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Abstract 
Sustainable exploration of the Moon could benefit from a microwave heating-based 3D 
Printing technology for In-Situ Resource Utilisation (ISRU) purposes such as for the 
fabrication of habitats and extraction of resources on the Moon. In this context, we have 
developed a Microwave Heating Demonstrator (MHD) payload concept, which can perform 
pre-defined ISRU experiments on the lunar surface. The MHD payload would also produce 
scientifically valuable data in its own right, which would help to establish fundamental criteria 
for developing a microwave heating-based 3D Printing technique, ultimately enabling lunar 
construction and other ISRU-derived mission activities. 
One of the major design criteria of the MHD payload was to enable sustainable heating 
performance at low microwave power, e.g., 250 W. This paper discusses some non-
negligible phenomena during the microwave heating of lunar regolith, which need to be 
considered for future mission applications. We also present a design of the MHD payload 
development, focusing on the heating performance of the microwave cavity.  
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1. Introduction 
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The current road maps of international space agencies envisage a long-term human 
presence on the Moon by 2028, which would necessitate construction of habitats that could 
provide substantial shielding from harmful radiation and protection from micrometeorite 
impacts. Future human exploration of other airless bodies in the Solar System with near-
vacuum atmospheres, such as the martian moons and asteroids would present similar 
challenges. Sustainable and affordable exploration of the solar system cannot rely solely on 
Earth’s resources and must utilise materials obtained and processed locally. Central to this 
is the development of In-Situ Resource Utilisation (ISRU) applications to offset the need to 
transport all materials from the Earth. For example, lunar regolith (soil) is a readily available 
in-situ resource containing various chemical and mineralogical resources (Anand et al. 
2012), and researchers believe that lunar regolith could be thermally treated to build 
structures using additive manufacturing techniques by robots (Lim et al. 2017).  
Since the potential of microwave processing for utilising lunar regolith was first discussed 
(Taylor et al. 2005), several proof-of-concept experiments have investigated if microwaves 
couple efficiently with lunar regolith (Taylor and Meek 2005, Barmatz et al. 2011, Calla and 
Rathore 2012, Allan et al. 2013, Allan et al. 2013, Barmatz et al. 2013). Currently, 
microwave heating is considered a more viable method for fabricating construction 
structures and extracting resources compared with conventional (Gualtieri and 
Bandyopadhyay 2015, Meurisse et al. 2017), solar (Meurisse et al. 2018, Fateri et al. 2019) 
and laser (Fateri and Gebhardt 2014) sintering. Due to the volumetric heating that is intrinsic 
to the process (Agrawal 2006), microwave heating only requires ~ 23 % of the energy 
compared to that for laser sintering, along with reduced fabrication time (Lim et al. 2017). 
The low thermal conductivity of lunar regolith and simulants (Cremers 2012, Schreiner et al. 
2016, Hayne et al. 2017) indicates that subsurface heating of the regolith using laser or solar 
energy would be challenging due to inefficient heat transfer by conduction. In contrast, 
microwave energy penetrates deeper into the lunar regolith and is thus efficient in heating 
the subsurface (Ethridge and Kaukler 2012).  
Despite recent works (Fateri et al. 2019, Lim and Anand 2019, Lim et al. 2021) to 
understand the microwave heating behaviour of lunar regolith and simulants, there still 
remain major unknowns relating to interactions of lunar regolith with microwaves that can 
only be answered through experiments at the lunar surface; for example, the effects of 
abrasiveness (Stubbs et al. 2007, Kobrick et al. 2011), dryness (Atkinson et al. 2019), 
irregular and angular particle shapes (Slyuta 2014), the contribution from electrostatic effects 
(Colwell et al. 2007) and nano-phase iron on the surface of lunar regolith particles (Taylor 
and Meek 2005), created through extreme space weathering. In order to address some of 
these topics at the Open University (OU), we have initiated a collaborative project – 
Microwave heating Apparatus for Regolith Variant Experiments for Lunar ISRU (MARVEL), 
with Added Value Solutions UK Ltd. (AVS) and VIPER RF. The team aims to develop a 
Microwave Heating Demonstrator (MHD) payload (Lim et al. 2020), which can be deployed 
on the lunar surface and perform pre-defined experiments through a NASA/ESA lunar ISRU 
mission. The MHD payload will produce scientifically invaluable findings in their own right, 
using a distinctive approach, compared with the existing ISRU methods, in the following 
manner.  

• It will fill the knowledge gaps in Space Science and Engineering disciplines by 
revealing the physicochemical characteristics of thermally treated lunar regolith using 
microwave radiation under the real lunar environment.  

• It will establish fundamental criteria for developing a microwave heating-based 3D 
Printing technique and ultimately lead the team to realise lunar construction and 
ISRU mission activities. 

• It will provide useful insight into the material properties of thermally treated samples 
by microwave radiation on the Moon and potential opportunities on other airless 
bodies with near-vacuum atmospheres, e.g., martian moons and asteroids, which are 
of interest to exploration communities worldwide.  
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This paper summarises the design progress of the MHD payload development, mainly 
focusing on the heating performance of the microwave cavity, with support from the UK 
Space Agency and European Space Agency.  
 

2. Methodology 
2.1 Experiment scenario of the microwave heating experiment on the Moon 
The main functions of the MHD payload are designed to accomplish the following operation 
sequence on-site.   

(1) Once the payload is deployed on the lunar surface from a lunar lander/rover, the 
payload will collect lunar dust/regolith in the prepared crucibles through the sample 
collection system. A total of five samples (50 g each) will be collected for the 
experiment.    

(2) Each sample will be heated with 250 W of microwave power for up to 3,600 seconds 
(i.e., one hour, applying the total energy of 900 kJ). Note that the sample mass, input 
power and heating time are determined based on the previous work (Lim and Anand 
2019, Lim et al. 2021). While the sample is heated, the sample temperature will be 
continuously recorded using a pyrometer. The released volatiles are also measured 
by a mass spectrometer unit. A cold finger and hydrogen source has been added to 
investigate the potential use of microwave heating to reduce iron oxides for oxygen 
production. 

(3) Each heated sample will be allowed to cool down via natural radiative cooling, and 
the pyrometer will continually measure the surface temperature of the heated 
sample. The cooling process will be recorded until the surface temperature drops to 
100 °C.    

(4) The recorded data for surface temperature, released volatiles, and the mass of 
extracted water will be relayed to the lunar orbiter through the lander and stored in 
the data logger unit in the payload for a backup purpose. 

(5) Cooled samples will be sealed with a crucible lid, and be collected by the lunar 
lander/orbiter, and returned to the Earth for further analysis if the mission (or 
following missions) allows the sample return.  

The estimated total duration of the experiment is ten Earth hours (two hours for each 
sample). 

 
2.2 Specification of the MHD payload 
Based on the above scenario, the essential subsystems were defined (Figure 1), and the 
initial specifications of the payload were identified with four categories – mass and 
dimension, power consumption, data transmission, and interface details. The identified 
payload specifications were used to review potential lunar landers against thirteen criteria –  
(i) landing site, (ii) total mass of payload, (iii) payload envelope, (iv) surface operation 
duration, (v) bus voltage, (vi) power, (vii) payload wired protocol, (viii) payload wireless 
frequency, (ix) protocol data rates, (x) thermal control, (xi) effective slopes, (xii) payload 
deployment on the surface, and (xiii) robotic arm support. 
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Figure 1: 2D schematic drawing of the MHD payload. The thick arrows indicate the physical 
activities, while the thin arrows illustrate the data transmission/communication activities. 

 
2.2.1 Mass and dimension 
The total mass of the initial design was estimated at around 12.6 kg (15.2 kg with a 20% 
contingency factor), as shown in Table 1. In the case where components are comprised of 
many different materials, realistic estimates are based on either heritage hardware or 
available datasheets. The initial dimension of the instrument we planned was a maximum of 
500 mm (L) x 400 mm (W) x 400 mm (D), assuming that the microwave cavity requires at 
least a full wavelength (12.2 cm for 2.45 GHz) and 10 cm diameter for a coaxial port input. 
However, it has been slightly reduced to 440 mm (L) x 400 mm (D) x 250 mm (H) while 
designing the conceptual model. 
Table 1: List of the required components with their masses 

Component Material Quantity Unit Mass (kg) Total Mass (kg) 
Base Plate Titanium 1 1.83 1.83 
Crucibles Alumina 5 0.05 0.15 
Microwave Cavity Aluminium 1 1.45 1.45 
Microwave PSU (250W) Mixed 1 1.50 1.50 
General Purpose PCU Mixed 1 0.60 0.60 

On-Board Computer & 
Data Logger Mixed 1 0.15 0.15 
Crucible Transport Wheel Mixed 1 1.50 1.50 
Crucible Transport Arm Mixed 1 1.00 1.00 
Cavity Door Mechanism Mixed 1 0.85 0.85 
Regolith Sampler Mixed 1 2.50 2.50 
Mass Spectrometer Mixed 1 1.00 1.00 
Pyrometer Mixed 1 0.10 0.10 
Total Mass (kg)    12.63 

 
2.2.2 Power consumption 
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The power budget analysis was derived based on the efficiency goal of the solid-state 
microwave power supply and the motor specifications for heritage mechanisms. The 
estimated total power of all subsystems combined is 865 W. However, the two single biggest 
drivers – the microwave generator and the sample collection mechanism – would not be 
required to operate simultaneously. Thus, the peak simultaneous power demand is expected 
to reach around 525 W with the microwave generator, mass spectrometer, pyrometer, 
onboard computer and data logger operating simultaneously. The details of the power 
consumption are listed in Table 2.  
Table 2: List of the required power for each component 

Component Power (W) 
Solid-State Power Amplifier with 250W output (≈50% 
efficiency) 

500 

Crucible Transport Wheel 40 
Crucible Transport Arm 50 
Cavity Door Mechanism 50 
Lunar Regolith Sampler 200 
Mass Spectrometer 10 
Pyrometer 10 
On-Board Computer & Data Logger 5 
Total Power (W) 865 
Total Simultaneous Power Use (W) 525 

 

2.2.3 Data transmission 
Although we plan to design the flight unit to be autonomous, essential data transmission 
between the lunar lander (or the orbiter) and the proposed payload will be required for 
controlling the subsystems and read the measured data. The size of the temperature 
measurement data will be negligible as it only measures the surface temperature of the 
specimen every second up to 3,600 seconds for heating and another 3,600 seconds for 
cooling down, which generates around 100 KB of data volume per sample.  
Besides, the mass spectrometer would generate mass spectra at 1 Hz, each with 2 KB data 
volume, and the total data volume per sample would be 7.2 MB for 3,600 seconds. Thus, the 
maximum total volume of data for both the pyrometers and mass spectrometer would be up 
to 36 MB during the operation period (7.2 MB x 5 samples). The mass spectrometer data 
can be compressed by integrating mass spectra over longer time periods and will be stored 
in a data logger unit as a backup, in case of any connectivity issues.  

 
2.2.4 Interface details 
Power: The microwave generator will consume 500 W for up to 3,600 seconds for each 
operation. In addition, other subsystems would require up to 365 W while they are running. It 
is to be noted that the microwave generator would need a regulated voltage line of nominal 
17A@30Vdc (min. 20 V and max. 36V). If the lunar lander/rover provides the regulated 
voltage, then a PSU subsystem for the microwave generator would not be needed, saving a 
mass of 1.5 kg.   
Heat flow: All subsystems will be optimally arranged and directly connected to the finned 
flight unit case to dissipate heat. There are two primary heat sources in the proposed flight 
unit –the microwave generator and the microwave cavity. According to the preliminary 
simulations, the surface temperature of the heated regolith in the cavity could exceed the 
melting temperature of the lunar regolith. However, only the base of the crucible will be in 
contact with the cavity. Thus, the expected amount of heat flow via conductive and radiative 
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heat transfer to the cavity would be steady and much lower than the material’s core 
temperature. As the conductive heat transfer can be minimised by interface design, we 
estimate that 50 % of the original input energy will be dissipated as heat, i.e., ≈ 250 W based 
on the maximum efficiency of SSPA estimated in Table 2.  In any case, the heat flow of 
these two components will need to be isolated from the rest of the subsystems, and the 
generated heat should be dissipated through the fins of the flight unit case.  
Data interface: The Wireless controller & communicator and the data logger subsystems 
could have an RS485 interface.  
 

3. Results 
3.1 Initial concept design of the MHD payload 
The above experiment scenario and specification were used as a baseline to conceptualise 
a realistic payload (Figure 2) capable of achieving the intended operations. Where possible, 
this has been achieved using mechanisms with pre-existing heritage and minor modification 
to better suit the specific application and lander constraints. For example, the sample 
collection mechanism is based on a heritage triple brush system developed by AVS for 
regolith collection on low gravity bodies (Juaristi et al. 2017), which was validated on a Zero-
G parabolic flight, sampling in excess of 100 g of lunar regolith simulant. The mass 
spectrometer unit developed by OU is inherited from “Ptolemy”, the residual gas analyser in 
the Philae lander, as part of the Rosetta mission to Comet 67P. It is also used for the 
ProSPA instruments (Barber et al. 2018), a chemical analysis laboratory that will fly on the 
Russian Luna 27 mission. 
Figure 2 shows the payload concept. Because the current cavity geometry does present a 
packaging challenge, an end launching rectangular cavity, which retains the same resonant 
mode, while enabling a more efficient packaging of the overall payload, will be investigated 
during the next phase of the project. The final Packaging of the subsystems on the payload 
shown as orange boxes in Figure 2 will be considered thoroughly depending on the final 
form factor of low-level components, including power supply and control systems and 
onboard computers. 

 
Figure 2: A 3D CAD model of the conceptual design of the MHD payload. The dimension of 
the payload is 440 mm (L) x 400 mm (D) x 250 mm (H). Note that the orange boxes denote 
subsystems whose final packaging have not been completed yet. 

 
3.1.1 Regolith collection 



 - 7 - 

The concept design utilises a twin brush system for regolith collection, which brushes the 
regolith from the lunar surface into a storage vessel above, ready for distribution for up to 
five sample containers (crucibles), which are loaded in a fixed storage container. The 
crucibles are sequentially loaded into the sweeping mechanism and directly filled. The 
amount deposited can be controlled either by a timed opening, optical sensor, or direct mass 
measurement of the crucible, depending on the accuracy required for a breadboard or flight 
unit.  

 
3.1.2 Crucible transport  
The crucible transport system is responsible for storing and moving crucibles throughout the 
different stages in the payload, starting with the regolith collection and finishing with removal 
from the microwave cavity. The proposed concept consists of a dual-axis telescopic arm 
driven by two linear actuators, allowing for each crucible to be lifted from the storage 
container, raised to the height of the cavity, and then moved along a single horizontal axis to 
be placed into the microwave cavity. The storage “rack” is sealed with a lid to prevent 
contamination of the samples and protect the crucibles for the mission duration. A standard 
knife-edge design with a flat sealing surface made from metal that has a low melting 
temperature, e.g., indium (70 °C) will be employed. During actuation, the indium is heated to its 
melting point where it liquifies and, upon solidification, provides a flush sealing face against, 
which the knife edge can re-seal. 
 
3.1.3 Microwave cavity 
The rectangular microwave cavity used to heat the lunar regolith operates at a 2.45 GHz 
frequency. The sample container (crucible) is loaded on the top of the cavity and sealed 
against the waveguide wall to prevent volatiles from leaking into the waveguide, potentially 
resulting in a plasma ignition and erosion of key components such as the antenna. The 
sample container will then be sealed shut by a sliding mechanism that also provides the 
metallic wall required for the operation of the waveguide. A connection for volatiles to pass 
to the gas analysis system via flexible pipework is also included in this lid to access the 
sealed crucible volume. For measurements and diagnostics, the cavity is connected via 
microwave opaque windows to a single pyrometer for measuring the sample temperature.  
 
3.1.4 Electronics 
The final major components of the conceptual design include power supplies, onboard 
computers, controllers and data loggers. The most significant of these is the 2.45 GHz Solid-
State Power Amplifier (SSPA, i.e., microwave generator). The initial design has been based 
on an in-development 250 W class power supply, which will be qualified for satellite electric 
propulsion systems. The design goal for this supply is to achieve around 50% electrical 
efficiency as was mentioned in Table 2. A general-purpose Power Conditioning Unit (PCU) 
is included to distribute the 28 V bus supplied from the lander to each of the payload 
subsystems, including the SSPA and the individual mechanisms. Finally, an onboard 
computer and data logger is included to command and control the subsystems and store 
collected data before transmission via the lander.  
  
3.1.5 Payload operation 
The sequential operation of the payload is planned as below:  
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(1) The payload begins in a landing configuration with the regolith sampler raised above 
the payload baseplate to prevent damage to the brushes or motors on contact with 
the uneven lunar surface.  

(2) The regolith sampler is lowered onto the lunar surface before collecting up to 250 g 
of lunar regolith.  

(3) The sampler brushes the lunar surface to collect lunar regolith into a hopper above.  
(4) The sampler is raised back off the surface, and the rotatable wheel feeds each 

crucible to the sample, filling 50 g of regolith.  
(5) Crucibles are transported to the base of the microwave cavity by the rotating wheel.  
(6) Crucibles are lifted to the height of the cavity door by the dual-axis telescopic arm.  
(7) The microwave cavity door slides open, and the crucibles are placed inside the cavity 

using the dual-axis telescopic arm.  
(8) Samples are heated for 60 minutes and then allowed to cool until the top surface 

temperature reaches at or below 100 °C while the temperature and volatiles data are 
recorded from the pyrometer and mass spectrometer onto the data logger.  

(9) Cavity door is opened, and the sample is removed.  
(10) Process repeats for each sample, steps (5) to (9).  

 
3.2 Design of the microwave cavity 
Through the initial development, designing an optimal microwave cavity was identified as 
one of the key challenges. The geometry and dielectric properties of the crucible material 
directly affect the electric field strength and distribution within the cavity. Thus, the power-
efficient heating of the sample within the volume required extensive RF modelling to 
maximise the electric field in the sample location. 

 
Figure 3: A series of microwave cavity design. Each design shows a half image of the cavity 
and coaxial port. The blue part is a sample placed in a cylindrical alumina crucible.  

Three cavity designs were sequentially investigated (Figure 3). The first being a simple 
TM010 cylindrical cavity, while the second design includes multiple metal rings to create 
multiple hotspots within the regolith. The third and final design was a TE10 waveguide 
resonator, consisting of a short terminated WR340 waveguide, with the crucible placed 
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approximately ½ wavelength downstream of the antenna and ¼ wavelength from the 
terminated end. The heating performance of each design was evaluated through 
computational simulation with the pre-defined settings as follows:  

• Sample material: lunar mare and highland regolith 
• Sample mass: 50 g of sample mass in a cylindrical alumina crucible  
• Sample density: 1.66 g/cm3, average density from the existing works (Barmatz et al. 

2012, Ethridge and Kaukler 2012, Sakatani et al. 2018)  
• Input power: 250 W  
• Heating time: 3,600 seconds 
• Heat transfer: conductive and radiative transfer 

Based on the above evaluation results, we changed the cavity to a rectangular shape similar 
to a waveguide (Figure 3c). The antenna and the crucible are distanced a quarter cavity-
wavelength away from the walls at each end. As is shown in Figure 4a, the sample had two 
hotspots initially. However, initially, heating is split between the two hotspots when the first 
(middle) reaches the critical temperature, the maximum heating is shifted to the other one 
(bottom left) before a similar phenomenon shifts the peak heating to a third hotspot as seen 
in the bottom right corner. Thermal runaway occurred in 68 seconds, and the sample was 
fully melted in under 1,000 seconds, exceeding our initial target. The antenna is located 
away from the crucible reducing the risk for excessive heat transfer to the antenna. Thus, 
the primary heat load on the antenna would come from an inadvertently matched cavity and 
high levels of reflected power, which is transmitted back through the antenna. Alternative 
launch methods will be investigated further to minimise undesirable heat transfer.   
The resonant frequency of the Design v3 using lunar mare regolith is currently 2.67 GHz, 
which is outside the design tolerance of the SSPA we are developing. Besides, the MHD 
payload will need to use either lunar highlands or mare regolith, depending on the mission 
landing site location. Thus, we have also measured the resonant frequency using lunar 
highlands regolith and evaluated both cases. 
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Figure 4: Evaluation of Design v3 using lunar mare regolith. The simulation was set using 
the material properties of lunar mare regolith with a resonant frequency of 2.67 GHz. (a) 
Initial electric fields (V/m), (b) Electric field in the sample (0 ~ 3,600s), (c) Multiple hotspots in 
68s, (d) Dual glows in 75s, (e) A single glow in 140s. Note that the white and red colours 
denote higher and lower temperature, respectively. 

The resonant frequency of the Design v3 using highlands regolith is 2.72 GHz. Although the 
initial electric fields in the sample are similar to that of the mare sample, the highlands 
sample experienced a single hotspot only, as shown in Figure 5. Although both samples 
were fully sintered/melted in 1,000 seconds, the lunar highlands sample heated almost four 
times slower than lunar mare regolith (thermal runaway occurred 280 seconds and 68 
seconds, respectively) even though the simulation was done using the resonant frequency.  
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Figure 5: Evaluation of Design v3 using lunar highland regolith. The simulation was set using 
the material properties of lunar highland regolith with a resonant frequency of 2.72 GHz. (a) 
Initial electric fields (V/m), (b) Electric field in the sample (0 ~ 3,600s), (c) A single hotspot 
temperature exceeds the melting point in 290s, (d) The hotspot reaches highest temperature 
in 295s, (e) The hotspot moved down towards the crucible bottom in 330s. Note that the 
white and red colours denote higher and lower temperature, respectively. 

The difference in the microwave heating performance between lunar highlands and mare 
regolith is mainly caused by the relative permittivity (a.k.a. dielectric properties), notably 
different, as shown in Table 3. The relative permittivity and permeability values used in this 
model are the average values of 2.43/2.44 GHz measurement extracted from Figures 2 and 
3 in (Barmatz et al. 2011).  Note that the permeability constant (µ′) of lunar regolith is around 
1 (Barmatz et al. 2012), similar to that of (dry) concrete-like material. 
Table 3: Relative permittivity and permeability values of lunar highland and mare regolith.  

Frequency 
(GHz) 

Relative Permittivity (ε′– ε″ × j) 
Highland Mare 
ε’ ε″ ε’ ε″ 

2.43264 3.14531 0.01038 3.62544 0.04157 
Frequency 
(GHz) 

Relative Permeability (µ′ – µ″ × j) 
Highland Mare 
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µ’ µ″ µ’ µ″ 
2.44353 1.09474 0.00175 0.99949 0.00366 

Note  ε’: Real permittivity (dielectric constant)       µ’: Real permeability 
 ε″: Imaginary Permittivity (dielectric loss)     µ″: Imaginary Permeability 

 
Although the design has not been optimised for our target resonant frequency of 2.45 GHz 
yet, our evaluation of the heating performance with lunar mare regolith already shows a 
significant improvement over the design iteration. 
 

4. Discussion 
Through the design iteration of the microwave cavity, promising heating performance has 
been achieved. However, there are a few non-negligible challenges that need to be 
addressed for future missions, as discussed below.  
Dramatic decrease of the electric field in the sample 
Microwave heating of lunar regolith causes a dramatic decrease in the sample’s electric field 
when the sample reaches a critical temperature of 800 K. This causes poor heating 
performance due to the dependence of the regolith’s electrical conductivity on temperature, 
which significantly disrupts the electric field within the sample. Our previous works (Lim and 
Anand 2019, Lim et al. 2021) show that high input powers (> 600 W) experience the problem 
less because the temperature of thermal runaway is higher with a much larger hotspot area. 
Hence, the larger volume is heated much faster and introduce multiple hotspots and thermal 
runaway despite the dramatic decrease of the electric field in the sample. Thus, this problem 
is much more related to the lower input powers (≤ 400 W).  
Because this problem is inherited from the material properties of lunar regolith, alternative 
solutions such as a thermal barrier between the crucible and the cavity to mitigate the poor 
heating performance are needed if the input power is lower than 400 W. It is believed that an 
effective thermal barrier will create (i) faster thermal runaway, (ii) longer and higher heating, 
and (iii) efficient protection of subsystems from excessive heat transfer.   
Resonance frequency shift 
The temperature dependency of the regolith’s permittivity causes a shift in the resonance 
frequency of the cavity, which reaches the maximum degree of oscillation that could 
generate the highest electric fields, when the sample is heated. This means that the 
frequency needs to be adjusted while the sample is heated to minimise the poor heating 
performance. In combination with the above issues, this phenomenon prevents further 
efficient microwave heating and fundamentally changes the resonant mode. 
Ideally, it would be helpful if the resonance frequency change could be predicted via 
computational simulation so that the outcome can be applied for designing the SSPA 
subsystem of the MHD payload. In the current version of COMSOL Multiphysics simulation 
software, however, the dramatic electric field decrease is exacerbated because the 
microwave source in COMSOL's frequency-transient studies is not adjusted on the fly to 
match the frequency with the varying temperature-dependent permittivity. In real 
applications, the frequency variable microwave SSPA will include a reflected power 
feedback loop to automatically adjust the supply frequency with the permittivity change by 
temperature.  
Hotspots 
The design iteration of the microwave cavity indicates that a single hotspot with high 
intensity of the electric field is better than multiple hotspots because multiple hotspots result 
in low intensity of electric fields in each hotspot, despite the low thermal conductivity of lunar 
regolith that helps concentrated heat of hotspot due to low conductive heat transfer. It has 
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been observed that the low intensity of the electric field of each hotspot is not strong enough 
to generate heat exceeding the temperature threshold of thermal runaway; consequently, no 
further heating progress has been made. Thus, a single hotspot with high intensity of the 
electric field in the sample is necessary to sinter/melt lunar regolith. Note that this issue may 
only be applicable to low input powers such as 250 W used in this experiment, and it may 
not be a problem for industrial-scale applications with much higher input power (> 1 kW).  
 

5. Conclusion 
The work presented in this paper mainly focused on improving the heating performance of 
the microwave cavity through computational simulations of the microwave heating behaviour 
of lunar regolith. The updated microwave cavity shows a significant improvement in the 
heating performance of lunar regolith within the envelope of pre-defined energy input. 
Besides, the work done on this payload concept has resulted in higher reliability because (i) 
redundant designs and mechanisms have been removed, and (ii) the number of steps within 
the operation sequence has been minimised. Despite the various heating performance by 
materials (i.e., highland vs mare regolith), both samples were fully sintered/melted in 1,000 
seconds, less than one-third of the original plan, i.e., 3,600 seconds. The result shows that 
the new cavity design allows much more efficient heating performance than bespoke 
microwave equipment used to define the initial experiment plan for the MHD payload.  
Although the challenges identified in this study are non-negligible, they are mostly affected 
by low input powers, which will be mainly used for the initial ISRU missions with limited 
payload requirements, such as the MHD payload. Once the technology is matured and used 
for industrial-scale applications with much higher input powers, we expect that these 
challenges can be easily overcome. Nevertheless, it is still possible to mitigate these issues 
under low input power and improve the heating performance of the MHD payload by 
applying thermal barriers and automatic adjustment of the frequency of a microwave SSPA.  
Finally, the dielectric properties of lunar regolith, including permittivity, are influenced by 
many factors which are difficult to faithfully simulate on Earth, such as the composition of 
minerals, density, particle size and distribution of lunar regolith. Thus, the variability of the 
dielectric properties of lunar simulants under a simulated environment is a key reason why 
in-situ lunar experiments using a MHD payload is essential. The next step is to identify a 
particular lunar ISRU mission with a lander to develop further the MHD payload design and 
capabilities.  
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