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Abstract: Microwave treatment is an emerging technique for biomass tar elimination. The electric
and thermal fields of the microwave reactor are the key to high elimination efficiency and energy
utilization. In this work, we simulated the electric and thermal fields of a microwave reactor with
various parameters including irradiation feed position, microwave power, silicon carbide length
and flow velocity. Results show that the irradiation feed position that locates 5 mm vertically to the
central plane can obtain the highest electric intensity and silicon carbide temperature (ca. 1100 K)
after wave absorbing. Both the electric and thermal fields are strengthened when microwave power
is increased. Extending the silicon carbide bed length will decrease the bed temperature and heating
rate. A high flow velocity leads to non-uniform temperature distribution of the silicon carbide. For
the purpose of achieving a high microwave energy utilization and uniform bed temperature, suitable
irradiation feed position (z; = 5 mm), high microwave power (P = 1000 W), short silicon carbide bed
length (Isic = 100 mm) and low flow velocity (v = 0.02 m/s) are preferred, but the chemical kinetics of
biomass tar elimination should also be considered in the practical application.

Keywords: microwave; biomass tar elimination; simulation; thermal field; electric field; silicon carbide

1. Introduction

The biomass gasification that can effectively convert biological waste into synthetic
gas is a promising technology for energy recovery from biomass wastes, but the process
inevitably produces biomass tar as the by-product [1]. The formation of biomass tar, which
usually consists of multi-ring aromatics [2], will clog the downstream pipe and cause
fouling and corrosion issues [3,4], thus it becomes the most critical problem in biomass
gasification. Therefore, effective tar elimination methods are necessarily required in the
biomass gasification system.

The biomass tar can be removed inside the gasifier (in situ elimination) or outside
the gasifier (ex situ elimination) as shown in Figure 1. In situ elimination includes the
use of gasification catalysts [5,6], structurally modified gasifiers [7] and novel heating
strategies [8], but it can hardly achieve a complete tar removal without secondary elimi-
nation [9]. Therefore, the ex situ elimination methods are commonly employed. The ex
situ elimination methods can be further divided into physical and chemical tar removal.
The physical tar removal can be realized by dry/wet gas cleaning or solid-phase adsorp-
tion/desorption, but brings drawbacks including secondary pollution, waste management
cost and energy loss [10]. Compared with physical tar removal, the chemical removal
methods, especially thermal or catalytic cracking [11,12], show more advantages such as
high elimination efficiency and energy utilization by cracking the tar into hydrocarbon
gases that can be reused and were therefore extensively studied. The widely used catalysts
include nickel or noble metal-based catalysts [13,14]. These catalysts are effective in tar
elimination but less attractive in industrial application because of their high cost, as well as
the deactivation problem [15]. Other catalysts such as iron- or biochar-based catalysts are

Energies 2022, 15, 4143. https:/ /doi.org/10.3390/en15114143

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15114143
https://doi.org/10.3390/en15114143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15114143
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15114143?type=check_update&version=2

Energies 2022, 15, 4143

20f12

more economically attractive and were therefore investigated extensively, as well, in the tar
elimination process [16,17].

Use of gasification catalysts
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Figure 1. Biomass tar elimination method and their properties.

The ex situ tar elimination methods such as thermal or catalytic cracking are essen-
tially endothermic, which makes the selection of the appropriate heating method of great
importance. Microwave heating is an emerging technology in biomass treatment [18,19].
Compared to the conventional heating methods, microwave heating can penetrate the
wave-absorbing materials and achieve direct energy input to the materials. It has several
advantages such as rapid temperature rise with instantaneous start and stops, uniform tem-
perature distribution throughout the volume of the materials and non-contact and selective
heating [20,21]. Moreover, the hot spots and plasma generated during microwave heating
can provide higher conversion efficiency and better product distribution [22]. With these
advantages, the microwave-assisted elimination exhibits good performance on biomass
tar removal. For example, Li et al. used the char-supported metal (Fe, Ni and Ce) cata-
lysts as microwave absorbers and obtained the complete cracking of toluene—the model
compound of biomass tar [23,24]—under microwave irradiation [25]. Similarly, Chen et al.
observed a high toluene elimination efficiency (95.1%) in a microwave tube furnace with a
biochar-supported Ni catalyst [26]. Zhang et al. used silicon carbide as the wave absorber in
the microwave-assisted elimination of tar. They observed a maximum toluene elimination
efficiency of 94.4% and found the main product to be Hj [27], indicating an effective tar
cracking by the microwave heating technique.

In practical industrial processes, the temperature of the biomass gasification gas is
typically 450-600 °C for downdraft fixed-bed gasifiers and ca. 150 °C for updraft fixed-
bed gasifiers [22]. This means the biomass tar, which is mainly composed of mono- or
poly-aromatics [23,24,28], will be in the gaseous phase. Since the biomass tar is ineffective
in absorbing the microwave, the microwave absorbers are required in the microwave
reactor. For this reason, the microwave reactor for biomass tar elimination mainly contains
a microwave oven to generate microwave irradiation, a fixed bed with a wave absorber
to allow biomass tar cracking, and a quartz tube to hold the wave absorber and allow the
microwave to penetrate in the absorber [21,25,26,29]. In such a microwave reactor, the
biomass tar can be ex situ cracked to the hydrocarbon gases. It is obvious that the electric
and thermal fields that determine the reaction conditions in the microwave reactor will
significantly affect the tar cracking. Therefore, the reactor and operation parameters that
would influence the reaction fields should be detailly designed to achieve a high biomass
tar elimination efficiency and energy utilization.

The COMSOL Multiphysics software has been successfully used to estimate the electric
field intensity, temperature distribution, heat transfer (hot and cold spots), and absorbed
power during microwave heating [30,31]. In this work, we used the COMSOL Multiphysics
software to simulate the electric and thermal fields of the microwave reactor under various
reactor and operation parameters including irradiation feed position, microwave power,
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microwave absorbers bed length and flow velocity. The silicon carbide was selected as the
microwave absorber in the simulation to explore its temperature distribution and heating
rate under microwave irradiation. The interest of this work is to find the optimal parameters
about the microwave reactor designation and the main conditions in its application for the
efficient elimination of biomass tar with the microwave technique.

2. Simulation Methods
2.1. Modeling of the Microwave Reactor

The modeling of the microwave reactor was based on a real microwave reactor that was
used for biomass tar elimination. Its general structure is shown in Figure 2a. The microwave
was generated by a single magnetron that was located in the back of the microwave reactor
and then guided to the resonant cavity through a rectangular waveguide. A quartz tube
filled with wave absorber was placed in the center of the reactor. The wave absorber can
absorb the microwave and be heated up to the desired temperatures. The tar was blown
from the inlet and eliminated after flowing through the hot absorber bed. The simulation
model was established by the COMSOL Multiphysics 5.6 software (COMSOL, Burlington,
MA, USA) (Figure 2b). The resonant cavity of the microwave reactor was a multimode
cavity with an inner size of 340 mm (x) x 330 mm (y) x 200 mm (z). In the simulation, the
quartz tube (d = 60 mm, [ = 340 mm) was filled with silicon carbide particles as the wave
absorber. A TEg rectangular waveguide was used as the microwave irradiation feed. Its
size was 100 mm (x) x 95 mm (y) X 55 mm (z).
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Figure 2. Structure of the microwave reactor for ex situ biomass tar elimination: (a) structural model;
and (b) simulation model of the resonant cavity.

2.2. Parameter Setting

The numerical work of electromagnetic and heat transfer equations for microwave
heating was computed using the COMSOL Multiphysics software, which solves the nu-
merical models using the finite element method (FEM) [32]. Before the simulation, the
model materials were first defined. Their property parameters were obtained from the
COMSOL Multiphysics 5.6 built-in material library and listed in Table 1. The irradiation
feed position, microwave power, silicon carbide bed length and flow velocity were the
main parameters for exploration. The vertical position of the irradiation feed (z;) was the
main reactor parameter. Its initial location was in the center of the cavity back (z; = 0) and
opposite straight to the silicon carbide bed as Figure 2b shows. The position was vertically
adjusted with the z; values of 0, £5, £10 and 20 mm. The operation parameters including
microwave power (P), silicon carbide bed length (Isic) and flow velocity (v) were adjusted in
the range shown in Table 2. The electromagnetic propagation in the simulation was solved
by Maxwell’s equations that were subjected to certain governing equation and boundary
conditions (Table 3). Other fixed simulation parameters were also listed in Table 3. Some
assumptions were made in the simulation to simplify the error problem and reduce the
computational time. These assumptions mainly include: (1) the dielectric and thermal
conductivity properties were assumed to be independent of the temperature; (2) the SiC
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sample is homogeneous and isotropic; (3) the mass transfer and chemical reactions are not
considered; (4) the quartz tube and the air are zero dielectric losses medium; and (5) no
heat transfer was considered in the quartz tube, surrounding cavity and environment [30].

Table 1. Properties of the model materials.

Item Material Property

Relative dielectric constant: 1r
Relative permeability: 1

p: (default) kg/m?

Cp(T): (default) J/ (kg-K)

K(T): (default) W/(m-K)

Resonant cavity Air

Thickness: 1 mm
Cp(T):730]/ (kg-K)
K(T): 1.4 W/(m-K)

Tube Quartz

G o0 b o0 O

Relative dielectric constant: 1.00058
Relative permeability: 1

Specific heat: 1.4

p: 2 kg/m?

K(T): 3 W/(m-K)

Cp(T):31/(kg K)

Dynamic viscosity: 2 kg/m3

Carrier gas Nitrogen (gas)

Relative dielectric constant: 10
Relative permeability: 1
Conductivity: 103 S/m

Cp(T): 1200 ]/ (kg-K)

K(T): 450 W/ (m-K)

Wave absorber Silicon carbide

PRI T Y S S S

Table 2. The variable reactor and operation parameters.

Parameters Variable Range
zi (mm) 0, £5, £10, +15, 20
P (W) 700, 800, 900, 1000
Isic (mm) 100, 110, 120, 130
v (m/s) 0.02, 0.03, 0.04, 0.05

Table 3. The governing equation and boundary conditions of Maxwell’s equations and other fixed
simulation parameters.

Items Value or Expression
Governing equation * V x YV X E) — k3 (er — a]]—‘;())E =0
V2E + w?ueE = 0 (electric field boundary)
Boundary conditions * V2E + w?peH = 0 (magnetic field boundary)
n x H = 0 (thermal insulation)
Microwave frequency (GHz) 2.45
Wave mode TEqo
Initial value (K) 293.15
Absolute pressure (Pa) 101,325

24.47 (maximum)
7.3420 x 10~* (minimum)
Curvature factor 0.6

Grid cell size (m)

Narrow slit interval resolution 0.5
* The terms in the equations include: y, is the relative permeability; E is the electric field intensity; H is the
magnetic field intensity; w is the angular frequency; kg is the wave number in free space and equals to w/Cy, in
which Cy is the speed of light in vacuum; ¢, is the relative permittivity; o is the electrical conductivity; and ¢ is
the permittivity of vacuum (8.85 x 10712 F/m).

2.3. Evaluation of the Electric and Thermal Fields

Distributions of the central electric intensity and temperature (x—y plane, z = 0) were
obtained by the COMSOL software to evaluate the electric and thermal fields, respectively.
The distribution bar with a gradient color was used to show the changes in electric intensity
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or temperature. The return loss is obtained to indicate the microwave reflection by the
wave absorber and cavity. It is a measure of the effectiveness of power delivery from a
transmission line to a load and is defined as [33]:

Pref
Pin

Return loss = — 101g (dB) 1)
where P,rand P;, are the reflection and incident power, respectively. A higher return loss
indicates less wave reflection (or a better match between the load and line), which means
higher irradiation efficiency and energy utilization. The heating rate was also exported to
give the temperature variation of the silicon carbide after microwave absorbing for 1200 s.

3. Results and Discussions
3.1. Effect of Irradiation Feed Position on the Simulated Electric and Thermal Fields

Figure 3a shows the variation of the electric fields with different irradiation feed
positions. Due to the application of only one magnetron, the electric fields show non-
uniform intensity [34,35], which is generally strong in the silicon carbide region, though
it is covered by the non-conducting silicon carbide (dark blue center). As the irradiation
feed position vertically moves, the electric field intensity changes accordingly. The electric
intensity of the silicon carbide region becomes strong when the irradiation feed position
moves from the side (z; = £20 mm) toward the center and becomes strongest when z; = £5.
It is interesting to observe that when the irradiation feed position moves to the center (z; = 0),
the electric intensity becomes the weakest. The reason is that the microwave was reflected
heavily and caused severe echo cancellation when the center of the waveguide and quartz
tube was on the same plane. This can be evidenced by the microwave return loss showing
that the wave reflection is the most severe (lowest return loss) when z; = 0 (Figure 3b),
indicating that placing the waveguide and quartz tube on the same plane results in low
energy utilization. Salema and Afzal obtained a similar phenomenon that the maximum
electric field intensity was not located at the center that opposites to the magnetron [30]. The
reason they suggest is the larger heat losses or damped electric field at those regions, which
supports the explanation about the energy loss caused by wave reflection in this simulation.

It is also reported that the sample position in the cavity greatly influences the heat-
ing characteristic [32,36] because of the high efficiency of converting electromagnetic
energy into dielectric heating (typically more than 80% [37]) in conventional microwave
heating systems. Therefore, the thermal fields of the reactor cavity were further inves-
tigated (Figure 4a). Since the silicon carbide is a good microwave absorber, the main
high-temperature regions are centered in the silicon carbide (i.e., the middle of the quartz
tube). The temperatures change with the irradiation feed position z; and reach the max-
imum when z; = £5, indicating that this irradiation feed position leads to the highest
temperature of silicon carbide after wave absorbing. This is reasonable because in such a
situation the silicon carbide region will have the strongest microwave intensity as indicated
in Figure 3a. The temperature of the hottest region is about 1100 K, which is high enough
for biomass tar cracking [38,39]. The heating rate of silicon carbide is also the highest when
z; = 5 (Figure 4b), indicating the highest heating efficiency and energy utilization at this
irradiation feed position.
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Figure 3. Effect of irradiation feed position on the simulated electric fields (the electric field unit:
V/m; x—y plane, z = 0; P = 1000 W; Ig;c = 100 mm; v = 0.02 m/s): (a) variation of the electric fields
with different irradiation feed positions; and (b) the microwave return loss with different irradiation
feed positions.
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Figure 4. Effect of irradiation feed position on the simulated thermal fields (the temperature unit:
K; x—y plane, z = 0; P = 1000 W; Igic = 100 mm; v = 0.02 m/s): (a) variation of the thermal fields
with different irradiation feed positions; and (b) the heating rate of silicon carbide under microwave
irradiation with different irradiation feed positions.

3.2. Effect of Microwave Power on the Simulated Electric and Thermal Fields

As the input energy mainly comes from the microwave, the microwave power would
have a direct impact on the electric intensity and temperature distributions. When the
microwave power increases from 700 W to 1000 W, the electric field distribution changes
little while the intensity strengthens a bit (Figure 5a). The microwave return loss shows
almost no change with the microwave power variation (Figure 5b) because the reflection
medium and environment are unchanged. The strong electric intensity caused by the high
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microwave power results in the high temperature of the silicon carbide bed. The central
temperature of the silicon carbide bed is around 850 K at P = 700 W and gradually increases
to 1100 K when the microwave power rises to 1000 W (Figure 6a). Similarly, the heating rate
of the silicon carbide bed also increases with the microwave power (Figure 6b). Therefore,
high microwave power is positive for the bed temperature and heating rate. It is worth
noting that although a high microwave power means a high energy input, it also decreases
the heating time to the desired temperature. Considering the total energy that equals the
power plus time, some researchers have found that the greater the microwave power is, the
smaller the energy input is [32,40], which means a high microwave power can generally
reduce the energy consumption.
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Figure 5. Effect of microwave power on the simulated electric fields (the electric field unit: V/m;
x—y plane, z = 0; z; = 5 mm; Igic = 100 mm; v = 0.02 m/s): (a) variation of the electric fields with
different microwave power; and (b) the microwave return loss with different microwave power.
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Figure 6. Effect of microwave power on the simulated thermal fields (the temperature unit: K;
x-y plane, z = 0; z; = 5 mm; Ig;c = 100 mm; v = 0.02 m/s): (a) variation of the thermal fields with
different microwave power; and (b) the heating rate of silicon carbide under microwave irradiation
with different microwave power.
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3.3. Effect of Silicon Carbide Bed Length on the Simulated Electric and Thermal Fields

As the microwave absorber, the silicon carbide provides the reaction site for tar
elimination. It did not affect the microwave irradiation but influenced the wave diffraction,
reflection, interference and, consequently, the electric fields as shown in Figure 7a. When
the silicon carbide bed length increases from 100 mm to 130 mm, the overall electric fields,
especially the strong intensity regions (red spots), become weak because the microwave
reflection increases when the silicon carbide bed length gets longer (Figure 7b). Since the
silicon carbide is the microwave absorber, its bed length also influences the bed temperature
distribution (Figure 8a). It is observed that the temperature of the silicon carbide bed is
highest when the silicon carbide bed length is 100 mm. The highest temperature can reach
approximately 1100 K. Extending the bed length results in the obvious decrease of the
silicon carbide bed temperature, as well as the heating rate (Figure 8b), because when
the silicon carbide bed gets longer, not only does the microwave reflection become severe
but, also, the side of the silicon carbide bed locates in the less-intensive electric region
where the temperature is lower and less uniform than in the center [41]. These results
indicate that with regard to the bed temperature for tar elimination, it is better to shorten
the silicon carbide bed length. However, the silicon carbide bed length also influences
the heating area, residence time (or space velocity) and, consequently, the efficiency of the
biomass tar elimination. For example, extending the silicon carbide bed length increases
the residence time of biomass tar on the silicon carbide bed; thus, it will promote the tar
cracking if the tar cracking reactions are not fast. When the treatment capacity (or flow
rate) is constant in a fixed-bed reactor, a long silicon carbide bed length may lead to a
more sufficient biomass tar elimination. Therefore, the chemical kinetics of the biomass tar
elimination reactions should also be considered when determining the silicon carbide bed
length in the practical application.
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Figure 7. Effect of silicon carbide bed length on the simulated electric fields (the electric field
unit: V/m; x—y plane, z = 0; z; = 5 mm; P = 1000 W; v = 0.02 m/s): (a) variation of the electric fields
with different silicon carbide bed lengths; and (b) the microwave return loss with different silicon
carbide bed lengths.
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Figure 8. Effect of silicon carbide bed length on the simulated thermal fields (the temperature unit: K;
x—y plane, z = 0; z; = 5 mm; P = 1000 W; v = 0.02 m/s): (a) variation of the thermal fields with different
silicon carbide bed lengths; and (b) the heating rate of silicon carbide under microwave irradiation
with different silicon carbide bed lengths.

Many researchers found that the sample size significantly affects the power and
temperature distribution in microwave heating, as well as the heating rate within the
samples [42—44]. For example, Brodie [45] reported that the thick samples generate heat
just below the surface while thin samples generate heat from the center. Although the
silicon carbide in this simulation is not the reactant, it does act as the sample to be heated.
Its length, in general, affects the overall size and will certainly be an important factor to
influence the thermal field and, consequently, the biomass tar elimination.

3.4. Effect of Flow Velocity on the Simulated Thermal Fields

The nitrogen is used as the carrier gas to blow the tar through the silicon carbide bed.
It has no wave-absorbing ability and, therefore, its flow rate will not affect the electric fields
under microwave irradiation. For this reason, only the thermal fields of the cavity with
different flow velocities were investigated. The cold carrier gas blew from the left inlet
of the quartz tube, making the hot region (especially the central hot region) of the silicon
carbide shift a little to the right (Figure 9a). When the flow velocity is higher, more cold
carrier gas will be blown in and take the heat of the silicon carbide away, resulting in the
obvious non-uniform temperature distribution on the silicon carbide, as well as the energy
loss. The heating rate of silicon carbide under microwave irradiation will also decrease a
little when the flow velocity gets higher (Figure 9b). It should be noted that although a
low flow velocity may be beneficial to relatively uniform temperature distribution, less
energy loss and long residence time, it decreases the treatment capacity of the biomass tar.
Determination of the flow velocity in a practical application for efficient tar removal should
consider both the temperature requirement and the chemical reaction rate of the biomass
tar elimination.
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Figure 9. Effect of flow velocity on the simulated thermal fields (the temperature unit: K; x-y plane,
z=0;z; =5 mm; P =1000 W; Ig;c = 100 mm): (a) variation of the thermal fields with different flow
velocities; and (b) the heating rate of silicon carbide under microwave irradiation with different
flow velocities.

4. Conclusions

The electric and thermal fields of the microwave reactor used for ex situ biomass tar
elimination were simulated under various reactor and operation parameters including
irradiation feed position, microwave power, silicon carbide bed length and flow velocity.
The main conclusions include:

(1) The irradiation feed position that locates 5 mm vertically to the silicon carbide plane
(zi =5 mm) obtains the highest electric intensity on the silicon carbide bed. At this feed
position, the silicon carbide can reach the highest temperature and fastest heating rate
after wave absorbing, achieving the highest heating efficiency and energy utilization.
Placing the waveguide and quartz tube on the same plane will result in the lowest
energy utilization because of severe wave reflection.

(2) As the microwave power increases from 700 W to 1000 W, the temperature and
heating rate of silicon carbide obviously increase, but the electric field distribution
and microwave return loss changes little. The effect of silicon carbide bed length on
electric fields is remarkable because of the microwave return loss. Extending the bed
length from 100 mm to 130 mm will obviously decrease the bed temperature, as well
as the heating rate. A high flow velocity leads to obvious non-uniform temperature
distribution on silicon carbide because of the blowing of the cold carrier gas.

(8) To achieve a high microwave energy utilization and uniform bed temperature dis-
tribution, a suitable irradiation feed position (z; = 5 mm), high microwave power
(P =1000 W), short silicon carbide bed length (Isic = 100 mm) and low flow velocity
(v=0.02 m/s) are preferred. However, determination of these parameters in a practi-
cal application of biomass tar elimination should also consider the other conditions
such as chemical kinetics, treatment capacity and the temperature requirement.
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