for the
effect of temperature and moisture content on the calorific
value of hog fuel. While model desensitization generally
does not make much difference in the calibration process
(as shown in Table 5), it is critical to the robustness of
model predictions in an industrial environment.

3.2.3 Variable selection

To further simplify the calibrationmodels developed above
and enhance their robustness, three common wavelength
selection methods were evaluated: variable importance in
projection (VIP), genetic algorithm (GA) and interval PLS
(iPLS). The reader is referred to Mehmood et al. (2012) for a
description of thesemethods. The VIPs were selected using

Table : PLS model performance for the prediction of wood chip brightness and chemical components according to the best pre-processing
method.

Property Dataset Method N LVs RMSECV RCV RPIQCV

Brightness Polytec-Fresh B   . . .
Polytec-Dry B   . . .
ASD-Chips B   . . .
ASD-Powder B   . . .

Extractives Polytec-Fresh FD   . . .
Polytec-Dry B   . . .
ASD-Chips SD   . . .
ASD-Powder SD   . . .

Lignin Polytec-Fresh SD   . . .
Polytec-Dry B   . . .
ASD-Chips B   . . .
ASD-Powder SD   . . .

Holocellulose Polytec-Fresh SD   . . .
Polytec-Dry B   . . .
ASD-Chips B   . . .
ASD-Powder B   . . .

The following pre-processing abbreviations are used: FD, first derivative, SD, second derivative, B, baseline correction.
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successive iterations until no further improvement in
model performance was observed. The GA and iPLS
methods were tuned using a wide range of parameters and
the ones yielding the best model were selected. The num-
ber of latent variables and model performance were eval-
uated as described earlier. Among the three wavelength
selection methods, the genetic algorithm (GA) generally
gave the best results, being outperformed by iPLS in only
two cases as shown in Table 6. It can be seen that after
wavelength selection, model performance improved in
every case, leading to higher accuracies and also, in most
cases, to simpler models (i.e. requiring fewer LVs). This
agrees with Supplementary Table S1 as a large number of
studies showed the usefulness of wavelength selection for
improving model performance. The wavelength regions
selected for each model are shown in Supplementary
Figure S1.

For brightness prediction, the wood powder based
model achieved a performance comparable to the models

presented in Supplementary Table S1. Most of the wave-
lengths selected for brightness in the ASD-Powder dataset
are located in the 350–1100 nm region (Supplementary
Figure S1) and the corresponding model gave by far the
best accuracy. Contrastingly, a large number of wave-
lengths were selected in the other spectral regions for the
ASD-Chips datasets. This could be explained by high light
scattering from the chips which requires selecting more
wavelengths across the spectrum to compensate. This may
also apply to the measurement of the wood chemical
compounds.

The models for wood chemical compounds showed
excellent performance in comparison with the literature.
Indeed, the fresh chips and wood powder based models
for extractives content outperformed those reported in
Supplementary Table S1. The models for lignin and hol-
ocellulose measurements were outperformed by only a few
studies. Among these, one built their lignin calibration
model based on extracted wood samples (Schwanninger

Table : PLS model performance for the prediction of wood chip brightness and chemical components after desensitization of the Polytec-
Fresh dataset against moisture and temperature.

Property Preprocessing N g LVs RMSECV RCV RPIQCV

Brightness B + EPO    . . .
Extractives FD + EPO    . . .
Lignin SD + EPO    . . .
Holocellulose SD + EPO    . . .

The number of EPO components used is represented by g.

Table : PLS model performance for the prediction of wood chip brightness and chemical components after wavelength selection with GA
(except for datasets marked with * where iPLS was used).

Property Dataset N LVs RMSECV RCV RPIQCV

Brightness Polytec-Fresh   . . .
Polytec-Fresh-EPO   . . .
Polytec-Dry*   . . .
ASD-Chips   . . .
ASD-Powder   . . .

Extractives Polytec-Fresh   . . .
Polytec-Fresh-EPO   . . .
Polytec-Dry   . . .
ASD-Chips   . . .
ASD-Powder   . . .

Lignin Polytec-Fresh   . . .
Polytec-Fresh-EPO   . . .
Polytec-Dry   . . .
ASD-Chips   . . .
ASD-Powder   . . .

Holocellulose Polytec-Fresh   . . .
Polytec-Fresh-EPO   . . .
Polytec-Dry   . . .
ASD-Chips   . . .
ASD-Powder*   . . .
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et al. 2011b). Prediction of lignin from extractives free wood
is known to improve model accuracy because these two
compounds have similar phenolic structures (Jiang et al.
2014). Two other studies measured lignin and holocellulose
for species of a single genus (Pinus) and utilized a very
similar approach to select samples (Hodge andWoodbridge
2004; Jiang et al. 2014). This consisted of sampling from
different regions within the same stem, including samples
of juvenile and mature wood and samples with different
amounts of earlywood and latewood. This sampling
approach likely explains the outstanding performance of
their models because it generated high variability in lignin
and holocellulose content between samples while keeping
other wood characteristics homogenous.

The wavelengths selected by GA and iPLSwere also in
agreement with the literature (Supplementary Table S1).
For extractives content, many wavelengths were selected
within the 1300–1800 nm range. Most studies in Supple-
mentary Table S1 indicate this wavelength range as the
most relevant for extractives prediction, with study of He
and Hu (2013) being the only exception recommending
wavelengths up to 2355 nm. However, this latter study
investigated a very large number of exotic species and the
diversity of their extractive compounds may explain
the requirement of a larger spectral range. Most of the
wavelengths selected by the GA for the Polytec datasets
actually fall in the 1600–1800 nm region (Supplementary
Figure S1), which was associated by Park et al. (2018)
with the 1st overtone of C–H bonds found in aromatic
compounds such as extractives and lignin. In addition,
according to Schwanninger et al. (2011a), the 1670–
1690 nm region is associated with vibrations of carbonyl
groups, which may be related to extractives. For lignin
and holocellulose, many wavelengths across the entire
spectrum were selected by the GA algorithm for the
Polytec and ASD datasets. This agrees with Supplemen-
tary Table S1, which reported various regions covering the
1100–2500 nm range to be of importance for lignin and
holocellulose prediction. It is worth pointing out that the
1640–1730 nm region was used in Schwanninger et al.
(2011b) to predict lignin from extractives free wood.
Several bands were also selected in this region for lignin
(Supplementary Figure S1). According to Schwanninger
et al. (2011a), many bands between 1100 and 1800 nmmay
be assigned to lignin, which are related to the 1st and 2nd
overtone of C–H stretching, 1st overtone of O–H stretching
and 1st overtone of C–H stretching in aromatic groups. In
addition, bands in the 2100–2500 nm regions associated
with O–H, C–H, C–O, C–C and C=O stretching were also
assigned to lignin (Schwanninger et al. 2011a). Finally, it
is interesting to note that, for holocellulose, several bands

were selected in the 1900–2000 nm region of the Polytec-
Dry dataset while these are absent from the Polytec-Fresh
selection. Water absorption bands (OH groups) can over-
lap those of holocellulose in this region, which can
hamper the measurement of the latter. Supplementary
Figure S1 illustrates this phenomenon and explains, to
some extent, the better accuracies obtained with the
Polytec-Dry dataset in comparisonwith the Polytec-Fresh.

3.3 Qualitative validation over historical
data

An on-line analyzer (FITNIR MC, FITNIR Analyzers Inc.,
Vancouver) using a Polytec spectrometer was installed on
the feed to the digester in a kraft pulp mill located in
Western Canada processing both softwood and hardwood
grades. Hardwood chips are a mix of A and balsam poplar
(Populus balsamifera L.), a species closely related to BC as
the two species have similar chemistry and can both
hybridize (Nesom 2002). Softwood chips are a mix of
spruce, pine and fir (including BS). The analyzer scans
chips reclaimed from the bottom of the chip pile, after
outdoor seasoning. The chips are typically subject to high
variability in moisture content and temperature. Spectra
acquired between October 23rd, 2019, and May 26th,
2020, were retrieved for validation purposes. The models
developed based on the Polytec-Fresh-EPO dataset
(Table 6) were employed for the prediction of each prop-
erty using the corresponding pre-processing, desensitiz-
ing and variable selection methods, leading to the time
series presented in Supplementary Figure S2. To enhance
visualization, time series were first-order filtered using a
time constant of 100 min. As discussed previously, the
spectral range used in the Polytec spectrometer is not the
most appropriate for brightness prediction, nevertheless
it is shown for completeness.

In comparison with hardwood, softwood runs are
characterized by an increase in lignin content and decrease
in brightness, extractives and holocellulose. This agrees
with the literature (Table 1) and the data reported earlier
(Figure 2). In addition, within each grade, variations in
wood properties can also be observed, which is consistent
with the observation made in Skvaril et al. (2015b) for
lignin. The sum of the chemical compounds (total in
Supplementary Figure S2) are found within a narrow range
(100.01 ± 0.22%) but, considering ash content, are slightly
overestimated. When transferring calibration models onto
an on-line analyzer, it is common that an offset needs to be
adjusted to compensate for height variations between the
probe head and the chip surface (which are different
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between the laboratory and the mill). No attempt at cor-
recting this offset was performed here. This shows that,
while this preliminary analysis supports the quality of the
measurements, a more formal quantitative validation will
be required to fully validate the prediction models.

However, this qualitative validation demonstrates
that each property presents variability between runs
(Supplementary Figure S2). Between-run variability is
quantified here as the difference between the highest and
lowest average value for each property of the same grade.
Hardwood generally showed less variability than soft-
wood (with the exception of brightness), which was
expected as the hardwood chip mixture is composed of
only two species while softwood is a poorly defined
mixture of several species. Brightness showed the highest
between-run variability (2.9% for softwood and 4.7% for
hardwood), followed by lignin (1.6% for softwood and
0.8% for hardwood) and holocellulose (1.5% for softwood
and 1.0% for hardwood). Finally, extractives presented a
smaller between-run variability with 0.3% for softwood
and 0.1% for hardwood. However, it is worth pointing out
that this measurement does not take into account the
extractives content of residual bark that could be present
in the chip furnish in small but variable amounts
depending on debarking efficiency.

4 Conclusions

On-line characterization of wood chip properties is needed
in the pulp and paper industry to develop advanced pro-
cess control strategies, troubleshoot operations, assess the
quality and value of the supply and gain a better under-
standing of the seasoning process. The aim of this study
was to examine the use of VIS-NIR spectroscopy for on-line
measurement of fresh wood chip brightness, extractives,
lignin and holocellulose content while accounting for the
influence of moisture content and temperature on the
spectra as well as changes in chip properties occurring
during seasoning.

For the purpose of generating an information-rich
dataset for calibration model development, variability in
wood chip properties was generated by selecting different
species and through seasoning. The seasoning was mostly
affected by abiotic factors and the activity of non-decaying
fungi which contributed to decreased chip brightness and
extractives content. Significant differences between wood
species were observed for all the properties studied, but
particularly for lignin and holocellulose content. Data
reconciliation between the wood chemical compounds
dramatically reduce the estimated SEMs of holocellulose

(by a factor 3 to 8 depending on species) while leaving
extractives and lignin essentially unchanged. Two similar
spectra pre-processing methods, derivative and baseline
correction, were found to lead to the most accurate models
for non-contact measurements of wood chips as well as for
contact measurements of wood powder. Model desensiti-
zation by means of EPO resulted in more robust models
(generally requiring less LVs) with little impact on predic-
tion accuracy. Wavelength selection showed that the VIS
spectral region is critical for wood brightness prediction,
which is not surprising since the ISO standard uses the
457 nm wavelength as reference. The 1300–1800 nm spec-
tral region was found to be most suitable for extractives
prediction and could probably even be narrowed down to
1600–1800 nm. Regions associated with lignin and hol-
ocellulose are found across the entire 1000–2500 nm spec-
tral range, although limiting the range to 1100–2100 nmdid
not appear to significantly impact model performance. The
comparison of two different spectrometer and probe com-
binations demonstrated that, provided the most relevant
spectral region is selected in calibration, a non-contact
measurement of wood chips performs as well as a contact
measurement of wood powder for monitoring chemical
composition. This is of particular importance as a non-
contact measurement greatly decreases cost and sample
preparation time and, thereby, leads to frequent, low cost
and accurate on-line measurement.

On-line predictions over 7 months using an NIR
analyzer installed in a kraft pulp mill processing both
hardwood and softwood chips revealed variability within
and between runs for a given grade. Developing process
control strategies able to compensate for this variability
would help mills to improve product quality and reduce
production costs. Taking on-line spectroscopy a step
further, future experiments could investigate the poten-
tial to determine the amount of saponifiable and unsa-
ponifiable compounds in wood as the ratio is critical to
avoid problems in the pulping process. Along the same
lines, determining the amount syringyl versus guaiacyl
lignin (S/G or S/(S + G) ratio) might also be beneficial as
syringyl-rich lignins are less recalcitrant to chemical
pulping (Hodge et al. 2018). Finally, measuring indepen-
dently cellulose and hemicellulose content may be of
interest for bioraffineries and for optimizing the pre-
hydrolysis step in dissolving pulp mills.
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