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Multiple studies have been performed assessing the possibility to use lunar regolith, 

processed in diverse methods, to store heat within it and re-use it at a proper time either for 

heating purposes or heat-to-electricity conversion. These studies focused on the overall 

system concept and its general performances assessment. The project MESG Moon Energy 

Storage and Generation, included not only these tasks, but also the design, construction and 

testing of a demonstrator with the objectives to showcase the critical aspects of the system, 

such as: processed regolith simulant heating and cooling processes in a relevant 

environment; heat transfer from the thermal mass to the heat engine; and heat to electricity 

conversion. 

Nomenclature 

TEG = Thermo-Electric Generator 

TES = Thermal Energy Storage 

MESG = Moon Energy Storage and Generation 

TM = Thermal Mass 

CAD = Computer Aided Design 

IB = Insulation Block 

SLS = Selective Laser Sintering 

SLM = Selective Laser Melting 

 

                                                           
1
 Chief Technical Officer, Azimut Space GmbH, luca.celotti@azimutspace.com. 

2
 Chief Business Development Officer, Azimut Space GmbH, marko.piskacev@azimutspace.com. 

3
 Chief Executive Officer, Azimut Space GmbH, riccardo.nadalini@azimutspace.com. 

4
 Physik Granularer Materie, Institut für Materialphysik im Weltraum, Deutsches Zentrum für Luft- und Raumfahrt 

matthias.sperl@dlr.de. 
5
 Head of Space Transportation, Robotic Missions & Exploration, Space System Studies, OHB System AG 

marc.scheper@ohb.de. 
6
 Professor, Hochschule Aalen miranda.fateri@hs-aalen.de. 

7
 Science Advisor, Ph.D, M.Eng., B.Sc., HRE-XE, European Astronaut Centre, Aidan.Cowley@esa.int. 

mailto:luca.celotti@azimutspace.com
mailto:marko.piskacev@azimutspace.com
mailto:riccardo.nadalini@azimutspace.com
mailto:matthias.sperl@dlr.de
mailto:marc.scheper@ohb.de
mailto:miranda.fateri@hs-aalen.de
mailto:Aidan.Cowley@esa.int


 

International Conference on Environmental Systems 
 

 

2 

I. Introduction 

NE of the most critical points in the space exploration beyond Earth orbits is the provision of systems which 

ensure the survival of both crew and technological assets, such as rovers, landers, and other spacecrafts. The 

utilization of the Moon, being as the next logical step in implementing the global strategy for colonizing the solar 

system, is in the focus of all space agencies. In accordance to these two points, the MESG project “Moon Energy 

Storage and Generation”, financed by the European Space Agency and led by Azimut Space GmbH, focusses on 

assessing the potential of thermal energy storage systems as means of supporting future lunar exploration scenarios. 

In a more concise definition, the main objective is to perform numerical and experimental studies for the design of 

an efficient technology for storing thermal energy, and reusing it for the production of electricity in-situ. 

Sustainable, long-term exploration must rely on local resources available at destination, minimizing the quantity 

of materials to be brought from Earth. Abundant on the Moon surface, lunar regolith is investigated within the 

MESG project as viable option to create “heat-storage bricks”. In space, energy typically comes via solar panels that 

provide almost instantaneous electricity when the Sun shines on them. But inhabitants on the Moon could expect to 

spend up to 16 Earth-days in darkness during the lunar night. Regolith bricks offer a way of storing daytime solar 

energy so that electricity can be produced at night; this would be vital for any humans living and working on the 

Moon. The stored heat could also be released directly to keep robotic equipment warm enough to function during the 

long hours of darkness. 

Utilization of thermal energy storage for lunar surface missions has been considered before, in multiple studies. 

Figure 1 shows some examples for only thermal survival of on-surface element (thermal wadi, first example) or 

including heat to electricity conversion (following two examples). 

Within MESG, an overall comparison of the different approaches present in literature have been first performed, 

followed by a system design (applying for different users such as rovers, landers and pressurized rovers). 

Additionally, other tasks were performed within the project: 

 theoretical and practical assessment of the different methods to process (compact) lunar regolith into 

“bricks” via sintering (a technique to compact loose material in order to form a solid mass by heat or 

pressing without melting it), with size scalable based on the needs, 

 a small scale demonstrator for assessment of the critical manufacturing and assembly issues, 

 demonstrator thermal performances assessment. 

Although the system is scalable based on the required power levels, it is noteworthy to highlight that one limitation 

of the system concept was identified. Namely, it is not applicable as an unique night source of electricity/heating for 

large habitat outposts. 

The first following section of this paper summarizes the main achievements of the system design phase within 

the project, while each consecutive one focuses on the demonstrator-related activities. 

  

O 

 
 

 
Figure 1.  Previously assessed system concepts. Thermal Wadi is a concept developed by NASA (top left)

1
, 

Thermal Energy Storage and Power Generation system (top right)
2
, TES System
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II. System Concept Design 

The design of a system that could store heat on the Moon, followed the steps: 

1. assessment of previous studies which focused  on the same topic; 

2. analysis of the possible technologies to be used for each  building block of the system; 

3. detailed thermal analysis of one baseline configuration (and a backup option), including mass budget 

estimation. 

The complete system block diagram is 

presented in Figure 2. Each building block 

represents an element of the system: 

• Solar collector: required for 

collecting the solar energy needed for 

storage in the thermal mass. It is foreseen to 

use a system of mirrors and lenses to collect 

and concentrate enough solar energy to 

supply the heat engine during the lunar 

night. 

• Heat Transport 1: transport 

mechanism where the heat or solar rays are 

received from the solar collector and are 

transported to the thermal mass. 

• Thermal Mass: is the medium where the thermal energy is stored before it is used to supply the heat engine. 

• Heat Transport 2: transport mechanism where the heat is transported from thermal mass to the heat engine. 

• Heat Engine: it converts thermal energy to electrical energy which is delivered to the user. 

• Heat Transport 3: transport mechanism where the waste heat from the engine is transported to the radiator. 

• Radiator: it is used to reject the waste heat from the thermal engine to the environment. 

• Thermal Mass (Thermal Sink) and Heat transport 4 blocks: are optional as they can improve the 

performance of the heat waste path. However, they are not included in the baseline concept design. 

The Solar collector, Heat transfer 1, Thermal mass and Heat transport 2 blocks represent the hot side of the 

system. The temperatures expected on this side of the system are between 650 K and 1000 K (typical temperatures 

to allow the heat engine working). 

The Heat transport 3 and Radiator (as well as the Thermal Sink and Heat transport 4 if included in the design) 

comprise the cold side of the system. The expected temperatures in this segment are below 300 K. 

The following detailed assessment
4
 allowed the identification of a baseline and a backup configuration (Table 1) 

with technology identification for each building block and mass budget estimation. 

 

 

 

 
Figure 2.  System concept block diagram 

Table 1. System concept design conclusions 

System block 
System design 

Concept 1 (baseline) 

System design 

Concept 2 (backup) 

Solar collector Parabolic dish Parabolic trough 

Heat transfer 1 Optical waveguides 

Loop heat pipe (liquid metal as a 

working fluid) 

Alternative: heat pipe (another 

shape/configuration) 

Thermal mass Modified regolith Modified regolith 

Heat transfer 2 
Loop heat pipe (liquid metal as a 

working fluid) or heat pipe 

Loop heat pipe (liquid metal as a 

working fluid) or heat pipe 

Heat engine Stirling system Stirling system 

Heat transfer 3 
Loop heat pipe (liquid metal as a 

working fluid) or or heat pipe 

Loop heat pipe (conventional 

working fluid) or or heat pipe 

Heat rejection Metal plate with shield Metal plate with shield 
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III. “Regolith Brick” Manufacturing 

Several samples of regolith simulant were assessed within the project, 

including manufacturing techniques and properties assessment with a focus 

on density, specific heat, thermal diffusivity, thermal capacitance and 

thermal conductivity
4
. Sintering is the process of compacting and forming a 

solid mass of material by heat and/or pressure without melting it to the 

point of liquefaction. The process allows particles to bind between each 

other without melting the matter, while melting and solidification mostly 

yield to a material’s crystallinity change and/or geometrical defects. 

Currently sintering/melting of commercially available Moon regolith 

simulant (JSC-2A) using microwaves, concentrated solar energy and laser 

(Selective Laser Sintering/Melting (SLS/SLM)) are among the most 

published research and feasible production techniques for in-situ 

manufacturing on the Moon
5
. Additionally, within this study, oven 

sintering (both in vacuum and air) was assessed, in pressed and non-

pressed forms, before being exposed to the heat for “brick production”. 

Vacuum sintered parts are fabricated under an approximate atmospheric condition to the Moon (lack of 

atmosphere, i.e. 7E-6 mbar). Based on this, the obtained results regarding the vacuum sintered parts have been used 

for the system concept analysis (eventually extended, via extrapolation, to cover the complete temperature range 

necessary for the system modeling tasks). 

However, as fabrication of a brick for the experimental part of the project (demonstrator) is only feasible using a 

conventional oven under air (due to the available oven/machine size), the demonstrator-brick was manufactured 

(140x85x50 cm
3
) via pressing regolith simulant in air conditions (~0.87 W/mK thermal conductivity and 700 J/kgK 

at ambient temperature). 

IV. Demonstrator Design And Assessment 

The main goal of the demonstrator activities is to verify the capability of the modified regolith to store heat and 

use it to generate electricity in similar conditions (environmental and design) to the system (pressure levels and 

environmental temperature conditions requiring a thermal vacuum chamber test environment). Additionally, the 

budget available for the manufacturing and testing activity was very limited. 

The used thermal vacuum chamber’s dimensions (in order to simulate pressure conditions similar to those on the 

Moon), the absence of direct solar illumination or simulator (costs out of the scope of the activity), are only 

examples of the part of the modifications to the system configuration necessarily to be implemented while keeping 

intact the primary/original goals. 

 
Figure 3.  Regolith simulant brick 

as produced for the demonstrator 

Table 2. Comparison between the system and the demonstrator design 

System block 
System design 

Concept 1 (baseline) 
Demonstrator 

Solar collector Parabolic dish 

Substituted by simple heaters 

attached to the thermal mass’ top 

surface 

Heat transfer 1 Optical waveguides 

Interface between the heaters and 

the thermal mass, for example 

pressure sensitive adhesive 

Thermal mass Modified regolith Modified regolith 

Heat transfer 2 
Loop heat pipe (liquid metal as a 

working fluid), or alternatives: heat pipes 

Interface between the thermal mass 

and the hot side of the heat engine 

Heat engine Stirling system Thermo-Electric Generator 

Heat transfer 3 
Loop heat pipe (liquid metal as a 

working fluid), or alternatives: heat pipes 

Interface between the engine’s cold 

side and the heat rejection block 

Heat rejection Metal plate with shield 

Metal plate (no shield is needed 

since no sun radiation is present), 

thermally controlled by an external 

oil circulator machine. 
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Figure 4 shows the main difference with 

respect to the system concept, while detailed 

differences are alisted in Table 2. The exclusion 

of the solar collector part was necessary due to 

the budgetary limitations not compatible with 

solar simulator in the chamber. Therefore, on 

top of the regolith mass, heaters are installed to 

simulate heat coming from a solar collector. 

The final configuration of the demonstrator, 

after a series of breadboarding activities, 

control and monitor software development, is 

summarized in Figure 5 as a detailed thermal 

model, as a CAD model and as built and tested.  

The regolith brick (or thermal mass) is the 

core of the demonstrator. On top of it the 

heaters simulating the heat coming from the 

solar collector source are installed. On one side 

the interface to the cold side of the system is 

realized via a glued aluminum plate on which 

the heat engine is installed (also glued): a 

thermo-electric generator. Its cold side is then 

interfaced via a thick aluminum block to a 

thermally controlled plate to simultate the sink 

temperature of the deep space radiator of the 

system. 

Surrounding the thermal mass on 5 sides, 

insulation foam blocks are designed (specially 

selected material and size) to simulate the 

temperature drop between the thermal mass and 

the surrounding lunar regolith in the system 

configuration guaranteeing a stable -25 °C on 

the outer surfaces (via additional heaters), a 

stable temperature level which is also reached 

on the Moon under the first cm of regolith. 

All over the unit, temperature sensors 

monitored the experiment and allowed the 

control of the installed heaters. 

The temperatures measured across the thermo-electric generator are then correlated to its voltage and current 

output to assess the electrical power generated while creating a temperature across it (connected to the high 

temperature of the “charged” thermal mass and the thermally controlled low temperature of the heat sink). 

V. Demonstrator Testing 

The main test objective is to verify the capability of the system to store thermal energy and to generate electricity 

during cooling down. Therefore, the test plan (Figure 6) follows the results obtained from the demonstrator’s 

thermal analysis. First a stable “charged phase” is achieved (with heaters on the thermal mass), then electricity 

generation is assessed during a “discharging” phase (heaters on the thermal mass off), in which, due to an artificially 

created temperature difference between the hot side and the cold side of the heat engine (TEG in this case). 

 

 
Figure 4.  Demonstrator concept 

 

 
 

Figure 5.  Demonstrator concept 
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On Figure 6 the results of the thermal model are shown, including not only the most relevant temperatures 

(“TM” Thermal Mass, “IB” Insulation Block), but also the heating power used both to “charge” the thermal mass 

and the power to maintain constant boundary conditions on the insulation blocks. 

VI. Test Results 

The main test objective (to verify the capability of the system to store thermal energy, and, while cooling down, to 

generate electricity) was successfully verified. 

Power generation in the TEG was measured during cooling down phases and compared to the temperature 

difference across the element and absolute temperature in order to assess the overall performances. 

The following  test behavior conclusions can be derived in comparison to those simulated: 

 charging and discharging phases during the test behaved in a comparable way with respect to those 

simulated; 

 thermal conditions on the insulation box due to the heaters’ control on the box sides, to the cold plate on the 

bottom and the shroud on top have been similar to the simulated environment although with only 

temperatures reached on the shroud between -130 /-150 °C instead of the -170 °C simulated; 

 the requested power for the heaters installed on the demonstrator for boundary conditions control and 

thermal mass heating procedures showed values in line with those simulated; only a small difference in the 

power needs for the heaters (14 V instead of 12.5 V) for the insulation blocks heaters was noticed. 

The only noteworthy discrepancy in the obtained results in comparison to the expected ones is the low power 

generated with the TEG. Whereas 500mW resulted from the simulation was expected, only 40mW was measured.  

The output power of a TEG can be measured only connecting it to an external measurement circuit matching the 

resistance of the TEG itself. Being this temperature dependent, it requested to implement an external circuit with 

variable resistance and to manually set it at different values for each temperature measurement point (set on the cold 

TEG side, the controlled temperature with external device). This is a necessary clarification to address the fact that 

in Figure 7, a simple comparison in time was not possible. The expected 500mW are anyway shown in the top 

graph, while the 40mW is the maximum power output obtained in coincidence with the maximum temperature 

difference across the TEG. 

After analyzing the results in more detail, explanations can be made about the power generated difference, based on 

the graphs presented in Figure 8 and Figure 9 (due to completely different time scales  between the simulation and 

 
Figure 6.  Test plan: foreseen charging - charged - discharging 
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the test is hard to display and compare simulation and test results in an efficient way). The latter shows on the same 

time-scale a big difference between simulation and test. Being limited to run only one charge/discharge cycle per 

day due to facility operations and availability of personnel, a long-lasting charged phase, important to allow a good 

thermal equilibration inside the TM, was not possible. 

 Figure 8 shows the temperature difference across the TEG: within the simulation a constant temperature 

difference of almost 50 °C during charged phase is present, while during the test this was measured to be ca. 

13 °C (repeatable across 5 charging/discharging cycle). 

 In the graphs it is clearly visible how the temperature difference across the TEG varies from ca. 50 °C 

during charged phase and increasing up to 90 °C during discharging, while during the test it varies between 

13 and ca. 35 °C. 

 Figure 9 depicts the temperature difference across the thermal mass and on the TEG hot side interface. 

While in the analysis the second is aligned with the minimum temperature on the TM, in the test, there is a 

evident gradient between the TEG hot side the TM. 

 In the graphs it is evident how the TEG hot interface “follows” the temperature of the thermal mass within 

the analysis (yellow and orange curves in Figure 9 top, after time 64800 s), while during the test the 

temperature decrease is very rapid (pink curve on Figure 9 bottom, versus the other ones, installed on the 

TM). 

 As a consequence, instead of going from 50 to 90 °C temperature difference, in reality we obtain 13 to 40 

°C, cutting the TEG capability to generate high amount of power (directly dependent on the temperature 

difference, shown on Figure 8 top for the thermal model, bottom for the test). This is identified as the main 

source of power generation capability loss for the system, which is directly connected to the interface 

between the TEG hot side and the thermal mass. In order to obtain better performances a better interface is 

needed, which will “gather heat” from the inside of the thermal mass which remains hot for long after the 

discharge phase. This interface issue was well known since the first steps of the project. However, it was not 

possible to address this problem with, for example, metallic fins inside the thermal mass, because of the 

need to use previously established regolith simulant manufacturing processes, without the chance in this 

project to further optimize/modify them due to budgetary limitations (a specific development would be 

needed on this topic). 
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Figure 7.  Power generated during one simulated charging/charged/discharging phase (top) and measurement  

performed during one discharging phase at different temperatures on the cold side of the TEG 

TM charging       TM charged      TM discharging 
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Figure 8.  Temperature difference across the TEG within the simulation (top, only one charging/discharging 

phase) and during the test (bottom, with multiple charging/discharging phases) 
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Figure 9.  Temperature distribution inside the TM and on the TEG hot side interface, simulated (top) and test 

(bottom, two charging/discharging phases) 

TM charging       TM charged      TM discharging 
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VII. Conclusions 

The overall project effectively demonstrated, both via analysis for the system and via testing with the small scale 

demonstrator, the possibility to store heat inside properly processed lunar regolith and use it to produce electricity 

during cooling down phases, such as during a lunar night. 

Different simulant compounds to be used as lunar regolith simulant have been assessed and processed in order to 

manufacture a proper thermal mass to be used for the demonstrator activities. 

Within the overall project, before performing the here described testing activities, the system has been sized for 

different possible user cases derived from Moon exploration concepts and roadmaps
4
. One baseline and one backup 

configuration for the system design has been identified and sized splitting them into building blocks and assessing 

the most performant and currently available or under development technologies. The scalability of the system was 

assessed for different sizes of users (power demands) allowing to identify also the most suitable users for this 

technologies and those not (higher power needs, such as a human habitat/outpost). 

The demonstrator activities here described proved via testing the basic principle of using processed regolith 

(simulant) for storing heat, and while releasing it, to generate electricity. 

Future optimization activities have been identified and documented for possible activity follow-ups and future 

developments. In particular, the main issue identified as reason of the low electrical power generation is the interface 

between the regolith mass and the heat engine: a “good thermal interface” can allow the hot side of the heat engine 

to keep its temperature closer to the thermal mass’ one and keep a high temperature difference across the heat 

engine, which will result in an increase in the electrical power generation. An improved thermal interface can be 

achieved via larger contact areas, insertion of metallic fins inside the thermal mass to “gather” more efficiently the 

heat from the thermal mass, etc. A potential improvement of the overall electrical performances of the system are for 

example the introduction of metallic bars/fins inside the thermal mass during its manufacturing process; and 

connecting them on the outside directly to the heat engine. Activities related to further investigate and improve 

thermal interfaces between regolith sintered parts and heat transfer means (like metallic parts, heat pipes, etc.) are 

the object of a follow-up proposal proposed to the the European Space Agency and funded in 2021. 
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