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Measurement of Moisture Distribution in a
Biomass Silo through Electrical Capacitance
Tomography

Ge Guo, Yong Yan, Fellow, IEEE, Wenbiao Zhang, Senior Member, IEEE,
Yonghui Hu, Senior Member, IEEE, and Guimei Fu

Abstract—The moisture distribution in stored biomass
is a key factor in the self-heating and spontaneous
combustion of biomass fuels. Measurement of moisture
distribution in biomass fuels is thus essential for the safe
operation of biomass-fired power plants. As a non-invasive
imaging technique, electrical capacitance tomography
(ECT) is proposed to measure the moisture distribution in
stored wood pellets. The moisture distribution in different
shapes and locations is measured on a laboratory-scale silo.
Tomographic reconstruction algorithms are applied to
obtain a visual representation of the moisture distribution.
The relationship between the moisture content and effective
permittivity of wood pellets is experimentally established.
Experimental results demonstrate that ECT is capable of
measuring the wet area ranging from 4% to 93% with a
relative error of £8%. The centroid position of the moisture
distribution is measured with a relative error of +5%.
Meanwhile, the measured moisture content of the wet area
has a relative error of £10% over the range of 7.7%0~16.4%.

Index Terms—Biomass, moisture distribution, electrical
capacitance tomography, image reconstruction.

I. INTRODUCTION

IOMASS accounts for approximately 9.4% of the global
energy supply [1]. Wood pellets are widely used in
biomass-fired power plants owing to their advantages of
renewability, high calorific value and low emissions [2]. The
self-heating and spontaneous combustion of wood pellets are
important issues related to the safe operation of biomass-fired
power plants [3]. If wood pellets have an inconsistent
distribution of moisture content, some wet regions will lead to
localized hotspots due to microbial activity, chemical reactions,
or other factors [4]. The heat generated can accumulate,
eventually reaching the ignition temperature of biomass. Once
ignition occurs, a fire will spread rapidly, causing significant
damage and posing a safety risk [3]. Therefore, it is important
to develop a reliable and effective method for the online
continuous measurement of moisture distribution in wood
pellets.
A number of methods based on different sensing principles
have been developed in the past to measure the moisture
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distribution in bulk materials. Mao et al. [5] investigated a low-
field nuclear magnetic resonance method for measuring the
moisture distribution in sludge. However, the high cost,
potential radiation hazard and sophistication of the system
make this method unsuitable for the intended application [6].
Klingmuller et al. [7] used a deep neural network to predict the
moisture distribution of soil, applying meteorological data from
a climate model. However, this method requires a large volume
of sample data, which restricts the wider application of this
method. Near-infrared imaging (NIR) was used for deriving the
moisture distribution in pharmaceutical wet granules [8].
However, NIR measures the surface or shallow-layer
information of the material. In addition, the effects of material
size, surface characteristics and surface color result in
measurement errors. These factors make NIR unsuitable for
real-time measurement of moisture distribution in an industrial
silo.

In recent years, electrical resistance tomography (ERT) [9],
electromagnetic tomography (EMT) [10] and electrical
capacitance tomography (ECT) [11] have been applied to
measuring the moisture distribution in bulk solids. However,
ERT requires good ohmic contact between the object surface
and the measured electrode, which is applied to bulk solids with
high moisture content [12]. EMT is suitable for imaging objects
that have high permeability, while it has difficulty obtaining the
moisture content [13]. In contrast, ECT does not need chmic
contact with the target surface and is suitable for bulk solids
with low moisture content. ECT is mainly used to measure the
moisture distribution in fluidized beds [14], pipe sections [15]
and other industrial settings [16]. ECT was utilized for
measuring the moisture distribution of pharmaceutical granules
in a conical product bowl [17]. Wang et al. [18] used ECT to
measure the solids distribution and moisture content in a
fluidized bed dryer. To date there is little research on the
application of ECT to a bulk solids material in a large silo.
Wood pellets are widely used for power generation. Such bulk
solids contain many small channels with non-uniform dielectric
properties [19]. In this paper, ECT is proposed for the first time
to measure the moisture content and its distribution of wood
pellets in an octagon silo. There is currently no practically
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workable solution to the measurement problem. ECT is a non-
invasive, cost-effective measurement method that may provide
the moisture distribution measurement in a non-circular
biomass silo, including size of the moist area and its location in
the silo, in addition to the moisture content. Measuring the wet
area in the silo is important to inform the plant operators about
the size of the moist area and its potential self-heating risks they
are taking. The centroid position of the moist area is to notify
the users where the wet region is located in the silo so that
appropriate action can be taken to reduce self-heating and hence
fire risks. The moisture content of the moist region allows the
users to assess the degree of moisture level and take cost-
effective actions about the wet area. All three variables are
important to power plant operators. To the best of our
knowledge, there are few techniques available that can measure
these quantities to reduce fire risks at biomass power plants.

Moisture content affects the dielectric properties of biomass
material, resulting in variations in permittivity. Some
researchers used capacitive sensors to measure the moisture
content of materials. For instance, Zhang et al. [20] used a
helical capacitive sensor to measure the moisture content of
woodchips. Dean et al. [21] utilized a capacitive fringing field
sensor to measure the moisture content in soil. Santos et al. [22]
presented a high-precision capacitive sensor to measure the
moisture content of polymers. However, there is little literature
on measuring the permittivity and moisture content in wood
pellets. In this paper, ECT is applied for the first time to obtain
moisture content and moisture distribution of the wood pellets
in a silo. The functional relationship between the moisture
content and permittivity of wood pellets is established through
a series of experiments. Based on the reconstructed results from
the ECT system, the moisture distribution in a biomass silo is
determined.

The preliminary experimental results of moisture distribution
measurement and optimization of capacitive sensors were first
reported at the IEEE International Instrumentation
Measurement Technology Conference in 2023 [23]. This article
presents in detail the fundamental principle, sensor design,
implementation and experimental assessment of the proposed
measurement system.

. MEASUREMENT PRINCIPLE AND CAPACITIVE SENSOR
DESIGN

A. Overall strategy

The permittivity of wood is between 2 and 6, and the
permittivity of water is approximately 80 [24]. Due to the large
difference in permittivity between wood and water, moisture
content is a key factor affecting the permittivity of wood pellets
[25]. Therefore, ECT is applied to measure the moisture content
and moisture distribution in a biomass silo. Based on the
measured capacitance values between a set of electrodes, the
measurement system is capable of reconstructing the
permittivity distribution in the sensing field.

B. Sensor design

When an ECT system is used to measure the moisture
distribution in a bulk solids storage unit, the cross-sectional
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shape of the unit and the optimization of the capacitive sensors
have significant effects on the performance of the measurement
system. A term, called non-uniformity, is introduced to evaluate
the uniformity of the sensitivity distribution in the capacitive
sensing field [26], which is defined as:

. o Sixy)
non-uniformity= 3 x100% 1)
where S(x,y) is the standard deviation of the sensitivity and
S(x,y) indicates the average sensitivity across the sensing field.
Biomass silos in power plants are usually in the form of
cylindrical, cuboidal and octagonal shapes [27]. Comparing
different shapes of biomass silos in terms of sensitivity

distribution for the same number of electrodes is useful to




quantify their differences in their sensing field homogeneity. It
should be noted that we are not trying to optimize the design of
a silo here as this is given in practice. However, it is useful to
know their differences in the sensitivity distribution of an ECT
system with the same number of electrodes. Since most biomass
silos are made of metal materials, the electrodes should be
mounted on the inner walls of the silo. Therefore, the three
different silo shapes are all considered in this study, as shown
in Fig. 1. As expected, different shaped silos have different
sensitivity distributions due to the physical distribution of the
electrodes on the silo walls. For instance, when electrodes | and
V are the excitation and measuring electrodes, respectively, the
resulting sensitivity distribution of the three cross-sectional
shapes is shown in Fig. 2.

The electrodes are mounted on the inner walls of the biomass
silo. Based on the finite element analysis of the sensing system,
the sensitivity distributions of all electrodes across each silo are
determined. By calculating the standard deviation and average
value of the sensitivity distribution, the non-uniformity of the
sensing field is obtained. Fig. 3 shows a comparison of the non-
uniformity for the three different silo shapes. From (1), as the
standard deviation decreases or average sensitivity increases,
the non-uniformity decreases, indicating a more uniform
sensitivity distribution (Fig. 2). In other words, the octagonal
silo has the best sensing field uniformity amongst the three. In
practice, there are more cylindrical biomass silos than octagon
ones. However, an octagon silo is used in this study as it is easy
to construct for the experimental research under laboratory
conditions.

For an octagonal silo, each flat side of the silo can fit one,
two, three or more electrodes, making the total number of
electrodes 8, 16, 24 or more. Fig. 4 depicts a comparison of the
non-uniformity for different numbers of electrodes in the
octagonal silo. It is evident that the non-uniformity of the eight-
electrode design is smaller than the other two. Meanwhile, eight
electrodes are chosen instead of other options in consideration
of the computational load and efficiency of image
reconstruction algorithms.

For an ECT system, it is important to optimize the size of the
electrodes. In view of the practical applications and
convenience of the sensor design, the length and width of the
electrodes are expressed as a percentage of the silo side length.
Based on an orthogonal experimental design [28], nine different
electrode sizes are considered. The non-uniformity of different
sized electrodes is shown in Fig. 5. It is clear that electrodes
with a length and width of 30% of the silo side length exhibit
the smallest non-uniformity amongst the nine sizes. These
dimensions of the electrodes are, therefore, used to build an
experimental setup in this study.

I1. PERMITTIVITY AND MOISTURE CONTENT

A. Experimental setup

According to the sensor optimization results, an experimental
setup was designed and built, as shown in Fig. 6. The
experimental octagonal silo is made of eight aluminum plates
with a height of 100 cm and a width of 100 cm. The electrodes

(a) Octagoal ilo.

(c) Measurement system.
Fig. 6 Experimental setup.
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Fig. 8. Variations in effective permittivity with moisture content.
for the ECT are made from copper foil and mounted on the inner
walls of the silo. A capacitance-to-digital chip PCap01 is used
to measure the capacitance values between all the electrodes.

B. Effective permittivity

Pelletized biomass generates less particulate emissions when
compared to its original form or other traditional biomass fuels
[29]. The flexible size and higher calorific value make it easier
to be transported and stored, compared to raw materials [30].
Wood pellets are commonly used for power generation across
the world. For this reason, wood pellets were used as
experimental materials.



Permittivity measurement plays a crucial role in obtaining
the moisture content of wood pellets [31]. The effective
permittivity of a mixture is determined by the permittivity of
the individual components and their volume fractions. In order
to obtain the effective permittivity of wood pellets with
different moisture content, the exponential model [32] and the
logarithmic model [33] are used to calculate the theoretical
effective permittivity. For a mixture, these two models are
widely used, and the calculated permittivity is closer to the
actual value [34]. The exponential model is presented as
follows:

=30, ¢/) )
where ¢ stands for the permittivity of the mixture, g is a
constant, | represents the type of component material, &
indicates the permittivity of material I, and 6, means the volume
fraction of material I.
The logarithmic model is expressed as:

e=IL(e" (©)
C. Calibration experiments

In preparation of the wood pellets to be tested with different
moisture contents, the mass of required water was obtained,
based on the weight moisture content [35]. Then, the water was
evenly sprayed onto dry wood pellets. Ventilation minimizes
moisture variations and ensures that the moisture in the wood
pellets is in equilibrium with the surrounding environment.
After the ventilation process, 10 small samples were selected.
A commercial moisture analyzer (Mettler Toledo, HE83) was
used to obtain the reference moisture content of these samples.
Finally, the silo was filled slowly with the wood pellets until the
height of wood pellets reached 60 cm. By repeating the above
process, the wood pellets with different moisture contents in the
silo were realized.

It is worth noting that packing volume fraction of wood
pellets in the silo can also affect the mixture permittivity in
addition to moisture content. The wood pellets tested are of
cylindrical shape with a diameter of approximately 1 cm and a
length ranging from 2 cm to 5 cm. In earlier work on acoustic
temperature measurement [36], it was found that, when the
height of wood pellets in a container exceeds 50 cm, the average
pore between wood pellets is little affected by the height of
wood pellets. In this paper, the height of the wood pellets in the
silo is 60 cm, so the packing density of wood pellets in the silo
can be assumed constant. The wood pellets were handled
carefully during the filling process to ensure the packing
volume fraction of wood pellets remains more or less the same.

Under normal laboratory conditions, the moisture content of
wood pellets was measured to be 7.7%, which is used as a
baseline for the moisture content of dry wood pellets. The
moisture content of wood pellets in the power industry ranges
typically from 11% to 13% [37]. The whole wood pellet sample
was split into eight smaller portions. After ten repeated
measurements, the mean moisture content of each portion was
measured to be 8.5%, 9.9%, 11.1%, 13.3%, 15.3%, 16.4%,
17.2% and 18.6%, respectively. The variations in the
capacitance value with moisture content for four types of
physical arrangement between the electrodes, e.g., electrode
pairs I-11, I-111, 1-1V, and I-V (Fig. 1(c)) are shown in Fig. 7.

Fig. 7 depicts the variations in the capacitance of the wood
pellets with moisture content. The standard deviation of the ten

Table | Comparison of reconstructed images for different algorithms.
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Fig. 9. Relative errors of the wet area, moisture content and centroid position
for the five reconstruction algorithms.

Table 11 Comparison of execution runtime for different algorithms (unit: s).

Wet area LBP Tikhonov  Landweber SIRT FSBI
4% 0.08 5.23 6.62 6.74 5.93
9% 0.08 5.18 6.53 6.73 6.07
50% 0.08 5.20 6.54 6.69 5.92
81% 0.08 5.19 6.55 6.68 5.84

moisture measurements is represented as an ‘error’ bar in Fig.
7. It can be seen from Fig. 7 that, when the moisture content of
wood pellets is greater than 16.4%, the capacitance value tends
to be constant. Wood pellets are produced by compressing dry
wood fibers [38]. When the moisture content of wood pellets is
higher than 16.4%, the wood pellets in the silo will become
soaking wet wood fibers and dust. Since the focus of this
research is to measure the moisture content and its distribution
of moist wood pellets in a silo, the range of moisture content in
this study is between 7.7% and 16.4%.

The effective permittivity of a mixture depends on the
permittivity of the individual components and their volume
fractions in the mixture. The volume fractions of wood pellets
and air are constant in the silo. The permittivity of water is
much larger than that of wood and air. Although there are three
different materials in the silo, we are interested in the effect of
water on the permittivity. A series of experiments was carried
out to establish the functional relationship between the moisture
content and effective permittivity. The moisture contents of
wood pellet portions were 8.5%, 9.9%, 11.1%, 13.3%, 15.3%
and 16.4%, respectively. Based on the reconstructed results
from the ECT system, the effective permittivity of wood pellets
with different moisture contents were obtained, as shown in Fig.



Table 111 Reconstructed results of the segmented moisture distributions.

Table 1V Reconstructed images of the oblique moisture distributions.
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Fig. 10. Relative errors of the wet area, moisture content and centroid
position for the segmented moisture distributions.

8. From (2) and (3), the effective permittivity of the exponential
and logarithmic models is calculated and plotted in Fig. 8.

Fig. 8 exhibits the variations in the effective permittivity of
wood pellets with moisture content. Each experimental data
point in Fig. 8 is the mean of ten repeated measurements. The
trends of the data are fitted with the rational polynomials [39]
and plotted in Fig. 8. It can be seen that the effective
permittivity increases with moisture content. These results are
consistent with the conclusions from the theoretical values in
[32-34]. As a result of the experimental tests, the effective
permittivity of wood pellets is obtained with moisture content
from 7.7% to 16.4%.

V. EXPERIMENT RESULTS AND DISCUSSION

A. Image reconstruction

Image reconstruction algorithms are used to reconstruct the
permittivity distribution in a biomass silo from the measured
capacitance values. There are five commonly used algorithms
for image reconstruction, i.e., the linear back projection (LBP)
algorithm, the Tikhonov algorithm, the Landweber algorithm,
the simultaneous iterative reconstruction technique (SIRT) and
the fast iterative shrinkage thresholding (FSBI) [40].

Three parameters are introduced to assess the reconstructed
moisture distribution in a biomass silo, which are wet area,
centroid position and moisture content. The reconstructed
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Fig. 11. Relative errors of the wet area, moisture content and centroid
position for the oblique moisture distributions.

image is binarized with the Otsu threshold algorithm (OTSU)
algorithm [41]. The relative error of the wet area between the
reconstructed distribution and the actual distribution is
calculated based on the number of pixels. The relative error
between the actual and reconstructed centroid position is
obtained from the binarized images. The relative error of the
moisture content is calculated by comparing the reconstructed
moisture content with the actual moisture content.

B. Numerical simulation and results

In order to further validate the performance of the ECT,
numerical simulations are conducted in the octagonal silo. The
cross-sectional moisture distributions in a biomass silo are
usually circular, segmented and oblique segmented
distributions.

1) Casel

Four circular areas of different sizes with high moisture
content in the octagonal silo are used to implement numerical
validations. The circular areas are 4%, 9%, 25% and 81% of the
octagonal silo cross-section, respectively. The four targeted
distributions are shown in Table I, in which the yellow color
represents the high permittivity material (¢ = 6.8) and the blue
color represents the low permittivity material (¢ = 2.8).

The regularization parameter of the Tikhonov algorithm is
0.3. The relaxation factor of the Landweber algorithm is 0.003



and the iterations are 2000. The weighting factor of the SIRT
algorithm is 0.5 and the iterations are 1500. The penalty
parameters of the FSBI algorithm are 0.2 and 0.01, and the
iterations are 100. Table | depicts the reconstruction results
from the LBP algorithm, the Tikhonov algorithm, the
Landweber algorithm, the SIRT algorithm and the FSBI
algorithm, respectively. Fig. 9 shows the relative errors of the
wet area, centroid position and moisture content for the five
reconstruction algorithms. Table 1l provides the execution
runtime of the five image algorithms.

Through comparisons of the results in Table 1, the
reconstructed images using the LBP algorithm, the Tikhonov
algorithm, the Landweber algorithm and the SIRT algorithm
have many artifacts. The imaging results from the FSBI
algorithm are the closest to the targeted distributions amongst
the five algorithms. As non-iterative algorithms, the LBP
algorithm and the Tikhonov algorithm have the advantages of
simple implementation and low time costs. However, there are
many artifacts in the reconstructed images. After multiple
iterations, iterative algorithms have fewer artifacts, but the time
consumption increases. As illustrated in Table 11, the execution
runtime of the FSBI algorithm is the shortest among the
iterative algorithms. In conclusion, the FSBI algorithm provides
good reconstructed images in a short time.

As illustrated in Fig. 9, the relative errors of the wet area,
centroid position and moisture content from the FSBI algorithm
are the smallest among the five algorithms. For the circular
moisture distributions, the relative error of the wet area from
the FSBI algorithm is within £3% and the relative error of the
centroid position is within £1%. Moreover, the relative error of
the moisture content is within £6%. These simulation results
reconstructed with the FSBI algorithm are the best amongst the
five algorithms. This is primarily due to the fact that L1
regularization improves the robustness of the FSBI algorithm,
while Lp regularization enhances the sparsity of the targeted
distributions [40].

2) Case 2

Five segmented distributions with high moisture content in
the octagonal silo are utilized. The wet areas are 10%, 25%,
50%, 75% and 90% of the octagonal silo cross-section,
respectively. The reconstructed images are shown in Table I1I.
The relative errors of the wet area, centroid position and
moisture content are illustrated in Fig. 10, respectively.

Table Il reveals that the reconstructed images from the FSBI
algorithm are more similar to the targeted distributions.
Through a comparison of the results in Fig. 10, the relative
errors of the wet area, centroid position and moisture content
from the FSBI algorithm are smaller than those from the other
four algorithms. Fig. 10(a) shows that the relative error of the
wet area is within +3%. Fig. 10(b) indicates that the relative
error of the moisture content is within +8%. In Fig. 10(c)-(d),
the relative error of the centroid position is within £1%.

3) Case3

The moisture distribution in a biomass silo is a segmented
distribution along a diagonal direction. Five oblique moisture
distributions are used in the octagonal silo. The wet areas are
7%, 28%, 50%, 72% and 93% of the octagonal silo cross-

section, respectively. Table IV depicts the reconstruction results.

Table VV Comparison of reconstructed images for the circular moisture
distributions.
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Fig. 12. Relative errors of the wet area, moisture content and centroid
position for the circular moisture distributions.

Fig. 11 exhibits the relative errors of the wet area, centroid
position and moisture content.

The reconstructed images in Table IV illustrate that the
boundary between the dry wood pellets and the wet wood
pellets in the reconstructed images using the FSBI algorithm is
more obvious than those from other algorithms. It can be seen
from Fig. 11 that the relative errors from the FSBI algorithm are
the smallest. The reconstruction results reveal that the relative
error of the wet area from the FSBI algorithm is within +3%
and the relative error of the centroid position is within £1%.
Meanwhile, the relative error of the moisture content is within
+8%.

C. Experimental Results

In order to assess the performance of the ECT in measuring
the moisture distribution in a biomass silo, a series of
experiments was conducted. The variations in the moisture
distribution along the height direction are ignored. During the
experiments, the ambient temperature was 21°C, which was
constant during the experiments. Based on the results shown in
Fig. 8, the dry wood pellets (moisture content = 7.7%) are set
as low permittivity, which is 2.8. Meanwhile, the wet wood
pellets (moisture content = 16.4%) are regarded as high
permittivity, which is 6.8.



Table VI Comparison of reconstructed images for the segmented moisture
distributions.

Wet

Targeted . Moisture
?;Z? distribution LBP Tikhonov Landweber  SIRT FSBI content
10 16.4%
25 14.7%
12.9%
50
1.2
75 9.5%
90 o

Relative error (%)
=) o
™
N
Relative error (%)

10 25 50 7590 : 0025 50 75 90

Wet area (%) Wet a;rca (%)
(a) Wet area. (b) Moisture content.
20 PR 20 FT
go HE= ‘ 4 Sl 3
z ; A T i :
E . E s S/
; 0 %\i/ K\y S0 é\j/’/\/ 1
k] gk g j N
& 10 | S0 i ¥
20 _20 - - - . -
1025 0 90 B T 50 7590
Wet area (%) Wet area (%)

(c) Centroid position (X-axis). (d) Centroid position (Y-axis).
Fig. 13. Comparison of relative errors of the wet area, moisture content and
centroid position for the segmented moisture distributions.

1) Circular distribution

In the experiments, the cylinders with different diameters
were filled with the wet wood pellets. The circular areas are 4%,
9%, 25% and 81% of the silo cross-section, respectively.
Through ten repeated experiments, the reconstructed images are
shown in Table V. In the reconstructed images, the yellow color
represents the wet wood pellets, and the blue color represents
the dry wood pellets. Fig. 12 depicts the relative errors of the
wet area, centroid position and moisture content.

As illustrated in Table V, it is evident that the reconstructed
images from the FSBI algorithm are more similar to the targeted
distributions and have fewer artifacts. In Fig. 12, the relative
errors of the wet area, centroid position and moisture content
from the FSBI algorithm are smaller than the other four
algorithms. The relative errors of the wet area, centroid position
and moisture content from the FSBI algorithm are within +8%,
+5% and +10%, respectively. The experimental results indicate
that the ECT is able to measure the circular moisture
distribution in a biomass silo with the wet area ranging from 4%
to 81%.

2) Parallel segmented distribution

Parallel segmented moisture distribution indicates that the

moist region starts from one side of the octagon and gradually

Table VII Comparison of reconstructed images for the oblique moisture
distributions.
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Fig. 14. Comparison of relative errors of the wet area, moisture content and

centroid position for the obliaue moisture distributions.
increases in a parallel direction along the side of the octagon. In
the experiments, five segmented moisture distributions are
measured and the wet areas are 10%, 25%, 50%, 75% and 90%
of the octagonal silo cross-section, respectively. Through ten
repeated experiments, the reconstructed images are shown in
Table VI. Fig. 13 depicts the relative errors of the wet area,
centroid position and moisture content.

It can be seen from Table VI that the reconstructed images
using the FSBI algorithm agree well with the targeted
distributions, which have fewer artifacts. In summary, the
relative error of the wet area from the FSBI algorithm is within
+8% and the relative error of moisture content is within £10%.
Moreover, the centroid position is within £5% of its expected
location.

3) Oblique segmented distribution

Oblique segmented moisture distribution means that the
moist region starts from an inner angle of the octagon and
gradually increases along a diagonal of the octagon. In the
experiments, five obliqgue moisture distributions are
investigated. The wet area of the oblique moisture distribution
ranges from 7% to 93% of the silo cross-section. Through ten
repeated experiments, Table VII shows the reconstruction
results of the oblique distributions. Fig. 14 shows the relative
errors of the wet area, centroid position and moisture content.



Table VIII Reconstructed images when the wet area moves horizontally.

Table 1X Reconstructed images when the wet area moves obliquely.
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Fig. 15. Relative errors of the wet area, moisture content and centroid
position when the wet area moves horizontally.

As illustrated in Table VII, the yellow region in the
reconstructed images increases with the wet area. Table VII
shows that the reconstruction results obtained with the FSBI
algorithm are the best among the five algorithms. Meanwhile,
the relative errors of the FSBI algorithm are the smallest. Fig.
14(a) depicts that the relative error of the wet area from the
FSBI algorithm is within £8%. In Fig. 14(c)-(d), the relative
errors of the centroid position are within £5%. Fig. 14(b)
indicates that the relative error of the moisture content is within
+10%. In conclusion, the experimental results show that the
ECT has the capability to measure the oblique moisture
distribution in a biomass silo with the wet area ranging from 7%
to 93%.

4) Parallel movement

The moisture distribution may occur at different positions in
a biomass silo. The cylindrical tube contains the wet wood
pellets, which account for 4% of the silo cross-section. In the
experiments, the cylindrical tube moved in the horizontal
direction. The positions are 10%, 25%, 50%, 75% and 90% of
the silo width, respectively. Through ten repeated experiments,
Table V111 exhibits the reconstructed images. Fig. 15 shows the
relative errors of the wet area, centroid position and moisture
content.

When the cylindrical tube moves horizontally, the position
and size of the wet area in the biomass silo are observed from
the reconstructed images. Table VIII reveals that, compared
with all the algorithms mentioned above, the imaging results

%0 o 25 50 75 90
Position (%)

0 25 50 75
Position (%)

(c) Centroid position (X-axis). (d) Centroid position (Y-axis).
Fig. 16. Relative errors of the wet area, moisture content and centroid
position when the wet area moves obliquely.

reconstructed with the FSBI algorithm are the closest to the
targeted distributions. According to the results presented in Fig.
15(a), the relative error of the wet area from the FSBI algorithm
is within £8%. In particular, the relative error of the centroid
position is within £5%. In Fig. 15(b), the relative error of the
moisture content is within £10%.

5) Oblique movement

In the experiments, the above-mentioned cylindrical tube
moved along the diagonal direction in the octagonal silo. The
positions are 10%, 25%, 50%, 75%, and 90% of the diagonal
length in the octagonal silo. Through ten repeated experiments,
Table IX demonstrates the reconstructed images. The relative
errors of the wet area, centroid position and moisture content
are shown in Fig. 16.

When the cylindrical tube moves in a diagonal direction, the
position and size of the tube in the biomass silo are observed in
Table IX. When it comes to the results in Fig. 16, the relative
errors from the FSBI algorithm are lower than those from the
other algorithms. The relative errors of the wet area, centroid
position and moisture content from the FSBI algorithm are
within +8%, +5% and +10%, respectively.

V. CONCLUSION



In this paper, ECT has been applied to measure the moisture
distribution of wood pellets in a biomass silo. The following
conclusions are drawn from the results presented:

1) The experimental results have proven that ECT is capable
of obtaining the effective permittivity of wood pellets with
different moisture content, ranging from 7.7% to 16.4%.

(2) From the results in Tables I-1X, the FSBI algorithm has
given the best reconstruction results amongst the five
algorithms, which is more suitable for the reconstruction of the
moisture distribution in a biomass silo.

(3) The experimental results have demonstrated that ECT has
the capability to measure the moisture distribution within a
range of 4% to 93% with a relative error of £8%. Moreover, the
relative errors of the centroid position and moisture content
from the FSBI algorithm are within 5% and +10%,
respectively.

Although the experimental results reported are the two-
dimensional cross-sectional moisture distribution in a biomass
silo, ECT has the potential to be deployed for the measurement
of three-dimensional moisture distribution, which will be
studied in the near future.
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