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Abstract: In the context of a sustainable long-term human presence on the Moon, solutions for
habitat radiation and thermal protection with regolith are investigated. Regolith compression is
studied to choose the optimal density-thickness combination in terms of radiation shielding and
thermal insulation. The applied strategy is to protect the whole habitat from the hazards of galactic
cosmic rays and design a dedicated shelter area for protection during solar particle events, which
eventually may be a lava tube. Simulations using NASA’s OLTARIS tool show that the effective dose
equivalent decreases significantly when a multilayer structure mainly constituted of regolith and
other available materials is used instead of pure regolith. The computerised anatomical female model
is considered here because future missions will be mixed crews, and, generally, more sex-specific
data are required in the field of radiation protection and human spaceflight. This study shows that if
reasonably achievable radioprotection conditions are met, mixed crews can stay safely on the lunar
surface. Compressed regolith demonstrates a significant efficiency in thermal insulation, requiring
little energy management to keep a comfortable temperature inside the habitat. For a more complete
picture of the outpost, the radiation protection of lunar rovers and extravehicular mobility units
is considered.

Keywords: radiation protection; thermal insulation; habitat construction; Moon; human space-
flight; regolith

1. Introduction

The hostile space environment poses several technological problems for long-term hu-
man exploration. Thermal cycling and ionising radiation are two extreme challenges on the
Moon, which, when considered together, make up one complex puzzle for engineers and
architects of habitat construction to solve. Radiation exposure causes short- and long-term
effects on the health of astronauts, e.g., cataract formation and carcinogenesis, respectively,
and a prolonged exposure may pose serious threats to life [1–3]. Temperature extremes of
−170 ◦C and 113 ◦C [4] between the night and the day impose thermal stresses on materials
and thermal cycling on the Moon can lead to thermal fatigue, potentially originating crack
formation and propagation, thus presenting a threat to surface constructions. This study
balances out the benefits of regolith utilisation as the main material for protection against
galactic cosmic rays (GCR) and solar particle events (SPE) on the one hand, and for an
adequate thermal environment inside the habitat on the other. Such an approach aims
to outline the potential merit of regolith utilisation in habitats from a double point of
view, ultimately allowing the definition of specifications for the architects designing the
construction of future habitats on the Moon.

Studies continuously evaluate the use of loose regolith, either through piling it up
on top of an inflatable habitat, 3D printing, sintering or melting [5–8]. The baseline of
such designs relies on multilayer structures, using complimentary materials, such as
polyethylene bags and aluminium foils, to contribute to the wall’s stress resistance and
thermal protection. Polyethylene and aluminium are used as standard materials in space
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exploration [9,10]. In this paper, properties to further enhance radiation protection such
as regolith compaction and multilayer materials are evaluated. The work presented here
outlines different options for regolith compaction and utilisation which scopes out the
architectural liberty in habitat construction. The available compression techniques and the
amount of compaction that will be possible to make in situ will largely define the shape
of future lunar habitats. The added value of this paper is in the proposal of a reasonably
achievable protective layer from radiation which also satisfies the thermal insulation of
the habitat.

Regolith in a multilayer structure with aluminium and polyethylene, with regolith as
the majority of the wall’s thickness is evaluated for radiation protection of a lunar habitat;
and thermal insulation properties are modelled during the 28 Earth days lunar cycles in
order to anticipate what the temperature stability inside the habitat will be like. This study
calculates the blood forming organs (BFO) dose and the effective dose equivalent in the
computerised anatomical female (CAF) [11,12]. SPE-induced BFO doses are considered
to investigate the doses for short-term non-cancer effects. SPEs are short-term events
which may present considerable harm to astronaut health. The authors anticipated that the
SPE-induced doses would impose a larger constraint on regolith thickness than the GCR-
induced doses. The latter ones result from an omnipresent continuous source of radiation,
and the effective dose equivalent is thus calculated. As NASA’s Artemis program [13]
and following international Moon exploration will have mixed crews, and it is recognised
that more sex-disaggregated data are required to draws conclusions on gender-specific
radiation sensitivity [14] it is appropriate to base radiation protection for exploration type
missions on the female model.

The results are translated into quantitative recommendations on the minimum thick-
nesses and densities that the regolith layers should have in habitats for a generic long-term
mission scenario on the Moon. The baseline taken here is that the level of protection in the
Moon habitats should be comparable to that on the ISS in terms of equivalent doses for
6-month-long missions, because it shows that these conditions are safe for mixed crews.
The recommendations lay out the basis for future architectural analyses of possible habitats.
This paper takes an engineering approach to addressing the question of regolith utilisation
for radiation protection and thermal insulation in habitat construction.

2. Considerations to Set a Habitat Protection Strategy
2.1. Passive Shielding

Radiation protection can take several forms, mainly divided into passive and active
with electrostatic, magnetic and plasma shielding [3,15]. This work studies the passive
shielding which is based on the ability of a chosen material to stop or decelerate charged
particles and attenuate the dose accumulated in the target placed behind the shield. For
human outposts on the Moon, passive shielding from radiation also plays the role of
structural support and protection from micro meteoroid impacts which altogether may
require a habitat to be covered with a dense or thick material. The in-situ resource utilisation
(ISRU) is key in achieving this in order to reduce transportation of materials from the Earth
and mission costs [6,16]. Regolith is abundant on the surface of the Moon and it may
serve as the main material for protecting habitats from the space environment [16]. When
processed, i.e., molten, sintered, mixed with binders, loose regolith can become a useful
solid material [7,17,18]. This concept relies of the development of ISRU technologies.

Following the As Low As Reasonably Achievable (ALARA) principle of NASA, addi-
tional materials such as aluminium, polyethylene, Kevlar, etc., are repeatedly investigated
in literature to determine how their utilisation may optimise the radiation protection of
habitats and in deep space [10,19]. Hydrogen-rich materials, e.g., water and polyethylene,
rank high among others [9,10] because they have more nuclei in the path of the particles
for the same shield thickness in mass per unit area. This helps to break up the heavy nuclei.
These materials contain few neutrons which leads to fewer secondary neutrons and as
neutrons are a big concern for the effective dose [1], it is an important factor in radiation
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protection. In this respect, hydrogen 1H is the best option because it contains no neutrons
(also called “protium”). Furthermore, nuclei with lower atomic mass have a smaller atomic
charge, which makes them less effective in producing secondary emissions.

2.2. Accepted Dose Limits

Currently, national space agencies work internationally towards establishing norms
and recommendations for dose limits on exploration type missions [20]. For lunar explo-
ration, low-Earth orbit (LEO) limits are recommended to be used for doses to the skin, BFO,
and ocular lenses [6]. NASA’s 30-day exposure limit of 250 mSv may not be exceeded on
the envisioned missions. The dose limit for short term non-cancer effects on BFO is 250
mGy-Eq. NASA also applies the accepted risk of 3% increase of radiation exposure-induced
death (REID) evaluated at 95% confidence level. These limits as well as the annual and
career exposure ones can be found in NASA’s Standard 3001 Volume 1 on crew health [21].
Following these dose limits and the ALARA principle, this works sets out to compare the
outposts on the Moon to that on the ISS. The overarching goal of not exceeding 150 mSv
per 6-month stay is set.

2.3. SPEs

The SPEs are mainly particles accelerated through the interplanetary space from a
coronal mass ejection (outbursts of gamma radiation, X rays and radio waves) or during a
high solar activity. The SPEs contain mostly protons and include helium ions as well as
highly charged and energetic (HZE) ions. The fluence of protons above 30 MeV can exceed
1010 cm−2 in several hours or days and particles above 50 MeV can penetrate spacesuits
and spacecraft [22]. Protons above 10 MeV can penetrate spacesuits and reach the lens of
the eye [1].

A mission’s SPE design basis represents the maximum number of different SPEs with
their energy levels encountered during the entire mission. Measurements and estimations
are used to predict the design basis for a given future mission, depending largely on the
mission’s launch year and duration with respect to the solar activity. Knowing the solar
cycle and the relative occurrences of these SPEs can get the first approximation to represent
the design basis. What is really meant by a design basis is that no particles with higher
energies and fluences than described in the model should be encountered during the
mission, with a certain level of confidence. Ref. [23] argues that, for a Moon mission, it
would mean 1 Sv of exposure, which is the career limit for astronauts of most national
space agencies [24].

Solar cycle 25 (2020–2031) is expected to be similar to cycle 24 when the Sun’s activity
was below average. The cycle began with a solar minimum and experts anticipate that
the sunspot maximum will occur between 2023 and 2026 [25]. Based on the prediction
that cycle 25 will have low activity and the fact that a large SPE is a random event of low
probability for any given mission [26], the next solar cycle may be the perfect time for a
long-term return of humans to the Moon, on the scale of the space age.

2.4. GCR

The GCR are baryons (mainly hydrogen protons and alpha particles, as well as
heavy nuclei) and electrons accelerated from outside our solar system which are extremely
energetic and penetrative. While a mission during a solar minimum (the lowest level of
solar activity during a solar cycle of 11 years) seems reasonable from the encounter of the
SPE point of view, it implies harsher conditions from the GCR point of view. In fact, the
GCR cycle is inversely related to the solar cycle. As the cosmic particles enter the solar
system, they interact with the solar magnetic field (which is coupled to the solar wind)
which causes the GCR to lose energy. Particularly, it is the lower energy GCR particles that
are affected the most. At 100 MeV/u, the fluence drops by a factor of 10 during the solar
maximum and at 4 GeV/u, it drops by approximately 20% [1].
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If cycle 25 will indeed be similar to cycle 24, which is normal because the two in fact
make up one complete cycle of the Sun’s magnetic polarity (cycle of 22 years), then we can
expect an increase of the GCR fluence. In 2009, the GCR intensities increased by 19% [27].

A thin protective layer can help reduce the exposure to high-energy primary particles
but as they decelerate, secondary particles are created from nuclear interactions between
the GCR and the material. These secondary emissions, often neutrons, present a great
danger to the health of astronauts because while they have lower energies, their quality
factors are generally higher than those of the primary radiations. Ref. [2] states that the
secondary neutron production increases with the mass number of the shielding material’s
atoms and it can be large for aluminium or regolith, which ultimately may increase the
risk of radiation-induced carcinogenesis. Based on the BFO dose simulated for the SPE of
February 1956, [28] concludes that when aluminium and regolith shielding thickness is
elevated, neutrons contribute up to half the total dose. More recent studies [29] show that
the portion of <200 MeV of the neutron energy spectrum accounts for half of the biological
neutron exposure in deep space.

2.5. Our Habitat Protection Strategy

The baseline of our protection strategy is to provide astronauts with a shield to mitigate
the effects of the ever-present hazards of galactic cosmic rays everywhere in the habitat. In
the case of solar particles events, a dedicated shelter area for protection is envisioned to
mitigate the short-term effects of the highly energetic SPEs. Several historical events are
simulated against the design to ensure the examination of different types of SPEs, since
they differ in proton energy, flux and duration. BFO doses are calculated for these scenarios
to determine the wall thickness and regolith utilisation in the SPE shelter.

The SPE shelter will have to comfortably host astronauts from several hours up to
a few days. It should be equipped with an airlock system through which the astronauts
on extravehicular activities can quickly come back. Ideally, this system should have the
capability to be docked with the surface transport vehicle that the crew will use. Since at
the time of an SPE or high solar activity an astronaut can be far from the base, a solution is
also proposed for surface transport vehicle radiation protection. This protection is only
a short-term solution and the astronauts are required to return to the base and shelter
immediately if an alert is received.

Lava tubes can also be considered for temporary shelters during periods of high solar
activity and SPEs. Lunar lava tubes have been a study case for human habitats over many
years [30,31] and continuous research indicates how below a few metres underground the
doses are reduced to comfortable background levels [32]. However, astronauts cannot
spend all their time exploring and living in caves, and surface exploration is required.

3. Regolith Model

What is referred to as lunar regolith is the top layer of the lunar megaregolith. It
is a mixture of shattered and fragmented lunar crust and impact material. Toward the
end of the heavy bombardment era at ~3.8–3.9 Ga, the impactors evolved into smaller
projectiles [33]. The topmost layer of regolith consists of macroscopic, loose and fine-
grained particles whose fragmentation and evolution are due to projectiles typically of
0.1–10 m in diameter [33]. The composition of lunar regolith has been studied through
Earth-bound observations, from satellite data and, most importantly, from sample return.
This work uses the oxide distribution as specified in Table 1. That is the highlands regolith
composition as found and averaged from the Apollo missions [34]. The nominal volumetric
density of highlands regolith is 1.6 g/cm3 here.
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Table 1. Highlands regolith composition averaged from the Apollo missions’ sample return [34].

Oxide Quantity (%)

SiO2 Al2O3 TiO2 FeO MnO MgO CaO
45 27 0.7 5 0.3 6 16

4. Radiation Analysis
4.1. Radiation Models

The shielding and radiation environments are simulated with the On-Line Tool for the
Assessment of Radiation In Space (OLTARIS, TARIS 4.01) developed by NASA [35], TARIS
version 4.01. The tool runs a deterministic High Z and Energy TRanNsport (HZETRN)
3D code [36,37] which solves the Boltzmann equation using continuous slowing down
approximation. The BFO dose in grey-equivalent and effective dose equivalent in mSv are
calculated for the CAF model [11,12], the latter one using the ICRP 60 quality factors. The
doses are calculated as a function of shielding measured in g/cm2. To convert from aerial
densities presented in graphs to walls or regolith thicknesses in cm, it is required to divide
the aerial density by the nominal volumetric density of regolith.

Symmetrical spherical geometries of the shielding are used to approximate all habitats
in the middle of which the CAF phantom is found vertically oriented, head upwards.
Concentric spheres of appropriate thicknesses are used to define the different layers of the
habitat wall, such as the outer regolith shell and the aluminium and polyethylene shells.
Thickness distribution files were produced for the spheres, and the reader is encouraged to
use the OLTARIS user guide for their utilisation details.

Unless stated otherwise, the GCR conditions are simulated for 180 days at the solar
minimum parametrised with the solar modulation parameter of 475 MV and using the
Badhwar-O’Neill (BON) 2014 GCR model [38]. The solar modulation is a temporal pa-
rameter related to the solar activity through its cycle, which modulates the total flux and
differential energy spectrum of GCR in the heliosphere. Here, 475 MV were chosen to
roughly represent a period of solar minimum based on observations in [39]. The model
is implemented in OLTARIS, which reports accuracy of the GCR environment at 1 astro-
nomical unit (AU) within 10% or less. Free space galactic rays and solar particles at 1 AU
follow the specified ray distributions from free space to the target point on the habitat.
Ray distribution files can be downloaded and modified from OLTARIS database; they are
necessary for ray-by-ray calculations which are used for effective dose equivalent and can
also be used for BFO doses. This work uses the ray-by-ray option throughout.

OLTARIS’ GCR models for the lunar surface consider the albedo. The program uses
thickness distributions files written to represent a habitat to apply either the free space
environment at 1 AU for rays emanating from space to a point on the habitat or neutron
albedo for surface-pointing rays. Lunar albedo is calculated for GCR models by applying
the free-space GCR to the lunar regolith [35,40].

Simplistic spherical habitats on the surface of the Moon were simulated for the follow-
ing SPEs:

• August 1972 King [41], which is widely regarded as the largest of the space age;
• February 1956 LaRC [42], which is marked particularly for the elevated flux of protons

of energies above 500 MeV;
• October 1989 [43], which is categorised in the energy band of 5–100 MeV.

Ref. [44] explains that the SPE of August 1972 dominated the cumulative solar en-
ergetic particle contribution of solar cycle 20 and that this was the largest event in space
exploration times in its energy range and for energies relevant to spacecraft components.
The October 1989 event is the largest of the past 40 years in its energy range [44]. The
largest uncertainties in SPE models are in the high energy tails as exponential models are
used to curve fit data.
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Lava tubes are simulated in a simplistic way as spheres. The difference to the GCR
and SPE cases is that for lava tubes only regolith is used and its thickness is adjusted to
represent underground tunnels.

The lunar rover and the extravehicular mobility units (EMUs) also use spherical ge-
ometries for dose calculations. Different materials are simulated as consecutive concentric
spheres of appropriate thicknesses, for example an EMU has relatively thin ones represent-
ing the protective suit layers. In all simulations of this paper, the phantom is placed in the
same manner inside the spheres, as described above.

4.2. Radiation Simulations Results
4.2.1. GCR Effective Dose Equivalent on the Moon

Figure 1 illustrates the results of GCR simulations for a lunar habitat made of highlands
regolith. Figure 1a shows results against the areal thickness in g/cm2 to demonstrate the
local maximum. Figure 1b presents the same results against the thickness of the regolith
sphere in cm. It illustrates vividly how compacting regolith is an effective technique for
dose reductions if the same wall thickness is kept, which may have important implications
for the architectural freedom and choices for the habitat. Beyond the point of the local dose
maximum, the dose has a general trend to attenuate. It can be argued that the dose build-up
at around 100 g/cm2 in Figure 1a of regolith shielding is linked to the production of slow
and fast secondary neutrons which are most dangerous to the human body, as reflected in
the radiation weighting factors presented in Figure 2. The authors of [6] argue that beyond
100 g/cm2 of aluminium or lunar regolith shielding, the dose is mainly due to secondary
neutrons and secondary radiation from their reactions in the body. Protons of energies
up to several hundred MeV produce secondary protons, neutrons, alpha particles, etc. [6].
Protons of higher energies are stopped further into the material, beyond the local maximum.
However, this phenomenon is not only dependent on the incoming radiation energy and
the thickness of shielding but also on the nature of the shielding, as polyethylene does not
appear to have any local maximum, as demonstrated in Figure 3.
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Figure 1. Effective dose equivalent in CAF as a function of highlands regolith areal density (a) and regolith sphere thickness
(b) for different volumetric densities for the solar minimum GCR BON 2014 spectrum for 180 days on the Moon.

Polyethylene CH2 is hydrogen-rich which leads to lower production of secondary
neutrons [9]. Furthermore, carbon and hydrogen do not have significant resonances in their
nuclear structure to interact with secondary neutrons in the structure as the heavier atoms
do [29], and carbon tends to disintegrate into helium nuclei and produce no neutrons [9].
These beneficial properties of polyethylene make it a favourable radiation protection
material. However, scattering can occur, and a highly energetic neutron can produce
a proton of the same energy which will lead to a dose build up. Furthermore, some
particles will have high enough energies that they will create ballistic collisions and create



Appl. Sci. 2021, 11, 3853 7 of 17

secondary neutrons. Nevertheless, polyethylene will generate fewer secondary neutrons
than aluminium.
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Based on these considerations, a multilayer structure with regolith as the main thick
layer, followed by 3 mm of aluminium for further structural rigidity and finally, 5 cm of
polyethylene has been modelled. Multilayer simulations’ results for regolith/aluminium/
polyethylene shields are shown in Figure 4. In contrast to pure regolith, there is no more
local maximum in the effective dose equivalent curve, which suggests that the polyethylene
layer helps attenuate the dose build-up. Instead, the region of the build-up is marked with
a slow dose decline when compared to low areal densities. The overall trend up to high
regolith densities is declining. The dose attenuation at thick areal densities follows the
trend dominated by the thick regolith layer and the general decline suggests that the dose
may be even lower in deep lava tubes.
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Figure 4. Effective dose equivalent in CAF behind multilayer shielding (regolith followed by 3 mm
of aluminium and 5 cm of polyethylene) as a function of highlands regolith areal density for the solar
minimum GCR BON 2014 spectrum after 180 days.

To simulate the radiation shielding of a lava tube, 1.6 g/cm3 highlands regolith was
tested at 300 and 1000 g/cm2 corresponding to 1.88 m and 6.25 m respectively, where the
effective dose equivalent drops significantly with depth, as shown in Table 2. Real lava
tubes may extend far further and it is safe to assume that the deep basalt regolith is denser,
which increases the areal density for a given thickness in metres. Therefore, the dose is a
safe overestimation of the experienced dose.

Table 2. Effective dose equivalent in CAF in simulated lava tubes of highlands regolith for the solar
minimum GCR BON 2014 spectrum after 180 days.

Effective Dose Equivalent in CAF/180d (mSv)

1.88 m deep 6.25 m deep
102.8 4.76

It is evident that lava tubes provide strong competition for artificial passive shields,
and just a few metres of soil reduce the effective dose equivalent more than 20 times. The
6.25 m tube can be a habitat with a comfortably low GCR-induced effective dose equivalent.
Furthermore, the capacity of lava tubes to withstand meteoroid impacts increases signifi-
cantly with their depths. However, with depth come new challenges in terms of providing
all elements of life support under the surface and one cannot imagine that the explorer
astronauts will either spend all their time or perform all scientific research underground.

4.2.2. SPE Gy-equivalent Doses to BFO on the Moon

Only multilayer structures were tested for habitat protection against SPEs. Figure 5
gives the calculated BFO dose as a function of regolith areal density, showing that low
areal densities of regolith lead to high doses in BFO per event, particularly for the February
1956 SPE.
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Figure 5. BFO dose in CAF behind multilayer shielding (regolith followed by 3 mm of aluminium
and 5 cm of polyethylene) as a function of highlands regolith areal density for different historical
SPE spectra.

The largest areal densities in Figure 5 correspond to two metres of 2.7 g/cm3 com-
pressed regolith. Then the doses are attenuated down to a few mGy-Eq on average.
Thickening of the polyethylene layer up to 10 cm from the original 5 cm allows the dose
to be further attenuated, as Table 3 indicates. The shelter’s walls can be thickened with
polyethylene as the mission progresses, where plastic waste can become the source of
polyethylene. Refs. [45–47] studied the utilisation of trash for radiation protection and [45]
suggested that condensed plastic waste be used for the SPE protection in deep space to the
extent that it could even replace an initial water-based protection.

Table 3. BFO dose reduction due to polyethylene layer thickening in a multilayer material for
SPE protection.

BFO Dose in CAF
(mGy-Eq)

Polyethylene Shielding Thickness (cm) Relative Change
(%)5 10

August 1972
135 g/cm2 of regolith 5.01 3.98 20.6

February 1956
270 g/cm2 of regolith 29.11 13.19 54.7

As for the GCR, lava tubes are safer against the SPE. Table 4 summarises the doses
in BFO and demonstrates how the dose reduces by three orders of magnitude in a 6.25 m
deep tube. Therefore, if any lava tubes are present in the habitation zone, they may be
considered as potential candidates for temporary radiation shelters.

Table 4. BFO dose in CAF in simulated lava tubes for different historical SPE spectra.

SPE Spectrum
BFO Dose in CAF (mGy-Eq)

300 g/cm2 of Regolith 1000 g/cm2 of Regolith

August 1972 1.22 2.44 × 10−3

February 1956 29.3 0.374
October 1989 1.47 6.46 × 10−3
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4.2.3. Rover on the Lunar Surface

Two shields were simulated for a representative rover for astronaut transportation on
the Moon surface. Initially it was supposed that three-cm-thick rover shielding would suf-
fice for temporary protection, but a one-day GCR simulation together with elevated doses
from the SPE of August 1972 pointed towards the need for a supplementary polyethylene
layer. The addition of a reasonable layer of polyethylene allows the SPE-induced dose to be
brought down by 63% (see Table 5), given the fact that astronauts are only meant to use the
rover for immediate transfer back to shelter once a high solar activity alert is received. The
literature indicates that constant Sun surveillance allows the prediction of SPEs hours or
days in advance due to the difference in the speed at which the electromagnetic information
and solar protons propagate [48]. However, some outpost plans are likely to include large
field exercises and far sample collection and, with the relatively low speed of rovers on
extra-terrestrial terrains, it is advisable to take precautions for radiation protection of the
surface transport vehicles and therefore the use of polyethylene is advised. three cm of
aluminium shielding will contribute to a large mass of the machine thus limiting further its
mobility, on top of low speeds generally available to rovers. Due to reduced mobility and
potential SPE alerts, it is strongly advised to enhance the protection with a polyethylene
layer, and future work will look into alternative materials to help reduce the rover mass.

Table 5. Effective and BFO doses in CAF for the lunar rover.

Dose in CAF
Shielding Relative Change

(%)Aluminium (3 cm) Aluminium (3 cm)-Polyethylene (5 cm)

Effective, GCR BON 20141 day (mSv) 1.1 0.95 13.6
BFO, August 1972 SPE (mGy-Eq.) 225.6 85.8 62

4.2.4. Extravehicular Mobility Units on the Moon

On the Moon, astronauts are likely to be involved in extensive surface expeditions on
a daily basis. Thus, contrary to extravehicular activities (EVA) at the ISS, a considerable
amount of mission time will be spent under low radiation protection conditions of the
suit. The use of Kevlar is not new in space, as it is one of the protective layers of the
extravehicular mobility units. However, the utilisation of Kevlar can be enhanced and it
can serve as radiation protection as well. Kevlar has radiation effectiveness comparable
to that of polyethylene [19]. The layer of Kevlar can be thickened in EMUs for surface
exploration on the Moon. For a simulation of the GCR conditions for six h on the Moon to
represent an average EVA time, three layers of different kinds were considered as EMU
materials, the in-most neoprene layer of 3 mm followed by silica aerogel and Kevlar 1 mm
each. This gave 0.32 mSv of the total effective dose equivalent, which when compared to
0.19 mSv received by a fellow astronaut staying in the habitat behind a multilayer structure
with 104 g/cm2 of regolith suggests that the spacesuit protects one relatively well. The
scenario is illustrated in Figure 6.

The calculated daily dose rate of 1.3 mSv/d falls within the reported Apollo range of
0.7–3 mSv/d [23], and as it converts to 0.38 mGy/d, it is also in good agreement with the
measurements of the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) aboard
the LRO with a very low altitude of 50 km. The CRaTER measured 0.22–0.27 mGy/d [23]
between 2009 and 2010, which is the solar minimum at the beginning of cycle 24. Therefore,
the simulated surface exploration scenario can provide a robust estimation of the daily
EVA contribution to the total effective dose equivalent, which is on the order of magnitude
of 1–2 mSv/d.
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5. Thermal Analysis
5.1. Thermal Model–Lunar Environment

Since the utilisation of regolith extends beyond radiation protection to structural
support of the habitat and regolith makes up the majority of the building material in this
study, its thermal insulation property is important to be assessed as the optimal thickness
for radiation protection is sought. The 14-day night can be below −180 ◦C and the 14-day
day can be over 100 ◦C at the lunar surface, whereas the inside temperature of the habitat
should be maintained around 20 ◦C. The thermal model is attempting to calculate the
thermal profile in a regolith wall covering the habitat, during several shifts between the
lunar nights and days.

The one-dimensional time-dependent temperature profile is given by the Fourier equation:

∂T
∂t

=
λ(T)
ρcp

∂2T
∂x2 , (1)

where T is the temperature of the wall as a function of time t and the position x in the wall,
along the normal direction, λ is the thermal conductivity which is temperature dependent,
ρ is the volumetric mass density and cp is the specific heat capacity.

The thermal conductivity λ of the regolith is estimated from different sources. The Lu-
nar Reconnaissance Orbiter (LRO) observations give values between 0.0001 and 0.03 W/mK [49],
and the measurements for the JSC-1A simulant exhibit values between 0.0019 and 0.0026
W/mK [50]. In [51], the thermal conductivity of native highlands regolith is 0.01 W/mK.
Here, it is considered as dependant on density and temperature as in [52] using [53] model:

λ = K + BT3 (2)

where K is the solid phonon conductivity and fixed at 0.015 W/mK, B is the radiative
conductivity factor and ~10−11 W/mK4 [52] and T is the temperature.

Even in compressed regolith the morphology of the grains will remain close to that
of native highlands regolith with the same shape and size of the grains embedded in a
vacuum environment. In comparison, sintered or melted regolith building blocks will
have massive and continuous morphologies with no vacuum inside which will lead to
much higher thermal conductivity with an increase by one or two orders of magnitude as
measured for processed simulants in [54].
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The specific heat capacity of regolith depends on temperature, and some attempts
have been made to define an empirical relationship, see expression in [49]. From the Apollo
missions, temperature-dependent tables are available for the specific heat capacity. In
the present calculations, the heat capacity was kept at a constant 840 J/kgK [51]. These
coefficients, along with the density, affect largely the solution to the transient state of the
conductive heat transfer equation. Finally, the regolith diffusivity is taken as λ(T)/ρcp,
which for T = 0 gives 1.12 × 10−8 and 4.5 × 10−9 m2/s for non-compressed (1.6 g/cm3)
and compressed (4.0 g/cm3) regolith respectively.

The initial conditions also affect the evolution of the temperature profile, however
their effects fade out after few full cycles, i.e., lunar day and lunar night several times over,
as will be shown in Section 5.2.

Five complete continuous thermal cycles are simulated with the following conditions:

• Initial Condition, t = 0: −70 ◦C for all x. To start the calculation, it is assumed that the
wall has homogeneous temperature, which is the approximate medium temperature
between the outside extremes of the night and the day.

• Boundary Conditions:

# x = 0: Convection in the habitat is taken into consideration in this model as
dT/dx = −h(T(x = 0)−20). Ref. [55] suggests taking a convective heat transfer
coefficient, h, between 5 and 25 W/m2K for free convection in air. Since the
convection will be low due to the reduced gravity on the Moon, the coefficient
of 5 W/m2K is considered here.

# x = L (where L = 0.4 m): Radiant heat emitted from the outer surface as by the
Stefan-Boltzmann law, dT/dx = −εσT4(x = 0.4), where σ is the Stefan-Boltzmann
constant of 5.670374419 × 10−8 Wm−2K−4, ε and is the material’s emissivity
which is assumed to be 0.9 for highlands regolith here.

# x = L: During the day, two cases are considered here with a maximum solar
heat flux of 600 and 1300 W/m2 respectively.

The value of 1300 W/m2 represents the approximated maximum flux, and 600 W/m2

accounts for regions with increased lunar albedo and lower Sun elevation with respect to
the surface. Depending on the Moon base position, the true solar flux will be a periodic
function with maximum amplitude of approximately 1300 W/m2 during the lunar day
period followed by a null solar flux during the lunar night. The cycle has a period of
28 Earth days.

5.2. Temperature Profile Results

Figures 7 and 8 show the temperature profiles in a 0.4 m regolith wall after several
lunar day-night cycles for two different solar heat flux corresponding to two different
locations on the surface of the Moon, close to the equator (1300 W/m2) and closer to the
poles (600 W/m2). The temperature inside the habitat (x = 0) is maintained constant at 20 ◦C.
The profiles show clearly that the maximum external temperature depends on the solar
flux (120 ◦C for a 1300 W/m2 flux against 50 ◦C for a 600 W/m2 flux). More interestingly,
there is a significant difference in the constant temperature thickness close to the habitat
between the non-compressed regolith wall with nominal density of 1.6 g/cm3 and the
compressed regolith wall with a density of 4.0 g/cm3. In the latter case, more than half of
the wall does not undergo the large external temperature shifts between the lunar days
and nights. Similar insulating property is observed for non-compressed regolith, however,
there is a beneficial gain of about 10 cm of isothermal behaviour in the compressed case.
It provides another reason to compress regolith for Moon base construction on top of the
conclusions from radioprotection studies.
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To keep 20 ◦C inside, a source would be required to compensate for the heat escaping
through the wall. The tangents to the night 5 profiles at x = 0 m give temperature gradients
which are used in the Fourier’s law to calculate the escape fluxes in the cases of 600 and
1300 W/m2 of solar heating. To estimate the required heating, a cylinder with a 5-m
diameter and 5-m height is taken for reference. The results are summarised in Table 6,
which indicates how little heating will be required thanks to the insulating properties of
highlands regolith.

This study points to the remarkable insulation property of highlands regolith (specif-
ically when it is compressed) and to the fact that only the outmost part of compressed
regolith needs to be upsized against harsh thermal cycling. After the effect of the initial
conditions wears off (here, −70 ◦C after two cycles), approximately half the wall keeps its
temperatures with small fluctuations between the night and the day.
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Table 6. Heating required to keep 20 ◦C inside a lunar habitat with a highlands regolith wall.

Non-Compressed Regolith (1.6 g/cm3) Compressed Regolith (4.0 g/cm3)

Solar flux (W/m2) 600 1300 600 1300
Temp gradient (◦C/m) −143 −45 −136.6 −35

Escape flux (W/m2) 2.145 0.675 2.05 0.525
Heating req. (W) 252.7 79.5 241.4 61.9

6. Discussion

The results of this work are continuously translated into quantitative recommenda-
tions on regolith compression and optimal wall thickness for effective radiation protection
and thermal insulation of a habitat on the Moon. Such engineering approach lays the
foundation for architectural specifications to habitat construction. Future work will focus
on diminishing secondary emissions and a more comprehensive thermal analysis. Different
candidate locations will be analysed with respect to solar heat flux variations during the
lunar day and with respect to local lunar albedo for highlands and mare terrains. However,
it appears clearly that compressed highlands regolith will act as a good thermal insulator,
leading to very limited heat losses out of the habitat during lunar day and night cycles.

Looking at two radiation scenarios, namely GCR and SPE, generates an understanding
of the different regolith utilisations required for a holistic radiation protection. Due to the
differences in the nature of the long- and short-term effects, the BFO doses and effective
dose equivalents are not cross-comparable. However, the authors aim to determine a strat-
egy for regolith utilisation in a habitat for long-duration missions, for instance explaining
how a specific SPE shelter area is required in a habitat, where the rest of it would cover the
protection from GCR.

Using the female phantom model contributes to filling gender gaps in radiation
protection research. However, the utilisation of more recent phantoms as well as the male
sex models would complete this work further. Gender differences can be discussed in
terms of dose absorption per organ, for BFO in particular, as well as the effective dose
equivalent. The effects of radiation, both long and short term, such as carcinogenesis and
vision impairment could be paired with specific organ doses and sex-disaggregated data
analysed on the matter of gender differences. Such work may contribute to the formulation
of engineering specifications for habitat construction, if for example the female phantom is
chosen as the standard model for radiation protection on exploration type missions.

The utilisation of spherical geometries for all scenarios is a simplistic approach. Ge-
ometry affects the imparted doses and thus such an approximation is limited compared
to real-life scenarios. However, when simulating the same radiation environments, this
method allows to cross-compare the effectiveness of the used materials in their configura-
tions. For example, the choice of a single geometry allows cross-comparing the cases of
an astronaut performing an EVA on the surface of the Moon and their crewmate staying
inside the habitat. It demonstrates the relative difference in radiation protection resulting
from the change of shielding materials without the effect of geometry. However, future
work will define and use geometries that better approximate the different real-life scenarios
of a long-term mission on the lunar surface.

7. Conclusions

An overarching conclusion of this work supports current state-of-the-art on regolith
utilisation for radiation protection [6,16,56]. It consists of three parts:

1. Regolith has a real potential for radiation protection of a surface habitat on the Moon.
2. Minimisation of secondary emissions should be targeted by specific materials in the

habitat walls.
3. More diversified in situ measurements are necessary for a definite design of any

habitat and closing the gap between simulations and real doses.
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Within the context of given model limitations, more specific conclusions can be drawn
about the radiation protection of a habitat on the surface of the Moon, using OLTARIS
surface function:

• To maintain the effective dose equivalent under 150 mSv for 180 days, the habitat
needs at least 160 g/cm2 of highlands regolith shielding. That corresponds to 100 cm
at the nominal volumetric density of 1.6 g/cm3, or 40 cm of regolith compressed to
4.0 g/cm3.

• The habitat should rather have a multilayer shield with for instance 8.5 cm of high-
lands regolith compressed to 2.7 g/cm3, followed by 3 mm of aluminium and 5 cm
of polyethylene.

• For the shelter, the shield must comprise a multilayer structure with at least 405 g/cm2

of regolith. That corresponds to 150 cm of 2.7 g/cm3 regolith and 5 cm of polyethylene.
• Due to the long-term unpredictability of SPE occurrences in future solar cycles, the

shelter area has to be designed with large margins. The option of adding more layers
inside the habitat as materials become available during a mission should be considered.
In particular, most of the tools, items, food portions are typically packed in plastic
bags for the travel. Plastic compression techniques should be evaluated for production
of supplementary shielding from used materials and plastic bags in particular.

Native highlands regolith has good thermal insulation properties which could save
a lot of heating energy inside a habitat, whatever the extreme external temperatures are
on the surface of the Moon during days or nights. A considerable part of the simulated
habitat wall remains largely unaffected by the thermal cycling and temperature constraints.
Compressed regolith provides an additional benefit of 1

4 of the wall’s thickness that remains
in isothermal state. This concludes that both for radiation protection and thermal insulation
of habitats, regolith compression is desirable.

Finally, having taken the CAF model as a reference in this study, the results show that
female astronauts may not suffer excessively of the radiation exposure if the proposed
solutions are followed. Mixed crews can stay safely on the surface of the Moon for extended
periods of time, if appropriate protection guidelines are followed. Future work will use the
newer Female Adult voXel 2005 (FAX) anatomical model, possibly cross-comparing results
with CAF, as well as male phantoms. Further, we aim to compare the results to those from
probabilistic models and experimental data with biological materials irradiated behind
prototype walls.
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