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ARTICLE INFO ABSTRACT

Handling Editor: Jin-Kuk Kim Our numerical investigation is oriented to the energy efficiency of the microwave heating technology for the
continuous production of cement clinker.

Simulations of the novel microwave continuous processing of limestone are performed using the COMSOL
Multiphysics® Software. The proposed mathematical model couples Maxwell’s equations with energy and
chemical equations, and numerical verification and validation are undertaken to support the accuracy of the
results in this work. This approach includes automatic control actions regulating energy input and cavity
impedance. A rectangular waveguide, operating as a single-mode cavity at 2.45 GHz, is utilized. The impact
of various fill ratios of material on the system’s efficiency unveiled an intriguing heat transfer mechanism
responsible for optimal operational conditions, with microwave efficiency up to 75% and thermal efficiency
exceeding 90%. Notably, the potential of microwave technology in reducing greenhouse gas emissions is
contingent upon establishing clean energy sources for electricity production.
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1. Introduction

To meet the greenhouse gas reduction targets, energy-intensive in-
dustries are encouraged to adopt cost-effective and eco-friendly energy
solutions. The cement industry, contributing nearly 7% of global CO,
emissions, is a key sector under scrutiny (Voldsund et al., 2019). In
cement production, rotary kilns consume 82% of the available energy,
operating at under 40% thermal efficiency and contributing with 90%
of the process CO2 emissions (Choate, 2003). There are various oppor-
tunities to improve this process, ranging from raising awareness about
energy management to investing in upgraded equipment or innovative
technologies (Fennell et al., 2022).

For processes operating at lower temperatures, the industrial use
of microwave heating (MWH) has been firmly established within the
oil and food drying sectors (Zhu et al., 2022; Zaki et al., 2023).
Applications of MWH also extend to material processing and cur-
ing (Li et al., 2022; Kong et al., 2021). The future competitive edge
of MWH over conventional heating (CH) has been attributed to its
capability for faster processing, decreased energy consumption, and
lower operational costs (Papargyris et al., 2008; Lu et al., 2024).

* Corresponding author.

Numerous materials witness improvements in their mechanical and
physical characteristics through MWH. This holds true for cement-
based materials, where there are enhancements in cementitious proper-
ties and expedited strength development observed in Portland cement
mortar (Huang et al., 2009; Makul et al., 2014).

For processes requiring extremely high temperatures, there is
promising news regarding industry electrification and the potential
adoption of continuous microwave technology. Energy-intensive indus-
tries have shown encouraging signs of reducing energy consumption
by 60% to 80% and lowering 3 to 5 times the CO, emissions (Amini
et al.,, 2021). Recent reports highlight successful demonstrations of
sintering clinker using MHW, resulting in higher strength and compa-
rable properties to commercially produced clinker, while also reducing
sintering time and required temperatures (Kaewwichit et al., 2016).
A more recent advancement featured an electrified calciner modelled
with resistance-based heating and integrated into an existing kiln
system, achieving an impressive 94% calcination degree with substan-
tial net reduction in CO, emissions from 114 tonnes per hour to 32
tonnes per hour (Tokheim et al., 2019). Ceralink’s Microwave Assist
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Technology demonstrated accelerated limestone calcination rates while
consuming less energy than the conventional method. Assessment of
the proposed post-heating design in a traditional calciner and the
retrofitting of rotary kiln equipment revealed their feasibility in the
lime industry (Esquenazi et al., 2011; Fall et al., 2012).

Greenhouse Gas (GHG) emissions resulting from electricity produc-
tion and use in Europe have notably decreased in the last three decades,
showing varying reductions for EU countries. Between 1990 and 2019,
there was a 50% decrease in carbon intensity in the electricity used at
low voltage (Scarlat et al., 2022). Europe has introduced the Green Deal
as part of its new Growth strategy, responding to one of today’s most
pressing challenges: climate change. By 2050, Europe aims to achieve
climate neutrality while boosting the economy, fostering sustainable
industries and transportation. The Green Deal unveiled in 2019 was
incorporated into the European Climate Law established in 2021. Ac-
cording to this law, the EU is committed to reducing emissions by 55%
by 2030 and has a binding target of achieving net zero greenhouse
gas emissions by 2050. To meet these targets and revise and update
EU legislation, the European Commission has introduced the Fit for
55 proposal. Among its trends is the increased use of clean energy for
electricity production, supporting the electrification of heavy industries
and the adoption of microwave technology.

Reliable findings exist regarding the efficiency of microwave-driven
processes in handling substantial material loads, yet only 12% of
scientific studies record the processing of samples exceeding 200 g
(Bermtideza et al.,, 2015). While lab-scale temperature profiles are
crucial for rapid kinetics, replicating them in a large batch microwave
furnace is not so straight forward as the limited penetration of mi-
crowaves would require a significant reduction in the microwave
frequency (Goyal et al., 2022).

The solution lies in Microwave Continuous Processing Technol-
ogy (Patil et al., 2014). Demonstrations of large-scale continuous mi-
crowave pyrolysis have effectively addressed resource inefficiencies
and energy limitations, resulting in innovative solutions for emerging
fuels, improved product quality and increased yield (Dadsetan et al.,
2023; Juan et al., 2021; Zhou et al., 2023). However, further studies are
required to explore other microwave continuous processes, preferably
with substantial mass fluxes to achieve scalability and develop larger
commercial high-temperature microwave units. In pursuit of this goal,
industrial-scale operational conditions introduce additional factors to
batch solutions, including residence time, interaction of particulate
flow with pipe walls, mixing, heat transfer dynamics, and microwave
penetration depth of a moving flow (Morschhiuser et al., 2012; Qiao
and Xie, 2016). Although there is growing interest in patented in-
novative designs for microwave continuous processing systems, such
lab-scale systems remain uncommon due to their added complexity
in multi-physics (Siddique et al., 2022). Although considerable re-
search efforts have focused on comprehending the factors that influence
microwave material processing (Serra et al.,, 2020; Reinosa et al.,
2019), the widespread adoption of microwave continuous systems may
be facing delays owing to the poorly understood dynamics of multi-
physics. Low energy efficiency and inconsistent heating rates still mark
the significant challenges of implementing a MWH system in industry.
The widespread adoption of microwave continuous systems needs to
address the poorly understood dynamics of multi-physics and call for
precise control measures (Huayu et al., 2021).

Simulation tools have emerged as indispensable for exploring var-
ious conditions and outcomes, allowing for mathematical analysis of
field patterns (Chen et al., 2022). For instance, a previous study
(Ahmed, 2016) has delved into size and shape optimization of simu-
lated materials to achieve specific temperature distributions. Efficient
control of the microwave field has been demonstrated in Jung et al.
(2021) to enable selective heating of samples while preventing unde-
sired overheating. However, the complexity of modelling Maxwell’s
equations alongside convection—diffusion equations underscores the
importance of studying uncertainty propagation and implementing
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advanced control solutions to manage resonant conditions (Curet et al.,
2008; Vaz et al., 2014; Mimoso et al., 2017).

This study seeks to advance Microwave Continuous Processing Tech-
nology by enhancing the system performance. We investigate energy
dynamics through numerical modelling of limestone calcination inside
a simplified layout microwave continuous reactor. Specifically, we
contribute by: (i) implementing effective control measures for energy
usage; (ii) assessing the influence of tube orientation relative to the
waveguide on in-situ energy dissipation (iii) elucidating the interactions
between electromagnetic waves and thermal energy fields resulting
from processing various material loads; (iv) evaluating the energy
balance and efficiency of the system; and (v) discussing the impact
of Microwave Continuous Processing Technology on Greenhouse Gas
(GHG) emissions and its significance in the Cement Industry.

2. Governing equations
2.1. Electromagnetic model

Maxwell’s equations are fundamental in electromagnetic theory,
defining how electromagnetic fields are generated. When studying
materials experiencing electric and/or magnetic polarization, the set
in Eq. (1) accurately describes these phenomena, covering magnetic
and electric fluxes and addressing dipole rotation and charge accumu-
lation within the material (Griffiths, 2017).

V-D=p, (1a)
V-B=0 (1b)
oB
VXE——E (1C)
oD
VXH—Jf+E (1d)

where D is the electric flux density [C/m?], p s the electric charge
density [C/m?], H is the magnetic flux density [Wb/m?], E is the electric
field [V/m], B is the magnetic field [A/m?] and J ¢ is the electric current
density [A/m?]. '
The magnetic and electric fluxes correlate with the interacting fields
through the additional constitutive set of Eq. (2).

D=¢E (2a)
B =uH (2b)
J;=0oE (20)

where ¢ = ¢ — je’ is the material’s complex electric permittivity
[F/m] and p = y' — ju"’ is the material’s complex magnetic permeability
[H/m], and o is the electric conductivity [S/m]. The complex properties
quantify the material’s affinity to polarize with the external electric
field (¢) and magnetic field (4). The real part is associated with the
material’s capacity to store potential energy, while the imaginary part
reflects the momentum decay responsible for heat dissipation. Hence,
for microwave heating of materials, a crucial requirement is a non-zero
imaginary part of permittivity and/or permeability.
As a dielectric material, limestone will not conduct free charges
(o = 0) and interactions with the magnetic field are negligible (x"" = 0).
The Helmholtz Eq. (3) is obtained by solving the Maxwell equations
with the respective constitutive relations and assumptions made and
considers properties relative to vacuum.

Vx L(VXE) - RE=0 ®3)
r

where y, = 4z x 1077H/m and ¢, = 8.854 x 10712F/m are the

permeability and permittivity properties of vacuum, k is the complex-

valued wavenumber in vacuum, u, = u/u, is the relative magnetic

permeability, and €, = €/¢ is the relative dielectric permittivity.
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The electromagnetic heating source Eq. (4) is the volume (V) inte-
gral form of the Helmholtz Eq. (3).

Cl)S”
Oy = /  BPav @
\%

The penetration depth is an important measure that serves as an
indicator of the distance from the material’s surface at which the
field strength decreases by 37%, precisely at e~! = 0.368 (Sun et al.,
2016). As the polarized molecules revert to their initial disordered
state, electromagnetic energy is dissipated in the form of heat. The
dielectric loss tangent in Eq. (5) characterizes the material’s capacity
to generate heat when interacting with electromagnetic energy.

"

tané, = i—/ 5)

When a plane wave interacts with a lossy medium, the electric field
changes and the waveguide wavelength changes according to Eq. (6)
(Pozar, 2015).

L= 2 )

¢ S(wy/ue)
2.2. Chemical model

Solid state reactions that are thermally stimulated can be kinetically
described by Eq. (7) (Pérez-Maqueda et al., 2005).

& _ 1) r@) %
where a is the species’ degree of conversion, 7 is time [s], and both k(T’)
and f(«) describe the reaction rate dependency with temperature T [K].

The decomposition process in limestone calcination is described by
the chemical reaction below and is activated within the temperature
range of 823-1233K (Csernyei and Straatman, 2016).

CaCO3(s)—— CaO(s) + CO,(g).

Limestone calcination was modelled by Eq. (8) as a continuous
incompressible flow.

dw;
R, = Pt p(v- V) ®

where R; is each species i rate of reaction [kg/m’s], p is the density
[kg/m3], w is the mass fraction and v is the velocity vector [m/s].

The kinetic rate for the decomposition of CaCO; was derived by
Escardino et al. from experimental findings in Escardino et al. (2008)
for particles with an average radius smaller than 120 pm. In their test
setup, the decomposition of CaCO; took place in an air stream nearly
free of CO,, resulting in the rate expression in Eq. (9), which provided
the best fit to the decomposition results.

da _ S, 0l/3 1/3

a —k(T)C—OCB (I-a) ©)
B

where S, is the specific surface area of the calcite particle [m?/m?], and

cOB is the initial molar concentration of CaCO; [kmol/m?]. The reaction

rate dependency with temperature k(7') is described by the Arrhenius

Eq. (10).

Eq

K(T) = kg e(‘ﬁ> (10)

where k, is the pre-exponential factor [kmol?/3 /(m min)], E, is the
activation energy [J/mol] and R = 8.314J/(molK) is the universal gas
constant.

2.3. Thermal model

The thermal model serves as the linkage for all interfaces within the
numerical model, as electromagnetic properties and chemical activa-
tion rely on temperature. Eq. (11) represents the transient energy state

Journal of Cleaner Production 467 (2024) 142912

Electromagnetic waves . Heat transfer

PN

—_—

Dissipated power, P Heat generation Q,

Electromagnetic field, E Temperature field, T

Chi

ical reacticp
s

Thermal properties

Electromagnetic properties
W Pk

€ ey p

Material
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Fig. 2. 3D geometry model representation.

affected by convective and/or diffusive transport along with internal
sources (Hanks, 2003).

%(pCpT)+V-V(pCpT)+V~q= 0 an

where C, is the specific heat at constant pressure [J/(kgK)l, ¢ is the
heat flux [W/m?] and Q is the heat source [W/m?]. The local heat
flux density (q) is governed by Fourier’s law of thermal conduction:
q = —« VT, where « is the thermal conductivity [W/(m K)].

The integral form of the energy balance, as described by Eq. (12a),
governs the cumulative quantity of each transport term within a control
volume (Bobok, 1993).

EB,+EB,-EB;—EB, =0 (12a)
EB, =/VV~V(pCpT)dV (12b)
EB, = /Sh(T —Ty)dA +/S(—KVT)-ﬁdA (12¢)
EB; =Qry (12d)
EB, = /V |v-Va|(~4AH) pdV (12e)

where h is the convection coefficient [W/(m? K)], Ty = 293.15K is the
ambient temperature, i is the vector normal to the surface, Qp,, is the
electromagnetic heating source [W], and 4H is the enthalpy of reaction
[J/kgl.
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Table 1

Design parameters considered for the 3D model.
Parameter Value
Tube diameter D, [mm] 34
Tube thickness [mm] (Mastorakos et al., 1999) 5
Tube length [mm] 5%xa
Cavity cross sectional width a[mm] 86.36
Cavity cross sectional height »[mm] 43.18
Cavity length [mm] 225
Cavity thickness [mm] 10
Plunger thickness [mm] 10
Insulation thickness [mm] 25
Dynamic angle of repose ¢, [°] (Henein et al., 1983) 34.9

Table 2

Limestone kinetic properties (Escardino et al., 2008).
Parameter Value
Apparent density p[kg/m’] 2270
Specific area S, [m?/m?] 1.365 x 10°
Frequency factor k, [kmolm/(m min)] 367

Apparent activation energy E, [J/mol] 175384

3. Coupled multiphysics model

The finite element software COMSOL Multiphysics® (version 5.1)
was employed to simulate the electro-magneto-thermal phenomenon
in real-time mode. COMSOL facilitates the analysis of electromagnetic
waves in the frequency domain, heat transfer within solids, and the
transport of concentrated species.

The coupling of the physical phenomena involved in limestone
decomposition and microwave heating is illustrated in Fig. 1 (Kopyt
and Celuch, 2006). This linked process was explored using the 3D
representation of the MW system depicted in Fig. 2. In this setup, a
single-mode TEO1 wave moves through the rectangular cavity, filled
with air at atmospheric pressure. This cavity acts as the standard WR-
340 waveguide and operates at a frequency of 2.45[GHz]. Limestone,
initially at room temperature, enters and gets heated as it moves
through the tube that crosses the rectangular cavity. The tube might
be partially or entirely filled with material, demonstrated in Fig. 2 with
a 50%-fill ratio. Insulation was applied to the outer boundaries of the
structure, made from a glass fibre material with dielectric and thermal
properties sourced from (Modarresifar et al., 2016; Rossi and Rocco,
2014).

The three-dimensional design accounts for the rotary bed motion
typically observed in conventional kiln operations. The dynamic angle
of repose ¢, (measured concerning the gravity vector in the z-axis) was
derived for the bed of material based on experimental measurements
by Heinen et al. (Henein et al., 1983). According to the authors,
the dynamic angle of repose ¢, remains unaffected by bed depth or
rotational speed. In this study, it is appropriate to approximate the
rolling bulk bed as a collection of particles with irregular shape and
an average radius of approximately 100 [pm], along with the cylinder
diameter considered. All design dimensions are outlined in Table 1.
Limestone kinetic properties are presented in Table 2, dielectric proper-
ties were obtained from (Behrend et al., 2016) and thermal properties
from (Komarov, 2012).

The dielectric constant plays a crucial role in the electromagnetic
energy balance of the system (Catala-Civera et al., 2015). As limestone’s
ability to absorb electric energy changes with temperature, it affects
the impedance of the loaded cavity, highlighting the importance of
impedance matching control. Inspired by Mimoso’s groundbreaking
study on the continuous microwave processing of glass melting (Mi-
moso et al., 2017), the model integrates a plunger that reflects the
electric field within the rectangular cavity. This plunger can assume
various positions to continuously fine-tune the cavity’s impedance and
requires sweeping over only half the value of 1, due to the periodic
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nature of the electromagnetic wave. Although impedance matching
is crucial in microwave experiments, it is not directly available in
current computational tools and necessitates an external numerical
procedure. The controller was integrated into the COMSOL model
through LiveLink™ for MATLAB®, enabling continuous adjustments of
the plunger position and the imposition of input energy (Eq. (13))
for the coupled system. The latter is vital for maintaining numerical
stability, achievable by fixing one or more terms in Eq. (13) to converge
to a single condition. A singular solution for the bed outlet temperature
correlates with a fixed and converged decomposition a. Consequently,
Eq. (13) considers the theoretical consumption for the reaction Q,, =
0.999m AH to enforce 99.9% limestone decomposition.
1 C, AT +0.999 in AH + Py

Puw = (13)
w

where Py is the energy for wave excitation [W], s is the mass flow
rate [kg/s], P; is the energy lost though heat transfer [W], and nyw =
EB; /Py is the electromagnetic efficiency.

The modelling included the simulation of chemical species trans-
port within the bed of material, depicted in orange in Fig. 2. Heat
transfer was taken into account across all domains, while the physics
of electromagnetic waves were specified in all domains except for the
insulation domain and the area behind the plunger. Initial conditions
(with subscript ini) are summarized below. Boundary conditions were
defined for the electromagnetic interface (items 1. and 2.), for the
transport of concentrated species (items 4., 5. and 6.) and for the
thermal interface (items 7., 8. and 9.).

+ Initial decomposition of CaCO; is zero: «;,; = 0.
+ Initial electric field is zero: E;,; = 0.

+ Within the bed, T;,; increases linearly from 300K at the inlet to
1200K at the outlet, while for the remaining domains is main-
tained at 300K.

ini

1. A transverse electric single-mode wave (TE10) is excited with
Pyw at the blue boundary in Fig. 2;

2. A perfect electric conductor condition on every boundary: AxXE =
0.

3. Prescribed CaCO; decomposition at the inlet: & = 0;

4. Prescribed null diffusive flux at tube’s outlet: —fi - D,V = 0;

5. Prescribed zero flux at the remaining material boundaries: —i -
(pva).

6. Tube’s inlet temperature: T = 300 K;

7. Null energy flux at tube’s outlet: —fi - q = 0;

8. Convective heat exchange with the exterior: —fi- q = h(T,,, — T),
where T,, = 273.15K is the exterior temperature. Free con-
vection correlations were used and considered geometry inclina-
tion (Bergman et al., 2011; Yilmaz et al., 2005) .

3.1. Validation and verification issues

A prerequisite to trust the numerical solution is Validation and
Verification. Validation aims to compare the numerical solution with
real-world data obtained from equipment or well-established theories.
On the other hand, verification focuses on ensuring the accuracy of the
solutions to the equations themselves.

The thermal-Maxwell model, as implemented in COMSOL, has been
rigorously verified and validated in prior studies, particularly concern-
ing static materials. Notably, the work of Vaz et al. (2014) provides
significant validation in this regard. Consequently, numerical validation
cases do not go beyond those available for limestone.

3.1.1. Chemical kinetic model
The decomposition rate of limestone is modelled with Eq. (9), utiliz-
ing properties detailed in Table 2, covering five different temperatures.
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Fig. 3. Validation of numerical results with experimental data (Escardino et al., 2008).

—o—Relative error of T,, =-@--Computing time

2000 + 1,4E-03
1 1,2E-03
1600
0 £ 1,0E-03
£ 1200 8
E 1 80E-04 5
$ 2
& 800 4 6,0E-04 s
2 4
£ £ 4,0E-04
7]
400
1 2,0E-04
04 0,0E+00
1E-03 1E-02

Element size (m)

Fig. 4. Relative error decay for the average temperature T,, of the bed of material
and computing time 7 [s] as a function of the mesh element size.

The corresponding evolution of limestone decomposition is illustrated
in Fig. 3, juxtaposed with experimental data from (Escardino et al.,
2008). The reliability of the rate expression from Eq. (9) is corroborated
by numerical results that closely align with the experimental points.

Comsol employs a time-dependent solver, with the time-step adapt-
ing according to the relative tolerance. Hence, investigating the influ-
ence of the time-step on the chemical kinetic model equation was not
necessary for the validation of the chemical kinetic model.

3.1.2. Mesh refinement study

A mesh refinement analysis was conducted using the 3D model,
accounting for an 80% fill ratio of material within the tube. Five
numerical solutions were derived using various mesh configurations
characterized by base sizes h;_; 53 45. The diminishing relative error in
temperature and solver time concerning mesh element size is depicted
in Fig. 4.

The maximum relative error (1.15x10~°%) corresponds to the coarser
mesh with a higher base size (k5 = 8.50 x 10~ [m]), whereas the min-
imum relative error (3.02 x 10~94) corresponds to the finest mesh with
a lower base size (h; = 2.85 x 109 [m]). Despite the refinement ratio
maintaining an approximate consistency across different meshes, the
distribution is not uniform throughout the entire domain. This discrep-
ancy explains the non-linear error decay and the considerable increase
in computation time of almost 20 times between the coarser and finer
meshes considered. However, it is feasible to discern a monotonic
convergence index that validates the reduction of the discretization
error based on Richardson extrapolation (Roy, 2005). Relative errors
remain below 1.20 x 10~%3, which is deemed acceptable for engineering
purposes.
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Fig. 6. Electromagnetic energy density distribution [W/m’].

4. Discussion of the results

The results are focused on material interactions with the electric
field, assessing the performance and energy efficiency of microwave
continuous processing applied to limestone. The approach involves
comparing five tube fill-ratios of material: 30%-fill, 50%-fill, 65%-fill,
80%-fill, and 100%-fill. The settling velocity was determined based
on the maximum temperature required for the calcination reaction,
which is 1233 K (Csernyei and Straatman, 2016). Through numerical
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experimentation based on the fully filled tube, it was established that
an imposed material velocity of v = 5.3x10~* m/s accurately reproduces
this temperature as per the reference of the chemical model.

4.1. Electric field and material interactions

As a dielectric material, limestone undergoes polarization when
subjected to an external electric field E =fE, accumulating potential
energy as it attempts to align with the direction # of the applied
field (Vilchevskaya and Miiller, 2021). The stored energy, as described
by Eq. (4), dissipates in the form of a heating source in the en-
ergy Eq. (11). It involves the combined intensity of the electric field
norm and temperature values, adjusted by limestone’s dielectric loss
properties responsible for the material’s temperature elevation.

The impact of tube orientation concerning the rectangular cavity
on the specific location of energy dissipation is discussed. Only two
configurations are viable within the model geometry depicted in Fig. 2.
A first scenario, modelled by Mendes (2017), is the tube aligned with
the smaller side of the cavity (of size b) where the distribution of
dielectric loss response, relevant for decomposition, occurs outside
the cavity domain. The second scenario, adopted in this work and
illustrated in Fig. 5, exhibits the tube aligned with the widest side of the
cavity (with size a). Here, the pertinent distribution of the loss factor
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for limestone decomposition is observed within the cavity domain in
Fig. 5(b). Mathematically, the sinusoidal projection of the TE10 electric
field onto the bed of material, illustrated in Fig. 5(a), is responsible for
maintaining the maximum value of dielectric loss around the middle
plane of the cavity. The configuration in Fig. 5 offers a direct advantage
by facilitating in situ energy dissipation in that region, thereby avoiding
the necessity for excessive tube length to meet material decomposition
requirements and reducing associated energy costs related to thermal
losses.

The impact of electromagnetic wave projection onto the bed of
material becomes evident in Fig. 6, showcasing the electromagnetic
energy density. This influence is demonstrated in two cases: the TE10
wave propagating perpendicular to the bed’s inclination, as seen in
Fig. 6(a), and vertically in the z direction, depicted in Fig. 6(b). The
distribution of electromagnetic energy density noticeably varies based
on the area of the bed’s surface normal to the direction of wave
propagation. Notably, in Fig. 6(b), where high energy concentration is
observed, the energy density is three times higher than in the other
scenario. The issue of concentrated and intense energy dissipation
holds significance as it subjects the material to steep energy gradients,
potentially leading to temperature-related challenges known as thermal
runaways (Ramos et al., 2021). This concern is particularly critical in
microwave heating processes involving materials like limestone, that
are characterized by low thermal conductivity and a dielectric loss
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response that amplifies with temperature. Such materials are more
susceptible to challenges arising from intense and concentrated heating
sources. Hence, meticulous attention is necessary when managing these
systems.

The upcoming results examine simulations where the electromag-
netic wave propagates perpendicular to the bed of material’s incli-
nation. This approach is adopted to mitigate potential numerical in-
stabilities arising from the thermal model. Additionally, the study
evaluates the variation of the electric field along the direction of
material propagation, a factor found to significantly influence in situ
energy dissipation.

(¢) 100%-fill ratio.

Fig. 9. Loss factor distribution.

4.2. Fields distribution analysis

Analysis of the participating fields is conducted for five simulated
tube fill-ratios of material. Fig. 7 displays the electric field, Fig. 8
illustrates the electromagnetic heating source, Fig. 10 showcases the
temperature distribution, and Fig. 9 represents the loss factor. Each
figure exhibits the results corresponding to the 30%-fill, 80%-fill, and
100%-fill ratios, illustrated in three perpendicular slices aligned with
the axial velocity and positioned at the beginning, middle, and end
of the bed of material within the rectangular waveguide (see Fig. 2).
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Fig. 10. Temperature distribution 7 [K].
Table 3
Temperature field related results.
% — fill 30 50 65 80 100
T, [K] 936 1082 1041 1029 1007
T [K1 1405 1201 1203 1188 1239
or, [K] 310 113 153 133 185

Furthermore, Table 3 compiles the numerical results for each load, en-
compassing: (i) average temperature 7, [K], (ii) maximum temperature
T,.ax [K] and (iii) the standard deviation of temperature within the bed
or, [KI.

The distributions of the electric field norm |E| and the electromag-
netic heating source Qp,, are depicted in Figs. 7 and 8. Due to the
imposition of the TE10 mode at the port boundary and the model
configuration, higher intensities of the electric field are sustained at
the central slice b. According to Eq. (4), this confirms the desired
dissipation of electromagnetic energy occurring in situ. The penetration
of microwaves is evident at this slice, encompassing approximately 30%
of the bed for 50%-fill, 65%-fill, and 80%-fill, and around 45% for
100%-fill before experiencing the 37% reduction in field strength.

The dielectric loss factor acts as the conduit for electromagnetic
energy entering the thermal energy balance, thereby governing the
electric and thermal response of the system. The increasing loss factor
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Fig. 11. 80%-fill ratio.

of limestone with temperature leads to distributions in Figs. 9 and 10
being quite similar. Limestone starts to dissipate significant amounts
of absorbed electromagnetic energy as heat only above 800K (Behrend
et al., 2016). Below this temperature, limestone exhibits low losses, as
observed in slice a, and the strong imposition of the electromagnetic
field does not result in significant electromagnetic dissipation as in
the case of slice b. For tube fill-ratios of 80%-fill and 100%-fill, the
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Fig. 12. 100%-fill ratio.

maximum loss factor reaches €” ~ 0.8. In the temperature range of
1000—1200 [K], the dielectric constant of limestone is approximately
& ~ 3.4. Consequently, this yields a dielectric loss tangent value
(Eq. (5)) of tan 5, ~ 0.24, indicating the material’s potential for adequate
heating at microwave frequencies (Shah, 2018).

According to Table 3, the attained maximum temperatures fall
within the limestone decomposition temperature range (823—1233, [K]
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(Csernyei and Straatman, 2016)), validating the selection of the axial
velocity. These temperatures are reached at slice b, positioned in the
middle of the cavity. Notably, for the 30% fill-ratio the maximum
temperature is accomplished at x; = 90% and exceeds the 1233K,
which is a result from Eq. (11) being governed by the convective
transport. Adjusting the velocity to lower the maximum temperature
could promote radial temperature growth, although at the expense of
reduced thermal efficiency. For the remaining loads, as the penetration
of microwaves is limited to 30%-45% of the bed’s height, with the
field strength decreasing until it nearly vanishes, the remaining portion
is not equally heated by the dissipation of electromagnetic energy.
Instead, heat is primarily convected through bed rotation, as is cus-
tomary in conventional kilns to promote radial temperature uniformity.
This is particularly necessary because limestone conductivity decreases
with temperature and remains relatively low. The effectiveness of bed
rotation is demonstrated in Table 3 by temperature standard deviations
measuring below 18% of T, affirming the desired uniformity achieved
by the selected model configuration. The temperature distribution in
Fig. 10 remains relatively constant across each cross-section while
displaying variation along the longitudinal axis.

To comprehend longitudinal variations, this qualitative analysis is
supplemented with distributions of the electric field, electromagnetic
heating source, and temperature for the scenarios of 80%-fill as shown
in Fig. 11 (which includes the air domain inside the tube in Fig. 11) and
100%-fill in Fig. 12. The periodic propagation of the electromagnetic
wave within the material bed is evident in the case of 100%-fill,
whereas for 80%-fill the electric field deviates from the anticipated
TE10 mode. Differences in temperature distribution between 80%-fill
and 100%-fill shed light on the electric field’s distribution, owing to the
distinct heat transfer mechanisms for the bed and tube in both cases.
While the mechanism remains axisymmetric for the 100%-fill scenario,
lower fill-ratios lose this symmetry.

Furthermore, the maximum dissipation of electromagnetic energy
and the peak magnitude of the electric field occur simultaneously as
the temperature approaches its maximum value. This synchronization
is attributed to the dielectric loss of limestone, that increases with
temperature and typically reaches its peak around 1200 K. According
to Eq. (4), this scenario should optimize the utilization of the available
energy supplied to the microwave continuous unit. The maximum
dissipation of electromagnetic energy occurs when Eq. (14) is satisfied
and could never precede the peak magnitude of the electric field
because impedance matching control is employed and the energy input
to the system - Eq. (13) - is predetermined, considering that limestone
calcination is an endothermic reaction, coupled with the fact that
the dielectric loss increases with temperature (de/dT > 0). Hence,
impedance matching control and predefining the P,y for limestone
proves to be a crucial strategy in preventing energy dissipation before
reaching the maximum magnitude of the electric field. With this en-
sured, Eq. (14) clearly suggests that the maximum values for dissipation
of electromagnetic energy, electric field intensity and temperature will
always coincide due to de/dT > 0.
dOgy 1 dE 1 de dT

=0-> — =

—_— = 1
dx E dx 2¢ dT dx as

The dynamic interplay between diffusive and convective transport
mechanisms, influenced by bed rotation and axial development, dic-
tates whether electromagnetic dissipation occurs concurrently with the
peak magnitude of the electric field or upstream, as in the 30%-fill case.
The term pC,u, governs the axial development of energy. Variations in
the terms affecting the transport mechanisms, apart from influencing
the predefined energy requirement of the system, will primarily affect
the proximity of electromagnetic dissipation to the peak magnitude
of the electric field. The temperature gradient streamlines in Figs. 11
and 12 illustrate how the tubes’ fill-ratio predominantly influences the
diffusive term, given limestone’s predetermined thermal conductivity
and the rotational dynamics of the bed. As the velocity was set based on
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Fig. 13. Axial evolution of limestone decomposition for 80%-fill ratio.
Table 4
Integral energy balance.
30%fill 50%fill 65%fill 80% fill 100% fill
EB, W] 179.15 319.74 507.61 562.30 674.47
EB,[W] 134.14 147.10 158.99 189.31 202.62
EB;[W] 904.01 1451.37 1946.48 2326.85 2846.15
EB,[W] -602.13 -981.94 -1277.88 -1547.78 -1967.05
Res s [W] 11.41 -2.59 -2.01 -27.47 -2.01
Res, 0.013 0.002 0.001 0.012 0.001
Table 5
Heat absorbed during the chemical reaction.
30%fill 50%fill 65%fill 80% fill 100% fill
10,1 =|EB,| W] 602.13 981.94 1277.88 1547.78 1967.05
0,, =099 AH [W] 590.72 984.53 1279.90 1575.20 1969.10
Relative error 0.019 0.003 0.002 0.017 0.001

a fully filled tube, lower fill ratios entail an excess of energy beyond the
minimum processing requirement, which the diffusive term absorbs.

Thus, the unique phenomenon observed in the 80%-fill scenario
illustrated in Fig. 11 stems from the interplay between heat transfer
and the electromagnetic field across diverse mediums - the dielectric
material and air — combined with the surplus energy absorbed by the
diffusive term.

4.3. Integral energy balance

The integral energy balance from the set of Eq. (12a) serves as an
indicator of the system’s performance. In Table 4, the resultant energy
balance for each tube fill-ratio is listed. The absolute residue, computed
as Res,;,s = EB+EB, —EB;—EB,, should ideally be zero as per Eq. (12a).
The relative residue, defined by Res,; = |Resy|/max(|EB,|,|EB,],
|EBs|, |EB,|), attained values lower than 1.3%, indicating that the 3D
calculations were corrected and align with the nearly zero residual.
As anticipated, the heat term increases proportionally with the tube’s
fill-ratio.

The axial decomposition of limestone is displayed in Fig. 13 for
the 80%-fill ratio. Additionally, Table 5 outlines the numerical errors
associated with the energy consumption Q, relative to the theoretical
value Q,, set by the control algorithm for the defined 99.9% of ma-
terial decomposition. Relative errors below 2% indicate the accurate
implementation of the control algorithm. The energy consumed by
the calcination reaction accounts for approximately 70% of the total
energy, evidencing the substantial impact of the endothermic reaction
on convergence history and numerical outcomes in continuous process-
ing with MWH. At this juncture, impedance and energy input control
emerged as pivotal integrated components ensuring the desired mate-
rial decomposition while upholding heating efficiency. This aspect is
critical for the numerical stability of the coupled convection-diffusion
transport equations and Maxwell equations.
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Fig. 14. Efficiencies and specific consumption for the simulated fill-ratios.
4.4. Efficiency analysis

Efficiency analysis is crucial for pinpointing essential operational
aspects for enhancing microwave technology and determining its viable
applications in the continuous processing of very-high temperature
materials.

The efficiencies under the specified conditions are depicted in
Fig. 14. Thermal losses of the system are quantified by the ther-
mal efficiency n in Eq. (15), while electromagnetic losses are cal-
culated through the microwave efficiency nyw in Eq. (16). These
metrics, in conjunction with the magnetron efficiency n,, (Vyas et al.,
2015), collectively define the system’s global efficiency 5, as de-
scribed in Eq. (17). Additionally, the specific consumption C, [MJ/kg]
in Eq. (18) represents the total energy required for material decompo-
sition.

EB,
i =1—-—= (15)
T EB,
EB
Maw = 35— (16)
Pyrw
NG =11 " mw * M a7)
P
C, = MW'/”M (18)
m

The automatic control of operational parameters considered both
thermal and microwave efficiencies. The encouraging thermal effi-
ciency values (~90%) likely stem from the volumetric heating and
continuous convective processing (Das and Banik, 2021). The consistent
trends observed in electromagnetic and global efficiencies result from
the relatively constant thermal efficiency values. The global efficiency
increases with the material load, reaching its maximum with the 80%-
fill scenario. In contrast, specific consumption, which inversely relates
to the global efficiency, reaches its lowest value C, = 4.7MJ/kg for
the same load. These outcomes suggest that microwave continuous
processes can benefit from larger material loads, in line with earlier
research (Bermudeza et al., 2015), and hint about the existence of an
optimal material fill-ratio.

4.5. Microwave continuous processing unit in the cement industry

The cement sector carries the highest total CO, emissions among
all energy-intensive industries. A notable portion of these emissions
is intrinsically linked to the calcination of limestone, which accounts
for 50% of the total CO, emissions from cement production. Fossil
fuel combustion in conventional kilns is responsible for 40%, while
the remaining 10% is attributed to indirect factors (Naqgi and Jang,
2019). Microwave technology serves as an alternative fuel technology
exclusively aimed at reducing the 40% of total CO, emissions from
cement plants attributed to fossil fuels: coal, oil, and gas. Implementing
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microwave technology in energy-intensive industries would require
high operational efficiency and continuous access to real-time renew-
able energy sources such as hydropower, solar, wind, biomass and
waste, geothermal, wave, and tidal energy.

The significant influence of the top five cement-producing countries
in Europe is evident in their collective GHG emissions (European
Commission and Directorate-General for Internal Market, Industry, En-
trepreneurship and SMEs, 2018). Notably, one country alone con-
tributed around 3.3 million tons of CO, emissions from fossil fuel
combustion during clinker production in 2019 (Wojtacha-Rychter et al.,
2021). Specific energy consumption C, Eq. (18) serves as a valuable
measure for deposited energy, aiding in the comparison between CH
and MWH methods. In the context of limestone decomposition, the
energy consumption of our simulated microwave continuous heating
system is notably contingent on the rate of processed load. Minimizing
energy consumption is critical in curtailing GHG emissions, and our
numerical findings advocate for the advantage of microwave continu-
ous processing with higher material loads in achieving this objective.
Henceforth, for comparison purposes, the baseline value of emissions
0.33kg of COZeq per kg of CaCO; is assumed for CH, whereas MWH

emissions are derived from multiplying the specific consumption nu-
merical results obtained for the 80%-fill scenario with the emission
factor for electricity production in each country (Agency, 2023a). Note
that the efficiency of mains electricity to microwave generation is
accounted for through the magnetron efficiency #,, in Eq. (18).

Despite the majority of EU countries with competitive cement and
lime sectors reported 44% of electricity production from renewable and
nuclear sources in 2020, the adoption of the Microwave Continuous
Processing Technology with ~50% of global efficiency in processing
limestone does not significantly aid in reducing kgCOze /K8caco, for
these nations (Ritchie and Roser, 2020). Urgent steps need to be
taken to curtail clinker production, particularly to counterbalance the
heavy reliance on crude oil and natural gas for electricity generation.
Countries like Sweden, France, Spain, or Portugal, that have been
demonstrating the most substantial increase in renewable energy con-
sumption, are promising candidates for the industrial implementation
of a Microwave Continuous Processing Technology (Agency, 2023c). In
particular, the efficient microwave continuous system would prosper in
countries like France and Sweden, with 80% and 97% reduction of GHG
emissions from fossil fuel combustion in clinker production.

While promising, the adoption of MWH to replace CH faces signifi-
cant barriers in industry. Broadly, these can fit into two areas: process
control and scalability. The MWH process control and scalability barrier
will primarily hinge on the product processing requirements, advanc-
ing as quickly as experimental and numerical modelling expertise
align (Goyal et al., 2022). The interdisciplinary complexity of MWH
processing complicates reproducibility and underscores the need for a
profound understanding of (i) electric fields in matter, electromagnetic
waves and cavity resonators, (ii) heat transfer and fluid dynamics — con-
sidering that gases are likely always involved — and (iii) chemistry and
physics of materials (Griffiths, 2017). Limestone calcination is an en-
dothermic process, requiring a continuous supply of heat, while under-
or over-burning of limestone must be avoided. Real-time temperature
measurements inside a microwave oven for process monitoring are
challenging. Fibre optics can measure inside a microwave cavity but are
expensive and very fragile. Additionally, the success of IR thermometer
readings depends on prior knowledge of material emissivity.

In relation to multimode applicators, a single-mode cavity resonator
can offer significantly higher electric field strengths to achieve greater
energy dissipation in the workload. While these applicators are con-
strained in size by the chosen wavelength and waveguide, processing
large volumes of material is feasible through innovative conceptual de-
signs that combine multiple applicators (Patil et al., 2014; Huayu et al.,
2021). However, besides temperature and chemical composition, fac-
tors such as moisture content, grain size, and bulk density significantly
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influence the dielectric properties, thereby impacting material heating
performance under MW energy (Garcia-Banos et al., 2016). To achieve
successful automation control of the process, either the input product
must be defined beforehand, providing information to the system, or
the system must be equipped to adjust to variations in these properties
within a processing band range based on final product requirements.
Furthermore, addressing fluctuations in supply voltage and ensuring
frequency stability and energy requirements should not pose a barrier,
as MW technology and voltage stabilizers are well-developed.

The rationale behind investing in a microwave processing unit to
achieve energy savings stems from the inefficiency of conventional
kilns. However, it may not be cost-effective to replace conventional
kilns with a microwave processing unit for limestone processing. The
production cost of one tonne of limestone is approximately $109,
with 50% attributed to fuel consumption (Ochoa George et al., 2010).
This translates to a relatively low cost of 0.05€/tonne of limestone
produced in conventional kilns. According to the specific consumption
obtained for the 80%-fill case, it implies that the electricity cost would
need to be lower than 0.038€/kWh for energy-cost savings to outweigh
fuel consumption costs in limestone conventional production.

As industries strive for enhanced performance, cost competitiveness,
and eco-friendly practices in line with circular economy principles, the
Microwave Continuous Processing Unit’s emergence in the cement in-
dustry is a development worth monitoring. Many strategies to mitigate
CO, emissions from core processes, such as limestone calcination and
fossil fuel combustion, could probably be linked to MW processing units
in the future. The Cement Industry could enhance its environmental
sustainability and achieve greater competitiveness and independence
by integrating on-site production of eco-friendly fuels. This could be
facilitated through the implementation of a microwave continuous unit
to process biomass (Siddique et al., 2022) or to produce hydrogen (Dad-
setan et al., 2023; Serra et al., 2020), the latter addressing concerns
associated with hydrogen gas transportation. Furthermore, the on-site
deployment of microwave units for carbon capture, utilization, and
storage (CCUS), involving processes such as sintering fly ash samples
containing unburned carbon and CaCO; (Kashimura et al., 2023),
would align with circular economy principles. Although early CCUS
implementation may result in increased cement costs, government
incentives, such as tax credits for CO, injection or storage, are making
carbon capture more financially viable (Agency, 2023b).

5. Conclusions

In line with our aim to advance Microwave Continuous Processing
Technology and enhance system performance, this study presents a
computational multi-physics model developed with the COMSOL soft-
ware that replicates the microwave continuous processing of limestone.
We investigated the impact of five different material fill-ratios on
energy dynamics and assessed the energy efficiency of the system.
Employing a coupled approach, our three-dimensional model solves
Maxwell’s equations alongside energy and species transport equations,
providing comprehensive insights into the complex interactions within
the microwave continuous reactor.

(i) The automatic control of both impedance and Py plays a pivotal
role in maintaining numerical stability and preventing excessive
energy consumption, while also maximizing microwave heating
performance during the continuous processing of limestone.

Setting the adequate material velocity, adjusted to meet residence
time requirements for material processing, and the reactor lay-
out, deliberately designed to induce electric field variation along
material’s propagation direction and perpendicular wave propa-
gation onto the bed plane, are primary project considerations for
the in situ and volumetric dissipation of electromagnetic energy.
Filling mass flux ratios and material velocity are identified as
primary project variables for optimizing system performance

(i)

(iii)
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through low temperature deviations, that remained below 18%
relative to the average temperature.

The gradual temperature transition along the material’s propaga-
tion stems from non-symmetric heat transfer mechanisms, arising
due to the coupling of heat transfer with electromagnetic waves
across different mediums, and to the surplus energy absorption
by the diffusive term in loads below 100%-fill.

Eq. (14) describes the spatial occurrence of maximum values
of material temperature and electric field intensity through the
variation of the material dielectric loss with temperature.

The parametric study revealed the operational conditions capable
of optimizing global efficiency, achieving maximum microwave
efficiency of 75% for 80%-fill load and thermal efficiencies sur-
passing 90% for loads exceeding 50%-fill.

@iv)

W)

(vi)

Microwave Continuous Processing Technology presents itself as a
promising avenue for innovation in the Cement Industry, aligning well
with the principles of circular economy advocated by EU regulations.
This study highlights the importance of employing an effective de-
sign and implementing specific control measures that optimize the
performance of the Microwave Continuous Processing Technology.
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