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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. 



Adapting Petroleum Industry Practices to the Search and Evaluation of Martian Water Ice Resource Tar-

gets: S.Casanova, R.C.Anderson, G.Caprarelli, S. Saydam    

 

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 

9, 2021), Acting NASA Administrator Statement on 

Agency FY 2022 Discretionary Request. [2] NASA 

HQ, (September 30, 2019), NextSTEP-2 Appendix H: 

Human Landing System, [3] T. Burghardt (April 30, 

2020), NASA Selects Blue Origin, Dynetics, and 

SpaceX Human Landers for Artemis, NASASpace-

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. 
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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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Uses for water on Mars 
• Propellant production  
• Life-support systems 
• Potable water for human use 
• Food production  
• Water spray for dust suppression  
• Enhanced radiation protection  
• Use in processing and manufacturing of 

other resource products   
 

Drivers for in-situ water production  
• Reduction in landed mass  
• Reduced reliance on Earth  
• Reduction in cost 
• Greater mission flexibility 

 
Potential sources of water  

• Buried glaciers / ground ice 
• Hydrated mineral deposits 
• Martian regolith Martian propellant production process flowsheet and subsystems 

Martian Water Production Projects  



 

 

 

 
Martian Water Exploration and Production (E&P) Project Lifecycle and Resource Assessment Framework 

Project Formulation Phases   Project Implementation Phases  

Project 

Operational 

Phase  

Prospecting  
In-field Resource 

Exploration 
Evaluation  Development Production Closure 

Phase Decision 

Gate 

 

 

Phase 

Objective 
Seek Opportunities Test Opportunities Appraise Opportunities  Prepare for Production Produce Product Close Project 

Phase 

Activities  

Analysis of orbital 
datasets, project site 

selection studies, WST 

generation, GTM mission 
planning, WST selection. 

Generation of preliminary 

FDP  

GTM operations. In-field 
data - gathering, geologic 

mapping and resource 

modelling. Discovery 
assessment. Plan project 

evaluation program. 

Update FDP  

Further data gathering. Pilot production 
and technical trials. Update resource 

models. Field development options 

analysis and selection. Finalisation of FDP  

Implementation of field 

development plan – 

construction and deployment 
of technologies, facilities, 

and infrastructure.   

Full-scale production 
operations. Transform, store, 

and deliver products to end-

users  

Remediation and 

reclamation of the project 

site. Decommissioning or 
repurposing of equipment 

and infrastructure 

Water Source 

Discovery 

Status 

Potential Water Source  Known Water Source  

UNFC Class Prospective Project  
Non-Viable 

Project 

Potentially 

Viable 

Project 

Viable Project   
Produced Quantity 

Justified for 

Development  
Approved for Development  

 On Production 

  

Technical 

Studies  
Concept Studies    Scoping Studies  

Preliminary 

Feasibility 

Studies  

Final Feasibility Studies   

Discovery  

Gate 

Development 

Approval Gate 
Start Up 

Approval Gate 

l

o

s

u

r

e

C

C

C 

Decommission 

Gate 
Water Source Target (WST) / Ground 

Truthing Mission (GTM) Approval Gate 

Lifecycle of a Martian Water Production Project  



Phlegra Montes, Mars Case Study    

Casanova et. al. (2020), Phlegra 

Montes: Characterization of an 

Ice-Rich Landscape, Geologic 

Society of America (GSA) 

Conference, October 26-

30 2020, Virtual Conference 

Geologic map of the Phlegra Montes study region.  

Mapped at a scale of 1:50,000 on a CTX base map. 

Identification of Potential Sources of Water Ice on Mars 

Context map. A) Global MOLA elevation map of 
Mars showing the location of Panel B. B) Elysium 
Mons and Phlegra Montes. Black box highlights 
study site location. Panel (B) is produced from 
THEMIS daytime infrared image mosaic overlain on 
MOLA elevation data. 



Resource Estimation, Classification & Public Reporting 

Standards 

Resource Reporting and Project Management Standards and 

Codes  

Resource classification systems and reporting standards 

provide a framework to report:  

(1) resource exploration and evaluation results, 

(2) estimates of producible resource quantities, 

(3) current development status of a project, and 

(4) degree of confidence in the technical feasibility and 

commercial viability of a project. 



Examples of Petroleum and Mineral Resource and Reserve 

Classification Systems 

The Petroleum Resource Management System 

(PRMS 2018)  

Committee for Mineral Reserves 

International Reporting Standards 

(CRIRSCO 2013)   



The United Nations Framework Classification for Resources 

(UNFC 2019)  
 

UNFC-2019 Classification Framework    



Specifications for the Application of UNFC-2019 Principals to 

Martian Water Ice Production Projects 

 

Martian Ice 
Resource 

Classification 
Specifications 

(MIRCS) 

Martian Ice 
Resource 

Assessment 
Framework  

(MIRAF) 

UNFC aligned commodity specific 

standards   UNFC -2019 



UNFC-2019 Project Class and Sub-Class Classification 
 

Assessment of Potential Water Sources and Prospective Project Opportunities  



Prospective Petroleum Project - Assessment Practices 
     

Geological Modelling and Analysis  

Offset well data 

Airborne Remote 
Sensing Data 

Seismic Data 

Project 
Definition 

Reconnaissance 
/ Basin 

Modelling 

Petroleum 
System 
Analysis  

Reservoir 
Characterization  

Prospective  
Resource 

Estimation  

Probability of 
Geological 

Success 
Assessment 

Petroleum system model elements and processes (modified from JMA) 

Probability of Geological Success (Pgs)  

= Pcharge (source + migration) x Ptrap (trap 

formation, seal, preservation) x  Preservoir 

(reservoir rock and quality) 



Prospective Petroleum Project - Assessment Practices 
 

 Exploration Well and Project Viability Analysis   

Offset well data 

Airborne Remote 
Sensing Data 

Seismic Data 

Petroleum system model elements and processes (modified from JMA) 

Well design  

Technical feasibility 
assessment 

Project development 
viability assessment  

Technically 
recoverable resource 

estimate 

Probability of 
discovery assessment 

Probability of viable 
project opportunity 

assessment  



Assessment of a Potential Martian Water Source 
 

Geological Modelling and Analysis  

 

Ice Accumulation  

(water source, 

depositional process, 

event timing)   

Ice Loss 

(water loss processes)   Trap/Seal  

(physical characteristics of 

protective cover, processes 

and timing of emplacement)   

Reservoir Quality 

(physical 

characteristics of ice 

body)    

Lobate Debris Apron (LDA) Boundary = Play 

Boundary  

Reconnaissance 

 

Potential water source identification   

 

Landsystem analysis and assessment of 

probability of geological success 

 

 Resource estimation 

Estimate of total water in place (TWIP)  

Martian Lobate Debris Apron (LDA) landsystem model - elements and processes 



Scientific 

Studies  

+ 

Geological 

Model  
 

Human Exploration 

Mission 

Concept Studies / Design 

Ground Truthing  

Mission (GTM) 

Concept Studies / Design  

 

Technical Feasibility Assessment  

 

 

Environmental-Socio-Economic Viability Assessment   

 

 

Prospective Resource Estimate  (Low, Best and High 

Case Estimate)  

Estimate of technically recoverable resource (TRR). 

 

 

Probability of Discovery Assessment  

 

  

Probability of Project Viability in the Case of Discovery 

Assessment of a Prospective Martian Water Source Target (WST) 
 

Ground Truthing Mission and Project Viability Assessment 

 

WST 

WST = Water Source Target  

Prospective Project Assessment Inputs 



Classification of Prospective Martian Water Production Projects 
 

 Integration with NASA Flight Mission Project Lifecycle Phases 

New mission 
feasibility (MF) 

sub-class category 
added to UNFC 

scheme   



Discovery Assessment Workflow 
 

Upgrading a Potential Source Associated with a Prospective Project into 

a Known Source   

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discovery (Known Source) 

E3.2, F4, G1-3  

Direct intersection 

with target (i.e., grab 

sample / borehole)? 

Water show 

encountered? 

 

WST Potential Untested  

 

 

 
Dry / Failed WST 

 

 

 

Y 

Y 

Y 

Y 

N 

N 

N 

Prospective Project 

E3.2, F3.3, G4 

 

 

More data acquisition / 

evaluation planned? 

 

N 

Update resource model 

and conduct look back 

analysis to evaluate why 

the WST failed and 

impact on future IFRE 

activities       

Y 

Remaining Source  

E3.3, F4, G4 

 

 

Sufficient information 

on the WST to assess 

development 

potential? 

 

N 

Proceed to evaluation 

activities?   

   
Y 

N 

Unclarified Project  

E2, F2, G1-3  

Project activities are on hold 

with identified barriers to 

development likely to be 

resolvable in the foreseeable 

future?  

 

Project Status On-Hold 

E2, F2.2, G1-3  

 

Project Status Not Viable 

E2, F2.3, G1-3 

 

N Y 

Sufficient information to 

classify project as viable 

and proceed directly to 

production?  

   
N 

Y 
Viable Project 

E1, F1, G1-3  

Update resource model / 

resource estimates  

Studies indicate 

potential for 

development? 

 

UNFC -2019 Classification Framework 



Resource Classification Standards and Assessment Guidelines 

 
Future Work Recommendations  

Resource 
Classification 

Standards for Space 
Resource Projects  

Source Specific 
Resource 

Assessment 
Guidelines 

MIRCS MIRAF 

 

Aligned system with bridging 

document  

UNFC aligned commodity specific 

standards   

UNFC -2019 
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USNC is Developing the 5 MWe MMRTM for Remote Terrestrial Locations 
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Surface fission power reactor for Earth

Surface fission power reactor for Space

Nuclear Thermal Propulsion (NTP) reactor 

Nuclear Electric Propulsion (NEP) reactor

Nuclear Batteries 

Capable of specific impulse (Isp) of 750 s with growth path to > 900 s

Capable of power density (a) < 20 kg/kW with growth path to < 10 kg/kW

Permanent power, mobile power, and industrial heat

Power for ISRU, life-support, mining, reprocessing of materials

Long term reliable watt-scale nuclear batteries for space and terrestrial 
markets

USNC-Tech is a Subsidiary of USNC: Designs and Builds Novel Nuclear Systems 

H
A
L
E
U
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• Safety first, fully encapsulated

• Charge and go, no processing

• Low-cost (affordable material, no radiochemistry)

• Wide selection of radioisotopes production capability

• Architecture can be adopted to commercial products across 
terrestrial, marine, and space environmentsA. Manufacture

(Non-Radioactive) 

B. Charging
(Single Activation)  

C. Packaging

Shielding/ 
Aeroshell 

Power 
Conversion

Commercial CAB Production

Innovation #1 Production Methods

Benefits

A. Manufacturing B. Irradiation C. Integration

Process

Location Parallel Work at USNC-Tech Seattle CAB Laboratory and
University Tennessee Knoxville

Reactor Partner
(HFIR/Other)

Radiation Lab and or Launch 
Facility

(HFIR/Other) 
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CAB Half-Life [year] Element 

Feedstock

Feedstock 

Molecule

Activation 

Isotope

LiCAB 12.3 Li-6 Li2O H-3

TmCAB 129 days Tm Tm2O3 Tm-170

CoCAB 5.7 Co Co3O4 Co-60

EuCAB 13.5 Eu Eu2O3 Eu-152, Eu-154

Baseline CABs – LiCAB, TmCAB, EuCAB, CoCAB
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384 Hour Night

384 Hour Day
20 Wth x 384 hours => 11.5 kWh

vs.

Survive the Lunar Night

50 K

400 K

Traditional Batteries

150 Wh/kg => 50 kg

300 Wh/liter =>25 liters

CAB 

5-10 kg (5-10 x)

0.4-0.8 liters (30-60x)

CLPS $1 M/kg => Cost Savings 10’s of Millions
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• Performance

o 1 million x the energy density of Lithium battery

• Suite of available radioisotopes to meet customer 
needs

o Lifetime

o X-ray shielding

o Power density

• Applications

o Heat, electricity, x-ray source

o Survive/operate the Lunar night, deep ocean 
operation, underground power, thermal 
propulsion, x-ray sources, medical uses

• Funding

o NASA 2021 NIAC grant

CAB Unit  (Real Prototype)

CAB Stack                                      

Precursor

Encapsulation

Stack Housing

X-ray Shield

CAB Pack (Lunar Configuration)

CAB Units x 42

CAB Stack

“Supercharged AA Battery of the Future”

Chargeable Atomic Batteries

Aeroshell

Analogy

Patents Pending: PCTUS2116982, PCTUS2116980 
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Lunar Size Comparison



© USNC-Tech 2021 10

https://www.whitehouse.gov/presidential-actions/presidential-memorandum-launch-spacecraft-containing-space-nuclear-systems/
(1) IAEA Regulations for the Safe Transport of Radioactive Materials, SSR-6 (Rev. 1), 2018 Table 2

Tier Radioisotope 
Quantity

Fission Exposure 
Requirements
(Public Dose in 

TED)

Probability of 
Occurrence

Scope

I < 100,000 A2(1) N/A 0.025 – 5 rem  1 in 100 Review and approval 
process simplified

5 - 25 rem  1 in 10,000

> 25 rem  1 in 100,000

II > 100,000 A2(1)

> Tier I
HALEU 5 rem to 25 rem  1 in 1 million Significant cross agency 

review

III HEU > 25 rem  1 in 1 million Significant cross agency 
review and presidential 
approval

Innovation #2 Regulatory - NPSM-20

https://www.whitehouse.gov/presidential-actions/presidential-memorandum-launch-spacecraft-containing-space-nuclear-systems/
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Other Lunar Applications

November 24, 2020 11
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• Frequency

o LSS telescope detect 0.2- 1/yr

o I4is study 7/year

• How to catch

o ‘Oumuamua 𝑉∞ 26.33 km/s 

o Borisov 𝑉∞ 32.6 km/s 

o 100 km/s would enable 
interception and sample return 
of generic ESO

o 50 km/s would enable 
‘Oumuamua flyby (launch 2027 
flyby in mid-2030’s)

Innovation #3 Extra Solar Objects
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• (45%) Radioisotope: 

o Feasibility of radioisotope manufacture (target design 

TRL 1->3) 

o Launch safety and radiation analysis

• (40%) Power system analysis and design focusing on 

supporting the 5 kg/kWe power source design.

• (15%) Trajectory analysis to better establish the types of 

extrasolar objects that can be targeted.

All Aboard the Extra Solar Object Express!

Shield Ejected Shield

Study Approach

Flight Concept
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• Looking for
o Scientists interested in payload development

o Inventive power conversion technologies

o Spacecraft designers

• Notional Phase II Ambitions
o Radioisotope production

o Power conversion demonstration

• Beyond the NIAC
o Lunar radioisotope heater nuclear ground demo 

in next 12 months, looking for flight demo in 2023 

o Terrestrial applications including long duration 
ocean floor sensing and mapping and 
underground power solutions

o Looking for NASA/NOAA/other applications, 
would love to talk to scientists looking for power 
solutions

o ISRU, x-ray fluorescence, etc

o Ask me about the Subterrene over a beer/coffee

Get in touch!

Universe Today NIAC Interview
• https://www.youtube.com/watch?v=HsON

8yF5Rjo

TheSpaceShow on Space Nuclear
• https://thespaceshow.com/show/02-mar-

2021/broadcast-3651-dr.-christopher-
morrison

Christopher Morrison Ph.D.
CAB Project Lead
Astro Nuclear Engineer, USNC-Tech
c.morrison@usnc-tech.com

https://www.youtube.com/watch?v=HsON8yF5Rjo
https://thespaceshow.com/show/02-mar-2021/broadcast-3651-dr.-christopher-morrison
mailto:c.Morrison@usnc-tech.com
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Terrestrial Applications
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0 degrees C

ROV - 500 We x 5 years => 22 MWh
Underwater Electricity

No Light

Traditional Batteries

150 Wh/kg => 150 tons

300 Wh/liter => 73 m3 CAB 

2–4 tons (40-70x)

0.8 - 1.6 m3 (40-90x)

Enabling for Long Duration Exploration/Sensors/Mining at Depth

No Power Cord

Power Cord

Support Ship

$ 4,000 – $30,000 per day

100 – 1000 atm
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Underground Power

18

Watt to 1 kW scale long duration electric power 

10–30-year duration

Mining/Sensors/etc.

Small enough to fit down a borehole
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Apollo Program Architecture

1 PTMSS/SRR 2021 - Virtual
06/11/21

1 Saturn V launch

CSM & LEM to Moon

LEM on the Moon

Ascent Module to CSM CSM to Earth

Command Module
to Earth

Apollo architecture was fully expendable



Artemis with SpaceX Starship HLS

2 PTMSS/SRR 2021 - Virtual
06/11/21

Earth to NRHO to Earth

NRHO to Moon to NRHO

Earth to LEO Starship and Tanker
10 – 13 Super Heavy Launches

Payload transfer in LEO
9 – 12 Propellant transfers in LEO

Propellant and Payload 
Transfers in NRHO

Astronaut Transfer 
at Gateway 

SLS Orion launch to NRHO
Orion returns to Earth

Cislunar Starship

Lunar Starship



Artemis with Blue Origin HLS

3 PTMSS/SRR 2021 - Virtual
06/11/21

Earth to NRHO to Earth

NRHO to LLO

On the Moon

NRHO

Moon to NRHO

SLS Orion launch to NRHO
Orion returns to Earth

Lander
Cargo
Propellant

Astronaut Transfer 
at Gateway 



Artemis with Dynetics HLS

4 PTMSS/SRR 2021 - Virtual
06/11/21

Earth to NRHO to Earth

NRHO to Moon

Dynetics on Moon to NRHO

Astronaut Transfer 
at Gateway 

Propellant transfer 
in NRHO

Drop Tanks
Cargo
Propellant

SLS Orion launch to NRHO
Orion returns to Earth



CSDC Reusable Cislunar Transportation Architecture

5 PTMSS/SRR 2021 - Virtual
06/11/21

• Propellant to LEO Depot

• Propellant to EML1 Depot

• Crew or cargo to LEO Depot

• Crew or cargo to EML1 Depot

• Crew or cargo to Moon Shuttle

•Moon Shuttle to Moon

•Moon Shuttle to EML1 Depot

• Crew to LEO Depot

• Crew to Earth



Superheavy Starship to the Moon

6 PTMSS/SRR 2021 - Virtual
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Super Heavy Launch
Personnel Starship
Cargo Starship
Tanker Starship

Transfer Starship Refueling

Transfer Starship to the Moon 
Personnel
Cargo
Propellant

Lunar Starship Refueling

Starship on the Moon 
Personnel
Cargo

Transfer Starship to LEO
Personnel
Cargo



Reusability Reduces Complexity, System Types and Cost
NASA/Blue Origin NASA/Dynetics NASA/SpaceX CSDC SpaceX

Ex
p

en
d

ed

SLS
Orion
Service Module
Blue Moon
Blue Moon LV
Propellant LVs

SLS
Orion
Service Module
Drop Tanks
Propellant LVs

SLS
Orion
Service Module

Personnel LV
Propellant LVs

R
eu

se
d

Transfer Vehicle
Ascent Vehicle
Propellant Tankers

Lander
Propellant Tankers

Super Heavy
Lunar Starship

Dragon / Starliner
EML1 Tug
Moon Shuttle
Personnel Module 
Propellant Tankers

Super Heavy
Tanker Starshp
Lunar Starship
Cislunar 
Starship

C
o

st
 D

ri
ve

rs

SLS
Orion
Service Module
Blue Moon
Blue Moon Launch
Propellant Launch
Blue Origin Ops

SLS
Orion
Service Module
Drop Tanks
Propellant Launch
Dynetics Ops

SLS
Orion
Service Module
SpaceX Ops

Propellant Launch
Personnel Launch
CSDC Ops

SpaceX Ops

7 PTMSS/SRR 2021 - Virtual
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Starship is 4 – 25 Times More Capable than Others
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NASA/SpaceX NASA/Blue NASA/Dynetics CSDC SpaceX
C

ap
ab

ili
ty

4 people
10 t cargo

4 people
~10 t cargo

4 people
~10 t cargo

6 people
25 t cargo

0 – 100 people
0 – 100 t cargo

N
o

rm
al
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ed
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1

10

100



Starship Lunar Mission Cost and Price Drivers

• Propellant Cost1 Cost Driver

– Super Heavy (3400 t; 2653 LOx, 747 CH4) $1,433,000

– Starship (1200 t; 936 LOx, 264 CH4) $371,400

– Total Per Launch $1,804,400

– Per Moon mission (13 launches) 23,457,200

• Operations Cost $8,000,000 Cost Driver

– $32M for 4 lunar landers per year assumption

• Mission ops, flight ops, ground ops and flight systems amortization

• Estimated Cost $31,500,00

• Profit ? Price Driver

– Limited by mission competition2,3

9 PTMSS/SRR 2021 - Virtual
06/11/21

Notes: (1) Propellant Price: LOx: $0.16/kg, CH4: $1.35/kg
(2) Artemis HLS mission cost >$1B (Orion - ~$900M; SM - ?; SLS - ?; NASA operations - ?; HLS price - ?)
(3) SM development cost ~$1B; production cost ~ 5% - 15% (NASA)  



The Bottom Line

Fully reusable architecture may reduce              
lunar mission cost from >$1B to <$50M

BUT

What will the commercial price be?

10 PTMSS/SRR 2021 - Virtual
06/11/21



Thank You!
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Sensors 

 Question: Is it feasible to construct robots on the Moon using the Moon’s 

resources? 

 We need to show that we can construct the triumvirate of robotics – sensors-

actuators-electronics – here we focus on sensors though we shall see that the 

other aspects are of import  

 Fundamental measurement dimensions are amount (N), mass (M), length (L), 

time (T), temperature (Θ), electric current (I) and luminosity (L) from which all 

others are derived  

 Active sensory transduction materials are required that convert environmental 

state into electrical signal 

 We focus on two sensory modalities – displacement (and its derivatives – 

force/pressure) for internal state sensing and vision for external sensing-at-a-

distance 

 Potentiometer – Piezoelectricity – Photomultiplier tube  



Displacement Transduction 

 Displacement sensing is the most fundamental mode of sensing 

 Simplest method is potentiometer = resistance wire in voltage  

      divider configuration 

 Rotary potentiometer used in motorised joints robot for high radiation environments - 

adopted for rocker-bogie linkage angle measurements on Kapvik microrover 

 Resistance wire is electrical conducting wire – Al can be extracted from lunar anorthite 

 Artificial weathering of anorthite (CaAl2Si2O8) with hot HCl yields SiO2 and Al2O3 

      CaAl2Si2O8 + 8HCl + 2H2O → CaCl2 + 2AlCl3.6H2O + 2SiO2  

                                                                   2AlCl3.6H2O → Al2O3 + 6HCl +9H2O 

 Alumina is refractory material (used in crucible linings) with physical properties 

exceeded only by diamond       

 Silica is raw material for fused silica glass (e.g. Fresnel lenses) 

 CaCl2 electrolyte for FFC process as a byproduct 

 Alumina and silica may be reduced to aluminium (conductor) and silicon 

(semiconductor) metals directly through the Metalysis FFC process 

      



Force/Pressure Transduction 

 Piezoelectric quartz is the basis of force/pressure sensing  

 Piezoelectric materials also used as:  

      (a) precise mass measurement (QMB) 

      (b) radiofrequency oscillator in rf processing 

      (c) short-stroke high frequency actuator (e.g. USDC) 

 Pierce rf oscillator constructed with minimum components – one inverter, two resistors, two 

capacitors and one quartz crystal 

 Quartz does is rare on the Moon but it may be grown from silica 

 Melt silica at 1710oC followed by seeding in Na2SiO3 at 350oC and 150 bar 

     Na2CO3+SiO2 → Na2SiO3+CO2  

 A lunar solar furnace-based foundry based on printed or cast Fresnel lens concentrators 

can create temperatures ~2700oC 

 Na2CO3 is derived from NaCl imported from Earth outlined in our lunar industrial ecology as 

part of the salt contingency (for self-replicating systems) 

 We may implement convolutional coding/decoding through banks of XOR gates and 

decoding through neural nets for robust data transmission 

 

      



Load Sensing for Surveying 

 We have demonstrated the use of simple wheel load sensors  

      on our Kapvik micro-rover through field tests  

 We used neural nets to extract geotechnic regolith properties  

      – soil cohesion and soil friction angle - during traverse 

 Such a technique can detect water ice in-situ 



Tactile Sensing 

 Tactile sensors is based on pressure sensor array embedded in compliant “skin” 

 Variation is flexible whiskers – universal biological sensor for detecting touch, fluid flow, linear 

acceleration and gyroscopic rotation  

 We adopt elastomeric silicone plastic (siloxane) to protect underlying piezoelectric array  

      (i) Si backbone minimises C resource consumption, (ii) UV radiation resistant, (iii) High  

      operational temperature tolerance (350oC c.f. 120oC) 

 Formation of syngas at 850oC and 4 MPa over Ni catalyst: CH4 + H2O → CO + 3H2 

 Formation of methanol (or higher alcohol) at 250oC and 5-10 MPa over Al2O3 catalyst: 

      CO + H2 → CH3OH 

 Formation of chloromethane by HCl action at 350oC over Al2O3 catalyst (Rochow process): 

      CH3OH + HCl → CH3Cl + H2O 

 Formation of dialkyl dichlorosilane from Si at 370oC in presence of Ni catalyst: 

      2CH3Cl + Si → (CH3)2SiCl2 

 Formation of polydimethylsiloxane (PDMS) – simplest siloxane – by hydrolysis: 

      n(CH3)2SiCl2 + nH2O → ((CH3)2SiO)n + 2nHCl 

 HCl is recycled – Cl required from imported salt NaCl (salt contingency)   

 

     

 

 



Photomultiplier Tubes 

 Imaging camera array is fundamental in robotics as a remote distance sensor  

 Photomultiplier is a vacuum tube comprising glass enclosure (from fused silica) and 

nickel/aluminium dynodes/electrodes (former from NiFe asteroid alloy treated with the 

Mond process process) 

 Photoelectrons accelerated through series of 

      dynodes → x 108 amplification at anode 

 Photocathode coated with light-sensitive 

      material (Se as primary emitter) 

 Dynodes coated with alkali metal oxides, e.g.  

      Al2O3 or MgO as secondary electron emitters (latter derived from lunar olivine)  
                                                                                                                                                        [Qwerty123uiop, CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=62426194] 

 PMTs are highly sensitive optical detectors 

 PMT arrays form microchannel plate – although nominally ~10 μm pixels separated by 

~15 μm, we assume much poorer resolution imaging arrays 

 We assume lasers cannot be manufactured from lunar resources as they require stringent 

tolerances <λ/4 alignments 

 



Photo-Sensitive Transduction 

 P-type semiconductor selenium was used in A.G. Bell’s photophone  

 Se is found in association with metal sulphides - rare on the Moon 

 S/Se ratio in carbonaceous meteorites is ~2450 with S~5% content of same 

 In NiFe meteorites, Se is associated with troilite (FeS) and chalcopyrite (Cu-Fe-S) 

through sulphur substitution 

 Iron selenide may be smelted with soda Na2CO3 (from NaCl import) and saltpetre KNO3 

(derived from lunar orthoclase) forms sodium selenite:  

      FeSe + Na2CO3 + 1.5O2  FeO + Na2SeO3 + CO2 

 Sodium selenite Na2SeO3 is acidified with H2SO4 that precipitates sulphur impurities out of 

solution leaving selenous acid (H2SeO3) from which Se may be liberated: 

      H2SeO3 + 2SO2 + H2O  Se + 2H2SO4 

 Se is recovered with sulphuric acid recycled 

 Imported reagent Na is necessary for Se extraction as part of the `salt` contingency (Na2O 

product is recycled by water into NaOH + HCl  NaCl +H2O) 



Active Vision 

 Poor imaging resolution and limited array size of microchannel plate may be compensated 

for using active vision 

 Fovea is 0.5-1.0o region of retina with high resolution with more diffuse receptor density 

away from fovea – 50% of visual cortex processes foveal data 

 Fovea is shifted over visual field by eye movements through alternating saccades ~2-3 Hz 

and gaze (~30 ms) 

 Microsaccades ~arcmin amplitude – immobilisation of eyeball obliterates vision 

 Eye movements follow paths of high information density such as edges modulated by 

random movements  

 Saliency map is constructed iteratively with neural “filling” in of  

      background – see  https://www.youtube.com/watch?v=IGQmdoK_ZfY 

 We can employ active vision to compensate for poor resolution and  

      inadequate array size using motorised micro-stepping  

 We trade higher accuracy pointing measured by potentiometers at  

      camera pan/tilt joints against poor resolution of PMTs 

 Active vision may be implemented using pulse-couped neural networks 

https://www.youtube.com/watch?v=IGQmdoK_ZfY


Fully 3D Printed Motor 

 3D printed rotor (ProtoPasta) 

 3D printed permanent stator magnet (Oak Ridge National Laboratory) 

 LOM-style copper tape wiring/commutator wound around rotor 

 3D printed shaft + bearings 

 

 

 

 

 

 

 

 

 



Feedforward Vision 

 Active vision involves scanning a narrow fovea over the visual field emulated by slewing of 

mast-mounted camera on a rover 

 We have implemented vestibular-ocular reflex (VOR) using forward models to compensate 

for lack of gyroscopic feedback 

 Forward model is based on a neural network to emulate cerebellum (muscle memory): 

 

 Through prior learning, we can eliminate reliance on some sensory data 

 

 

 

             

 

 

 

        (a) Feedback only                                (b) Feedback with feedforward prediction  

 



Optic Flow 

 Optic flow is an insect-inspired mode of visual navigation  

 It computes velocity on basis of intensity variations  

     between frames 

 

 

 Looming velocity → time to collision 

 Physical computation through Reichardt detectors using simple 

neighbouring pixel time-shifting analogue circuitry  

 Thomas Nagel should have written his famous philosophy paper on 

perception as “What is it like to be an insect?”  
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Neural Field Navigation 

 We have used polar potential fields for navigating hostile rock distributions – VL1 

– VL2 – MPF – MER-A 

 We implemented a potential 

      field algorithm using waypoints 

 

 

 

 

 

 

 

 

 Polar potential fields can be implemented using neural fields 
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Introduction 
Ball movement 

 

 

 

 
 

 

Ball motion at different speed ratios (a) cascading, (b) 
cataracting & (c) rolling (Burmeister C. F., 2013). 

The ball motion is always in the rolling regime when k has a 
large value, due to the centrifugal force caused by the 
rotational of the vial. The rolling motion is ineffective for 
grinding performance due to a reduction in the collision of balls 
against each other. 

 
 

 Typical applications of planetary ball mills 

include material development and liberation of 

minerals and other materials for analysis, using 

the combined effect of 2 centrifugal fields 

created by the combined rotation of the 

supporting disk and vials in opposite directions.  

 The vials rotate about their own axis. 

 The motion paths of the grinding media (balls) 

result in impact and frictional forces. 

 Mechanochemical processes in planetary ball 

mills have been widely employed in industry to 

synthesize a variety of commercially useful and 

scientifically interesting materials.’ (Burmeister 

C. F., 2013) 

 



	

rotation and revolution directions  
In the experimental set up shown 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) 

 

                                

𝑲 =
−𝝎

𝛀
 

• The effects of the speed ratio on the efficiency of 
PBMs can be measured using the ignition time (tig) 
as a indictor of mechanically induced self-sustaining 
reactions (MSR). 

• The inverse of the ignition time (1/tig), is directly 
related to the milling power provided by the PBM.  
 

• There is a direct relationship between the reciprocal 
of ignition time and the revolution speed Ω to the 
third: 

 

𝟏

𝒕𝒊𝒈
 ∝  𝛀𝟑 

 



Test rig v1 

•  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 production by conventional metallurgical processes is 
challenging 



Initial Results 

SEM 

EDS 

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) The SEM/EDS images above 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 



XRD 

 

The XRD trace 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 suggesting that the silicon has 
begun to diffuse within the microstructure and is perhaps also beginning to form an 
intermediary Al-Si intermetallic phase.  



Version 2 



Comparison with 2nd run 

2 hr run 4 hr run 



Ball surface coating 

1st attempt  

(contaminated with LHS-1 ) 2nd attempt (2hr) 2nd attempt (4hr) 

Coating similar to attempt 1 but 
thinner 

The balls started losing the 
coating and started getting the 
original shine back… 



• The addition of alloyed powders and potentially even 
powdered nanomaterials and shape memory alloys 
(SMAs) to the list of possible ISRU output materials would 
greatly enhance the fabrication of structural objects and 
in particular functional objects.  

•  Exploring intersection points with other technologies 
than can enhance this capability or benefit from it 

• Repeating the initial 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 homogeneity in the 
structure of intermetallic alloy products and a decrease in 
the different phases present.  

Further work 



Thank you for your 
time 
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Introduction: It is crucial for any sustainable explo-

ration to be both cost and energy efficient. A way of 
minimizing cost is to include in situ resource utilization. 
For a lunar expedition, solar power, oxygen and metals 
are the most abundant resources. Another most useful 
resource, water ice, is also known to be trapped in the 
Permanently Shadowed Regions (PSRs) which is seen 
as a feedstock for rocket propellent. We are developing 
a patent-pending technology for regolith beneficiation 
to concentrate ice, minimizing energy requirements for 
a starting architecture of ice extraction. We have also 
studied the orbital dynamics of commercial lunar pro-
pellant usage [1]. Results from these studies will be pre-
sented. 

Innovation: Beneficiation is common in terrestrial 
mining. It improves the physical or chemical state of the 
resource.  We performed beneficiation methods of win-
nowing, magnetic separation, and electrostatic separa-
tion with lunar simulants. We simulated ice with plastic 
due to similar density and magnetic response, and we 
tested their mixture with lunar simulants of concentra-
tions from 0-5% by weight. The beneficiation can also 
be extended to other useful minerals. 

Architecture and Orbital Dynamics: The exca-
vated resource is lightly grinded to help separate ice 
from lithic fragments prior to the beneficiation pro-
cesses. A combination of pneumatic, magnetic, and 
electrostatic and/or vibrational separation is theoreti-
cally capable of fulling isolating the ice particles. The 
concentrated resource is hauled out of the PSR. This 
way we can keep the power system out of the PSRs, cre-
ating a simpler, low-cost architecture. Cleaning the wa-
ter followed by the electrolysis produces the propellant, 
which is then liquified and stored, Figure 1.   

 
Figure 1. Flow chat of the extraction and beneficiation 
processes. 
 

The goal is to make a business case in the lunar pro-
pellant manufacture with low enough startup cost that it 

can be started immediately using commercial invest-
ment. Enough fuel needs to be produced for a round trip 
of the thruster which boosts a communication satellite 
from initial orbit to a final orbit on a budget. Figure 1 
shows the basic architecture: (1) a lander with a tug is 
refueled on the surface; (2) the lander loiters in LLO; 
(3) the tug proceeds to GTO where it rendezvouses with 
a commercial satellite; (4) the tug boosts the satellite to 
GEO; (5) the tug returns to LLO; (6) the tug rendez-
vouses with the lander; (7) lander and tug return to the 
lunar surface for refueling. Variants of orbital boosts 
were compared with the different combination of Tug-
Thruster mass and oxidizer to fuel ratio with strategies 
on aerobraking and ion propulsion to identify he mini-
mal viable case. This analysis indicated the mass of pro-
pellant that must be mined per satellite boosted to GEO. 
A subset of the orbital scenarios we considered are 
shown in Fig. 2. 

 

 
Figure 2. Comparison of Propellant Requirements for 
different scenarios of GTO-GEO Boosts. Orange: sce-
narios leaving the Tug in orbit (orbital Tug = OT). “OT 
all” includes OT stoichiometric (different mixture ratio 
that utilizes extra available oxygen for lower ISP but 
overall, more economic operation) and OT Aerobrake 
which includes aerobraking to drop into GTO from the 
Moon. Blue: scenarios landing the Tug on the lunar sur-
face. In these scenarios, the lander will bring a resupply 
tank to LLO to refill the Tug. The baseline scenario is 
labeled “Landed Tug”. “All” includes stoichiometric, 
ion, and ZBO (“zero boiloff” technology required to en-
able very slow aerobraking without the mass penalty of 
a heat shield). Percentages on the bars are the propellant 
requirement reductions relative to the baseline case. 



 

 

Approach: In addition to the analysis of orbital dy-
namics, we analyzed the beneficiation process through 
each stage to predict what fraction of grains, based on 
their size and mineralogy, would be separated. We also 
performed experiments to validate the beneficiation 
concepts, including magnetic, electrostatic, and vibra-
tional separation (see Figs. 3 and 4). Finally, we per-
formed an architectural analysis of the overall mining 
system including surface and orbital segments to deter-
mine mass, power, throughput, and cost.  

 

  
Figure 3. Magnetic (left) and electrostatic (right) ex-
perimental apparatuses. 
 

 
Figure 4. A: Regolith+plastic (ice) mixture. B/C. After 
magnetic beneficiation. B: regolith with little plastic 
(ice). C: regolith with enhanced ice concentration. 
 

Results: 
• Experiments show that ice beneficiation is a game 

changer in lunar propellant manufacture. It rejects 
more than 80 % of the regolith while retaining al-
most all plastic (ice). 

• A dramatic 98% reduction in power estimated in 
comparison with thermal extraction. 

• Architectural analysis shows 2,500 kg of assets and 
a start-up cost of €175M or $213M to begin opera-
tions which are !

!"
th in size and  !

!#
th in budget as 

compared to a recent study on commercial lunar 
propellant architecture study [2]. 

• The propellant from the Moon allows fast boosting 
(within one day) of satellites between orbits that 
save in millions as compared to the electric thrust-
ers that take 6-12 months. 

 
 

References: 
[1] “Aqua Factorem: Ultra Low energy Lunar Water 
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production, REACH, Volume 13, 2019, 100026. 
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Introduction: Hundreds of communication and 

other satellites in Earth orbit use hydrazine propellant 

for final orbital positioning and station-keeping. As 

these satellites near the exhaustion of their propellant, 

they are normally boosted to higher parking orbits and 

stop being revenue or data producers for their owners. 

Replacement costs as high as hundreds of millions of 

dollars create an economic reward for refueling, and 

thus recovery of satellite operations. Satellite servicing 

missions are currently underway that could 

demonstrate active refueling using hydrazine produced 

on Earth to restore functionality. The discovery of 

ammonia (NH3) in lunar polar cryogenic soils by the 

LCROSS mission in 2010 could enable hydrazine 

production through multiple chemical synthesis 

pathways. Solving the complex chemical engineering 

problem of hydrazine synthesis from lunar resources 

could enable a straightforward business model of 

producing and selling the most common satellite 

propellant known to man. Our strategy is to adapt and 

leverage recent breakthroughs in chemical reactor 

technology and unit operations. Key challenges include 

power budget, radiation tolerance, thermal and 

vacuum-related constraints, hypogravity conditions, 

and miniaturization. 

Current Technologies and Market Summary:  
Two missions are currently underway using spacecraft 

that will attach to two retired GEO satellites and take 

over attitude control
 
[1] and NASA is developing a 

spacecraft that will refuel (notably with hydrazine) and 

repair a legacy satellite to extend its lifetime.
 
[2] These 

developments would be synergetic with the 

manufacturing of hydrazine in microgravity or on the 

lunar surface, provided a simple, robust method of 

chemical synthesis can be developed and proven. The 

system would utilize ammonia derived from lunar 

polar volatile resources. The value of hydrazine in 

GEO for refueling life extension of commercial and 

military satellites has been independently estimated to 

be as high as $350,000/kg. [3] Future customers could 

include near-term lunar landers and deep space 

missions that could be refueled before leaving cislunar 

space. Specific current and future customers include 

owners and operators of communication satellites, the 

U.S. military, NASA, allied militaries and space 

agencies, and commercial spaceflight companies, such 

as SpaceX, Blue Origin, and Boeing. Lunar landers 

could also be refueled with lunar ammonia-derived 

hydrazine if the engines and/or thrusters are 

compatible. 

Our patent-pending innovations are also anticipated 

to be adaptable for use at terrestrial worksites, 

providing a path to near-term economic returns. NASA 

and most terrestrial companies that utilize hydrazine 

have to ship it in but do not use it in large enough 

quantities to justify their own facility. Technology that 

could negate the need for shipping hydrazine fits the 

lean manufacturing technique of supply on-demand, 

minimizing safety hazards due to exposure.  

Industrial analogs for individual hydrazine unit cell 

processes provide an incremental design path leading 

to an emergent space resource refining capability. Our 

goal is to build and test a stand-alone, integrated 

microreactor system that will utilize input power, 

water and ammonia to produce hydrazine and 

hydrogen gas for space propulsion customers 

anywhere ammonia and water are available in space. 

An additional application would be refueling of 

spacecraft designed to rendezvous with and deorbit 

space debris, then separate and reboost themselves to 

their next target. Such spacecraft could maneuver itself 

to a hydrazine depot in Earth orbit rather than requiring 

a tanker to rendezvous with it. 

Our approach may also allow the salvaging of 

satellites presently in graveyard orbits or adrift. Since 

the beginning of the space age in 1957 with the launch 

of Sputnik, there have been over 5,000 rocket launches 

placing one or more satellites in orbit. It is estimated 

that there are also over 3,000 dead satellites in orbit 

with over 1,000 satellites in the GEO graveyard orbit. 

Many of these graveyard orbit satellites cost hundreds 

of millions of dollars to manufacture and launch into 

space. A restoration or recycling of even a small 

percentage of these legacy space assets could create 

tremendous value. The metals and electronics in these 

satellites could then provide additional space resource 

feedstocks. 

One of the largest, most obvious and frequently 

discussed applications for refueling is satellite life 

extension in GEO. Recently, Northrop Grumman 

demonstrated its Mission Extension Vehicle by 

docking with an Intelsat satellite and taking over the 

station-keeping role. [1] There are several other 

companies planning similar life extension capabilities. 

Satellites have generally been launched with enough 

station-keeping fuel for a 15-year mission life. Without 

an ability to keep a satellite in its licensed GEO orbital 

slot, revenue potential can be reduced by 80% to 

100%.  Giving a satellite owner/operator additional 

years of revenue potential can mean $50 million to 

$500 million per year of incremental revenue 

mailto:tony@orbchem.space
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depending on the size and type of satellite and the 

markets it serves. As these satellites would typically be 

fully depreciated and operating margins can be 80% to 

95%, most of this incremental revenue becomes 

operating cash flow and net income, greatly increasing 

the market value of the company and potentially 

allowing for significant expansion of satellite capacity 

and services to end users at reduced pricing.    

We envision OrbChem as acting primarily as the 

production/refinery segment in the value chain, selling 

in-space propellants as a merchant supplier. Pricing 

would be driven by supply and demand with discounts 

for forward commitments and high-volume purchases. 

For instance, a strategic space reserve for critical 

commodities like propellants funded by the U.S. 

government would likely benefit significantly from 

such discounts. In general, however, pricing would be 

set to provide customers a clear incentive to buy 

propellant produced in space rather than launch it from 

the Earth’s surface. This would include enabling such 

practices as launching space systems “dry” (unfueled) 

to save on launch costs which can run up to $10,000 

per kilogram and to avoid the health hazards of 

handling hydrazine on Earth. Initially, as our 

feedstocks would be sourced primarily from the 

Earth’s surface, the primary cost and health benefits 

would be in avoiding the expensive and dangerous 

handling of hydrazine during production, storage and 

fueling. Once feedstocks shift to ISRU sourcing, the 

much lower delta-Vs required to obtain the raw 

materials versus launching from the Earth’s gravity 

well should result in substantial cost savings and 

pricing flexibility --- even as launch costs continue to 

decline from the use of reusable systems. 

Potential Issues: There has been a recent move to 

green propellants as a hydrazine replacement to 

minimize serious health risks during initial fuel loading 

operations on the ground. However, this effort has 

focused on creating hardware that is backward 

compatible with hydrazine. Thus, after launch into 

orbit, space systems designed to burn green propellants 

would also be refuellable by the automated loading of 

heritage fuels such as hydrazine produced in space. 

Also, likely due to recurring hurricane damage at 

the only production site in Lake Charles, Louisiana, 

commercial hydrazine is no longer synthesized in the 

United States, instead being imported as hydrazine 

hydrate and converted to pure hydrazine. However, the 

synthesis process differs the prior method and 

introduces traces of organic compounds whose effects 

on long-term storage and thrusters is unknown. 

Fortunately, NASA is developing analytical techniques 

to identify them and test their effects. [4] We intend to 

use the same peroxide process and expect this issue to 

be resolved by the time we would be in the prototype 

testing phase. 

Current Technology: A short summary of the 

peroxide process is presented. This method is one of 

simplest paths currently used to chemically synthesize 

hydrazine, and serves as a point of departure for our 

patent-pending concept: Ammonia is reacted with 

methyl ethyl ketone to produce imine and water. Then 

acetamide is reacted with hydrogen peroxide to 

produce iminoperacetic acid and water. Iminoperacetic 

acid is reacted with imine to produce an oxaziridine 

and reform the acetamide. The oxaziridine is reacted 

with ammonia to produce a hydrazone. The hydrazone 

reacts with methyl ethyl ketone to produce an azine. 

The azine is then hydrolyzed to produce hydrazine and 

regenerate the methyl ethyl ketone. Acetamide is used 

as a peroxide activator in the first reaction. EDTA is 

typically used as a peroxide stabilizer. Other activators 

and stabilizers may be used. The hydrogen peroxide 

required can be synthesized using the anthraquinone 

process. The net hydrazine synthesis reaction is: 

2NH3 + H2O2  H2NNH2 + 2H2O 

ISRU Technology Requirements: Devices will be 

required for unit operations that include chemical 

reactions, phase separations, product separation and 

storage. We have identified candidates for miniaturized 

reactor technology and are examining them using 

figures of merit including thermal and electrical power 

needs, efficiency, scalability, reaction rates, safety, 

reliability, and controllability in order to identify 

improvements on traditional industrial methods. These 

criteria will also determine the feasibility conditions 

and systems requirements for lunar and asteroidal plant 

design as a function of scale and throughput. 

Feed Materials: Recycled astronaut urine from the 

International Space Station (ISS) could provide an 

early source of ammonia for a demonstration system 

that would emulate the microgravity conditions 

required to make hydrazine from asteroidal and 

cometary ammonia. Our estimates indicate that a demo 

near ISS could produce up to 30 kg hydrazine/y. Lunar 

production rates would depend on availability of 

ammonia and whether it is a primary ore or a 

byproduct in the design of a polar mining plant. Our 

first approximations were based on a NASA study for 

the production of 1000 kg O2/y from a permanently 

shadowed regions (PSRs) near the lunar south pole, [5] 

where we show that about 64 kg hydrazine/y could be 

produced as a byproduct or 640 kg/y in parallel with a 

10,000 kg O2/y plant [6]. Extracting the ammonia as 

the primary product could increase production rates to 

higher values and would eliminate the extreme power 

required for water electrolysis assumed in [5] and [6] 
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Introduction: NASA’s Artemis program will send 

astronauts to the lunar surface for extended mission 

durations throughout the 2030s, with a focus on sus-

tainability and extensibility for Mars exploration, as 

described in NASA’s Artemis Plan [1]. However, 

NASA must place more emphasis on protecting both 

the crew and the exploration surface systems if they 

hope to achieve long-duration sustainability. For ex-

ample, NASA’s current habitation development does 

not go far enough to protect astronauts from back-

ground radiation, especially if the crew is simulating 

longer mission durations in preparation for Mars [2]. 

Development of a “safe haven” shelter on the surface is 

therefore paramount to continuously protect Artemis 

astronauts and exploration systems from radiation, 

thermal extremes, micrometeoroids, and other hazards 

of the lunar environment during the “sustained” phase 

of exploration. This “safe haven” need not be pressur-

ized, though traditional use of this term suggests a type 

of pressurized storm shelter, but it must provide ade-

quate protection for the crew and systems during long-

duration crewed surface missions. 

The Lunar Safe Haven (LSH) Seedling Study is a 

one-year effort by NASA to perform a comprehensive 

trade study for identifying the best approaches for im-

plementing a safe haven shelter. The LSH Study team 

is therefore examining NASA activities in site prepara-

tion, excavation, regolith transfer, surface construction, 

assembly, deployment, surface mobility, advanced 

manufacturing, and in situ resource utilization (ISRU). 

To date, the study has defined high-level requirements, 

which emphasize synergy with NASA’s Artemis pro-

gram. Guided by these Level Zero Requirements, the 

Artemis Plan [1], and NASA exploration goals, and 

exploration mission design principles, the Study base-

lined the decision analysis structure by defining objec-

tives and attributes. The study has defined numerous 

concept alternatives for the design of the LSH shelter, 

establishment systems (for excavation, construction, 

assembly, and/or deployment), and sustained opera-

tions systems (for maintenance of the shelter during the 

Artemis “sustained” phase). The concept alternatives 

will be evaluated against the decision attributes in or-

der to inform downselect and ultimately provide a con-

sensus on the best path forward for designing, estab-

lishing, and maintaining a Lunar Safe Haven shelter.  

Level Zero Requirements: The Level Zero Re-

quirements were the first focus of the LSH Study. They 

were developed based on the Artemis Plan, NASA 

Human Exploration and Operations Mission Direc-

torate (HEOMD) ground rules and assumptions for 

future lunar exploration, known lunar surface hazards, 

and an emphasis on in situ resource utilization (ISRU). 

These requirements guide the definition of the LSH 

Ground Rules and Assumptions and bound the trade 

space. They include:  

1. The Lunar Safe Haven Concept (LSHC) shall 

shield crew, electronics (such as computers 

providing command and control of autonomous 

systems), and other exploration and habitation 

systems that require radiation shielding as de-

fined by HEOMD for at least 10 (TBR) years 

without exceeding the proxy dose limits for crew 

and electronics.   

2. The LSHC shall protect crew, electronics, and 

other exploration and habitation systems that re-

quire protection as defined by HEOMD from the 

hazards of the lunar environment—including but 

not limited to micrometeoroid impacts, thermal 

loads, seismic activity, electrical charging, dust, 

vacuum, and the sun—for at least 10 (TBR) 

years. 

3. The LSHC shall protect crew, electronics, and 

other exploration and habitation systems that re-

quire protection as defined by HEOMD from the 

impacts and damage from other external assets 

that could cause collisions or ejecta for at least 

10 (TBR) years. 

4. The LSHC shall not negatively impact the crew 

performance, habitability, and safety require-

ments derived from NASA-3001 for crew—as 

defined in Human Systems Integration (HIS) re-

quirements documents of the lunar exploration 

systems to be used by HEOMD—and for prox-

imal Extravehicular Activity (EVA). 

5. The LSHC shall not negatively impact function-

ality nor negatively impact deployment and 

placement of heritage exploration habitation sys-

tems selected by HEOMD that require protec-

tion and shielding.  

6. The LSH concept shall utilize in situ resources- 

including both natural and repurposed resources.  

7. The LSH concept shall identify and define the 

surface equipment concepts necessary to em-

place, assemble, and/or construct the safe haven 

shelter.  

8. The technologies included in the LSH concept 

shall be ready to be deployed and operational on 

the lunar surface by 2026 (TBR), according to 

HEOMD.  
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9. The Lunar Safe Haven shall be compatible with 

NASA's lunar lander systems to be selected by 

HEOMD.  

 

Decision Objectives and Attributes: The purpose 

of decision analysis is to identify and characterize al-

ternatives that will best achieve a decision maker’s 

priorities, given a set of needs, goals, objectives, and 

constraints [2]. For the LSH Study, the decision analy-

sis needs to answer the question:  

What system(s) should be manifested in the Arte-

mis campaign as part of a continuous mitigation 

strategy that will protect crew and exploration sys-

tems on the lunar surface from the hazards of the 

lunar environment (e.g., radiation, thermal ex-

tremes, and micrometeoroids) during sustained mis-

sions?  

Therefore, the LSH Study baselined a decision analysis 

structure which included first decomposing the need 

into specific objectives, which must be specific, meas-

urable, attainable, and results-oriented (i.e., based on 

the desired outcome and not the method) [3]. Although 

many objectives could be considered, ultimately only 

ten were selected for the Study, encompassing benefit, 

cost, and risk.  

While the objectives define what the stakeholders 

value, the attributes are a measure of how well the ob-

jectives can be achieved. After design alternatives are 

assessed for all attributes, the data will communicate 

the trade-offs between achieving relatively more or less 

on each objective. The LSH study defined one or more 

attributes for each of the objectives; examples are 

shown in Fig. 1.  

 

Figure 1. Examples of the LSH Objectives and associated 

Attributes. 

 
 

Concept Generation and Evaluation: To com-

plete the trade study, the LSH Study team performed 

several rounds of brainstorming to generate alterna-

tives. The brainstorming was guided by three morpho-

logical matrices. A morphological matrix was created 

for the shelter design based on parameters for the phys-

ical architecture. The collected ideas therefore included 

alternatives for the shelter protection material, pro-

cessing of the protection material, shelter structure 

material, shelter shape, and other parameters. Next, 

two morphological matrices were created for the estab-

lishment systems and sustained operations systems, 

respectively, based on the functional decomposition. 

Ideas collected therefore included alternative means to 

achieve functions including, but not limited to: 

 Transport LSH systems from lander off-loading 

site to establishment site 

 Prepare the site for installment of the LSHC 

shelter 

 Emplace, assemble, and/or construct the LSHC 

shelter 

 Maintain successful operation of the LSHC 

 Monitor the lunar environment to provide in-

formation on space weather conditions, radia-

tion, seismic activity, and other conditions rele-

vant to protection of crew and surface systems 

 

Based on the alternatives generated, several “com-

plete” alternatives could be defined for the LSH con-

cept, including a combination of shelter design parame-

ters and means to achieve each function for the estab-

lishment and sustained operations systems. Based on 

the high quantity of possible complete alternatives, the 

Study used an iterative approach to refine the designs. 

This approach started with a selected number of alter-

natives, performed assessment of the attributes for each 

alternative, and identified areas for improvement based 

on the assessment. This led to a subsequent list of con-

cept alternatives to move forward with and further iter-

ate on. The attributes data at the end of the process 

outlined the key trade-offs that must be made between 

concepts and informed down-selection for future de-

sign efforts. 

Conclusion: The Lunar Safe Haven Seedling Study 

developed Level Zero Requirements, baselined a deci-

sion analysis structure, and identified numerous alter-

natives for implementing a safe haven shelter on the 

lunar surface. Further, the Study assessed the concepts 

to illuminate the trade-offs between design choices and 

communicate how well decision objectives can be 

achieved. This presentation will review the Study pro-

cess, the concept alternatives studied, and the results of 

the decision analysis. 
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Introduction:  Currently on Mars aboard the Perse-

verance rover and anticipating its first opportunity to 
operate, the Mars Oxygen ISRU Experiment (MOXIE) 
will be the first live demonstrate of oxygen production 
on the surface of another planet (see Figure 1). MOXIE 
is a prototype of a system that will someday provide 
many tons of oxygen as the major component of the pro-
pellant for a Mars Ascent Vehicle that will return astro-
nauts from the Red Planet. 

How MOXIE Works: Designed and integrated at 
NASA’s Jet Propulsion Laboratory for MIT, MOXIE 
first collects, filters, and compresses the thin martian air, 
which consists of 95% CO2 and small amounts of nitro-
gen and argon at a pressure of <10 mbar (Figure 2) ,us-
ing a custom scroll pump developed by Air Squared, 
Inc. It then pre-heats the gas to ~800˚C and injects it into 
a stack of 10 solid oxide electrolysis cells (SOXE), de-
veloped by Ceramatec, Inc. (now OxEon Energy). CO2 

is thermally and catalytically decomposed according to 
the reaction CO2 à CO + O2- at the cathode of the elec-
trolysis cells, then the oxygen ions are selectively drawn 
through the yttrium-stabilized zirconia electrolyte 
where they recombine at the anode into O2 molecules. 
The transfer of 4 electrons from anode to cathode com-
pletes the circuit and provides the motive force for the 
reaction. The pure oxygen product is characterized, then 
released through a precision aperture (labelled VFCD is 
Figure 2), while CO fuel and unused CO2 are similarly 
characterized and discharged through an exhaust port. 

MOXIE expects to produce 6-10 grams of 98% pure 
O2 per hour, a factor of ~200 less than will eventually 
be needed on a full-scale system. Limited power avail-
ability on Perseverance is the primary constraint on pro-
duction – a human mission is expected to be supported 
by a 25-30 kW power plant, while Perseverance gener-
ates 110W overall. The eventual full-scale system is ex-
pected to take up about a cubic meter and to weigh about 
1 ton while generating in excess of 25 tons of O2 for the 
ascent vehicle over the course of an Earth year. 

MOXIE is expected to operate at least ten times dur-
ing the primary Perseverance mission of one martian 
year, distributed across seasons and time of day 

Success criteria: Instrument development for flight 
projects are driven by capability requirements, which 
for MOXIE demanded production of 6 g/hr O2 with at 
least 98% purity at nominal end-of-life (10 cycles on 
Mars). Once at their destination, these requirements are 

superceded by success criteria. For MOXIE, the team 
has proposed the following criteria: 
• Demonstrate that MOXIE can meet its develop-

ment requirements on Mars by operating for 10 cy-
cles while still achieving >6 g/hr oxygen produc-
tion at >98% purity on the final cycle. 

• Demonstrate reliability of MOXIE by consistent 
operation without significant degradation through 
at least 10 cycles of operation. 

• Demonstrate robustness of MOXIE by producing 
oxygen near the beginning and end of the primary 
mission. 

• Demonstrate ruggedness of MOXIE by producing 
oxygen at the extremes of atmospheric density, 
throughout the full range of atmospheric density, 
during day and night in all seasons, and during a 
dust storm if the opportunity presents itself.  

• Inform future designs by learning how MOXIE re-
sponds to the range of conditions described above. 

With MOXIE’s protected location in the rover belly, 
the effect of seasons is mostly restricted to the variation 
in atmospheric density. Moreover, a future human 

 
Figure 1: MOXIE being lowered into the Perseverance 
Rover 

Figure 2: MOXIE first filters, compresses, and pre-
heats martian air, then injects it into a Solid Oxide 
Electrolysis (SOXE) stack. 
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mission is unlikely to land at a high altitude location like 
Jezero, so the specific density values aren’t as important 
as demonstrating that we can accommodate a wide 
range — the combination of temperature and pressure 
variations over the martian year amount to nearly a fac-
tor of two difference between the maximum and mini-
mum values and diurnal variations are typically 20%.  

Results to date: As of this writing, MOXIE has 
completed check-outs of all key systems, including the 
compressor, the applied SOXE voltage, and the ability 
to heat the SOXE to 800˚C.  

A final checkout, a “compressor sweep,” was con-
ducted on April 15th in preparation for the first oxygen 
production, anticipated in the next few days. The sweep 
allowed to calibrate the relationship between mass flow 
rate and compressor speed under these particular atmos-
pheric conditions. All was found to be nominal except 
for two minor anomalies. 

The first anomally, referred to as a “cross-over 
leak,” had been seen in the laboratory prior to launch 
and was essentially unchanged on Mars. As seen in Fig-
ure 3, cathode overpressure relative to the anode causes 
a small amount of the cathode gas to leak into the anode, 
mixing with the O2 product. The flow resistance of the 
leak at low temperature is found to be 206 klohms, com-
pared to 4 klohms for the cathode exhaust and 34 
klohms for the anode exhaust. Leak resistance has been 
confirmed in the laboratory to be an order of magnitude 
higher at SOXE operating temperature due to increased 
gas viscosity. Also, flow through the leak will be pro-
portional to the pressure differential ∆Pac between anode 
and cathode, which is determined by the compressor 
speed and will always be far lower than in the compres-
sor sweep. As a result, under nominal operating condi-
tions, CO2 contamination of the O2 stream will be 
<<1%, well within expectations, and can be eliminated 
entirely by further reducing the inlet flow if desired.   

The second anomaly occurred while attempting con-
current operation of a system microphone to record the 
sound of the compressor as a baseline for future diag-
nostics of compressor performance. The microphone 
failed to record, for reasons currently being investi-
gated. Note that even though the Mars atmosphere is 
sufficient to transmit sound, most of the signal is ex-
pected to be via body transmission through the rover. 

Next steps: MOXIE’s first oxygen production is ex-
pected to occur in mid-April, depending on progress of 
the Perseverance helicopter campaign. It will be conser-
vatively scheduled in the early morning hours, when the 
atmospheric density is as much as 20% higher than at 
the early afternoon minimum. Since the MOXIE com-
pressor is a volumetric device, higher atmospheric den-
sity offers a wider range of possible mass flow within 
the control range of the compressor.  

 
Following the first oxygen production, MOXIE will 

schedule regularly spaced operations separated by ~2 
Earth months to satisfy the objective of demonstrating 
all-season operation. Time of sol will be also varied to 
specifically test the dependence on the thermal environ-
ment. All runs will begin with a standard “current-volt-
age (I-V) profile in order to determine the area-specific 
resistance (ASR) and track any degradation over time.  

Determining the variation of performance with 
SOXE temperature is a particularly important objective, 
as it is the only identified way to distinguish the re-
sistance across the membrane, which is a strong func-
tion of temperature, from series resistances, which are 
dominated by the Inconel lead wires but may also in-
clude internal voltage drops such as across the contacts 
between the interconnect plates and the anodes. Im-
proved knowledge of these resistances allows more ac-
curate determination of the Nernst potential for carbon 
formation, the voltage threshold for coking.  

Subsequent runs will evaluate operation at different 
inlet flows and SOXE temperature, and will test alter-
native control configurations such as voltage-feedback 
control instead of current-feedback control or cathode 
pressure feedback control of compressor speed. In gen-
eral, a number of potential improvements to the process 
monitoring and control system have been identified as 
Lessons Learned from the MOXIE experiment, and 
these will be explored in the laboratory during the 
MOXIE campaign. 

Acknowledgement: MOXIE is supported by a col-
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ogy Mission Directorate. The Mars 2020 mission is sup-
ported by the Science Mission Directorate. 
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Figure 3: A small crossover leak is indicated by the 
rise in pressure in the anode chamber (P5, red) when 
gas is pumped into the cathode (P4, blue) while the 
SOXE is at ambient temperature and not producing 
oxygen.  
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Introduction: In the past decade orbital measure-

ments revealed that a third of the Martian surface con-

tains shallow ground ice. MRO’s SHARAD sounder 

has revealed the presence of ice-rich materials in sev-

eral non-polar terrains, including debris-covered glaci-

ers and ground ices extending down to latitudes of 37° 

[1]. These deposits are up to several 100 m thick and 

many appear to consist of nearly pure water ice. The 

ability of the radar to resolve shallow layering is lim-

ited to ~20 m. Thus, to reach ice and extract water, a 

system would need to penetrate through at most 20 m 

of regolith. The discoveries of nearly pure ice deposits 

in mid latitudes on Mars enable implementing two 

proven terrestrial technologies: Coiled Tubing (CT) for 

drilling and Rodriquez Well (RodWell) for water ex-

traction.  

CT rigs use a continuous length of tubing (metal or 

composite) that is flexible enough to be wound on a 

reel and rigid enough to withstand drilling forces and 

torques. The tube is pushed downhole using so-called 

injectors (for example, a set of actuated rollers that 

pinch the tube and advance it downward). The end of 

the tube has a Bottom Hole Assembly (BHA) – a mo-

tor and a drill bit for drilling into the subsurface. To 

remove drill cuttings, compressed air (or other drilling 

fluid) is pumped down the tube. A hole is drilled by 

advancing coiled tubing deeper into the subsurface 

while blowing cuttings out of the way. A commercial 

CT rig, such as RoXplorer, weighs 15 tons and drills to 

500 m at 1 m/min in hard rock.  

RodWell is a technology where a hole is drilled in 

ice, which is melted and pumped to the surface. It has 

been developed and tested in Antarctica in the 1960s  

and used at the South Pole station since 2002 [2].  

RedWater: The RedWater system combines the two 

technologies into one (Figure 1, Figure 2). It uses the 

CT approach to create a drill hole. Once the hole is 

made, the coiled tubing is left in the hole and used as 

conduit for water extraction. The BHA contains a rota-

ry-percussive drill subsystem (similar to the one used 

in Honeybee Robotics Deep Drill [3]), heaters and 

pneumatic and hydraulic tubes that run along the out-

side of the housing. The coiled tubing houses insulated 

and heated hoses as well as wires for downhole motors 

and heaters. During drilling, compressed gas is sent 

downhole through the hoses. The gas escapes through 

the annular space between the tube and borehole wall 

and removes cuttings that can be collected and ana-

lyzed for science. Upon reaching an ice layer, the drill 

continues for another ~3 m and then stops advancing 

forward, but the bit continues to spin, and packer is 

inflated to seal the borehole. Heaters in the auger are 

 
Figure 1. RedWater with all the subsystems.  
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turned on to melt the surrounding ice. Once ice starts 

to melt, the hoses are used to pressurize the borehole 

and at the same time pump a fraction of the melted 

water up into a storage tank on the surface via a three-

way heated valve, which switches between the gas tank 

and the water tank. Using the auger to “stir” the melted 

water speeds up the melting process. After melting a 

section of ice, the CT is reactivated to drill further into 

the underlying ice and the melting process continues. 

 
Figure 2. Bottom Hole Assembly. 

Fabrication and Testing: The RedWater subsys-

tems (Coiled Tubing, Injector, BHA) were fabricated 

and assembled. The system ended up weighing 66 kg 

with Injector being the heaviest at 54 kg, followed by 

the BHA at 10 kg, and Coiled Tubing at 2 kg.  

Several tests have been conducted at subsystem 

level to evaluate performance of the RedWater subsys-

tems and debug controls and mechanical systems.  

The final test of the end to end system was done in-

side 5.5 m tall freezer (Figure 3). During this test, 

RedWater demonstrated drilling, blowing cuttings out 

of the hole, borehole pressurization and melting. 

Pumping was semi-successful since the ice-blocks 

were not properly sealed and water leaked out. How-

ever prior pumping tests showed successful pumping. 

The data was extrapolated to meet goals of ISRU mis-

sion [4].Table 1 shows design specifications as well as 

test data. It can be seen that the performance data is 

within the design specifications of the system confirm-

ing the validity of the subsystem level testing and de-

sign margins. The next step are tests in 3.5 m Mars 

chamber.  

 
Figure 3. Test setup in a 5 m freezer. 

Table 1. RedWater Test data vs Specifications 

 Test data Design 

Drill Depth (m) 1 – 2 3.4 

Nominal Auger Speed (RPM) 120 134 

WOB (N) 300 500 

Torque Output (Nm) 1.3 6 

Percuss Speed (BPR) @ 2.5 J/B 972 1080 

Rate of Penetration (m/hr) 2.1 n/a 

Drilling Power (W) 172 300 

Heating Power (kW) 1.6  5.8 

Drilling Energy (Whr) 90 n/a 

Heating Energy (kWhr) 24 n/a 

Well Size (-60
o
C ice) (L) 100 n/a 

References: [1] Putzig et al., this conference 

(2018), [2] Haehnel and Knuth, Potable Water Supply 

Feasibility Study for Summit Station, Greenland, 
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ty During Parabolic Flights. AIAA Space, [4] Klein-

henz and Paz (2017), An ISRU Propellant Production 

System to Fully Fuel a Mars Ascent Vehicle, AIAA 
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Introduction:  EasyMineXR software enables high 

resolution geologically mapping at the rock face on 
Mars through 3-D virtual reality environments. Mod-
ern geological sciences in the mining and exploration 
industry are rapidly embracing high accuracy remote 
sensing technologies to provide fully three-
dimensional, high resolution imagery as a practical 
solution for data gathering in inaccessible or unsafe 
locations. We have developed a customized application 
for virtual geological mapping in the mining industry. 
Using augmented reality (Microsoft HoloLens), or 
virtual reality, or computer desktop screen (Figure 1), 
EasyMineXR allows a geologist to easily explore the 
rock face freely and collect observational data (Onsel 
et al., 2020). The geologist can examine and trace the 
lithological contacts or structural patterns as if painting 
the true rock, and can take orientation measurements 
faster than using a compass.  

 
Planetary Surface Data:  Fully three-dimensional 

adequate-resolution textured mesh surfaces (Figure 1) 
can now be rapidly constructed from photographs de-
rived from any kind of source such as drones, cell 
phones, satellite images, etc. (Onsel et al., 2019) The 
increasing high-resolution digital imagery from each 
subsequent Mars exploration rovers, namely Sojourner, 
Opportunity, Spirit, Curiosity and now the powerful, 
high-resolution ones from Perseverance, provides all 
that would be necessary to allow any trained geologist 
to begin a virtual mapping program on Mars. Only an 
appropriate software platform is required.  

 
Constructed wireframe meshes of the rock outcrop 

are imported with the associated image texture files 
into EasyMineXR. The software tools are then used to 
navigate around the three-dimensional environment 
and map at the resolution provided by the images. The 
images used for mapping can include extra layers such 
as hyperspectral or thermal imagery to enhance the 
visual information used for interpretation. A range of 
image enhancement tools have been developed to al-
low the user to more easily find discontinuity trends or 
patterns in the images.  

 
Scientific Collaboration:  EasyMineXR can also 

be a platform for scientific community to interact at the 
“rockface”. There is likely much we can learn from 
detailed study of the surface of Mars. Any person with 
the same outcrop models on their computer can inter-

act in real-time, with audio, with other persons on their 
computer or virtual reality headset.  Each person that 
joins the “meeting” will see the avatar location of each 
other attendee and will see the data captured and pol-
yline interpretations created by them. This enables 
open discussion and subject experts to provide their 
opinion on the observations. All captured orientation 
measurements and interpretive traces of the geology 
are automatically stored in text files, and simple soft-
ware tools are available to manage the importing, hid-
ing or showing of any digital image, line or point data. 

 
Conclusion:  Software tools like EasyMineXR, 

developed in the mining and exploration industry, can 
be used for collaborative, geological exploration of 
planets like Mars where images are available.  

 
Figure 1: Example of the three-dimensional image 
of Mars, with mapped traces of faults (red), frac-
tures (green) and bedding (blue). Orientation 
measurements shown as red disks. 
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Introduction:  Current theory holds that Mars once 

had abundant water flowing on its surface, but now 

there is a general perception that this surface is com-

pletely dry [1]. Several lines of research have shown 

that there are sources of potentially large quantities of 

water ice at many locations, including regions consid-

ered as candidates for future human missions [2]. Re-

cent discovery of exposed water ice scarps in Martian 

mid-latitudes [3] has bolstered the evidence for mas-

sive amounts of almost pure water ice in some of these 

regions. 

These favorable indications of massive quantities of 

water have initiated studies of potential changes to hu-

man Mars missions if a means can be devised to make 

this water available to these crews [4]. One such ap-

proach relies on mechanical drills to access the water 

ice through overlying debris and then using a technique 

known as a Rodriguez Well to melt the ice, store the 

resulting water in a subsurface ice cavity until needed, 

and then pump the water to the surface for use [5]. The 

Rodriguez Well technique has been used in terrestrial 

polar regions since the early 1960’s and has been sup-

plying fresh water to the Amundsen-Scott South Pole 

Station since 1995. 

 
Figure 1. 1960’s era Rodriguez Well [5]. 

 

Previous planning work in this area utilized a com-

puter simulation to predict the performance of the Ro-

driguez Well [5]. While the basic approach used in this 

model is appropriate for a similar well on Mars, several 

parameters must be changed to correctly model the 

Martian environment. Parameters used in this model 

that are related to heat transfer between water and the 

atmosphere as well as between ice and the atmosphere 

are empirically derived. Consequently, experiments 

simulating a pool of water in the Martian environment 

are required to determine appropriate heat transfer val-

ues if this simulation is to be used in support of future 

Mars missions. 

Simulated Mars Environment: An experiment 

was set up at the NASA Johnson Space Center, with 

the assistance of the U.S. Army’s Cold Regions Re-

search and Engineering Laboratory, to measure these 

heat transfer coefficients under Mars surface environ-

mental conditions. These tests were carried out in a 

small bell jar, with a chamber measuring roughly 2 feet 

(61 cm) in diameter and 2 feet (61 cm) tall. An internal 

cooling shroud connected to a Julabo™ chiller allowed 

gas temperatures as low as -40 C. 

 
Figure 2: NASA JSC Two-Foot Bell Jar [NASA] 

 

The experiment used a pool of deionized water in 

an insulated dewar, ensuring that heat loss would only 

be from the top of the water pool. A resistance heater 

was held in the water pool and was connected to a re-

sistance temperature detector (RTD), also in the water 

pool, in a feedback loop to maintain a specified water 

temperature: either 1° C or 2° C. The power used by 

the heater was a measure of the heat transferred from 

the water to the gas. A load cell under the dewar meas-

ured the mass loss of water due to evaporation. The 

mailto:stephen.j.hoffman@nasa.gov
mailto:james.lever@erdc.dren.mil
mailto:alida.andrews-1@nasa.gov


interior of the chamber was instrumented with RTDs 

and thermocouples at various locations, heat flux sen-

sors at the chamber wall, a pressure transducer for gas 

pressure, and a relative humidity sensor. A camera and 

LED light source were used to monitor for ice for-

mation on or in the dewar. 

 
Figure 3. Experiment Setup 

 

Experiment Test Points: Natural convection, driv-

en by evaporation and heat flow from the pool, governs 

the flow regime inside a Rodriguez Well. The experi-

ment was operated at several test points to gather data 

from which heat transfer coefficients and water evapo-

ration rates could be derived. For all tests, the chamber 

was filled with essentially pure CO2. Two insulated 

hemispherical dewars, one 11.4 cm (4.5 in) in diameter 

and the other 15.2 cm (6.0 in) in diameter, were used to 

hold the water pool, allowing tests at two different wa-

ter-pool surface areas. Two gas temperature points      

(-20° C and -40° C) and several gas pressures, ranging 

from 1000 mbar (750 torr) to 8 mbar (6 torr) were used 

to gather these data. Test conditions were chosen to 

learn whether the experimental work of Bower and 

Saylor [6] that related natural-convection flow proper-

ties to evaporation rates in terrestrial conditions, via 

dimensionless Rayleigh and Sherwood numbers, could 

be extended to Mars surface conditions. In all, 12 

combinations of pressure, temperature, and water pool 

diameter were used in this experiment. 

Initial results: Tests at all 12 test points have been 

completed and data are being evaluated. One clear out-

come is that a water pool representative of a Rodriguez 

Well can be created and maintained at 1° C to 2° C 

under Mars surface pressure and temperature condi-

tions. Quantitative results for convective mass transfer 

correlate well with Bower and Saylor even at Mars 

surface conditions, as shown in Figure 4. Results for 

convective heat transfer are higher than expected and 

are still under analysis to explain this outcome. 

Conclusion: Favorable indications of massive 

quantities of water on Mars have initiated studies of 

potential changes to human Mars missions. Using a 

technique known as a Rodriguez Well to melt the ice, 

store the resulting water in a subsurface ice cavity until 

needed, and then pump water to the surface for use is 

one potential means to effect these changes. A comput-

er simulation of the Rodriguez Well in a terrestrial en-

vironment is one of the engineering tools being used to 

characterize the performance of this type of well on 

Mars. An experiment at the NASA Johnson Space Cen-

ter is gathering data for convective heat transfer and 

evaporation rates at Mars surface conditions so that 

this computer simulation can be properly modified to 

predict performance on Mars. While quantitative re-

sults await processing, tests have indicated that a pool 

of water can be maintained at 1°C to 2° C while at 

Mars surface temperatures and pressures. 

 
Figure 4. Current Results Plotted With Bower and 

Saylor Results. 
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Outline 

Identifying the Viable Space Resource 

Concentrating and Extracting  

Architecture 

Orbital Dynamics 

Conclusion: Stable Explorations 



Identifying the Viable Space Resource 

• Solar Power, Metals, Oxygen, Water 

 

• The Permanently Shadowed Regions 
(PSR’s) are known to trap the water 
for millions of years. 

• No sunlight for thermal escape 

• No sublimation due to vacuum 

 

• Feedstock fuels for rockets 

The rim of the 10-kilometer-wide Erlanger crater on the Moon’s north pole.  

The crater floor is in permanent darkness. Credit: NASA LRO. 



Physical State of Ice 

• Up to 5% of ice by weight 

 

• On the top surface, free crystals or 

loosely build minerals 

 

• Ice crystal in PSRs is just another 

mineral 

 

• Excavatable and might need light 

grinding 

Credit: Doug Rickman, NASA/MSFC  
 



An empirical 
method to 
estimate the ice 
concentration on 
regolith 



Ice Extraction Methods 

• Thermal extraction 

• Sub-surface boring 

 

-Both methods require big 
infrastructures and high-power 
usages 

• Beneficiation 

• Uses the energy that nature 
transported into the PSRs 

 

• Pneumatic (Density separation) 

 

• Winnowing (Size separation) 

 

• Magnetic and Electric,  



Magnetic Beneficiation 

• The stream of regolith falling next to a 
magnetic field spreads out down the 
line. 

• Tested for regolith simulants of LHS-1 
and LMS-1  

• Plastic crystals used as ice simulants 
with 5% concentration by weight. 

• On average 75% for LMS-1 and 65% 
for LHS-1 of magnetic tailings that can 
be rejected. 

 
Figure: Magnetic separator prototype 

Cylindrical magnetic drum 



Electrostatic Beneficiation 

• Turbocharging the regolith with 
shake table and separate by using 
high voltage  of 10-20kV. 

• Tested with simulated plastic and 
actual ice. 

• Deflection on electric field with 
induced charge but no significant 
increase in concentration of ice. 

Figure: Electrostatic separator prototype 



Architecture 

• In the simplest design, the 
entire power system and water 
clean up will be outside of the 
PSR  

• The mining/ beneficiating rover 
drives in and of the PSR 

• Alternatives can be achieved 
with the use of superconducting 
cables and standalone 
beneficiation 

• Architectural analysis shows 
2,500 kg of assets and a start-up 
cost of €175M or $213M to 
begin operations 

 
Figure: Relationship of hardware element  



Power 

• Power system can be batteries or regenerable fuel cells 

• A small fraction of the hydrogen and oxygen made for rocket propellant 
will be transferred into the rover’s fuel cells, and the water produced by 
those fuel cells will be recycled back into the water processing plant.  

• Vertical arrays of sun tracking PV cells will provide power outside the 
PSR 

• The entire power required by the Surface Segment will be 50 kW.  

• The processing site will be located on a high terrain feature where the 
lunar nights are shorter; about 9 Earth days. 

 

 



Recap: 

Figure: Flow chart of extraction/ beneficiation system 



Transportation of mined Propellant 

• Refuel Lander and Tug on the lunar surface 

to remove the dependency on orbital 

refueling and/or depots.  

• The Tug is a combined Tug Tanker in that 

it takes the propellant to where it can be 

used but then it immediately uses it to do 

the job.  

• The Lander just ferries things between the 

lunar surface and LLO.  

• We provide the lift service in GTO. 

Tug 

Lander 

Figure: Basic concept of operation 



Use of propellant 

[CELLRANGE] 
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• The analysis focused first on the baseline 

scenario of  requiring to “lift 2.5-tons”: per 

UCSUSA database, which asks for 9300kq of 

water 

•  Metrics were developed to compare each of 

the variants: (GTO, LEO, sub-

GTO)*(+Stoichiometric)*(+Aerobrake)*(+Io

n)*(+Zero Boil- off)*(+Orbital Cryotransfer).  
 

Required lunar surface  water(kg) 

Figure: Comparison of Propellant Requirements 

 for GTO-GEO Boosts  



Summary: 

• Experiments show that ice beneficiation is a game changer in lunar propellant 
manufacture rejecting more than 75 % of the dead mass while retaining al- most all 
plastic (ice).  

• A dramatic 98% reduction in power estimated in comparison with thermal extraction.  

• Estimates from architectural analysis for assets and power are 1/12th in size and 
1/19th in budget as compared to a recent study on commercial lunar propellant 
architecture study by Kornuta, et al ,2019.  

• The propellant from the Moon allows fast boosting (within one day) of satellites 
between orbits that save in millions as compared to the electric thrusters that take 6-
12 months.  

• Roadmap for expanding “from GTO lift” capability to “from LEO lift” 

• Once established the beneficiation can be scaled up smoothly and naturally  
expanded to other resources such as Anorthite: an aluminium ore. 
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Outline 

• Company Info and Coauthors 

• Introduction and Background 

• Summary of Chemical Reactions 

• Terrestrial, ISS, lunar, Mars, and asteroid sources of nitrogen for 
ammonia starting material and projected production rates 

• How to Obtain Ammonia Starting Material 

• Anticipated Markets 

• Next Steps 
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Company Info and Coauthors 

• Company Info 
• OrbChem LLC: a small startup with zero funding, ~1 year-old 

• Brad R. Blair, OrbChem LLC, Denver CO 
• Space Geologist/Economist 

• Nathan P. Davis, OrbChem LLC, Bountiful, UT 
• Chemical Engineer, Currently in Colorado School of Mines ISRU Degree Program 

• Hoyt Davidson, Near Earth LLC, New Canaan, CT 
• Space Investment Banker 

• Tony Muscatello, OrbChem LLC, Rockledge, FL 
• Ph.D. Chemist, ISRU Specialist (23 y Lunar and Mars ISRU Experience at Pioneer 

Astronautics, NASA KSC, and Consulting) 
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Introduction and Background 

• Hundreds of satellites use space-storable hydrazine (N2H4 or HZ) for 
orbital operations 

• Many have depleted their fuel, have been boosted to graveyard 
orbits, and  are no longer of economic value, though otherwise 
functional 
• More every year 
• Replacement costs are $100’s of millions 

• Satellite servicing missions are underway using terrestrial-sourced 
hydrazine (SpaceLogistics MEV-1 (2020) & NASA OSAM-1 (>2022)) 

• We believe lunar-sourced hydrazine from ammonia is a viable 
alternative 
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Summary of Chemical Reactions-Peroxide 
Process 
1. NH3 + CH3C(O)CH2CH3 → CH3C(NH)CH2CH3 + H2O 

2. H2O2 + CH3CONH2 → CH3C(OOH)NH + H2O 

3. CH3C(NH)CH2CH3 + CH3C(OOH)NH → CH3C(ONH)CH2CH3 + CH3CONH2 

4. CH3C(ONH)CH2CH3 + NH3 → CH3C(NNH2)CH2CH3 + H2O 

5. CH3C(NNH2)CH2CH3 + CH3C(O)CH2CH3 → CH3(CH2CH3)CNNC(CH2CH3)CH3 + 4H2O 

6. CH3(CH2CH3)CNNC(CH2CH3)CH3 + 2H2O → N2H4 + CH3C(O)CH2CH3 

• Advantages vs. Chlorine Oxidation of ammonia 
• No consumables or by-products 

• U.S. Production of HZ has ceased, now derived from imported HZ-hydrate 

• NASA working on certification of new product 
• Very low conc. of unknown organic compounds 
• High priority – will know soon if it’s an issue 
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Terrestrial, ISS, lunar, Mars, and asteroid sources of nitrogen 
for ammonia starting material and projected HZ production 
rates 
• Terrestrial:  Space applications of HZ are a very small fraction of US 

national uses. Potential space customer interest in on-demand HZ 
production-nothing official yet. Commercial ammonia is readily available 

• ISS:  Astronaut urine contains urea which can be converted to NH3 
• Up to 30 kg HZ/y for a crew of 6 astronauts = Asteroid operations simulation 
• Future commercial space stations are also a potential source 

• Lunar South Polar Region: LCROSS data - Water (5.9+/-2.9 wt%) and 
ammonia (6.03 wt% relative to water or 0.338 wt%)  
• If H2O byproduct, 54 kg/y for 1 MT H2O/y 
• 540 kg/y for 10 MT H2O/y 
• 67.7 MT for 1100 MT 6:1 O2/H2 (mass) propellant/y (CSM-Sowers & Dreyer, 2019) 

• Asteroids: Ammonia is found in carbonaceous asteroids, up to 10 g/kg 
• Production rates TBD 
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How to Obtain Ammonia 

• Terrestrial: buy commercial ammonia 
• $655 dollars per US ton 
• HZ propellant: ~$200,000 per US ton (!) 

• ISS: separate urea from brine and convert to 
ammonia 

• Lunar Polar Volatiles: TBD  
• Lots of current work on obtaining water from PSR regolith 

(UCF, CSM, etc.) – separate ammonia from higher volatile 
gases 

• Mine for ammonia before water starts to evolve? 
• Lots of unknowns 

• Asteroids: mine carbonaceous chondrites 
• Even more unknowns 

• OrbChem will monitor progress of others 
• And focus on chemical synthesis, for now 
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Anticipated Markets 

• Estimated value of HZ in GEO for satellite life extension up to $350,000/kg 
• Therefore, 1000 kg = $350 million income 
• Operators gain $50-500 million/y of additional revenue 

• Current satellite servicing missions could be refilled with lunar-derived HZ 
and reused 

• Lunar landers and deep space missions are also potential customers 
• Specific future customers: commercial satellite operators, the U.S. 

military (satellites and F-16 APU), NASA, allied militaries and space 
agencies, and commercial spaceflight companies, such as SpaceX, Blue 
Origin, and Boeing 

• NASA and other space companies for ground, on-site, on-demand 
production 
• Avoids shipping of toxic HZ and minimizes storage requirements 
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Other Potential Applications and Issues 

• Launch satellites and spacecraft “dry” and refill in orbit 
• Greatly reduces launch mass, costs, and hazards by avoiding handling toxic 

HZ 

• Green Propellants replacing HZ 
• Not a problem – thrusters are compatible with HZ 
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Potential Lunar-Produced Hydrazine Logistics  
[Not to Scale] 

Credits: NASA / GSFC / Arizona State University 

NASA OSAM-1 
Satellite Refueling Mission 

in Earth Orbit (Example) 

HZ Tanker 
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Next Steps 

• Submitted NSF SBIR Ph. I proposal 
• Waiting for results 

• Will submit NASA SBIR Ph. I proposal when relevant to desired 
scope 

• Check for DARPA and DOD interest 

• Seek angel investors 
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Lunar Safe Haven Seedling Study 

Overview of Study Progress for PTMSS/SRR 

Melanie Grande, Dr. Bob Moses |  Lunar Safe Haven Seedling Study  |  06.11.2021 1 

Image credits: NASA 



Lunar Safe Haven (LSH) Seedling Study - Overview 
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Background 

• In order to enable sustainable presence (~10 years) on the Moon, we must provide better protection for crew and surface 
systems from radiation, thermal extremes, and micrometeoroids (MM) 

• The Lunar Safe Haven Seedling Study has examined NASA activities in site preparation, excavation, regolith transfer, 
surface construction/assembly/deployment, autonomy, robotic servicing/repair, advanced manufacturing, and in situ 
resource utilization (ISRU) for identifying the best approaches for implementing a safe haven shelter 

• With recent technology advancements in these content areas, it is “reasonably achievable” to provide significant 
protection from the harsh lunar environment using ISRU and autonomous robotics 

• STMD and HEOMD have declared a large number of capability gaps (such as TX6 06-38 Radiation Shielding, TX12 12-07 
Construction of Unpressurized Structure for Protection) that map to the content areas of the LSH Study, and which LSH 
team is capable of contributing to for gap closure  

Approach 

• Multi-center team (LaRC, MSFC, and KSC) working on a one-
year (FY21) effort sponsored by STMD Game Changing 
Developments 

• Data has been collected from other NASA projects, OGA’s, 
industry, and academia on concept options and state of 
technology maturity Image credits: NASA 



Level Zero Requirements 

• Level Zero Requirements were developed by the LSH team to be synergistic 
with the NASA Artemis Plan and guide the trade study from a high level 

• The LZRs cover several key principles, including: 
– Protection is needed for crew and surface systems from radiation, micrometeoroid 

strikes, and the thermal environment on the lunar surface 

– ISRU-based design is needed due to large amount of mass and volume needed for 
protection 

– Construction/assembly of a shelter needs to leverage as much as possible existing or 
near-term planned systems to support the activity in the late 2020s/early 2030s 

– NASA’s Artemis program will set other requirements such as available landers, 
integration with habitat systems, and technology demonstration missions 
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Decision Analysis Approach 

4 

Decision Statement: 
What system(s) should be manifested in the Artemis campaign as part of a continuous mitigation strategy that 
will protect crew and systems on the lunar surface from the harsh lunar environment (e.g. radiation, thermal 
extremes, and micrometeoroids) during sustained missions? 

 

Identification of Objectives: 

Definition:   Defines what the stakeholders hope to achieve in meeting the goal 

Method: Group generation and down selection 

 

Attribute Selection: 

Definition:  Measure that enables trade-offs between achieving relatively more or less on a 
  given objective 

Method: Focus groups breakout with subsequent group review. Attributes mapped to 
  crosscutting objectives 

 

 

 

 



List of objectives 

Environmental  
A1. Minimize radiation exposure to crew. 
 
A2. Maximize energy absorption capability of the shelter from impacts for crew and other exploration systems, including impacts 
from micrometeoroids, the movements of external assets (e.g., mobility systems), and any resulting ejecta.  
 
A3.  Minimize accumulation of dust (fine and coarse) on LSHC establishment and operations systems.  
 

Operational 
B1. Maximize use of indigenous materials in construction and operation.  
 
B2. Minimize need for crew involvement during establishment and sustained operations of the LSHC.    
 
B3. Maximize evolvability of the LSH establishment and operations concept.    
 
B4. Balance resiliency and robustness of LSH concept as a whole.  
 
B5. Maximizes available storage for exploration systems, science equipment, consumables, and contingency spares.   
 

Programmatic 
C1. Minimize investment costs.    
 
C2. Maximize Mars extensibility.    
 



Current List of LSH Attributes 

LSH Attributes Mapped Objectives (Draft) 

Effective dose to crew from background A1 

Acute dose to crew during SPEs A1 

Shielding Extensibility and Flexibility A1, B3 

Micrometeoroid (MM) Impact 
Protection Probability 

A2, B4 

Sensitivity of Damage Detection A2, B4 

Protection against impact from external 
assets 

A2, B4 

Architectural Dust Mitigation A3 

Lunar Surface System Mass Reduction  B1, A1, A2, B3 

Risk Reduction of an ISRU-based Design B1, B4 

Maintenance Need B2 

Training Need B2 

Degree of Autonomy B2, B4 

Crew Situational Awareness B2 

Spatial Involvement B2 6 

Some Attributes are cross-cutting because they are directly/indirectly relevant to multiple Objectives! 
For this activity/presentation, individual Objective POCs are managing the Attribute definitions.  

LSH Attributes cont’d Mapped Objectives (Draft) 

Evolvability Composite Score B3, A1, B1 

Fault/Degradation Identification B4, A2, A3, B1 

Resiliency B4, A2, A3, B1 

Complexity B4, A2, A3, B1 

Long Term Utility B5, B3 

Space Management B5 

Vertical Utilization B5 

Environmental Controllability B5 

Total Architecture System Investment All objectives (in particular, 
C1) 

Technology Maturation Investment All objectives (in particular, 
C1) 

Regolith as a Shielding Material C2, A1, B1 

Autonomous Emplacement C2, B2, B4 

Scalability for Mars C2 



Attributes – Objective A1 

For more developed concepts, a modeling tool such as OLTARIS can be 
used to estimate crew effective dose (inputs: ray trace of CAD model and 
design reference environment). For early-stage concept comparison, 
shielding effectiveness can be judged on slab geometry models with 
material composition and thickness as inputs.  
 
Consider: 
• How much incoming primary radiation does LSHC block? 
• How much in situ generated radiation (neutrons in regolith) does LSHC prevent from being 

created? 
• How much secondary scatter radiation does the shelter concept generate simply by 

existing? 

 
Units: Sv (Sieverts), on a yearly basis.    

1. Effective background dose to crew 
Galactic Cosmic Rays (GCRs) are a constant background source of high energy 
particles that are difficult to shield from. Additionally, interactions with GCRs in 
regolith and shielding materials create secondary particles. 
 
Career dose limits for crew are currently based on 95% confidence interval of <3% 
REID (risk of exposure induced death). REID is calculated from particle flux spectra 
at various locations in the body and accounts for crew age/gender; effective dose 
is a proxy for REID that is simpler to calculate to compare relative benefits of 
different shielding concepts.  
 
The LSHC should minimize the contribution to career dose from background 
radiation, enabling longer stays on the moon, and more trips into space per     
astronaut. 

0, 2, 4 are available intermediate values 

Objective A1: Minimize radiation exposure to crew. 
POC: Erin Hayward 

Decision Attributes Measurement Guidance 

As in #1, calculate dose using a modeling tool such as OLTARIS. The design 
reference environment is based on the proton spectra from the October 
1989 event series. SC: Total gray equivalent to crew blood forming organs 
(BFO) must be less than 250 mGy-Eq.  
 
Units: Gy-Eq (Gray Equivalent), on a per event basis. Gy-Eq considers the 
ability of different particles to cause deterministic effects, like acute 
radiation syndrome.  
 

2. Acute dose to crew during SPEs 
Solar particle events (SPEs) are intense events that can cause acute radiation 
symptoms if crew is not protected. The LSHC should minimize the dose to crew 
during these events. 
 
A “storm shelter” design may be appropriate, where the entire structure is not 
required to provide this level of shielding. 



Attributes – Objective C2 Mars Extensibility 
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This attribute should be ranked on a scale from 0 to 5, for example: 
5 – Strong Extensibility is possible if Mars cases are weighted equal to lunar 
scenarios during Pre-Phase A decisions 
3 – Moderate alignment is possible if capability and technology gaps are 
identified early 
1 – Limited alignment is consequential if interdependencies illustrated in 
the concept of operations are not factored holistically into all mission 
phases 

3. Scalability for Mars 
• EDL capabilities for Landing on the Moon are different than landing on Mars 
• Some power systems on the Moon do not translate well to use on Mars 
• Abundance of resources are quite different with Mars offering more 

opportunities 
• Environments are different 
• Concepts of operations may vary depending on whether the Moon or on Mars 

This attribute should be ranked on a scale from 0 to 5, for example: 
5 – Strong Extensibility if “Mars latency can be rehearsed on the Moon” 
3 – Moderate alignment if “supervised autonomy from orbit is preferred” 
1 – Limited alignment if Mars concepts of operations are not factored into 
lunar architecture, especially during technology downselect or upgrades 

2. Autonomous Emplacement 
• Comms Latency between Earth and Mars is far greater than between Earth and 

its Moon 
• Teleoperations and supervised autonomy of surface equipment is similar if 

conducted by crew in orbit above respective surface 

This attribute should be ranked on a scale from 0 to 5, for example: 
5 – Strong Extensibility if used “as is” 
3 – Moderate alignment if “water from regolith” is preferred 
1 – Limited alignment if high-Z materials are to be removed from regolith 

1. Regolith as a Shielding Material 
• Using “as is”, lunar and Mars regolith provide similar shielding properties 
• Elements within Lunar and Mars regolith are substantially different in terms of 

grain, toxicity, types of materials 
• Processing to extract specific “concentrate” can be quite different depending on 

the selected elements sought (for additive construction and manufacturing) 

0, 2, 4 are available intermediate values 

Objective C2:  Mars Extensibility of the Lunar Safe Haven Concept 
POC: Bob Moses 

Decision Attributes Measurement Guidance 



Concept Generation using Morphological Matrices 

• During brainstorming, the LSH team created three morphological matrices for 
each system group with a large number of alternatives 

– System groups: Shelter Physical Design, Establishment Systems, Sustained Operations Systems 

• Narrowed down the possible combinations to 17 concept alternatives 
• Each concept will be evaluated based on identified decision attributes to quantify 

how well each concept satisfies the main objectives 
– Ultimately 1-2 concepts will be down-selected based on attribute scores 
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Morphological Matrix using Function Decomposition method: 
• One function per row 
• Brainstorm to put one alternative for “means to 

achieve the function” per column 

Morphological Matrix – Establishment Systems 

Transport LSH systems  Idea 1 Idea 2 Idea 3 

Survey the location Idea 1 Idea 2 Idea 3 Idea 4 

Emplace, assemble, 
and/or construct the 
LSHC shelter 

Idea 1 Idea 2 

… 



Shelter Morphology – Key Alternatives to Trade 
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Shielding Material 

Regolith 

Regolith + Binder 

Main Structure Material 

Inner Structure from Earth 

Inner Structure from 
Repurposed Lander 

Inflatable Whipple + Regolith 

Water/Ice 

Main Structure Construction 

Deployable/Assembly 

Deployable/Inflate 

3D Print in Place 

Shelter Shape 

Level with Grade 

Rectangular Top-view 

Half Cylinder Plan-view 

Dust Mitigation 

Stabilized/bound regolith 

Interior & Some Exterior Pads 

Electrostatic neutralization 

Material Processing 

None (Bulk “as is”) vs. 
Sorted/Separated 

Cement/bricks (non-hydrated 
mixture) 

Shielding Construction 

Bag / Transfer / Crane and/or 
Bulldoze 

3D Print 

Shelter Size 

Accommodates Habitat 

Includes Garage & Stowage 

Some sintering 

Regolith-derived Open on Both Ends 

Thermal Management 

Regolith Insulation 

Sunshades 

NOTE 1:  
Several additional alternatives were 
generated during brainstorming, but 

the alternatives shown here represent 
an initial down-select by the team. A 
limited number of alternatives can be 
evaluated during the one-year study. 

NOTE 2:  
Alternatives under each function must 

be selected in combination with 
alternatives that are feasible under 

other functions. Not all combinations 
are feasible. 

Function/Parameter 

A
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iv

e
s 



Establishment Systems Morphology – Key Alternatives to Trade 
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Transport Systems 

Use Existing 
Infrastructure 

Self-Contained 

LSH Site Preparation 

RASSOR for excavation 

LSMS for regolith 
transfer 

Compactor/ Roller to 
rough compact 

(Cooperative/Auton.) 
Mobile Agents 

Emplace, Assemble, 
Construct Shelter 

LSMS for regolith transfer, 
construction, cargo transfer 

LTV copy to assemble 
or other construction  

Regolith 3D printing 
system 

Robotics to deploy/assemble 
parts from Earth LSH Site Location 

Determination 

Auton. With Ground 
Beacons + Satellite 

Crew Assisted 

LSH Site Survey 

Imaging from Orbit 

Mobile Soil Assays 

Crew Assisted 

LTV copy to assemble 
or other construction  

Auton. Vs Crew 
Assisted 

Auton. Vs Crew 
Assisted 

Utilities Access 

Power 

Communications 

Dust Mitigation 

Thermal Control 



Sustained Operations Systems Morphology – Key Alternatives to Trade 
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Maintain Successful Nominal Ops 

Sensor network monitored via 
automation 

LTV 2 copy with sensors and 
imaging equipment 

Power Distribution 

Rovers drive to power source 
when needed 

Recharging wireless to avoid 
dust contamination 

Power stowage onboard, 
batteries 

Crew performs diagnostics and 
inspections 

Comm. &  Data 

Network communication 
connected to Artemis base 

Thermal Management 

Regolith Insulation 

Sunshades 

Manage Waste & Trash 

Stage, sort, separate waste for 
reuse 

Convert waste to manufacturing 
feedstocks 

Monitor Lunar Environment 

Continuous sensor array to monitor 
conditions 

Dust Management 

Dependent on systems used 

Plasma Dust Lofting 

Piezoelectric technique 



Summary of Alternatives 
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• 17 total generated concepts 

• Alternative 1.1-1.6 -  Change Shelter Protection Material 
– Example: regolith, regolith and binder, Whipple shield design, etc. 

• Alternative 2.1-2.3 – Change Shelter Structure Material 
– Example: Inner metal structure, inflatable beams, regolith, etc. 

• Alternative 3.1-3.2 – Change Shelter Size and Dimensions 
– Example: Accommodates all crew, multiple shelters, etc. 

• Alternative 4.1-4.2 – Change Equipment Used 
– Example: LSMS, LTV 2 copy, backhoe, etc. 

• Alternative 5.1-5.2 – Change How to Maintain Successful Operation of the LSH 
– Example: Combination of crew inspection with sensors, crew performs diagnostics, etc. 

• Alternative 6.1-6.2 – Change Degree of Autonomy 
– Example: fully autonomous, semi-autonomous navigation, etc. 

 

 



Sample Conceptual Design of Lunar Safe Haven 
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Establishment Systems 

Beacon Placement 

Locations at Lunar 

Pad Construction 

Worksite 

Autonomy for Construction and Maintenance Physical Shelter Design 

1 Excavate & trenching (previously shown) 

3 Transfer bulk regolith & bury support (“roof”) structure 

2 Structural (vertical element) construction (not shown – requires 
other systems currently not shown) 

1 

3 

Vertical Element 
Construction 

2 

Vertical Element 
Construction 

2 

Shielding Berms 

Rocks from cleared 

sites form base 

Connections to 

External Services 

Various levels of autonomy balance human-in-the-loop 
with fully autonomous solutions that determine task 
planning, best path, etc. 

Rigidized 
Regolith Layer 

Bulk Loose 
Regolith Layer 

Large entrance 
Radiation Block 

Habitat 
Habitat 

Notional 



Conclusion 

• The Lunar Safe Haven concept represents a game-changing idea to protect 
crew and systems on the lunar surface over long durations 

• The LSH team has been performing a trade study that leverages recent 
technology development to make high levels of protection reasonably 
achievable 

• Next steps:  
– Continued refinement of the LSH concepts 

– Evaluation using the Decision Attributes 

– Down-select “top” concepts and define path forward for technology development needs 
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Back-Up 
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Level Zero Requirements (1/2) 

1. The Lunar Safe Haven Concept (LSHC) shall shield crew, electronics (such as computers providing command 
and control of autonomous systems), and other exploration and habitation systems that require radiation 
shielding as defined by HEOMD for at least 10 (TBR) years without exceeding the proxy dose limits for crew 
and electronics.  [Functional] 

2. The LSHC shall protect crew, electronics, and other exploration and habitation systems that require 
protection as defined by HEOMD from the hazards of the lunar environment—including but not limited to 
micrometeoroid impacts, thermal loads, seismic activity, electrical charging, dust, vacuum, and the sun—
for at least 10 (TBR) years.  [Functional] 

3. The LSHC shall protect crew, electronics, and other exploration and habitation systems that require 
protection as defined by HEOMD from the impacts and damage from other external assets that could 
cause collisions or ejecta for at least 10 (TBR) years.  [Functional] 

4. The LSHC shall not negatively impact the crew performance, habitability, and safety requirements derived 
from NASA-3001 for crew—as defined in HSI requirements documents of the lunar exploration systems to 
be used by HEOMD—and for proximal EVA. [Technical] 

17 

Note: 10 years operational duration will include any 
maintenance/repair. 



Level Zero Requirements (2/2)  

5. The LSHC shall not negatively impact functionality nor negatively impact deployment and 
placement of heritage exploration habitation systems selected by HEOMD that require 
protection and shielding. [Technical] 

 

 

6. The LSH concept shall utilize in situ resources, including both natural and repurposed 
resources. [Technical] 

7. The LSH concept shall identify and define the surface equipment concepts necessary to 
emplace, assemble, and/or construct the safe haven shelter. [Programmatic] 

8. The technologies included in the LSH concept shall be ready to be deployed and 
operational on the lunar surface by 2030 (TBR), according to HEOMD. [Programmatic] 

9. The Lunar Safe Haven shall be compatible with NASA's lunar lander systems to be 
selected by HEOMD. [Programmatic] 
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Note: L-0 Req. #5 was written with the intent to rule out any concepts that 
would expose habitats directly to regolith, such as by burying.  



Functional Decomposition – Shelter (As of 2/23) 
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(A) The functions of the LSHC shelter must be to: 

1) Store the crew and some amount of electronics and other exploration and habitation systems, including: 

a) Allow shipping and receiving (in and out) 

2) Protect from radiation for at least 10 years without exceeding the proxy dose limits for crew and electronics, including:  [Mapped to L-0 Req. 1] 

a) Protect the crew 

b) Protect some amount of electronics and other exploration systems 

3) Protect from the hazards of the lunar environment—including but not limited to micrometeoroid impacts, thermal loads, seismic activity, electrical 
charging, dust, vacuum, and the sun—for at least 10 (TBR) years, including:  [Mapped to L-0 Req. 2] 

a) Protect the crew 

b) Protect some amount of electronics and other exploration systems 

4) Protect from the impacts and damage from other external assets that could cause collisions or ejecta for at least 10 (TBR) years, including:  [Mapped 
to L-0 Req. 3] 

a) Protect the crew 

b) Protect some amount of electronics and other exploration systems 

 

In addition, options for the shelter might include: 

1) Provide a protected area for servicing systems 

2) Manage/remove lunar dust for individual LSHC systems (not Artemis systems inside the shelter), including: 

a) Coarsely remove dust 

b) Finely remove dust 

The Lunar Safe Haven Concept (LSHC) will consist collectively of: (A) a shelter, (B) systems to establish the shelter (whether via 
emplacement, assembly, construction, and/or manufacturing), and (C) systems to perform and maintain general operations of the shelter. 



Functional Decomposition – Establishment Systems (As of 2/23) 
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(B)  The functions of the LSHC establishment systems might be to: 

1) Transport LSH systems from lander off-loading site to the 
establishment site 

2) Deploy Location Determination Reference Systems, including: 

a) Reverse-Ephemeris Satellite Suite 

b) Ground Beacons 

3) Survey the installment location, including:  

a) Image and characterize the site (topography, geology) 

b) Perform resource assessment, mapping, and analysis 

c) Identify mining locations 

d) Identify shelter location 

4) Prepare the site for installment of the LSHC shelter, including:  

a) Remove rocks 

b) Grade (level) the site 

i. Excavate high areas (and trench for subsurface structures) 

ii. Dump regolith in depressions to create a level site and rough grade at the site 

c) Rough compact the site and stabilize the surface of the compacted area 

d) Verify compaction and grading 

e) Transfer bulk regolith 

f) Stockpile construction feedstock  

 

According to Level Zero Requirement 7, the LSHC shall identify the concepts needed to emplace, assemble, and/or construct the LSHC 
shelter on the lunar surface. Collectively, the systems that will be identified in the emplacement/assembly/construction trade space will 

be known as the “LSHC establishment systems”. The list below represents the functions of the establishment systems that might be 
included—but are not required—to satisfy Level Zero Requirement 7. 

Continued: 

5) Emplace, assemble, and/or construct the LSHC shelter, including:  

a) Deploy the LSHC systems 

b) Accept construction materials at the installment site 

c) Process construction materials  

d) Construct shelter structure  

e) Install equipment  

6) Verify and validate the establishment of the LSHC shelter, and confirm operational readiness 

7) Receive distributed power from the Artemis surface power source, including: 

a) Connect to and accept power from the surface power source 

b) Do power conditioning appropriate for a given system 

c) Distribute the received power to LSHC systems 

8) Communicate and provide sufficient command and data handling with other surface systems, 
including: 

a) Manage algorithms for autonomy 

b) Distribute commands among agents 

c) Send and receive data to/from LSHC and other Artemis systems 

d) Connect to and accept internet from the Artemis Base Camp elements 

9) Manage/remove lunar dust for individual LSHC systems (not Artemis systems inside the shelter), 
including: 

a) Coarsely remove dust 

b) Finely remove dust 

10) Manage thermal control for individual LSHC systems (not Artemis systems inside the shelter) 

 

Some functions are subsequently 
broken down into lower-level 

functions 



Functional Decomposition – Operations Systems (As of 2/23) 
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(C)  The functions of the LSHC sustained operations systems might be to: 

1) Maintain successful operation of the LSHC, including: 

a) Provide continuous health monitoring and fault identification the LSHC 
operations 

b) Provide appropriate audits to verify operational readiness during LSHC 
operations 

c) Identify anomalies during the emplacement/assembly/construction 

d) Fix anomalies during the emplacement/assembly/construction 

e) Inspect and verify that the emplacement/assembly/construction has 
completed successfully 

f) Inspect and identify anomalies during operations lasting up to TBD years 

g) Fix anomalies during operations 

h) Perform repairs of systems 

i) Support tool changes during repairs and operations 

2) Manage waste and trash, including waste from construction, 
maintenance, and operations (i.e., logistics wrappers and general trash).  

3) Monitor the lunar environment to provide information on space weather 
conditions, radiation, seismic activity, and other conditions relevant to 
protection of crew and surface systems.  

According to Level Zero Requirements 1-3, the LSHC shelter shall operate for at least 10 years. Collectively, the systems that will be 
identified in the maintenance/repair trade space will be known as the “LSHC operations systems”. The list below represents the functions 

of the operations systems that might be included—but are not required—to satisfy the Level Zero Requirements 1-3.  

#4-7 are the same functions 
as for establishment systems 

Continued: 

4) Receive distributed power from the Artemis surface power source 

a) Connect to and accept power from the surface power source 

b) Do power conditioning appropriate for a given system 

c) Distribute the received power to LSHC systems 

5) Communicate and provide sufficient command and data handling with other surface 
systems 

a) Manage algorithms for autonomy 

b) Distribute commands among agents 

c) Send and receive data to/from LSHC and other Artemis systems 

d) Connect to and accept internet from the Artemis Base Camp elements 

6) Manage/remove lunar dust for individual LSHC systems (not Artemis systems inside the 
shelter), including: 

a) Coarsely remove dust 

b) Finely remove dust 

7) Manage thermal control for individual LSHC systems (not Artemis systems inside the 
shelter) 



Sample LSH Concepts – Physical Shelter Design  
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Parameters - SHELTER Alternative 1 Alternative 2 Alternative 3 

1. Shelter protection Regolith, bulk covering Layered polyethylene and regolith 

2. Shelter structure Inner metal structure delivered from Earth 
Inflatable beams/form work, which could be 
empty or filled with water or gas, e.g. Vectran 

3. Shelter size/dimensions 
Accommodates all crew because big enough 
just for Surface Habitat (SH) 

4. Shelter shape 
4A. grade level level with the grade 
4B. plan profile (i.e. from aerial 
view) 

rectangular 

4C. section profile (i.e. view normal 
from the ground) 

dome (circular, parabolic, or egg), for 
example: Quonset hut half cylinder, vertical 
arch, or geodesic dome 

4D. means of ingress/egress two open sides 
4E. number of stories single story 

5. Dust management within (or under the 
footprint of) the shelter  

Stabilized regolith (binder/epoxy mixed in) 
to develop floors and pathways under 
footprint of shelter 

6. Thermal management/ protection 

• Thick enough regolith shielding causes 
controlled/ constant thermal 
environment 

• Low CTE materials for shelter structure 
• Sunshades (e.g. at door/openings) 

  

Green cells = fixed variables 

A concept combination is made up of at least one alternative in each row, and it includes a design (selection) for the physical 
shelter + establishment systems + sustained operations systems.  

White cells = will vary 
between Alternatives 



Sample LSH Concepts – Establishment Systems 
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Functions - ESTABLISHMENT SYSTEMS  Alternative 1 (continued) Alternative 4 Alternative 5 

1. Transport LSH systems from lander off-loading site to 
establishment site 

Crane with appropriate implements, such as 
LSMS on wheels, which can pick up cargo and 
transport it 

1*. Degree of Autonomy Completely autonomous 
2. Prepare the site for installment of the shelter   

2A. Remove rocks; Grade (level) the site; Build 
foundation (if needed) 

RASSOR, an excavation robot used to clear area 
of rocks and level the site 

LTV 2 (copy) with an attachment of a hoe/claw Backhoe 

2B. Rough compact the site and stabilize the 
surface of the compacted area 

Compactor/Roller (has a smooth wheel roller 
to compact shallow layers of soil) 

LTV 2 (copy) with an attachment of a 
Compactor/Roller (has a smooth wheel roller to 
compact shallow layers of soil) 

2C. Verify compaction and grading 
Verification sensors and imaging equipment 
built in to the Establishment rovers 

2D. Transfer bulk regolith; Stockpile 
construction feedstock  

Crane with appropriate implements, such as 
LSMS on wheels 

LTV 2 (copy) with an attachment of a loader + 
dump truck-style container 

Dump Truck + Loader 

2*. Degree of Autonomy Completely autonomous 
3. Emplace, assemble, and/or construct the shelter   

5A. Deploy the LSHC systems Deployment of structure delivered from Earth 
5B. Accept construction materials at the 
installment site 

Dedicated area to pile up regolith 

5C. Process construction materials  
Use bulk regolith, remove large rocks (no 
additional processing? TBR) 

5D. Construct/ assemble shelter structure and 
protection 

Multiple assembly/construction agents 
LTV 2 (copy) with robotic arms to do assembly, 
plugging stuff in, moving things around 

5*. Degree of Autonomy Completely autonomous 

4. Receive distributed power from the Artemis surface 
power source 

• Rovers drive over to the surface power 
source when needed 

• Wireless charging 
• Onboard batteries for power storage 

5. Manage/remove lunar dust for individual LSHC 
systems (not Artemis systems inside the shelter) 

Combination of surface coatings to resist 
dust/abrasion and electrodynamic dust shield 



Concept of Operations : WBS 4.3 – Site Preparation 
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1 

2 

Primary Implements of Interest for Site Prep:  
 Rock Removal 

 Dozer Blade 

 Load Haul Dump (LHD) Excavator 

 Compactor 

 Regolith Stabilization 

 Use Un-Pressurized Rover (UPR) for mobility (>1,000 kg cargo) Comm. for line of 

sight from lander 

1 Deploy Un-pressurized Rover (UPR) with implements for rock removal, load, 
haul, dump, grade, stabilize surface  

2 Excavate high areas, load, haul (trench for subsurface structures, if desired) 

3 Dump regolith in depressions, to create a level site and rough grade the site 

4  Rough compact the site and stabilize the surface of the compacted area 

Desired Site Topography 

Fill 

Excavate 

Fill 

3 

3 3 

4 4 

5  Stockpile construction feedstock pile and stage required construction equipment 

Sub-Surface 2 

Install control points and continuously assess desired states 

Site Preparation Examples Include: 
• Obstacle/Rock Clearing 
• Bad Material Removal 
• Establish Rough Grade 
• Grade Fill and Cut Ops 
• Compaction 
• Establish Control Points 

• Site preparation 
• Rock removal 
• Grading 
• Stabilization/compaction 
• Verify compaction 

Changing Topography and Geological  Information for each 
grid location are continuously updated in the Digital Village 

Take rocks to 

future berm 

location 

0 



Concept of Operations : WBS 4.5 – Vertical Construction 
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1 Excavate & trenching (previously shown) 

3 Transfer bulk regolith & bury support (“roof”) structure 

1 

3 

2 Structural (vertical element) construction (not shown – requires 
other systems currently not shown) 

Vertical Element 
Construction 

2 

Vertical Element 
Construction 

2 

Shielding 

Vertical Construction Elements include: 
• Blast Protection 
• Radiation Shielding (Nuclear Reactor 

and Space Radiation) 
• Unpressurized Hangars 
• Pressurized Habitats 
• Sun Shades for Thermal Control 
• Solar Power Farm 

Primary systems/functions of Interest:  
 Specialized Construction Implements/Systems 

 Verification of structure 

 Use Un-Pressurized Rover (UPR) for mobility 

(>1,000 kg cargo) 

 Additional Power if making bricks / pavers / 

sintering / molten regolith printing 

Changing Topography and Geological  
Information for each grid location are 
continuously updated in the Digital Village 

• Emplacement of shielding 
material overtop LSH 
(sub)structure 

• Connection of (external) services 
as needed (such as power, 
communications, ECLSS, …) 

• V&V and other check out of the 
structure and monitoring systems 

Berms 

Rocks from cleared 

sites form base 

Connections to 

External Services 



Autonomy Parameters by Category 

• Establishment Systems 
– E1B. Self-contained Transportation / Additional equipment 

– E2A. The location determination reference systems 

– E2B. Systems that do the deploying/placing/establishment of the Location 
Determination Reference Systems 

– E3B. Perform resource assessment, mapping, and analysis; Identify mining locations; 
Identify shelter locations 

– E4D. Transfer bulk regolith; Stockpile construction feedstock 

– E5D. Construct/ assemble shelter structure and protection 

• Sustained Operations Systems 
– S1. Maintain successful operation of the LSHC 
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E1B. Self-contained Transportation 

1. Vehicle chooses when to transport cargo. 
• Non-human external trigger. 

2. Human operator chooses when to transport, but vehicle is self-aware and 
has knowledge where to go. 

3. Human chooses waypoints for vehicle. 

4. Manual or tele-operation. 

27 

Waypoints 

Sensor scanning and 

self-awareness 



E2B. Systems that do the deploying/placing/establishment of 
the Location Determination Reference Systems 

1. Fully autonomous solution that determines best location for beacons and 
places them. 

2. (3) + autonomously provide decision support and offer possibilities to be 
selected by humans. 

3. Scripted/selected locations and actions, determined by humans, and 
robotic agent autonomously places the sensor/object. 

• Related parameters E1B 
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Beacon Placement 

Locations at Lunar Pad 

Construction Worksite 



Now making oxygen on Mars! 

MOXIE and the Perseverance mission 

   

Michael Hecht (for the MOXIE Team) 
Space Resources Roundtable 
June 11, 2021 



Mars Oxygen 
ISRU Experiment

M i E

2 

The Perseverance science mission 

+ Ingenuity! (Is this ISRU?) 



Mars Oxygen 
ISRU Experiment

M i E
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We’ve arrived (February 18)! 

https://youtu.be/4czjS9h4Fpg


4 

 MOXIE is a 1:200 scale 
model of an In Situ 
Resource Utilization 
(ISRU) plant for a human 
mission. 
 The size is limited by 

available  power 

 MOXIE will make 6-10 g of 
propellant-grade O2 per 
hour from CO2 , which 
makes up most of the thin 
air on Mars 

 Like a smallish tree, or 
~50% of what a person 
breathes 

Jet Propulsion Laboratory
California Institute of Technology

J. Mellstrom , Project Manager

Mars Oxygen 
ISRU Experiment

M i E

GOT 

OXYGEN?



Mars Oxygen 
ISRU Experiment

M i E

800oC 

Nickel catalyst 

800oC 

       – 

Voltage 

       + 

In an electrolysis cell, CO2  CO + O 

In a fuel cell CO + O  CO2 

Solid Oxide Electrolysis (SOXE) 



Mars Oxygen 
ISRU Experiment

M i EHow does it work? 

Meyen (2015) 
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1 

2 
3 

4 



Mars Oxygen 
ISRU Experiment

M i EFinal assembly 

8 

Image credit: NASA/JPL-Caltech
MOXIE Data Primer, 02/22/21

Inlet

(contains HEPA 

filter)

Mars atmosphere in

Unreacted CO2 and CO out

O2 out

Main MOXIE enclosure



Mars Oxygen 
ISRU Experiment

M i EWhat will MOXIE do on Mars? 

 We expect a “MOXIE sol” every month or two 

 Duration: MOXIE takes ~150 minutes to heat the SOXE to 800˚C. About 
1 hr is then spent making oxygen. 

 Power: One run consumes ~650 W-hr of spacecraft energy – the full 
payload allocation for a typical sol! 

 Synergies: We use the SuperCam microphone to hear the compressor 
and MEDA to understand air density as well as dust loading. 

 We’re planning 3 mission phases:  

 Characterization – How has MOXIE survived the journey? 

 Operation – All seasons, times of day, and weather 

 Experimentation – Can we make MOXIE better? 

9 



Mars Oxygen 
ISRU Experiment

M i ESuccess criteria 

1. Meet development 

requirements 
Produce >6 g/hr O2 with >98% purity after 10 thermal cycles 

3. Demonstrate 

robustness 
Continue to operate well until the end of the nominal mission 

4. Demonstrate 

ruggedness 

Produce oxygen at the minimum and maximum atmospheric density 

Produce oxygen during day and night in all seasons 

Produce oxygen in a dust storm, if the opportunity arises 

5. Inform future designs Learn how MOXIE responds to the range of conditions above 

2. Demonstrate 

reliability 
Demonstrate negligible aging or other degradation over many cycles 



Mars Oxygen 
ISRU Experiment

M i EAtmospheric density variations on Mars 
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Mars Oxygen 
ISRU Experiment

M i EBoudouard and Ni Oxidation Limits 



Mars Oxygen 
ISRU Experiment

M i E

 Preliminary checkout 

 Sol 4: “Aliveness Test” was conducted on Monday, Feb 22.  

 Sol 13: first run with a Run Control Table 

 Sol 14: “Health check” to test out the SOXE heaters and compressors 

 Sol 59/60 (April 20): First oxygen! 

 Preceded by compressor sweep to calibrate flow on Sol 55 (April 15) 

 Produced 5.4 g O2 late at night, with peak production 6 g/hr 

 Sol 81 (May 12): 2nd oxygen 

 Preceded by compressor sweep with microphone (!) on Sol 79 (May 10) 

 Produced 7 g O2, again at night, 8 g/hr peak and microphone. 

 Sol 100 (May 31): 3rd oxygen run 

 Preceded by daytime compressor sweep with on Sol 96 (May 27) 

 Mid-day this time, with extended 8 g/hr segment. 

 Added constant current flow sweep to assist purity analysis 

 

What have we done so far 
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Current 

(A) 

Scroll 

compressor 

RPM 

(/min) 

SOXE 

heater 

temperature 

(°C) 

Time (hours:minutes) 

O2 production 

A typical MOXIE run consists of a ~2.5 hour warmup followed by ~1 hour of O2 production 

Warmup 
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O2 production consists of multiple flow rate ‘segments’ and current ‘steps’ 

Reference segment  

at 55 g/hr 

Default segment 

at intermediate flow rate 

Default segment 

at 3500 RPM 

Return to 

ref. flowrate 
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temperature 
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Mars Oxygen 
ISRU Experiment

M i ECumulative O2 produced 
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Warmup Current sweeps 

Total 5.37g 

Energy (MOXIE only): 623 W-hr + RMCA (94% to 52% SoC) 



Mars Oxygen 
ISRU Experiment

M i E

Experiment configuration: 004_refdefsgmts_v05p3. Data: MoxiScidata_0674107266-55162-1_combined_019FMv07.csv, 05/12/21 

MOXIE JSA-019 FM_OC10_O2: Reference and Default Segments, sol 81 
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Supercam microphone spectrograms (courtesy Chide et al.) 



Mars Oxygen 
ISRU Experiment

M i EWhat we hope to do 

 Operate in all seasons and times of day 

 Use different operating modes to understand properties, e.g. 

 Constant current, variable flow sweeps to characterize purity 

 Temperature sweeps to understand series resistance 

 Current sweeps to understand I-V relationship and iASR 

 Monitor aging 

18 



Mars Oxygen 
ISRU Experiment

M i EOperations challenges 

 Things we’re working to understand 

 Series resistance 

 Warming in the inlet tube 

 Sensor calibrations 

 Characteristics we hope to learn about 

 Gas cross-over, limiting purity 

 Aging characteristics 

 Things we need to make educated guesses about 

 Atmospheric density and temperature 

 Worst cell characteristics 
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Mars Oxygen 
ISRU Experiment

M i EWhat we’ve learned 

 MOXIE works remarkably well, hardly any differences from laboratory 
operation are seen 

 This is a real system – we need to constantly worry about factors such as 
calibrations, cell-to-cell variations, and gas cross-over. 

 MOXIE needs to be smarter to operate more safely and efficiently!  
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Mars Oxygen 
ISRU Experiment

M i ESponsors and Partners 

 Supported by HEOMD and STMD 

 Mars 2020 Project managed by SMD 

21 



Mars Oxygen 
ISRU Experiment

M i E

Related material 
Preparing for human exploration of Mars: A brief history 

22 



Mars Oxygen 
ISRU Experiment

M i EHow to go to Mars 
Cargo mission 

 HABitat 

 Descent/Ascent Vehicle (DAV) 

 Rovers (pressurized & unpressurized?) 

 25-30 kW power plant (Kilopower? 
Photovoltaic?) 

 32 tons propellant (Fuel & oxidizer) or 
ISRU plant 

 … 

Human mission 

 Mars Transfer Vehicle 

 The Crew 

 Toothbrush, etc. 



Mars Oxygen 
ISRU Experiment

M i EWhy we need an “oxygenator” on Mars 

Everything that “burns” fuel needs to breathe! 

 Oxygen weighs several times the weight of the fuel 

 The biggest fuel burner on Mars? The Ascent Vehicle! 

 The single heaviest thing we need to bring with us to Mars? 

A full oxygen tank for the ascent vehicle. 

 To launch a crew of 4 takes ~25 tons of O2 & 7 tons of fuel 

 In a 150-day mission, the crew only breathes ~0.5 ton O2 



MOXIE’s inlets and outlets are located on the aft port side of the rover body 

Inlet Outlets 

Images: NASA/JPL-Caltech 

4 



MOXIE comprises three major subsystems: CAC, SOXE, and PMC 

Process Monitoring and Control 

(PMC) 
Solid Oxide Electrolysis  

(SOXE) 

CO2 Acquisition and Compression  

(CAC) 

3 

Adapted from NASA/JPL-Caltech 
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MOXIE is commanded using a Run Control Table (RCT) and three other parameter tables 
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0 60 #0 #0 #0 0 0 0 0 0 100 #0 100 #0 1.15 #0 #0xFFFF #0 #0xFFFF #0 0 0 0 0 0 0 sit with everything off collect telemetry 

1 5616 843.7 841.8 #0 0 0 0 0 0 876 #0 873.7 #0 1.15 #0 #0xFFFF #0 #0xFFFF #0 1 0 0 0 0 0 enable heaters start heating 

2 3200 843.7 841.8 #0 0 0 0 0 0 876 #0 873.7 #0 1.15 #0 #0xFFFF #0 #0xFFFF #0 1 1 1 0 0 0 enable composition sensors continue heating 

3 5 843.7 841.8 #0 0 0 0 0 0 866.1 810 863.9 813.8 1.15 #0 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 enable motor controller and SOXE power supplies 

4 1 843.7 841.8 1 1986 0 0 0 0 866.1 810 863.9 813.8 1.15 #0 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 start motor 1 second prior to SOXE current 

5 5 843.7 841.8 1 1986 2 4 2 4 866.1 810 863.9 813.8 1.15 #0 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 start SOXE current loop at 2.0 A with 4 V offset. … 

6 1195 843.7 841.8 1 1986 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 enable P4 low limit. 55 g/hr 2.0 A for 19 minutes … 

7 210 843.7 841.8 1 1986 1.6 4 1.6 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 55 g/hr 1.6 A for 3.5 minutes 

8 210 843.7 841.8 1 1986 1.2 4 1.2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 55 g/hr 1.2 A for 3.5 minutes 

9 210 843.7 841.8 1 1986 1.6 4 1.6 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 55 g/hr 1.6 A for 3.5 minutes 

10 210 843.7 841.8 1 1986 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 55 g/hr 2.0 A for 3.5 minutes 

11 30 843.7 841.8 1 2324 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 intermediate flow rate step to reduce magnitude … 

12 30 843.7 841.8 1 2662 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 intermediate flow rate step to reduce magnitude …  

13 300 843.7 841.8 1 3000 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 79.5 g/hr 2.0 A for 5.0 minutes 

14 210 843.7 841.8 1 3000 1.8 4 1.8 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 79.5 g/hr 1.8 A for 3.5 minutes 

15 210 843.7 841.8 1 3000 1.6 4 1.6 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 79.5 g/hr 1.6 A for 3.5 minutes (lower current … 

16 210 843.7 841.8 1 3000 1.8 4 1.8 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 79.5 g/hr 1.8 A for 3.5 minutes 

17 210 843.7 841.8 1 3000 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 79.5 g/hr 2.0 A for 3.5 minutes 

18 300 843.7 841.8 1 1986 2 4 2 4 866.1 810 863.9 813.8 1.15 0.4 #0xFFFF #0 #0xFFFF #0 1 1 1 1 1 1 55 g/hr 2.0 A for 5.0 minutes 

Step 

duration (s) 

SOXE heater 

setpoints (°C) 

Scroll compressor RPM 

setpoint 

SOXE current 

setpoints (A) 

Operational Limits (OLs) 

Enable 

bits 

Comments 
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MOXIE calibrated data product (RDR) 

Software parameters 

(-) 

Temperatures 

(°C) 

Pressures 

(bar) 

Voltages 

(V) 

Currents 

(A) 

Composition sensors 

(bar) 

RPM 

(/min) 

Calculated ratios 

(A/bar) 

Control loop output 

(various) 

Enable bits 

(-) 

SW_MODE 

SW_FAULT_COUNT 

SW_LAST_FAULT 

SW_TIME (s) 

SW_RCT_STEP 

T1 

⋮ 
T4 

TT 

TB 

T7 

⋮ 
T20 

TCAL0 

T22 

P1 

⋮ 
P5 

PCAL1 

PCAL2 

 

VT 

VB 

V28VM 

V28VS 

V5V 

 

IT 

IB 

IHT 

IHB 

IM1 

I28VM 

I28VS 

I5V 

ICS123 

ICS4 

 

PCO2_C 

PCO_C 

PCO2_A 

PO2_A 

 

 

 

 

 

 

 

 

 

RPMM1 

 

XITP4 

XIBP4 

 

HT_OUT (-) 

HB_OUT (-) 

M1_OUT (/min) 

VT_OUT (V) 

VB_OUT (V) 

 

HS_en 

CS123_en 

CS4_en 

M1_en 

VT_en 

VB_en 
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Mars Oxygen 
ISRU Experiment

M i ELimits to performance 

 MOXIE settings control the gas flow rate, the SOXE 
temperature, and the operating voltage/current 

 The factors that limit performance are  
 Power supply capability 

 SOXE capability 

 Compressor capacity 

 Air density 
 Landing site dependent 

 Factor of 2 range from seasonal and diurnal variation 

 These factors are well-balanced in MOXIE, and it is unclear 
which will actually limit performance on Mars. 

 29 



Mars Oxygen 
ISRU Experiment

M i ESOXE robustness 

 Carbon deposition is avoidable by careful selection of operating voltages, 
temperatures, and flow rates 

 Cathode oxidation has been mitigated by recirculating CO to the inlet 

 Cycle-to-cycle (cool-heat) variation is significant but acceptable 

 ASR roughly doubled after 60 cycles in first test; New test underway. 

 Will get better as we learn about mechanisms and improve protocols 

 Not really relevant to full-scale system, which won’t generally cycle 

 Compensating by increasing cell area has little impact on overall M, V, P 

 Degradation from continuous long-term operation needs to be verified but 
expected to be low. 
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Mars Oxygen 
ISRU Experiment

M i EWhat will “full scale” look like? 

We assume we have ~12 months to make enough O2 to 
launch a crew of 4 to orbit  

We need to produce 2-3 kg/hr O2 

We will need 25-30 kW power (about what 
the base needs) 

31 
Mars2020 

MOXIE 

Full–Scale 

MOXIE 



Mars Oxygen 
ISRU Experiment

M i EThe path to full scale… 

 OxEon Energy is developing a scaled-
up stack that can produce ~1 kg/hr.  

 Air Squared is developing a scaled up 
version of the compressor 

 MIT is studying how to make  
filters smaller and lighter 

 We can now project that a 2 kg/hr 
version of MOXIE will use <25 kW 
power and weigh <1 Ton 

 Air handling is biggest component 
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Mars Oxygen 
ISRU Experiment

M i EDust filtering 

 Experiments and models show that the MOXIE filter is robust, even 
with respect to a hypothetical 10,000 hrs of operations 

 Dust mitigation is far less of a problem than expected because: 
 Dust particles on Mars are ~10x larger than typically used for HEPA 

testing 

 MOXIE operates in the transition flow regime, reducing ∆P by x3-5. 

 A tantalizing experimental result suggests that only ~4% of 
entrained dust actually impacts the filter if orthogonal to the 
airflow.  

 Intrinsic resistance of filtering material drives filter size & mass 

 We need to look at improving the filter material itself 

 
33 



Mars Oxygen 
ISRU Experiment

M i ESample tracking matrix 

Objective

O
C

0
9

O
C

1
0

O
C

1
1

O
C

1
2

O
C

1
3

SC1: Demonstrate 6 g/hr, >98% purity after 10 cycles

Meet requirements (not necessary each time) X X X

Expand oxygen production above requirement X X

SC2: Demonstrate low degradation through 10 cycles

Establish baseline X

Track with reference segment X X X

SC3: Demonstrate lifetime over primary mission

Establish baseline X

Repeat at end of misison

SC4: Operate at extremes of atmospheric density and (if 

possible) dusty conditions

Add new combination of time of day / season X X

SC5: Inform future designs through diagnostics and new 

control methodologies.

Microphone diagnostic for compressor (time-critical) X X X

∆P sweep (both signs!) for purity/leak characterization X

Reduced warm-up time

T sweep for lead resistance characterization

P4 feedback control

Voltage feed-forward

Voltage control



Honeybee Robotics 

2408 North Lincoln Ave. 

Altadena, CA 91001 

www.HoneybeeRobotics.com 

1 

Kris Zacny1, Bolek Mellerowicz1, Joey Palmowski1, Leo Stolov1, Lilly Ware1, Ben Bradley1, Brian Vogel1 , Andrew Bocklund1, 
David Faris1, Paul van Susante2, Than Putzig3 

1Honeybee Robotics, 
2Michigan Technological Institute, 

3Planetary Science Institute 
  

Presented by Bolek Mellerowicz 
 

REDWATER: EXTRACTION OF 

WATER FROM MARS’ ICE 

DEPOSITS 
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RedWater: RodWell and Coiled Tube 

Drilling 

2 

Coiled Tubing 

Injector 

Bottom Hole 

Assembly 

Water 

Tank 

CO2 

(MOXIE) 

RodWell Coiled Tubing Drill 
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RedWater: Where on Mars? 

Arcadia Planitia 

and Amazonis 

Planitia 

https://www.nasa.gov/sites/default/files/atoms/files/mars_ice_drilling_assessment_v6_for_public_release.pdf  

• Thicker atmosphere 

• Easy EDL 

• Mid Latitude 

• Solar Power 

• Low Elevation 

• Easy Landing 

• Water Ice 

• Human 

habitation 

• Prop. 

Production 

 

 

https://www.nasa.gov/sites/default/files/atoms/files/mars_ice_drilling_assessment_v6_for_public_release.pdf


Progression of the South 

Pole Station RodWell 

R. Haehnel, “Potable Water Supply Feasibility 

Study for Summit Station, Greenland”, March 

2011 

RedWater: ConOps 



Heated Auger Auger & Percuss Mechanism 2X 100 W 

Brushless 

Motors 

Slip-Ring Connector Bay Pneumatics  

Interface 

Inflatable Packer 

Drill Bit 

2.75” OD 
Outer Tube 

2” OD 

Hydraulic & Pneumatic Tubes 

BHA length 

47.5” (1.2 m)  

Pneumatic Interface 

Connector Bay 

Load Cell 

Coiled Tube 

Interface 

 Supports drilling, pneumatic chips clearing, well melting, and extraction 

Bottom Hole Assembly 

Heated Auger 
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Heated Auger Assembly 

 Provides heat input 

for well creation 

 5.8 kW heaters 

 Thermally conductive 

cutter 

 Sealed against water 

ingress 



Toothed Drive Rollers 

Configurable Drive Mechanism 

Injector and Coiled Tube 



Honeybee Robotics Proprietary - Do Not Distribute 8 

1. Re-Inflate Packer (55 PSIG) 2. Pressurize Borehole (25 PSIG) 3. Pump H20 to surface (over ~10.5 m tube length) 

300 ml pumped at ~1.5 l/min -> 0.46 g gas used assuming 2.03 kg/m3 air density @ 25 PSIG and 23oC 



Injector and Coiled Tube 
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Test Results: -20° C Ice 

T+11m 

.15 L 

D: 101 mm 

H: 107.9 

mm 

T+33m 

1.6 L 

D: 199.1 

mm 

H: 118.5 

mm 

T+44m 

2.2 L 

D: 227 mm 

H: 130.7 

mm 

T+66m 

5.9 L 

D: 275.7 

mm 

H: 197.9 

mm 

T+88m 

9.5 L 

D: 323.1 

mm 

H: 231.9 

mm 

T+110m 

12.2 L 

D: 349.9 

mm 

H: 267.7 

mm 

1.5 m Ice Structure 

Pneumatic 
Packer 

Bottom Hole Assembly 

Melted Well 



Honeybee Robotics Proprietary - Do Not Distribute 10 

Final Volume: 12.2 L 

Auger Temp: 46°C 

Heater Power: 1155 W 

Well Temp: 7.6°C 

Ice Temp: -5.9°C 

D: 350 mm, H: 268 mm, D:H: 1.3 

Total Heater Energy: 2.3 kWhr 

Melting Efficiency: 48% 

Specific Therm. Energy: 0.2  Whr/cc 
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Chamber Pressure: 5 Torr 

Final Volume: 6.6 L 

Auger Temp: 55°C 

Heater Power: 858 W 

Well Temp: 9°C 

Ice Temp: -70°C to -47oC 

D: 280 mm, H: 220 mm, D:H: 1.3 

Total Heater Energy: 2.2 kWhr 

Melting Efficiency: 27% 

Specific Therm. Energy: 0.34  Whr/cc 
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Future 

Work 
Coiled Tubing (CT) 

Avionics 

Box 

ATHLETE 

Rover 

Bottom Hole Assembly 

Gas Supply Tank 

Water Storage Tank 

CT Storage Reel + 

Slip-Ring/Rotary 

Union 

Deflector 

Shield 

Injector Assembly 

Fluidics Box 

TRL 6 System Design and Fabrication 

Slip-Ring/Rotary Union 

Water Collection/ 

Gas Supply Tanks 
CT Injector Assembly 

CT Injector Motor 

Coiled Tubing (CT) 
CT Storage Reel 

Hydraulic/Pneumatic 

Control Box 



THANK YOU! 
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        Practical High Resolution Collaborative 
Geological Mapping of Mars 

Wayne Barnett 
Principal Structural Geologist 

SRK Vancouver 
wbarnett@srk.com 

 
Emre Onsel 

Mining Engineer 
SRK Vancouver 

eonsel@srk.com 
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Technology Overcoming Accessibility 

Open Pit Mining 

Scanned Underground Mine Rock Face 

Mine Photogrammetry / LiDAR 
Solutions 



EasyMineXR Video 

Show Provided Video… 



Microsoft HoloLens 2 as mixed reality app 

Mixed Reality (MR) Virtual Reality (VR)         PC Desktop 

EasyMineXR Solutions 

Virtual reality headsets as virtual reality app 

Windows 10 computers as desktop app 



Stereo pair ESP 022580_1560_overview_mars_hirise 

https://www.uahirise.org/dtm/dtm.php?ID=ESP_022580_1560 

EasyMineXR Case Study - Mars 

Source: HiRISE imaging  

Acquisition date 
10 July 2011 
 
Latitude (centered) 
-23.604° 
 
Longitude (East) 
294.961° 
 
Spacecraft altitude 
253.3 km (157.4 miles) 

NASA/JPL/University of Arizona 

1.17 km 

~7.3 km / ~4.5 miles 

0.73 miles 

28 km 

North 

https://www.uahirise.org/dtm/dtm.php?ID=ESP_022580_1560


EasyMineXR Virtual Mapping 

Tools 
Polyline mapping/tracing 

Polyline editing  

Descriptive properties 
input table 

Disk orientation 
measurements 

Stereonet data 
representation 

Fracture Set Auto-
identification 

 

Online Shared Interaction, 
i.e. mapping as a team! 



EasyMineXR – Virtual Reality 

In-office 3-D mapping of scanned rock faces in 1:1 scale. 
 
Mapping the outcrop in 3D 3-D compilation and overlay of 
different data sources, for enhanced interpretation.  

Interpretation includes Big-data, like hyperspectral, 
thermal, InSAR and LiDAR data. 

 

From Onsel et al. 2019 



EasyMineXR– Online Meeting 
Users can meet online on EasyMineXR - like on Teams, Zoom, etc. 

Participants 

Participant 
name 

Meeting 
room 

Participant’s cursor and their 
name are displayed on the 
screen. When they speak, a 
speaker icon is also 
displayed. 

When a participant draws a 
trace it will be visible to all 
participants. 



EasyMineXR Case Study - Mars 
https://sketchfab.com/3d
-models/022580-1560-
overview-mars-hirise-
6ef5a05182094673b5e16
bff203cb861 

EasyMineXR mapping data was brought into Leapfrog GeoTM for 3-D modelling  

https://www.instagram.com/o
rganiccomputer/ 

3D Image Source  

section 

E 

W 

N 



Study Results 
The EasyMineXR mapping using VR was an effective solution for mapping accurately and with clear 3-D vision. 

Peer review was achieved by “in–field” VR mapping with a professional colleague.   

This central two-crater intersection area is partly a mega-breccia, retaining large kilometer-scale fragments of 
rock, surrounded by smaller scale breccia fragments down to sub-resolution scale. 

 

The thrust fault geometries imply dominantly eastward throw direction. Further study needs to resolve why this is 
the case.  
Such studies of impact sites on Mars may improve our understanding because of better outcrop preservation. 

Model results do show typical meteor impact type of fault structures 
(Shoemaker, 1960; Roddy, 1978): 

- Thrust faults: shallow upward-curving with rock thrust upwards. 
Compression evidence supported by observed folding. Includes slip 
subparallel to the bedding surfaces. 

- Tear faults: subvertical faults with rotational shear displacement 

- Radial fractures: an overall fracture/fault system with orientations 
striking away from the centre of the impact. 

 

E W 

Kumar & Kring, 
(2008) 



Conclusions 

Software tools like EasyMineXR, developed in the mining and exploration industry, can be used for 
collaborative, geological exploration of planets like Mars where photogrammetry images are available.  

 

We find that virtual reality mapping solutions provide the most authentic solution for visually seeing the 
rock in 3D as if you were truly in the field (i.e. on Mars). 

 

We are currently using the mapping tools and powerful Virtual Reality visualization of EasyMineXR to 
study of the complex interaction of two superimposed meteorite craters. 

 

EasyMineXR is available for download, but access can only be obtained by contacting SRK Consulting 
(Canada) Inc.  

 



         
Wayne Barnett 
Principal Structural Geologist 
SRK Vancouver 
wbarnett@srk.com 
 
Emre Onsel 
Mining Engineer 
SRK Vancouver 
eonsel@srk.com 
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Image from Dundas, et al.
Science vol. 359, pp. 199–201 (2018)

Mars Water Well Performance: Experimental Heat 
Transfer Results Supporting Simulations

Stephen Hoffman, Ph.D.
Aerospace Corp.

James Lever, Ph.D.
U.S. Army Corps of Engineers / Cold Regions Research and Engineering Laboratory

Alida Andrews
Aerospace Corp.

Kevin Watts
NASA/Johnson Space Center



What Is Motivating This Experiment?

• Using local resources for future human missions to Mars means reduced 

transportation requirements from Earth and a larger source of materials than might 

otherwise be available

• Of the many resources available on Mars, perhaps the most valuable is water

• One facet of NASA’s current Mars Exploration Program is a search for the locations 

and quantities of water in various forms.

– Subsurface liquid water aquafers

– Surface and subsurface water ice and icy soils

– Hydrated minerals

– “Average regolith”

• Access to massive quantities of water could change surface mission concepts of 

operation and drive site selection

• A “Rodriguez Well” is one well-established technique for acquiring water from ice here 

on Earth

• A computer simulation developed by the U.S. Army Cold Regions Research and 

Engineering Laboratory (CRREL) is used to estimate Rodriguez Well performance

• This simulation incorporates empirical terms for heat transfer based on 

terrestrial environmental conditions – terms specific to Mars are needed

2



Subsurface Water Well Development: Rodwell Approach

Hot
Water

Hot water in

Cold water out

Phase 1: Drill through 
overburden into top of ice.

Phase 2: Melt into ice.  Begin 
forming water pool.

Phase 3: Steady state operation.

Water Storage 
& Transfer Tank

Hot
Water

H
ea

t 
So

u
rc

e



Predicted Time Needed to Withdraw Water at a 100 gal/day Rate

Note: assumes -80° C ice



Experiment Equipment and Layout

5
JSC 2-foot bell jar

• Twelve test points – combinations of
• Two dewar diameters (4.5 and 6.0 in)
• Six chamber pressure (1000 – 8 mb)
• Two chamber temperatures (-20 C and -40 C)

• Evaporative loss measured using a load cell
• Total heat transfer measured via immersion heater power



Sherwood–Rayleigh Relation for Water Undergoing Natural

Convection-Driven Evaporation
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Convective Heat Loss from Water to a Gas
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Components of Heat Transfer, Water to CO2 at T = -45°C
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Summary

• Water will likely be an important resource for future human missions to Mars

• Recent discoveries of exposed ice sheets on Mars supports the theory that 

extensive buried ice sheets exist at mid latitude locations

• The Rodriguez Well technique offers one means for extracting significant 

quantities of water from these ice sheets

– Extensive history of use in terrestrial applications

• Recent experiments at the NASA Johnson Space Center indicate these 

wells can be formed under ambient surface conditions on Mars

– Water pools can be sustained with water held near freezing conditions

• This approach is used in terrestrial Rodwells

– Water pools under these Martian conditions found to exhibit structural 

characteristics similar to terrestrial Rodwells

• For example: ice shelf formation

– Evaporation follows power law trends observed for terrestrial water 

pools at Earth ambient conditions

• Total heat loss rates will be used to adapt CRREL simulation models for use 

in predicting Martian Rodwell performance

9



Backup
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TRIP	DURATION	 14	sols	

NO.	OF	DAYS	DRIVING	 9	sols	

CREW	 2	
ROVER	DRIVE	TIME/DAY	 9	hours	

TOTAL	ENERGY	NEEDED	 1564	kW-hrs	

TOTAL	O2	NEEDED	 841	kg	

TOTAL	CH4	NEEDED	 276	kg	
EXCESS	H2O	PRODUCED	 621	kg	

 

Electrolysis:
4H2O + power = 4H2 + 2O2

Sabatier:
CO2 + 4H2 = CH4 + 2H2O + heat

Production Plant NET Reaction:
2H2O + CO2 + power = 2O2 + CH4 + heat

4H2
2H2O

Martian 
Water: 2H2O

2O2

CH4

Martian 
Atmosphere: 
CO2

Methane Reformer:
2CH4 + 2H2O + heat + 
catalyst = 6H2 + 2CO

Fuel Cell:
3O2 + 6H2 = 6H2O + power

6H2 2H2O

2CH4 2CO

3O2

Power

4H2O (crew 
metabolic)

Rover NET Reaction:
2CH4 + 3O2 + heat + catalyst = 2CO + 4H2O + power

O2:CH4 3.4:1

Subsystem

Mass (kg)

MDM Payload Mars Liftoff

Crew Cabin 3,427 4,122

Structures 881 881

Power 377 377

Avionics 407 407

Thermal 542 542

ECLS 502 502

Cargo 422 1,117

Non-Prop. Fluids 295 295

1st Stage 9,913 31,432

Dry Mass 3,605 3,605

LO2 0 21,519

LCH4 6,308 6,308

2nd Stage 5,006 13,245

Dry Mass 2,566 2,566

LO2 0 8,239

LCH4 2,440 2,440

TOTALS 18,345 48,799

O2:CH4 3:1O2:CH4 4:1

H2O
O2

Power

	 CLOSED-LOOP	
H2O,	O2	

OPEN-LOOP	
H2O,	O2	

OPEN-LOOP	+	
LAUNDRY	

H2O	CLOSED-LOOP	MAKEUP	 970	 0	 0	

O2	CLOSED-LOOP	MAKEUP	 2480	 0	 0	
LAUNDRY	 0	 0	 14660	
EVA	 0	 3072	 3072	

FOOD	REHYDRATION	 0	 1070	 1070	
MEDICAL	 0	 107	 107	

DRINK	 0	 4280	 4280	
FLUSH	 0	 134	 134	
HYGIENE	 0	 856	 856	

TOTAL	 3450	kg	 9519	kg	 24379	kg	
	

How Would a Human Mars Mission Use Abundant Water?

20 tons of water 
(plus CO2) provides 
ascent fuel and 
oxidizer for one MAV

25 tons of water 
provides robust 
open-loop life 
support for a crew 
of 4 for 500 days

23 tons of water 
provides rover 
reactants for robust 
surface mobility

A total of 68 tons of 
water supports one 
crew of 4 during a 
500 day mission



C. M. Dundas et al., Exposed massive ground ice in the Martian mid-latitudes, 
Science vol. 359, pp. 199–201 (2018)
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Where are these Scarps Located?

• Seven of the scarps “… are located in the southern hemisphere, and the 

eighth location is a cluster of scarps in Milankovič Crater in the northern 

hemisphere.”

123
4

5 6
7

8
~55 N

~55 S

0 Ice Scarp

~55 N

~55 S

PHX

V1

V2

Pathfinder

MER/
SpiritMER/Opportunity

MSL/Curiosity

Lander / Rover

InSightMars 2020/
Perseverance



Test Points: Liquid Water at ~1°C

14Green values – in range of published data.  Red numbers – outside range of published data

Test Number Dewar Size Air Temp
(deg C)

Air Pressure
(mbar)

Rayleigh 
Number

1 4.5 in (11.4 cm) -40 8 4.6E+03

2 4.5 in (11.4 cm) -40 240 1.0E+06

3 4.5 in (11.4 cm) -40 1000 1.7E+07

4 4.5 in (11.4 cm) -20 8 2.5E+03

5 4.5 in (11.4 cm) -20 370 1.0E+06

6 4.5 in (11.4 cm) -20 1000 7.0E+06

7 6.0 in (15.2 cm) -40 8 2.5E+04

8 6.0 in (15.2 cm) -40 95 9.9E+05

9 6.0 in (15.2 cm) -40 1000 9.1E+07

10 6.0 in (15.2 cm) -20 8 1.3E+04

11 6.0 in (15.2 cm) -20 250 2.6E+06

12 6.0 in (15.2 cm) -20 1000 3.8E+07



Terrestrial Polar Operations: The Rodriguez Well*

• In situ water reservoirs were first designed 

and built by the U.S. Army Cold Regions 

Research and Engineering Laboratory 

(USACRREL) in the early 1960s for several 

U.S. Army camps located in Greenland 

(Schmitt and Rodriguez 1960; Russell 1965).
– commonly referred to as Rodriguez Wells or Rodwells

• Snow or ice is melted and stored in place at 

some depth below the surface of the ice cap, 

eliminating the need for mechanical handling 

of snow and for fabricated storage tanks

• Water wells or Rodwells have been used at:
– Camp Fistclench (Greenland, 1957)

– Camp Century (Greenland, 1959 and 1960)

– Camp Tuto (Greenland, 1960)

– South Pole Station (Antarctica, 1972-73 and 1995-

present; currently using third Rodwell)

– IceCube drilling operation (2004 – 2011; seasonal 

only)

*Lunardini, V.J. and J. Rand (1995). Thermal Design of an Antarctic Water Well. CRREL Special Report 95-10.



What is Lineated Valley Fill?

Lineated Valley Fill is a feature seen on the 
floors of some channels on Mars, exhibiting 
ridges and grooves that seem to flow around 
obstacles.  These features bear a strong visual 
resemblance to some terrestrial glaciers.

The Heimdal Glacier in southern Greenland.    Credit: NASA/John Sonntag



What are Lobate Debris Aprons?

Lobate debris aprons (LDAs) are geological features on Mars, consisting of piles of rock 
debris below cliffs.  These features, first seen by the Viking Orbiters, are typically 
found at the base of cliffs or escarpments.  They have a convex topography and a 
gentle slope, suggesting flow away from the steep source cliff.



accumulation, at a time when the Mars environment could support snowfall.

What is Concentric Crater Fill?

Concentric crater fill is a terrain feature where the floor of a crater is mostly covered 
with a large number of parallel ridges.

Modeling suggests 
that concentric 
crater fill developed 
over many cycles in 
which snow is 
deposited, then 
moved into the 
crater. Once inside 
the crater, shade 
and dust preserved 
the snow. The snow 
was gradually 
compressed into ice. 
The many concentric 
lines are created by 
many cycles of snow 



Radar evidence for ice in lobate debris aprons in the mid-northern latitudes of Mars
Jeffery J. Plaut, Ali Safaeinili, John W. Holt, Roger J. Phillips, James W. Head III, Roberto Seu, Nathaniel E. Putzig, and Alessandro Frigeri

Geophysical Research Letters Volume 36, L02203, 2009.

Spacecraft 
Ground Track

Vertical Radar 
Sounding Along 

Ground Track

Margin of Lobate 
Debris Apron

Debris Layer
(bright radar reflection)

Bedrock Layer
(bright radar reflection)

Possible Ice Layer
(poor radar reflection)

While searching for 
subsurface aquafers, the 
MARSIS (Mars Advanced 
Radar for Subsurface and 
Ionosphere Sounding; on 
Mars Express) and 
SHARAD (SHAllow RADar; 
on Mars Reconnaissance 
Orbiter - MRO) radars 
gathered data indicating 
these terrain features 
could be debris covered 
ice.

What is the Radar Evidence for Debris Covered Water Ice?

Margin of Lobate 
Debris Apron

Lobate Debris 
Apron



Debris Protects This Ice, But How Thick Is It?

1. Upper dry lithic layer (dust, rocks, regolith), with a thickness of 
about 10 centimeters at these locations [i.e., ~50 deg. Latitude; 
based on models]; this is too thin to be well-expressed in the 
scarps. The basal contact is likely to be sharp, as observed by 
Phoenix.

2. Ice-rich soil (ice filling the pores of lithic material). The thickness 
may be variable spatially and is ≤1–2 m in places. This could be 
locally absent if the uppermost massive ice is covered by mass-
wasted debris; however, such a layer is possible based on the 
difference between the depth to visible ice and the predicted 
depth to the top of the ice table. If such a layer exists, vertical 
variations in ice content due to ice modification processes are 
possible.

3. Massive ice with low lithic content (≤ a few vol%). This is likely 
to be greater than 100 m thick but may be variable; it constitutes 
the bulk of the material exposed in the scarps. This unit contains 
some vertical structure (e.g. layers with variation in lithic 
fraction) and lateral heterogeneity (e.g., lens with less ice at 
Scarp 2). It may be locally covered by a surface lag deposit, 
especially on the lower parts of the scarps.

4. Basal unit (bedrock or underlying regolith materials); this may 
contain some ice in pore space.

*C. M. Dundas et al., Exposed massive ground ice in the Martian mid-latitudes, Science vol. 359, pp. 199–201 (2018)

Conceptual stratigraphy of the materials exposed in the scarps.*



Conceptual System and Notional Conops

• Conduct a local site survey to identify the specific location for the Rodwell

– Identify the thinnest debris depth

– Determine the firn layer depth (if any) and identify cracks, voids, etc.

• Drill through the debris layer

– Use mechanical drill

– Case the hole to prevent debris from collapsing into the hole and to allow some TBD 

pressurization of the reservoir

• Drill into ice layer

– Drill down to a depth sufficient for ice to support the overlying debris layer and bypass any 

firn, cracks, voids, etc.

– Several technology options exist for this step; further evaluation/tests are needed to select 

“best” option

• Mechanical, electro-thermal, hot water, hybrid

• Melt ice and store water in subsurface reservoir

– Power needed to melt ice and water extraction rate are coupled and both are tied to the 

specific use scenario

• Options exist to cease operations between crews or to keep Rodwell in continuous 

operation

– Dependent on surface mission scenario and overall campaign – future work required

• Option to store water above ground or use the Rodwell reservoir for storage

– Future work required



Observations from the 100 gal/day Withdrawal Case

• The power values on the previous chart are ONLY for melting ice and 

maintaining a liquid pool of water in the subsurface cavity; additional power 

will be needed to pump water out of this cavity and to run other surface 

infrastructure elements.

• The withdrawal rate and input power are highly coupled

– A different withdrawal rate will result in a different shape to these results

• For this 100 gal/day withdrawal rate

– For power levels above approximately 10 kW, liquid water is being created at a 

much faster rate than it is being withdrawn, resulting in very large subsurface water 

pools that will not be used

– A power level of approximately 10 kW generates liquid water at about the rate at 

which it is being withdrawn

• The water pool remains at approximately a constant volume

• The water pool will gradually sink to lower levels, which will drive the amount of power 

needed to pump water from these deeper levels

– For power levels below approximately 10 kW, water is being withdrawn faster than 

it is being melted and the well eventually “collapses”

• At a power level of approximately 5 kW, the 20 mT projected need for a single crew’s MAV 

could be withdrawn before the well “collapses” but little additional water would be made



Convective heat transfer between a 273 K surface (water) and a 200 K atmosphere compared to evaporative cooling. 
The right-hand boundary reflects terrestrial conditions; the left reflects Martian conditions. For equivalent conditions, 
total heat loss is actually less on Mars than on Earth.     (Hecht, “Metastability of Liquid Water on Mars”)

Example of Relevant Experimental Results



Differences Between Existing Model and Mars Model

• Physical / Chemical Properties

– Atmospheric constant pressure specific heat

– Atmospheric gas constant

• Heat transfer

– Air – water heat transfer

• Requires investigation owing to low-pressure conditions on Mars

– Air – ice heat transfer

– Water – ice heat transfer (assumed to be the same on Earth and Mars)

• Air pressure effects

– Atmospheric pressure ranges from slightly above the triple point of water to slightly below

• Gravity (impacts factors such as buoyancy) 

Parameter
Earth Mars

(SI/metric) (SAE) (SI/metric) (SAE)

Atmospheric 

Pressure
1013 mb 14.7 psi 8.0 mb 0.116 psi

Gas Constant 287 J/(kg-K) 53.4 ft-lbf/(lbm-R) 189 J/(kg/K) 35.1 ft-lbf/(lbm-R)

Atmospheric 

Specific Heat
1.01 kJ/(kg-K) 0.240 Btu/(lb-R) 0.834 kJ/(kg-K) 0.199 Btu/(lb-R)

Heat Transfer –

Water to Air
5.67 W/(m2-K) 1.00 Btu/(h-ft2-R) 4.11 W/(m2-K) 0.725 Btu/(h-ft2-R)

Heat Transfer – Ice 

to Air
5.67 W/(m2-K) 1.00 Btu/(h-ft2-R) 4.11 W/(m2-K) 0.725 Btu/(h-ft2-R)

Baseline value 
used in CRREL 

Rodwell
simulation



Key Items Appearing in Video
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Short video
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Test conditions:
Chamber pressure = 8 mb (6 torr)
Chamber temperature = -20 C
Chamber gas = CO2



Ice and Water Formation Visible in Video
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