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Abstract

Thermal energy storage using suitable materials is a strategic solution for integrating re-
newable energy and decarbonising industrial processes. Current Power-to-Heat systems
using solar salt rely on electric heaters; however, the low thermal conductivity of molten
solar salt promotes localised hot spots, leading to material degradation and reduced per-
formance. Microwave heating is a promising alternative due to its volumetric heating
capability and compatibility with renewable electricity. Nevertheless, dielectric character-
isation shows that molten solar salt behaves as a highly conductive ionic medium with
significant dielectric losses, limiting microwave penetration and resulting in predominantly
surface-localised heating. To investigate this limitation, two cavity configurations were
analysed using multiphysics simulations and parametric design studies: a single-mode
elliptical cavity operating at 915 MHz with an iris, and a quasi-cylindrical multimode
cavity operating at 2.45 GHz for scalable applications. The coupled electromagnetic, fluid-
flow, and thermal behaviour was evaluated through the resulting field distributions and
heating patterns. Complementary experiments assessed microwave-transparent container
materials and determined the emissivity of molten solar salt from thermographic mea-
surements, highlighting key engineering considerations for integrating microwave heating
into next-generation Power-to-Heat technologies. The results demonstrate that microwave
heating of highly conductive molten solar salt is fundamentally constrained by the limited
electromagnetic penetration depth, defining practical design limits for its integration into
next-generation Power-to-Heat systems.

Keywords: Power-to-Heat; solar salt; microwave heating; multiphysics simulation;
microwave-transparent materials; infrared thermography

1. Introduction

Electricity production represents a major source of global greenhouse gas (GHG) emis-
sions and is therefore a key driver of climate change [1]. In response, international energy
policies increasingly prioritise the decarbonisation of the power sector by promoting the
integration of renewable energy sources (RES), particularly solar photovoltaics (PV) and
wind energy, into the electricity mix due to their technological maturity, cost competitive-
ness, and scalability [2]. The global installed capacity of renewable electricity generation
continues to grow rapidly, with solar PV experiencing the fastest expansion and projected
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to significantly increase its contribution by 2030 [3]. However, as the penetration of PV
and wind power increases, the inherent intermittency of these RES results in increasingly
pronounced temporal mismatches between electricity generation and demand. A well-
known manifestation of this challenge is the so-called “duck curve”, characterised by excess
PV generation during midday followed by steep ramping requirements in the evening as
solar output declines. These rapid transitions are typically met by dispatchable generation.
Although part of this generation may be supplied by dispatchable RES, such as biomass,
hydropower, or concentrated solar power (CSP), it often remains fossil-based, thereby
limiting the overall decarbonisation potential [4]. Consequently, the large-scale integration
of PV and wind technologies requires the deployment of energy storage systems (ESS)
capable of providing flexibility, balancing supply and demand, and ensuring grid stability.

Electrochemical energy storage, also known as battery energy storage systems (BESS),
has been widely adopted, particularly for short-duration and small-scale applications,
owing to its high efficiency and fast response times [5]. However, the currently high cost of
these systems, together with the growing demand for batteries in electric vehicles, limits
their widespread deployment in large-scale applications such as centralised power genera-
tion and energy-intensive industrial processes. Within this context, thermal energy storage
(TES) systems, whose reliability for energy storage in power generation applications has
been widely demonstrated in CSP plants, emerge as a promising alternative for large-scale
applications owing to their cost-effectiveness, scalability, and operational suitability [6].
When TES is integrated with systems that convert electricity into heat and subsequently
reconvert it into electricity, the resulting configurations—commonly referred to as Carnot
batteries (CBs) or Power-to-Heat-to-Power (PtHtP) systems—represent promising solutions
for long-duration electricity storage [7].

Molten nitrate salt-based TES has become a cornerstone technology for large-scale,
high-temperature applications, particularly in CSP systems, where nearly half of the in-
stalled capacity incorporates TES solutions [8]. The molten nitrate salt commonly employed
is known as solar salt, a non-eutectic mixture composed of 60 wt% sodium nitrate (NaNO3)
and 40 wt% potassium nitrate (KNOjz). This fluid is typically operated as a sensible heat
storage medium within a safe temperature range of 290 °C to 565 °C [9]. Its widespread use
is attributed to several advantageous characteristics, including high energy density, low
vapour pressure, chemical stability, non-flammability, and relatively low cost [10].

To date, Power-to-Heat (PtH) charging in molten salt-based systems has primarily
relied on electric resistance heaters, which transfer heat from their surface to the bulk of the
storage medium [11]. Under these conditions, heat diffusion governs the thermal transport
process and, given the low thermal conductivity of molten solar salt, may exacerbate
internal temperature gradients and accelerate thermal degradation phenomena, thereby
reducing overall system efficiency and operational lifetime [12]. In this context, microwave
heating has emerged as a promising alternative [13], owing to its ability to provide direct
volumetric energy transfer within the material and thereby improve temperature uniformity.
Furthermore, interest in microwave heating for industrial processes has grown significantly
in recent years, driven by advances in material science and applicator design that have
enabled its implementation across a broad range of industrial sectors [14].

The effective implementation of this technology requires a comprehensive under-
standing of the dielectric properties of the storage medium and their temperature depen-
dence, as these parameters govern the interaction between electromagnetic fields and the
material [15]. Valverde et al. [16] characterised the dielectric behaviour of solar salt us-
ing the cavity perturbation method (CPM) at the industrial, scientific and medical (ISM)
frequencies of 915 MHz and 2.45 GHz, complemented by electrochemical impedance spec-
troscopy (EIS) over the frequency range from 100 Hz to 1 MHz. Their results showed that
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the solid-liquid phase transition is associated with a marked increase in dielectric losses,
thereby enhancing microwave absorption. However, in the liquid state, the high dielectric
loss factor (¢”) significantly reduces the electromagnetic penetration depth (D)), causing
energy deposition to be predominantly confined to near-surface regions. Consequently,
effective volumetric heating is limited, making it difficult to achieve uniform temperature
distributions throughout the bulk of the storage medium.

In this work, the microwave heating of solar salt is analysed in two cavity configu-
rations with distinct electromagnetic field distributions using multiphysics simulations,
with the aim of evaluating the feasibility and fundamental limitations of microwave-based
Power-to-Heat systems employing highly conductive molten salts. First, an elliptical single-
mode cavity operating at 915 MHz is examined. Second, a quasi-cylindrical multimode
cavity operating at 2.45 GHz is considered, in which electromagnetic energy is coupled
into the solar salt through a waveguide connected to the cavity by means of a series of slots.
In both configurations, the molten salt flows continuously through the cavities via applica-
tor tubes made of microwave-transparent material, absorbing electromagnetic energy and
increasing in temperature. Prior to this analysis, suitable cavity geometries were identified
through parametric design studies to maximise microwave power absorption within the
molten solar salt.

Other key aspects addressed in this work include the experimental evaluation of
mechanically robust, microwave-transparent materials for containing molten solar salt
in future system implementations. For this purpose, a multimode microwave oven was
employed. In addition, the emissivity (€) of solar salt was experimentally determined
using a contact thermometer method in order to enable accurate temperature estimation
through infrared thermography, which is particularly relevant for temperature monitoring
and process control in microwave heating systems. Overall, this study identifies the key
electromagnetic and thermal constraints governing the integration of microwave heating
technologies into next-generation PtH systems, thereby establishing fundamental design
considerations for the efficient utilisation of highly conductive molten solar salts.

2. Materials and Methods
2.1. Thermal and Dielectric Properties of Solar Salt

Commercial multiphysics finite-element software, CST Studio Suite 2025, was used
to simulate the heating of molten solar salt under various microwave configurations [17].
Within this framework, the non-eutectic nitrate mixture was defined as the material un-
der test (MUT) under operating conditions, with an inlet temperature of 290 °C. Table 1
summarises the thermophysical properties used in the multiphysics simulations.

To evaluate the electromagnetic field distribution and the associated power dissipation,
the dielectric properties of molten solar salt must first be defined. These properties were
obtained from Valverde et al. [16], in which solar salt was characterised using CPM and
EIS. Although both techniques showed a marked increase in the effective loss factor (e’g’f f)
upon melting, the EIS measurements indicated that this behaviour is primarily caused
by the sharp increase in the real part of the electrical conductivity (¢/) associated with
ionic transport. Because the high effective losses in the molten phase violate the small-
perturbation assumption of CPM, the direct determination of s’g’f £ by this technique becomes
unreliable under these conditions.

The interaction of a non-magnetic material with an alternating electric field is described
by its complex relative permittivity,

& =¢ — jec 1)
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where j = v/—1 is the imaginary unit, ¢ is the dielectric constant, which describes the
material’s ability to store electric energy and influences microwave propagation, and e/);; is
the effective loss factor, which quantifies the dissipation of electromagnetic energy as heat,
expressed as
/

€oif = Ediel T wiso (2)
where ¢/}, | represents the intrinsic dielectric losses associated with polarisation mecha-
nisms, ¢’ is the real part of the electrical conductivity, w is the angular frequency of the
applied electromagnetic field, and ¢ is the vacuum permittivity. For molten solar salt,
conductive losses are assumed to dominate over dielectric polarisation losses; therefore,
€/}, 1s neglected.

Table 1. Thermophysical properties of molten solar salt, adapted from [18].

Property Expression/Value (T in °C)
Crystallization temperature [°C] 238

Maximum operating temperature [°C] 565

Heat of fusion (based on the average of o — 161

heat of fusion of each component) [k]/kg] sl =

Change in density upon melting AV [/ Violid = 4.6%

Density [kg/m?] p =2090 —0.636 T

Specific heat capacity [J/kg °C] cp = 14434+ 0.172T
Thermal conductivity [W/m °C] k=04434+19 x 1074T
Absolute viscosity [mPa s] p=22714 —0.120T

+2281 x 107472 — 1474 x 10773

Based on the available experimental data, ¢’ was estimated to be 160-170 Sm~! by
extrapolating the EIS measurements to the GHz frequency range, whereas the available
CPM measurements indicated ¢’ values between 30 and 56. The corresponding Dy, defined
as the distance at which the electric-field amplitude decays to 1/¢ of its surface value [19],
was then calculated as

D, — 20 2
, =22
21 e’(\/l +tan?é — 1)

where Ay = ¢/ f is the free-space wavelength, c is the speed of light in vacuum, f is the

(3)

microwave frequency, and tand = €/ /€’ is the loss tangent. From these values, D, was
estimated to be approximately 1.3 mm at 915 MHz and 0.8 mm at 2.45 GHz.

2.2. Numerical Modelling

This section presents the geometries considered in this study, together with the para-
metric design and tuning strategies used to maximise power absorption, the mesh settings,
and the adopted multiphysics simulation approach. The governing equations, as well as
the initial and boundary conditions, are also described. All simulations were performed
within the same computational environment.

2.2.1. Geometry of the Microwave Cavities

The first step in the model development was the definition of the microwave cavity
geometries. Two configurations were considered, differing primarily in their size relative
to the operating wavelength. The single-mode cavity, with characteristic dimensions on the
order of the operating wavelength, supports a unique three-dimensional electromagnetic
field distribution, whereas the larger multimode cavity enables the superposition of several
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field patterns, leading to spatially uneven and variable electromagnetic field maxima
and minima. The operating frequencies of 915 MHz and 2.45 GHz correspond to the
two principal ISM bands employed in industrial microwave heating, for which mature
high-power microwave sources are commercially available and experimental dielectric-
property data for solar salt are available.

Elliptical Single-Mode Cavity

Figure 1 illustrates the first microwave cavity configuration analysed in this study.
The system consists of a single-mode cavity connected to the microwave feeding subsystem
through a WR975 tapered waveguide, which provides a transition between rectangular
cross-sections of 247.65 x 51 mm and 247.65 x 123.83 mm. An iris is incorporated to im-
prove impedance matching. The feeding waveguide operates in the fundamental transverse
electric TE19 mode at 915 MHz [20].

Coaxial

m

Waveguide WR975
Input Port

Applicator Iris

WR975
Tapered Waveguide

-40

Figure 1. Single-mode elliptical cavity model: (a) exploded view of the main components, including
the elliptical cavity, WR975 tapered waveguide, iris, quartz applicator tube, and three-stage coaxial
cavity filter; (b) geometry of the coaxial filter and simulated attenuation distribution illustrating the
suppression of electromagnetic propagation through the applicator tube ports.

The cavity geometry and feeding system were designed by systematically varying
selected geometrical parameters to maximise microwave absorption within the molten solar
salt (see Table 2). In particular, different iris aperture sizes were evaluated by simulation,
although only the selected configuration is reported here. The cavity cross-section is defined
by the X- and Y-axis radii (Ry and Ry), where Ry is varied within 128-205 mm while R,
is fixed at 154 mm. Under these conditions, both elliptical and circular geometries are
analysed, with a constant cavity height (H) of 125 mm. The molten solar salt flows through
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the cavity via a quartz applicator tube with internal diameter (d) between 30.4 mm and
55.7 mm and a wall thickness of 3 mm.

To prevent microwave leakage through the applicator tube inlet and outlet, three-
stage coaxial cavity filters based on the design proposed by Monzé-Cabrera et al. [21]
are incorporated at both ends of the cavity. Owing to the high electrical conductivity
of molten solar salt, the salt column may behave as the inner conductor of a coaxial
structure, while the cavity walls act as the outer conductor, enabling potential microwave
leakage. The coaxial filters provide strong attenuation at the operating frequency, thereby
suppressing field propagation through the ports. Figure 1 shows the geometry of the
three-stage coaxial cavity filter employed in this work. The selected configuration provides
effective suppression of microwave leakage at the operating frequency of 915 MHz.

Table 2. Geometrical parameters of the elliptical single-mode cavity model.

Symbol Description Value [mm]
d Applicator diameter 30.4-55.7
Ry Cavity X-axis radius 128-205
Ry Cavity Y-axis radius 154
H Cavity height 125
h Iris height 25-100
w Iris width 62-186
ti Iris thickness 3
by Filter inner radius 87
I; Filter intracavity thickness 6
Ly Filter height 16

Quasi-Cylindrical Multimode Cavity

The multimode microwave oven model for scalable, pre-industrial heating of solar
salt is based on the patented design by Monz6-Cabrera et al. [22]. As illustrated in Figure 2,
the microwave applicator consists of a rectangular resonant cavity with curved longitudinal
edges, resulting in a quasi-cylindrical geometry. This geometry concentrates microwave en-
ergy along the central axis and improves efficiency compared with conventional rectangular
cavities. The flat cavity walls enable the integration of slotted rectangular waveguides,
ensuring stable excitation of multiple resonant modes. This feeding configuration also
allows the magnetron antenna to be positioned away from the applicator tube, thereby
reducing the risk of electrical arcing.

The molten solar salt flows through a quartz applicator tube aligned with the axis
of symmetry and supported by quartz holders. Quartz is effectively transparent to mi-
crowaves, with a real relative permittivity of ¢ ~ 3.75 and negligible ¢”. The cavity may
also incorporate adjustable tuning elements (e.g., screws or posts) to control the resonant
mode distribution. Finally, the design is inherently scalable through the cascading of
multiple modules, allowing stage-wise tuning adjustments to accommodate variations in
fluid temperature and dielectric properties.

As in the single-mode elliptical cavity, microwave leakage through the applicator tube
ports is prevented by incorporating three-stage coaxial cavity filters. For the present multi-
mode configuration, the filter dimensions were scaled to match the applicator geometry
while preserving their leakage-suppression function.

https:/ /doi.org/10.3390/app16146997
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Coaxial
Filter

Supports

Waveguide
WR340

Input Port

Applicator

Quasi-cylindrical

yeden

b,

Waveguide
Input Port

Figure 2. Geometry of the quasi-cylindrical multimode cavity model: (a) three-dimensional view
of the main components, including the quasi-cylindrical cavity, slotted WR340 waveguide, quartz
applicator tube, tube supports, and coaxial cavity filters; (b) side and end views showing the prin-
cipal cavity dimensions, slot arrangement, and waveguide input port location; (c) geometry of the
three-stage coaxial cavity filter.

This study proposes a multimode cavity operating at 2.45 GHz and fed by a slotted
WR340 waveguide. The cavity design is primarily governed by the orientation of the
coupling slots, defined by the rotation angle (¢) with respect to the longitudinal Y-axis.
The internal diameter of the applicator tube (&) was varied from 30 to 50 mm. The cavity
geometry is characterised by its length (L), width and height (S), and corner radius (R),
while the slot dimensions are defined by their width (a) and length (b). The applicator tube
is mechanically supported by tubular quartz supports spanning the width of the cavity.
The geometrical parameters considered in the parametric design study are summarised
in Table 3.

Table 3. Geometrical parameters of the quasi-cylindrical multimode cavity.

Symbol Description Value [mm]
L Cavity length 600
S Cavity width and height 200
R Corner radius 40
a Slot width 25
b Slot length 80
o] Applicator tube diameter 30-50
) Slot rotation angle [°] 30-90
by Filter inner radius 100

https:/ /doi.org/10.3390/app16146997
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Table 3. Cont.

Symbol Description Value [mm]
lj Filter intracavity thickness 6
Ly Filter cavity height 30

2.2.2. Governing Equations, Boundary and Initial Conditions

The numerical model is based on the coupled solution of the electromagnetic, fluid-
flow, and heat-transfer fields through the exchange of electromagnetic power losses and
temperature between the EM and thermal solvers. To reduce the computational cost,
the dielectric properties of molten solar salt are assumed to be constant, and the problem
is solved using a unidirectional EM-thermal coupling without iterative feedback. Un-
der these assumptions, the electromagnetic power-loss density scales linearly with the
incident microwave power while its spatial distribution remains unchanged. Although the
dielectric properties vary with temperature after melting [16], EIS measurements indicate
that ¢’ increases by approximately a factor of 2-3 over the molten temperature range,
corresponding to an approximately 30-40% reduction in Dj,. Extrapolation of these mea-
surements to microwave frequencies yields an effective conductivity of ¢’ ~ 160-170 Sm™~!,
corresponding to a D), of approximately 1.3 mm at 915 MHz and 0.8 mm at 2.45 GHz.
Since these values remain much smaller than the characteristic dimensions of the appli-
cators, incorporating temperature-dependent dielectric properties would primarily affect
the local distribution of absorbed microwave power, while the principal conclusion of
predominantly surface-localised heating remains unchanged.

The electromagnetic problem was solved in the frequency domain to determine the
spatial distribution of the absorbed microwave power within the material. The electric field
behaviour was described by Maxwell’s equations in their frequency-domain formulation:

V x (:v X E‘) — w?ege'E =0 4)
0

where E is the electric field intensity vector (Vm™1), yg is the permeability of free space
(Hm™1), g9 is the permittivity of free space (Fm™!), w is the angular frequency (rad s7h),
and e* is the complex relative permittivity defined in Equation (1). Since molten solar salt
is a non-magnetic material, its relative permeability was assumed to be i, = 1, such that
the magnetic permeability reduces to p = pp.

The boundary conditions for the EM solver included perfect electric conductor (PEC)
walls at the waveguide and cavity surfaces, implying that 1 x E = 0.

The volumetric power generation (Q) due to microwave absorption was obtained
from the electric field distribution as:

Q= 27Tfsosgff|]§|2 (5)

where E denotes the root-mean-square (RMS) electric field intensity vector.
The temperature evolution of the fluid was governed by Fourier’s energy balance

equation, including convective transport:

oT k Q

— 47 VT = —V°T+ = 6
5 H0 \Y Pcpv +pCp (6)
where p is the density (kg/m?), C, is the specific heat capacity (J/kgK), k is the thermal
conductivity (W/mK), and 7 is the velocity vector (m/s).
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The fluid flow was described by the incompressible Navier-Stokes equations together
with the continuity equation:

p(avaﬁ-Vz?) = —VP +uV?5+p3, 7)

(®)

<
U
|

L

where P is the pressure (Pa), p is the fluid density (kgm~2), u is the dynamic viscosity
(Pas), 7 is the fluid velocity (ms~'), and §is the gravitational acceleration (ms~?2).

A no-slip boundary condition was applied at the inner wall of the applicator tube.
The inlet temperature of the molten solar salt was fixed at 290 °C, while the outlet pressure
was set to atmospheric conditions. The Reynolds numbers associated with the investi-
gated operating conditions indicate laminar flow in the single-mode cavity (Re < 1400),
whereas the multimode cavity operates in the transitional regime (Re ~ 2600). Accordingly,
the automatic turbulence model available in the CST Studio CHT solver was employed.
Adiabatic boundary conditions were imposed at the applicator wall to isolate the effect
of microwave heating on the solar salt and analyse the dominant physical mechanisms
governing the process under idealised operating conditions. This assumption represents
an idealised thermal configuration. In a practical system, heat exchange with the sur-
roundings through conduction, convection, and radiation would depend primarily on the
thermal management strategy, including the level of thermal insulation and any external
temperature control applied to the cavity.

2.2.3. Electromagnetic Coupling Efficiency and Mesh Convergence

Both cavity configurations are excited through a single waveguide port. The fraction of
incident power reflected at this port is characterised by the frequency-dependent scattering
parameter S11, which is obtained directly from the EM solver:

b
S = - )

where 4 and b denote the complex amplitudes of the incident and reflected waves at the
port, respectively.

The electromagnetic coupling efficiency (1), defined as the fraction of the incident
microwave power accepted by the cavity, is given by

n=1-Suf (10)

Consequently, the cavity configurations were selected by minimising |S11|. Metallic
losses are negligible (<0.5%), indicating that nearly all accepted microwave power is
dissipated within the solar salt. Unlike Joule heating, however, the overall electrical-to-
thermal efficiency of a microwave system also depends on the efficiency of the microwave
source and power delivery components.

To ensure numerical accuracy, a mesh convergence study was performed in the EM
solver using an unstructured tetrahedral mesh. Due to the small D, of molten solar
salt, the grid discretisation is significantly finer than standard wavelength-based criteria,
such as the Nyquist condition, which establishes that the maximum mesh element size
should remain below half the wavelength (S;.ax < A/2) [23], or the use of six cells per
wavelength [24]. Accordingly, local mesh refinements were applied within the MUT do-
main, with two refinement levels (0.8 mm and 0.3 mm) evaluated. As shown in Figure 3,
finer meshing led to shifts in resonance frequency and amplitude compared to coarse
meshes, while the difference between the two refined cases was negligible despite a signifi-
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S11 (dB)

cantly higher computational cost for the finest mesh. Therefore, adaptive mesh refinement
was adopted for all simulations. In this approach, the mesh is iteratively refined based on
an error estimator, with convergence assessed through the variation of the S-parameters
between successive passes. This enables targeted refinement in regions with high field
gradients, providing a balance between accuracy and computational efficiency.

! 1 1

-4

-6 4

-84

=104

-12+

-14
860

T

870

880

890

Number of cells | Time solver
I | Coarse s [ 20,509 00:01:02
Local Ref. 1 511,205 01:00:23
| | Local Ref. 2 —=-| 7,519,389 10:25:34
Adaptive Mesh -==| 1,623,099 05:50:56
T T T T T T T

900 910 920 930 940 950 960 970
Frequency (GHz)

Figure 3. Mesh convergence analysis for the single-mode cavity: (left) reflection coefficient
magnitude in dB as a function of frequency for different mesh configurations (coarse, locally
refined, and adaptive); (top right) detail of the mesh refinement near the applicator tube;
(bottom right) comparison of the number of cells and solver time for each mesh.

For the thermal solver, an octree-based Cartesian CFD mesh was employed, with local
refinement in the near-wall region of the applicator tube. In this case, the mesh resolution
was governed by geometric features and thermal gradients, ensuring element sizes smaller
than D, to accurately resolve the temperature field in the region where the absorbed power
is concentrated. This dual-mesh strategy allows each physical problem to be discretised
using the most appropriate numerical approach, combining geometric flexibility for the
electromagnetic solution with computational efficiency for the fluid-thermal analysis.

2.3. Experimental Setup for Complementary Studies on Microwave Heating of Solar Salt

To investigate key practical aspects associated with the microwave heating of molten
solar salt, including the suitability of container materials and € of the storage medium for
temperature monitoring, a modified multimode 3.5 kW power-rated microwave furnace
(CEM Corporation, Matthews, NC, USA, Phoenix BLACK) operating in the 2.45 GHz ISM
band was employed. An infrared thermographic camera (Optris PI 640i, Optris GmbH,
Berlin, Germany) with a spectral range of 7.5-13 pm was integrated into the applicator
to monitor the sample temperature during microwave heating. The camera was oriented
towards the surface of the sample, placed inside a crucible, through a perforated plate
with sub-wavelength apertures, thereby minimising microwave leakage while enabling
thermal imaging of the solar salt. With the magnetrons switched off, € as a function of
temperature was determined using the contact thermometer method [25], by adjusting
the € setting of the infrared camera until the measured surface temperature matched
that recorded by the thermocouples. Type-K Class 1 thermocouples, with a measurement
uncertainty of approximately £1.5 °C according to IEC 584-2:1982 [26], were inserted
approximately 3-5 mm below the molten salt surface to minimise the influence of ambient
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air temperature while maintaining representative near-surface temperature measurements
(Figure 4). The Optris PI 640i infrared camera has a specified measurement accuracy
of 2 °C or +2% of the measured temperature, whichever is greater, according to the
manufacturer’s specifications [27].

%\

Magnetrons

A

Datalogger
Computer

Thermocouple

Crucible with

solar salt '
Microwave oven

Figure 4. Schematic of the experimental setup (left) and the adapted multimode microwave

furnace (right).

Materials for Solar Salt Containment

Materials with a very low, nearly negligible ¢’ are considered essentially non-
dissipative to microwaves [28]. Owing to their mechanical and chemical resistance, as well
as their durability under thermal shock conditions—particularly in the presence of localised
hot spots—such materials are suitable candidates for the fabrication of high-temperature
microwave-heating containers. Typical examples include PTFE, whose maximum oper-
ating temperature is limited to 260 °C, together with fused quartz and alumina-based
ceramics [29].

The materials used for the crucibles employed during microwave heating experiments
with solar salt included commercially available quartz glass (320 mL), boron nitride (20 mL),
and alumina-based ceramics, namely corundum (30 mL) and Alsint 99.7 (50 mL). These
crucibles were evaluated under realistic molten salt operating conditions. Boron nitride
typically exhibits ¢’ & 3.8 to 4.4 and ¢ ~ 103 to 3 x 1073 up to approximately 600 °C [29].
Similarly, alumina-based ceramics present ¢’ ~ 3.8 to 4.5 and " ~ 1073 to 1072 up to about
600 °C, above which corundum undergoes a marked increase in dielectric losses [30].

3. Results
3.1. Numerical Simulation Results

The numerical simulation results are presented for the two cavity configurations under
study: a single-mode elliptical cavity and a quasi-cylindrical multimode cavity. For each
case, the electromagnetic performance is first evaluated in terms of impedance matching
and field distribution, followed by the analysis of power absorption and the resulting
thermal behaviour of the molten solar salt under representative operating conditions.

3.1.1. Elliptical Single-Mode Cavity

The cavity geometry was determined through a parametric sweep of selected geo-
metrical variables. In particular, different configurations were analysed by varying the
applicator tube diameter (d), the elliptical cavity radius (Ry), and the iris dimensions (h, w)
within realistic and manufacturable ranges (see Table 2). The parameters were initially
sampled using predefined step widths, generating approximately 50 different geometrical
combinations. The parameter ranges were subsequently refined around the configurations
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exhibiting the lowest 511 values near 915 MHz for molten solar salt at 290 °C, thereby
improving the impedance matching conditions.

The final cavity configuration was selected as the one exhibiting the minimum S1; mag-
nitude at the operating frequency. The resulting geometrical parameters are d = 30.5 mm,
Ry =190.5 mm, h = 50 mm, and w = 232 mm. This configuration ensures single-mode op-
eration within the cavity and provides effective impedance matching, thereby maximising
the electromagnetic power transferred to the molten solar salt. The corresponding electric
field distribution (Figure 5) exhibits a well-defined standing-wave pattern, with field in-
tensities concentrated around the applicator tube, indicating efficient energy localisation
within the molten salt region. In addition, the field magnitude within the three-stage coax-
ial cavity filters remains negligible, confirming that electromagnetic energy is effectively
confined within the applicator.

V/m

2441;'
220

200 -
180 -
160 |

140 -
120
100
Frequency 915 MHz o
Plot attribute RMS y -l
40
Cutplane atZ 0mm L 20 l
Max. on Plane (Plot) 244.431 V/m X 0
Max. (Plot) 1192.15V/m
V/m
1091
1000
900 |
800
700
600
500:.
400
300
7 zoo]
Frequency 915 MHz 100
Plot attribute RMS L 0
Cutplane atY 0omm .
Max. on Plane (Plot) 1091.84V/im
Max. (Plot) 1192.15V/m

Figure 5. Electric field magnitude (RMS, V/m) distribution in the single-mode elliptical cavity at
915 MHz: (top) XY symmetry plane (Z = 0); (bottom) XZ symmetry plane (Y = 0).

The frequency response (Figure 6) exhibits a well-defined resonance centred at ap-
proximately 915 MHz. Among the 50 configurations evaluated during the parametric
design study, the selected design (highlighted in red) achieves a minimum S1; magnitude
of approximately —29 dB, corresponding to # > 99.8% according to Equation (10).

Figure 7 presents the spatial distribution of power loss density (W/m?) obtained from
the EM solver for an excitation power of 0.5 W, considering molten solar salt flowing
through the applicator tube at an inlet temperature of 290 °C. A highly non-uniform
distribution is observed, with electromagnetic energy predominantly absorbed within a
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Max. (Plot)

thin region near the inner wall of the tube. This behaviour is attributed to the high ionic
conductivity of molten solar salt, which leads to a reduced D), thereby confining power
deposition to the near-wall region and resulting in negligible absorption within the core of
the flow.

.
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Figure 6. Reflection coefficient magnitude in dB as a function of frequency (MHZz) for the evaluated
single-mode elliptical cavity configurations. The optimised design is highlighted in red.
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Figure 7. Spatial distribution of power loss density (W/m?3) in molten solar salt at 915 MHz:
(left) longitudinal cross-section (Y = 0); (right) transverse cross-section (Z = 0).

To evaluate the thermal performance, the power loss density was scaled up and cou-
pled to the thermal solver, considering an input power of 4 kW and a flow rate of 2 L/min.
The resulting temperature distribution is shown in Figure 8. Although the microwave
applicator exhibits excellent electromagnetic coupling and most of the accepted power is
absorbed by the molten solar salt, the absorbed energy is confined to a thin layer adjacent
to the quartz tube wall because of the extremely limited electromagnetic D,. Thermal
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conduction and fluid motion partially redistribute this energy throughout the flow; how-
ever, pronounced radial temperature gradients persist, with temperatures approaching
550 °C near the salt—quartz interface while the central region remains substantially cooler.
A similar radial temperature distribution is expected in conventional electrical resistance
heating, where thermal energy is likewise generated at a solid-liquid interface and subse-
quently redistributed by thermal conduction and fluid motion [31]. Consequently, despite
the different heat-generation mechanisms, both technologies are fundamentally governed
by the same heat-transfer processes. These results therefore indicate that, although mi-
crowave energy is efficiently coupled into the molten solar salt, the heating process remains
predominantly surface-localised, thereby limiting its volumetric heating capability.

e
550 »
520
500
: : 480
u 460
440
420
400
380
360
340
320

A 290 ¥ |

CutplaneatyY O0mm
Max. on Plane (Plot) 550 °C

Max. (Plot) 592.2 °C

Figure 8. Temperature distribution (°C) in the single-mode elliptical cavity at 915 MHz for an input
power of 4 kW and a molten solar salt flow rate of 2 L /min, shown in the longitudinal ZX plane
(Y = 0 mm).

3.1.2. Quasi-Cylindrical Multimode Cavity

The quasi-cylindrical multimode cavity operates at 2.45 GHz and is fed by a standard
rectangular waveguide through a series of coupling slots. Its electromagnetic behaviour is
mainly governed by the slot orientation angle (¢ = 30-50°) and the internal diameter of
the quartz applicator tube (& = 30-50 mm). These variables were systematically varied
through a parametric sweep using predefined step widths, and the cavity configuration
exhibiting the minimum S1; at 2.45 GHz was selected.

The electric field distributions for the selected configuration are shown in Figure 9.
Unlike the single-mode elliptical cavity, the quasi-cylindrical applicator exhibits a complex
field pattern characterised by multiple local maxima and minima distributed throughout
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the cavity volume, reflecting the simultaneous excitation of several resonant modes. Despite
this multimode behaviour, appreciable electric field intensities are observed in the vicinity
of the applicator tube, indicating that microwave energy is effectively coupled to the central
heating region.

Frequency 2.45GHz
Z
Plot attribute RMS
Cutplane at X 0mm |
Max. on Plane (Plot) 911.98 V/im ¥
Max. (Plot) 1007.86 V/m
V/im
301
280
240 —
200 —
160 ]
120 —
80 —
Frequency 2.45 GHz " 40
Plot attribute RMS
I 0
Cutplane at X omm
Max. on Plane (Plot) 301.262 V/m y
Max. (Plot) 1007.86 V/m

Figure 9. Electric field magnitude (RMS, V/m) distribution in the quasi-cylindrical multimode cavity
at 2.45 GHz: (top) YZ longitudinal cross-section (X = 0); (bottom) XY cross-section (X = 0).

The frequency response for the analysed configurations is shown in Figure 10. Unlike
the single-mode cavity, the Sq; curves display no clear or predictable trend, reflecting the
inherently complex impedance behaviour of multimode cavities. In this case, the resonant
response arises from the interaction of multiple modes and is highly sensitive to small
geometrical variations. The selected cavity configuration (¢ = 40°, @ = 40 mm) yields
an 511 magnitude of approximately —14.3 dB at 2.45 GHz, corresponding to 7 ~ 96.3%.
Although the matching is less pronounced than in the single-mode cavity, it still indicates
acceptable electromagnetic coupling to the applicator.

Figure 11 shows the spatial distribution of power loss density (W/m?) in the molten
solar salt at different axial positions along the applicator tube. As in the single-mode case,
the absorbed electromagnetic power is concentrated mainly within a thin outer region close
to the tube wall, whereas the central core remains associated with much lower values of
power deposition. This behaviour is again attributed to the reduced D;, which confines
the absorption of electromagnetic energy to the near-wall region. Therefore, although the
surrounding cavity field exhibits multimode interference patterns, the local absorption
mechanism inside the fluid remains predominantly superficial.
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Figure 10. Reflection coefficient magnitude (S1;) in dB as a function of frequency for the quasi-
cylindrical multimode cavity evaluated for different slot orientation angles (¢) and applicator tube
diameters (). The selected cavity configuration is highlighted in red.
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Figure 11. Spatial distribution of power loss density (W/ m?) in molten solar salt for the quasi-
cylindrical multimode cavity at 2.45 GHz: (left) longitudinal YZ cross-section (X = 0), showing
power absorption along the applicator tube; (right) transverse cross-section (Y = 0).

To evaluate the thermal performance of the multimode cavity, the electromagnetic
power loss density was scaled up and coupled to the thermal solver, considering an input
power of 10 kW and a flow rate of 6 L/min. The resulting temperature distribution is shown
in Figure 12. Similar to the single-mode configuration, microwave heating remains predom-
inantly surface-localised, resulting in significant radial temperature gradients within the
molten solar salt. Despite the presence of multiple resonant modes and a more distributed
electromagnetic field pattern within the cavity, no substantial improvement in thermal
uniformity is observed. This behaviour is attributed to the extremely low electromagnetic
D, and low thermal conductivity of molten solar salt (see Table 1), which confine energy
deposition near the tube wall and limit radial heat transfer toward the core of the flow.
The slightly lower temperature gradients observed in the single-mode cavity (see Figure 8)
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may be associated with the smaller diameter of the quartz applicator tube and stronger
localisation of the electromagnetic field around the central heating region.

H H
. I 0 0 0 0 0 0 [ | .
! ‘_”_,\_I ) L | ) ] u] [H] I_“_”_i !
H H
7
Cutpl X 0 el
utplane at mm 340 |
Max. on Plane (Plot) 600 °C y 320 —
Max. (Plot) 1000 °C 290 ¥

Figure 12. Temperature distribution (°C) in the quasi-cylindrical multimode cavity for an input
microwave power of 10 kW and a flow rate of 6 L/min, shown in the longitudinal YZ plane
(X = 0mm).

These results suggest that additional strategies are required to improve thermal uni-
formity. In particular, applicator designs that increase the heated surface-area-to-volume
ratio, such as bundles of smaller-diameter tubes operating in parallel or annular flow
configurations, may reduce the characteristic heat-transfer distance and facilitate radial
heat redistribution within the molten salt. Furthermore, flow-enhancing geometries could
promote mixing between the heated boundary layer and the cooler core region. Ad-
vanced electromagnetic field-engineering approaches, including gradient-index metama-
terials, may also offer opportunities to improve microwave energy concentration and
utilisation [32]. It should be noted that the thermal results correspond to steady-state
conditions and neglect radiative heat transfer effects, which could contribute to partial tem-
perature homogenisation. Nevertheless, the extremely low D, of molten solar salt remains
a fundamental constraint that must be considered in future Power-to-Heat system designs.

3.2. Complementary Experimental Investigations

This section presents the experimental results obtained using the multimode mi-
crowave experimental setup described in Section 2.3, focusing on two key aspects: the
suitability of different container materials for molten solar salt and the determination of ¢
values for temperature monitoring by infrared thermography.

3.2.1. Suitability of Container Materials for Solar Salt

Figure 13 shows the results of microwave heating of solar salt in crucibles made
of advanced ceramic materials: corundum, Alsint 99.7 (both alumina-based), and boron
nitride. These materials had previously been evaluated by Behrend et al. [29] in a single-
mode microwave applicator containing oxide materials at temperatures up to 1600 °C.
Under those conditions, the alumina-based crucibles exhibited cracking, whereas boron
nitride, although it began to degrade above 900 °C, did not show cracking. In the present
experiments, the crucibles were subjected to repeated microwave heating and cooling cycles
in the multimode furnace. The maximum temperature reached during microwave heating
was approximately 500 °C, as monitored by the thermal imaging camera. Under these
conditions, both the alumina-based ceramics and the boron nitride crucibles exhibited
cracking and solar salt leakage.
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As previously discussed, multimode microwave cavities exhibit a highly non-uniform
electromagnetic field distribution, resulting in spatially heterogeneous energy deposi-
tion. Despite their high resistance to thermal gradients, alumina-based ceramics and
boron nitride may undergo local thermal runaway at temperatures above approximately
600 °C due to the increase in dielectric losses [29,30], leading to enhanced microwave
absorption and local overheating. In addition, upon crystallization, molten solar salt
remains attached to the container surface (see Figure 14b). During subsequent cooling
and solidification, differential thermal contraction between the solidified salt and the
crucible wall, together with the volumetric change associated with melting and crystal-
lization (AV /Vgouq =~ 4.6%) [18], may generate local mechanical stresses that promote

crack formation.

Figure 13. Images of crucibles containing solar salt after microwave heating: (a) microscopic image of
a fracture in the corundum crucible, (b) breakage of the Alsint 99.7 crucible, and (c) fractures in the
boron nitride crucible.

As shown in Figure 14, the 320 mL quartz crucible did not exhibit cracking or solar
salt leakage. However, after solidification, the solar salt remained attached to the crucible
walls, which may lead to the development of local mechanical stresses during cooling
due to differential thermal contraction between the solidified salt and the quartz surface.
This work involved up to three heating and cooling cycles using the quartz glass crucible.
Therefore, the long-term stability of the system must be further investigated.

Figure 14. Images of quartz glass crucibles after heating solar salt inside: (a) photograph after
emptying the crucible contents, and (b) microscopic image showing crystallized solar salt residue on
the walls.

3.2.2. Emissivity Calibration Using the Contact Thermometer Method

To measure the temperature of solar salt by infrared thermography, its € was esti-
mated up to 500 °C using the contact thermometer method in the multimode microwave
experimental setup described in Section 2.3, employing the quartz crucible configuration
described above. The € values configured in the Optris PI infrared camera were eval-
uated against the temperature- and wavelength-dependent emissivity data reported by
Xie et al. [33].
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In Figure 15, the continuous curves represent the temperature evolution measured by
the infrared camera using different configured € values (0.4-1.0), with the camera focused
near the thermocouple location on the solar salt surface. The black curve corresponds
to the thermocouple measurement. The inset shows the spectral variation of € reported
by Xie et al. [33], highlighting the 7.5-13 pm spectral range of the infrared camera. Both
datasets indicate that € reaches its maximum at 500 °C and progressively decreases during
cooling and solidification, while remaining above approximately 0.55 within the operating
temperature range of the salt.
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Figure 15. Temperature evolution of solar salt during cooling after microwave heating, measured by
thermography for different emissivity (€) values. The inset shows the spectral variation of € for solar
salt at different temperatures, adapted from Xie et al. [33].

Table 4 summarises the € values obtained in this work and those reported by
Xie et al. [33]. The reported values are rounded to the nearest 0.05 and correspond to the
range of camera settings consistent with the thermocouple measurements within the com-
bined measurement uncertainty of the thermocouple and infrared camera. Both datasets
show the same general trend, with the best agreement observed between 250 and 350 °C,
where the values determined experimentally in this work fall within the reported literature
ranges. At higher temperatures (400-500 °C), the € values obtained using the contact
thermometer method are slightly higher, although they remain consistent with the upper
range of the literature data.

Table 4. Effective emissivity (€) values of solar salt in the 7.5-13 um spectral range obtained using
the contact thermometer method and comparison with the values reported by Xie et al. [33].

Temperature Range (°C) This Work (Optris PI) Xie et al. [33]

200 0.55 -

250 0.60 0.55-0.65
300 0.60 0.60-0.75
350 0.60-0.70 0.60-0.75
400 0.75-0.85 0.60-0.75
450 0.90-0.95 0.70-0.80
500 0.90-0.95 0.80-0.95

Unlike the approach of Xie et al. [33], in which the effects of radiation from the inner
wall of the large crucible and the emission and reflection at the bottom surface of the smaller
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crucible were minimized, the measurements obtained in the present setup were affected by
these sources of error. Additional uncertainties arise from deformations of the free surface
of the molten solar salt, which, in practice, tends to adopt a slightly convex shape due to
surface-tension effects [34]. This surface curvature, together with reflections within the
metallic cavity, affects thermographic measurements and introduces further uncertainty.
Nevertheless, the method enables effective temperature monitoring and control of the
thermal process and remains scalable for future industrial applications.

4. Conclusions

This work combined multiphysics numerical simulations with complementary experi-
mental investigations to examine the feasibility of microwave heating of molten solar salt
for PtH applications. The objective was to identify the fundamental design constraints
associated with the microwave heating of highly conductive molten solar salt. The main
findings are summarised as follows:

1. Both cavity configurations achieved favourable electromagnetic coupling
(511 = —29dB at 915 MHz and —14.3 dB at 2.45 GHz, corresponding to 17 > 99.8% and
7 ~ 96.3%, respectively). However, the high electrical conductivity of molten solar
salt resulted in an extremely low electromagnetic D), confining microwave energy
absorption to a thin region adjacent to the applicator wall.

2. Both cavity configurations produced predominantly surface-localised heating and
pronounced radial temperature gradients despite their different electromagnetic
field distributions.

3.  Experimental evaluation of microwave-transparent crucible materials showed that
quartz maintained its mechanical integrity during thermal cycling, whereas alumina-
based ceramics and boron nitride exhibited cracking and salt leakage, demonstrating
its suitability for microwave heating experiments with molten solar salt.

4.  Estimated emissivity €, obtained using the contact thermometer method, agreed
well with literature values between 250 and 500 °C, supporting the use of infrared
thermography as a reliable non-contact technique for temperature monitoring during
microwave heating.

Overall, the results demonstrate that the use of molten solar salt in microwave-based
PtH systems is fundamentally constrained by its extremely low electromagnetic D,,. Con-
sequently, microwave heating of molten solar salt cannot, by itself, be regarded as a truly
volumetric heating process. Achieving a more uniform temperature distribution therefore
requires additional measures to redistribute the generated heat within the fluid, such as
enhanced mixing or applicator designs that increase the heated surface-area-to-volume
ratio. These findings establish practical design guidance for the development of future
microwave-assisted PtH systems.
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Abbreviations

The following abbreviations are used in this manuscript:

BESS  Battery energy storage system

CB Carnot battery

CFD  Computational fluid dynamics

CPM  Cavity perturbation method

CSP Concentrated solar power

EIS Electrochemical impedance spectroscopy
EM Electromagnetic

ESS Energy storage system

GHG  Greenhouse gas

ISM Industrial, scientific and medical
MUT  Material under test
PEC Perfect electric conductor

PtH Power-to-Heat

PtHtP Power-to-Heat-to-Power
PV Photovoltaic

RES Renewable energy sources
RMS  Root mean square

TES Thermal energy storage
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