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ABSTRACT Microwave heating of waste results in chemical breakdown that can lead to conversion of mixed
waste materials to fuel. Heating waste mixtures with microwave energy rather than incineration results in
faster breakdown and can therefore be more efficient. Here we address heating of small volumes of mixed
food waste materials with widely differing and temperature-dependent electrical properties. Uniform heating
is accomplished with mode mixing within a loaded cavity and by spatial power combining of solid-state
power amplifiers (SSPAs). We present a heating comparison of two circuit-combined and spatially-combined
2.45 GHz 70-W 65% efficient GaN SSPAs with controlled relative phase. The heating efficacy is shown to
improve by volumetric combining inside the waste loading. The temperature changes in several locations and
for several common waste materials and mixtures are investigated and compared to FEM electromagnetic
simulations, as well as FDTD multi-physics simulations that incorporate thermal dependence of material
properties. The approach is scalable in volume and power, demonstrated by a simulation comparison of the
1.4 L small cavity to a 5.2 L volume.
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I. INTRODUCTION

In 2017, the United States produced 243 million metric tons
of waste, equivalent to 1.8 kg per person per day. Over half of
the waste, 126.6 million tons, went into landfills and roughly
35%, 86 million tons, were recycled or composted [1].
Excess waste is becoming a global problem, as many
countries are running out of landfill space and low-quality
plastic is often sent back from recycling plants [2], [3]. In
addition, the current waste-management systems are not
taking full advantage of energy resources contained in the
waste. Thermochemical processes, pyrolysis, incineration,
gasification, etc., are currently used for energy production
from waste material. Incineration and gasification directly use
the material breakdown to generate electricity [4]. Pyrolysis
does not directly process the waste for energy production,
but converts it into intermediary compounds that can be used
for chemical up-conversion to solid fuel, oil, SynGas [5], or
environmentally safe products for e.g. fertilization [6].

Pyrolysis is defined as “the thermochemical decomposition
of organic material at high temperature and in the absence
of oxygen or in an atmosphere of inert gases” [7]. It has
been investigated for feasibility in the municipal solid waste
(MSW) sector, where convection-based heating methods for a
wide variety of materials have been used, e.g. wood [8], pa-
per [9], textiles [10], mixed food [11], and plastics [12]. These
materials are the majority of MSW in most areas and are
therefore the main topic of research. Most published exper-
iments use non-renewable energy sources, or do not mention
the energy usage of the heating apparatus. Limited work with
microwave heating has shown improvement in thermal ef-
ficiency, increased speed of reactions, and, in some cases,
advantageous modifications of the breakdown process [13].
Electromagnetic waves generate heat inside the medium, im-
proving the system efficiency by reducing the amount of heat
dissipated outside of the waste material compared to convec-
tion heating. Microwave heating has been shown to be much
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FIGURE 1. Diagram of microwave heating reactor fed by two solid-state
power amplifiers (SSPAs) spatially combined in an overmoded cylindrical
cavity loaded with mixed waste, with an example relative electric field
magnitude shown in a few cross-sections. The phase shift @ is adjusted for
improved heating uniformity. As a result of the pyrolysis process, coal,
pyrolitic oil and gas can be obtained.
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faster than conventional electric heating in hydrothermal
treatments [14].

This paper describes a 2.45-GHz active microwave cavity
with solid-state (GaN) spatially power-combined sources for
scalable waste volumes, as illustrated in Fig. 1. Most mi-
crowave industrial heating is done with magnetrons with kW
to MW power levels in the 915 MHz and 2.4 GHz ISM bands.
However, the frequency is not easily tunable nor are mulitple
magnetrons easily injection-locked for power combining [15].
Small and even hand-held solid-state microwave ovens using
LDMOS devices have been demonstrated [16]. A LDMOS
solid-state source with 180 W of effective power and with
frequency modulation is shown in [17] to help heating unifor-
mity of chicken in both simulation and experiment. Here, we
compare two 70 W GaN SSPA excitations of a 1.4¢ cylindrical
cavity to a single 140 W excitation to assess the benefits
of spatial power combining in the waste volume. Card-
board/paper, bread, meat (hotdog) and their mixtures are used
as representative materials, chosen for the large range of com-
plex dielectric constants. The approach is scalable and is first
demonstrated on a small-volume 1.4¢ personal “trashcan,”
with measurements and simulations at temperatures below
phase change. Additionally, a path towards scaling is shown
on a 5.2¢ model volume. Note that in the results presented
here, we assume that the heating rate and material properties
do not change drastically, i.e. that the heating is below phase
change and the impedance of the cavity loading does not
change dramatically. The two main reasons for conducting
measurements at temperatures below phase change are: (1) the
material properties, and by extension, the heating equation re-
mains simpler and more reliable, without a need for chemical
analysis; and (2) a fume hood for containing hazardous gases
resulting from phase change is not available in the experimen-

tal setup. A substantial change in material properties due to
882

heating would also result in nonuniform material properties,
and considering different permittivity mixtures can give an
idea of the impact of nonuniformities from an electrical stand-
point, but the variation in thermal properties are not explored.

The paper is organized as follows. Section II provides
background related to microwave heating and waste elec-
trical properties. Section III covers the cavity simulations
and investigates the power density throughout uniform waste
loadings as the relative phase between the sources is varied.
Section IV describes several measurement setups as well as
multi-physics simulations. Section V details measurements
of heating for uniform waste loadings and compares with
multi-physics simulations. Section VI extends the measure-
ments to non-uniform waste mixtures, using several types
of cavity feeding. Finally, the last section summarizes the
most relevant conclusions and shows preliminary results for
frequency-modulated cavity excitation and scaling to a larger
cavity volume.

Il. MICROWAVE HEATING THEORY

Heating materials with electromagnetic waves at microwave
frequencies is a result of absorption in the material due to
its high-frequency conductivity, o. For example, a 100 mL
volume of uniform material with o = 5 S/m and specific heat
of ¢ =3.899 J/g (salt water), exposed uniformly to 163 W
of microwave power will heat by 75 K in 3 minutes. Heat-
ing is usually performed in a shielded metal cavity which
is larger than a wavelength in each dimension, at one of
the Industrial, Scientific and Medical (ISM) frequencies of
2.45 GHz or 915 MHz. Such a loaded electrically-large cavity
is over-moded, implying that the electromagnetic field dis-
tribution is complicated and not uniform. The heating rate
and temperature distribution depend on modes that are ex-
cited in the cavity, which in turn depend on frequency and
both the real and imaginary parts of the complex permittivity,
€ =€ — je’ = €,6, — jo/w. We assume here that the waste
loads the cavity fully and that waste materials are considered
to be lossy dielectrics with a real-valued conductivity. The
standard skin depth for a plane wave can be used as a guideline
for penetration depth of the field into a given material, but in
an over-moded cavity filled with a lossy material, full-wave
simulations are needed to determine the field strength within
the volume, and should be coupled with thermal simulations
which include temperature-dependent material properties.

A. ELECTRICAL AND THERMAL PROPERTIES OF SOME
WASTE MATERIALS
Electrical and thermal properties of typical waste materials at
2.45 GHz and 25 °C are given in Table 1, showing the large
variation in permittivity, conductivity, specific heat, mass den-
sity, p, and thermal conductivity, . The bold-faced quantities
are used in this work for the simulations and experiments.
Heat conservation within the cavity can be written as:

déth
dr

= -V.®oy+0, (1)
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TABLE 1. Table of Material Properties [18], [19], [20], [21], [22], [23], [24],
[25]. [26]. [27]

‘ Material ‘ er ‘ o (25 ‘ o 5] ‘ p 5] ‘ r [l ‘
Wood 12-2.1 | 49-86 | 1.3-24 | 400-750 | 0.15-0.19
Starches | 30 2042 37 1050 1
Fruit
& Veg. | 4.6 313 3.8-4.1 | 840-1320 | 0.3-0.7
Plastics | 2-3.5 | 1.3-24 | 1.3-1.9 | 540-800 | 0.03-0.5
Textiles | 1.4-6 | 3.8-163 | 1.6 560 0.03-0.25
Paper | 2-3 10.2 1.336 80-190 0.05
Bread | 3.1-4.2 | 40-105 | 4.5 200 0.1
Meat 50-65 | 2-2.6k | 2.7-3.7 | 960-1060 | 0.4-0.5

where Q is the energy of heat, ®y is the heat flux vector and
the thermal energy, &1y, is given by

En=c(r,¢,2,T)p(r,¢,2, T)T (1) +C. 2

Other energy stored in the material is absorbed into the con-
stant C in (2). Cylindrical coordinates are used to match
the experimental cavity geometry. Here we assume that the
materials do not undergo phase or chemical changes over
the temperature range considered (dC/dt = 0), and that the
heat flux is caused by conduction only and is described by
Fourier’s law for an isotropic medium:

Oy = —«(r,¢,z, T)VT. (3)

The heat generation, Q, comes from Joule losses, with a
power density at any point in the waste volume given by:

0=pi(rnd, 2, T)=|E(r,d, 2, T)*0(r,$,2,T), (4

where E (r, ¢, z) is the electric field, and o (r, ¢, z) is the

spatially-varying conductivity. From (1), solving for the tem-

perature increase gives:

pi(r¢. 2. 1)+ V- (k(r.¢.2, T)VT(r, ¢, 2))
p(r, ¢, 2, T)e(r, ,z,T) '

l j—
8t (r7 ¢7 Z)

To solve these equations numerically, the composition and
spatial variation of the mixed waste needs to be known. Even
for a single material, the moisture content and density will
vary. To compare measurements to theory, single-material
cavity loading is first investigated, with cardboard/paper,
bread and meat (hotdog). The CAD tool QuickWave [28]
numerically implements equations (1)—(5) and is used to com-
pare with experiments in Section I'V-B.

1Il. MICROWAVE CAVITY SIMULATIONS

A 1.4¢ shorted metal cylinder with a base diameter of 12.5 cm
and height of 11.2 cm is used as the heating cavity, and
completely filled with representative waste material. Two rect-
angular waveguide probes are placed symmetrically on the
two cavity ends. This arrangement gives the option of rela-
tive feed rotation. At 2.45 GHz, the cavity is single-moded
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FIGURE 2. (a) Eigenmode simulations for the electric field magnitude in a
cylindrical cavity with a diameter of 12.5 cm and height of 11.2 cm, loaded
with paper, showing the single mode closest to 2.45 GHz normalized to 1J
of stored energy. (b) Driven simulation for the electric field magnitude in
the cavity for a single WR340 rectangular waveguide probe excited with
70 W delivered power. Results for the central cross-section of the
cylindrical cavity are shown.
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FIGURE 3. (a) Eigenmode simulations for the electric field magnitude in a
cylindrical cavity with a diameter of 12.5 cm and height of 11.2 cm, loaded
with bread, showing the single mode closest to 2.45 GHz normalized to 1 J
of stored energy. (b) Driven simulation for the electric field magnitude in
the cavity for a single rectangular waveguide probe with 70 W delivered
power. Results for the central cross-section of the cylindrical cavity are
shown.

when air-filled, but supports 3, 5 and more than 20 modes
with uniform paper, bread and meat loading, respectively.
The field amplitudes from eigenmode (unfed) analysis using
Ansys HFSS are given in Fig. 2(a) for paper and in Fig. 3(a)
for bread, showing the mode that is closest (within 250 MHz)
to 2.45 GHz. The plots show the vertical cross-section of the
cylindrical cavity (r = —6.25 to 6.25 cm, z = 0 to 11.2 cm).
As expected, the field profiles are quite different for the two
loadings.

A driven analysis with a single S-band (WR340)
waveguide-to-coaxial adaptor feed is performed for all three
uniform loadings, showing that multiple modes are present.
The results for paper are shown in Fig. 2(b), for bread in
Fig. 3(b), and for meat loading in Fig. 4. In all three cases,
the highest field values are near the feed, but in the case
of the lower-conductivity paper the field is more uniformly
distributed throughout the volume. As expected, increased
loss occurs near the feed for the most conductive loading
(meat), with several orders of magnitude lower field at the
opposite side of the cavity. From these plots, the motivation
for including multiple feeds becomes obvious.
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FIGURE 4. Driven simulation for the electric field magnitude in the cavity
loaded with meat for a single waveguide probe excited with 70 W
delivered power. Results for the central cross-section of the loaded
cylindrical cavity are shown.
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FIGURE 5. Driven simulation for the Joule loss in the cavity for uniform
bread loading and different excitations. Left: Single waveguide probe
excited with 70 W delivered power. Center: Two waveguide probes driven
in phase with half of the applied power per probe. Right: Two waveguide
probes driven 180° out of phase with half of the applied power per probe,
for (a) paper, (b) bread, and (c) meat loadings. In all plots, results for the
central cross-section of the loaded cylindrical cavity are shown.

From (4), the Joule loss density in the materials is propor-
tional to the square of the field magnitude and the conduc-
tivity. It is interesting and practically relevant to note that
the loss density is more uniform across different materials
than the electric field magnitude. Fig. 5 shows simulation
results using a driven analysis in HFSS for three excitations:
two circuit-combined PAs feeding a single waveguide probe;
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FIGURE 6. Joule loss volume energy density in the horizontal middle
cross-section for (a) paper and (b) bread uniform loading with two feeds
oriented parallel (left) and 45°(right) to each other for 70 W of total
delivered power.

two probes fed by two PAs in phase; and two probes fed by
two PAs out of phase. The loss power density distribution is
affected dramatically for the paper and bread loadings, but not
for the highly conductive meat loading.

It is interesting to visualize the electric fields in the middle
horizontal cut of the cavity (z = 5.6 cm, r =0 to 6.25 cm,
0 = 0 to 2m). The two feeds can be oriented parallel to each
other, or at some angle. Fig. 6 shows the Joule loss density
for paper and bread loading, for the parallel and 45° feed
orientation. Although the 45° orientation results in a higher
nonuniformity, the produced heat is significantly higher for
both loadings.

IV. TEMPERATURE EVOLUTION

The above simulations show steady-state electric field and
Joule losses for uniformly-filled cavities with a single or
dual feed. When the power is turned on, heating will occur
starting from these initial conditions. Due to thermal conduc-
tion and changes of material electrical and thermal properties
with temperature, the electric field distribution will vary in
time as heating continues. We next describe the experimental
setup used to measure the temperature distribution over time,
as well as multi-physics modeling that takes into account
temperature-dependent material parameters. This enables a
comparison of measured and simulated temperature evolution
over time.

A. HEATING MEASUREMENT SETUP

Fig. 7 shows the geometry of a small solid-state driven cav-
ity used to measure the temperature change over time for
different loadings. The cavity is cylindrical with a diameter
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FIGURE 7. Geometry of the S-band waveguide probes and loaded cavity,
withd =12.5cm, h=11.2 cm, a = 7.2 cm and b = 3.6 cm. Two probes
and placed on the bases of the cylinder. If only one probe is used (top
probe in Fig. 8), the other is shorted with a metal sheet. In the
experiments, seven small temperature sensors (not to scale here) are
placed throughout the cavity at 7 fixed positions for all experiments.

TABLE 2. Table of Thermocouple Locations Referenced to the Center of
the Cavity

Thermocouple | r(cm) | ¢(°) | z (cm)
A 0 N/A 0

B 0 N/A | -35

C 0 N/A 3.5

D 4 0 4

E 4 180 4

F 4 90 -4

G 4 270 -4

d =125 cm and h = 11.2 cm in height, made of tin-plated
steel. This 1.4¢ “waste basket” models an appliance for
personal use. The temperature is monitored with 7 type-K
thermocouples placed at locations shown in Fig. 7 with ther-
mocouple positions given in Table 2. The temperature is
recorded using a Picologb module. The cavity is surrounded
by thermal insulation consisting of 2.75 cm thick R5 foam,
measuring 40 cm x 32 cm x 40 cm, with a reflective sheet on
the internal surface. Solid-state GaN power amplifiers (PAs)
are connected with coaxial-to-waveguide adaptors to the WR-
340 (2.2-3.3 GHz) waveguide feeds.

Two setups are used to investigate heating, shown in Fig. 8.
The first is a single-feed set of experiments with either one PA
or two PAs connected to the top waveguide feed (Fig. 8(a)).
The two PAs can be combined with a 0.67-dB loss coupler
to approximately double the input power. For different cavity
loadings, the impedance at the feed will be different, and
the reflected power is dissipated in a set of attenuators with
50 dB loss before input to a power meter used to measure the
reflected power. A tuner is added in some of the measurement
to show a path for improving overall efficiency over time.
Additional couplers and power meters are used to monitor the
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FIGURE 8. Two schematics of microwave reactors fed by solid-state power
amplifiers (SSPAs) showing the different configurations compared in this
investigation. Input power is measured through directional couplers
positioned after the SSPAs. (a) One or two SSPAs power combine in phase
and the combined power is fed through a single waveguide probe to the
cavity. There is an option to feed the waveguide through a circulator to
measure reflected power or through a load tuner to form a better match.
(b) Two SSPAs are spatially combined in the cavity loaded with waste. The
phase shift ¢ is adjusted for improved heating uniformity.

output of the PAs. A power divider at the PA inputs is followed
by a phase shifter in one of the branches to provide relative
phase shift between the PA outputs. The phase shift is set to
@ = 0° when a single waveguide feed is used as the cavity
excitation.

Fig. 8(b) shows the setup for a dual cavity excitation where
the relative phase shift ® can vary. In this case, the output
power of the two PAs is spatially combined in the waste
loading. Otherwise, the setup is similar to the single-feed case.
This setup allows an investigation of spatial power combining
and a comparison to cases described in Fig. 8(a). The power
delivered to the cavity is controlled through driver amplifiers
in each path (not shown in the figures).

Two single-stage GaN hybrid PAs with Qorvo 70-W
QPD1015 L packaged devices are designed, starting from load
and source-pull simulations at the fundamental and second
harmonic. The package capacitance presents a short at the
third harmonic, limiting the waveshaping capability. The input
is matched to a simulated large-signal reflection coefficient
at 2.45 GHz, and the output match is designed to maximize
output power while maintaining high PAE. The bias circuits
present opens at the fundamental, and the second harmonic is
shorted at the output of the device. The circuit is implemented
on a Rogers 4360 G 32-mil thick substrate with the device
mounted directly on the grounded heat sink, as shown in
Fig. 9. The measured output power, PAE and gain vs. input
power at 2.4 and 2.45 GHz are shown in Fig. 9. The output
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FIGURE 9. (a) Photograph of 70-W peak power GaN hybrid power
amplifier showing the second harmonic termination. (b) Measured PA
performance at 2.40 and 2.45 GHz with photograph of one of the two
hybrid SSPAs based on a 70-W packaged GaN transistor. The input
reflection coefficient is below —15 dB at both frequencies.

power and efficiency remain above 60 W and 52% for the
2.3-2.6 GHz (12%) bandwidth, allowing for broadband fre-
quency modulation. Two power amplifiers are fabricated and
have repeatable performance.

The following cases of loading and amplifier configurations
are compared experimentally:

A) Single power amplifier (PA) with Poyr = 70 W. Since the
reflection coefficient varies for different cavity loadings, we
correct for this by keeping the delivered power constant at
Ppgr. = 35 W. Note that the paper and meat (hotdog) cavity
fillings result in a mismatch at the probe with I" &~ 0.5.

B) Two equal 70 W PAs, externally combined with a power
combining efficiency of 85.6%, delivering power to the
cavity through a single probe. The changes in the reflection
coefficient are compensated and the delivered power is kept
constant at Ppgr, = 70 W.

C) Single probe with two PAs, same as case B, but with an
added impedance tuner, Fig. 8(a). The power is adjusted to
a level that allows fair comparison to other cases.

D) Two equal 70 W PAs, each feeding a probe, spatially
combined inside the waste volume, where Ppgy, varies. The
applied power is kept the same as in case B, for a fair
comparison.

B. MULTIPHYSICS SIMULATIONS OF TEMPERATURE
EVOLUTION
To investigate heating in simulations, the electric field distri-

bution, and therefore Joule loss density, can be determined
886

TABLE 3. Table of Temperature Dependent Material Properties Used for
Mulitphysics Simulations [35], [36], [37], [38]

Temp. °C] | & | o 1251 | c1gl1 [ o251 | n 1900 |
Paper Loading

25 2.2 24.0 1.336 100 0.049

45 2.3 25.1 1.336 100 0.051

70 2.4 32.6 1.336 100 0.053

90 2.6 31.8 1.336 100 0.055

Bread Loading

25 3.1 50 2.6 200 0.1
40 3.2 55 2.6 200 0.15
55 33 70 2.6 200 0.2
70 3.5 80 2.6 200 0.25
85 4.1 105 2.6 200 0.3

Meat Loading

15 55 2315 35 1060 0.41
25 54.5 | 2246 3.5 1060 043
35 54 2466 3.5 1060 0.488
45 53 2287 3.5 1060 0.5
55 51 2328 3.5 1060 0.6
65 51 2519 3.5 1060 0.7

through full-wave electromagnetic simulations, and used in
above equations to solve for the thermal evolution. However,
this approach does not take temperature dependent material
properties into account [29]. Measurements at 2.45 GHz of
both inorganic [30] and organic materials often show changes
in relative permittivity and conductivity with increasing tem-
perature. The relative permittivity of meat [27] has been
measured to drop from 62 to 58 when temperature increases
from 15 °C to 55 °C. The conductivity increases (less than
5%) above about 25 °C.

A multiphysics approach which couples electromagnetic
and thermal simulations is required to gain insight into the ef-
ficiency of heating and for improved cavity and probe design.
This can be addressed using the 3D Finite-Difference Time-
Domain (FDTD) technique for substances with temperature-
dependent electromagnetic and thermal material parameters
following the approach outlined in Table 3. The EM and
thermal solvers operate as parts of an iterative procedure in
which a steady state solution of the EM problem becomes an
input for the thermal simulator, which then computes the tem-
perature field induced after a pre-set heating time step. After
each iteration, material parameters are upgraded in every cell
of the FDTD mesh in accordance with the output temperature
field from the thermal solver. This algorithm implemented in
the 3D FDTD simulator QuickWave [28] allows for deter-
mining the time evolution of the 3D temperature distribution.
Examples of simulations of the heating processes are reported
in [31], [32], [33], [34].

To include the time evolution of the temperature profile,

multi-physics simulations are performed for all three loadings,
VOLUME 3, NO. 3, JULY 2023
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FIGURE 10. Simulated temperature distribution throughout the uniform
bread loading at (a) the beginning of the heating process (after 20 s) with
a maximum temperature of 25.2 °C, and (b) at after 100 s with a maximum
temperature of 44.7 °C.

and are here shown for the case of bread in Fig. 10. The
distribution looks similar to that of the volume power density,
as expected, and at t = 0 agrees with the HFSS simulations
from Fig. 5. In this case, the material parameters change is
not sufficient to change the field distribution in the cavity.

To quantify the spatial temperature increase, we define
heating efficacy ey as the mean change in temperature over
the volume and over the heating time Az, normalized to the
delivered power:

_ )

At - PpEL
where wt is the mean of the temperature distribution and Ppgr,
is the power delivered to the cavity which takes into account
any reflections as the loading changes. Another relevant met-
ric is the one for uniformity of microwave heating throughout
the volume. Here we adopt a definition for uniformity A, of
dissipated power from [39]:

(6)

€H

oT
& ur’ 2
where o is the standard deviation of the temperature distri-
bution in the entire volume.

To quantify the uniformity of heating, the heating efficacy
(eg) and power uniformity metric (Ap) are calculated from
coupled EM and thermal simulations for the three uniform
loadings and are presented in Table 4. The efficacy does not
change significantly for different excitations for the meat and
bread loadings, but improves for the paper, while the unifor-
mity improves for the meat and is phase-controlable for the
bread loading.

V. EXPERIMENTAL RESULTS WITH HOMOGENEOUS
WASTE MATERIALS

In this section, measurements with a single and two feeds for
uniform paper, bread and meat loading are presented with the
setups from Figs. 7 and 8 and compared with multiphysics
simulations. The VSWR at the waveguide feed is measured
for the three uniform loadings and is well matched for bread
(VSWR<2), but is poorly matched to the paper and meat

VOLUME 3, NO. 3, JULY 2023

TABLE 4. Table Summarizing Two Probe Results

Test ‘ Time(s) ‘ en ‘ Ap ‘
Paper Loading
Circuit Combined 3 124 .0475
Spatial Combined 0°phase 3 1465 | 2013
Spatial Combined 90°phase 3 1419 | .1555
Spatial Combined 180°phase | 3 138 1256
Bread Loading
Circuit Combined 78 .0056 | 1717
Spatial Combined 0°phase 80 .0053 | .1042
Spatial Combined 90°phase 80 .0053 | .1484
Spatial Combined 180°phase | 78 .0056 | .2040
Meat Loading
Circuit Combined 80 .0067 | .0811
Spatial Combined 0°phase 100 .0001 | .0176
Spatial Combined 90°phase 100 .0001 | .0177
Spatial Combined 180°phase | 100 .0001 | .0179

FIGURE 11. Photograph showing the 1.4¢ heating cavity with two
waveguide feeds, and with 2.75-cm thick thermal insulation. Several
photographs of different waste mixtures are also shown: (top) medium ¢,
mixture; (center) paper loading; and (bottom) meat loading after 20
minutes of heating.

(hotdog) loading (VSWR>5). For appropriate comparison,
we keep the power delivered to the cavity constant, with input
power equal to Py = Ppgr/(1 — |S11|2). Next we describe
results from measurements for cases A and B with a single
probe for all three uniform loadings. The goal is to gain a
better understanding of how the loss mechanisms change with
increasing power level. Doubling the power should double the
heating rate, however the loss mechanisms will differ between
the two power levels because the material properties change
with temperature. A photograph of the cavity with thermal
insulation and a few material loadings is seen in Fig. 11.
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FIGURE 12. Measured temperature increase at 7 temperature sensor
locations (A to G) for paper (a), bread (b), and meat (c) loadings of the
cavity with a single feed for 35 W (left) and 70 W (right) of delivered
power. The circular symbols show results from multi-physics simulations
of heating rates at the thermocouple locations for the 70 W applied power.

A. SINGLE FEED WITH SINGLE PA

Fig. 12 show measured temperature time evolutions at the 7
thermocouple positions for the case of a single PA feed with
a delivered power of 35 W (case A) on the left. For the paper
loading, in 1 minute, the temperature increases up to 10 °C,
while it takes more than 5 minutes for a comparable increase
in temperature for the bread, and around 10 minutes for the
meat loading. Although the delivered power is the same in
all three cases, the meat takes a considerably longer time to
heat up due to its relatively high specific heat and low thermal
conductivity. For longer heating times, the slope changes due
to material electrical property variations, as can be seen for
the bread and meat loading.

B. POWER SCALING WITH SINGLE FEED

Next, the measurements are repeated with a two-fold increase
in delivered power (case B), and the results are shown in Fig.
12 on the right. The circuit-combined measurements use a
branch-line coupler to combine the 70 W amplifier outputs.

888

TABLE 5. Table of Single Port Measured VSWR

’ Material ‘ Without Tuner | With Tuner

Paper 16 1.012
Bread 2.4 1.29
Meat 5.1 1.32

The theory (shown with circles) predicts the trends and is
most accurate for the bread loading. Above 100 °C, limited
information on food material electrical parameters exists, and
therefore multiphysics simulations are performed in the lower
temperature range to validate the trends. In all cases, the pre-
dicted temperatures are somewhat higher. The discrepancies
are expected due to the following practical reasons: i) the
material properties from the literature are validated with a
simple and approximate loaded waveguide measurement [40];
ii) the multiphysics theory does not take into account the
thermal losses (e.g. waveguide probe heating) that exist in the
measurement.

The temperature measurements for the paper loading are
sensitive to thermocouple placement around hot spots, which
is reflected in the disagreement with simulations. In the case
of meat loading, the measurements indicate that the thermal
and electrical conductivities are different from the simulated
ones. There is a visible tradeoff between the heating rate and
uniformity described by the spread of temperatures across
different thermocouples. When the power doubles, the heating
rate does not double at every location. Instead, the temperature
rates diverge and the hotter spots heat faster than the cold
ones. The paper measurements are linear because the thermo-
couples are noisy over such short time periods and there is
an initial temperature offset due to the high RF electric fields
incident on the sensors. To compensate for this, temperature
measurements immediately before and after the electric field
is applied are used to create a linear approximation of the
heating. This is not completely representative of the heating
during operation, but shows the trends at different locations
in the cavity. Although they have limited use in high electric
fields, thermocouples offer a simple and cost-effective method
for sampling the volumetric temperature distribution. An al-
ternative method of temperature sensing that is not sensitive
to high electric field strengths is infrared imaging, which only
captures surface temperature.

C. SINGLE FEED WITH IMPEDANCE TUNER

Configuration C with a tuner to improve the delivered power is
compared to the initial setup in Configuration A. The tuner is
a mechanical single-slug tuner, consisting of an air coax with
an adjustable parallel capacitance to ground. Table 5 shows
the measured VSWR at the tuner input after adjusting the slug
for best match for the three uniform loadings, compared to the
impedance match without the tuner. Fig. 13 plots the measured
temperature increase over time for probe C when the tuner
is used for the three uniform loadings, showing increased
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FIGURE 13. Measured temperature increase by temperature sensor C from
Fig. 7, with and without a single tuner-matched feed for paper (dotted),
bread (solid), and meat (dashed) loadings.
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FIGURE 14. Measured temperature increase at 7 temperature sensor
locations (A to G) for bread loading of the cavity with two feeds for

0° (left) and 180° (right) relative phase shift between the two probes. The
symbols, o', show results from multi-physics simulations of heating rates
at the thermocouple locations for the 70 W applied power.

heating for the matched case compared to case without the
tuner. It is interesting to note that the relative increase in heat-
ing differs between materials, since their electrical properties
change differently with temperature.

D. SPATIAL POWER COMBINING IN WASTE VOLUME
For the spatially combined method (case D), two 70 W am-
plifiers supply power to the two feed probes with circulators,
depicted in Fig. 8(b). A phase shifter varies the relative phase
between the two PAs between & = 0° and ® = 180° in 45°
steps. The thermocouple temperature sensor placement, data
recording, and thermal insulation is the same as in the circuit-
combined measurements.

Experimental validation for the trends shown in Table 4 was
performed for bread loading. Fig. 14 shows heating results for
0° (left) and 180° (right) relative phase difference between the

VOLUME 3, NO. 3, JULY 2023

100 o
9 TN
% 80 ~ N /il
5 RN
= 60 _ e [
5] o — ~
o, — ~N
g 40 7 ~ 9
3} N -
= ) )

20 : : :

0 50 100 150

Relative Phase (°)

— @ — One Minute X
— @ — Five Minutes

Multi-Physics

FIGURE 15. Readings at temperature sensor A after one minute and after
five minutes of heating in two-port configuration. Measured temperature
is plotted versus relative phase between ports. Multi-physics simulations
done up to one minute are marked by X's.

two feeds. Measurements of heating rates at different points in
the waste loading shows that the heating uniformity depends
on relative phase between the two feeds. Additionally, con-
trolling relative phase affects the electric field and therefore
the heating distribution, shown at thermocouple A for several
relative phase, @, settings in Fig. 15. The most important
conclusions from this data are: (1) the heating uniformity
can be improved by phasing between the two feeds; (2) for
the high-conductivity meat loading the uniformity improves
greatly with spatial power combining but not with relative
phasing; and (3) the saturation in the temperature increases
for the bread loading near 100°C indicating that the tempera-
ture dependence of the material properties affects heating for
longer microwave powers or higher temperatures.

Another important result obtained from the multiphysics
simulations is shown in Fig. 10, where the temperature dis-
tribution after 3 seconds is found for three relative phases (0°,
90° and 180°) and 35 W delivered power to each waveguide
probe. (Note that in this case, the delivered power is difficult
to measure.) These simulated results also show, in agreement
with measurements, that phase shift can be used to control the
heating patterns inside a loaded cavity.

When two feeds are used, the probe impedance changes
due to near-field coupling. For the case of bread loading, the
VSWR remains between 2.4 and 3 for all values of relative
phase angle ® = (0°, 360°) and for spatial rotations between
the probes of 6 = 0°, 45° and 90°. The mismatch for the meat
loading is high, with a VSWR =5, independent of phase shift
or orientation, due the high absorption of meat that prevents
coupling. For the case of paper loading, the coupling between
the probes is high and changing the relative phase and/or
orientation has a dramatic effect on the impedance match,
with a minimum VSWR = 2.5 at (& = 260°, § = 45°) and
maximum VSWR> 10.

It was also found that with the meat loading the thermal
properties change as the material heats up and the return loss
improves drastically, from 5 to 25 dB (in this case, for 120 W
applied power) and 5 to 10 dB (for 60 W applied power)
over a 40 minute test. This supports the previously made
claim that modeling the electrical parameters as a function of
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FIGURE 16. Geometry of experiments with multiple waste loading of the
1.4¢ cavity. (a) Vertical layering, with 19 mm of paper, 19 mm of bread,

36 mm of meat, 19 mm of bread, and 19 mm of paper, from top to bottom.
(b) Radial layering with 3.2 mm of meat surrounded by 3 mm of bread
loading. The meat and bread are separated with a thin Styrofoam (¢, ~ 1)
wall. (c) Blended food waste mixture.

temperature is needed to improve performance over time with
impedance tuning.

VI. EXPERIMENTS WITH MIXED WASTE MATERIALS
The previous section describes simulated and measured heat-
ing of a uniformly-loaded cylindrical cavity, with power
delivered from one or two SSPAs which can be driven with
a variable relative phase. When mixed waste is introduced in
the cavity, the mode distribution changes. To investigate the
effects of nonuniform waste materials on heating, measure-
ments are performed for three mixed food waste scenarios:
1. three materials (meat, bread, and paper) are layered in
the z dimension, Fig. 16(a);

2. two materials (meat and bread) are layered radially
Fig. 16(b); and

3. Various food waste mixtures, low €, (coffee grinds, pa-
per, oats), medium €, (coffee grinds, paper, oats, bread),
and high €, (paper, bread, meat), fully filling the cavity,
Fig. 16(c).

The first two sets of measurements are performed with
120 W of total applied power (taking reflection into account),
with a focus on comparing circuit-combined single-feed and
spatially-combined dual-feed heating. Fig. 17(a) shows the
results measured by thermocouples A (center) and D (top).
These measurements show that the temperature at thermocou-
ple D is heating faster with the circuit power combining and
a single-probe feed than with dual-feed spatial combining.
However, spatial combining heats the center portion of the
waste volume significantly faster, as shown by the more uni-
form temperature in the center and top of the cavity (dashed
lines in Fig. 17(a). In the experiments, the order of layers is
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FIGURE 17. Measured temperature variation at thermocouples A and D of
equal volumes of paper, bread, and meat loadings, layered vertically as
described in Fig. 16(a) and radially as described in Fig. 16(b), with 120 W
applied power to a single port by circuit-level combining of two PAs, and
for the case when two probes are powered with 60 W applied power in
each feed. The vertical arrows again show that the spatial combining
provides significantly more uniform heating in this case.

chosen to provide a gradient of dielectric constants from low-
est to highest, relative to the probe plane, in order to improve
the penetration depth and the return loss. For a different layer
structure (e.g. meat near the probe), the penetration depth
would be reduced, limiting the advantage of spatial combining
in this case. In summary, the spatial combining improves the
heating uniformity. This is quantified by an approximately
70 °C difference between top and center of the cavity with
a single feed, reduced to less than 10 °C difference for spatial
combining after 5 min of heating with a total power of 120 W.

In the radially-distributed layers from Fig. 16(b), a thin Sty-
rofoam separator surrounds the meat to prevent heat transfer
between the two layers. Fig. 17(b) illustrates the importance
of the temperature dependence of material properties. The
center of the volume (thermocouple A) is heated with a de-
lay for the circuit-combined compared to spatially-combined
case, which indicates that the material properties are changing
with temperature. The water content decreases with temper-
ature, which increases penetration depth, resulting in a field
distribution that changes faster for the circuit-combined mea-
surement. It is also interesting that the temperature measured
by thermocouple D flattens around 60° for the spatially-
combined feeds. This saturation is likely caused by the power
being concentrated away from the top of the cavity where
thermocouple D is placed. For the radially non-uniform waste
mixture, again the spatial combining results in better unifor-
mity of about 10 °C vs. 30 °C difference between top and
center of cavity after 15 min of heating with a total power of
120 W.
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waste loadings. (a) Measurements with the impedance tuner at the single
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with two probes with relative phase adjusted to improve the match at the
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mixed waste loadings and 100 W for the medium permittivity mixed waste.

The total applied power is the same for (a) and (b).
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FIGURE 19. Measured temperature increase at the 3 thermocouple
locations under a single probe with 60 W of applied power at 2.45 GHz
(Cw, dashed lines), and FM swept from 2.25 to 2.65 GHz (solid lines).

In the final case of mixed food waste, the cavity was filled
with low, medium, and high permittivity mixtures. Two sets
of measurements are presented: one with a single feed with
an impedance tuner, and the other with two feeds and phase
adjustment for best match. Due to the low permittivity and
conductivity of the loading, the two feed probes couple and it
is difficult to impedance match both simultaneously with a rel-
ative phase offset. The results of the measurements are shown
in Fig. 18 for the two cases. Similar to the cases presented in

VOLUME 3, NO. 3, JULY 2023

FIGURE 20. Simulated density of Joule losses through a central
cross-section for 1.4¢ (left) and 5.2¢ (right) cavities with the same two
waveguide feeds, with applied power scaled with volume (a factor of 3.7).

Fig. 17, spatial power combining demonstrates better heating
uniformity compared with a single-port excitation. The excep-
tion is the low-permittivity mixture case, expected due to the
stronger coupling between feed ports.

VII. CONCLUSION

In summary, this paper presents an investigation of a scalable
microwave heating cavity for food waste pyrolitic breakdown,
using circuit-level and spatial solid-state GaN power ampli-
fier combining in the 2.45 GHz ISM band. The food waste
materials chosen for the study have widely varying electrical
conductivities and permittivities, that also vary with tem-
perature, making multiphysics modeling essential for trend
prediction. The experiments are performed in a 1.4¢ cavity by
combining two 70 W PAs with PAE>60%, and the tempera-
ture is measured in 7 discrete locations throughout the volume
using small thermocouples which minimally interact with the
measurement. Three different uniform materials are used in
the experiments and simulations, with complete cavity filling:
paper, bread and meat (hotdog), due to their significantly
varying electrical and thermal properties. Preliminary studies
of frequency modulation and power scaling demonstrate some
advantages of solid-state power generation, though further
experimentation is needed.

One benefit of using solid-state sources over magnetrons is
the ability to modulate the frequency. Fig. 19 shows the im-
provement in uniformity when a frequency-modulated (FM)
excitation is used for paper loading, compared to the CW
measurements. With 60 W of applied power, and a frequency
swept linearly from 2.25 to 2.65 GHz over a 100 msec time
period (a 16% modulation bandwidth), the FM measurements
show a variation of about 10° after 3 minutes of heating, while
the CW measurements show over 15° of variation throughout
the volume.

Additionally, scaling of the cavity is investigated through
simulations for a 5.2¢ nearly cylindrical cavity made of the
same material. For uniform bread loading, and the same type
of waveguide feed, the field profile is different since different
modes are excited. This results in density of Joule losses as
shown in Fig. 20, which reveals the different modal content.

Some interesting conclusions are as follows.
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— The results show that spatial combining within the waste
volume has advantages in terms of efficacy, especially
when uniform waste heating is desired.

— Controlling the relative phase between two or more
power sources allows improved heating, which can
improve heating when material properties vary with tem-
perature.

— Simulations using FEM modeling of the cavity predict
the modal content and Joule volume losses, while multi-
physics FDTD modeling with temperature-dependent
material properties are able to predict the volumetric
temperature distribution and its evolution in time.

— Varying material properties change the matching condi-
tions and coupling between the SSPAs, indicating that
some tuning mechanism is beneficial, as shown with an
impedance tuner and with a variable relative phase.

— Experiments with mixed waste materials show more uni-
form heating with volumetric power combining.

— Wideband frequency modulation enabled by solid-state
sources shows increased heating uniformity.

— Increasing the cavity volume results in a different field
distribution and different heating patterns when input
power is scaled with volume.

In the experiments presented throughout the paper, after 40
minutes of heating with 120 W of applied microwave power,
the reactor reduced mixed meat product to coke (coal). Since
the reflection coefficient changes as the waste is heated, the
energy efficiency calculation is not straightforward, and using
the applied energy of 288 kJ gives the worst-case energy re-
covery ratio. Assuming coal has a calorific value of 30 MJ/kg,
with 0.2 kg of resulting coal, 20 MJ is recovered for each
MJ of microwave energy. The system efficiency is of course
below unity, since the initial waste has energy content and the
microwave generation is at most 70% efficient. The results
shown in this paper suggest that solid-state amplifier com-
bining can be efficiently used for waste material pyrolysis.
Although demonstrated on a small 1.4¢ cavity with modest
70-W PAs, the approach is scalable to larger volumes, power
levels, as well as number of feeds. For larger volumes, a lower
frequency (915 MHz) would be desirable due to the avail-
able high-power transistors and increased penetration depth
in most materials of interest.
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