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ABSTRACT
The aim of this study was to apply geostatistics to predict the spatial pattern of variations in
moisture content of eucalyptus wood chip piles to generate subsidies for adequate sampling and
material handling. Wood chip piles were installed in three different storage cycles using newly
cut material for 7, 30, and 60 days. Sampling was performed in axial (top, middle, and base)
and lateral positions, so that all samples were georeferenced in relation to the distance from the
ground and the center of the pile. Moisture values were submitted to geostatistical analysis and
kriging. The results confirmed the spatial dependence of moisture content over the piles stored
at 7 and 30 days; however, the effect of rainfall was crucial to reduce the spatial dependence of
moisture content. The results showed that geostatistics is a useful tool for the creation of reliable
sampling protocols.
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1. INTRODUCTION
The use of biomass for energy production has
increased globally, especially in cogeneration systems,
due to instrumented policies and financial incentives
(Kumar et al., 2015).
Among the multiple categories of energy production
using wood, residual chip is commonly used in
the industrial sector. However, the quality of chips
depends on aspects such as origin of raw materials and
methodologies applied at all production stages, which
is related to the control of intrinsic biomass variables
and environmental factors (Eleotério et al., 2017).
In this sense, the storage process is an integral
part of using wood chips for energy purposes, as
ideal conditions can ensure greater efficiency in the
energy conversion process through better control of
the physical and chemical properties of the stored
material (Eleotério et al., 2017; Daassi-Gnaba et al.,
2017; Manzone et al., 2013).
Among biomass properties, the moisture content
has higher degree of interference in energy attributes
related to combustion, obtaining greater efficiency
with wood chips presenting reduced and homogeneous
values (Nikolaevich et al., 2016; Eleotério et al., 2017).
The moisture content required for energy production
from biomass depends on the size of the processing
plant. In the case of large installations, the greatest
demands are related to the homogeneity of moisture
contents and not to the maintenance of low moisture
values, because large boilers are already adjusted for
certain moisture levels, while large oscillations from
heterogeneous raw materials require equipment
readjustment and, consequently, efficiency reduction
(Verma et al., 2017).
Therefore, variables such as the seasonality and
storage time should be considered for the processing
of wood chips, as these factors affect the speed and
homogeneity of biomass moisture reduction, influence
the chemical alteration, and change in the energy
content of the material (Brand et al., 2014).
For the proper management of stored materials
and for greater efficiency, it is necessary to understand
the distribution and variation in the moisture content
of wood chips during the storage period. However,
the difficulty in determining variation patterns in the
moisture content of biomass stored in stacks depend
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on the sampling form and intensity (Erber et al., 2012).
Depending on the sampling strategy adopted, the
variability in the characteristics may not be properly
captured, offering difficulties to obtain significant results,
representative of the characteristics of the entire pile.
Traditional sampling methods do not consider the
occurrence of possible spatial correlations between
neighboring observations; in many cases, only the
information given by variance is insufficient to explain
the phenomenon, which is an important source of
variability.
In the specific case of wood chip piles, the analysis
of the spatial distribution of moisture values inside chip
stacks can subsidize decision-making regarding the
indication for the use of biomass and the appropriate
management in relation to the storage period of
structures, especially when directly exposed to certain
environmental conditions.
According to the above, this study aimed to determine
and map the spatial variability in the moisture content
of wood chip piles stored outdoors for the production
of energy during three different storage periods.

2. MATERIAL AND METHODS
2.1. Experimental area
The experiment was conducted at the Federal University
of São Carlos, campus of Sorocaba (23º35’12.20”S;
47º31’11.70”W) between September and November
of 2015. The climate of the study area is tropical, hot,
and humid, and it is considered to have Cwa climate
at peripheral depression and Cwb in places of higher
altitudes, according to the Köppen classification.

2.2. Sampling of chips in the stack
A wood waste company provided wood chips
of Eucalyptus grandis for the study. The particle size
distribution of chips was approximately 57.48% between
25.40 and 19.50 mm, followed by 40.73% between
granulometry of 12.70 and 6.35 mm, and 1.79% lower
than 6.35 mm.
After production, chips were stored outdoors for
September–November, distributed in three conical
piles, which were sampled in the axial (top, middle, and
bottom) and lateral positions. Samples were georeferenced
in relation to the distance from the ground and center
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of the pile, in all positions. Samplings were performed
in three storage periods and the number of sampling
points per pile was found to vary according to the
height and width of structures (Table 1).
To mark the sampling place, metallic rods graduated
at every 30 cm in height (representing the distance
from the ground) were laterally arranged from each
50 cm in the pile (representing the distance from the
center of the stack). Samples were collected by means
of the opening of profiles in piles in pre-determined
fixed positions on rods.

2.3. Moisture content
To determine the moisture content of samples
collected from the three storage periods, gravimetric
method recommended by NBR 14929 was applied
according to Donato et al. (2015).

2.4. Geostatistical analysis
Based on the moisture values at each sampling point,
considering the four quadrants (north, south, east, and
west) and the different longitudinal and lateral stack
positions, it was possible using geostatistics to check
the spatial variability of the moisture content of stacks
based on the analysis of semivariograms adjusted by
the Gstat Package (Pebesma, 2004), and by applying
the ordinary kriging interpolator method. Adjustments
were made by the weighted least squares method, which
consists in the adoption of the division of the mean
square error by the number of pairs of points at each
distance in the semivariogram, causing weighting of
the semivariance, since the weighting by variance of
estimates is not known. Thus, the method included
minimizing the function according to Equation 1
(David, 1977).
Q (θ ) =

∑i =1  g ( h j ) − y ( h j ;θ ) 
k

2

(1)

( )

m hj

Table 1. Storage period, pile volume, and number of
sampling points per wood chip pile.
Storage
Pile Volume
period (days)
(m3)
Pile 1
Pile 2
Pile 3

7
30
60

7.50
6.57
7.51

No. of
samples
174
150
172

Where, θ represents the vector of estimated parameters
that define the semivariogram, with each estimate
denoted by g ( h j ); k refers to the number of “lags” of
the semivariogram.
Quantity y ( h j ;θ ) is the semivariance calculated by
the model and depends on estimated parameters θ,
and, after minimization, the function becomes the
estimation of the least squares. m(hj) represents the
pairs of points at each distance in the semivariogram
(David, 1977).
The correlation function used was an exponential
model, as shown in Equation 2:
3h 

−
g ( h ) = 0 + 1 1 − e a  , 0 < h < d





(2)

Where, g (h) is the correlation between pairs of points
separated by distance h, so that d represents the
maximum distance at which the variogram is defined.
The analysis of experimental adjusted semivariograms
allowed the definition of parameters nugget effect (0 ),
range of spatial dependence (a), level (C), contribution
(1), and degree of spatial dependence of samples (0 /C).
The classification for soil attributes proposed
by Cambardella et al. (1994) was considered for the
analysis of the degree of spatial dependence, which
in turn considered strong spatial dependence of
semivariograms with leveled nugget effect of ≤25%,
moderate effect of 25-75%, and weak effect at >75%.
Semivariograms and the three-dimensional maps
generated were adjusted to the moisture values for
each storage period.

3. RESULTS AND DISCUSSION
3.1. Analysis of the moisture content
Table 2 presents the averages, variation coefficients,
and the minimum and maximum values of the moisture
content of E. grandis wood chip piles during stack 7 (i),
30 (ii), and 60 (iii) days of storage.
The average moisture content of wood chips is in
accordance to the 44–66% range (wb) as reported by
Gejdos et al. (2015) for newly processed materials of
two different species, Norway spruce (Piceaabies L.)
and silver fir (Abies alba L.). This range is also in
accordance with values verified by Thörnqvist & Jirjis
(1990) in Sweden with wood chips stored in stacks of
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90 m in length, 14 m in width, and 7 m in height, in the
open air without any external ventilation. The authors
found average value of 38.8% wb for chips stored for
approximately 7 days, 32.8% wb for those stored for
30 days, and 35.7% wb for those stored for 60 days.
The variation in these values can be attributed to the
moisture content of particulate materials affected
mainly by the regional climatic conditions, size of
particles and storage method (Barontini et al., 2014;
Gejdos et al., 2015; Jirjis, 2005; Manzone et al., 2013)
as well as by the physical structure and anatomy of the
species that influenced water loss.
An average reduction of 4.22% was observed in the
moisture content for piles stored for 7 days (collection
at the beginning of September) and 30 days (collection
at the beginning of October). However, at 30-60 days
of storage (collection at the beginning of November),
an increase of 30.32% in the average moisture content
was observed, resulting in 24.82% moisture increase at
the end of 60 days (Table 2). The increase in moisture
content of wood chips from 30 days of storage occurred
due to precipitation rates in this period, as illustrated
in Figure 1.
Table 2. Average values, minimum and maximum
values, and variation coefficient in the moisture content
of wood chip pile at different storage periods.
Pile

MCWb
(%)

Minimum
(%)

Maximum
(%)

CV
(%)

i
ii
iii

49.04
46.97
61.21

11.05
10.30
13.81

183.54
225.28
284.29

45.46
56.47
34.86

Where, i = pile with 7 days of storage; ii = pile with 30 days
of storage; iii = pile with 60 days of storage; MCWb = moisture
content wet basis; Minimum and Maximum in dry basis;
CV = variation coefficient.
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Pluvial precipitation during the storage period
(September to November) was intense considering the
annual distribution (Figure 1). In addition, rains were
concentrated mainly in the beginning of November,
precisely in the period of pile sampling of 60 days,
reaching values of 57 mm/day.
Afzal et al. (2010) observed that in the biomass of
Betula papyrifera chips stored without cover and exposed
to environmental conditions during 12 months, the
moisture content increased continuously during the
entire storage period from 59% to 160% (dry basis).
The interaction between moisture content and
pluviometric indexes may have been intensified by the
size of biomass particles, since size directly influences
the behavior of the material and the intensity of changes
in its chemical, physical, and energetic properties
throughout the storage period. Generally, the smaller
the particle size, the greater the magnitude of effects
of these variations (Brand et al., 2014).
The storage period in this study was insufficient
for studying the drying process of wood chips from
the energy production point of view due to the
influence of high rainfall, which is linked to increase
in moisture content. Therefore, particulate materials
should be stored in the driest months, between the
end of the autumn and early winter. In addition, the
lower exposure of chips to environmental conditions,
depending on the storage period, could reduce the
period of the material, facilitating the management
process. The coverage of storage structures may help
avoid the interaction between moisture content and
regional rainfall in order to achieve positive energy
balances. However, Pari et al. (2015) verified that the
coverage of chip stack stored in poplar wood with

Figure 1. Monthly Accumulated Rain × Normal Climatological between 1961 and 1990 in the city of Sorocaba in
2015. Source: Instituto Nacional de Meteorologia (INMET, 2015).
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uniform dimensions did not lead to any significant
improvements in the final quality of stored material,
although covered materials presented higher low heating
values in relation to uncovered material.
The effect of cover on piles depends on the regional
climatic conditions. In countries such as Ireland and
Finland, the coverage of woodpiles during the wet season,
which includes the entire winter and autumn seasons,
represent a significant effect on the moisture content
of the stored material, so that the coverage of materials
could reduce 6% the moisture content in relation to
that of uncovered piles (Nurmi & Hillebrand, 2007).

3.2. Analysis of the spatial continuity
Figure 2A, B, and C show semivariograms adjusted
for the analysis of the spatial dependence among
sampling points of chip piles after 7, 30, and 60 days
of storage, respectively.
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The plotting of semivariograms provided data to
obtain parameters such as reach heights and nugget
effect or “nugget” (tausq), which are required for the
interpolation of sample data (Table 3). By analyzing
semivariograms, it was possible to obtain the parameters
reach, plateau and nugget effect or “nugget” (tausq),
which information is necessary for the interpolation
of sampling data.
The nugget effect value, as indicated by the value
on the Y-axis intercept of the semivariogram for piles i
and ii, was lower than the baseline value (Table 3). This
result indicates a spatial correlation among moisture
levels in piles stored for 7 and 30 days, and suggest that
geostatistics is a useful tool for the determination of
the ideal distance between samples.
However, in pile iii, the nugget effect value was higher
than that obtained at baseline, which in turn indicates
greater variance of the estimate and, consequently,
lower spatial dependence.

Figure 2. (A) Semivariogram of woodchip pile after 7 days of storage; (B) 30 days of storage; (C) 60 of storage.
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Table 3. Parameters obtained by adjusting the exponential model functions of the experimental semivariogram set
to woodchip piles after 7 (i), 30 (ii), and 60 (iii) days of storage.
Pile

C

0

1

a

GDE

i
ii
iii

1784,77
3389,39
1636,15

718.04
522.29
2038,98

1066,73
2867,10
-402,83

101.43
113.73
**

0.40
0.15
1.25

Where, 0 = nugget effect; C = baseline; 1 = contribution = C - 0; a = range (cm); GDE = degree of spatial dependence; **values not
estimated.

Another important factor for the interpretation of the
semivariogram is the determination of the reach, which
represents the distance started in the origin, continuing
until the extent to which the plateau reaches stable
values. Its determination expresses the distance from
which the sampling points are not spatially correlated
among themselves, becoming random (Landim, 2006).
Based on results generated for the range (a) (Table 3), it
could be observed that, at 101.43 cm distance from the
sample collection point, the moisture content values of
wood chips become independent of the distance, and
not spatially correlated after 7 days of storage. By day
30 of storage, values separated from 113.73 cm in the
pile were not spatially correlated. This important result
may subsidize the decision regarding the correct and
efficient sampling strategy of chips stored in piles to
determine their moisture content.
The contribution is the semivariogram area where
there is spatial dependence, which is determined by
calculating the difference between the baseline and
the nugget effect, with a scope for spatial dependence.
The negative value of this parameter evidenced in pile
iii indicates low spatial correlation due to the random
nature of sampling units regarding the moisture content
of wood chips, assumed, probably due to the high
rainfall during the 60 days of storage, which resulted
in homogenization of moisture content values, giving
the lowest variance of the estimate.
After defining the values of the semivariogram
parameters (Table 3), the degree of spatial dependence
(DGE) or the nugget effect coefficient (CEP) could be
determined by means of the ratio between the nugget
effect and the baseline. According to classification
described by Cambardella et al. (1994), the degree of
dependence obtained for the first pile was moderate
(≥0.25 and <0.75). For pile samples after 30 days of
storage, the degree of spatial dependence was considered
to be strong once the nugget effect became <25% of

the baseline value; however, for pile sampled after
60 days of storage, the spatial dependence was weak,
with the relation between the nugget effect and the
baseline being >75%.
Figure 3 illustrates the graphical representation
obtained by moisture content values of wood chips
after 7 (A), 30 (B) and 60 days (C) of storage via
kriging interpolation from the adjustment of the
exponential model.
Visual observation of the graph in Figure 3A
shows that, in a short storage period, moisture content
variation was high. There was a clear trend of reduction
in moisture values from the base to the top of the pile
and from the central region to the periphery.
The visual analysis of the graph in Figure 3B verifies
the existence of more defined classes of moisture content
after 30 days of storage than after 7 days of storage.
It could be observed that the variation pattern in the
moisture content of wood chip piles after 30 days of
storage is similar to that obtained after 7 days of storage,
demonstrating that the highest moisture content values
were obtained in the basal and the central regions of
the structure.
However, the drying effect was more homogeneous
and without any significant effects of prevailing winds
in the study area after 30 days.The visual analysis of
graph in Figure 3C indicates a significant increase in
the moisture content after 60 days of storage due to
high rainfall accumulation during the storage period.
Notably, there is no standard established for moisture
content variations, so that significant parts of piles
show high values of this physical property. It is possible
to see that moisture has penetrated into the whole
extension of the pile, causing wetting, including in
previously dried areas.
The mapping of the moisture content in piles brings
practical information of sampling points that truly

Floresta e Ambiente 2019; 26(Spec No 2): e20180432

Mapping Three-dimensional Moisture... 7/9

Figure 3. Graphical representation of woodpile moisture after 7 (A), 30 (B) and 60 days (C) of storage, showing
variation in the moisture content at every 10 cm in height of the storage structure.

represent the average of this property in the structure,
which serves as a subsidy for representative sampling
of piles. In addition, geostatistics allows visualization of
the moisture content variation pattern of wood chips
in a pile, which is important information for energy
production, considering that an ideal fuel has low and
constant moisture content.

4. CONCLUSION
Spatial dependence of moisture content values was
observed in the wood chip pile after 7 and 30 days of
storage, indicating that geostatistics is a useful tool for
the determination of the ideal distance between samples.

Despite the increase in the spatial dependence
during the 30 days of storage, this factor decreased
with an increase in the storage period due to the high
rainfall accumulation during the 60 days of exposure,
causing greater moisture homogeneity in piles.
Based on the graphs of moisture distribution in
piles, it was possible to verify that chips are subject to
wetting even in the innermost parts of the structure,
in function of the high pluviometric indexes.
From results obtained in this work, studies related
to energy gains generated by the use of coverings
during the storage of material should be developed,
in addition to their technical and economic feasibility.
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