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Introduction: Interest is growing in the use of 

Mars's mid-latitude (~30-60º) shallow ground ice de-

posits as a source of water to support the establishment 

of a human presence on the planet. Incorporating the 

use of locally acquired water into the design of a hu-

man exploration mission will require a high degree of 

confidence in the capability to locate, access, extract, 

and produce required quantities. The work presented in 

this study provides guidance on resource exploration 

and evaluation strategies and techniques to generate 

water ice targets and assess their project development 

potential. The developed approaches are drawn from 

techniques used in petroleum exploration on Earth 

adapted for application on Mars. The establishment of 

practices of this kind will enable better communication 

of geologic confidence and uncertainty and assist in 

facilitating better decision-making for the design of 

Martian resource exploration missions.  

Adapting Petroleum Resource Prospecting and 

Exploration Techniques: The lifecycle of a petroleum 

production project is typically segmented into six pri-

mary phases: (1) Prospecting (also referred to as the 

concept study, acquisition or exploration permitting 

phase), (2) Exploration; (3) Appraisal (also referred to 

as the evaluation, feasibility study or planning phase); 

(4) Development; (5) Operation/Production and (5) 

Project Closure. Each phase is characterized by a set of 

activities that seek to inform project management deci-

sions. These processes are generally performed sequen-

tially with the activities and studies undertaken during 

one phase, informing the decisions and actions taken in 

the next.  

Although the prospecting and exploration stages are 

typically the least expensive of the petroleum produc-

tion lifecycle, drilling an exploration well, a necessity 

to prove the occurrence of petroleum within a reser-

voir, still requires a significant financial investment. 

This is particularly true for offshore wells, which gen-

erally cost tens of millions of dollars (USD) and on 

occasion upwards of 100 million dollars per well. It is 

important to note that despite the sophistication of 

modern technologies, industry experience and 

knowledge of how commercial accumulations of petro-

leum accumulate, the majority of activity is unsuccess-

ful at the exploration phase (i.e. encountering an accu-

mulation of petroleum of sufficient quantity to justify 

continued development). Developing a means to man-

age and mitigate investment risk has been essential to 

the continued success of the oil and gas industry [1, 2].  

The terms frontier or wildcat exploration are com-

monly used to describe a field with no or very limited 

prior exploration drilling. Initiating an expensive drill-

ing program in areas such as these are, by their nature, 

high-risk ventures. Selection of locations to conduct 

exploration drilling when no prior well data is available 

is typically driven by the interpretation of the presence 

and timing of critical petroleum system elements, the 

geologic processes required for an extractable accumu-

lation of hydrocarbons to be preserved within a reser-

voir [3, 4]. The conventional petroleum system model 

requires the presence of a source rock, a migration 

pathway, a containment mechanism such as structural 

or stratigraphic trap, an impermeable seal or cap rock 

and the presence of reservoir quality rock. The absence 

of any one of these elements or the incorrect timing of 

their development would result in hydrocarbons being 

absent within the reservoir.  

The term "play" is used to refer to a geographic ar-

ea interpreted to share a common geologic history of 

petroleum system elements and processes leading to 

the development of favourable conditions for the oc-

currence of an economic accumulation of hydrocar-

bons. Play-based exploration (PBE) seeks to identify 

possible exploration well drilling locations within a 

play (prospects) and evaluate which prospects have the 

highest probability of geological success (Pgs) [5]. 

When conducting play analysis for hydrocarbon reser-

voirs, the probability of geological success is common-

ly determined on the confidence of the presence of 

three key elements (critical factors): (1) Likelihood of 

charge - confidence in the presence of a hydrocarbon 

source rock and the existence of a migration pathway 

to a reservoir trap; (2) Likelihood of trap/seal - confi-

dence in the presence of a geologic or structural trap 

and seal that could contain the hydrocarbons within the 

reservoir, and confidence that the trap/seal has re-

mained intact since migration; (3) Likelihood of reser-

voir - confidence in the presence of reservoir quality 

rock with suitable porosity and permeability to allow 

fluid flow, and confidence in the occurrence of an ac-

cumulation of trapped hydrocarbons of sufficient size 

and quality to be economically produced. 
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Each chance factor is given a probability value 

ranging between 0 and 1, representing the probability 

of charge (Pcharge), the probability of trap (Ptrap) and 

the probability of reservoir (Preservoir). The assign-

ment of chance factor values is provided using expert 

judgment (either by a group or an individual) as in-

formed by the interpretation of available data and con-

fidence that the interpretation will prove valid. Multi-

plication of chance factor values produces a composite 

chance map that quantifies the probability of success 

(POS) in the play or prospects within the play. 
PBE system analysis is used to evaluate the likeli-

hood of success when drilling an exploration well and 

assess the investment risk. The techniques can also be 

used as a tool to compare different prospect opportuni-

ties and select the best drill ready candidate. Another 

benefit of these assessment techniques is the ability to 

identify the critical geologic uncertainties that would 

need to be evaluated as part of the resource exploration 

campaign; this information can be used to make deci-

sions about appropriate drill design and inform reser-

voir testing equipment selection requirements.   

Application of PBE Assessment Techniques to 

Martian Water Ice Extraction Projects: Present-day 

atmospheric and temperature conditions preclude the 

stable accumulation of surface ice in non-polar regions 

on Mars [6, 7]. However, observations using instru-

mentation onboard orbiting spacecraft have provided 

extensive evidence that ice deposition and accumula-

tion was abundant in the past and that large quantities 

of ice are likely to be preserved in non-polar locations, 

protected beneath a layer of material of sufficient 

thickness to block atmospheric exchange [8-12]. Inves-

tigation of these buried ice deposits and the host rock 

in which they are found suggests that their physical 

properties are highly diverse subject to a complex, dy-

namic, and at present a relatively poorly understood 

history of natural processes. With only a limited capa-

bility to derive information about the subsurface using 

remote sensing data, interpretation of the occurrence, 

depth beneath the surface, distribution, continuity, and 

concentration of extant water ice and surrounding ter-

rain is poorly constrained, particularly at spatial scales 

relevant to the planning of resource extraction opera-

tions. Not accounting for these uncertainties appropri-

ately in project feasibility assessments could result in 

profound misrepresentations of the actual viability of 

proposed resource extraction activities leading to poor 

project planning decisions and potentially leading to 

significant project development delays and cost over-

runs.  

Given the expense of operating robotic exploration 

activities on Mars and the necessity of success in both 

finding and producing large quantities of water to ena-

ble human occupation, there is a need for the develop-

ment of strategies and assessment approaches to im-

prove the likelihood of discovering a viable water re-

source opportunity.  

The premise of this work is that when conducting 

activities to select a target for robotic surface explora-

tion on Mars, we can similarly consider the accumula-

tion of ground or buried ice as being part of a system of 

geological elements and processes which acted to re-

tain water molecules in the subsurface. By recording 

observations, integrating interpretations into a unified 

geologic model and reconstructing the history of geo-

logic and environmental processes, it is possible to 

undertake a play system analysis of a Martian ground 

ice deposit.  

The work presented in this study demonstrates how 

a system and play analysis approach can be implement-

ed to assist in the identification of locations where re-

source exploration activities are most likely to encoun-

ter a viable quantity of water guided by the geological 

concepts of delivery, trapping, storage and preservation 

of water molecules within a defined location. This 

work builds upon similar approaches which were de-

veloped previously by the authors of this study to assist 

resource target generation of lunar water ice targets 

[13], which has been further built upon by Cannon and 

Britt (2020) [14] to inform resource exploration target 

selection activities on the Moon.  

The framing of Martian resource exploration pro-

grams in this way enables interrogation of the critical 

system elements, which can then be used to infer the 

likelihood of a proposed resource projects success. 

Activities such as these will mitigate some of the in-

vestment risks for future resource exploration activities 

on Mars and provide support for better mission design 

decision-making.  
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Introduction:  Atomic batteries possess one-mil-

lion times the energy density of state-of-the-art chemi-

cal batteries and fossil fuels. Atomic batteries are ena-

bling for locations that do not possess access to the sun 

or other energy sources. Relevant use cases include 

small satellites operating far from the sun, electronics 

on the moon attempting to survive the lunar night, un-

derwater vehicles to explore the depths of the ocean, and 

low-power heat in remote regions such as Canada and 

northern Europe and Asia. USNC-Tech is maturing a 

patent pending atomic battery technology and is actively 

engaging the government, commercial companies, reg-

ulatory agencies, and manufacturing partners to achieve 

a commercial product. 

The challenges in production and the complexity of 

containing nuclear material have limited the application 

of atomic batteries. Traditional atomic battery solutions 

focus on the high performance but expensive special nu-

clear material Plutonium-238. The cost, controlled na-

ture, and limited supply of Pu-238 prevent commercial 

use. 

USNC-Tech’s novel atomic batteries are manufac-

tured using natural non-radioactive precursor material 

embedded within an encapsulation material. The pre-

cursor material is then activated or "charged" inside a 

radiation source and packaged. This technology is 

known as a Chargeable Atomic Battery or CAB. 

 

 

 

 

 

 

 

 

Fig 1. CAB Manufacturing Process 

 

CABs can be manufactured in existing facilities and 

have a path toward a prototype using available technol-

ogies and facilities. For watt-scale batteries, the process 

can be demonstrated to a TRL of 5 with a ground 

demonstration in the near-term.   

 

CAB Product: A CAB Unit is a cylindrical hetero-

geneous ceramic with an outer wall and a filling as 

shown in Figure 2. The wall is composed of an encap-

sulation material and the filling is composed of an acti-

vation target material known as a precursor material. 

Multiple CAB units are integrated into a stack. The 

stack is integrated into a system which could include 

additional components such as an x-ray shield, power 

conversion, thermal management and aeroshell. 

 

 

 

 

 

 

 

 

 

Fig 2. CAB Technology for a Lunar Heater 

 

The encapsulation methods can be used with differ-

ent types of isotopes and the CAB units can be tailored 

to meet the half-life, x-ray shielding, and power density 

needs of different customers.  

 

Precursor Radioisotope 
Half-life 

[yr.] 
6Li 3H 12.3 

169Tm 170Tm 129 days 
59Co 60Co 5.7 

151Eu, 153Eu 152Eu, 154Eu 11.0 (avg.) 

Table 1. Some Radioisotopes Under Consideration 

 

The example CAB stack shown in Figure 2 has 

seven stacks of six CAB units, but different housings are 

available to package different stack configuration to 

meet power needs for various use cases. The atomic bat-

tery pack is shown in Figure 3. 

Fig 3. CAB Pack 

A. Manufacture 
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The CAB pack contains the atomic battery stack 

along with supporting subsystems.  It integrates mis-

sion-specific components such as an x-ray shield (for 

cases using beta or gamma emitting isotopes), thermal 

interfaces such as heat pipes, possible power conversion 

components, and or an aeroshell for space missions. 

Commercial customers can utilize these resources in 

systems for various purposes such as electrical power 

generation, thermal heating, x-ray fluorescence, propul-

sion, sanitization, etc.   

Shielding: Some CABs emit x-ray radiation which 

requires a radiation shield. For other types of CABs, no 

shield is required. Materials that require shielding have 

higher performance at higher power levels. Table 2 

show three example systems with different isotopes and 

power levels. 

 

Table 2. Shielding Considerations 

 

Typically, the x-ray shield is the dominant mass in 

the system for isotopes that require x-ray shielding. For 

batteries which require shielding, two dose levels were 

evaluated: 5 mrem/hr and 100 mrem/hr. The 5 mrem/hr 

dose rate is below the NRC definition of a radiation area 

and is similar to the dose on the ISS. The 100 mrem/hour 

dose level is below the NRC definition of a high radia-

tion area with controlled access but would be accessible 

to technicians for hour-long periods. This would be suit-

able for contact with electronics. For some applications 

(such as in space) a directional shield can be used to 

greatly reduce the mass of the shield by a factor of 4 or 

more. For other application such as underwater or un-

derground the environment can be used as shielding and 

in general mass is not a significant constraint. 

 

 Missions and Applications: A CAB pack can 

be designed to deliver thermal heat, electricity, or pas-

sive x-rays for user applications. There are a significant 

number of applications which can use the CAB technol-

ogy and the applications are summarized in the follow-

ing paragraphs. 

For heating applications, the CAB can complement 

traditional battery systems. There are many locations 

such as on the moon or bottom of the ocean where tem-

peratures can drop significantly impacting the operation 

of a traditional chemical battery. The batteries must use 

a significant amount of the stored energy for heating. A 

CAB unit can be used to provide a passive heat source 

to keep the chemical batteries warm, allowing the chem-

ical batteries to be used for electric power. 

Electric power is attractive, especially in locations 

where solar power is not an option, for example, in lo-

cations far from the sun, in permanently shadowed re-

gions, in locations with significant dust or radiation. 

Static power conversion using thermoelectric is a flexi-

ble near-term power conversion option. Higher effi-

ciency dynamic power conversion technology is also a 

possibility. 

The penetrating power of x-rays allows for charac-

terization under the surface layer for material assay. The 

x-rays can also be used as passive beacons for devices 

up to kilometers away.  

CAB technology can also be used for propulsion. 

Poodle thrusters were studied in the 1960s as a radioi-

sotope thermal propulsion1. CAB technology could be 

adapted to a thruster and when combined with hydrogen 

could achieve a Isp of 900 seconds or greater.  

Regulatory and Export Control: As of August 

2019, a U.S. regulatory framework for commercial nu-

clear technology was authorized by National Security 

Presidential Memorandum-20 (NSPM-20)2 that enables 

the deployment of CABs for space applications. USNC-

Tech is currently engaging with NRC and FAA regula-

tor in pre-application activities.  

For terrestrial and oceanic usage, there are regula-

tory procedures vetted by existing medical and measure-

ment industries.  

CAB technology is a dual-use technology and thus 

are not applicable to U.S. ITAR controls, however space 

specific CAB pack configurations would be applicable 

to ITAR controls. 

 

Conclusions: CAB technology a lower performance 

technology compared to Pu-238. However, CAB tech-

nology can provide many of the same benefits to com-

mercial customers who do not have access. USNC-Tech 

has a development roadmap for CAB technology in-

cluded licensing, and ground and flight demonstration. 

Interested parties are encouraged to reach out to the au-

thor and attend the meeting session to learn more.  
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    Initial 

   Power  

     [W] 

CAB 

Mass 

5 mrem/hr. 

Shield 

100 

mrem/hr. 

Shield 

LiCAB  0.1  105 g 0 kg  0 kg  

TmCAB  30.5  250 g  23 kg  8.0 kg  

EuCAB  1000  9 kg  1680 kg  1098 kg  
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Introduction:  NASA has sponsored several com-

petition events to raise the TRL of disruptive technol-
ogy to potentially support the Artemis missions. The 
2020 BIG Idea Challenge and the Watts on the Moon 
Centennial Challenge solicitations aimed competitors 
at enabling operations within permanently shadowed 
regions (PSRs) of the Moon. A tethered rover pro-
posed by Michigan Technological University (MTU) 
won the BIG Idea Challenge with the Tethered-
permanently shaded Region EXplorer’ (T-REX) rover 
[1]. Participation in BIG allowed for the maturation of 
a power and data transmitting superconducting tether.  

T-REX was then refactored into the ‘W5’ mission 
to compete in the Watts Challenge with a focus on 
delivering high-voltage DC power to water refineries 
within PSRs [2]. The new W5 power solution incorpo-
rates the superconducting moon rover tethers pio-
neered by T-REX into a larger, versatile solution ca-
pable of supporting multiple kilowatts of power deliv-
ery. Preliminary design of the W5 mission was in-
formed by thermal and power analyses accounting for 
varied shaded to illuminated regions.  

Concept of Operations: The W5 rover would 
begin its mission adjacent to a power generation facili-
ty at the rim of a crater located in the lunar polar re-
gions. This powerplant provides 10KW of power at 
120VDC. 

 
Figure 1: T-REX CONOPS 

The rover will then drive towards the crater PSR 
while deploying a conventional conducting tether 
(CCT). The 120V output from the powerplant is 
boosted to 500V to minimize DC line losses along the 
deployed tether. The amount of deployed CCT is de-
pendent on the length of the path the rover traverses in 
the illuminated region.  

Upon reaching the PSR of a crater, the rover will 
stop movement until the primary superconducting 

tether (SCT) spool stored on top of the rover has 
cooled below the operating temperature of 92K. Cool-
ing is done passively via radiation and is enabled by 
ambient extreme cold PSR temperatures.  

Once this temperature is reached, it will eject the 
secondary spool and start a powered, low-tension un-
spooling from the primary spool attached in series. 
This primary spool holds a variable length, multi-
channel SCT which can conduct up to 90A of current 
per line. 

After traversing downward slopes up to 45 deg, the 
rover approaches the water refinery. It docks with the 
refinery using a coupling interface which allows for 
power and heat transfer. The tether voltage is then 
down converted to provide power to the refinery on 
request. Heating of the rover hardware and refinery is 
done using heat dissipated from the power converters 
and internal heating elements. 

T-REX Design and Testing Approach:  A sys-
tems engineering and Kanban process was originally 
used to develop T-REX. A gated requirement verifica-
tion matrix were used to monitor high-level develop-
ment of the mission while a Kanban board was used to 
document low level tasks to complete. Several proto-
types of subsystems were in initially produced and 
subsequently integrated into the T-REX rover chassis. 
Rapid testing followed with the goal of requirement 
verification and raising the technology readiness level 
(TRL) to TRL-6.  

T-REX was developed with Mk1, Mk2, Mk2.5 and 
Mk3 iterations. The Mk1 started as mobility testing 
and proof-of-concept for deployment system hardware 
on beaches. MK2/2.5 was used for medium-fidelity 
testing in the regolith sandbox. Mk3 will be a fully 
integrated system and ready for payload vacuum 
chamber testing.  

Test Facility Development:  Several facilities 
were built in the new planetary surface technology 
development lab at MTU for vehicle and payload test-
ing. A 14ftx6ftx1ft lunar regolith sandbox with up to 
45 degree slope and gravity off-loading capability was 
built for atmospheric testing.  A dusty thermal vacuum 
chamber was then used for environmental testing. This 
facility has dimensions of: 1.2mx1.3mx1.7m, can 
reach 10-6 torr, temperatures of -196C to +150C, 
while holding up to 700kg of icy regolith. Testing the 
T-REX rover hardware is ongoing. 

mailto:pjvansus@mtu.edu
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W5 Analysis and Design: Following the devel-
opment for the BIG Challenge, the mission was rede-
signed with the power requirements listed in the Watts 
Challenge website [2]. Three mission configurations 
for W5 were pursued in parallel due to the ambiguity 
of the relation to where the PSR of the crater begins 
within the 1km span between the powerplant and re-
finery. Each configuration represented a completely 
shaded, completely illuminated, or hybrid solution 
respectively.  

The CCT mass was determined to be a major factor 
in the design because the MTU team aimed to maxim-
ize power transfer ability of the W5 system. Aluminum 
was determined to be the best choice from an analysis 
between material mass, efficiency, and input voltage.  

 
Figure 2: CCT mass analysis 

The tether would then be composed of two flat parallel 
aluminum channels, then wrapped with a layer of Kap-
ton, and an outer layer of Teflon. This composition 
allows the tether to dissipate as much heat as possible 
and be easily deployed from a tape spool.  

 
Figure 3: CCT cross-section 

500V was selected as an initial target for voltage step-
up due to the availability (or lack thereof) of commer-
cial voltage step-up hardware at this power range. The 
converter mass and efficiencies are based on hardware 
found during trade studies of such hardware used for 
photovoltaic, electric vehicle, and rail applications. 
Higher voltages and efficiencies are possible but will 
require development of custom high efficiency hard-
ware. Commercial DC-DC converters will be used for 
preliminary testing of the W5 payload. 

The mass of the W5 system becomes drastically 
lighter when used in the hybrid or full superconducting 
configuration. When both the powerplant and refinery 
are in the PSR, step-down and step-up converters are 
no longer required; the SCT can transfer the 120VDC 
signal for tens of kilometers with minimal losses.  
 

Table 1: Power Transfer Efficiency Analysis 

 
The lowest efficiency solution proposed by the 

MTU team for the Watts Challenge is still capable of 
delivering over 8000 watts: an efficiency of 82%. Ex-
cess heat generated from this mode can be used for 
heating the rover chassis and the water refinery via a 
thermal fluid coupling on the HOTDOCK connector 
interface used for the mission.  

Conclusions and Future Work:  The proposed 
W5 mission is capable of providing multiple kilowatts 
of DC power at 82-93% efficiency. The feasibility of 
the mission proposed to the Watts Challenge was 
proven via extensive testing of several rover iterations. 
Work continues as the payload is matured and pre-
pared for full system testing in the DTVAC facility. 

W5 and T-REX both show greater potential when 
put into the context of missions which require kilome-
ters of deployed tether within PSRs. For each kilome-
ter of travel within a PSR, the SCT only increases in 
mass by 10kg. Tethered superconductors for power 
transfer provide a unique solution to supporting lunar 
infrastructure in PSRs.  

A deployed tether poses a minor obstacle to local 
traffic and may be susceptible to damage by adjacent 
operations. Long term research in developing methods 
for laying the tether above the ground as seen in terres-
trial applications can alleviate these concerns.  

Very few high power (>5KW) DC-DC power con-
verters have space heritage and practically all that do 
are custom solutions. Development of high-efficiency 
DC converters capable of handling tens of kilowatts in 
a space environment would benefit many emerging 
solutions for lunar exploration and ISRU.  

The Planetary Surface Technology Development 
Lab at MTU continues to test superconducting tethered 
rover technology. We are partnering with companies to 
further develop our hardware, with the goal of deploy-
ing it on the lunar surface in the near future. 
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Introduction: President Biden’s FY 2022 discre-

tionary budget request “Keeps NASA on the path to 

landing the firt woman and the first person of color on 

the Moon under the Artemis Program.”[1] NASA’s 

Artemis Program uses the Space Launch System and 

Orion to deliver astronauts from Earth to the Gateway 

in a Near Rectlinear Halo Orbit. U.S. commercial part-

ners are providing human landing systems and cargo 

delivery capability.  

The Artemis transportation architecture is a mix of 

expendable and reusable systems. NASA’s Space 

Launch System and the Orion Service Module are ex-

pendable. The Gateway is a long-life habitable module 

coupled to a refuelable Power and Propulsion Element. 

Human landing systems may be expendable with 

evolvability to reusability, according to NASA’s initial 

Broad Area Announcement [2]. Currently proposed 

concepts include a mix of expendable and reusable 

elements [3]. Sustained human lunar presence needs a 

transportation architecture that maximizes reusability 

to minimize transportation cost for the U.S. govern-

ment, public-private partnerships and commercial de-

velopers. 

A Reusable Cislunar Transportation Architec-

ture: Reusability allows acquisition costs to be amor-

tized over a system’s operational or mission lifetime. 

Opeational lifetimes of 10 or 20 years adds 10% or 5% 

of acquisition cost to a system’s fixed annual operating 

cost. Lifetimes of 100 or 200 missions adds 1% or 

0.5% of acquisition cost to the recurring mission cost. 

A fully reusable architecture could reduce transporta-

tion cost to low multiples of the cost of propellant. 

 
Figure 2. Three distinctly different Human Landing 

System concepts currently being studied. (credit 

Dynetics, SpaceX and Blue Origin) 

Cislunar Space Development Company (CSDC) 

has defined a fully reusable transportation architecture 

between low Earth orbit (LEO) and the lunar surface. 

The in-space architecture includes space tugs, Moon 

shuttles, propellant depots, water transfer tanks, 

LOx/LH transfer tanks and personnel modules. Space 

tugs and Moon shuttles use liquid oxygen (LOx) and 

liquid hydrogen (LH) propellants. Propellant depots 

produce LOx and LH from water. Space tugs push 

water, cargo or personnel modules from LEO to Earth 

Moon Lagrange Point 1 (EML1). Moon shuttle deliver 

cargo or personnel modules to the Moon. Systems are 

sized to deliver 25 t from LEO to EML1 and from 

EML1 to the Moon’s surface and return with zero pay-

load without refueling.  

 
Figure 3. CSDC's EML1 space tug and Moon shut-

tle sized to deliver 25 t and return empty without 

refueling. (credit CSDC) 

Water and LOx/LH are delivered to orbit in reusa-

ble Earth-to-orbit (ETO) refuelers sized to match 

launch vehicle capability. Using Blue Origin’s New 

Glenn or SpaceX’s Falcon 9 or Falcon Heavy reduces 

expendable hardware for in-space transportation to 

launch vehicle second stages.   

 
Figure 1. NASA's Space Launch System with Orion 

and the Lunar Gateway for Sustained Human 

Lunar Presence. (credit NASA) 
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Astronauts are launched to and return from LEO 

using Boeing’s Starliner or SpaceX’s Crew Dragon. 

They transfer to CSDC’s personnel module docked at 

the LEO propellant depot for the trip to the Moon and 

back via EML1. 

 
Figure 4. LEO and EML1 propellant depots pro-

duce LOx and LH from water from Earth and/or 

the Moon. (credit CSDC) 

 
Figure 5. In-space water tanker, propellant tanker 

and personnel module are payloads for EML1 

space tug and Moon shuttle. (credit CSDC) 

 
Figure 6. ETO refuelers deliver water and LOx/LH 

to CSDC's LEO depot; they are launch vehcle 

payload and fairing combined. (credit CSDC) 

CSDC Reusable Architecture Requirements:  

Driving requirements for CSDC’s reusable cislunar 

transportation architecture are long operational life, 

high  mission life, human rate-able, human rating, safe-

ty, reliability, availability and maintainability.  

Long operational life. Operational life defines the 

number of years the system or element must operate 

and determines acquisition and deployment cost im-

pact on fixed annual operating costs. The goal is 20 

years.  

High mission life. Mission life is the number of 

times the system or element must complete a mission 

cycle. Mission life defines the acquisition and deploy-

ment cost impact to recurring mission costs. The goal 

is 240 missions, or 12 missions per year for 20 years.  

Human rate-able. Human rate-able systems are de-

signed to NASA human-rating standards but are not 

certified as human-rated for their initial use. Initial 

space tug and Moon shuttle vehicles may be relegated 

to cargo missions only until later versions are human-

rated for carrying a personnel module. 

Human rating. Human-rating systems are designed 

to and certified against NASA human-rating standards. 

The  personnel module is the only system in the archi-

tecture that must be human-rated before its initial use. 

Safety. Safety requirements protect ground, flight 

personnel and uninvolved third-party personnel from 

injury or death. They also protect customer payloads 

from damage and preclude contributions to increased 

orbital debris. 

Reliability.  Probability of loss crew and probabil-

ity of mission success are the key performance metrics. 

Personnel missions begin when the crew enters the 

personnel module in LEO and end when the crew 

leaves the personnel module in LEO after returning 

from the Moon. Cargo missions begin when the cargo 

is initially mated to the space tug and end when all 

vehicles are back at their starting point. Goal values 

are less than 1 in 100 for loss of crew and greater than 

1 in 100 for mission success. 

Availability.  This is the amount of time the archi-

tecture is available to perform a mission divided by the 

total time deployed. It can also be applied at a system 

or element level. Goal value is greater than 0.99. 

Maintainability.  Long-lived space systems will 

likely have life-limited components or assemblies. 

These items must be replaceable or repairable in LEO 

or at EML1. Designs must accommodate robotic or 

EVA maintenance actions.  

CSDC’s Reusable Architecture Fleet Sizing: To 

ensure architecture longevity and high availability, 

CSDC’s minimum fleet size is three for all items ex-

cept the propellant depots, which will have one flight 

systems and one ground spare.  This provides the ca-

pability to perform 720 flights per space tug, Moon 

shuttle and ETO refuelers.  

Reusability Impact on Lunar Mission Cost: Ini-

tial estimates show a fully implemented resuable cislu-

nar architecture as described above can achieve costs 

in low single-digit multiples of propellant cost in LEO. 

CSDC Reusable Cislunar Transportation Ar-

chiteture Statu: Level 1 functional, performance, de-

sign, operational, environmental, and safety & mission 

assurance requirements are defined. Our Board of Ad-

visors has critiqued the requirements and their com-

ments have been incorporated. We have begun our 

market outreach and are actively seeking potential 

transportation and propellant customers. 

References: [1] NASA HQ Release 21-035, (April 
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flight.com. 
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Introduction:  In-Situ Resource Utilization (ISRU) 

is a major component of sustainable and cost-effective 

missions to the Moon and beyond. Ever since it has 

been identified in the Permanently Shadowed Regions 

(PSRs) of the Moon, water has become a resource of 

interest for it’s wide range of uses such as life support 

and hydrogen and oxygen rocket propellant. It is ice-

bound in the regolith, so separation typically involves 

heating to sublimation temperatures and capturing at 

very low pressure. One option is to then store it in ice 

form and transport it out of the PSR and into a sunlit 

ridge. From here, processes such as electrolysis can be 

performed. An understanding of frost growth dynamics 

under rarefied conditions is necessary for successful 

water production, though. An analytical model was 

developed using a Diffusion-Limited Aggregation 

(DLA) approach to evaluate bulk thermal conductivity 

changes of frost under varying conditions. This model 

will be evaluated using a one-dimensional frost growth 

experiment on a horizontal, flat plate under vacuum 

and cryogenic conditions. The tests will measure frost 

growth rate and bulk density, and the thermal conduc-

tivity of the ice layer as a function of thickness for dif-

ferent plate temperatures. The test data will then be 

used to validate and improve the analytical model. 

 

This presentation will discuss the design and fabri-

cation of a sub-scale ice tank test article using the pre-

liminary DLA model to predict the amount of added 

surface area required to capture the required amount of 

water vapor. When water enters the tank as vapor, it 

must be desublimated  on surfaces with good heat flux 

connections to a radiator connected to the exterior of 

the tank, allowing sufficient heat flux throughout the 

system. The test article utilizes copper fins for added 

surface area and copper rods for heat rejection. It is 

1/5-scale of a tanker that could support the oxygen 

production requirement of 1000 kg in a year. This test 

article is designed to fit in a vacuum chamber at the 

NASA Glenn Research Center for testing later this 

year. 

 

mailto:beau.m.compton@nasa.gov


Heat and mass transfer modeling of an indirect receiver for the thermal extraction of volatiles.  GARRETT L. 

SCHIEBER1, BRANT M. JONES1, THOMAS M. ORLANDO1, and PETER G. LOUTZENHISER1. 1Georgia Insti-

tute of Technology, glschieber@gatech.edu 

 

 

Introduction:  H2O(s) collection at the lunar poles 

affords engineering challenges due to the harsh environ-

ment, requiring extraction scenarios that are unique to 

the lunar surface. One proposed scenario is known as 

thermal extraction, where icy regolith is heated without 

excavation, causing sublimation and transport followed 

by collection of escaping volatiles [1]. In this work, a 

novel indirect solar receiver/volatile extractor was con-

sidered.  The indirect solar receiver/H2O(s) extractor 

consisted of a rigid, highly conductive chamber that was 

partially embedded in the icy regolith.  A schematic is 

depicted in fig. 1.  
 

 
Figure 1: Conceptual schematic of the indirect thermal 

extraction receiver  

Solar irradiation is reflected from crater edges that 

may be subject to near continuous illumination [2]. The 

indirect receiver differs from previous concepts in that 

a transparent capture ten is replaced with a highly ab-

sorptive solar receiver. Solar selective and non-selective 

absorbers were examined to efficiently capture concen-

trated solar irradiation and effectively transfer heat to 

icy regolith to drive H2O sublimation. A solar selective 

coating results in high absorption efficiencies as the ab-

sorptivity to solar irradiation is increased and the IR 

emissivity is minimized.  

Heat and mass transfer modeling:  To evaluate the 

new concept, a detailed heat and mass transfer model 

was developed in ANSYS Fluent and considered ther-

mal extraction from permanently shadowed regions 

near the lunar poles with 5 wt% of H2O(s) [3]. The four 

governing equations that were resolved to model ther-

mal extraction are (1) H2O(s) mass conservation; (2) 

H2O(v) mass conservation; (3) energy conservation; and 

(4) the Method of Discrete Ordinance (MDO) to ac-

count for surface-to-surface radiative heat transfer. The 

four governing equations were highly coupled and 

included effects such as ice bridging, porosity changes 

with H2O(s) extraction, radiative conductivity, and tem-

perature dependent thermo-physical properties.  

Results: Two receiver configurations were exam-

ined to assess overall performance: (1) baseline non-se-

lective receiver and (2) a solar selective coated receiver 

with the results for 10 h of simulation provided in fig. 2. 

The maximum H2O(v) collected after 10 terrestrial h of 

simulation time was 2,789 g for the solar selective 

coated receiver and 1,035 g for the non-selective re-

ceiver. The addition of a solar selective coating was 

shown to significantly enhance H2O(s) thermal extrac-

tion. The collection rate observed corresponded to 

~1,200 kg/yr (assuming 50% operation), indicating the 

promise of this technology.  

 

 
Figure 2: Predicted mass collected (solid) and lost 

(dashed) H2O(v) versus time for the 10 h thermal ex-

traction simulation considering a baseline non-solar se-

lective receiver and a solar selective receiver.   

The primary bottleneck associated with thermal ex-

traction was the low thermal conductivity of the icy reg-

olith. Large temperature drops occurred at the surface, 

and subsequently a shallow depth of H2O(s) removal 

was achieved. The spatial temperature contours in the 

regolith after t = 10 h for the solar selective coated re-

ceiver are shown in Fig. 3 for (a) the full view and (b) a 

zoomed in view. The desiccated regolith had a signifi-

cant ΔT, indicating low effective conductivity. The ex-

tended surface was shown to increase sublimation at 

depths below the surface, but the H2O(v) flow condi-

tions did not result in significant additional H2O collec-

tion. Optimization of extended surfaces via fin arrays or 

tubes potentially results in conditions that may greatly 
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increase the effectiveness of thermal extraction. The 

model showed that the indirect receiver for thermal ex-

traction is promising with potential optimization re-

quired to further enhance heat transfer within icy rego-

lith. 

References: [1] G.F. Sowers, and C.B. Dreyer, Ice 

mining in lunar permanently shadowed regions (2019), 

New Space, 7, 235-244. [2] E. Mazarico, G. Neumann, 

D. Smith, M. Zuber, and M. Torrence, Illumination con-

ditions of the lunar polar regions using LOLA topogra-

phy (2011), Icarus, 211, 1066-1081. [3] K.M. Cannon, 

and D.T. Britt, A geologic model for lunar ice deposits 

at mining scales (2020), Icarus, 113778. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Spatial temperature contours near the embedded portion of SEVIR for the solar selective receiver with a 

(a) full and (b) zoomed in view, including the zone of desiccation (light gray) and SEVIR (dark gray).  
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Introduction:  One might – justly – regard sensor 

technology as the barometer of scientific sophistication 

for it has been through scientific instruments that we 

have interrogated the world. Sensor technology is also 

part of the triumvirate of robotics: sensors-controller-

actuators. We wish to explore the prospect of con-

structing sensors from lunar in-situ resources and the 

associated technological capabilities that that affords. 

An implicit assumption regarding ISRU has always 

been that highly sophisticated items will be transported 

from Earth – however, this precludes the prospect of 

repair or replacement on site. It would be advantageous 

to pursue the potential deployment of local resources as 

far as possible. In particular, we explore the prospect 

of sourcing photomultiplier tube (PMT) construction 

on the Moon as a flagship indication that sophisticated 

sensors can be built using lunar resources. Our argu-

ments stem directly from our lunar industrial ecology.   

Measurement of Light Intensity:  PMTs are high-

ly sensitive optical detectors with high signal-to-noise 

ratio that may be arrayed into pixels in a microchannel 

plate, a thin parallel array of glass channels, each act-

ing as an electron multiplier. A PMT is a vacuum tube 

within which there is a glass window to a photoemis-

sive cathode (photocathode) and an anode between 

which reside a focussing electrode and a series of dy-

nodes. Light passes through the glass window and 

strikes the photocathode which, through the photoelec-

tric effect, emits electrons into the vacuum. These pho-

toelectrons are accelerated by the focussing electrode 

onto the series of dynodes (nominally 9-12 stages) 

which act as electron multipliers through secondary 

electron emission. After a series of electron multiplica-

tions at higher electrical potentials, the x10
8 

amplified 

electrons are collected by the anode from the last dy-

node which is positioned very close to the anode. The 

quantum efficiency is the ratio of output electrons to 

input photons: 

 
where R=reflection coefficient, k=absorption coef-

ficient of photons, Pν=probability that light absorption 

excites electrons to escape, L=mean escape length, 

Ps=probability that electrons are released from dy-

nodes. The window may be transparent fused silica 

glass which is transparent to UV radiation to 160 nm 

wavelength. Photoelectron emission occurs if incident 

photons exceeds a critical energy threshold (work func-

tion plus valence-conduction bandgap). The key is the 

photocathode which is typically an alkali metal or III-

IV semiconductor and the dynode comprising second-

ary electron emitters which eject electrons exceeding 

the Fermi level and work function >10 eV. Crystalline 

silicon cannot be employed as a photosensitive trans-

ducer without dopants because of its indirect bandgap. 

Photocathodes are alkali metals with low work function 

such as a thin layer of K coated onto a W substrate – K 

has a work function of 2 eV. Metallic aluminium with a 

work function of 4.08 eV as transmission mode photo-

cathodes requires very thin layers ~20 nm [1]. A suita-

ble candidate photocathode material is amorphous se-

lenium powder with an optical energy gap of 1.99 eV 

[2,3]. The photoelectric current is given by Fowler’s 

law:  where k=constant, n=material 

exponent. Secondary electron emitters are typically 

alkali oxides such as Al2O3 or MgO coatings on nickel 

or steel dynodes [4]. The number of secondary elec-

trons emitted per incident electron is typically ~4-6 for 

a few hundred volts. Stray magnetic fields can be con-

trolled using permalloy. All these materials may be 

sourced on the Moon.  

LIDAR: What about laser technology? The laser 

comprises a pumped energy source, a lasing medium 

and an optical Fabry-Perot resonator formed by two 

mirrors. The optical cavity comprises two parallel mir-

rors, one fully reflective and the other partially reflec-

tive to amplify light intensity through stimulated emis-

sion. The lasing medium provides optical gain includ-

ing CO2 gas (pumped by electrical discharge), doped 

crystal such as Ti:sapphire, Cr:sapphire (ruby) or 

Nd:YAG (yttrium aluminium garnet) pumped by flash 

lamps, or doped semiconductors (based on III-V junc-

tions). Solid-state diode laser pumping such as 

Nd:YAG offers high efficiencies up to 50% but optical 

pumping with flashlamps or lasers is typically ineffi-

cient ~2%. CO2 pulsed laser offers high power outputs 

at 10 μm but increased efficiency to 10% requires the 

addition of helium. Both carbon and helium volatiles 

are scarcer on the Moon than mineral resources. 

Nd:YAG continuous laser are the best solid-state lasers 

at 1.06 μm but rare earth materials are difficult to ex-

tract from lunar resources. The short pulse Ti-doped 

sapphire (Al2O3) laser is tunable across 660-1180 nm 

but requires diode laser pumping. Electron beam 

pumping has been applied to excited dimer (excimer) 

lasers such as KrF lasers at 259 nm but Kr and F are 

highly rarified on the Moon. Electron beam pumping 

through wiggler magnets is also the basis of the free 

electron laser (FEL) tunable from microwave to X-ray 
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but a powerful electron accelerator is required. We thus 

conclude that lasers cannot be readily manufactured 

from lunar resources for first generation ISRU capa-

bilities. 

Active Optics: Active vision reduces the require-

ment for optical hardware by actively orienting a high 

resolution fovea over the visual field. Motorised micro-

stepping offers the potential for circumventing resolu-

tion limits in PMT arrays. We have demonstrated how 

electric motors may be potentially 3D printed from 

lunar resources. Such motors would be the primary 

mechanism for implementing active vision. We have 

also demonstrated how analogue neural networks might 

be constructed from lunar resources. An example of 

such a neural network is the pulse-coupled neural net-

work (PCNN). It can select visual targets for automat-

ed foveation as the key to active vision from a filtered 

image input [5]. The filtered image may be an optic 

flow field or edge-filtered image. Optic flow imple-

ments a form of navigation based on motion detection 

that may be measured using arrays of analogue elemen-

tary motion detectors as a model of insect compound 

eyes of 3000 pixels [6]. PCNN divides a receptive field 

input into two channels. A linking channel that receives 

local stimuli and a feeding channel that receives exter-

nal and local stimuli. Linking modulation feeds back 

the output from the linking channel, applies a threshold 

and multiplies this with the output of the feeding chan-

nel to determine neuronal internal states. A sigmoidal 

pulse generator fires if it exceeds the threshold which 

itself is set by a general exponential decay against pre-

vious firings which raise the threshold. It is the firings 

that select the foveation points. 

More complex image processing taks may be im-

plemented. The fundamental process for initial texture 

analysis is the Gabor transform at different orienta-

tions. The Gabor filter is the product of a 2D Gaussian 

modulated by a complex exponential function that cap-

tures local structure including both edges and texture 

that is invariant to translation, rotation and dilation. 

Texture analysis proceeds beyond feature extraction – 

it is concerned with micro-features. A popular ap-

proach is to implement Gabor filters in a neural net-

work. A 2D image is presented to the input layer of a 

neural network where it is convolved with a Gabor 

filter prior to processing with the classifier segment of 

the neural network’s hidden layer [7]. Prior application 

with principal components analysis to the image reduc-

es the dimensionality of the image. Alternatively, a 

three-layer neural network can compress a 2D image 

into Gabor filter coefficients with 20:1 compression 

rates [8]. For visual texture analysis, different neural 

networks may be implemented, e.g. probabilistically 

weighted neural network [9], cellular neural network 

[10] and convolutional neural network [11]. 

Conclusions: We have seen how the full sprectrum 

of robotic capabilities, namely, sensor-controller-

actuator, might be manufactured from lunar resources 

by emphasizing vision capabilities.    
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Introduction:   

Planetary ball mills (PBMs) have been utilised in 

the industrial mechano-chemical  production of a 

variety of commercially useful and scientifically 

interesting materials[1]. High energy ball mills 

(HEBM) are widely used for grinding, alloying and 

mechano-chemical synthesis of various materials, in-

cluding nanomaterials [2] 

 

In terms of the ISRU value chain, the incorporation of 

a planetary ball mill (PBM) would be quite attractive 

for several reasons. The comminution capability of a 

planetary ball mill provides a pathway to increased 

mechanical liberation of minerals from regolith as well 

as increasing the reactivity of the regolith before any 

chemical processing, coupled with the ability to grind 

particles to micron and even sub-micron levels under 

suitable conditions.  

 

With the inclusion of mechanochemical reactions, the 

benefits of PBMs within the ISRU chain increases 

dramatically (depending on scalability to some extent, 

and the purity of the input powders). The addition of 

alloyed powders and potentially even powdered nano-

materials and shape memory alloys (SMAs) to the list 

of possible ISRU output materials would greatly en-

hance the fabrication of structural objects and in par-

ticular functional objects. Therefore, this simple core 

technology has the potential to be utilized in more than 

one node of the ISRU value chain.  

 

Experimental set up:  

In the experimental set up shown in figures 1 and 2 

the vial had a fixed rotation of 550rpm, while the main 

support disk had a variable revolution rate (200-350 

rpm) to allow for a change in speed ratio (K): 

 

                                
 

Where:  

Ω = angular velocity of supporting disk (revolution) 

ω = angular velocity of vials (rotation) 

 

 

This variability was used to increase cataracting mo-

tion to enable greater ball to ball, ball to vial contact, 

and to minimize any rolling motion. 

          
                        Figure 1: rotation and revolution directions 

 

Rolling motion is to be avoided as it greatly decreases 

grinding performance due to a reduction in ball to ball, 

and ball to vial collisions. Ball motion will tend to be 

in the rolling regime when K has a large value, due to 

the centrifugal force caused by the rotation of the vial 

and so by controlling the speed of either ω or Ω we can 

keep the speed at, or around the critical ball ratio (rc), 

and impart the maximum specific impact energy (Ew) 

with minimal, or no rolling motion of balls taking 

place [3]. Thus the speed ratio not only relates to the 

efficiency of planetary mills, but also ignition time (tig) 

which can itself be seen as an indicator of mechanical-

ly induced self-sustaining reactions (MSR) [4]. 

 

 
                     Figure 2: Experimental PBM test rig 
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   Initial Results:   

   Pure Fe, Al and Si powders were mixed at a ratio of 

5:4:1, respectively. This powder mix was then milled 

in the PBM test rig for 2 hours. Although milling times 

for mechanical alloying (MA) can be much longer, this 

shorter time period was used to compare with expected 

intermediary phases before committing to longer runs. 

Fe-Al-Si intermetallic alloys were chosen for the initial 

test run attempt as they are known to have excellent 

high-temperature mechanical properties and their pro-

duction by conventional metallurgical processes is 

challenging [5]. In addition, Fe contamination from the 

stainless-steel balls would not interfere with the alloy-

ing process, although some chromium contamination 

for longer milling periods would be expected [5]. As 

all these elements can be located on the Lunar surface, 

in an ISRU scenario the input powders would be ob-

tained post molten electrolysis or FFC Cambridge pro-

cess stage, after having gone through some intermedi-

ary beneficiation/comminution circuit. Figure 3 shows 

the SEM & backscattered SEM images of the resulting 

output. The BSE image (b) indicates that the particles 

are not as homogenous as they appear in the SE image 

(a). 

 
       Figure 3: SE SEM(a) & BSE SEM(b) of the initial alloy attempt 

 

The SEM/EDS images in figure 4 indicate that the Fe 

and Al are still mainly in separate phases, while the Si 

appears to be more diffused. This is in line with phases 

expected at the early stages of this process with the 

microstructure mainly dominated by welded lamellae 

of the starting powders with some mutual enrichment 

of the other powders [5].  

 

   
                             Figure 4: SEM/EDS of initial alloy attempt 

 

 
                        Figure 5: XRD trace of initial alloy attempt 

 

The XRD trace in figure 5 further indicates that the Fe 

and Al are still in separate phases, while every peak 

has an Al-Si signature at its base (pink), further sug-

gesting that the silicon has begun to diffuse within the 

microstructure and is perhaps also beginning to form 

an intermediary Al-Si intermetallic phase.  

 

Current and Further work:  

Following on from the initial test runs, the work 

currently being undertaken involves repeating the ini-

tial test runs with longer milling times and then with 

powders suitable for the production of SMAs. Even 

with these relatively low rpm speeds and low power 

motors, initial results were consistent with expected 

initial and intermediary stages of MA, indicating that 

an increase in milling time will result in increased ho-

mogeneity in the structure of intermetallic alloy prod-

ucts and a decrease in the different phases present.        
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