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Zusammenfassung

Die In-situ-Ressourcennutzung (ISRU) gilt als Schlissel fur eine bestandige und
nachhaltige Erforschung des Weltraums durch den Menschen. Insbesondere Wasser
ist eine der wichtigsten Ressourcen, da es sowohl zur Lebenserhaltung als auch zur
Herstellung von Raketentreibstoff verwendet werden kann. Dafir ist es wichtig zu
wissen, welche Methoden am besten geeignet sind, um Wasser zu gewinnen und
welche Parameter den Extraktionsprozess beeinflussen kénnen.

Diese Arbeit umfasst die Simulation und den Vergleich von drei verschiedenen
thermischen Wasserextraktionsmethoden: 1) Oberflachenbeheizung, 2) beheizte
Bohrstabe und 3) Erhitzung in einer Heizkammer. In einer Parameterstudie wurde der
Einfluss unterschiedlicher Eisgehalter von 1 Gew.-% bis 15 Gew.-% und einer Leistung
von max. 2,5 kW auf die durchschnittliche Extraktionsrate und die Energieeffizienz des
Systems untersucht. In Anbetracht der geringen Designtreue umfasst die Bewertung
auch Kriterien wie Lebensdauer, Zugénglichkeit von Wasser-Eis und Komplexitat.

Generell hat sich vor allem die geringe Warmeleitfahigkeit des Regoliths als
wesentlicher Engpass fur die thermische Extraktion herausgestellt. Aul3erdem wurde
festgestellt, dass der Wassergehalt des Bodens den grol3ten Einfluss auf den Ertrag
hat, da er die thermophysikalischen Eigenschaften des Regoliths stark beeinflusst.

Es wurde festgestellt, dass die Heizkammer die beste Methode darstellt, um Wasser
zu extrahieren, da sie thermisch isoliert und ein vollstandig geschlossenes System ist.
Maximal hat die Heizkammer eine durchschnittliche Extraktionsrate von bis zu
~ 0,9 kg/h fur eine optimierte Heizdauer (Oberflachenheizung: ~ 0,09 kg/h; beheizte
Stabe: ~ 0,32 kg/h). Das Design hat jedoch Nachteile im Vergleich zur
Oberflachenbeheizung und den beheizten Staben, z.B. in Bezug auf die Lebensdauer
und die Komplexitat. Diese mussen fur die individuellen Missionsziele bericksichtigt
werden mussen.
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Abstract

In-situ Resource Utilization (ISRU) is considered to be the key to consistent and
sustainable human space exploration. Especially water is one of the most essential
resources since it can be used for both life support and rocket fuel production. For that,
is important to know what methods are most suitable to obtain water and what
parameters may influence the extraction process.

This work covers the simulation and comparison of three different thermal water
extraction methods: 1) in-situ surface heating, 2) heated drills, and 3) heating inside a
crucible after excavation. A parameter study was conducted investigating the influence
of varying icy deposits from 1 wt.% to 15 wt.% and power inputs of max. 2,5 kW on the
average extraction rate and energy efficiency of the system. Given the low fidelity of
the designs, the evaluation also includes criteria like lifetime, water ice accessibility,
and complexity.

In general, especially the low thermal conductivity of the regolith was shown as a major
bottleneck for thermal extraction. Furthermore, the water content of the soil was
determined to have the biggest impact on the yield by greatly influencing the
thermophysical properties of the regolith.

It was found that the crucible was the best-performing method due to being thermally
insulated and a completely closed system reaching an average extraction rate of up to
~ 0,9 kg/h for an optimized heating time (surface heating: ~ 0,09 kg/h; heated rods:
~ 0,32 kg/h). Yet, the design has downsides regarding the lifetime and complexity
compared to both surface heating and heating via drills, which need to be considered
for individual mission objectives.

Keywords: ISRU, Moon, Water, Optimization, Extraction, Heat and Mass Transfer
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1 Introduction

1.1 Initial Situation and Motivation

“The Moon has unique significance for all space applications for a reason
that to my amazement is hardly ever discussed in popular accounts of
space policy. The Moon is the closest source of material that lies far up
Earth’s gravity well. Anything that can be made from Lunar material at
costs comparable to Earth manufacture has an enormous overall cost
advantage compared with objects lifted from Earth’s surface. The greatest
value of the Moon lies neither in science nor in exploration, but in its
material.”
John Marburger, 2006

After the initial wave of lunar exploration from the 1950s to the 1970s, the interest in
the topic has significantly regrown in recent years. In his speech at the Goddard
Memorial Symposium in 2006, John Marburger, former Director of Science and
Technology Policy in the United States, first emphasizes that the key to not only a
future in space exploration but also a sustainable future is by developing and utilizing
its local resources. (Marburger 2006)

In-Situ Resource Utilization (ISRU) is defined as the collection, processing, storing,
and use of materials encountered during human or robotic space exploration that
replace materials that would other be brought from. This is not only believed to
significantly reduce the cost of planned or anticipated science, exploration, or
commercial missions but also enable said missions, which were not possible before
(Sowers and Dreyer 2019; Kornuta et al. 2019). Since beyond earth, the closest and
most accessible source of resources is the Moon, it has been the focus of ISRU efforts
for many decades (Meurisse and Carpenter 2020). In 2019, the National Aeronautics
and Space Administration (NASA) announced the “Artemis Program”, proposing that it
will achieve a manned moon landing and establish a lunar base by 2025 (Foust 2019;
Smith et al. (2020)).

For this, a broad understanding of the lunar resources, which includes withal the
identification of such, the assessment of their utilization potential, abundance, and
distribution across the lunar surface is essential (Reiss 2018a). Especially water is
seen to be one of the most crucial resources for long-duration space exploration
missions and human presence on and around the moon. Recent missions like the
Lunar Reconnaissance Orbiter (LRO) with the Lunar Crater Observation and Sensing
Satellite (LACROSS) have discovered that stable water ice may exist in abundance in
Permanently Shaded Craters (PSRs) on the Moon, which could be extracted and used
for drinking water, producing breathable oxygen or rocket propellant (Colaprete et al.
2010; Li et al. 2018).

Recent studies investigated different designs of the water ice extraction process,
where especially thermal methods are in the focus (Brisset et al. 2020; Wasilewski
2021b; Song et al. 2021; Schieber et al. 2022). The latter relies on the application of
heat to sublime the ice within the regolith and outgas the generated water vapor from
the regolith before it can be captured by e.g. depositing the vapor in a cold trap.
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1.2 Problem Statement and Objective

Even though in-situ water ice extraction and the whole ISRU process chain with it bear
a lot of opportunities for future space exploration, its successful technical
implementation, as well as application, are still connected to several challenges, which
need to be addressed.

Regarding the technical feasibility, both the extreme lunar environment as well as the
uncertainty in the type, amount, thermophysical parameters, and lateral or vertical
distribution of water and volatiles, especially in lunar PSRs, are decisive. Together with
just recent in-situ measurements from Chang’E5 (Lin et al. 2022), single surface data
points collected by the Lunar Crater Observation and Sensing Satellite (LCROSS), are
to date the only direct evidence of the presence of water ice on the moon (Gladstone
et al. 2010; Colaprete et al. 2010) (see also chapter 2.1). This missing ground truth
data makes it difficult for scholars to reach even a preliminary design review for ISRU
water or volatile mining hardware and operations.

According to Kleinhenz and McAdam (2021), water so far has only been identified as
a resource, but its potential for ISRU requires identifying and locating a water reserve.
In this context, resources are defined as geological occurrences that have the potential
for practical use, but for which viability has not yet been established, while reserves
are seen as resources that can be proven to exceed the threshold parameters (e.g.,
location, spatial extent, grade, chemistry) for at least one engineered system that can
extract and process it to within a reasonable definition of success (see Figure 1-1).
(Kleinhenz and McAdam 2021)
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Figure 1-1: Reserves vs. Resources regarding their economic potential

Even though lunar environmental factors are better understood, with its eg. high
vacuum, only ~1/6" of Earth’s gravity, very high surface temperature range (down to
20 - 40 K in the PSRs and over 400 K on sunlit areas during the day) (Williams et al.
2019), abrasive dust, or also just difficult-to-access terrain with crater inclinations >30
deg, it still poses major challenges on the overall performance and durability of a
system.
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In the context of water extraction, while current and future lunar science instruments
and missions can provide further critical information, these science-focused efforts
may not be sufficient for selecting mining locations, defining requirements for mining
hardware designs, and planning mining operations. Thus, with the information
available up to date, thermo-fluid simulations of water extraction designs on the Moon
are mandatory to determine the most-suited methods for future missions, while
efficiency, accessibility, and durability will likely be important design drivers.

Amongst others, these problems are tackled by both the German Aerospace Center’
(DLR) recently founded research group on Synergetic Material Utilization (SMU) as
well as the Professorship of Lunar and Planetary Exploration Technologies (LPE) at
the Technical University of Munich (TUM), which are looking into different thermal
methods to extract and capture the water ice form the lunar regolith. This thesis is also
part of this effort.

Thus, the central goal of this work includes the modeling and simulation of three
different state-of-the-art thermal water extraction methods in the Software COMSOL
Multiphysics and assessing them regarding a developed performance metric. The
latter is consisting of both quantitative as well as qualitative aspects since the fidelity
of the designs is likely not enough information to accurately compare them to each
other by gquantitative measures alone. Thus, the corresponding research question of
this thesis is as follows:

What are the most promising methods for thermal water extraction under certain
scenarios on the Moon?

For the designs, the water ice content of the regolith, the total power input available to
the system, as well as the surface coverage of the heating elements corresponding to
the power density are investigated in a parametric study.

1.3 Scope

To be able to utilize locally sourced space resources like water, a sophisticated value
chain is required. The ISRU value chain can be enclosed in a simplified five-stage
process flowsheet, as seen in Figure 1-2. Yet, this value chain and its building blocks
might lead to different value chains depending on the targeted resource, celestial body,
and timeframe.

e L

Figure 1-2: Simplified ISRU value chain (ISECG 2021)

While all these steps need to be considered concurrently for a successful
implementation of space resource utilization, the focus of this work solely lays on the
thermal removal of water ice from regolith and thus extraction. Other building blocks
may be slightly touched on in this thesis yet are not being discussed and evaluated in
more detail. The same applies to the extraction of other potential in-situ resources.
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Furthermore, this thesis solely focuses on thermal extraction methods. Alternative
water production approaches, like the ablative arc mining concept proposed by Greig
(2021), the rocket mining concept presented by MASTEN (2021) in cooperation with
Honeybee Robotics, or hydrogen reduction of lunar regolith (Sargeant et al. 2021) are
shortly mentioned in chapter 2.2.1, yet are not being investigated in more detail. The
same applies to specific heating methods for thermal extraction, which are briefly
presented in chapter 2.2.2, yet the designs presented in this work are solution
independent regarding the heating method.

1.4 Research Methodology and Outline

In order to be able to achieve the goals mentioned in the previous section, a suitable
research methodology for this work is to be defined. While several different
methodologies for conducting research in a thorough and structured manner exist, the
Design Research Methodology (DRM) developed by Blessing and Chakrabarti (2009)
offers a sequential and holistic approach. Figure 1-3 shows the main stages of the
DRM with its related chapters in this work. In the following, the individual phases of the
research methodology are briefly explained in correspondence with the structure of
this work.

Basic Means Stages Results Related Chapter
Literature Research
Analysis Clarification Goals Chapter 1
Literature Descriptive Study | Understandin Chapter 2, 3, 4
Analysis * b/ 9 P T
Assumption Prescriptive Study Solution Chapter 5

Experience Synthesis

Data Analysis Descriptive Study Il Evaluation Chapter 6

Figure 1-3: Applied research methodology with the related chapters of the work based on Blessing and
Chakrabarti (2009: p. 15)

Initially, the Clarification of the Research Objective of this work is carried out at the
first stage of the DRM. Based on previous research conducted by the Irt at the TUM
and the assumption of a further promising research field by the supervisor Luca
Kiewiet, a basic understanding of the actual situation and the field of action is
determined. This is achieved with the additional help of a literature research. Based on
that, the objective of this thesis can be derived, which is described in chapter
Introductionl.

In the second stage, the Descriptive Study I, the required theoretical fundamentals
are described to develop a detailed understanding of the topicality, which again is
based on a literature analysis. Regarding this work, this stage is referring to the
second, third, and fourth chapters. In chapter 2 the theoretical framework is
established, covering both the current state of water on the Moon as well as the State
of the Art of existing thermal water extraction approaches apparent in current literate.
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The latter covers both experimental works as well as simulation advances.
Furthermore, the scientific gap is assessed to outline the relevance of the conducted
work. Chapter 3 further provides context to the objective. For that, a lunar water mining
business case is developed, the scenario of water extraction is described, and possible
use cases are derived. Finally, high-level system requirements are presented and a
framework to perform a multi-criteria analysis covering both qualitative and quantitative
factors is introduced. Chapter 4 covers the mathematical foundation to be able to
model and simulate the thermal extraction of lunar water ice, covering both heat and
mass transfer mechanisms. This is combined with an extensive literature analysis on
thermophysical lunar regolith parameters needed for the modeling and their adequate
selection for the scope of this work.

The next step includes the Prescriptive Study, which relates to chapter 5. Based on
the elaborated theoretical foundation laid in the first descriptive study, this step focuses
on the development of a concrete solution, which translates into the computational
model setup for this work. This includes the implementation of different models of the
investigated lunar water extraction methods in the software COMSOL Multiphysics and
its verification. To be able to properly compare and assess the performance of
simulated designs, a parameter study investigating crucial design factors is elaborated
and adequate boundaries are set. Also, major simplifications and assumptions made
are summarized. In the end, an approach to further optimize the generated results is
given.

The Descriptive Study I, which is part of the fourth and last step of the DRM, entails
the evaluation of the solution developed before, which in the case of this work is related
to the analysis and discussion of the generated data in chapter 6. First, the
performance of each model is described and discussed individually before the methods
are compared and assessed by the means of the framework derived in chapter 3. The
results also allow a statement to be made about the economic viability of the
investigated thermal water extraction methods concerning the presented business
case. Also, an additional study is shown further providing supplementary information
on the robustness of the models by discussing the uncertainty of other crucial model
input parameters and their implications on the results.

Ultimately, the work is summarized and concluded in chapter 7, before a brief overview
of future lines of work is presented in chapter 8.
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2 Theoretical Framework

This chapter provides the theoretical fundamentals for this work. First, a short
introduction regarding the state of water on the Moon is given in chapter 2.1, before
the state of the art in thermal water extraction methods on the Moon is presented in
chapter 2.2. This also includes the presentation, assessment, and discussion of
existing modeling and simulation approaches and their applicability to this work. In the
end, the existing scientific gap in this work is addressed in chapter 2.3.

2.1 State of Water on the Moon

2.1.1 Lunar Water Resource Exploration

As stated in chapter 1.1, water is a critical resource required for long-duration space
exploration missions, and in-situ water production is often considered to be key in
enabling a sustained human presence on and around the Moon (Kornuta et al. 2019).

The existence of lunar water ice in polar cold traps of the Moon has been postulated
for the past 50 years, (Watson et al. 1961; Arnold 1979) and related exploration and
research regarding this topic have gone through decades, still being highly relevant
today (see Figure 2-1). A combination of the Moon’s small inclination of its equator to
the ecliptic plane (~1.5°) and the large variation in topographic relief near the poles
results in large areas that remain in permanent darkness (PSRs) over the 18.6-year
processional cycle of the Moon and thus have a very cold surface temperature of about
35 to 100 K, which are found to be much lower than the ~200 K in the surrounding
polar regions (McGovern et al. 2013; Mazarico et al. 2011). Generally, the PSRs are
located in the impact craters near the lunar poles (Tye et al. 2015).

Due to the extremely tenuous atmosphere of the Moon, which is also called a surface
boundary exosphere (NASA 2013), and the thus resulting very low surface pressures
of about 3 - 107 bar (Williams 2021), any substance on the lunar surface is directly
exposed to a near vacuum. For water ice, this means it will rapidly sublime directly into
water vapor and escape into space if subjected to sunlight even for only a short amount
of time.

Furthermore, the impact of meteorites left the Moon with volatiles such as water,
nitrogen, or methane (McCord et al. 2011). While most of the volatiles decomposed in
the sun and escaped into space, water within the PSRs of the lunar polar regions could
be permanently preserved, leading to a possible massive accumulation of water ice
(Svetsov and Shuvalov 2015).
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Figure 2-1: History of lunar water resources exploration (Song et al. 2021)

The first real indication of water ice in the lunar poles came from NASA’s Clementine
mission (Nozette et al. 1996). Over the years, other researchers have used the data
from orbital measurements from equipment aboard Chandrayaan-1, Lunar
Reconnaissance Orbiter (LRO), and other spacecraft to detect the quantity, form, and
distribution of water ice (Feldman et al. 1998; Elphic et al. 2007; Heldmann et al. 2015).

Sanin et al. (2017) used the Lunar Exploration Neutron Detector (LEND) aboard the
LRO spacecraft to detect the presence of hydrogen in the top ~1 m of the lunar regolith.
The data collected over the lunar North and South Pole were analyzed to map out the
Water Equivalent Hydrogen (WEH) on the lunar poles (Figure 2-2). As the figure
shows, the PSRs on the poles were estimated to contain 0%- 0.5% WEH by weight.
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Figure 2-2: Map of Water Equivalent Hydrogen (WEH) abundance in the (A) lunar north- and (B) south
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Figure 2-3: Distribution of water-ice-bearing pixels (green and cyan dots) overlain on the Diviner
annual maximum temperature for (A) northern- and (B) southern polar regions (Li et al.
(2018)

On the other hand, Li et al. (2018) analyzed the reflection spectrum data obtained by
the Moon Mineralogy Mapper (M3) of Chandrayaan-1 and identified the near-infrared
absorption spectrum characteristics of water ice, thus obtaining direct evidence about
the existence of water ice on the surfaces of PSRs in the lunar poles (Figure 2-3). The
authors concluded that in the polar regions surface-exposed ice with up to ~30 wt.%
water ice content existed, underlining the potential for water ice mining within the PSRs
of the Moon.

Together with in-situ measurements conducted from the Chinese Spacecraft (S/C)
Chang’E5 (Lin et al. 2022), the only direct evidence of the presence of water ice on the
moon so far was acquired during the LCROSS S/C launched with the LRO. After the
impact of the Centaur upper stage on the lunar surface in the Cabeus crater on the
lunar south pole, detection results showed that the water ice content in the lunar soill
was 5.6 + 2.9 wt.% (Gladstone et al. 2010; Colaprete et al. 2010). A summary of the
total water vapor, ice, and ejecta dust can be seen in Table 2-1.

Table 2-1: Summary of the total water vapor, ice, and ejecta dust in the near-infrared instrument field
of view of the LACROSS mission (Colaprete et al. 2010)

Water mass (kg)

Time (s) Vapor Ice Dust mass (kg) Water wt.%
0-23 824+ 25 58.5+8.2 3148 + 787 45+14
23-30 245+8.1 131+8.3 2434 + 609 6.4+1.7

123-180 525+26 158+2.2 942.5 + 236 7.2+1.9

Average 53+15 68+£10 2175 + 544 56+29
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Furthermore, water molecules have also been recently found outside the PSRs.
According to Honniball et al. (2021), the latter was identified with the help of the
NASA/DLR Stratospheric Observatory for Infrared Astronomy (SOFIA) on lunar sunlit
regions via its spectral signature at 6 um (Pieters et al. 2009; Clark 2009). Before that,
widespread hydration was inferred to be present on the lunar surface though
observations of a characteristic absorption feature at 3 um, yet the hydration could not
be distinguished between molecular water or other hydroxyl compounds using the 3
pum band (Mcintosh et al. 2017). In another study regarding the distribution,
abundance, and origins of water on the surface of the Moon, Li and Milliken (2017)
estimated lunar regolith outside of PSRs to have a water ice mass content of 0,1-1
wt.%.

Even more, Hayne et al. (2021) proposed that big amounts of water ice, in addition to
the large PSRs, can also occur in many unmapped micro cold traps on small spatial
scales from 1 km to 1 cm. The authors conclude that approximately 10-20 % of the
permanent cold trap area for water ice is found to be contained in said micro cold traps.
It may be assumed, that the regolith is containing similar water ice mass content like
the PSRs of ~5 wt.%.

2.1.2 Form and Distribution of Water Ice

The preceding studies suggest that there exist water ice resources on the Moon,
particularly in the polar regions, and a significant reserve of water ice could be
expected within the PSRs. Yet, it is currently still largely unknown, in which form the
water ice occurs both on the lunar surface and subsurface and how it is distributed
both lateral as well as vertically.

Researchers discovered that there could be multiple types of lunar water using various
detection methods. Some water is assumed to be pure blocky ice in the PSRs at the
poles (Calla et al. 2016; Spudis et al. 2013), whereas it can also occur as an ice-lunar
regolith mixture (Mitrofanov et al. 2010). Using secondary ion mass spectrometry to
examine Apollo samples obtained in the 1960s and 1970s, some researchers
discovered that there was some water ice present in the form of hydrated minerals and
that it was distributed across the whole lunar surface (Basilevsky et al. 2012). In a
work, which is still in preparation, Cannon (2020) also investigates the potential
physical textures of ice and regolith in lunar cold trap environments, as seen in Figure
2-4. To know the occurrence and physical state of water ice is important to determine
the optimal way to both extract and sample it.
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Figure 2-4: Potential physical textures of ice and regolith in lunar cold trap environments (Cannon
2020)

Regarding the vertical distribution of water ice, Gladstone et al. (2010) first suggested
that there may be a potentially desiccated layer of regolith of several tens of cm. This
claim is also backed by eg. Reiss et al. (2021), who investigated the dynamics of the
subsurface migration of water on the moon. The authors conclude that, while some
water bound to the lunar soil is being released by the daily temperature cycles on the
Moon and lost to space, a portion of it is transported to deeper layers in the regolith,
which is mainly driven by temperature gradients and being called water pumping
mechanism (Reiss et al. 2021). Cannon and Britt (2020) on the other hand mainly
consider impact gardening as a modifying process that drives changes in the water ice
distribution by building stochastic impact simulations. The authors concluded, that ice
water ice concentrations should eventually become fairly homogeneous and are
distributed randomly rather than being clustered like in Earth-like ore bodies (see
(Cannon and Britt 2020).

Thick ice layer deposited
by large impact

Space weathering erodes ice

Impact gardening disperses intact
layer, drives ice deeper

Dynamic surface layer
Desiccated layer
Ice-rich regolith at depth

Deposit Evolution

Figure 2-5: Schematic cross-section showing the evolution of polar water ice deposits (Cannon and
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Britt 2020)

Considering the different possibilities in water ice occurrence on the surface of the
moon, Cannon and Britt (2020) have also focused on identifying extraction locations
and developing an “ice favorability index” to predict the water ice distribution on the
Moon. Yet, as the various works described previously show, the form, distribution,
composition, and quantity of water ice on the Moon remain largely uncertain. This
uncertainty has created a great hindrance in establishing a business case for the lunar
water ice extraction (see chapter 3.1).

2.1.3 Future Exploration Missions

The only way to reduce this uncertainty is by obtaining more ground-truth data by
drilling exploratory boreholes in and outside the craters. While the interest in space
resources and exploration technologies, often with a focus on the moon, has highly
increased, several prospecting missions have been planned.

Among others, as part of the Artemis program, NASA recently announced sending The
Regolith and Ice Drill for Exploring New Terrain (TRIDENT) first in the Polar Resources
Ice Mining Experiment-1 (PRIME-1) likely to be launched in 2023 and as well onboard
the Volatile Investigating Polar Exploration Rover (VIPER) in late 2024 to the lunar
South Pole to drill up to 1m deep, excavate and analyze the in-situ water ice on the
Moon (Loff 2019). During its 100-day mission, VIPER is going to be the first-ever
resource mapping mission on another celestial body, collecting data on where the
Moon’s ice is most likely to be found and easiest to access. For that, the rover will also
go into the PSRs, determining the distribution, physical state, and composition of the
water ice deposit, also providing inside into the origin of water and other volatiles
across the solar system (NASA 2022b).

Also, the European Space Agency (ESA) presented the Package for Resource
Observation and in-Situ Prospecting for Exploration, Commercial exploitation, and
Transportation (PROSPECT) (ESA 2019), originally planned to fly aboard the Russian
lunar lander Luna 27 in 2025 but is now flying with an US lunar lander later this decade.
PORSPECT is set to additionally targets the characterization of water isotopes to
obtain information on the resource’s origins and emplacement process.

The China National Space Administration (CNAS) with their mission Chang’E6, the
Chandrayaan-3 mission from the Indian Space Research Organization (ISRO), and
the Japan Aerospace Exploration Agency (JAXA) with the Lunar Polar Exploration
(LUPEX) have announced similar drilling campaigns to be launched within the next five
years.

2.2 State of the Art

In this subchapter, the state of the art about existing thermal water extraction methods
on the Moon are presented and analyzed. Water collection on the Moon, especially in
the PSRs, poses engineering challenges due to the very harsh environment, requiring
extraction scenarios that are unique to the lunar surface.

To extract the water via a thermal method, multiple steps are needed. First, the regolith
needs to be heated until volatiles are outgassing from the sample. In the context of
water ice, this can be applied to either loosely absorbed water molecules, ice particles,
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or also water trapped inside minerals, with various degrees of heat needed for each.
(see chapter 2.1) Then, the newly formed water vapor has to be contained in a
protected environment or a reaction chamber and lastly captured either by the means
of depositing it in a cold trap or via other methods.

2.2.1 Existing Thermal Water Extraction Approaches

There are several different approaches to realizing an extraction of lunar water ice from
the regolith. Table 2-2 provides an overview of the methods and technologies required
in a lunar mission for this purpose. For the applied context, specific methods may be
more advantageous that others, which will be qualitatively discussed in the following.

Among others, Kornuta et al. (2019) distinguish between two major differences when
it comes to the thermal extraction of water from lunar regolith. On the one hand, there
are In-Situ methods (Duke et al. 1998; Sowers and Dreyer 2019; Brisset et al. 2020;
Schieber et al. 2022), leaving the regolith mostly in its original state and extracting
water directly from the regolith on the lunar surface, and on the other hand excavation
methods (Mueller et al. 2013; Zacny et al. 2012; Just et al. 2020; He et al. 2021), where
the regolith is firstly mined before being heated afterward.

In-Situ extraction methods again can be divided, mainly by the form of heating. While
one concept uses a heated dome or tent for heating the regolith only above the surface,
another method additionally uses drills or metal rods with integrated heaters inserted
under the regolith under the dome. This is done to access and heat a larger volume of
regolith at greater depths and should consequently allow for more water to be extracted
faster, at the cost of increased complexity to the design. In both cases, the dome can
either be heated by sunlight or any other electrical source. The heat sublimates ice into
water vapor escaping from the surface. The latter is then captured by the dome, which
is sealing the heated surface from the outside environment to minimize losses before
it is vented though openings into cold traps outside the dome where it refreezes. Once
the cold traps are full of frozen vapor, they can simply be replaced and transported to
a central processing unit for further treatment. (Sowers and Dreyer 2019) A conceptual
illustration of the in-situ thermal mining concept can be seen in Figure 2-6.

According to Sowers and Dreyer (2019), critical functional steps for In-Situ thermal
mining are:

1. Sublimation of ice and transport of water vapor through the subsurface.
2. Confinement and transport of the vapor to cold traps.

3. Passive cooling of the cold traps.

4. Power delivery for surface and (optional) subsurface heating.
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Figure 2-6: In-situ thermal mining concept (Sowers and Dreyer 2019; Kornuta et al. 2019)

Alike to In-Situ methods, Excavation methods can be further distinguished, since
regolith can either be mined per batch or also continuously (Just et al. 2020). The
former, which is also called discrete excavation, requires the icy regolith to be fed in a
crucible or reaction chamber before being heated. It is characterized by the need to
break contact with the soil in between cuts to clear the cutting surface or to dump the
excavated material (single large bite). Examples are front loaders, dozers, or backhoes
(Skonieczny et al. 2016).

Continuous excavators on the other hand are systems, where multiple cutting surfaces
are continually in contact with the soil and multiple cuts are possible. Once one cutting
surface or bucket has gathered enough soil, it then clears the contact area while the
next cutting surface has already started accumulating soil (multiple small bites).
Examples include bucket wheels or augers. (Just et al. 2020) A possible excavation
and heating method combination is seen in Figure 2-7.

I Sample holder
Heater /
(wire not shown) \

Sample ‘ I

Figure 2-7: Possible combination for crucible heating with a heating chamber setup (left) (Reiss
2018b) and a bucket drum excavator to deliver the regolith (right) (modified from Just et al.
(2020)

When looking at the current literature regarding excavation methods, especially
continuous excavators in the form of different drills and augers are in the focus of
scholars (Zacny et al. 2012; Vendiola et al. 2018; Pelech et al. 2019; Kornuta et al.
2019; He et al. 2021), with two major different principles standing out. Both apply heat
to water-bearing regolith and flow extracted water vapor to a low-temperature
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condenser (cold-trap) for deposition. The primary distinction between the approaches
is one uses a coring auger to drill and heat the regolith within the borehole (Figure 2-8)
while the other utilizes a deep-fluted closed auger to bring cuttings to the surface for
heating within a closed, sealed vessel. In these and similar concepts, the total energy
required for extraction is driven by the latent heat of sublimation for water rather than
sensible heat exchange with the hardware or regolith, overcoming heat loss or other
inefficiencies, or drilling energy (Kornuta et al. 2019). An extensive overview of the
several excavation methods, yet not necessarily linked to thermal water extraction, can
be found in Just et al. (2020).

Cold trap

Cold trap

; Dual wall Metal sleeve
lcy regolith coring auger with heater
insulated
(insulated) Icy regolith

Figure 2-8: Consecutive water extraction systems with heating inside the borehole: heated deep-fluted
auger (left) (based on He et al. (2021) and heated dual wall coring auger (right) (based on
Zacny et al. (2016)

Compared to In-Situ methods, Excavation methods require the transport and handling
of large volumes of regolith, which drives up the mass and power requirements.
According to Just et al. (2020), this leads to two significant issues: (1) the geotechnical
properties of the lunar regolith (including chemical composition mineralogical makeup,
possible ice, or other volatile content) (Colwell et al. 2007) and (2) the gravity conditions
on the Moon (1/6 of Earth’s gravity). This is even emphasized by Gertsch (2006) and
Pitcher et al. (2016), who stated that especially the amount of water ice within prepared
samples of lunar regolith strongly affects the excavatability of the material. The authors
came to the result, that the higher the wt.% of water ice in the regolith, the more difficult
it is to excavate it.

Yet, on the other side Excavation methods are capable of extracting water at a range
of depths and locations in various forms. Also, tight control over the volatile
temperature and flow is possible and due to the naturally low thermal conductivity of
the lunar regolith, heat transfer within the soil can be facilitated. (Zacny et al. 2012;
Kornuta et al. 2019)
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Table 2-2: Summary of viable thermal water extraction methods on the Moon

Principle Extraction method Source
In-Situ Heating through Heated dome/tent with heated (Sowers and Dreyer
surface drills 2019; Brisset et al. 2020;
Song et al. 2021)
Heating above the Heated dome/tent (Sowers and Dreyer
surface 2019; Brisset et al. 2020;
Wasilewski 2021b;
Schieber et al. 2022)
Excavation Discrete heating Icy regolith fed in a sealed (Reiss 2018b)

Continuous heating

Discrete heating

crucible and heated

Icy regolith fed in e.g. auger and
heated within the borehole

E.g. closed auger to bring

(Vendiola et al. 2018; He
et al. 2021)

(Zacny et al. 2012; Zacny

cutting to the surface for heating
within a sealed vessel

et al. 2016)

Alternative water extraction designs

Alternative water ice extraction concepts are e.g. the ablative arc mining concept
proposed by Greig (2021) or also the rocket mining concept presented by MASTEN
(2021) in cooperation with Honeybee Robotics. The former relies on an electric arc to
ablate and ionize surface material, which then can be sorted by mass into material
groups and transported to a relevant collector by electromagnetic fields. By sing a
magnetic field to separate volatiles, this technique can readily apply to any regolith
constituent, including water and metal ions, in a single system architecture. This brings
multiple advantages compared to typical thermal mining concepts, yet the proposal is
still low in technological readiness. (Greig 2021)

The rocket mining concept on the other hand utilizes a rocket engine under a
pressurized dome to enable a comparably deep cratering below the lunar surface.
During this process, ejecta from multiple rocket firings blasts up into the dome and gets
funneled through a vacuum-like system that separates ice particles from the remaining
dust and transports it into storage containers. The small, low-mass system, including
the rocket fuel, engine, collapsible dome, and storage containers, can be attached to
a rover and delivered to the Moon on lunar landers. (MASTEN 2021)

Furthermore, another interesting approach developed by Metzger (2020) called Aqua
Factorem simplifies the system architecture to extract lunar water to the minimum, by
assuming the water ice to be present as ice grains since micrometeoroid bombardment
has had already broken down most of the solid material in the upper lunar surface.
Additionally, due to the very low temperatures in the PSRs, the ice grains are hard as
granite. Yet, while still being mixed with all the other materials, a simple, ultra-low-
energy grain-sorting process can extract the ice without phase change (Metzger 2020).
All of the above-described alternative water extraction methods were proposed at
NASA'’s “Break the Ice Lunar Challenge” (NASA 2022a; Vetcha et al. 2022).
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For the actual extraction of lunar volatiles like water ice, the heating method of choice
often is electrical heating. While the focus of this work is not to assess the different
heating options, only a short overview of the latter is given. While electrical heating, be
it via conduction or radiation, can be applied to any sample, other methods such as
microwave heating, laser heating, or solar heating have been addressed in the past,
but for scientific instruments in the scope of planetary exploration, having found only
limited applications.

2.2.2 Heating Methods for Thermal Water Extraction

Microwave heating generally is a much faster and more energy-efficient process
(Taylor and Meek 2005), but it is more challenging to achieve a controlled heating of
the regolith. There are also controversial opinions regarding what causes the regolith
to couple with microwave radiation: ilmenite content, nanophase iron (Taylor and Meek
2005), and particle shape (Barmatz et al. 2013) are possible explanations. Because of
the difficulties in controlling the heat, microwave heating is more applicable where only
high temperatures need to be achieved in one single step, for instance for 3D printing,
which includes sintering and melting of the regolith (Pereira et al. 2020). Nevertheless,
research is still being conducted looking into the potential of microwave heating for
lunar volatile extraction (Kulkarni and Abhang 2021).

Another method is solar heating, with the advantage that no power supply is required.
Additionally, an increased system complexity might have to be considered, because
solar light needs to be focused with lenses or mirrors, which are difficult to maintain
dust-free in the lunar environment (Sowers and Dreyer 2019).

Laser heating also only applies to the top surface of a sample and hence requires
mixing if a bulk sample shall be heated. Gustafson et al. (2010) have applied laser
heating as a precursor for solar heating on regolith for the demonstration of the ISRU
process of carbothermal reduction. Other heating possibilities like eg. convection using
steam or a different gas, or also recuperative heat were not investigated.

2.2.3 Existing Simulation Approaches

In recent years, several studies investigating the thermal properties of icy planetary
materials concerning heat and mass transfer have been published. Since such
analyses highlight difficulties and knowledge gaps in exploration and extraction, this is
especially intriguing for upcoming thermal mining operations, yet the work conducted
on this topic is still very limited.

Thermal models describing the basic thermophysical properties of lunar soil are around
since Apollo brought back the first regolith samples. Amongst others, especially
Schreiner et al. (2016) and Hayne et al. (2017) provide adequate overviews of the
topicality. Reiss (2018a) and Biswas et al. (2020) both developed a model to predict
volatile evolution in the context of sampling lunar rovers. Especially Reiss (2018a)
provided a sophisticated thermal conductivity model, including interdependencies of
gas and solid conductivity, and displayed a comprehensive mass transfer model
including sorption processes. Closely related to this model is also Smolka (2021).
Similar studies have been conducted by Hudson et al. (2009) and Siegler et al. (2012)
for martian regolith. Yet, at cryogenic temperatures (< ~80 K) and especially at PSR
temperatures, which can get as cold as 20-40 K (Martinez and Siegler 2021),
conventional assumptions on thermophysical properties of regolith for the description
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of thermal transport break down and additionally, the heat transport process through
the mixture of crystalline and amorphous components is not well understood (Biele et
al. 2022). Among others, this was addressed by Woods-Robinson et al. (2019), who
estimated the thermal conductivity for either crystalline or amorphous endmember
lunar materials valid for temperatures down to ~15 K.

Based on that, some scholars have started working on different modeling approaches
for the thermal extraction of water ice. Early simulation studies covering mainly the
heat transfer process in icy deposits are presented by e.g. Fanale et al. (1990), Gori
and Corasaniti (2004), or Hecht (2006). More recent studies are e.g. from Metzger et
al. (2020), who examined the evolution of water ice in the context of sampling lunar
rovers applying an extraction concept similar to the “corer”, which is a double-walled
heated auger first presented by Zacny et al. (2016). The heat transfer model presented
by the authors follows a novel approach and is based on the Crank-Nicholson
algorithm. Brisset et al. (2020) investigated an in-situ extraction method supplemented
by heated rods to facilitate the conduction with a coupled heat and mass transfer and
simplified water vapor model. Yet, the authors only made some course approximations
for some major thermophysical properties of the lunar regolith. For the corresponding
literature, especially the applied value for the thermal conductivity of lunar soil is
unrealistically high, which is expected to fundamentally alter the compiled results of
the study. The same extraction method was modeled by Song et al. (2021), who also
included the collection of water vapor after the withdrawal. Still, the combined heat and
mass transfer model is greatly simplified. Another concept for in-situ thermal extraction
was examined by Schieber et al. (2022), which differs from previous works as the
secondary optics were eliminated and replaced with a highly absorptive ceramic that
transfers heat to the icy regolith. Concerning the mathematical approach in calculating
the coupled heat and mass transfer mechanisms, this model is comparable to Reiss
(2018a) and extended for icy regolith.

However, none of the described models cover the migration of the phase change
interface, or sublimation front, sufficiently, resulting in a significant knowledge gap. This
problem is first tackled by Wasilewski (2021b), who focused on the behavior of said
interface, namely its location, velocity, and acceleration in various scenarios, in a PSR
environment during surface thermal mining. Table 2-3 provides an overview of the
existing simulation approaches to the goals of this work. Further information on the
evaluated criteria can be found in chapter 4.
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Table 2-3: Overview of existing simulation approaches concerning the goals of this work.

(Woods-Robinson et al. 2019)

(Wasilewski 2021b)
(Reiss 2018a)
(Smolka 2021)
(Sesko 2021)
(Schieber et al. 2022)
(Brisset et al. 2020)
(Song et al. 2021)
(Metzger 2018)
(Metzger et al. 2020)
(Hayne et al. 2017)
(Schreiner et al. 2016)
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2.3  Scientific Gap

ISRU is believed to be the decisive factor in making long-term and sustainable space
exploration feasible. Especially water is an essential resource, which is not only
needed for life support applications but is also a source for S/C propellant (see chapter
1.1). The theoretical framework presented in the last chapter, which examined the state
of water on the Moon as well as the State of the Art in thermal water ice extraction
designs and methods, revealed several knowledge gaps in literature in consideration
of the goals of this work, which are being summarized in the following.

Regarding the state of water on the moon, there is an obvious lack of ground truth data
specifying both the lateral and vertical distribution (discrete or continuous), the quantity
(concentration), and quality (pure water ice or contaminated), and thus resulting the
technical recoverability of the water ice residing beneath the Ilunar surface.
Furthermore, it is not known how the water ice is specifically mixed with the lunar
regolith on a molecular basis, which has a huge impact on the thermophysical
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properties of the mixture, making it hard to investigate thermal extractability with
reasonable fidelity. (see chapter 2.1.1)

Yet, scholars have presented several experimentally and simulation-backed designs
for thermal water extraction, which can mainly be distinguished between In-Situ and
excavated methods. The missing ground-truth data is also the major limitation in
modeling the thermophysical properties of the lunar regolith. Thus, existing simulation
approaches often use strongly simplified values as well as make different assumptions
regarding those values, making it hard to validate and compare the simulations.
Especially for cryogenic temperatures, which are apparent in the PSRs and where a
huge amount of lunar water ice is expected, conventional assumptions, which are often
based on the returned Apollo samples are not valid. Furthermore, investigating and
assessing existing simulation approaches of thermal water extraction showed, that
there is no common ground in calculating the dynamically changing material properties
during the phase change due to the desired sublimation of ice into vapor as well as
mass transfer mechanisms of the generated water vapor though the regolith,
consisting of both advection/convection and diffusion. (see chapter 2.2.3)

To be able to make a more precise statement about the state of lunar water ice and its
implications on the thermophysical properties of the regolith, more ground-truth data is
needed, with VIPER being the next prospecting mission in line on its way to the Moon
in late 2024 (NASA 2022b). Independent from the data that is thought to be gained
through those missions, the literature research made it clear that there is also a major
gap comparing and assessing different thermal extraction methods with each other to
determine the best method for certain scenarios regarding e.g. their total water yield
or also their energy efficiency. Furthermore, in addition to a quantitative evaluation,
factors like complexity, reliability, development costs, design lifetime, or also the water
ice accessibility of different methods can be assessed as well (see chapter 3.3).
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3 Mission Context

After presenting the theoretical framework according to the state of water on the Moon
and possible thermal lunar water extraction designs and simulation approaches found
in recent literature, this chapter presents the scenario chosen for this thesis in section
3.2. Yet first, a quick introduction to potential business cases and cost estimates for
lunar water mining is given. This provides a reference on the required total water yield
per year to make lunar thermal mining economically viable. Thus, the results of the
simulations conducted in this work can be compared and optimized according to an
overall business objective. From both the initial business cases and the scenario
chosen, a top-level requirement list can be derived. Furthermore, since multiple water
extraction designs are investigated, a feasible comparison method is presented.

3.1  Lunar Water Mining Business Case

So far, the driving motive of space exploration has been mainly for geopolitics, for
simply prestige via successful space activities, or nations striving for military
advantage. Only a few sectors like the communications satellite industry have been
motivated by economic reasons, yet its proportion is rather small. This is simply due to
the reason that it is difficult to be profitable as a purely commercial space venture,
which is not government-funded. Two main challenges arise: On one hand, a revenue
stream comes from customers who are willing to pay for a product. Said customers
ultimately reside on earth, which leaves a space-related company facing the problem
of how to deliver value to its customers. On the other hand, space activities, in general,
are connected to exorbitant costs due to very hostile environments, vast distances
between places of interest as well as the deep gravity well on earth. (Sowers 2021)

Yet, the key to persistent and sustainable development in space is being economically
profitable. While the idea of using space resources has been postulated for many
years, which lots of start-ups focusing especially on asteroid mining to pursue them for
precious metals, its technical progress is still very limited. The scientific discovery of
water near the Moon's poles has pushed the trend towards water as the first
commercially viable application of space resources, representing a more plausible path
to viability. (Kornuta et al. 2019) For instance, the Luxembourg Space Agency (LSA)
commissioned a study that predicted potential earnings from space resources of
73-170 B € starting with lunar water in the years 2018-2045 (LSA 2018).

For the idea of “living off the land” to be commercially sustainable, the cost of producing
the resources locally must be affordable and eventually less expensive than the cost
of obtaining them from Earth. The two major cost elements specifically contributing to
the operation of a lunar ISRU-type facility are the initial transportation cost, i.e. the cost
of bringing the equipment to the lunar surface as well as the costs related to sustaining
the operation of the equipment on the Moon. Since the cost of any infrastructure on
the Moon is mainly determined by the transportation cost, which is currently in the order
of 1 M$/kg, even reducing this figure in the future by technical advances, transportation
costs will continue to be the dominating cost element. (Seidel et al. 2021)

Several scholars have investigated potential business cases and cost analyses for in-
situ propellant production on the Moon (Charania and DePasquale 2007; Jones et al.
2019; Kornuta et al. 2019; Bennett et al. 2020; Sowers 2021), yet with respective very
different conclusions. For the evaluation, indirect revenue streams by establishing
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permanent settlements and advanced infrastructure on the Moon have been
neglected, and only propellant production through electrolysis is considered for the
respective case. This results in an in-situ water extraction requirement of
approximately 1.5 tons for producing 1 ton LO2/LH2 propellant, by taking into account
the oxidization happens with a mass ratio of approximately 5.35-1 and water comes in
the ratio of 8-1 (Kornuta et al. 2019).

As already mentioned, both the gravity well of Earth as well as vast distances are the
main drivers for the transportation cost of space activities, which is underlined by the
famous rocket equation. To put it simple, the further you want to travel in space without
being able to refuel your S/C, the more propellant you must take with you, also further
increasing your fuel consumption due to the higher mass. Thus, in-situ propellant
production could drastically cut the costs required for space activities in cislunar space.
(Sowers 2016)

Regarding certain customer scenarios, Kornuta et al. (2019) distinguish between a
possible customer on the lunar surface (eg. supporting mid- to long-term lunar bases),
at the first Earth-Moon Lagrange point (EML1) (eg. gateway to operate a Mars base)
or in further cislunar space in Low Earth Orbit (LEO) to Geostationary Orbit (GEO)
range.

Initial lunar surface customers will likely be a reusable crew or cargo shuttle cycling
between the surface and the lunar gateway, as it is planned with the Artemis program
by NASA (Smith et al. 2020). According to Kornuta et al. (2019), on an abstract level,
assuming two crewed flights requiring 25 MT of propellant each, and an additional
cargo flight expecting to burn about 50 MT of propellant, the resulting demand would
amount to 100 MT per year, which would require to extract about 150 MT of water.

A customer scenario for EML1 could be that the lunar gateway is used as a staging
area for a Mars mission, which could demand a total propellant demand of 140 MT/year
at EML1 translating to a total amount of 280 MT/year propellant at the lunar surface
and thus 420 MT/year water to be mined (Cichan et al. 2017).

Refueling operations of upper-stage vehicles in LEO would empower the S/C to a
super heavy lift to GEO and even further. While there could be demand for up to three
of those maneuvers per year, each requiring up to 70 MT of propellant, the total amount
that would be needed in LEO amounts to 210 MT/year. Accounting for the
transportation from the lunar surface to LEO, the demand increases to 1260 MT/year
on the lunar surface, again translating to an approximated requirement of 1880
MT/year of water to be mined. (Kornuta et al. 2019) Serving all the presented initial
customer scenarios simultaneously, a total amount of 450 MT/year propellant is
required at various locations (lunar surface, EML1, and LEO), translating to a total
amount of 1.640 MT/year propellant that must be produced on the Moon, which
equates to 2.450 MT/year of lunar water that must be extracted. A summary of the
respective propellant requirements for the different customer scenarios is provided in
Table 3-1.
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Table 3-1: Propellant and water demand for initial lunar propellant customer scenarios

Customer Scenario Propellant demand Propellant demand Water demand @
@ customer location @ lunar surface lunar surface

NASA Lunar Crew 100 MT/year @ lunar 100 MT/year 150 MT/year
surface

Mars Base Camp 140 MT/year @ EML1 280 MT/year 420 MTlyear

LEO to GEO Upper 210 MT/year @ LEO 1.260 MT/year 1.880 MT/year

Stage Refueling

SUM 450 MT/year 1.640 MTl/year 2.450 MTl/year

On the question of whether lunar in-situ propellant production is economically
reasonable, there is still no common ground in literature. Recent and widely accepted
work conducted by Kornuta et al. (2019) and Sowers and Dreyer (2019; 2021) are
indicating that once established, the lunar-sourced propellant will dramatically reduce
the cost of all beyond LEO space activities and potentially enable other profitable
commercial ventures to emerge, with the cost for in-situ produced fuel on the lunar
surface being a factor of 70 times cheaper than transporting it from Earth. A
comparison of propellant costs from Earth as well as from the Moon is provided in both
Table 3-2 as well as Figure 3-1.

On the other hand, according to Charania and DePasquale (2007) the propellant price
on the lunar surface, which is locally produced is calculated to be as high as
35.300 $/kg, providing no noteworthy reduction of the cost compared to propellant from
Earth. Another recent study conducted by Jones et al. (2019) even stated a value of
101.000 $/kg for lunar-produced fuel in cislunar space at EML1, being 100 times higher
than the price stated by Kornuta et al. (2019) lunar produced fuel and still over 8 times
higher even than propellant from Earth.

The reason for the huge differences in cost calculations lay among others in different
mission architecture approaches and assumptions and even business models. While
eg. Sowers (2021) used a thermal mining architecture that is intended to be minimal
economically viable, was not accounting for the development costs of its space
transportation system, and assumed a PPP model that leverages both public and
private sources of capital, the study by Charania and DePasquale (2007) assumed a
completely private venture, including development costs for transportation as well as
relying on excavation for the water extraction. The study by Jones et al. (2019) on the
other hand was specifically conducted to determine the cost-effectiveness of lunar
propellant for a Mars mission, from the perspective of a complete government-run Mars
program. With the rise of “New Space” and the ongoing commercialization of Space
Systems, the development, and introduction of new transportation systems (e.g.
Starship) are yet considered to further reduce the costs from Earth.
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Table 3-2: Propellant cost estimates from both Earth and the Moon (Kornuta et al. 2019)

From Earth From Moon
Earth Surface $ 1/kg -
LEO $ 4.000/kg $ 3.000/kg
GTO $ 8.000/kg $ 1.500/kg
GEO $ 16.000/kg $ 1.500/kg
EML1 $ 12.000/kg $ 1.000/kg
Lunar Surface $ 36.000/kg $ 500/kg
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Figure 3-1: Propellant prices in Cislunar Space (Kornuta et al. 2019; Sowers 2021)
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3.2 Scenario description and Use cases

Consonant to the thermal extraction methods already apparent in literature and
presented in chapter 2.2.1, a total of three different designs will be investigated in more
detail within this work, while two of them belong to in-situ methods and the remaining
one involves regolith excavation, as can be seen in Figure 3-2.

In-situ extraction — Heated dome

baseline: w/ heating rods:
—> —>
To . To
ggg | capturing %% \ capturing
il gy system f9 771 | subsystem
Icy-regolith Icy-regolith

Excavated extraction - Crucible

T
S e

glcy-regolith capturing
subsystem

Legend: ww Heater gWatervapour E Drill + Heater

Figure 3-2: Overview of the investigated designs

The latter consists of a cylindric heating chamber with heating being applied to the
lateral surface, in which the regolith is fed after being excavated. For the in-situ
extraction, there is one version with just a dome to seal off the environment and a
homogeneous and continuous surface heater, and another improved and more
complex version with heating rods placed deep inside the regolith to facilitate the heat
transfer. For each configuration, the total power input for the heating is kept constant
(see chapter 5.1). To be able to extract the water ice from the lunar regolith without
manipulation of the soil, it must be brought to vapor form, so it can outgas through the
pores out of the ground. Due to high vacuum conditions on the lunar surface, this can
be feasible via sublimation, thus the phase change from the solid state of water directly
into the gas state, without passing though the liquid state (Figure 3-3).

The focus of the simulations only lies on the thermo-fluidic processes. External
architecture or infrastructure normally needed to conduct nominal operations, eg. an
excavation system, will not be considered, yet their impact will be discussed
qualitatively.
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Figure 3-3: Phase diagram for water displaying the temperature and pressure-dependent boundaries
between the solid, liquid, and vapor phases (Zhang et al. 2015)

Thus, the designs follow a minimal economically viable approach similar to the one
proposed by Sowers (2021). By being self-supported systems, the likelihood of a quick
and near-term system deployment is increased, also having a positive impact on
overall costs, complexity, and reliability.

Furthermore, since water ice is expected to occur in three different geographical
scenarios on the Moon, it can be varied between different use cases for thermal water
extraction (see chapter 2.1):

Use Case 1: Conduct thermal water extraction within PSRs inside craters at
the lunar poles

Use Case 2: Conduct thermal water extraction within so-called micro cold
traps

Use Case 3: Conduct thermal water extraction outside PSRs in partly sunlit
areas

For the respective cases, different thermophysical properties of the regolith-ice mixture
and ambient conditions are expected. The highest water concentrations and at the
same time lowest temperatures are thought to be within the PSRs, with water wt.%
around 5 wt.% (Colaprete et al. 2010; Cannon and Britt 2020) (highest concentrations
are believed to be up to 30 wt.%) as well as temperatures as cold as 40 K (Li et al.
2018). Inside micro cold traps, temperatures are expected to be a little higher but sill
still cryogenic (in the range of 40-100 K) (Sefton-Nash et al. 2019) and similar water
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concentrations of around 5wt. % (Hayne et al. 2021). In partly sunlit areas,
temperatures can exceed 110 K, and thus water is only expected to be in molecular
form mostly trapped within other minerals (Honniball et al. 2021).

While there are various degrees of heat needed to outgas volatiles from the regolith,
depending on if water molecules are only loosely adsorbed, ice particles are present
and sublimation is needed, or the water is trapped inside minerals (He et al. 2021), for
simplification purposes it is assumed that water ice is only present as ice particles in
each use case, neglecting desorption processes or mineral breakdowns to outgas the
vapor. Furthermore, the baseline dry regolith is assumed to have the same
thermophysical properties in each case. Thus, by investigating the different use cases
in this work, only the ambient temperature, as well as the initial water content, will be
adjusted, respectively.

3.3 System Requirements and Comparison Methods

To achieve the overall objective of the work set in chapter 1.2 and in consideration of
the possible business cases and scenarios presented priorly, the high-level
requirements for the systems can be derived, which can be seen in Table 3-3.

Table 3-3: Top-level requirements for the system designs

ID Requirement

OB Perform thermal water extraction on the lunar sub-/surface.

B The system shall be able to extract at least 150 MT of water per year.

F-1 The system shall heat the water ice inside the regolith sufficiently for the ice to sublimate
and the water vapor to outgas.

F-2 The system shall be sealed to the environment to mitigate losses.

F-3 The system shall collect the water vapor.

F-4* The system shall be able to excavate lunar regolith and feed it into a heating chamber.

*only for excavation designs

The overall mission objective OB simply states that any design used shall be capable
of performing thermal water extraction on the lunar surface. From that, business
requirements B, and functional requirements F can be derived.

For a baseline business case, the first customer scenario presented in chapter 3.1 was
chosen, namely, to provide a NASA lunar crew with enough propellant to be able to
ascend to EML1 two times a year, with additional supply transportation for a lunar
settlement, resulting in a water demand of approximately 150 MT/year. Considering in-
situ surface heating, by interpolating possible water extraction yields and mining area
requirements for different water contents presented in Kornuta et al. (2019), it can be
assumed that for a water content of ~5 wt.% an area of ~6000 m?/year would be
required for that goal, resulting in a yield of 25 kg/m?. This has been taken as the
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minimum economically viable case. Other scenarios like water usage or oxygen
production for life support systems are not being considered in this work.

The top-level functional requirements directly result from the mission objective. The
whole functional process chain of in-situ thermal water extraction contains being able
to sublimate the ice and transport the water vapor through the subsurface for it to
outgas F-1, confining the water vapor to mitigate losses F-2 and transporting it to some
sort of a collection devise, like eg. cold traps F-3. In the case of using cold traps for
depositing the vapor again, dependent on the deposition rate and vapor amount,
passive or additional active cooling may be needed (Sowers and Dreyer 2019). For
excavation designs, the ability to excavate the regolith before transporting it inside eg.
a heating chamber F-4 is of course required as well. For this work, special emphasis
is put on the functional investigation of the sublimation and outgassing process F-1 as
well as setting appropriate boundary conditions for sealing the system F-2, which will
be covered by the simulations. The other functional requirements necessary for a
holistic approach will only be discussed qualitatively.

Since the in-situ and excavated extraction methods are fundamentally different in their
technology and system sizes can vary, besides the total water yield generated other
comparison methods must be introduced to be able to make a relative comparison. For
that, it can be distinguished between quantitative criteria, which can be directly
calculated and derived from the simulations conducted in COMSOL Multiphysics, as
well as qualitative factors needed for a comprehensive evaluation. Relevant qualitative
factors enabling a relative comparison are:

e Average Extraction Rate: defined as the ratio of the total water yield extracted
to the total simulated heating time

e Energy Efficiency: defined as the ratio of the total water yield to the total energy
input during the total simulated heating time

Other criteria considered for a holistic system comparison on a qualitative basis are:

e Lifetime: The system must be able to be functional as long as needed to satisfy
the demand set by the mission objective and business case.

e Complexity: The system complexity is highly interconnected with other criteria.
Greater complexity may imply an increased performance risk due to the
interaction of parts may introduce modes of failure. Furthermore, is it associated
with higher integration costs.

e Development Costs: Costs are a decisive factor for the potential of realizing
space systems. Due to still being in the concept generation phase for some of
the required technology and given the ambitious nature of the mission,
significant development costs are reasonably expected to accomplish a
sufficient technology readiness level.

¢ Reliability: Due to being very cost-intensive concerning maintenance, if even
possible, space elements should be single fault tolerance (“fail-ops”) for critical
mission functions (according to Class B NASA mission as per NPR 8705.4) to
minimize the risk associated with the accomplishment of the mission objective.

e Accessibility: Water ice accessibility determines how well or even if the system
is capable of accessing the resource. This includes lateral and vertical
accessibility.
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While those factors are not per se qualitative and adequate metrics could be derived
(eg. complexity (development time in hours), or costs (€)), the lack of present data
prevents a profound quantitative evaluation. This also implies, that the importance of

the single aspects can only be discussed subjectively, which includes any possible
interconnections as well.
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4 Heat and Mass Transfer in Lunar Regolith

Independent from the principle applied, the thermal extraction of water ice from lunar
regolith underlies the same basic physics and mathematical behavior, consisting of
both heat and mass transfer mechanisms. This chapter covers the fundamentals of
said physics and further gives an overview of lunar ambient parameters and
thermophysical properties of the regolith discussed in literature. For the heat and mass
transfer mechanisms, especially the work conducted by Reiss (2018a), Wasilewski
(2021a, 2021b) and Schieber et al. (2022) served as a baseline.

4.1  Heat Transfer
The general heat transfer equation is represented as:

aT
(pCp)effE + pgCpgu VT +V:-q=Q (4—1)

with

with the density p, the specific heat capacity C,, the temperature T, the thermal
conductivity k, the convective term u, and a heat source term Q. The index (). in
this case denotes the effective density, heat capacity, and thermal conductivity of the
lunar regolith at every timestep, considering the phase change from ice to water vapor
and thus from an icy soil (), to a dry soil ()4, With (-), accounting for the gas
properties.

The first term on the left-hand side of equation (4—1) describes the temperature
change over time within the regolith of the mixture of solid particles and gas in the
voids. The second term stands for the convective heat transfer via the gas phase with
Darcy velocity u and the third term describes conductive heat transfer though the
mixture.

For near-vacuum conditions, the contributions of the gas term, thus the convective heat
transfer, are considered to be minimal (Reiss 2018a). While the (pC,).y is in the range
of 10°, the portion of the gas term is substantially smaller in the range of 10! with an
initialization value in the order of 10~** (for C, ; = 2000 J/kgK) (Schieber et al. 2022).

Subsequently, the convective part did not account for significant thermal transfer and
was thus neglected, resulting in:

oT
(pcp)effa-l'v'q =0q (4—3)

41.1 Phase Change & Regolith Density

Since the effective material properties change over time with the sublimation of ice into
water vapor, this also must be accounted for in the calculations. The phase change
properties of the ice sublimation within the regolith are calculated with the help of two
phase indicator variables 6,, which stands for the icy phase, and 6, = 1 — 6;, which
represents the dried regolith. For the initially fully icy sample, 6, has a value of 1, as
can be seen in Figure 4-1. Thus, the regolith has been divided into two phases with
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different bulk properties (+).,. The effective density p.s, specific heat capacity C, .¢f
and thermal conductivity k. at every time are thus determined as follows:

Perf = 01Picy,p + 02Pary,p (4—4)

1 da,
Cp,eff = peff (Hlpicy,b Cp,icy + HZpdTy,b Cp,dry) + L1—>2 W (4_5)
keff = Hlkicy + Hdery (4—6)

Instead of adding the latent heat L,_,, from phase 1 to phase 2 in the energy balance

equation (4—1) exactly when the material reached the sublimation temperature T, it
T

is assumed that the transformation occurs in a temperature interval between T,,. — AE

and T, + Ag, resulting in a normal distribution of the latent heat around the phase

change temperature. This is calculated though the change of mass fraction a,,:

_ 102Pary,s = 01Picy,b
201Picyp — O2Pary.p

tm (4—7)

The latent heat is furthermore lowered by the initial wt.% of water ice in the regolith w;:
L1—>2 = L ' Wi (4_8)

82:1

Phase 2

oo J

1 1
Tpe =5 AT1oz Tpc +5 ATy,

Figure 4-1: Material phase indicators 6, and 6,, phase change temperature T, and phase change
transition interval AT, _,,

According to Hayne et al. (2017), the bulk density of the dry lunar regolith pg,.,, ;, is
dependent on the depth with approximated values of 1100 kg/m3 on the surface and
1800 kg/m? at deeper levels, with a fitted function for the density of dry regolith being
(Vasavada et al. 2012; Hayne et al. 2017):

—Z

Pary,y = 1800 — (1800 — 1100)e0.06 (4—9)

with z being the depth of the sample at any time, for z = 0 at the lunar surface.

Prior to that, Heiken et al., pp 483ff. (1991) also derived a depth-dependent porosity
term by fitting measurements from the Apollo samples resulting in
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100z + 12.2
Zt (4—10)

= 1920 — ==
Pary,p 100z + 18

This formula is also being used in a recent study regarding water ice extraction by
Schieber et al. (2022) and was thus chosen for this study.

2000
1800 f————————T=o=. —
- .
£ 1600}
= Hayne et al. (2017)
2 —-—--Heiken et al. (1991)
@ 1400 |
o) \
o
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Figure 4-2: Comparison of density and porosity fits of dry lunar regolith concerning the soil depth

The bulk density of icy regolith p;.,, is calculated under the assumption that the
additional ice in the soil accumulates uniformly within the pores of the regolith, thus
increasing the effective porosity of the sample:

Picy,b = Pary,p T Pib (4—11)
with p; , being the bulk density of the ice
Pip = Paryb " Wi (4—12)
and fgry,» = 1400 kg/m? being the average density over the sample depth.

Dry regolith exhibits significant variability and dependency of especially temperature,
pressure, and porosity, as seen in works conducted by e.g. Sakatani et al. (2018) and
Woods-Robinson et al. (2019). In the following, said parameters will be described in
more detail.

4.1.2  Thermal Conductivity Model
Dry Regolith

Over the years, a variety of thermal conductivity models for lunar regolith emerged in
literature, whereas only a few apply to very low temperatures like in the PSRs
(Parzinger 2014; Woods-Robinson et al. 2019). Heat transfer in planetary porous
media mainly occurs through three primary nodes: conduction through solid grain
contacts, radiation, and conduction through the gas. The effective thermal conductivity
is typically treated as a parallel model, where all three modes may be summed together
(Bergman and Incropera 2011). The physical contact conduction considers the area
between the particles, though heat is transferred and thus depends mostly on the
thermophysical properties of the regolith. For airless planetary bodies (i.e., low gas
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pressures), solid conduction is considered to be proportional to the radius of the
particles and is the dominant mechanism of heat transfer at cold to moderate
temperatures (Ferrari 2018). Radiative heat transfer is considered to be the
predominant form of heat transfer for coarse materials at high temperatures because
it occurs through the pore spaces between grains (Martinez and Siegler 2021).

Because of the Moon’s exosphere, the thermal conductivity of the gas can be
negligible. Thus, one of the most common models first described by Watson (1964)
simply states the thermal conductivity of a dry lunar soil sample kg, o to be the sum of
a temperature-dependent radiative terms A, as well as a temperature-independent
solid conduction term B:

karyo=4" T3+ B (4—13)

In his theoretical and experimental works, Watson (1964) mainly investigated the
thermal conductivity of airless planetary bodies in the temperature range from
150-350 K.

While conductivity values for temperatures below the Apollo 12 measurements of ~150
K were since estimated through extrapolation, previous studies indicate that the solid
conduction term may overestimate the effective thermal conductivity by at least one
order of magnitude (Woods-Robinson et al. 2019).

Models developed by Woods-Robinson et al. (2019), Sakatani et al. (2018), or also
Wood (2020), who developed his so-called MaxTC model, demonstrate that particle
size dependency is observable and enables explicit reliance on regolith thermal
conductivity on its porosity, pore size, contact size, or particle shape. Thus, the models
applied the temperature dependency also to the solid conduction term and additionally
stated the parameters to be dependent on the porosity of the regolith. Furthermore,
Woods-Robinson et al. (2019) also estimated the thermal conductivity for either
crystalline or amorphous endmember lunar materials valid for temperatures down to
~15 K. A recent modeling effort by Hayne et al. (2017) on the other hand, which has
been established as a standard model for lunar global modeling has used a thermal
conductivity model with an alternate dependence on the solid density. Another current
study conducted by Martinez and Siegler (2021) adapted the low-temperature thermal
conductivity model developed by Woods-Robinson et al. (2019) and modified the
density-dependent terms such that the conductivity profiles agree with the work from
Hayne et al. (2017), to make the model applicable in a higher temperature range,
working both at warm low altitudes and cooler high latitudes or for external heat
application, resulting in:

kdry,O = (Alpdry - AZ)T3 + (Blpdry - Bz)kam (4_14)

with the temperature-dependent term k,,,, being a fitting function, and A; — B, being
parameters modified according to match with average subsurface temperatures from
Hayne et al. (2017).

However, to also study the development of thermal conductivity during a water
extraction process over a wide range of temperatures and gas/vapor pressures, the
gas conductivity k, should also be accounted for. The driving factor for the gas term is
the Knudsen Number Kn. While for normal lunar environmental conditions the pressure
and temperature lead to Kn > 10, which results in a Knudsen Diffusion governed
transport and thus a negligible gas term concerning the total conductivity, external
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heating can change these conditions (see chapter 4.2.1). This makes it necessary to
calculate the diffusivity dynamically during the extraction process. (Reiss 2018a)

The gas term k, then should be accounted for:
kdry = kdry,o + kg (4—15)

The derivation of the gas term can be found in appendix 8B.1.

In his dissertation, after analyzing nearly 60 thermal conductivity models, Parzinger
(2014) created a semi-empirical approach and developed a model that additionally
taking not only the gas conductivity k, into account, but also the coupling of solid and

gas conduction kg, resulting in:
kary = ks + kyga + kg + kgg (4—16)

with the physical contact conduction kg, the radiation between the particles k.4, the
conduction through the gas in between the particles k, as well as the coupling of solid

and gas conduction k4. Figure 4-3 displays the importance of the single element for
the thermal conductivity value for varying temperature and pressure conditions.
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Figure 4-3: Ratio of contact, radiation, gas, and solid-gas coupling for the effective thermal conductivity

according to Reiss (2018a). The left dashed line indicates Kn = 10, and the right dashed line
indicates Kn = 0.1.

A detailed calculation of this thermal conductivity model can be found in the appendix.
An overview of the most prominent thermal conductivity models for dry lunar regolith
together with the model used in this study can be found in Table 4-1 and Figure 4-4.
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Table 4-1. Effective thermal conductivity models for dry lunar regolith (grey: model chosen for this

Equation [W/m - K]

Reference

Comment

0.716 1073 + 0.254-10710. T3

AT? + Bk, where

A=13-10"11 [Wm 1K4]

B.=(9.9-107%+9.2-1071°-92)(1 — 6)

ks =—2.03-10"1 —11.47 - T~* + 22.58 - T3
—1431-T2+342-T!
+0.01-T+280-1075-T2+3.36-1078
T3 —-1.40-10711-T*

AT3 + B kg where A = 3.31-107%%; B, = 6.35-107%;
ky=—953-10"*-T + 2.4

AT? + B, where A = 2.39-10'1; B, = 9.15-10~*

AT3 + B, where A =1.82-10710.p!8*
B, =9.40-1075 - =206

k2.7
(350K)3

AT3 + k. where A =

k,=34-10"%—-(3.4-103-74
1800kgm® — pary
1800kgm=3 — 1300kgm—3

—4

ks + Kpqq + kg + kgg Where

ho=—S ¢
ST T4+7685 Z
41-9%21 1

kse =344+ (1—0)3( Y )3ksps3

160n? s
kraa :TT
k — kgas,o
97 1+2B8 Kn

Z‘r 1000 h ‘ h '

oy = (1— 6 —Z ol | Jsiy
sg ( uc) r2m £ (kgas,iAi + ksAi)

(Blpdry - BZ)kam + (Alpdry - AZ)T3 where

B; =5.0821-107%/B, =5.1-1073;

A, =2.0022-10713;4, = 1.953-1071°

koym = —0.203297 — 11.472T~* + 22.5793T 3 — 14.3084T ~2
+3.41742T~* 4+ 0.01101T
— 2.8049E~°T? + 3.35837E°T3
—1.40021E711T*

(Cremers 1975)

(Woods-Robinson
et al. 2019)

(Sakatani et al.
2018)

(Sakatani et al.
2018)

(Sakatani et al.
2018)

(Vasavada et al.

2012; Hayne et al.

2017)

(Parzinger 2014;
Reiss 2018a)

(Martinez and
Siegler 2021)

Provides high
accuracy
approximation even
at extremely low
temperatures
(Apollo 12 fit)

Experimental fit for
JSC-1A at a bulk
regolith density of

169054
m

Experimental fit for
JSC-1A at a bulk
regolith density of

1870%
m

Power law porosity
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Commonly used
global conductivity
model for dry lunar
regolith

Taking gas
conductivity as well
as the coupling of
solid and gas
conduction into
account. (see
appendix 8B.1)

Merges (Woods-
Robinson et al.
2019) with (Hayne
et al. 2017) for a
broader
temperature range
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Figure 4-4: Common thermal conductivity models for dry lunar regolith at lunar
ambient pressures

Icy Regolith

With two-phase materials like icy regolith, thermal conductivity can be approximated
as a mixture of dry and pore-filling materials. The effective thermal conductivity may
be higher by orders of magnitude if water ice is contained within the void spaces
between particles. This can mainly be attributed to the increased cross-sectional area
for conductive heat transfer. (Reiss 2018a)

Siegler et al. (2012) differ from three different types of mixing models: 1) a volumetric
model, which assumes that ice content contributes proportionally to the overall thermal
conductivity, 2) an “ice-neck” model first introduced by Mellon et al. (1997), or 3) a
model simply based on empirical data from terrestrial soils. The latter was further
broken down by Woodside and Messmer (1961), who distinguished between
harmonic, geometric, and arithmetic models.

Even though those are approximations that can only hold in specific conditions, the
volumetric mixing model was favored by eg. Siegler et al. (2012) due to its matching
with experimental data of icy martian regolith and thus applicability for planetary icy
environments. This approach calculates the effective thermal conductivity of icy
regolith k;., as:

kicy = Kary + @kiF (4—17)

with the thermal conductivity of the dry lunar soil k,., the thermal conductivity of the ice
k; and the pore-filling fraction of the void between the particles F. The latter can be
determined by (Reiss et al. 2021):



< T

p 1
oV () (4—18)
¢V Pp;
and the porosity ¢ of the icy regolith at any time (Schieber et al. 2022):
p=1- <p aryb 4 p—”) (4—19)
pdry Pi

with the particle density of the dry regolith p,,, = 3240 kg/m?, thus the density of the
particles excluding the voids is from Apollo 15 (Heiken et al. 1991), and the particle
density of ice p; = 916.7 kgm™3 (Fukusako 1990).

The “ice-neck” model described by Mellon et al. (1997) and used by e.g. Hudson et al.
(2009) calculates as follows:

kicy = (1 = VF)kgry + VFk; (4—20)
This heavy dependence of this model on the filling fraction's square root for the thermal
conductivity leads to a particularly steep gradient for low filling fractions.

The thermal conductivity of ice is often approximated as:

488.19
ki = —— +0.4685 (4—21)

According to Bonales et al. (2017), this equation holds on extremely low temperatures
with a maximum between 2 and 9 K.

Yet, the mixing models presented are only estimates, they cannot sufficiently display
the effect of inter-granular ice on radiation, gas conductivity as well as solid-gas
interaction. Those contributions strongly depend on the way ice is formed on the
particle surface, the amount of ice, and the change of ice layers over time. (Reiss
2018a)

4.1.3 Heat Capacity

For the overall specific heat capacity of the icy regolith C,;.,, the same volumetric
mixing model has been applied (Wasilewski 2021b):
FoC,ipi + CparyPi
Cp,icy — pilFi p,dryFicy (4_22)
Perf

with the specific heat capacity C,,; of the ice and C, 4, of the dry regolith.

Overall, the heat capacity is both porosity and temperature dependent. For the dry
lunar regolith C, 4,-,, @ model from Schreiner et al. (2016) is considered to provide a

good approximation for temperature ranges between 90 K and 350 K. Other common
specific heat capacity fits for the regolith are e.g. found in Hemingway et al. (1973),
Ledlow et al. (1992), and Hayne et al. (2017). Another model by Woods-Robinson et
al. (2019) fitted Apollo 12 measurements for high accuracy at very low temperatures
of about ~15 K. The latter was also used in a recent study from Wasilewski (2021b)
and provided valuable insights for heat transfer in PSR conditions and was thus used
for this study as well. An overview of the different models for the specific heat capacity
of lunar regolith including the model used in this work can be found in
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The heat capacity of ice C,; is temperature dependent as well (Flubacher et al. 1960).
Commonly used approximations are eg. from Klinger (1981), Ellsworth and Schubert
(1983), Fukusako (1990), and Shulman (2004). The latter provides a recent
approximation valuable to non-stationary thermal processes at very low temperatures
and was thus chosen for this study and can be calculated as follows:

a2
C,; =7.73e3(1—el26107°7 (1 4 ¢=3VT . 847 .1073T*
D,

+ 2.08 - 10—7T4e—4.97-10-2T) (4—23)

Table 4-2: Overview of common specific heat approximations for dry lunar regolith (grey: model
chosen for this study)

Equation [J/kg - K]

Reference

Comments

—1.12-107'T +9.62-107?T? — 1.26 - 1073T3

+7.69-107*T*—2.37-1078T> + 2.84 - 10711T*

for 10K <T < 200K

—5.84-10* + 3.64 - 103T — 2.03T? — 4.14

+1073T3 + 3.87-107°T*
for 200K < T < 400K

—23.17 +2.13T + 1.50-107%T? — 7.37 - 107°T3

+9.66-1078T*
forT <350K

953 4+ 0.25T — 2.65 - 107 T2

for 350K < T <1500 K

3.61+ 2.74T + 2.36-1073T% — 1.23 - 107573

+8.91-107°T*

(Woods-Robinson et al.
2019)

(Schieber et al. 2022;
Schreiner et al. 2016)

(Ledlow et al. 1992;
Hayne et al. 2017)
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approximations at
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Combines
Hemingway et al.
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et al. (1984)

Common global
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Figure 4-5: Overview of common specific heat approximations for dry lunar regolith
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4.2 Mass Transfer

According to e.g. Webb (1996), Reinecke and Sleep (2002), Ho (2006), He et al.
(2013), and Schieber et al. (2020), gas transport in a porous medium can be divided
into a diffusive, further distinguished between ordinary and Knudsen diffusion, and an
advective flow. At low pressures, the transport through porous media is analogous to
gas flow within microchannels, where Knudsen and ordinary diffusion are relevant. At
higher pressures within the void spaces, advective transport is dominating (Schieber
et al. 2020).

To account for both every transport mechanism and cover the transition regime, the
general form of the Advection-Diffusion equation for mass transfer can be used. The
diffusive and advective terms for the transport, which will be further presented in more
detail in the following, can be simply added together to determine the overall gas flow
for a single species of gas (Webb 1996; Reiss 2018a):

dc
ot

with the concentration ¢, the diffusion coefficient D, the conservative convection
coefficient u, and the mass source term Q,,. For a single species flow, the
concentration ¢ can be replaced with the density of the fluid, which is in our case the
water vapor density p, (Kast and Hohenthanner 2000; Bravo 2007). For ideal gas
behavior, the latter can also be expressed according to the ideal gas law as p,; =
p/(RT). In equation (4—24) the second term on the left-hand side describes diffusion
and the third term is advection.

+ V- (=DVc —uc) = Q,, (4—24)

For microchannels and porous media, flow regimes are categorized by the
dimensionless Knudsen number Kn, which is representing the relative likelihood of
molecular collisions with other gas molecules or with a solid surface and is used as a
metric for defining continuum flow (Reiss 2018a):

A

Kn=— (4—25)

dy
with the mean free path A and the diameter of the void spaces between the particles
d,. The former can be calculated as

kT
ﬁpndﬁ

(4—26)

with the Boltzmann constant kg, the temperature T, the pressure p, and the effective
diameter of a gas molecule d,.

The Knudsen number is used to differentiate between ordinary and Knudsen diffusion.
While there is no exact definition of the boundary between these two mechanisms it is
commonly said that for Kn « 0.1, where the void spaces are much larger than the
mean free path and the flow is dominated by intermolecular collisions, ordinary
diffusion is the dominating diffusion process. Accordingly, for Kn > 1..10 Knudsen
diffusion and thus wall-molecular collisions dominate. At Kn ~1, there is a complex
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interplay between the relative effects of intermolecular collisions and wall-molecular
collisions. (Reiss 2018a; Schieber et al. 2020)

To define the boundaries more clearly, in total, the flows can be divided into four
different regimes: (1) continuum (Kn < 0.01), (2) slip (0.01 < Kn <0.1), (3) transition
(0.1 < Kn < 10), and (4) Knudsen (Kn > 10) (Socio and Marino 2006; Bravo 2007,
Schieber et al. 2020). Figure 4-6 illustrates the relevance to various applications as a
function of the water vapor pressure p, given at 400 K.

ISRU Sampling Missions Surface Missions
Continuum Slip Transition Knudsen
pg [Pa] 300.000 30.000 3.000 300 30
. ! ! ! ! ! -
Kn 0,01 0,1 1 10 100

Figure 4-6: Application relevance according to the corresponding Knudsen number for water vapor
pressures p, at 400 K (Schieber et al. 2020)

42.1 Diffusion

At normal lunar conditions, the environment pressure and temperature lead to a
Knudsen number above 10 and, thus, to a Knudsen diffusion-governed transport. If
through external heating the pressure and temperature would change, however,
transport mechanisms in the transition, slip, or continuum region could occur. This
makes it necessary to calculate the diffusivity dynamically during the water extraction
process. (Reiss 2018a)

Both ordinary and Knudsen diffusion can be described by Fick’s first law
Jp = —DVc (4—27)
with the diffusion coefficient D and the concentration gradient Vc. Ordinary diffusion

can be calculated using the mean thermal velocity v with the universal gas constant R
and the molecular weight M, which leads to (Evans et al. 1961; Jackson 2012):

A
with the mean free path 4, and Knudsen diffusion:
d

with the mean void size d,,.

The mean thermal velocity ¥ can be defined as:

’8R I
5 4—30
v m ( )

Yet, since equations (4—28) and (4—29) are only valid for parallel cylindrical voids
leading to an unobstructed path for the diffusion, the effective diffusivity has to be
calculated by taking the porosity regolith ¢ and tortuosity t into account.
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This results in the effective diffusion coefficients for ordinary and Knudsen diffusion as

2
Doerr=="Do (4—31)
and
@
DK,eff = ? ' DK (4_32)

To combine the two diffusive mechanisms, the effective diffusion coefficients can be
linked according to the” resistance in series” approach (Clifford and Hillel 1986):

11 1
Desr Doerr  Dierr

(4—33)

The porosity ¢ of the lunar regolith can be calculated with equation (4—19). The
tortuosity T expresses the deviation from a straight microchannel to a tortuous channel
that develops in the porous medium formed by particle packing. While there are various
values and models for the tortuosity of porous media like the Millington model
(Millington 1959) or Bruggerman model (Tjaden et al. 2016), the methods for
predicting T were based on the properties of the medium as outlined by Ghanbarian et
al. (2013):

T=1-p/lne (4—34)

with p, being the shape factor of the particles. Based on the lunar regolith simulant
JSC-1A, p, was reported as 0.49 for perfect spheres and up to 3.2 for very plate
particles (Comiti and Renaud 1989). Thus, p, was conservatively estimated to be 0.60
to account for the expected increase in tortuosity when compared to perfect spheres
(Schieber et al. 2020). Figure 4-7 shows the shape as well as particle sizes of JSC-1A.

*ﬂ '

Figure 4-7: Microscopic images of the lunar simulant JSC-1A, including (a) fines < 90 uym, (b) particles
in the size range of 90 um-150 um, and (c) particles that are>150 um (Schieber et al. 2020)

In the case of icy regolith, porosity, tortuosity, and void size are significantly affected
(Hudson et al. 2007). As the voids are effectively reduced, the regime for molecular
transport shifts towards Knudsen diffusion. This can be accounted for by correcting the
void size and thus the flow diameter, assuming a proportional reduction related to the
reduction in volume that corresponds to the addition of ice to the dry regolith (Schieber
et al. 2022):

dy; = d, (4—35)
¢dry
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Nevertheless, because we don’t have further knowledge regarding the exact state of
water ice within the regolith (see chapter 2.1.2), the ice can take a variety of different
shapes, making it difficult to quantify the exact implications for the transport of water
though icy regolith.

422 Advection

Another part of the mass transfer is the advective flux of the volatiles through the
porous medium. This transport can be described by Darcy’s Law, represented as:

9
Je=c-u= —C%Vp (4—36)

with the concentration ¢ and the Darcy velocity u. The latter can be calculated with the
apparent gas permeability 9, 4, the dynamic viscosity p, and the pressure gradient Vp.
(Reinecke and Sleep 2002)

In this form gravity effects are assumed to be negligible compared to the applied
pressure gradient. To account for the gas saturation, which is the fraction of the void
volume occupied by the gas, and slip effects inside of the porous regolith, which
increases the apparent permeability, its value has to be adjusted with the help of the
Klingenberg parameter b (Reinecke and Sleep 2002):

b
Uga = 9ge(1+ ;—) (4—37)

with the average pressure p.

Regarding the gas permeability of the lunar soil, LaMarche et al. (2011) conducted a
series of experiments on the permeability of JSC-1A and derived an approximation
dependent on the porosity and pore-filling fraction of the ice:

Oge =2 10~14 . p12.469:¢:(1~F) (4—38)

This is also in accord with values determined from firing tests with the Surveyor 5
Vernier engine on the lunar soil, which estimated permeability values in the range of
1Xx 1072 m2 to 7 x 10712 m?2 (Christensen et al. 1967), or other measurements with
lunar simulants conducted by (Toutanji et al. 2012), who revealed values from
3x 10713 m?to2x 1072 m? for JSC-1A and 9 x 107 * m? to 1 x 1072 m? for NU-
LHT.

While the dynamic gas viscosity u is normally dependent on the flow regime and can
be distinguished between flow in the vicious regime for Kn < 1 and flow in the free-
molecular regime for Kn>1 (Reiss 2018a), it was assumed to be
p = 0.017-1073 Pa - s according to Wasilewski (2021a).

423 Sublimation Model

For the water vapor to be able to outgas out of the regolith, it first either has to
sublimate, be deported, or be set free from being inside other minerals. Yet, since
ground truth data verifying the exact state of the water ice within the regolith is still
missing, confident statements about whether or how it is bound on a molecular basis
to the particles cannot be made. (see chapter 2.1.2) Thus, in the context of this work,
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the water ice was treated as discrete (compare Figure 2-4), and any possible sorption
processes were neglected. Thus, the vapor generation was solely based on
sublimation. Furthermore, since in this work rather high water ice wt.% are
investigated, the impact of desorption compared to sublimation is expected to be
minimal (Schieber et al. 2022).

As a result, the water vapor production rate within the regolith sample was calculated
only due to the phase change of the ice, and thus due to the change of concentration
of the ice. Thus, the mass continuity equation represents the change in the bulk density
of the ice p; , within the regolith over time:

pip
= 4—39

According to Andreas (2007) and Haynes et al. (1992), the sublimation rate S of can
be defined as:

M
S = Ppe |z (4—40)

with p,,. being the sublimation pressure, also called saturation or equilibrium pressure,
the molar mass of water M, the universal gas constant R, and the temperature T.
During the sublimation of the ice into vapor, the remaining regolith was assumed not
to settle or compact.

There are various approaches to calculating the saturation pressure at lower
temperatures (Marti and Mauersberger 1993; Fray and Schmitt 2009; Buck 1981;
Murphy and Koop 2005; Feistel and Wagner 2007; Schorghofer and Taylor 2007).
Especially the model by Murphy and Koop (2005) shows good agreement at lunar cold
trap environments with temperatures under 100 K and is used in recent works by eg.
Schieber et al. (2022) for calculating the sublimation rate. An overview of the most
prominent models for the sublimation pressure can be found in Table 4-3

Adequately, the deposition rate D of the vapor back to ice can be calculated as (Haynes

et al. 1992):
M
= /— 4—41

with p, and T, being the pressure of the water vapor. By assuming local thermal
equilibrium, T, can be equated with T.

By combining the sublimation rate with the deposition rate, the overall phase change
rate can be derived (Schieber et al. 2022):

M

Qm = Sv(ppc - pg) m (4—42)

with s, = s,, * p; , being the surface area volume of ice within each cell, and s, being

the specific surface are per mass, which was assumed to be 0.5m?/g (Heiken et al.
1991).
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Table 4-3: Common models for the sublimation pressure of water

Equation [Pa] Temperature Range Reference

5723.265 110K < T < 273.15K (Murphy and

—0.00728332-T)

1 1 N/A (Schorghofer and
Ppc = Dpe"exp | —Q/R (T - F) Taylor 2007)
t
= 61115 - ex ( 22.542(T — 273.15) ) 193.15K < T < 273.15K  (Buck 1981)
Ppe = B34 P\27348+ (1 - 273.15)

26635 ), N/A (Fray and Schmitt
Ppc =10 T 2009)
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5 Computational Setup

This chapter provides an overview of the implementation of the presented mechanisms
to the simulation models in the software COMSOL Multiphysics. In total, three different
models are built and investigated, (1) baseline in-situ surface heating, (2) improved in-
situ rod heating, and (3) heating via a heating chamber after prior excavation of the
regolith (see chapter 3.2). In the following, the respective models are further addressed
by their numbers (1), (2), and (3).

The implementation includes the geometry description as well its discretization
together with the according boundary conditions and initial conditions for each model.
Furthermore, additional assumptions and simplifications regarding the models are
presented. Afterward, further preliminary studies regarding the mesh size and the
numerical solver setup including the time step size are presented.

5.1 Implementation of the Models

5.1.1 Design variables

Following the use cases (chapter 3.2) and the system requirements (chapter 3.3), the
COMSOL simulations are carried out for varying input parameters: the water ice
content of the regolith w;, total heating power that is available @, and the surface heat
flux g.

The latter is calculated with the unit sol, which is accounted for with 1 sol = 1367 W/ -
m~2 according to a solar constant. Even though the heating function in the models is
implemented to be solution neutral, a possible option as a power source for thermal
water extraction is solar heating (Sowers and Dreyer 2019). Yet, thermal mining optics
have not been developed so far, thus actual heat fluxes may be higher if the sunlight
can be concentrated or lower to due apparent losses like flux mitigation through the
dust. The lower and upper boundaries of the power density were determined via
preliminary studies in COMSOL Multiphysics. For the in-situ surface heating, it was
found that at least q,,,;, = 0.5 sol are needed to reach sublimation of the water ice in at
least 2 cm of the soil. On the other hand, a flux higher than g,,,,, = 2 sol elevated the
regolith temperature in sintering conditions. This would not only reduce the energy
efficiency of the system greatly but also would hinder water vapor from diffusing
through the soil by fusing the regolith pores, preventing in-situ extraction. Furthermore,
this would significantly increase modeling complexity since a double-phase change
system would be needed.

The heating power Q was selected in accordance with sources commonly available for
lunar rovers like the Lunar Rover Vehicle (LRV) deployed during the Apollo missions,
which was equipped with a total power availability of ~1 kW (Lund 2018). The total
heating power was thus chosen to be in the same order of magnitude ranging from 500
W to 2500 W. The initial water ice content was set according to the findings in the
literature study in chapter 2.1, ranging from 1 wt.% up to 15 wt.%, with 5 wt.%
measured by LCROSS being chosen as the baseline scenario. Yet, while Li et al.
(2018) estimate water ice contents of up to 30 wt.%, the upper boundary for the study
was set to keep the pore-filling fraction of the ice below 0.9 for the chosen porosity due
to the volumetric mixing model applied. For pore filling fraction greater than that, either
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due to a higher regolith bulk density or more water ice, the mixing should be more
geometric (Siegler et al. 2012).

A summary of the model input variables for the parameter study can be found in Table
5-1. The values in bold represent the respective baseline scenario. Since the total
heating power Q is a design constraint, following the range of power densities
applicable to the certain case, the size of the extraction system is dependent on the
latter for the in-situ surface heating (1) (see Table 5-3). This results in a total of 33 =
27 simulations conducted for the surface heating method. For both the in-situ rod
heating (2) and the excavated design (3), for simplicity reasons a fixed system size
was chosen in that way so that the resulting power fluxes roughly match the ones for
(1). This reduced the number of simulations for the parameter study to 3% = 9 runs for
both (2) and (3). Further information regarding the geometry and sizes of the respective
models is provided in the following.

Table 5-1: Overview of the model variables for the parameter study with values in bold accounting for
the baseline scenario

Water Ice Content Heating Power Power Density
w; [%] Q [w] q [sol]

In-Situ Surface Heating  1;5; 15 500; 1500; 2500 0.5;1;2

In-Situ Rod Heating 1,5,15 500; 1500; 2500

Crucible Heating 1,5,15 500; 1500; 2500

5.1.2  Assumptions

For the main parameter study investigating the performance of the respective water
extraction methods, the heat and mass transfer mechanisms linked through the phase
change modeling had to be decoupled.

A preliminary study considering the pressure driven mass transfer equations presented
in chapter 4.2 was conducted to investigate vapor concentration and pressure
gradients in the regolith domain for the in-situ methods, indicating the outgassing
potential as well as the risk of redeposition of the vapor within the soil. This study
entailed three dependent variables, namely the temperature T, the pressure p, as well
as the concentration of the ice c; within the regolith. The modeling of the dome sealing
the surface and a subsequent vapor pressure build-up inside of it during the vapor
extraction phase has been neglected. For a constant surface pressure of 3- 10710 Pq,
pressure gradients were always positive from the sublimation interphase to the regolith
surface, so no redeposition of vapor was expected to happen in the desiccated domain.
Yet, when initially sublimating, a fraction of the vapor can also diffuse shortly towards
the inside of the domain (if the ice is not fully saturating the porous regolith), where it
is expected to redeposit rather quickly again, resulting in an ever-growing “icy plate”
along the phase change interphase. The average percentage of the vapor still being
redeposited below the phase change interphase after the simulated timeframe over
different initial water contents up to 15 wt.% was ~10%. This value was taken and
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applied to assume the possible vapor losses during the extraction process for the
design variable study (see chapter 5.1.5).

The main study investigating the influence of the design variables on possible yield,
extraction rate, or energy efficiency was conducted putting special emphasis on the
correct representation of the thermophysical properties of the regolith and their
dynamic change due to the phase change of the ice into water vapor. While the
pressure domain is still being considered for the simulation, resulting in two dependent
variables, the temperature T, and the pressure p, the source term for the vapor
generation was set to a minimal value to stabilize the convergence of the simulation
and setting the pressure gradient was set to be nearly constant. Yet, especially both
the effective thermal conductivity k.. and the phase change temperature T, are
expected to vary significantly with the changes in pressure (see Figure 3-3 and Figure
4-3, respectively). This can be improved and implemented in future work (see chapter
8).

Following these assumptions, the sublimation temperature T,. and the transition

interval of the phase change process AT;_,, were set to constant values for the main
study. In accidence with Wasilewski (2021b), for the sublimation temperature, the
triple-point temperature of the water was chosen to be an adequate approximation, as
it is claimed that the porous space an impurities make water ice increasingly more
stable in a vacuum (Kossacki and Leliwa-Kopystynski 2014). These effects have also
been investigated and are well established in research on freeze-drying, a drying
method in the food industry having many parallels to thermal mining that has been
employed in numerous terrestrial industries over the past few decades, where they
lower performance (El-Maghlany et al. 2019; Vorhauer-Huget et al. 2020). When the
proper amount of heat is applied to a particular volume, the phase change temperature
is the isotherm that shows that most of that volume has transitioned from an icy phase
to a desiccated phase. In contrast to conventional equations derived from phase
change diagrams, this method is pressure-independent and allows for phase transition
if the phase change temperatures are reached (Wasilewski 2021b).

As described in chapter 4.1.1, the phase change transition interval AT;_,, indicates the
range where the phase change starts and ends, by applying the latent heat in a normal
distribution around the phase change temperature (AT;_, =50 K means that the

phase change starts at T,,; — AT;Z and is fully completed at T, — AT;Z). While in pure

materials, often an isothermal phase change is occurring, in impure materials a
continuous properties phase change allows for a more natural transition by accounting
for conversion layers (Nazzi Ehms et al. 2019). According to experiments on the
sublimation of frozen regolith, the gradual increase in the slopes of temperature and
pressure over time may indicate long transition intervals (Kossacki and Leliwa-
Kopystynski 2014). The upper layer of the lunar soil was assumed to be in equilibrium
with lunar ambient temperatures in PSRs. The parameters chosen for the main design
study are presented in Table 5-2.
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Table 5-2: Model input parameters concerning the deposit stability

Parameter Value Reference
Ambient/initial temperature Tomp =40 K (Williams et al. 2019)
Phase change temperature Tye = 273K (Wasilewski 2021b)
Phase change transition interval AT,,, = 100K (Wasilewski 2021b)

5.1.3  Geometry Description and Boundary Conditions

The geometries of the respective thermal extraction methods were simplified as much
as possible to save modeling effort and computational time without impacting the
results. Thus, for each design, only the regolith domain was modeled. Other parts of
the system like the walls and insulation of the heating chamber or the heated rods have
been acknowledged via the boundary conditions.

While (1) and (3) could be implemented as a 2D-axisymmetric model, saving a lot of
computational effort and time, (2) had to be modeled in 3D. An overview of the
geometry implemented in COMSOL for each design including their top-level boundary
conditions can be seen in Figure 5-1. To still reduce the model size of the 3D-model
as much as possible, the axisymmetric symmetry of the geometry (2a) in Figure 5-1
could be used to cut the geometry in a circle segment, being only one-sixth of the
original model size (2b).
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Figure 5-1: Geometry of the investigated designs with their respective top-level boundary conditions:
(1) in-situ surface heating, (2) in-situ rod heating (a) whole geometry b) simulated section),
(3) heating inside a heating chamber after excavation

As described earlier, the focus of this work is to determine the total water yield as a
baseline generated for each design given both a time and power constraint. While the
simulation time only has an impact on the solver setup in the software, the available
power input Q gravely affects the ability of the system to sublimate the ice within the
regolith successfully. Since different designs with varying geometries and distinct
heating surfaces are investigated, to enable a consistent and reliable comparison of
the said designs regarding their performance, the power flux g had to be set identical
for each configuration.

For the applied heat flux g, the unit was called soland has a value of
1 sol = 1366 W /m?, thus it is dependent on the heated surface, which. Subsequently,
for the baseline in-situ surface heating (1), varying the total power Q with a constant
flux g greatly impacts the heated surface and thus the system size. The sample radius
in this case refers to the heated surface and thus to the dome size, while the outer
regolith ring was applied to account for adequate boundaries of an open system. Table
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5-3 provides an overview of the resulting system diameter regarding the investigated
total power inputs Q and fluxes q.

Table 5-3: Power and power density influence on in-situ dome diameter
for surface heating

Power Power Surface Diameter
(W] Density Area [m]
[W/m?] [m?]

500 683 0,73 0,97
500 1366 0,37 0,68
500 2732 0,18 0,48
1500 683 2,20 1,67
1500 1366 1,10 1,18
1500 2732 0,55 0,84
2500 683 3,66 2,16
2500 1366 1,83 1,53
2500 2732 0,92 1,08

For rod heating (2), a constant dome radius of 1 m was chosen. By applying the heat
flux via the surface of the rods, the effective surface area was dependent on the rod
size and number, which do not impact the system size directly. The latter were chosen
based on the work conducted by Song et al. (2021). In total, a constellation of 7 rods
distributed equally within the cylindric sample (one rod in the middle, and the remaining
circularly with an angle of 60° at half of the sample radius D), with a height of 0.3 m,
and a radius of 0.05 m was investigated. (see Figure 5-2) other rod configurations are
not further explored in the course of this work, yet first results on the implications of
different rod quantities and distributions can be found in Song et al. (2021).

Since sublimation was only expected to happen in the very top layers for the in-situ
design in the maximum range of 10-15 cm due to the poor thermal conductivity of the
lunar regolith (Wasilewski 2021b; Schieber et al. 2022), a sample depth of 1 m was
chosen for both in-situ methods (1) and (2), to still be able to resolve the phase change
accurately without restricting the design space.
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Heated Rods:
Number: 7
Radius: 0.05m
Height: 0.30 m

Figure 5-2: Rod constellation of the investigated rod-heating design (2)

In accordance with (Reiss 2018b), the most common shape for sampling ovens is a
cylindric form. Thus, the heating chamber of the excavated method (3) was chosen to
be cylindric for this study, as well. When heating is applied to the lateral surface, the
performance and efficiency of the cylindric shape are expected to be the best
compared to other shapes eg. such as a cube. Since the heating chamber design in
this work furthermore is gravely simplified, without investigating different heating
integration possibilities or insulation methods, other shapes were not deemed to add
more insights and were thus not considered in this work. Besides investigating different
heating methods for crucibles and the resulting heat distribution within the chamber,
an overview of possible insulation designs for a heating chamber can be found in Hager
and Binns (2021).

The exact dimensions of the geometry were chosen according to a predefined volume.
Considering current regolith excavation technologies (Just et al. 2020) combined with
preliminary simulation and experimental results regarding sublimation interphase
depths within lunar regolith (Wasilewski 2021a, 2021b), Kiewiet et al. (2022)
determined a reasonable volume of a heating chamber to hold up to 250 kg of regolith.
Again, due to the low general thermal conductivity of the lunar regolith, the diameter of
the cylinder was chosen to be as little as possible to minimize the distance between
the heated surfaces, while at the same time considering a reasonable structural oven
design and assuring that with the minimal heat flux g sublimation temperature is still
reached. This resulted in a fixed height of as well 1 m and a radius of an average of
0.23 m. Similar to (1), the latter has a dependence on the initial ice content of the
regolith. Assuming a volumetric mixing model and the additional ice accumulating
within the pores, more ice equals a higher effective density of the material (less volume
required to incorporate the same mass of regolith. Yet, its implications on the final
radius are minimal, ranging from 22.23 cm for an initial ice content of w; = 15 wt. % to
23.72 cm for an ice content of w; = 1 wt. %.

Regarding the thermophysical properties of the lunar regolith, it has to be noted that it
was assumed that the excavation and transportation inside a heating chamber of the
latter do not affect its density or porosity compared to the in-situ designs. Also, initial
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pressures within the regolith domain were assumed to have no effect inside the heating
chamber.

Boundary conditions

As already mentioned, in addition to the geometry of the respective systems, Figure
5-1 also displays their boundary conditions (BCs). In general, each system from (1) to
(3) has the same BCs applied to different surfaces, yet with partly varying numerical
values. The boundary conditions for the heat transfer together with the initialization
conditions valid over the whole domain are provided in Table 5-4. While the surface
heat flux is a variable of interest and was thus varied during the parameters study (see
chapter 5.1), the other values are fixed. The equilibrium temperature in the PSRs is
considered to be around 40 K (Williams et al. 2019), thus a background radiation
temperature of T,,,,, = 40 K was chosen, which was also assumed to be in equilibrium
with the investigated top-layer regolith temperature at steady state. The radiation to
outer space due to the lack of atmosphere was neglected. This assumption was also
made for the lunar ambient pressure. With pg,,, = 3107 Pa, the apparent exosphere
provides near vacuum conditions.

The Surface-to-Ambient condition covers the heat losses over the regolith surface or
the crucible insulation, respectively. The surface emissivity value for the lunar regolith
&. was chosen according to McCloy et al. (2011), who experimentally investigated
emissivity fits for different lunar simulants. For this study, the fitted equation of JSC-
1AF dependent on the surface temperature was chosen, which is in the range of
approximately 0.72 at 300 K up to 0.95 at 600 K. Other constant values for regolith
emissivity can be found e.g. in Salisbury et al. (1997) or Wasilewski (2021a), ranging
similar from 0.7 to 0.93. In general, due to neglecting the modeling of the dome (see
section 5.1.2, the loss to the environment is rather conservative for in-situ extraction
since the temperature would dynamically increase under the dome during the
outgassing and capturing of vapor (assuming the dome is insulted and enough vapor
to outgas).

On the other hand, for the crucible, it was assumed that the heater could be installed
inside the chamber walls. Thus, the insulation could be greatly simplified and different
insulation methods like e.g. solid insulation, porous insulation, or Multi-Layer Insulation
(Hager and Binns 2021) were not further investigated. As a result, the effective
emissivity of the crucible e, walls estimated to be 0.1 (Kiewiet et al. 2022). The Open
Boundary condition accounts for open heat transfer via the respective boundaries, so
the deign space is not limited.
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Figure 5-3: Comparison of surface emissivity fits for different lunar regolith simulants (based on
McCloy et al. (2011))

Table 5-4: Description of top-level boundary and initial conditions

Description Boundary condition Values
Heating -n-q=qo q = 683; 1366; 2732; [W /m?]
Surface-to-Ambient- —n-q = e00(Tgmp —T*) Regolith surface emissivity (1) & (2) [a]
Radiation & =—15-107°T% + 2.216 - 1073T + 0.024
Insulated crucible surface emissivity (3)
g =01
Open Boundary T =Tymp forn-u<0 Tump = 40 K [b]
—n-q=0forn-u=0
Symmetry N/A
Initialization Condition T = Ty Tomp =40 K
P = Pamp Pamp = 3-1071° Pa [c]

[a] (McCloy et al. 2011)
[b] (Williams et al. 2019)
[c] (Heiken et al. 1991)

514 Mesh and Solver Setup

To verify the simulation results concerning their spatial and temporal discretization,
several preliminary studies were performed. First, a mesh refinement study was
conducted to determine an adequately refined mesh generating reliable results, while
still taking computational effort into account. Additionally, step sizes and the relative
tolerance were adjusted accordingly. Furthermore, other solver settings like the solver
method and termination had to be adjusted to guarantee a stable convergence.

Mesh Refinement

The mesh serves two purposes: First, it is used to approximate the geometry, and
second, the approximate solution to the problem is solved at discrete points in space
defined by this mesh. To gain confidence in the accuracy of the model, it must be
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resolved on progressively finer meshes and results must be compared. In practice,
there is a limit to how much mesh refinement can be done before the computational
resources are exceeded. Thus, an optimum between computational performance and
solution accuracy must be determined.

Due to the change in geometry and heated surfaces, and thus the change of areas of
special interest, the mesh had to be adapted for each design (1) - (3) individually. To
parametrize the mesh, multiple COMSOL native mesh parameters can be varied,
depending on what mesh generators are chosen, and if the mesh is free/unstructured
or structured. In the case of the former, especially the maximum mesh size m,,,, of a
single element and the maximum element growth rate my,.,,, are potent parameters to
investigate the mesh density and subsequently the number of elements. When
choosing a structured mesh, besides mesh size m_max, also the number of elements
m,, and the element ration m,. are important to specify the distribution of mesh elements
along an edge or sweep direction. For both in-situ methods (1) and (2), free
triangular/tetrahedral mesh elements were chosen, whereas due to the uniform lateral
heated boundary for the heating chamber (3), a structured quadrilateral mesh could be
applied. To be consistent in terms of mesh refinement over all designs regarding a
mesh density indicator, the overall number of elements was selected.

To measure the impact of the parameters described priorly and thus the mesh density
regarding the solution accuracy of the average temperature, an initial mesh first had to
be implemented for each method which served as a reference. The initial mesh was
built as course as possible, yet to still ensure convergence of residual errorto 10™* K .
Starting from that, the mesh density was iteratively refined by a factor of approx. 1.5
for the 2D models and by a factor of ~ 3.6 for the 3D mesh, and solutions compared to
the respective last study. This was repeated until the mean squared error é; was less
than 1073 to confirm mesh independence. The latter can be calculated as

1% & (T) ) T _
eT_N%ZZ( T/ (t) ) A
i=1j=1 n\-t

with the total number of evaluated timesteps N;, the total number of compared data
points N, the i*" timestep t;, the j** data point of the respective variable ()j,» and the
iterative refinement step (+),.

Setting up the mesh for design (1), originally a uniform structured quadrilateral mesh
was chosen. Yet, while starting to investigate its convergence, it soon became
apparent that the phase change requires a very high spatial resolution. Subsequently,
a much denser mesh distribution was chosen at the heated surface boundary under
the dome to be able to solve for high gradients and free triangular elements were used
to. The results are shown in Figure 5-4 and Figure 5-5. In total, 6 simulations were
needed to reach a nearly independent mesh with a mean square error e; = 4.1-1073.
The final mesh consists of 4761 elements with a global maximum element size m,,,,, =
0.1m and growth factor of my,.,,,cn = 1.1, as well as my,q,, = 0.005m and Mg,y = 1.2
at the heated boundary.

It may be noted that the presented total number of elements was only valid for the
baseline scenario with a total power input of Q = 1.5 kW and a power flux of g = 1 sol
because of the diameter dependency of those variables (see chapter 5.1.3). Yet, since
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the mesh generation and sizing parameters were manually hardcoded, the single
element size and growth rate could be held stable during the parameter study.
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Figure 5-5: Solution accuracy progression of the
Figure 5-4: Visualization of the mesh used for average temperature during the mesh
the baseline in-situ surface heating refinement study for the baseline in-situ

surface heating

Due to the insertion of the rods into the regolith for the heating (2), the geometry could
not be simplified to an axisymmetric model. Even though the model could still be partly
reduced, this still had substantial implication son the computational cost. In comparison
to the 2D-model of the surface heating growth (1), for the same mesh size, the
computation time increased by a factor of ~16. Thus, for this model, a slightly bigger
mean square error of ~1-10"! was deemed to be acceptable, since a further
improvement of the mesh would have not been reasonable in terms of computational
cost. The final mesh displayed in Figure 5-6 consists of a total of 153.316 elements
and has a mean square error &, = 3.5 * 1072 to the prior refinement iteration after 5
simulations. The mesh was solely built by tetrahedral elements to adequately resolve
the more complex geometry. The maximum element size of the heated boundary is
Mpax = 0.02 m with a maximum growth rate g4, = 1.1. The same rate was applied
to the regolith domain under the dome, thus the inner geometry circle, yet my,,, =
0.1 m. For the outer domain, no big gradients were observed, so the maximum element
size was set to my,q, = 0.2m, and ggpon = 1.5.
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Figure 5-6: Visualization of the mesh used for average temperate during the mesh
the in-situ rod heating refinement study for the in-situ rod
heating

In contrast to models (1) and (2), due to very simple geometry and constant heating
being applied over the whole lateral surface, the heated chamber model (3) could be
parameterized via a structured quadrilateral mesh. The final mesh can be seen in
Figure 5-8, consisting of 1.980 quads and 2.077 vertices. Since the first studies
showed, that phase change can happen over the whole domain, the average mesh
element size had to be smaller. The latter was determined via a distribution node,
specifying the number of elements m,, over an edge as well as an element ratio m,
between the first and last element of the distribution. While for the lateral edges a fixed
number of elements m,, = 50 was set, supported by a boundary layer, for the upper
and lower boundaries the element quantity was set to m,, = 30 and the ratio to m,, =
10 for the final mesh. The latter was determined after iterating the refinement steps 5
times, resulting in a mean squared error of e, = 3.8-1073.
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the heating inside a crucible the mesh refinement study for the
heating inside a crucible

Besides the mesh resolution, also the mesh element quality is an important aspect to
consider when validating a model. While low mesh resolution, about the variations in
the solution and the geometry, can lead to inaccurate results, a low mesh element
quality, which measures the regularity of the mesh elements’ shapes, can lead to
inverted mesh elements and high condition numbers for the Jacobians, which in turn
can cause convergence issues. (COMSOL Documentation 2021)

Mesh quality measures in COMSOL include Skewness, Maximum angle, Volume
versus circumradius, Volume vs length, Condition number, Growth rate, or Custom
expressions. For all quality measures, a quality of 1 is the best possible and it indicates
an optimal element in the chosen quality measure. At the other end of the interval, O
represents a degenerated element.

While there are no absolute numbers to present for what the quality should be, as the
physics and solvers used will have different requirements on the quality needed,
Gothall (2022) is suggesting that in general, elements with a quality below 0.1 are
considered poor quality for many applications. Figure 5-10 displays exemplary
skewness for each extraction method (1) — (3).
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Step Size Study

The framework of the time-dependent simulation was set to be ~14 days, representing
a lunar sun cycle (see chapter 3.3). Yet, preliminary simulation results indicated
possible interesting behavior still after that duration, thus a total period of 1.5 - 106s was
investigated (~17,36 days), which also might be possible to reach with solar energy on
the poles due to peaks of eternal light.

Like in the mesh study, to verify the stability of the solver, the implications of varying
timestep sizes must be examined. Most time-dependent problems in COMSOL
Multiphysics are by default solved with an adaptive time-stepping scheme. This means,
that, the solver always chooses the next timestep based on the convergence and the
residual of the computation of the previous timestep and the timestep size will be
automatically adjusted to the desired relative tolerance. Lowering the relative tolerance
to smaller numbers will result in smaller timesteps, which increases solution accuracy,
and solving time. Yet, if the wanted output time does not match with the time chosen
by the solver, which often is the case, the output then can be determined through
interpolation. For that, limiting the maximum timestep size is a typical strategy since
this interpolation could potentially obscure some impacts of the dynamic system from
the output. (Smolka 2021)

Thus, again the mean squared error according to equation (5—2) was calculated for
the average sample temperature. Initially, a maximum step size of At,,,, = 2-10%*s s
was chosen. Yet, this did not resolve initial high temperature gradients sufficiently. By
further adjusting the overall maximum step size to At = 1-10%s, it could be
observed that the requirement of a temporal resolution was very dynamic during the
study. Thus, for the first 1-10° s the maximum timestep was reduced to At,,;,, = 5
103 s ensure numerical stability, especially during high sublimation phases, and
simultaneously reduce computational time during periods near steady-state that did
not require fine temporal resolution. After 1 - 10° s, the step size could even be further
increased to At,,,, = 2 - 10* s without reducing the solution accuracy.
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To be able to quantify the generated results, a performance metric must be set. For
each extraction method individually, the total water yield generated is a valid evaluation
criterion. Yet, due to the major differences between the models invoked by design
constraints like in the system size, relative evaluation values are needed as well.
Hence, three main quantitative evaluation criteria are selected to measure the
performance of the designs: the total water yield m,,;.4 [kg], the average extraction

rate ry;e1q [kg/h], and the energy efficiency n [kg/kW - h].

5.15 Performance Metric

The total sublimated water yield over time was determined to characterize the
performance of the extraction method. This was achieved by integration the phase
change indicator of the second phase 6, (see chapter over the respective volume of
the sample and multiplying it by the initial bulk density of the ice within the regolith p;

Moy (£) = f 8, dV - pi (5—2)
174

mg,, (t) was at the same time assumed to be rapidly condensed and captured outside
of the sample.

Since the main parameter study does not account for mass transfer on a molecular
level, water losses during the extraction process due to e.g. redeposition of the vapor
or leaks in the closed system like at the edges of the heated dome on the regolith
surface for the in-situ methods had to be assumed. The loss factor of the latter is
suspected by other scholars to be up to 10 % (Sowers and Dreyer 2019), while the
percentage of redeposition of the vapor within the solil is highly dependent on applied
heating methods and overall extraction time (Song et al. 2021; Schieber et al. 2022).
In a preliminary simplified study investigating the outgassing and redeposition of water
vapor for in-situ surface heating, an average loss value of ~10% was determined. In
further accordance with Kornuta et al. (2019) and Kiewiet et al. (2022), a total loss
value of 20 % was applied to the extracted water mass m,,;.;4(t) compared to mg,;, (t)
for the in-situ methods (1) and (2). For the excavated method (3), initial results showed
the extraction rate to be quite high, and with an additional completely closed system
this loss value was not applied. Further losses are expected during the water vapor
capture and refreezing. The modeling of an eg. cold-capture sub-subsystem yet has
also to be examined in future as possible rates of vapor cold capture are still unknown
(Schieber et al. 2022).

The average sublimation rate and subsequently extraction rate was determined by time

derivate of mg,;, (t) and m,,.4(t), respectively, resulting in ry,;, = IMsup(®)

ot
OMyierq(t)
ot

The depth of sublimation, meaning the phase chance interphase distance from the
heated surface, can be calculated as:

r(t) =6, h (5—3)

and Tyield =

for the in-situ surface heating, with 6, being the volume averaged desiccated phase
indicator and h being the sample height, and

r(t) =6, - Tsample (5—4)
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for the excavated system, with 754, being the sample radius. For the in-situ rod
heating, the interphase distance was not considered.

Besides the sublimation interphase depth, also its velocity or acceleration can be
investigated to look at how fast the sublimation progresses in certain cells or at certain
points in time. This can be simply done though evaluation of the derivatives of

0 . 92
"2 and acceleration a = =22,
ot ot?

equations (5—3) and (5—4), respectively: velocity v =

During the process of the thermal water ice extraction, also the energy efficiency n can
be investigated, which is defined as the ratio of the total water yield m,;.;4 [kg] to the
total energy power input P [W] over the simulated time tg;,, [h]:

m .
_ yield
n=4;

= 5—5
P-tsm ( )

5.2 Design Optimization

Prior simulation approaches of thermal water extraction on the Moon concluded the
low thermal conductivity of the lunar regolith to be the main factor for sublimation lag
build-up, hindering further extraction after an initial upper soil layer is dried out (for
surface heating) (Wasilewski 2021b). Without additional methods to mitigate this
problem, the extraction rate will approach negligible amounts after reaching a thermal
equilibrium between the power input and the energy lost over the surface.

In the case of the in-situ methods (1) and (2), it is therefore essential to determine an
optimal heating time of the soil to increase extraction efficiency. After this time is
reached and the mined area is desiccated, the whole extraction system can be moved
with the help of a rover to a fresh location to mine a new “batch”. The optimum heating
time is calculated in consideration of the time and energy required for the relocation.

The same principle applies to heating the regolith inside a crucible after excavating it
first (3). Depending on the power available to heat the soil inside the chamber, as well
as the overall geometry of the chamber, extraction rates were expected to decrease
after the initial first production phase. Also, it is possible for the batch inside the crucible
to completely desiccate. In contrast to the in-situ methods, the dried regolith has then
to be dumped and refilled with another icy batch to be able to continue the water mining
process. Thus, in addition to the time and energy needed to relocate, also the time and
energy needed for the regolith excavation process and the filling and dumping of the
crucible needs to be considered.

A tool optimizing the heating time for both in-situ surface heating (1) and crucible
heating (3) was initially developed by Franco Marchese (Kiewiet et al. 2022). By
gradually adapting the optimization algorithm to the changes requirements of the
specific simulations, the results of the latter (total water yield, average extraction rate,
average energy efficiency) could thus be fed into the algorithm and used to calculate
optimal cycle times for each simulation (heating time before relocation (for (1) and (2)),
or dumping and refilling (in case of (3)).

A flowchart of the design optimization process can be seen in Figure 5-11. A more
detailed description of the functionality can be found in Kiewiet et al. (2022).
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6 Results and Discussion

This chapter provides the results of the parameter study introduced in chapter 5.1. The
results presented also will be interpreted and discussed. Furthermore, the respective
extraction methods (1) - (3) will be compared to each other regarding their performance
concerning both the quantitative results as well as qualitative factors introduced in
chapter 3.3. In the end, a recommendation on the application of the presented methods
will be provided before the work is critically reflected and the limitations of the models
and simulations are presented. Additionally, given the high uncertainty in
thermophysical lunar regolith properties due to missing ground truth data, an
investigation of other crucial input parameters like the thermal conductivity or the phase
change temperature is conducted. This also includes the analysis of the different use
cases.

6.1 Design Parameter Study

The main parameter study investigates the results of variations in the initial water
content w;, the total power input Q and the power density g (see chapter 5.1) on the
total water yield extracted and the extraction rate progression in the given time of ~17,5
days for each respective method (1) — (3). Furthermore, the heat distribution within the
regolith will be presented and its implications discussed.

6.1.1 In-Situ Surface Heating

An exemplary temperature distribution and phase change indication for the baseline
configuration within the icy regolith domain after the simulated timeframe of 1.5 - 10° s
can be seen in Figure 6-1 and Figure 6-2, respectively. For w; = 5wt. %, Q = 1500 W
and g = 1 sol, a maximal temperature of ~ 407 K is reached at the heated surface.
While this temperature range is approached rather quickly during the simulation on the
regolith surface, it does not surpass this value. this is due to the surface losses of
energy to the ambient, which approaches equilibrium with the heat flux put into the
regolith. It also becomes apparent that the highest temperature gradients are present
within the top 5 cm of the soil, indicating poor thermal conductivity. This will be
investigated further in the following. The highest temperature during the parameter
study for this design was observed to be ~ 472 K for a power density of g = 2 sol and
water content of w; = 1 wt. %.



< T

C_i=0.05, Q_heat=1500, sol=1366 Time=1.5E6 s Surface: Temperature (K) C_i=0.05, Q_heat=1500, sol=1366 Time=1.5E6 s Surface: Phase
m [=— T T T T 3
400 ol |l ml

ol e ..

350 -0.2r { Hos

-0.31 ] 0.7
-0.41 1

300 0.6

-0.5F 1 05
-0.6f 1

04
250 07" i

0.3
-0.8 g

0.2
200 -0.9r 1

al | Wo1

1.1k : - : : 0
o] 0.2 0.4 0.6 0.8 m
Figure 6-1: Exemplary temperature _dlstrlbutlon Figure 6-2: Desiccated volume after ~17,5 days
after ~17,5 days for in-situ surface for in-situ surface heating for the
heating for the baseline configuration baseline configuration (1: fully

desiccated; 0: fully icy)

Table 6-1 displays the volume averaged sublimation front depth and total water yield
reached by (1). It becomes apparent, that for a fixed water content w;, a higher power
input Q and power density g directly imply a deeper reach of the sublimation front. Yet,
investigating the implications of w; on the overall depth, results are indifferent with the
highest reach being present for 1 wt.% water content (up to 10,5 cm), and an initial
situation of 15 wt.% (up to 7,33 cm) outperforming 5 wt.% (up to 7,70 cm) after the
simulated time of 1.5-10°s ~ 17,5 days. This can be explained with the increasing
latent heat for higher water wt.% and the change of thermophysical properties of the
regolith (higher specific heat and thermal conductivity for icy regolith). This will be
discussed further in the following. Yet, the same applies to the total water yield
generated, yet the differences in the system size play a more decisive role, resulting
in a smaller g leads to a bigger total yield. (The correlation between the power input
and the power density with the system size can be seen in Table 5-3.)

Figure 6-3 displays the results of the total water yield progression generated by the in-
situ surface heating method after ~17,5 days for 1 wt.%, 5 wt.%, and 15 wt.%
respectively. The different colors and line styles of the graphs shown represent the
parameter sweeps over both the power input Q and power density q.
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Table 6-1: Volume averaged depth and total water yield reached by the in-situ surface heating design
after ~17.5 days

Water content Power Power Density
[wt. %] W] W/m?]
683 1366 2732 683 1366 2732
Average depth [cm] Total water yield [kg]

1 500 3,26 5,21 7,81 0,27 0,21 0,16
1500 4,06 6,54 9,57 1,00 0,80 0,59

2500 4,43 7,18 10,5 1.81 1,47 1,08

5 500 2,99 3,91 5,36 1,23 0,80 0,55
1500 3,69 4,69 6,12 4,53 2,88 1,90

2500 4,06 5,12 6,70 8,33 5,24 3,43

15 500 4,37 5,75 7,18 5,37 3,54 2,21
1500 5,02 6,04 7,18 18,52 11,13 6,62

2500 5,43 6,29 7,33 33,42 19,35 11,26

Comparing the respective plots of Figure 6-3, it can be seen that for constant Q and q,
the highest water yield can be achieved for the highest wt.% of water ice initially being
inside the regolith.

Furthermore, for a constant power density g, the total power available directly
corresponds to the water yield, being the highest for 2500 W and the lowest for 500 W,
also independent of the initial water content w;, as expected. Investigating the impact
of the power density g, it becomes apparent that the lowest flux always generates the
biggest water yield and outperforms the higher heat flux systems. This can be
explained due to the dependency of the dome size and thus the regolith volume on the
power density gq. An overview of that correlation can be found in Table 5-3. Thus, with
a bigger system size, there is simply more water ice available to extract. Yet, it takes
much longer for the lower heat fluxes to reach sublimation temperature within the
regolith and initiate the water extraction process. This effect gets more dominant with
higher water percentages and can be observed best in Figure 6-3c. This is further
illustrated in Figure 6-4, which displays the extraction rate dependency of the initial
water content and the power density. This indicates that the area mined and thus the
system size is more influential on the extraction than the power put into the regolith, as
long as there is at least g,,;, = 0.5 sol available. While for 1 wt.% initial water ice
content, the graphs representing the different total power inputs in unique colors are
separated, they start to cross over another for higher wt.% of water ice, further
underlining the importance of the system size.
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The delay in the initialization of the sublimation process can be explained by the
change of thermophysical properties of the regolith with the variation of the water ice
content w;. This not only has major implications on crucial parameters like the thermal
conductivity or the specific heat capacity of the icy regolith but also on the latent heat
necessary to sublimate the ice. Thus, more water ice content within the regolith
subsequently implies higher energy to be needed for the phase change. This behavior
is even intensified by the reduced thermal conductivity of the uppermost dried regolith,
which reaches higher temperatures for higher power densities and increases the
radiative surface energy losses by a factor « T* (see Table 5-4). Additionally, also the
surface emissivity value for regolith scales with the temperature, resulting in higher
losses for higher temperatures, which is also presented in Figure 5-3.
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Figure 6-4: Water ice content and power density influence on the extraction rate for in-situ surface
heating for a Power input of 1500 W

Investigating the extraction rate of the surface heating method, it can be seen that it is
decreasing drastically for each configuration after an initial high rate, for some
configurations even reaching negligible values, with exception of high total power
inputs but low fluxes (see Figure 6-4). This phenomenon was also already addressed
by Wasilewski (2021b). The lag in the phase change rate is mainly due to the very poor
thermal properties of the desiccated lunar regolith, which builds up at the top during
the extraction process and acts as a thermal insulator, impeding heat transfer to deeper
layers of the soil. Since this is one major limitation of the surface heating method, a
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possibility to mitigate this problem and optimize the design is by relocating the heating
system and vapor-capturing tent to a new location after the initial production phase is
over (see chapter 5.2). The results of the latter and its implication on the water yield
are presented and discussed in chapter 6.2.1.

Yet, there are also other possibilities to alleviate the observed sublimation lag for
surface heating to increase the generated yield. Wasilewski (2021b) further suggests
either compacting the dry layer or inducing a thermal conductivity-enhancing gas into
the pores of the soil to improve its thermal properties, or excavating the desiccated
regolith layer either mechanically or pneumatically. The removal of that thin and dry
layer would not drastically raise energy requirements, since hot desiccated regolith is
much easier to excavate than icy solid regolith yet would increase system complexity
(Atkinson et al. 2019).

6.1.2 In-Situ Rod Heating

The results displaying the total water yield extracted for the iterated in-situ method with
heated and soil-implanted rods can be seen in Table 6-2 and are further plotted over
the investigated timeframe in Figure 6-5. It must be noted, that for these methods there
are no changes in the system size compared to the baseline geometry of the sole in-
situ surface heating (1), and both the dome diameter as well as rod size, quantity, and
distribution pattern have been fixed. Thus, the power density levels g were directly
implied by the total surface area of the heated rods, resulting in ggq 5w = 699 W/m?,
Qo=1.5kw = 2099 W/m?, and qg,5xw = 3498 W /m?. The most striking aspect is the
rather constant extraction rate for each variation of the initial water content w; and the
total power input Q. Because of that, the total water yield generated is also constantly
rising and a decline in the sublimation rate is only barely seen.

Table 6-2: Total water yield reached by the in-situ rod heating method after ~ 17,5 days

Water content [wt. %] 1 5 15
Power [W] 500 1500 2500 500 1500 2500 500 1500 2500
Total water yield [kg] 6,59 15,63 22,41 8,86 48,64 76,76 0,13 72,34 134,89

As expected for this method, due to the fixed system size, independent of the initial
water content w;, the biggest power input Q respectively generates the highest water
yields during the simulated time of ~ 17,5 days, and vice versa. Yet, the range of the
total yield generated is the biggest for w; = 15 wt. %, while the generated yields for
w; = 1 wt.% only differ comparably little. As already described, the changes in
thermophysical properties of the lunar regolith are considerable, whether ice is
incorporated, or the soil is desiccated. Not only does the energy required for the phase
change increase with a rising water ice content, but also does the specific heat capacity
of the ice-regolith mixture. This can be especially observed for Q = 500 W and w; =
15 wt. %, for which the sublimation temperature is only barely reached. This also
indicates that a higher power density is needed to reach sublimation for an increasing
water content compared to (1). Even though no initial sublimated lag can be identified,
the time threshold to reach sublimation is longer.
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Figure 6-5: Total time-dependent water yield for in-situ rod heating

Investigating the temperature distribution throughout the whole sample (see Figure
6-6), it is noticeable that the surface temperature of the soil is much cooler than in the
subsurface, hence reducing radiation losses to the environment. Furthermore, since
the rods are incorporated into the soil the sublimation front progresses in all three
dimensions in a sphere-like shape. Thus, the surface area of the sublimation front
increases by the factor « x? and the volume of the regolith, which needs to be
desiccated even by a factor o x3, with x being the distance from the heated surface.
This must be counteracted by the rod distribution and spacing to facilitate and equal
heat transfer within the sample. Figure 6-6 yet also shows, that through the application
of the rods the system can overcome the limitations of (1) and distribute the heat in
deeper soil levels. independent from the water content, both the specific heat capacity
and thermal conductivity of the regolith are a function of the temperature (see chapter
4.1), with both values increasing for higher soil temperatures. As seen in Figure 6-6,
the temperatures being apparent in the soil layers around the heated rods reach
comparable high numbers, due to the surrounding regolith layers acting as a thermal
insulator minimizing energy losses. Given enough time and power to surpass the also
increasing heat capacity of the regolith, heat transport in the subsurface is facilitated.

During the study, maximum regolith temperatures of ~1300 K near the heated rods
were observed, being within sintering ranges. Yet, due to only scratching those values
for specific configurations, a second phase change and the subsequent implications
on the extracted water yield and energy efficiency were not further investigated in this
work. Also, since the number, spacing, radius, and height of the heated rods are a
function of the available power, other configurations could be investigated in the future
to investigate their impact on the sublimation yield
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On the other hand, for the regolith surface layer to even reach sublimation temperature
is highly dependent on both the power input and the initial water yield. While a cooler
regolith surface temperature mitigates radiation losses to the ambient environment,
thermal conditions below the sublimation temperature can prevent the generated water
vapor from being able to outgas through the regolith surface. Thus, an additional
simulation was conducted, moreover adding the minimum required heat flux for
sublimation g = 0,5 sol at the top surface to prevent the building of a desiccated
‘pocket” inside the sample. The results are displayed in Figure 6-7 and show a
desiccated volume that is “open” towards the surface, practically permitting a mass flux
to be transported out of the regolith.

Figure 6-7: Outgassing ability of the water vapor for in-situ rod heating with an initial water content of 5
wt.% (1: fully desiccated; O: fully icy): a) 500 W power input, b) 1500 W power input, ¢) 1500
W power input plus additional surface heating

6.1.3 Heating inside a Crucible after Excavation

The last extraction method covers the heating of a regolith sample inside an insulated
crucible or heating chamber after it was first excavated. Again, an exemplary
temperature distribution within the heating chamber for the baseline scenario can be
seen in Figure 6-8. Due to the limited volume of the crucible, an advantageous
geometry, and insulated boundaries, the temperature gradient is rather small and high
temperatures can also be reached in the crucible center. This can also be seen in
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Figure 6-9, showing that over two-thirds of the volume is completely desiccated after
the simulated heating time, and the remaining volume is at least partially dried. The
asymmetric distribution of both the temperature and subsequently the desiccated
volume can be explained by the depth-dependent porosity and density of the regolith,
as well as with an open boundary for heat transfer applied on the top surface (see
chapters 4.1 and 5.1).

C_i=0.15, Q_heat=1500 Time=1.5E6 s Surface: Tel C_i=0.05, Q_heat=1500 Time=1.5E6 s Surface: Ph:
m T T
M 650 or
_0.1F
600 0.9
-0.2F
550 03k
0.8
_0.4F
500
-0.5F 1 0.7
450
0.6+
0.6
400 0.7+
_0.8+ J
350 0.5
"l \ |
300
Sk ] 0.4
0 0.2 m

Figure 6-8: Exemplary temperature distribution
after ~17,5 days for crucible heating
for the baseline configuration

Figure 6-9: Desiccated volume after ~17,5 days
for crucible heating for the baseline
configuration (1: fully desiccated; O:

fully icy)

The results displaying the total water yield over the simulated time are presented in
Figure 6-10, while the absolute values are provided in Table 6-3. It is again to be noted,
that the geometry of the crucible was fitted to hold a predefined mass of regolith, and
thus having a fixed volume (single dependence on the density of the regolith, which is
negligible for the investigated variations of the latter). Similar to (2), the resulting power
flux g is thus only a function of the total power input Q. Since only the lateral surface of
the cylindric crucible is heated in this case, the power density results in qg=qsxw =

342 W/mz, QQ=1_5 kw = 1026 W/mz, and QQ=2_5 kw = 1710 VV/Tn2

Table 6-3: Total water yield reached by the crucible heating method after ~ 17,5 days

Water content [wt. %] 1 5 15

Power [W] 500 1500 2500 500 1500 2500 500 1500 2500

Total water yield [kg] 2,44 2,47 2,47 11,80 11,90 11,90 32,39 32,58 32,60
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Figure 6-10: Total time-dependent water yield for heating inside a crucible after regolith excavation

Comparable to (1), for constant water content, the higher heating power configurations
always display an earlier start of sublimation and a higher extraction rate during the
beginning of the simulation. The initial sublimation lag is also increasing together with
the water content, resulting in multiple crossovers between different water
percentages. Yet, after the initial transient phase in which the crossover takes place,
the water yield lines for the respective power levels reach nearly the same asymptote,
and extraction rates get aligned.

Being a completely closed and insulated system, losses are expected to be much lower
for this method. For the chosen volume, the effective heated surface over the regolith
volume is much higher, with heating being applied at the cylindric crucible mantle
around the whole sample. This not only enables the design to heat the very cold
regolith much faster initially but the interphase surface after the first sublimation is
further reduced by a factor of a factor o x? and the volume of the regolith, which needs
to be desiccated even by a factor o« x3, with x being the distance from the heated
surface, being the exact opposite of (2). Furthermore, the completely closed system
allows for resublimation and collection of water vapor, after it may have deposited.

6.2 Method Comparison

In this chapter, the investigated water extraction methods (1) — (3) will be compared
with both the quantitative results displayed in section 6.1 as well as the qualitative
aspects introduced in chapter 3.3.

6.2.1 Quantitative Comparison

Especially for (1) and (3), the results revealed a heavy time dependency on the water
extraction rate. For power inputs big enough, the extraction rate is initially very high
but also dampens rather quickly. To maximize energy usage, time, and overall
efficiency, the optimal heating time, after which it is no longer viable to continue the
heating process, is calculated with the help of the optimization tool introduced in
chapter 5.2, also considering relocation time and energy requirements for the in-situ
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methods, as well as time and energy requirements for excavation, loading, and
dumping a regolith batch for the heated chamber method. Within the simulated
timeframe of 1,5-10°s ~ 17,5 days, the rod heating method (2) did not display a
significant reduction in the extraction rate. Thus, no substantial statements regarding
an optimal time could be made and no relocation of the system considered.

Figure 6-11 shows a performance comparison of (1) and (3) regarding the total
extracted water mass for a fixed initial water content of w; = 15 wt. % and total power
input Q = 500 W. For (3), different possible regolith excavation rates are considered in
accordance with data provided by Just et al. (2020), with a lower excavation rate being
associated with a longer horizontal plot line. In total, the horizontal “zero yield”
segments of the plots are due to relocation time for method (1), and due to the regolith
extraction, dumping, and refilling time for method (3). It further must be noted, the yield
of method (3) is from a fixed regolith volume, whereas for method (1) the dome size
and thus the heated regolith surface area is a function of the applied heat flux. For a
higher flux, and subsequently a smaller system size, the ideal heating cycle is
substantially lower than for the biggest investigated diameter. Hence multiple heating
cycles (and system relocations) can be seen for a flux of g=1so0l —
dome diameter 0,68 m and q = 2 sol —» dome diameter 0,48 m (see Table 5-3),
whereas for g = 0,5 sol = dome diameter 0,97 m, the simulated timeframe is less than
an optimum heating cycle would require. As explained in section 5.2, for the rod heating
(2), not optimal heating time could be calculated, since no substantial decline in the
extraction rate and thus sublimation lag could be observed. It is expected that
extraction rates will only fall off after the simulated timeframe. Thus, the generated
results for (2) were taken as the optimum.
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Figure 6-11: Optimized total water yield for in-situ surface heating and crucible heating, considering a
system relocation for the former, as well as extraction, emptying, and refilling of a regolith
batch for the latter.
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While it can be seen, that for the specific water content and power input configuration
shown in Figure 6-11 crucible heating outperforms surface heating by nearly a factor
of ~15, the fundamental differences in system sizes due to design limitations make it
hard to compare methods (1) — (3) only by the total water yield extracted.

Hence, the average water extraction rate and energy efficiency over the whole
simulated timeframe of 1,5-10° s for each optimized method can be derived, which
also considers the energy requirements of the relocation for method (1), and the
excavation, dumping, and refilling of the regolith for method (3). The overall results are
displayed in Table 6-4, Table 6-5, and Table 6-6, respectively. For the crucible heating,
an excavation rate of 150 kg/h was chosen.

Table 6-4: Total water yield [kg] of the respective optimized water extraction methods

In-Situ Surface In-Situ Rod Crucible
Heating (1) Heating (2) Heating (3)
Water content Power Power Density
[wt. %] W] [W/m?]
683 1366 2732
1 500 1,18 1,07 0,82 6,58 7,53
1500 3,78 3,43 2,62 15,61 11,94
2500 6,41 5,83 4,45 22,39 14,40
5 500 3,35 3,12 2,29 8,86 52,02
1500 12,65 10,82 7,78 48,69 72,41
2500 22,68 18,94 13,61 76,58 80,32
15 500 5,37 5,45 4,37 0,13 151,90
1500 19,93 20,81 15,56 72,41 310,05
2500 37,71 38,66 28,09 134,84 367,48
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Table 6-5: Average extraction rate [g/h] of the respective optimized water extraction methods

In-Situ Surface In-Situ Rod Crucible
Heating (1) Heating (2) Heating (3)
Water content Power Power Density
[wt. %] w] [w/m?]
683 1366 2732
1 500 2,83 2,58 1,96 15,80 18,10
1500 9,08 8,25 6,29 37,50 28,70
2500 15,40 14,00 10,70 53,80 34,60
5 500 8,06 7,49 5,50 21,30 125,00
1500 30,40 26,00 18,70 117,00 174,00
2500 54,50 45,50 32,70 184,00 193,00
15 500 12,90 13,10 10,50 0,31 365,00
1500 47,90 50,00 37,40 174,00 745,00
2500 90,60 92,90 67,50 324,00 883,00

Table 6-6: Energy efficiency [g/kWh] of the respective optimized water extraction methods

In-Situ Surface In-Situ Rod Crucible
Heating (1) Heating (2) Heating (3)
Water content Power Power Density
[wt. %] W] [W/m?]
683 1366 2732
1 500 8,90 8,86 6,95 31,60 42,30
1500 8,86 6,95 10,20 25,00 26,00
2500 6,95 10,20 10,40 21,50 20,20
5 500 10,20 10,40 8,17 42,50 312,00
1500 10,40 8,17 10,60 77,80 168,00
2500 8,17 10,60 10,70 73,70 118,00
15 500 10,60 10,70 8,46 0,62 765,00
1500 10,70 8,46 21,40 116,00 548,00
2500 8,46 21,40 25,20 130,00 397,00

The results reveal that generally, both methods (2) and (3) outperform method (1) in
both the average extraction rate as well as the energy efficiency, with (3) further
surpassing (2). The biggest gap in performance between the methods yet can be seen
for energy efficiency, especially at high water contents.

Independent of the investigated extraction method and the initial water content of the
lunar soil, the average extraction rate for each design is increasing for a higher total
power input. This also applies to the energy efficiency in the case of both in-situ
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designs (1) and (2), with exception of low water ice contents for (2). In contrast to that,
an increase in power for a constant water content results in a decreasing performance
regarding the energy efficiency for (3). This is mainly attributed to a fixed volume for
the crucible, which independently from the applied power reliably generates very high
proportions of desiccation also due to being thermally insulated. Thus, the increased
power input is not needed to generate a higher yield. Yet, choosing a bigger volume
for the crucible is expected to shift correlation again. For both in-situ methods,
especially for (1), due to the increased surface losses, higher energy input is required
to reach sublimation and maintain high regolith temperatures at the surface.

Regarding the business case introduced in chapter 3.3, to provide a NASA lunar crew
with enough propellant to be able to ascend to EML1 two times a year, with additional
supply transportation for a lunar settlement, a water demand of approximately 150
MTl/year is required. Assuming solar independence and an average loss time of
operation of 25 % during the year, this translates into a water extraction requirement
of ~ 9,5 MT/17,5 days, which was the simulated timespan. As Table 6-4 shows, for the
given design constraints, not method can even slightly reach this goal, with the best
contender being the crucible heating with a total yield of ~ 367 kg/17,5 days.

Generally, across all designs, it can be said that the water availability inside the regolith
has the biggest impact on every performance parameter. The highest improvement
potential for the investigated designs is thus by mining regolith with a higher ice content
or scaling up the production system. Especially the total power constraint of 2,5 kW
restricted the methods in increasing their effective heated surface area, due to the
minimum power density requirements of 500 W to reach sublimation (for in-situ surface
heating). Thus, given a higher power availability and only taking into account the
guantitative data (and neglecting other important aspects like operating and
transportation costs or reliability (see chapter 6.2.2)) it is highly recommended to scale
the production system (thus an increased icy regolith volume can be mined) by keeping
the heat flux rather low, instead of increasing the power density for the same system
size. Yet, it has to be considered that the minimum power density to reach sublimation
increases with higher water content.

While both in-situ surface heating is comparably easy to scale (by either increasing the
tent size or putting up multiple tents), an optimum for both the rod number, sizing, and
distribution for in-situ rod heating, and an optimal crucible geometry and volume still
must be determined in the future to maximize the methods respective yield, extraction
rate, and energy efficiency is given a certain power constraint.

6.2.2  Qualitative Comparison

Besides the quantitative results regarding the performance (total water yield, average
extraction rate, and energy efficiency) of the respective thermal extraction system,
other factors are equally important to be able to make a holistic assessment of the
methods. Among, others, these include the system lifetime, the accessibility of water
ice, complexity, development costs, system mass, and reliability (see chapter 3.3).

For one, the lifetime of the system is directly linked with its capability to perform water
extraction and is thus a very crucial parameter to achieve the mission objective. In
contrast to a system having a higher extraction rate yet a shorter lifetime, a system
with a lower extraction rate but a long lifetime may be able to acquire nonetheless more
resources during its lifetime, given there is no minimum extraction rate requirement.
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Even though it is not possible the make a grounded statement regarding the absolute
life of the investigated extraction methods, it can be argued that the lifetime of a system
is related to its complexity. Following that approach, it can be stated that in-situ
surface heating (1) is the simplest and thus have the longest lifetime, followed by in-
situ rod heating (2) and crucible heating (3) being the most complex extraction method
with the smallest lifetime. While for (1), the number of moving parts is extremely limited
without having any components directly interfering with the soil, the addition of heated
drills in (2) increase the amount of contact with the abrasive regolith. For (3), not only
an additional excavation system is needed, but also a mechanism to dump and refill
the crucible required, increasing the complexity of the concept of operations. This does
not only involve many mechanical elements with relative movement but at the same
time, the parts are also exposed to extreme wear, further reducing their lifetime. A
possible break-even point regarding the lifetime and the extraction rate of a system
can be determined with a simple analysis applying the results from chapter 6.2.1. For
example, an optimized method (1) is capable of extracting average y;.q = 1,87 -
1072 [kg/h] for w; = 5wt.%, Q = 500 W and g = 2 sol. For the same configuration,
design (3) delivers a water extraction rate of 7y, = 1,74 - 10~* [kg/h], being around
10 times higher than for method (1) (see Table 6-5). As a result, if the lifetime of (1)
was roughly ten times greater than the lifetime of (3), the total water yield at the end of
the mission would be identical. Yet, this factor varies per design configuration.

The development costs of the respective systems can also be linked to the complexity
and are mainly determined by the Technology Readiness Level (TRL). Given that
design (3) requires the development of more components, it is reasonable to assume
that its costs will be greater, compared to both (1) and (2). This is also backed by
Sowers and Dreyer (2019) and Sowers (2021), the authors establish simple mass-
based cost estimates to build a relationship for the hardware development, operations,
and transportation costs to the Moon. They estimate a system mass of ~29 tons for in-
situ surface heating (1), ~33,5 tons for supplemented rod heating (2), and ~40,4 tons
for heating after excavation (3). While those absolute values are not representative of
this work due to differences in system scaling and technology usage, they still can be
used as a baseline for this discussion. Table 6-7 displays the cost-estimating
relationships for development, transportation, and operation costs concerning the
derived system masses. However, many parts including heaters and sealings would
be at least partially interchangeable between the designs. According to NASA (2007),
a TRL of 3 equates to "proof-of-concept, based on the TRLs of the proposed designs.
This tier is distinguished by analytical and experimental proof-of-concept critical
functions, which are taken to be the status for all designs taken into consideration.

Table 6-7: Cost estimating relationships regarding system masses (Sowers and Dreyer 2019)

Parameter Cost estimating relationship ~ Basis

Development and build $ 50.000/kg Commercial space hardware
Transportation $ 35.000/kg Vulcan ACES lander
Operations and maintenance $ 3.000/kg Teleoperation with spare part

delivery
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Even though the reliability of the systems is critical to mission success, to be able to
make a sophisticated assessment regarding the single-fault tolerance of critical system
functions, the concept designs would need to be elaborated on a more detailed level.
However, for all the methods single failure points can be determined. While for both
(1) and (2), a structural failure of the vapor capturing dome due to e.g. erosion caused
by the abrasive lunar dust would result in a severe leakage and thus imply huge losses,
a failure of e.g. the excavator would completely hinder (3) to produce water. Since the
reliability of a system can also relate to the complexity and the number of used
components, many additional failure modes can be identified, since the excavation
system must continuously and autonomously interface with the heating chamber as
well as with the regolith, whose mechanical response has a high degree of uncertainty.
For (1) and (2), the primary risk is the effectiveness of direct heating to sublimate ice
at a sufficient rate to be economical, which is also due to the possibility of water vapor
deposition in cold and dense regolith regions.

Furthermore, the accessibility of the water ice is a crucial aspect as well. As explained
in chapter 2.1.2. both the exact form and distribution (lateral as well as horizontal) of
lunar water ice is still unknown. In this work, a homogenous distribution over the whole
regolith surface volume in accordance with Wasilewski (2021b), Schieber et al. (2022),
and Li et al. (2018) was implemented. Should the concentration of the water ice
however be in deeper regolith layers, as proposed by e.g. Benna et al. (2019) or Reiss
et al. (2021), this would especially impact method (1), due to its very limited ability to
transfer heat into depth, as presented in Table 6-1. While inserting heated rods (3) into
the regolith helps with the heat distribution, the lateral reach is also still limited to the
length of the latter due to the low thermal conductivity of the regolith. This is similar to
(3), with its ability to reach depth being dependent on the excavation subsystem. In
accordance with current excavation technologies (Just et al. 2020), it is deemed that
excavating the regolith yet provides a deeper reach than drilling holes for inserting the
rods.

6.2.3  Overview of the Comparison

While both the quantitative and qualitative factors have been compared and discussed
respectively, due to their high interconnectivity and lack of further information it is
difficult to put a weight on the single aspects and rank them regarding their importance.
Yet, an approach to quantitatively linking the generated results with the system lifetime
was made, assuming no time constraints for a required water yield.

A comprehensive system evaluation can thus only be made qualitatively and is shown
in Table 6-8. The ascribed ratings solely serve to inform the reader about the
fundamental factors guiding the evaluation rather than to determine which choice is
the overall best. While in terms of complexity, lifetime, and reliability method (1) is
deemed to have advantages compared to the other methods, both its extraction rate
and energy efficiency are substantially lower than for design (3), which scores last in
complexity and lifetime. Thus, the used design must be chosen concerning the
individual mission objectives in consideration of all the presented aspects.
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Table 6-8: Qualitative assessment overview

TUTI

Extraction Energy Complexity Lifetime Reliability Development Accessibility
Rate Efficiency Cost

(©) ©) (A) (A) () (D) (D)
In-situ Sublimation High surface Mostly static Elements Tent structure; Low TRL Very shallow
Surface lag build-up losses design with no  susceptible to redeposition reach
Heating (1) re_golith_ moderate

manipulation wear

(B) (C)] (B) © (©) (D) (B)

) Possible Surface Few moving Elements Tent structure, Low TRL Length of the
In-5|t_u Rod difficulties in losses; drilling parts, partial susceptible to redeposition; rods; difficult
Heating (2) vapor regolith high-rate wear drilling tool outgassing

outgassing manipulation
(A) (A) (D) (D) © (D) (A)
Heating from Insulated, yet Many moving Cardinal Excavator; Low TRL Reach of the
Crucible more sides Excavation parts, regolith elements autonomous excavation
Heating (3) required manipulation, susceptible to operations system
refilling high-rate wear
&dumping
(A) Excellent
(B) Good
(C) Correctable Deficiency
(D) Fundamental Deficiency
6.3  Additional Regolith and Ambient Parameter Variations

The already highly discussed uncertainty in thermophysical properties of the lunar
regolith due to missing ground truth data is a source of error in the thermal extraction
of water ice. Crucial parameters for this problem are considered to be the initial
temperature, thermal conductivity, and specific heat capacity of the regolith, the phase
change temperature and transition interval as well as the chosen mixing model and the
pore filling fraction on the water extraction capability of the different methods.
Therefore, an additional study was conducted to better understand the reliability and
robustness of the investigated designs. Due to the very high computational cost of
simulating the in-situ rod heating (2), only surface heating (1) and crucible heating (3)
were considered for this. The model variables explored in the previous chapter will be
fixed and set according to the baseline setup (see Table 5-1). An exception is made
for examining the different use cases presented in chapter 3.2, for which the initial
water content is also adjusted to the respective case.

For the main study, PSR regolith temperatures of 40 K were assumed. Yet, water is
also expected to occur outside of the PSRs. Thus, three highly abstracted and
simplified use cases were introduced in chapter 3.2, considering possible water ice
extraction locations (1) inside PSRs, (2) in micro cold-traps, and (3) outside PCRs, with
respective variations in regolith temperature and water wt.% present ((1) Tgmp = 40 K,
w; =0.15 2) Typ = 75K, w; = 0.05 3) Ty = 110 K, w; = 0.01). As seen in Figure
6-12, while the initial regolith temperature does play a role regarding the possible total
yield (higher initial temperature reduces AT needed for sublimation) and increases the
yield for both in-situ surface heating (1) and crucible heating (3) for constant water
content, the variation of the latter has a much higher impact on the yield. This is also
expected, since more water can be extracted for a given volume, but also crucial
thermophysical properties like the thermal conductivity of the icy regolith get improved
for increasing water content.
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Figure 6-12: Relative water yield for varying initial regolith temperatures with correspondent water
contents according to the Use Cases (left) and with constant water contents (right)

Besides the regolith temperature, also the phase change temperature T,.and the

phase change transition interval AT;_,, are determining the stability of the water ice
within the regolith. As introduced in chapter 5.1.2, both parameters are estimated to
have relatively high uncertainty. Compared to conventional equations derived from the
phase change diagram, the porous space, and other impurities tend to make water ice
increasingly more stable in a vacuum (Kossacki and Leliwa-Kopystynski 2014), yet
further research needs to be conducted in this matter. Concerning the phase change
temperature, the total water yield is simply expected to be higher for a lower value and
vis versa (highly similar extraction behavior like for changing the initial regolith
temperature: the AT needed to reach sublimation is the same for increasing the initial
temperature by 20 K or lower the sublimation temperature by 20 K, neglecting the
implications of temperature-dependent regolith properties like the thermal conductivity
or surface losses). The transition interval on the other hand indicates the range, in
which the latent heat of the sublimation is applied. Lower values for this parameter
resulted in a stepped and sharp interphase movement and thus production
progression, compared to a smoother progression for higher values, as seen in Figure
6-13. This is because a higher absolute value of the latent heat is released more
quickly, resulting in further sublimation lag, since most of the ice is quickly desiccated
(see Figure 6-13). Yet, the sublimation process is expected to be smoother due to
solving a high non-liner problem (Wasilewski 2021b). For the crucible heating (3), this
effect could not be noticed.
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Figure 6-13: Production progression for various phase change transition intervals for
in-situ surface heating
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Due to the high range of approximations found in the literature regarding the thermal
conductivity and heat capacity of regolith, the impact on the possible water yield by
varying between the most prominent models is also investigated. For the thermal
conductivity, besides the thermal conductivity used in this study introduced by Martinez
and Siegler (2021), also the conductivities proposed by Reiss (2018a) and Woods-
Robinson et al. (2019) have been considered (for a graphical representation of the
investigated conductivities, please refer to Figure 4-4). As seen in Figure 6-14,
differences in the applied thermal conductivity had a considerable impact on the
production progression and total yield of (1), with a lower average conductivity (Reiss
2018a) resulting in ~ half the water yield than for the conductivity used in this study
(Martinez and Siegler 2021), which is as expected. Yet, this behavior could not be seen
for the crucible, which is mainly due to the limited sample volume, as light variations in
the production progression can be seen for the initial production phase. For in
increased crucible volume, the thermal at constant power input, the thermal
conductivity is yet expected to have a greater impact.

Concerning the specific heat capacity of the regolith, the model from Woods-Robinson
et al. (2019) was complemented by models from Schreiner et al. (2016) and Hayne et
al. (2021) Differences in the specific heat models are mainly in very low-temperature
ranges < 100 K as well as in high ranges > 600 K (seen Figure 4-5). As seen in Figure
6-15, the impact of the specific heat on the generated yield is thus considerably
neglectable for both (1) and (2).
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Figure 6-14: Impact of varying thermal conductivities of the regolith on the total water yield (at constant
pressure)
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Figure 6-15: Impact of varying specific heat capacities of the regolith on the total water yield

Furthermore, the chosen mixing model is highly influencing the effective
thermophysical properties of the icy regolith. As described in chapter 4.1.2, for this
study a volumetric mixing model according to Siegler et al. (2012) was chosen with a
homogeneous distribution of the ice within the pores of the regolith. This couples the
porosity and subsequently the density of the effective mixture with the ice content via
the pore-filling fraction. Due to the depth dependency of the porosity (see Figure 4-2),
this resulted in a saturation (pores are completely filled with ice) of the regolith for a
15% icy deposit in a depth of ~ 0,2 m (surface filling fraction ~ 0,65). For a higher ice
content, this mixing model would be unphysical due to reaching filling fractions > 1. For
higher regolith surface densities, deeper thermal extraction, or even higher water
contents, the mixing model used in this work may not be relevant. The effect of other
mixing models on water vapor generation must be assessed in the future.
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7 Conclusion

In-Situ Resource Utilization is considered to not only drastically reduce the cost of
space missions, but also enable further consistent and sustainable human space
exploration. Beyond Earth, the closest and most accessible source of resources is the
Moon. Especially water is seen as a crucial resource since it can be used for both life
support and rocket fuel production. Yet, for its successful extraction, it is necessary to
understand what methods are most suitable to obtain water and what parameters
influence the extraction performance.

In this work, three different lunar thermal water extraction methods, namely in-situ
surface heating, rod heating, as well as crucible heating after excavation, have been
modeled, simulated, and successfully assessed and compared. The selection of the
designs was based on an extensive literature review regarding their applicability for
thermal extraction on a larger scale. For reference, a simplified business case was
developed to be able to make statements about the economic viability of the
investigated methods. A holistic heat and mass transfer model was presented,
combining and supplementing three of the most prominent approaches of thermal
volatile extraction on the Moon (Reiss 2018a; Wasilewski 2021b; Schieber et al. 2022).
The relevant mechanisms have been implemented in the software COMSOL
Multiphysics.

Given a power constraint of max. 2,5 kW, a parameter study was conducted to
determine the impact of varying icy deposits from 1 wt.% to 15 wt.% on the average
extraction rate and energy efficiency of the system. Since also the power density is a
decisive factor concerning the sublimation capability of the system, it was also
considered for the in-situ surface heating. The extraction process was simulated over
~17,5 Earth days, which is close to a lunar sun cycle at the PSRs. The generated
results were further optimized concerning an optimum heating time with the help of an
algorithm developed by Kiewiet et al. (2022), after which heating was no longer
worthwhile. For that, time and energy requirements for relocating the dome in case of
in-situ methods, as well as excavating, emptying, and refilling requirements for the
crucible heating were considered. The evaluation also took into account factors like
system lifetime, accessibility to water ice, complexity, reliability, and development costs
due to the low fidelity of the evaluated designs.

In general, especially the low thermal conductivity of the regolith was shown as a major
bottleneck for thermal extraction. Furthermore, the water content of the soil was
determined to have the biggest impact on the yield by greatly influencing the
thermophysical properties of the regolith and simply providing more extractable water.
An increase in the water content resulted in a higher energy requirement to initially
reach sublimation. Due to the high uncertainty in thermophysical properties of the lunar
regolith attributed to missing ground truth data, an additional sensitivity analysis was
conducted, which further increased the confidence in the results.

The results showed that the crucible design is outperforming both in-situ surface
heating and the heated rods method for all performance indicators. For the optimized
heating time, the crucible reached an average up to ~ 0,9 kg/h (heated rods: ~ 0,32
kg/h; surface heating: ~ 0,09 kg/h) and was able to extract up to ~ 765 g/kWh (heated
rods: ~ 130 g/kWh; surface heating ~25 g/kwh). This can mainly be attributed to the
crucible being a completely closed system and having additional thermal insulation.
Generally, for in-situ surface heating it was found that applying a lower power density
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(and consequently, having a larger surface coverage and system size) led to a higher
yield. The in-situ heated rod design had a better accessibility of depth and can be
allocated a medium relative performance. Given the strict power constraint, the
proposed business case (150 MT/year) could not be met. For that, an adequate up-
scaling of the respective systems is needed (~ 26 times higher yield required for the
crucible).

Considering further criteria, the in-situ methods are expected to both have advantages
e.g. lifetime, complexity, and reliability compared to the crucible design. An overall
design assessment must thus follow a holistic approach and be adapted to the
individual mission objectives. Thus, this work successfully answered the research
guestion and the scientific gap, by providing a framework to determine the most
suitable thermal extraction method in case of certain scenarios and identifying crucial
parameters influencing the performance of a system.



< T

8 Outlook

Modeling

While it was found that for in-situ surface heating, the biggest dome size always results
in the highest yield, an optimization for both the number, distribution, and size of the
heated rods regarding the extraction rate and efficiency still has to be done. The same
applies to the geometry and volume of the crucible

Since the main parameter study of this work was mainly focused on heat and phase
change modeling to derive the total water extraction yield, future work could further
consider a fully coupled heat and mass transfer model, accounting for a dynamically
changing pressure domain due to vapor production, diffusion, and advection. This
would provide more detailed insights into loss estimations due to e.g. redeposition of
the vapor.

Furthermore, by considering the pressure domain and the resulting molar vapor fluxes,
the sealing some both in-situ methods can be modeled as well. This would have further
implications on possible vapor redeposition in the domain, since a pressure build-up
within the dome counteracts the pressure gradient towards to surface, possibly
impeding vapor outgassing. Associated with this is also the further modeling of vapor
recapturing due to e.g. cold traps, adsorbent beds, or layer traps.

Also, other forms of heating (e.g. microwave heating) could be considered in the future
to investigate possible implications. Transient heating (e.g. pulse heating) could also
further improve extraction efficiency and prevent possible sintering for high power
densities applied to e.g. a crucible.

Experimental Validation

Furthermore, in the next step, the theoretical models presented here can be
experimentally validated. Based on the presented results, the SMU group at DLR is
investigating both the in-situ surface heating method as well as a more complex and
completely closed system similar to the presented crucible design further, conducting
large-scale experiments with icy regolith in representative temperature and pressure
conditions. While for in-situ surface heating, especially the system simplicity is
decisive, crucible heating was chosen according to the current state of ambiguity
regarding the lateral distribution of water ice inside the regolith due to its ability to reach
deeper layers as well as the high performance in extraction rate and energy efficiency.
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B Appendices

B.1 Lunar Regolith Thermal conductivity model according to
Parzinger (2014) and Reil3 (2018)

In his dissertation, after analyzing nearly 60 thermal conductivity models, Parzinger
(2014) created a semi-empirical approach and developed a model that additionally
taking not only the gas conductivity k, into account, but also the coupling of solid and

gas conduction ks, resulting in:
kary = ksc + kyaa + kg + ksg (B—1)
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with the physical contact conduction kg, the radiation between the particles k.4, the
conduction through the gas in between the particles k, as well as the coupling of solid

and gas conduction k.

Physical contact conduction considers the area between the particles, though with heat
is transferred and thus depends mostly on the mechanical properties of the regolith
(Parzinger 2014):

—9?%1 1

v )3ksps3 (B—2)

with the Poisson ratio 9, Young’s modulus Y, the thermal conductivity of the solid
material k., and the pressure or load on the patrticle p;.

4
ksc =3.44- (1 - (P)§(

The load can be calculated by integrating the weight of the soil above:
z
Ps=9g- f psdz (B—3)
0

with the density p, and the gravitational acceleration g.

The conductivity of the solid material can for example be evaluated using the general
equation for the thermal conductivity of rocks (Vosteen and Schellschmidt 2003; Reiss
2018a):

T 350°C+T

For this formula, the temperature is to be inserted in °C. C; and C, are fitting parameters
depending on the rock type. Common values for those parameters include C; = 750
and C, = 0.75 for metamorphic rocks, ¢; = 807 and C, = 0.64 for acid rocks, C; = 474
and C, = 1.18 for basic rocks, C; = 1293 and C, = 0.73 for ultrabasic rocks, and C; =
1073 and C, = 0.13 for limestone. A fit for the Apollo 16 sample 68501 results in C; =
0.50 and C, = 0.38. (Reiss 2018a). These values lead to thermal conductivities in the
range of ~2 W /mK to ~10 W /mK between 100 K and 400 K. Investigating the effects
of the two factors C; and C, on the thermal conductivity of the solid part of the lunar soil
k¢ shows, that the parameters for the Apollo 16 sample result in a conductivity up to
two orders of magnitudes lower than the other possibilities, particularly in low
temperature and low pressure regions. This phenomenon is thought to be caused by
the sample's high agglutinate content, which was generated by the melting and

ks C (B—4)
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outgassing of solar wind-implanted particles to form glassy breccia with vesicles.
(Reiss 2018a)

The radiative term k,.,; , which is the second of equation (4—16), is dependent on the
real part of the complex effective refractive index n:

2 2

3(1_g).u

. nZ + 2ng
n=ng-( > > (B—5)

1-(1-6)—=_1

¢+ 2ng

where n; and n; are refractive indices of the fluid and the solid respectively (Parzinger
2014). The radiative conduction thus can be calculated by:

160n?
kg =——-T3 B—o6
rad 3FE ( )
with the Stefan-Boltzmann constant g, the extinction coefficient E, and the real part of
the complex effective refractive index n.

The third term, the gas conductivity kg, is mainly dependent on the gas pressure and
thus Knudsen Number Kn. The Knudsen number is used to differentiate between
ordinary and Knudsen diffusion. While there is no exact definition of the boundary
between these two mechanisms it is commonly said that for Kn « 0.1, where the void
spaces are much larger than the mean free path, ordinary diffusion is the dominating
diffusion process. Accordingly, for Kn > 1..10 Knudsen diffusion dominates. (Reiss
2018a)

For Kn < 10, the Smoluchowski effect is responsible for a decreasing Knudsen
Number while the gas conductivity is increasing (Griesinger et al. 1999):

k= — o0 (B—7)
971428 Kn
with the gas thermal conductivity at atmospheric pressure kg,, the gas specific

constant § (~1.41 for water at 373.2 K (Griesinger et al. 1999)) and the Knudsen
Number
A

Kn = d_v (B—8)

with the mean free path A and the diameter of the void spaces between the particles
d,. The former can be calculated as
kT
ﬁpndﬁ

with the Boltzmann constant kg, the temperature T, the pressure p, and the effective
diameter of a gas molecule d,.

(B—9)

The interaction between the solid and the gas results in the final term k. The model

developed by Swimm et al. (2009) can be used to assess this contribution to the overall
conductivity. This approach discretizes the contact area using 1000 hollow cylinders
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and an additional shape factor to contribute to the deviation from perfectly spherical
contact zones, which is resulting in the term:

1000

2r
i ) Gy (B—10)
e gas,iA;
with the particle radius r. All additional factors can be calculated as follows:
1
Ouc =5 (36 —1) (B—11)
d 1
=3 Fell (B—12)
d 2
b= EF;;Z (B_13)
r
. =2r—2b- — (- 2 B—14
hg; = 2r —2b (1+\/1 ( 1000 ( )
hg,i =2r — hs,i (B—15)
i B—16
A—n(looo) C@2i—1) (B—16)

Comparing the particle shapes of lunar soil samples and the simulant JSC-1A, the
shape factor Fell = 0.6 can be assumed (Parzinger 2014).



