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Abstract: Rapidly increasing solid waste generation and energy demand are two critical issues of the
current century. Plasma gasification, a type of waste-to-energy (WtE) technology, has the potential to
produce clean energy from waste and safely destroy hazardous waste. Among plasma gasification
technologies, microwave (MW)-driven plasma offers numerous potential advantages to be scaled as
a leading WHE technology if its processes are well understood and optimized. This paper reviews
studies on modeling experimental microwave-induced plasma gasification systems. The system
characterization requires developing mathematical models to describe the multiphysics phenomena
within the reactor. The injection of plasma-forming gases and carrier gases, the rate of the waste
stream, and the operational power heavily influence the initiation of various chemical reactions
that produce syngas. The type and kinetics of the chemical reactions taking place are primarily
influenced by either the turbulence or temperature. Navier-Stokes equations are used to describe
the mass, momentum, and energy transfer, and the k-epsilon model is often used to describe the
turbulence within the reactor. Computational fluid dynamics software offers the ability to solve these
multiphysics mathematical models efficiently and accurately.

Keywords: microwave plasma gasification; waste-to-energy; pyrolysis; computational fluid dynam-
ics; numerical modeling; combustion

1. Introduction

In 1950, the global population was estimated at approximately 2.5 billion individuals;
meanwhile, current predictions foresee a 2050 population of about 10.6 billion individu-
als [1]. Larger waste streams and consumption of energy accompany a rapidly increasing
population and will continue to do so at the same rapid rate [2—4]. Furthermore, the current
global waste stream is experiencing increases in its composition of complex and hazardous
wastes, including electronics, plastics, and medical waste [5,6]. This problem is felt not
only at the global level, but also within small system environments. Small systems such as
remote deployed environments, long-duration space missions, and disaster camps face a
lack of access to waste disposal facilities and reliable sources of energy [7,8].

One solution to this current problem is using waste-to-energy (WtE) technology. WtE
technologies can simultaneously reduce a municipal solid waste stream and produce en-
ergy. One type of WtE technology is plasma gasification. Plasma gasification is a process
that introduces waste material into a reactor to be combusted by a plasma flame. This
process takes place at extremely high heat, with temperatures within the reactor exceeding
6000 K [9]. Through this reaction at very hot temperatures, carbonaceous material is decom-
posed predominantly into carbon monoxide (CO) and hydrogen (H;), which can be used
as synthetic gas, or syngas, for energy production [10]. Solid waste that is produced from
the combustion process, known as slag, has demonstrated material properties that would
allow it to be used as supplemental cementitious materials in construction applications,
thus removing it from landfilled waste stream [11].
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Plasma gasification also offers several benefits over other WtE technologies. One
benefit is the high efficiency of the system. The conversion efficiency of the waste material
within plasma gasification systems can reach as high as 100% [12]. While the initial plasma
flame is energy-intensive to create, it is estimated that only 2% to 5% of energy from the
waste is needed to continue the combustion process, allowing the remaining energy to be
captured for other uses [13]. Due to the hazardous composition of current waste streams,
WHE technologies that use traditional combustion methods can cause pollution problems
from the release of undesirable by-products and toxins, such as dioxin, furans, and green-
house gases [14]. Plasma gasification is an emerging WtE technology that has demonstrated
the ability to safely combust hazardous materials without producing toxic residue and air
emissions, significantly reducing greenhouse gas emissions. With temperature in excess of
5000 °C, a leach-free glass-like (vitrified) slag residue is formed [13]. Plasma gasification
systems are described by three distinct categories based on the plasma generator type, reac-
tor design, and the working gas that is used within the reactor [9]. Plasma generator types
consist of direct current (DC), alternating current (AC), radio frequency (RF) induction,
microwave (MW) discharge, and hybrid systems. DC and AC plasma generators utilize an
electric current that passes between two electrodes. When in the presence of a sufficiently
high gas flow, the plasma extends beyond the two electrodes and forms a plasma flame.
RF induction and MW discharge plasma generators utilize electromagnetic energy from a
source that allows a plasma flame to form when in the presence of a plasma-forming gas.
DC and AC plasma generators have been scaled up to 6 MW. These large-scale systems
have operational and maintenance disadvantages such as reactor contamination from the
electrodes, which need to be replaced once degraded [9]. MW discharge plasma systems
generate a denser and larger plasma flame than RF induction systems [9]. Some systems
utilize multiple techniques to either further refine the syngas that was produced or to
initiate a plasma flame with a DC or AC electrode configuration which is then removed
and sustained by RF induction or MW discharge. These are known as hybrid systems.
Different reactor designs include a plasma fixed/moving bed reactor system, a plasma
entrained-flow system, and a spout reactor fluid system. Plasma fixed /moving bed reactor
systems are the simplest reactors and consist of a bed of solid waste, a waste feeding unit,
an ash removal unit, and a syngas exit [9]. These reactors offer the advantage of a simple
setup and have been proven in large-scale demonstration projects. Plasma entrained-flow
bed reactors push the waste feedstock through a plasma flame, which enables them to be
described as a plug flow system [9]. The degree to which these types of reactors have been
scaled is limited to laboratory testing, and the reactors suffer from low energy efficiency [9].
Spout reactor systems are a combination of a fluidized bed and a plasma spouted bed
in which the plasma flame is combined with a fluid gas flow [9]. These reactors are able
to obtain higher operating temperatures and a higher rate of mixing than the previous
reactors. These reactors are also the most difficult to construct and operate [9]. The type of
plasma working gas that is chosen for a system depends on a variety of factors. Gases can
be selected in order to help carry the feedstock into the reactor or to provide turbulence
and mixing within it. Additionally, gases can be selected in order to supplement the
chemical reactions taking place within the reactor. Most gases are chosen depending on
their availability (e.g., Argon and Nitrogen). RF and MW plasma systems typically can use
steam or oxygen within the system as they operate without electrodes and, therefore, do
not need to consider corrosion [9]. Figure 1 shows several variations of plasma gasification
systems [13].

MW discharge plasma gasification is one type of plasma gasification system that offers
distinct advantages over other plasma gasification systems. Table 1 summarizes these
advantages. Unfortunately, one drawback of MW discharge plasma gasification is that
these systems have not been subject to much application beyond the laboratory scale. One
large-scale example of an MW discharge plasma gasification system that could become
commercially viable is found in research by Uhm et al. [15]. Two microwave systems
directed towards the top and bottom of the reactor had to be used to provide an evenly
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distributed temperature profile within the scaled-up volume. This limitation is of important
note as an increase in microwave systems will demand more power and could perhaps
limit the efficiency of large systems. This type of limitation is also experienced with DC
and AC plasma gasification systems, as their electrode size and power input need to be
increased to be utilized as larger, commercial systems.

Direct Current (DC), Alternating
Current (AC), Radio Frequency
(RF) Induction, Microwave (MW)
Discharge, Hybrid

— Plasma Generator —

Plasma fixed/moving bed reactor
system, plasma entrained-flow
[bed system, spout reactor system|
spout fluid reactor system

Plasma Gasification

Systems 1 Reactor Design —

Nitrogen (N2), Argon (Ar),
'—| Plasma Working Gas [—— Hydrogen (H2), Mixed Gas,
Steam

Figure 1. Classifications of plasma gasification systems.

Table 1. Advantages of MW plasma gasification systems.

Source Advantage
[16] Lower voltage requirement than other plasma generator methods.
[17] Lower setup cost due to its ability to operate under atmospheric conditions, also allowing

the system to be much more compact in size.

[16,  Works without an electrode arrangement so that it avoids operational problems specific to

18] electrode utilization.

[19] Microwave energy has already shown its ability to safely combust a variety of hazardous
wastes through previous remedial applications.

A review on plasma gasification labeled one plasma gasification challenge as “lim-
ited process understanding” [20]. Therefore, this review seeks to help close the gap on
the limited process understanding of MW plasma gasification in order to support the
numerical modeling of experimental microwave-induced plasma gasification (EMIPG)
system reactors.

2. Materials and Methods

This review focuses on small, laboratory-scale experimental systems configured for
plasma gasification. The majority of the material referenced is specifically related to EMIPG
systems. Additional material is focused on numerical modeling and governing equations
for plasma-driven systems and reactors, as well as computational fluid dynamic (CFD)
software that is available to solve numerical models in regard to these systems. It is
of important note that all mentioned plasma within this review is thermal plasma, and
not nonequilibrium (cold) plasma. Cold plasma is typically used in combination with
other pyrolysis processes as a method for the conversion, and thus reduction, of tar and
other non desirable outputs that could degrade or damage the system [21,22]. This review
contains a total of 65 peer-reviewed journal articles. Additionally, 5 CFD modeling software
manufacturer websites were cited in order to provide information about the specifications
their products have to offer. Searches for reviewed journal articles were conducted on
databases such as ScienceDirect, Google Scholar, IEEE Explore, and MDPI Open Access
Journals. Search terms that were used to find reviewed journal articles consisted of the
following keywords: “plasma gasification”, “microwave driven plasma gasification”,

V77 v

“numerical modeling of plasma reactor”, “pyrolysis”, “waste-to-energy technologies”.
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3. EMIPG System and Process Description
3.1. EMIPG System Physical Description

The setup for an EMIPG system can be divided into five distinct sections: power sup-
ply and microwave source, wave propagation section, plasma reactor, carrier gas/feedstock
inputs, and data collection equipment. A schematic representation of these basic elements
assembled into a system is shown in Figure 2.

Carrier Gas Inlets
Power supply
and control unit
(‘"’ {‘ > Isolator Feedstock Inlet
A A Magnetron

e o 3-stub Tuner

. Waveguide
T 1 —~_ Reactor

Wave Propagation Section

: v
Da];a Collectloll Syngas Exit
quipment

Figure 2. Schematic representation of a basic EMIPG system.

Microwaves are generated by a magnetron that operates at a specific frequency and
power setting. The typical power setting found within the reviewed literature for an EMIPG
system ranges from 0.8 kW to 6 kW. The typical frequency that the magnetron within an
EMIPG system operates at is 2.45 GHz. This frequency of 2.45 GHz is normally used at
the experimental scale, as it is also the operating frequency of most domestic microwave
ovens [23]. A commonly used waveguide for an EMIPG system is the WR-340. The WR-340
is a hollow, rectangular metal waveguide that transports the electromagnetic energy created
by the magnetron to the reactor in a single dimension [24]. Some EMIPG setups include
an isolator and/or three-stub tuner along the wave propagation section of the system. A
three-stub tuner can significantly improve efficiency as it is able to maximize the electric
field from the point of generation to the distance of the reactor, substantially reducing
reflected power within the system [25]. An isolator assists in protecting the magnetron
from damage that can be caused by reflected microwaves [26,27]. The reactor, various
carrier gases, and other inputs that are fed into said reactor will be discussed further in
the next section. Mass flow controllers (MFC) are used to govern the flow of carrier gases,
plasma-forming gases, and aerosolized feedstocks into the reactor of an EMIPG system.

Additionally, data collection equipment can be combined within an EMIPG system in
order to follow the syngas as it exits to identify its composition. Some examples of data
collection equipment within the EMIPG system are thermocouples, both R-type and K-type,
and CCD cameras. Examples of data collection equipment that may be used to analyze
the chemical composition of the syngas matrix are gas chromatographs (GC), emission
spectroscopy systems (ES), and Fourier-transform infrared spectroscopy (FTIR) systems.
Further details pertaining to EMIPG systems within their respective literature are located
in Table 2.
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Table 2. Major components of experimental MIPG systems.
. . Three-Stub . . .
Source Power Setting Magnetron Waveguide MFC Tuner Data Collection Equipment Other Equipment
Alicat
. L 3 thermocouples, HR 2000+ES .
2.45 GHz (Sairem Scientific, 4 . E-3000 precision
[28] 1-6 kKW GMP G4 60 K T400) WR-340 Tucson AZ, Yes spectrometer (Ocean Optics steam generators
USA Inc., Largo, FL, USA)
Alicat 4 type K thermocouples,
2.45 GHz (Sairem ~ Scientific, HR2000+ ES spectrometer E-3000 precision
[29] 25kW GMP G4 60 K T400) WR-340 Tucson AZ, Yes (Ocean Optics Inc., Largo, FL, steam generators
USA USA)
Offline micro-gas
- Bronkhorst chromatograph (micro-GC, Impedance tuner,
(s8] Up to6 kW 245GHz(N.S) WR-340 F-210 AV-50 K N.5. Varian CP-4900), sampling solid feeder
bags (Tedlar, 15 L)
Glycerol preheater and
2.45 GHz (SM 745, 2R-type and 5 K-type feeder, steam supplier,
[30, X thermocouples, GC HP 6890,
1-1.8 kW Richardson N.S. Brooks 5850 Yes gear pump (Cole Parmer,
31] . TCD Carbosphere 80/100 .
Electronics) 74014-750), syringe pump,
packed column, Alltech
band heater
Quartz plate installed in
[25] 4 kW 2.45 GHz (N.S.) WR-340 N.S. Yes Gas analyzer (N.S.) the end of tapered
waveguide
Twisted Quartz plate installed in
[32] 5 kW 2.45 GHz (N.S.) Wi . N.S. Yes Gas analyzer (N.S.) the end of tapered
aveguide .
waveguide
Optical emission spectroscopy
system, transmission stage,
[33] 1.2-1.6 kW 2.45GHz (N.S.) WR-248 NS. Yes optical fiber bundle, Forward and backward
power meter controller
spectrometer, CCD camera,
data acquisition unit
y 0.8,0.9, and i GC/TCD, RGA, ESEM, Voltage regulator,
[34] kW Not specified N.S. N.S. Yes EA (N.S.) cooling water
2.45 GHz (National
[35] 0.8-1.8 kW Electronics WR-340 N.S. Yes GC, FTIR Cavity resonator
YJ-1600)
2.45 GHz (National ASTEX
[36] 0.8-1.4 kW Electronics WR-340 N.S. Yes GC/TCD, FTIR, MS Cavity resonator
YJ-1600)
Variable reflector, Sairem
Bronkhorst . SAS for all microwave
[37] Up to 6 kW 2.45GHz (N.S.) WR-340 F-201 AV-50 K Yes GC, collection bags (N.S.) circuits, impedance
transformer
GC (Shimadzu GC-2014 and Water cooling, ferrite
[38] Upto6kW  915MHz, 245GHz WRIS, NS &Rllgfé%g))' tical emiesion  circulator with Waterload,
g pto r WR-430 - coe , Opfical enissio directional coupler,

spectroscopy (CVI DK-480),
CCD camera

moveable plunger

N.S.: not specified.

3.2. EMIPG Reactor Physical Description

The typical reactor within an EMIPG system consists of a hollow quartz tube with a
specific length and diameter. A breakdown of reactors within EMIPG system reactors and
their distinctive physical parameters from the literature review can be found in Table 3.
Quartz is commonly used as the material of choice in an EMIPG system reactor for its
ability to withstand a wide range of pressure and temperature conditions, as well as its
ability to minimally contaminate the product syngas [39]. The reviewed literature shows
that the temperature of the plasma flame and the reacting species within the quartz reactor
can reach as high as 6100 K. The pressure within all reviewed EMIPG reactor systems
remained at an atmospheric level. Most of the feedstocks used within EMIPG systems
were simple organic compounds such as methanol, ethanol, and coal. The EMIPG systems
that did not use any solid feedstocks or organic compounds were focused on optimizing
the plasma flame or observing how different gases can be processed into a useful syngas.
Therefore, the only inputs into the reactor of these EMIPG systems are from carrier gases
and plasma-forming fluids in order to create and sustain a plasma flame. AC and DC
plasma gasification systems have been used at a large industrial scale to safely process
MSW, biomass, tires, plastics, hazardous wastes, and refuse-derived fuel (RDF) [40].
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Table 3. Reactor description within EMIPG systems.

Rate of Operatin Gas(e:aflfi;:ma- Rate of Carrier Ignition Reactor
Source Feedstock € Reactor Geometry pe 8 ST Gas/Plasma-Forming 8 e
Feedstock Input Pressure Forming Source Temperature
G Gases Input
ases
Quartz tube (L: 450 mm, .
[28] None None OD: 25.6 mm, Atmospheric  H,O, CO; é%:%%gsfl?ﬁ’ ¢ Inset:rted 4 Up to 6300 °C
ID: 30 mm) ungsten ro
Quartz tube (L: 35 cm, 10-50 g/min (up to Inserted
[29] None None OD: 25.6 mm, ID: Atmospheric H,O, CO,, Air 200 °C), 0-100 SLPM, funesten rod Up to 6300 °C
30 mm) 0-100 SLPM ungsten ro
. Used plasma-
Quartz Tube (L: 50 mm, . . 8.5-10 NL/min, N
(18] CHi150.9 09-138/s OD: 34 mm, ID: 30 mm) ~ ‘‘tmospheric  Air, Np 17.9-25 NL/min ;‘:s“(‘f\?zg) 9732173 K
. 15 L/min, Used plasma-
[30,31] Coal 1 g/min Quart?l;l".u; g (1;1'11)00 cm, Atmospheric N, Oy, steam 0-1.0 L/min, forming Above 3000 °C
P0c 0-1.5 mL/min gas (N)
. 15 L/min, Used plasma-
[31] Glycerol 3 g/min QuartIzD"l." u5b§ (II;SOOcm, Atmospheric N, O, steam 0-2.6 L/min, forming N.S.
e 0-7.2 mL/min gas (N)
Quartz tube (L: N.S., Inserted
[25] Coal 0-3.75kg/h OD: 30 mm, thickness: Atmospheric O,, air 20 L/min, 15 L/min tungsten rod 2000-6500 K
1.5 mm)
160 mol coal Quartz tube (L: N.S.,
[32] Coal wder/h OD: 30 mm, thickness: Atmospheric O, 14 mol/h N.S. 5000 °C
powde 1.5 mm)
Quartz tube (2.54 cm in ) ) ) ) Inserted
[33] None None diameter and 22.5cmin  Atmospheric  Air, Np, Ar 30 L/min-60 L/min tungsten rod 5446-6100 K
length)
, Spirulina 1gofdry Quartz tube (L: 35 cm, . .
[34] algae Spirulina aigae OD: 33 cm, ID: 2.9 cm) Atmospheric N» 12 L/min N.S. 1063-1121 K
[35] CH, 12-18 SLPM Q“aréz;‘:;e) (©D: Atmospheric N, 12-18 SLPM NS. NS.
[36] Methanol 12.4 SLPM Quartz tube (ID: 2.9 cm)  Atmospheric N, N.S. N.S. 1500 K
Inserted
Quartz tube (ID: 31 mm, . . - . ignition o
[37] Cellulose 05g/s wall thickness: 2 mm) Atmospheric Air 15-20 NL/min eloctrode 4000-5000 K
system
Introduced into
system via .
[38] Ethanol bubbler @ 20 °C Quartz tube (N.S.) Atmospheric  CO, N, Ar 1500-3900 NL/h N.S. Up to 6000 K
and 3% v/v

N.S.: not specified, L: length, OD: outside diameter, ID: inside diameter, SLPM: standard liter per minute.

Other inputs into an EMIPG system reactor are carrier gases and plasma-forming
gases. Carrier gases accompany the feedstock into the reactor and are typically related to
the feedstock input by a ratio. Carrier gases typically consist of air, oxygen (O;), and steam
(H,0). The carrier gases can be tangentially injected into the reactor, allowing them to act
as a physical insulator of the quartz reactor by stabilizing and centering the plasma flame
within it [35]. Carrier gasses can have additional benefits by affecting the chemical kinetics
within the reactor.

Plasma-forming gases typically consist of nitrogen (N) or argon (Ar), as they are
able to populate the reactor chamber with high-energy electrons that support a more
efficient and higher temperature plasma flame [41]. The majority of the EMIPG systems
use a tungsten rod that is inserted into the reactor to initiate the plasma flame and then
quickly withdrawn from it. This process has been conducted both mechanically and
manually within the reviewed literature. The tungsten rod acts as a temporary electrode,
and its properties, particularly its high-temperature resistance, make it well suited for the
environment within the EMIPG reactor [42]. Other EMIPG systems start the plasma flame
within the reactor by introducing a partially ionized plasma-forming gas that is able to
support the plasma arc, free from physical electrodes [43]. The downside of this process is
that the EMIPG setup will require external equipment that provides excitation energy to the
plasma-forming gas by partially ionizing it before it enters the reactor. The equipment used
as a source of ionization to the plasma-forming gas is also used in laboratory environments
that have inductively coupled plasma (ICP) spectroscopy systems [44].
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3.3. Reaction Kinetics within an EMIPG Reactor

A close-up schematic of an EMIPG system reactor and how all of its different compo-
nents interact is shown in Figure 3. The basic components that make up an EMIPG system
reactor include the microwave, which is transferred within a waveguide, the reactor, the
input gas, and the feedstock (waste stream). When the feedstock meets the plasma flame,
it is converted into a syngas and rises out of the syngas exit to be collected. Feedstock
that is not fully combusted falls out of the reactor and is collected as char or ash. Systems
that utilize an input gas generally place it above the feedstock entrance so that the entire
residence time of the feedstock in the reactor is influenced by it.

ESyngas Exit
Waveguide
Microwave Swirl gas in
©
€
%]
g Feedstock
a.
Airin

Figure 3. Close-up schematic representation of an EMIPG system reactor.

The high heating of feedstock and the heat transfer rates within an EMIPG system
reactor are described by a process known as fast pyrolysis [45]. The temperature within
an EMIPG reactor can exceed 6000 K. Besides the heat transfer within an EMIPG system
reactor, a variety of other fluctuating factors determine the overall kinetic reaction that takes
place within it to yield a syngas output. These factors include turbulence discrepancies and
the rates and respective concentrations of the feedstock, carrier gas, and plasma-forming
gas inputs. System variances such as geometry, power source, part and build quality, use
of water cooling, and other implemented efficiencies can also affect the reaction kinetics
within an EMIPG system reactor. In their research, Yoon et al. used an EMIPG system to
compare how different rates and concentrations of input gases, as well as feedstock, can
affect the plasma flame and resulting output syngas composition. The research conducted
by Yoon et al. explored the effects of O,-to-feedstock ratio, steam-to-fuel ratio, microwave
power, rate of feedstock input, and ways to promote gasification efficiency of the EMIPG
system. The H; portion of the syngas linearly decreased as the rate of O, was increased
relative to the rate of the feedstock into the reactor [30,31,46]. CO and CO, remained
relatively constant in the output syngas until the O,-to-feedstock ratio reached 0.6 [30,31,46].
Following a 0.6 O, to feedstock ratio, CO decreased in the syngas mixture, and CO,
rapidly increased [30,31,46]. Overall, greater O, presence within the reactor increased the
reaction temperature within it [30,31,46]. The increased temperature promoted a greater
flow velocity within the reactor, which yielded less efficiency as the feedstock retention
time (FRT) within the reactor was reduced [30,31,46]. A 2017 study concluded that FRT
within the reactor of an MW discharge plasma gasification system is a key parameter
affecting the gasification performance and overall efficiency of the system [17]. Yoon
et al. also observed the impact of the steam-to-feedstock ratio within an EMIPG system
reactor. The research concluded that both H, and CO, content of the resulting syngas
increased as the ratio of steam to feedstock increased [30,31,46]. Alternatively, CO content
decreased as the steam-to-feedstock ratio increased [30,31,46]. Ultimately, the decrease
in the CO content and the resulting heating value of the syngas was found to control the
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syngas efficiency [30,31,46]. Furthermore, the research found that gasification efficiency
was supported by the temperature, length of the plasma flame, and the FRT within the
reactor [30,31,46]. The microwave power setting helped to improve combustible gas
content, syngas heating value, gas yield, conversion rate, and overall efficiency [30,31,46].
Additionally, an excessive rate of feedstock input would lower the reactor temperature,
causing a poor syngas yield [30,31,46]. It is important to note that the feedstock used within
the Yoon et al. research was limited to coal and glycerol; regardless, their research still
serves as a great foundation for informing numerical modeling with this feedstock. All the
factors previously discussed that Yoon et al. observed are summarized in Table 4.

Table 4. Reactor kinetic relationships and effects from Yoon et al.’s research.

Relationship

Effect

O,-to-feedstock ratio

Steam-to-feedstock ratio

Gasification efficiency

Microwave power

Rate of feedstock input

H, content in syngas linearly decreased with O, additions.

CO remained constant until O,-to-feedstock ratio reached 0.6 and then decreased.

CO; remained constant until O,-to-feedstock ratio reached 0.6 and then rapidly increased.
Increasing the O,-to-feedstock ratio increased the reactor temperature and the CHy
content in the syngas due to the decomposition.

e Increase in O; supply increases the reaction temperature, which increases the flow velocity.
Therefore, the syngas is less efficient because the FRT is reduced.

H; and CO; content in the syngas increased with the increase in the steam-to-fuel ratio.
CO content decreased with the increase in the steam to fuel ratio.

Decrease in CO content and the heating value of the syngas leads to the decrease in carbon
conversion and cold gas efficiency.

e  Dominated by the temperature, length of the plasma flames, and the FRT.

e Increase in microwave power improves the combustible gas content, syngas heating value,
gas yield, conversion rate, and efficiency.

e  With glycerol feed rate it was found that an excessive supply would lower the reactor
temperature and thus decrease the heating value and production yield of syngas.

Many different chemical reactions take place within an EMIPG reactor. Further-
more, due to the high-temperature nature of a plasma gasification reactor, there are a
variety of matter phases across which these reactions take place. Thus, chemical reactions
are described as heterogeneous if different matter phases are involved and homogeneous
if they happen within a single matter phase. Typical chemical reactions that take place
within an EMIPG system reactor are devolatilization, oxidation, water gas, water gas shift,
Boudouard, methanation, steam methane reforming, nitrogenous species formation, and
sulfur species formation reactions. The stoichiometric reaction chemistry of these reactions
is displayed in Table 5. Chemical reaction rates within an EMIPG reactor can be controlled
by either the turbulence or the temperature phenomena that are occurring within it [47].
In order to accurately model the reaction kinetics within an EMIPG reactor given the
previous scenario, a common method used is the finite rate chemistry/eddy dissipation
(FRC/EDM) Model. The FRC/EDM model considers both the Arrhenius and eddy dissi-
pation reaction rates taking place within the reactor and chooses the minimum value of
the two contributions in order to establish the reaction rate [48]. The FRC/EDM model as
previously described is commonly referred to as the Kobayashi model [49]. Additionally, it
is important to consider the devolatilization of organic feedstocks within an EMIPG reactor.
Devolatilization drives moisture and volatile matter from the organic feedstock through
the heat within the reactor, and it must be considered in order to build an accurate model of
the reactor chemistry [48]. Reviewed literature typically used the FRC/EDM model while
simultaneously considering devolatilization in modeling the chemical kinetics within a
plasma gasification system reactor. These respective articles that modeled the chemistry
within plasma reactors are found in Table 6.
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Table 5. Key chemical reactions within an EMIPG system reactor [50-53].

Reaction Name Stoichiometric Description
Devolatilization CH;OyN.S: — Char + Volatiles
Oxidation C+0.50, — CO, AHY = —268 k] mol !
C+ 0y — COy, AH? = —406 k] mol
Water gas reaction C+H,O = CO+H,, AHY=1314k] mol !
Water gas shift CO + HyO ¢» COp + Hy , AH® = —42 k] mol ™!
Boudouard C+COy — 2CO, AH? = 172.6 k] mol~!
Methanation C+2Hy ¢» CHy, AHY = —75 K] mol !
Steam methane reforming CHy + HyO < CO+3H,, AH? =206 k] mol !

Char — N % gen
HCN + HyO — NHz + CO
HyS + CO, — COS + Hy,O

H»S+ CO — COS + H,

Nitrogenous species

Sulfur species

Table 6. Numerical modeling strategies of chemical kinetics within a plasma gasification system reactor.

Modeling Devolatilization .
Source Reactor Type Software Model Used Considered Equations/Models Implemented
Downdraft Plasma
[47] Coal and Biomass ~ ANSYS Fluent FRC/EDM Yes .. FR C/E.DM
. Devolatilization: single rate model
Gasifier Reactor
[4) ~ Downdraftplasma , \eyspene  FRC/EDM Yes . FRC/EDM
coal gasifier reactor Devolatilization: single rate model
. FRC/EDM
Pilot-scale plasma Yes Devolatilization: user-defined function
[55] bubbling fluidized =~ ANSYS Fluent FRC/EDM . .
bed reactor (UDF) using single rate model developed
by Badzioch and Hawsley [56].
Updraft plasma FRC/EDM
[6] gasifier reactor ANSYS Fluent FRC/EDM Yes Devolatilization: UDF
HCOALGEN model: used to estimate the
Downdraft plasma heat of combustion, heat of formation,
[50] ifior 1 p tor Aspen Plus N.S. Yes and heat capacity of feedstock.
gastier reacto DCOALIGT model: used to calculate the
density of the feedstock.
Multiphase particle-in-cell approach
[57] Plisrga zpi(f’i“tred OpenFOAM NS. Yes (MPPICFoam)
ed gasthe CoalChemistryFoam

N.S.: not specified.

3.4. Governing Equations within an EMIPG Reactor

The reaction kinetics discussed previously are mostly governed by both the tempera-
ture and turbulence parameters inside the reactor. Turbulence and temperature directly
influence the variable velocity fields (gasifier flow phenomena) at high Reynolds numbers
and thus affect momentum, energy, species concentration and transport, heat transfer,
drag, vorticity distribution, and swirl flows [48]. In order to properly understand which
of the two parameters is controlling the reaction kinetics at a given place and time in
the reactor, a complex mathematical model must be created. Typical models within the
reviewed articles employ the principles of Navier-Stokes equations for mass, momentum,
and energy balance, as well as a Reynolds-averaged Navier-Stokes simulation (RANS)
model equation for the turbulence in the reactor. In order to simplify the fluid motion
within the reactor, the Eulerian—-Eulerian approach is commonly used where both the gas
and solid phases are combined into a single continuum [55]. This approach is common for
plasma gasification systems because the high heat and turbulence within the reactor, as
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well as the small solid feedstock size and carrier fluid, cause the gas and solid phase flows
to behave similarly to each other. The method that is commonly employed to solve the
combination of these complex mathematical models is the finite volume method. The finite
volume method discretizes the geometry of the reactor by creating a three-dimensional
mesh of a specific number of volumes within it. These volumes allow for the mathematical
models to be solved within each discrete volume of the mesh and can be pieced together to
describe the entirety of the fluid within the reactor. The RANS approach typically employs
the standard k-epsilon model for turbulence. This model is widely accepted for plasma

reactor modeling due to its low computational cost and accuracy [55]. All models for mass,

momentum, energy conservation, and turbulence are defined in Tables 7 and 8 and were
solved using the finite volume method.

Table 7. Governing equations within a plasma gasification reactor.

Source Mass Balance Model Momentum Model Energy Conservation Model Turbulence Model
Gas and solid phases:
—
Solid oh 5t (aqpghg) + v'(”‘qPﬂvqhﬂ) =
011 ase: — — — .
Solid phase: i(a o Vp A zxq%(Pq) +Tp:Vug—: Vg, + 5+ , k—e¢ ranodel.
5 - o sPsvs) + '(‘Xﬁps"vsvs) = n o[ . . m(pk)«f W(Pk“i) =
5 (asps) + V'(lxsps Us) = Ss¢ - > Y| Qpg + titpgltpg — tipghpg ] i
—s-Vps +V-asTs +asps g + p=1 O+ )] 4G+ Gy — 0e —
Gas phase: SRR . . ac |[\H T o k b= P
5 hN ﬁ(vg — 2,5) + SsgUs Supporting equations: J Y. +s
[55] 5t (agpg) + V- ("‘gpg”g) = 5gs Gas phase: 0, =h (T, - T,) mon ok
; v as phase: v pe(lp = 1g 9 (pe) + 2 (peo. ) =
Supporting equations: 5 - BN 6kpaqap Ny ar o 9x; €,
Ssg = =Sgs = Mc L 7eRe 3 (ncec9) + V- (wps ¥ ) = g = =" 2 [( Pl } +CLE (Gt
1 Fr L+ = ) ax ex
i - 5 X —g-Vpg + Vg Ty +agpg g + N, = ot ag |\ & ) oy 2 1e 5 (Gk
¢ i=1 1 = = Us g €
Ve — Us ) 4 Sesls C3¢Gp) — Coep % + S
B(¥s =) + 55 (7 100 +502) (14 0.7Re02Pr™) + :
(133 240 +1.202 ) Re07 Pr93
Table 8. Definitions for variables in Table 7.
Variable Term Variable Term
Y Density Tg Gas-phase stress tensor
v Instantaneous velocity of gas/solid phase B Gas-solid interphase drag coefficient
s Solid-phase subscript Us Mean velocity of solid
. Generation of turbulence kinetic energy due to the mean
g Gas-phase subscript Gk . .
velocity gradients
S Mass source term G, Generation of turbulence kinetic energy due to buoyancy
. Contribution of fluctuating dilatation in compressible
R, Reaction rate Y ..
turbulence to the overall dissipation rate
Ye Stoichiometric coefficient Se User-defined source term
M. Molecular weight Sk User-defined source term
. —  Heat transfer intensity between fluid phase p and solid
R Universal gas constant Q ty P P
Iz phase g
. —
T Temperature of gas mixture qq Heat flux
[4 Gas pressure Sq Source term due to chemical reactions
Y; Mass fraction hpq Enthalpy of the interface
M; Molecular weight of each species kp Thermal conductivity for phase p
Reynolds number based on diameter of solid phase and
Reg yn P Prg Prandtl number of the gas phase

relative velocity

3.5. Modeling Tools/Software for an EMIPG Reactor

In the past, researchers of WtE technologies have typically relied on experimental
setup to gain an understanding of the multiple physical-chemical phenomena that take
place within the system [58]. Fortunately, with the advent of technology, computational
power has evolved in parallel with numerical model solver efficiency [59]. Due to the
rapid advancement in both computation and calculation capacity, CFD is a tool that can be
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used to design, optimize, and predict processes within WtE systems [48]. CFD modeling
software uses mathematical models to solve complicated partial differential equations
of conservation laws for mass, momentum, and energy, as well as their theoretical and
empirical correlations [48]. By synthesizing these models, CFD software has the ability to
design reactor simulations incorporating structural, thermal, and chemical analysis [60].
Computational software such as Aspen Plus, Aspen HYSYS, and chemCAD have been
used within the literature as plasma gasification modeling tools; however, they are limited
in their application. The applications of Aspen Plus, Aspen HYSYS, and chemCAD are
focused on process simulation and chemical process simulation only [40]. ANSYS Fluent,
OpenFoam, and COMSOL Multiphysics software typically allow for a wide application of
multiphysics problems. Barracuda is a simulation software that is tailored for fluidized
reactor bed simulation and design. ANSYS CFX uses a vertex-centered solver approach
within its software which tailors its application more towards CFD problems that apply
to turbomachinery. The specifications for each software package are shown in Table 9.
CFD modeling provides multiple benefits to simulate an EMIPG system reactor. It allows
for the testing of multiple configurations of reactor geometry; the identification of critical
variables that affect the process; and the demonstration of velocity vector profiles, average
pressure drop curves slopes, and temperature and species profiles. Modeling also prevents
expensive and tedious experimentation [48].

Table 9. Comparison of CFD modeling software packages.

Sources

CFD Software

Developer Quick Specifications

[55,61,62]

Fluent

e  FRC/EDM model which directly applies to a plasma reactor system
Allows for user-defined functions to be created but has built-in modules for
dealing with reactor phenomena

Built-in modules for chemical species descriptions and functions

Can be used for a wide array of multiphysics problems

Tested and verified readily available models

Cell-centered approach allows for low computational energy in mass,
momentum, and energy conservation models

e  Hasbeen used to model MW plasma and other plasma reactors

ANSYS

[55,63,64]

OpenFoam

e  Free, open source solver platform allows for synthesis of different
solver methods
Open CFDLtd. ° Can be used for a wide array of multiphysics problems
Independently tested, released every six months
Has been used to model plasma gasification reactors, but requires
user-defined functions.

[55,65,66]

CEX

Industry-leading CFD software for turbomachinery applications
Can be used for a wide array of multiphysics problems
Vertex-centered approach

Not suitable for plasma reactor modeling

ANSYS

[55,67,68]

COMSOL
Multiphysics

Can be used for a wide array of multiphysics problems
Software designed for simulations in all fields of scientific study.
COMSOL Inc. ° Allows for solutions that deal with electrical, structural, acoustics, fluid,
heat, and chemical disciplines
e  Hasbeen used extensively in modeling MW plasma and other
plasma reactors

[55,69,70]

Barracuda

Good for industrial-scale simulations

Designed for applications like fluidized bed operation and design
Deals exclusively with gas-particle fluidized reactors

Not suitable for modeling an EMIPG system

CPFD Software
LLC.
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4. Forward Look and Conclusions
4.1. Forward Look

MW plasma gasification is limited in nature by the frequency of electromagnetic
energy. The magnetron, which is the driving force of electromagnetic energy in the system,
is constrained in size, creating difficulty when scaling the system. To overcome this system
constraint and still drive an even plasma flame within a large-scale reactor, multiple mag-
netrons can be used to distribute electromagnetic energy into the reactor. A demonstration
of this configuration in a scaled-up unit can be found in research conducted by Uhm et.
al. Uhm et al. used two microwave steam-plasma units to provide an even temperature
plasma to a large, cylindrical reactor with a diameter of 90 cm and a height of 180 cm.
This research utilized low-grade coals for a feedstock and found a cold gas efficiency of
hydrogen-rich syngas of 84% [15]. The high efficiency of this system demonstrates the
potential of microwave plasma to be scaled in order to convert waste into energy.

4.2. Conclusions

Plasma gasification offers the ability to produce clean energy and destroy hazardous
waste. This technology has not matured for commercial WtE applications. This review
focused on experimental microwave-induced plasma gasification (EMIPG) system reactors.
An EMIPG system is constituted by various components: power supply and microwave
source, wave propagation section, plasma reactor, plasma-forming gases, carrier gas, feed-
stock inputs, and data collection equipment. Various chemical reactions convert feedstock
into syngas. The rates of carrier gas and plasma-forming gas inputs, the operational power
of the system, and the rate of the feedstock injection affect the chemical reaction kinet-
ics. The temperature and turbulence play a significant role in determining the rate and
distribution of these chemical conversions within an EMIPG reactor. The Navier—Stokes
equations for mass, momentum, and energy and the k-epsilon model for turbulence are
used to describe the fluid motion and temperature within the reactor. Most studies used
the Eulerian—Eulerian approach to model the gas and solid phases. Since the complexity
of these mathematical models is significant, CFD software is used to solve the models
of multiphysics phenomena happening within the reactor. The CFD software solves the
mathematical models describing the reactor by using numerical methods such as the finite
volume method. A CFD model can allow optimization of the system, as well as a better
understanding of how the system converts various feedstocks, such as plastics, electronic
wastes, and COVID-19 biomedical waste.
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