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Pilot-Plant Scale 12 kW Microwave Irradiation Reactor for Woody
Biomass Pretreatment
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SUMMARY A simple, low reflection, and highly-efficient pilot-plant
scale microwave irradiation reactor for woody biomass pretreatment was
fabricated. Pretreatment is an essential process for effective bioethanol pro-
duction. The fabricated reactor consists of 8 microwave irradiators which
are attached to a metal pipe. The woody biomass mixture which contains
water and organic acid flows through the metal pipe and is heated by mi-
crowaves at a total power of 12 kW. To design the microwave irradiators,
we used a 3D Finite Element Method (FEM) simulator, which was based
on the measured complex permittivity data of the woody biomass mixture.
The simulation results showed that the reflection coefficient |S 11 | from the
reactor was less than −30 dB when the woody biomass mixture temperature
was between 30◦C and 90◦C. Finally, we experimentally confirmed that the
fabricated irradiation reactor yielded a microwave absorption efficiency of
79%.
key words: Microwave heating, permittivity measurement, finite element
method, magnetron

1. Introduction

Bioethanol derived from woody biomass is expected to
serve as an alternative to fossil fuels, because it is renewable,
sustainable, and carbon-neutral. Woody biomass consists
of cellulose (40–50%), hemicellulose (10–20%), and lignin
(20–40%). Bioethanol production from woody biomass re-
quires an extra pretreatment process before saccharifica-
tion and fermentation of the cellulose and hemicellulose,
because the lignin coating on the cellulose and hemicellu-
lose prevents enzyme access to the saccharification process.
In the pretreatment process, the molecular binding of the
lignin is broken and the coating is removed from the cellu-
lose and hemicellulose. An effective pretreatment process is
therefore essential for efficient bioethanol production from
woody biomass. A lot of pretreatment methods were re-
searched and proposed [1]–[4].

Since the 1980s, microwave pretreatment for enzy-
matic saccharification and fermentation has been exten-
sively investigated due to its potential application to woody
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biomass reactors. H. Ooshima et al. and J. Azuma et al.
reported that microwave heating with optimized heat condi-
tions in aqueous media could accelerate the enzymatic sac-
charification of woody biomass [5]–[11]. The microwave
process has been extended to various aqueous and organo-
solv pretreatment reactors with acidic, alkaline and oxida-
tive catalysts. Microwave pretreatment enables faster heat-
ing than conventional methods, and the process is applicable
to a wide variety of woody biomass including hardwood and
recalcitrant softwood.

In conventional studies, pretreatment reactors with mi-
crowave irradiation was presented [12]–[14]. However, the
proposed reactors in the conventional studies were the small
capacity experiment system for laboratory. Therefore, it is
necessary for future industrialization of bioethanol produc-
tion from woody biomass to increase in size of pretreatment
reactor.

In this paper, the 50 L class pretreatment reactor with
12 kW microwave irradiation was designed and fabricated.
For the industrial production of bioethanol, the cost of the
processing facilities should be minimized. Therefore, we
developed a low cost pilot-plant scale microwave reactor
which enables highly-efficient energy transfer from com-
mercially available magnetrons to the reactor without the
use of a matching tuner, isolator, or power monitor. In ad-
dition, the calculation method of microwave absorbing effi-
ciency was shown in this paper. This method make it pos-
sible to evaluate the absorbing efficiency without use of RF
observation devices at running the reactor.

2. Microwave Pretreatment Reactor

The development of the pilot-plant scale 12 kW microwave
irradiation reactor as shown in Fig. 1 was designed. This re-
actor has 8 microwave irradiators which consist of 2.45 GHz
magnetrons (output power: 1.5 kW), waveguides, and glass
windows. The total input power is 12 kW. The mixture is
irradiated with microwave irradiators attached around the
metal pipe.

We selected the 250A pipe-size, which is defined by
the Japanese Industrial Standards (JIS), for the pretreatment
volume 50 L. The outer and inner diameters of the 250A
pipe-size are 267.4 mm and 254.2 mm, respectively. The
irradiators were installed not to interfere with each other
physically. Eventually, the 4 irradiators were aligned ev-
ery 90◦C in the same plane, then another 4 irradiators were
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Fig. 1 Schematics of the pilot-plant scale microwave pretreatment reac-
tor. The developed reactor consists of 2.45 GHz magnetrons, waveguides,
glass windows, and a metal pipe. The total input power is 12 kW. (a) side
view of the reactor, (b) top view of the reactor.

aligned in a two-tiered manner.
In the reactor design, we first measured the permittivity

of the woody biomass mixture. Second, the microwave irra-
diator was designed by use of a 3D Finite Element Method
(FEM) simulator (Murata Software, Femtet) and the ob-
tained permittivity data. Thirdly, we fabricated the reactor
incorporating 1.5 kW magnetrons and multi-port microwave
irradiators. Finally, we estimated the absorption efficiency
of the reactor from the measured temperature data.

3. Measurement of Woody Biomass Permittivity

The permittivity of some liquids including water is depen-
dent on temperature [14]. This temperature dependence af-

Fig. 2 Mixture of water, organic acid, and eucaryputus globulus wood
particles. The mixing ratio was 85 w/w%, 0.03 w/w%, and 15 w/w%, re-
spectively.

Fig. 3 Temperature dependence of complex relative permittivity at 2.45
GHz. In the mixture, the real part of the permittivity gradually decreased
with increasing temperature.

fects the characteristic impedance. Hence, the design of the
microwave reactor is greatly influenced by the temperature
dependence of the permittivity. Therefore, we measured
the permittivity of the woody biomass mixture at 2.45 GHz.
In this paper, we defined the percent by weight as w/w%.
The mixture shown in Fig. 2 consists of 85 w/w% water,
0.03 w/w% organic acid, and 15 w/w% eucalyptus globu-
lus wood particles. The organic acid is a catalyst which ac-
celerates the exposure of lignin coated cellulose and hemi-
cellulose. We measured the permittivity with a dielectric
probe kit (Agilent 8507E) and network analyzer (Agilent
N5242A). In this measurement, the mixture was heated and
agitated by a hot plate stirrer (AS ONE DP-1S).

The temperature dependence of the complex relative
permittivity of mixture of eucalyptus wood particles in
0.03 w/w% aqueous organic acid was shown in Fig. 3. The
data were averaged over ten measurement. The standard
variations were less than 1.5 at each temperature. According
to Fig. 3, the real part of the relative permittivity was 77.0
and the imaginary part was 10.3 for the mixture at 30◦C.
When the temperature of the mixture increased to 90◦C,
the real and imaginary parts of the permittivity decreased
to 62.6 and 5.80, respectively. The specific values at each
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Table 1 Simulation and calculation results for the temperature depen-
dence of various properties

Temperature Permittivity |S 11 | Absorption |Zin |
(◦C) ϵ′r ϵ′′r (dB) Efficiency (%) (Ohm)

30 77.0 10.3 −36.0 94.7 27.5

40 74.0 8.60 −31.0 93.3 27.2

50 71.2 7.34 −32.0 94.1 27.1

60 69.3 6.69 −32.5 94.4 27.0

70 67.7 6.34 −34.0 94.3 26.8

80 64.8 5.99 −35.0 94.3 26.5

90 62.6 5.80 −35.6 94.5 26.0

temperature are shown in Table 1. The values for the per-
mittivity of water were the same as those in [15].

The permittivity measurements were conducted in the
liquid phase under air pressure condition. Although the mix-
ture temperature is predicted to become above 100◦C in the
actual microwave irradiation experiments, the mixture is not
vaporized and the pressure in the metal pipe is increased in-
stead in our irradiation system. Then we need to treat the
mixture as liquid (not gas) and therefore we adopted the
permittivity of the mixture from 30◦C to 90◦C, in the liq-
uid phase for numerical simulations.

4. Design of Irradiator through Numerical Simulations

We designed a microwave irradiator with a 3D FEM simu-
lator. The simulation model shown in Fig. 4 consists of the
magnetron antenna with wave port, waveguide, glass win-
dow, and metal pipe. We assumed the metal pipe was filled
up with the mixture whose permittivity was obtained from
the measurements shown in Fig. 3.

In our simulation, we approximately treated the mix-
ture as homogeneous matter. Although it has inhomogene-
ity as shown in Fig. 2, the mixture is sufficiently stirred in
the metal pipe during microwave irradiation. We therefore
introduced the average permittivity of the mixture for nu-
merical simulations.

The absorbing boundary condition was set on the top
and bottom surfaces of the metal pipe. The irradiator con-
sisted of a magnetron antenna and a square waveguide,
which was attached to the cylindrical glass window of the
metal pipe. The 80 mm diameter and 15 mm thickness grass
was used for the metal pipe window. The size of grass was
determined by withstanding pressure of metal pipe.

The magnetron model used for the irradiator was a HI-
TACHI 2M256 whose inner conductor was covered with an
alumina dome. The input microwave frequency and power
were 2.45 GHz and 1.5 kW, respectively. In the waveguide,
it is desirable that only the dominant mode TE10 propagates,
because microwave reflection and loss results from higher
modes. The cutoff frequency was calculated from the width
of square waveguide W. When we decided W = 70 mm,
the cutoff frequencies of primal mode TE10 and higher mode
TM11 were calculated as 2.1 GHz and 2.5 GHz, respectively.

We first discuss a 1 port simulation. In this simulation,

Fig. 4 Simulation model of the designed microwave irradiator which
consists of a magnetron antenna, a square waveguide, and a glass window.
(a) 4 port simulation mode (b) detail of irradiator.

1.5 kW power was input from a wave port on the coaxial line
of magnetron antenna. The size of magnetron antenna and
coaxial line was shown in red Fig. 4(b). Using this simula-
tion model, we determined the size of the irradiator that min-
imizes the reflection coefficient |S 11|. The simulation results
with varying square waveguide length, hrec, obtained for dif-
ferent values of the insertion position of the magnetron an-
tenna, L, were shown in Fig. 5. As shown by the graph,
when hrec = 240 mm and L = 7 mm, |S 11| reached its low-
est value of −37 dB. A similarly low value of −31 dB was
also obtained when hrec = 110 mm and L = 5.5 mm. The
optimum wavelength for this square waveguide is 253 mm
at 2.45 GHz. Hence, |S 11| was low when hrec became this or
half of this wavelength.

The frequency characteristics of |S 11| when hrec =

110 mm and L = 5.5 mm, and hrec = 240 mm and L = 7 mm
were shown in Fig. 6. In addition, the |S 11| from a wave port
placed directly at the waveguide was shown in Fig. 6. Ac-
cording to Fig. 6, microwave reflection of the irradiator was
reduced by tuning L and hrec of square waveguide.

Figure 7 shows the temperature dependence of |S 11|
and the power absorption when hrec = 240 mm and L =
7 mm at 2.45 GHz. |S 11|was less than −30 dB and the power
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Fig. 5 Simulation results of the microwave reflection coefficient |S 11 |
with the parameters hrec and L. |S 11 | is lowest when hrec = 240 mm and
L = 7 mm.

Fig. 6 Frequency characteristics of microwave refraction coefficient
|S 11 | when hrec = 110 mm and L = 5.5 mm, and hrec = 240 mm and
L = 7 mm. For both sizes, |S 11 | is less than −10 dB around 2.45 GHz.

absorption was more than 1.4 kW. In this simulation model,
the input microwave power was 1.5 kW, meaning the ab-
sorption efficiency was more than 93% between 30◦C and
90◦C. The permittivity of the mixture changed with increas-
ing temperature as shown in Fig. 3, whereas |S 11| and the
power absorption hardly changed. The reason for this is
that the characteristic impedance in the waveguide is much
higher than the input impedance from the waveguide to the
metal pipe. The input impedance |Zin| calculated by Femtet
was 27.5Ω at 30◦C and decreased to 26.0Ω at 90◦C. On the
other hand, the characteristic impedance in the waveguide
was calculated to be 777Ω at 2.45 GHz in the TE10 mode,
which is sufficiently larger than |Zin|. Therefore, the permit-
tivity change in temperature hardly affects |S 11| or the power
absorption.

Next, we investigated the power absorption distribution
in the metal pipe. In this simulation, the microwave was ir-
radiated from 4 wave ports as shown in Fig. 4(a). The to-
tal input power was 6.0 kW. The simulation result for the
power absorption at a cross-section of the model was shown
in Fig. 8. According to Fig. 8, the power absorption in the
metal pipe was confirmed. The 5.69 kW power was ab-

Fig. 7 Temperature dependence of |S 11 | and power absorption. |S 11 | was
less than −30 dB and the power absorption was more than 1.4 kW.

Fig. 8 Power absorption distribution in the metal pipe at 80◦C mixture
temperature.

sorbed in the 80◦C mixture. The absorption power reduced
at nearer center of the metal pipe. Therefore, it is necessary
for even heating to agitate. The center pole shown in Fig. 8
was assumed as agitator. We confirmed the center pole has
no effect on RF characteristics in the simulation.

Table 1 shows the simulation and calculation results for
the temperature dependence of various properties. It can be
seen that the input impedance |Zin| was affected by the tem-
perature dependence of the permittivity. However, the re-
flection coefficient |S 11| and the absorption efficiency hardly
changed because the microwave power absorbed by the mix-
ture was almost constant, regardless of the temperature.

Lastly, we discuss the isolation between irradiators. We
define the port 2 and port 4 as the adjacent ports to the port
1, and the port 3 as the opposite port to the port 1, as shown
in Fig. 4(a). The simulation results of |S 21| (= |S 41|) and
|S 31| are shown in Fig. 9. According to Fig. 9, both |S 21|
and |S 31| were less than −110 dB. Therefore the microwave
irradiation port is sufficiently isolated from the other ports.

5. Experiment and Discussion

We fabricated the pilot-plant microwave reactor according
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Fig. 9 Transmission coefficient |S 21 |(= |S 41 |) and |S 31 |. Each irradiators
was isolated.

to the design presented above. A photograph of the fabri-
cated reactor was shown in Fig. 10. The overall reactor and
the microwave irradiator section was shown in Fig. 10(a)
and Fig. 10(b), respectively. The reactor consists of 8 mi-
crowave irradiators. The volume of the metal pipe is 50 L. A
stirring machine is installed to ensure a uniform temperature
distribution in the metal pipe. The pretreatments using the
aqueous solvent system require a high temperature, which
exceeds the boiling point of water under ordinary pressure.
Therefore, the microwave reactor was designed to accom-
modate pressurized reactions up to a maximum of 2.0 MPa
at 215◦C in the sealed metal pipe with glass windows.

The pilot-plant scale microwave irradiation reactor has
8 magnetrons. In general, magnetron has a broad frequency
spectrum [16], [17]. We measured the magnetron spec-
trum with a spectrum analyzer. The measurement results are
shown in Table 2. According to the Table 2, the averages of
the peak frequency and −3 dB bandwidth of the spectrum
were 2.4623 GHz and 1.8 MHz, respectively. In the sim-
ulation results shown in Fig. 6, |S 11| was less than −20 dB
within the frequency range of magnetron spectrum.

Figure 11 shows the measurement results of the tem-
perature dependence and heat loss, which includes radiation
and convection losses. The temperature of the mixture was
measured at four points near the irradiator using a fiber-optic
thermometer shown in Fig. 10(b). The radiation loss Qr and
convection loss Qc were calculated with the following equa-
tions

Qr = eσS (T 4
st − T 4

rt), (1)

Qc = hS (Tst − Trt), (2)

where e is the emissivity, σ is the Stefan-Boltzmann con-
stant, S is the total outer surface area, Tst is the surface tem-
perature of the metal pipe, Trt is the room temperature, and h
is the convective heat transfer coefficient. In this calculation,
we assumed that e = 0.35, σ = 5.66× 10−8 W/(m2·K4), S =
0.75 m2 Trt = 21.4◦C (= 294.6 K), and h = 14 W/(m2·K).
In addition, Tst was calculated in Appendix and we assumed
κ = 16.7 W/(m·K). Table 3 shows the calculation results of

Fig. 10 Photographs of the fabricated pilot-plant scale microwave irradi-
ation reactor. (a) entire reactor, (b) microwave irradiator section.

Table 2 Measured magnetrons peak frequency and −3 dB bandwidth.

Peak Frequency (GHz) −3 dB Bandwidth (MHz)
Magnetron 1 2.4628 1.6
Magnetron 2 2.4618 1.4
Magnetron 3 2.4610 1.4
Magnetron 4 2.4618 1.6
Magnetron 5 2.4626 3.4
Magnetron 6 2.4632 1.2
Magnetron 7 2.4612 2.2
Magnetron 8 2.4640 1.8
Average 2.4623 1.8

the surface temperature and heat loss. According to Table 3,
the differences between the average temperature of mixture
T and Tst for the first 10 min were less than 1◦C. Also, the
heat loss Q(= Qr + Qc) was less than 0.40 kW, meaning the
ratio of the heat loss to the total magnetron power of 12 kW
was less than 3.3%. In addition, we calculated the 10.5%
and 26.2% power was lost by heat loss at 100◦C and 200◦C
mixture temperature. According to this result, it is neces-
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Table 3 Calculation results of the surface temperature and the heat loss.

Time
(min)

T
(◦C)

Tst

(◦C)
Qr

(kW)
Qc

(kW)
Q

(kW)
Q

(% )
0 21.4 21.4 0.00 0.00 0.00 0.0
1 23.4 23.4 0.00 0.02 0.02 0.2
2 27.6 27.5 0.01 0.06 0.07 0.6
3 31.5 31.3 0.02 0.10 0.12 1.0
4 34.6 34.3 0.03 0.14 0.17 1.4
5 37.5 37.2 0.03 0.17 0.20 1.7
6 41.7 41.3 0.04 0.21 0.25 2.1
7 45.6 45.1 0.05 0.25 0.30 2.5
8 48.6 48.1 0.06 0.28 0.34 2.8
9 51.0 50.4 0.07 0.30 0.37 3.1
10 53.1 52.4 0.07 0.33 0.40 3.3
— 100 98.3 0.22 1.04 1.26 10.5
— 200 196 0.78 2.36 3.14 26.2

sary for effective running of the reactor to reduce the heat
loss by use of an insulating material.

We calculated the microwave absorption efficiency us-
ing the temperature dependence of the mixture. The power
absorption Pa can be expressed by the following differential
equation

Pa = mCp
dT
dt
, (3)

where m is the total mass and Cp is the specific heat. We
consider the heat loss from the metal pipe to be negligible
because it was so low for the first 10 min. Also, we assume
m and Cp are constant. Thus, the temperature as a function
of time can be written as the following linear equation

T (t) =
dT
dt

t + T0 =
Pa

mCp
t + T0, (4)

where T0 is the initial temperature. We fitted (4) to the mea-
surement data with the least-squares method to estimate the
power absorption. The fitted liner function is shown by the
dashed line in Fig. 11. The gradient of the linear function
dT/dt was 0.056 K/s. The specific heat of the mixture Cp,
which was measured with a calorimeter, was 3.60 J/(g·K)
and the mass m was 49 kg. Therefore, the power absorption
Pa was 9.5 kW from Eq. (3) and the absorption efficiency
was 79% with a total magnetron power of 12 kW.

The absorption efficiency was declined by 14 points
compared with simulation results. This energy loss is caused
by thermal dissipation from the reactor. In the above calcu-
lation, we do not take thermal losses into account. How-
ever, the heat transfer through the metal pipe provides ther-
mal radiation loss and convection loss. Hence these losses
make apparent absorption efficiency lessen even though the
woody biomass mixture absorbs the microwave efficiently.

In this experiment, we confirmed the temperature in-
crease to more than 200◦C and succeed to provide accelera-
tion of the enzymatic saccharification.

6. Conclusion

We designed a simple, low reflection, and highly-efficient
microwave reactor for woody biomass pretreatment. First,

Fig. 11 Experimental temperature results and calculated heat loss. Gra-
dient of the liner function is about 0.056 K/s and the heat loss at 10 min was
less than 3.5%.

we measured the permittivity of woody biomas mixture. Ac-
cording to the measurement results, we confirmed the real
part and imaginary part of permittivity decreased from 77.0
and 10.3 to 62.6 and 5.80 at temperature increase from 30◦C
to 90◦C, respectively. These measured values are used in
the simulation model. In the 3D FEM simulation, the mi-
crowave irradiator was designed. According to the simula-
tion results, we confirmed the less than −30 dB reflection
coefficient and 93% absorption efficiency, respectively. We
next fabricated a pilot-plant scale microwave irradiation re-
actor. In the experiment and discussion section, we showed
the calculation method for absorption efficiency at reactor
running. According to the experiment results, the 79% ab-
sorption efficiency was obtained. In this calculation, we
confirmed 26.2% heat loss from 200◦C metal pipe. There-
fore, it is necessary for reducing the heat loss to use a insu-
lating material in future.

Our study will contribute to the scaling up and practical
use of woody biomass pretreatment reactors. In the future,
we will enhance the microwave irradiating power and fabri-
cate a plant-scale reactor for industrialization.

Appendix: Calculation of Surface Temperature

According to the Fourier’s low in a cylindrical coordinate
system, a heat flow J from inside to outside of a pipe can be
expressed by the following differential equation

J = −2πκLpr
dT
dr
, (A· 1)

where κ is the heat-transfer coefficient of the pipe, Lp is the
length of the pipe, and r is the position in a radial direction.
When we integrate from the inside radius rin to the outside
radius rout of the pipe, Eq. (A· 1) can be converted to follow-
ing integral form

J
2πκLp

∫ rout

r=rin

dr
r
= −
∫ Tst

T
dT. (A· 2)

When we solve Eq. (A· 2), J can be written as
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J = − κS (Tst − T )
rout ln (rout/rin)

. (A· 3)

A thermal energy translated from the inner hot area is emit-
ted to outside by radiation and convection at surface of the
pipe. Therefore, the relationship of J, Qr, and Qc is writ-
ten as J = Qr + Qc(= Q). Substitution of Eqs. (1), (2), and
(A· 3) in this relationship and arrangement for Tst lead to the
following equation

T 4
st + ATst + B = 0, (A· 4)

where A and B are written as

A =
h

eσ
+

κ

eσrout ln (rin/rout)
, (A· 5)

and

B = −T 4
rt −

h
eσ

Trt −
κ

eσrout ln (rin/rout)
T. (A· 6)

Solving Eq. (A· 4) and determining a proper value from four
solutions, we can get a value of surface temperature.
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