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A Sustainable Approach to Lunar Waste Management and

Resource Utilization

Robert Rainer1, Sarah Deonarine2

1Brookhaven National Laboratory, Upton, New York, USA
2Manhasset Bay Protection Committee, New York, USA

The long-term sustainability of lunar exploration requires innovative waste management solutions
that minimize storage, maximize resource recovery, and reduce reliance on Earth-based resupply.
Current space waste disposal methods, such as compaction and Earth return, are impractical for
long-duration missions. In response to NASA’s LunaRecycle Challenge, we propose the Lunar
Waste-to-Resource (W2R) System, a modular and scalable approach integrating plasma pyrolysis,
electrolysis-based resource extraction, in-situ 3D printing with recycled materials, advanced com-
paction techniques, and the novel incorporation of organic waste processing.

The W2R system advances beyond current space methods by enabling complete waste breakdown
and in-situ resource utilization. Unlike the International Space Station’s (ISS) waste compaction
and disposal system, which stores or ejects waste, W2R transforms waste—including organic human
waste—into valuable resources. Plasma pyrolysis decomposes organic and inorganic materials into
syngas (hydrogen + carbon monoxide) and vitrified solids, while solid oxide electrolysis extracts
oxygen and hydrogen for life support and fuel production. The vitrified solid byproducts, derived
from both inorganic and processed organic waste, can be combined with lunar regolith for 3D-
printed structural components, offering additional radiation shielding benefits. Simultaneously, 3D
printing with recycled plastics and metals enables the manufacture of tools, spare parts, and habitat
materials, reducing reliance on Earth-supplied components. Waste that cannot be repurposed is
compacted using shape-memory alloys, reducing volume and thermal instability for safer storage.

While the W2R concept leverages established hardware for pyrolysis and electrolysis, our core
contribution lies in the intelligent integration of these systems through EPICS-based automation,
real-time monitoring, and a digital twin framework designed for adaptive control in lunar conditions.
A key innovation in our approach is the development of Python-based computational modeling to
optimize waste-to-resource conversion, simulate energy efficiency, and integrate with a Digital Twin
framework for predictive analysis and system monitoring. The W2R system employs an EPICS-
based real-time control and feedback loop, allowing continuous monitoring and dynamic adjustment
of process parameters such as plasma temperature, reaction rates, and material flow. Machine
learning algorithms refine system performance by detecting anomalies and adjusting operational
settings, ensuring optimal efficiency under varying lunar environmental conditions.

Designed for lightweight deployment, low energy consumption, and full integration with Artemis
lunar infrastructure, the W2R system represents a significant leap in space sustainability, supporting
long-duration missions while laying the foundation for Mars exploration.

Our Phase 1 submission details the engineering feasibility, resource efficiency, and computational
modeling behind W2R, demonstrating its superiority over current space waste management practices
and its potential to convert lunar waste—including human waste—into a mission-sustaining asset.



3

EXECUTIVE SUMMARY

The Lunar Waste-to-Resource (W2R) System is a modular and scalable waste-to-resource solution designed
to support NASA’s long-term lunar exploration objectives under the Artemis program. The W2R system
integrates plasma pyrolysis, electrolysis-based oxygen and hydrogen recovery, and in-situ 3D printing to
convert lunar waste into valuable resources, minimizing waste accumulation and enhancing resource efficiency.
While the W2R concept encompasses multiple subsystems, the core technical contribution of this pro-

posal is the **design and integration of a real-time control, simulation, and monitoring architecture**. This
includes development of an EPICS-based supervisory control framework, machine learning-driven process
optimization, and a Python-based digital twin for system simulation and predictive analytics. We anticipate
leveraging commercially available or research-validated hardware for the pyrolysis and electrolysis subsys-
tems, focusing our R&D efforts on intelligent integration, automation, and adaptive system control.
The system employs EPICS-based real-time monitoring and machine learning optimization to maintain op-

erational efficiency and dynamically respond to varying lunar environmental conditions. A digital twin frame-
work simulates and optimizes system performance, while integrated Equipment Protection System (EPS)
and Personnel Protection System (PPS) interlocks ensure safety and fault tolerance during autonomous
operation.
By addressing key objectives outlined in the LunaRecycle Challenge—including waste minimization, in-

situ resource utilization (ISRU), energy efficiency, and autonomous operation—the W2R system reduces
Earth resupply dependency and enhances long-term lunar mission sustainability. The estimated budget for
Phase 1 development and testing ranges between **$1.17M and $2.71M**, reflecting the complexity and
modularity of the system.
This Phase 1 proposal establishes the technical feasibility of the W2R system and outlines a pathway

to **TRL 6** (prototype demonstration in a relevant environment) through prototype development, lunar
analog testing, and operational validation within Artemis infrastructure.

I. INTRODUCTION

A. The Need for Advanced Lunar Waste Management

The Artemis program is paving the way for a sustained human presence on the Moon, but long-duration
missions introduce logistical challenges, particularly in waste management and resource sustainability.
Current space waste handling methods—such as those employed on the International Space Station
(ISS)—primarily rely on storage, compaction, and Earth return [1]. These approaches are impractical
for lunar habitats, where waste accumulation could impact crew safety, environmental integrity, and mission
sustainability.
With no existing waste disposal infrastructure on the Moon, Artemis missions will need an autonomous

and energy-efficient system capable of processing, repurposing, or safely storing both solid and organic
waste without disrupting operations. The solution must also align with NASA’s broader objective of in-situ
resource utilization (ISRU)—leveraging available materials to reduce Earth resupply dependency[2, 3].

B. Current Space Waste Management Limitations

On the ISS, waste is handled through three primary methods:

1. Compaction & Storage – Waste is compressed into smaller volumes and stored aboard the station.

2. Orbital Disposal – Some waste is loaded onto resupply vehicles, which burn up upon atmospheric
re-entry.

3. Limited Recycling – Experimental recycling efforts (e.g., 3D printing with recycled plastic) are in
early stages but not yet fully integrated into mission logistics.

These methods are not viable for Artemis due to:

• Limited storage capacity for prolonged surface missions.



4

• No return pathway for waste disposal as available on the ISS.

• Inefficient resource recovery, leading to unnecessary Earth resupply missions.

• Lack of organic waste processing, which could pose health risks and resource inefficiencies if not
managed properly.

C. The Lunar Waste-to-Resource (W2R) System

To address these challenges, we propose the Lunar Waste-to-Resource (W2R) System, a modular
and scalable waste recycling solution that transforms lunar waste—including human organic waste—into
usable resources for long-duration missions. The system architecture builds upon commercially available or
research-validated components for pyrolysis and electrolysis, integrating them into a cohesive unit through
a custom-designed control, monitoring, and simulation framework optimized for lunar conditions. The W2R
system consists of:

• Plasma Pyrolysis: Breaking down solid and organic waste into syngas (H2 + CO) and vitrified solids.

• Electrolysis-Based Resource Extraction: Isolating oxygen and hydrogen for life support and fuel.

• In-Situ 3D Printing: Repurposing plastics, metals, and vitrified organic waste with regolith to
manufacture mission tools and habitat materials.

• Advanced Compaction & Smart Storage: Minimizing waste footprint, ensuring biological safety,
and enabling safe long-term storage.

D. Advantages Over Current Methods

Unlike current space waste management methods, W2R:

• Eliminates storage limitations by converting waste into valuable resources.

• Reduces reliance on Earth resupply by generating oxygen, hydrogen, and structural materials.

• Processes organic waste safely, preventing health hazards and utilizing waste-derived materials for
additional mission benefits.

• Integrates with Artemis lunar habitats, supporting ISRU and long-term mission sustainability.

E. Outline of the Proposal

The remainder of this proposal is structured as follows:

• Section II: Alignment with NASA’s LunaRecycle Challenge Objectives outlines how the
W2R system directly addresses the key goals of the LunaRecycle Challenge. This section highlights
the system’s capability to minimize waste accumulation, enhance in-situ resource utilization (ISRU),
maximize energy efficiency, and enable autonomous operation within Artemis infrastructure.

• Section III: The Lunar Waste-to-Resource (W2R) System provides a detailed technical de-
scription of the system’s components, including plasma pyrolysis, electrolysis-based resource extraction,
in-situ 3D printing, and advanced compaction techniques.

• Section IV: Technical Feasibility and Implementation examines the engineering constraints and
operational feasibility of the W2R system. This includes:

– Energy Consumption and Efficiency – Analysis of power requirements, solar energy integra-
tion, and optimization strategies to minimize system demand.



5

– Thermal and Mechanical Constraints – Assessment of plasma pyrolysis heat dissipation in
lunar vacuum conditions and material resilience under microgravity.

– Integration with Artemis Mission Infrastructure – Compatibility with existing lunar lan-
ders, habitat modules, and ISRU pipelines, ensuring seamless deployment.

– Resource Recovery Projections – Estimated yields of oxygen, hydrogen, and construction
materials, benchmarked against NASA’s sustainability targets.

– Autonomous Operation and Safety – Implementation of EPICS-based real-time control with
PLC-driven Equipment Protection System (EPS) and Personnel Protection System (PPS) inter-
locks for fault tolerance and mission safety.

– Risk Mitigation Strategies – Identification of key technical and operational risks, including
failure scenarios, environmental challenges, and system redundancy. Mitigation plans focus on
autonomous fault recovery, thermal stability, energy efficiency, and redundancy in critical subsys-
tems.

– Technology Readiness Level (TRL) Objectives – The W2R system is currently at **TRL
4** (validated in a laboratory environment). Phase 1 aims to advance to **TRL 5** by validat-
ing key subsystems in a lunar analog environment, while Phase 2 would target **TRL 6** by
demonstrating an integrated system in a relevant operational environment.

• Section V: Computational Modeling, Digital Twin, and Live Monitoring details the de-
velopment of a Python-based simulation to model waste breakdown efficiencies, energy consumption,
and system optimization for lunar conditions. The simulation is integrated into a digital twin frame-
work—a real-time virtual replica of the physical system—that mirrors operational conditions and
enables predictive adjustments. Machine learning algorithms analyze real-time data to identify oper-
ational inefficiencies and dynamically optimize process parameters. Additionally, this section outlines
the EPICS-based real-time monitoring framework, which ensures continuous operation, safety com-
pliance, and system redundancy through PLC-based EPS/PPS interlocks. The digital twin enhances
system performance by anticipating component failures, adjusting control strategies, and maximizing
energy efficiency and resource recovery under varying lunar environmental conditions.

• Section VI: Benefits and Mission Impact highlights the transformative impact of the W2R system,
including its advantages over current space waste management methods, its role in advancing NASA’s
in-situ resource utilization (ISRU) objectives, and its scalability for future Mars missions. This section
also examines how recent advancements in computational power, automation, and real-time monitoring
contribute to the system’s efficiency, reliability, and long-term sustainability.

• Section VIII: Conclusion and Future Work summarizes the key contributions of this proposal,
discusses next steps for prototype development in Phase 2, and highlights the importance of the budget
forecast in guiding the project’s development. This includes refining technical specifications based on
available funding, optimizing cost-efficiency, and ensuring the project meets both technical and financial
milestones.

This structured approach ensures that our proposed system is rigorously analyzed, demonstrating its
feasibility, efficiency, and long-term impact on lunar sustainability. By integrating computational modeling,
real-time monitoring, and predictive analytics, the W2R system becomes an autonomous, adaptive solution
capable of sustaining long-duration missions while minimizing waste and maximizing resource recovery.

II. ALIGNMENT WITH NASA’S LUNARECYCLE CHALLENGE OBJECTIVES

The proposed Lunar Waste-to-Resource (W2R) System directly supports the core goals of NASA’s LunaRe-
cycle Challenge by addressing the following key objectives:

A. Reduce Waste Accumulation and Storage Needs

Current space waste management strategies, such as those employed on the International Space Station
(ISS), rely on compaction and storage, which are unsustainable for long-duration lunar missions. W2R trans-
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forms waste into valuable resources, effectively eliminating long-term storage constraints. Plasma pyrolysis
and electrolysis convert waste into usable syngas, oxygen, and hydrogen, reducing waste accumulation.

B. Enhance In-Situ Resource Utilization (ISRU)

NASA’s Artemis program prioritizes ISRU to enable long-term lunar habitation. W2R maximizes ISRU
potential by processing waste-derived syngas into oxygen and hydrogen for life support and fuel production.
The system’s ability to integrate vitrified waste with lunar regolith for 3D-printed structural components
further reduces reliance on Earth-supplied materials.

C. Improve System Autonomy and Operational Efficiency

NASA’s LunaRecycle Challenge emphasizes autonomous, low-maintenance waste processing. W2R in-
corporates an EPICS-based real-time control framework integrated with machine learning-driven predictive
optimization. The digital twin model enables real-time feedback and adaptive process adjustments, ensuring
optimal efficiency with minimal human oversight.

D. Maximize Energy Efficiency

Lunar missions are power-limited due to constraints on solar availability and energy storage. W2R em-
ploys microwave-assisted plasma pyrolysis and solid oxide electrolysis cells (SOECs), which maximize energy
conversion efficiency. AI-driven process optimization dynamically adjusts operating parameters to minimize
power consumption under changing lunar environmental conditions.

E. Ensure Compatibility with Lunar Habitats and Artemis Infrastructure

The modular design of W2R allows seamless integration with Artemis habitat modules and ISRU pipelines.
Compatibility with lunar power grids and telemetry systems ensures that W2R operates as an autonomous
subsystem within the broader Artemis infrastructure. The shape-memory alloy-based compaction unit dou-
bles as radiation shielding, enhancing crew protection and structural resilience.

F. Promote Long-Term Sustainability for Future Mars Missions

W2R’s scalable architecture and autonomous operation make it adaptable for Martian missions and other
deep-space applications. The ability to recycle organic waste, produce life support resources, and manufac-
ture structural components positions W2R as a cornerstone technology for establishing permanent off-world
infrastructure.

III. THE LUNAR WASTE-TO-RESOURCE (W2R) SYSTEM

A. System Overview

The Lunar Waste-to-Resource (W2R) System is a modular and scalable waste recycling solution designed
to process solid and organic waste generated by Artemis lunar missions (illustrated in Fig. 1). Unlike
conventional space waste management methods, which primarily involve compaction, storage, and disposal
via Earth return, the W2R system enables on-site waste conversion into usable resources through five primary
technologies:

1. Plasma Pyrolysis – Thermal decomposition of waste, including organic waste, into syngas and vit-
rified solids.
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2. Electrolysis-Based Resource Extraction – Separation of oxygen and hydrogen for life support and
fuel.

3. In-Situ 3D Printing with Recycled Materials – Utilization of plastics, metals, and regolith to
manufacture tools and structures.

4. Organic Waste Processing for Regolith Enrichment – Conversion of sterilized organic matter
into regolith-binding materials for structural use.

5. Advanced Compaction & Smart Storage – Reduction of non-recyclable waste volume for safer
storage.

This section details each component, highlighting how it improves upon previous space waste management
methods.

B. Plasma Pyrolysis: Thermal Decomposition for Resource Recovery

Plasma pyrolysis is a high-temperature waste processing method that decomposes organic and inorganic
materials into fundamental components using a plasma arc. This process is well-established on Earth for
industrial waste treatment but has not yet been employed in space missions.

1. Operation and Benefits

• Waste is subjected to temperatures exceeding 3000°C, breaking down complex molecules into syngas
(a mixture of hydrogen (H2) and carbon monoxide (CO)) and vitrified solid residues.

• The syngas can be further processed through electrolysis to extract oxygen and hydrogen, reducing
reliance on Earth-based resources.

• Organic waste undergoes complete sterilization, ensuring biological safety while allowing recovery of
carbon-rich materials for regolith binding and 3D printing applications.

• The vitrified solid byproducts can be safely stored or repurposed as radiation shielding material.

Waste Inputs
(Organic, Plastics,
Metals, Regolith)

Plasma Pyrolysis
(Syngas + Vit-
rified Solids)

In-Situ 3D Printing
(Recycled Mate-
rials + Regolith)

Electrolysis
(Oxygen + Hydro-
gen Extraction)

Resource Recovery
(Structural Materi-
als, Fuel, Oxygen)

Advanced Compaction
Storage

(Radiation Shielding,
Safe Containment)

FIG. 1. System Overview of the Lunar Waste-to-Resource (W2R) System
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C. Organic Waste Processing for Regolith Enrichment

Unlike previous lunar mission concepts, W2R integrates organic waste into regolith-based construction.
Processed and vitrified organic matter can enhance the binding properties of lunar regolith for 3D printing
applications.

1. Operation and Benefits

• Organic waste is sterilized and vitrified through plasma pyrolysis, ensuring that it is safe for reuse.

• The carbonized remains can be mixed with lunar regolith, forming improved composite materials
for habitat construction.

• This process reduces biological contamination risks while contributing to in-situ material manu-
facturing, further reducing dependency on Earth-supplied construction materials.

2. Advantages Over Existing Space Methods

• ISS Method: Organic waste is processed only for water recovery, with solids stored or ejected into
space.

• W2R Improvement: Full material reuse via regolith integration minimizes waste and enhances
structural material properties.

D. Summary of W2R System Enhancements

Table I summarizes the key improvements the W2R system provides over current space waste management
practices.

Component Current Method W2R Enhancements

Plasma Pyrolysis Waste storage and disposal
via re-entry

Converts waste into syngas and
solid materials for reuse

Electrolysis Extracts oxygen from water
only

Extracts oxygen and hydrogen from
waste-derived syngas

3D Printing Uses pre-supplied plastic fil-
ament

Uses recycled plastics, metals, and
lunar regolith for manufacturing

Organic Waste Stored or ejected Processed into regolith-binding ma-
terials for construction

Waste Compaction Compacts waste for storage
or disposal

Uses shape-memory alloys and re-
purposes waste for shielding

TABLE I. Comparison of current space methods and W2R system improvements.

The W2R system fundamentally shifts lunar waste management from a disposal-based approach to a
resource recovery paradigm, enabling a self-sustaining, efficient, and scalable solution for Artemis and future
Mars missions.
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IV. TECHNICAL FEASIBILITY AND IMPLEMENTATION

A. Plasma Pyrolysis for Waste Processing

1. Previous Applications

Plasma pyrolysis has been explored for various waste management applications, including biomedical waste
disposal and methane processing. Notably:

• Biomedical Waste Disposal: The Institute for Plasma Research in India developed a plasma pyrol-
ysis system for the safe disposal of biomedical waste, achieving over 99% conversion of organic mass
into combustible gases [4].

• Methane Processing: NASA’s Glenn Research Center investigated plasma pyrolysis for methane
decomposition to produce hydrogen and solid carbon, aiming to improve oxygen recovery systems in
spacecraft [5].

• Microwave-Assisted Plasma Pyrolysis: Recent advancements in microwave-assisted plasma py-
rolysis have demonstrated a 70% increase in energy efficiency, significantly reducing processing
time while increasing syngas yield [6].

• Industrial Plasma Pyrolysis Units: New industrial-scale plasma pyrolysis units developed by
PLAZARIUM have been optimized for high-efficiency waste-to-energy conversion, offering compact
and modular designs suited for space applications [7].

• Non-Thermal Plasma for Hydrogen Production: The use of non-thermal plasma (NTP) reactors
has shown high hydrogen extraction efficiency from organic waste, presenting a viable method for
sustainable fuel production in space environments [8].

2. Proposed Enhancements

Building upon these applications, our Lunar Waste-to-Resource (W2R) System adapts plasma pyrolysis
for the lunar environment:

• System Adaptation: Modifying existing plasma pyrolysis technology to operate under vacuum con-
ditions and reduced gravity on the lunar surface.

• Energy Efficiency: Implementing solar-powered microwave-assisted pyrolysis to significantly reduce
power consumption and enhance waste breakdown efficiency.

• Resource Recovery: Enhancing syngas processing with advanced electrolysis systems to extract
oxygen and hydrogen for life support and fuel generation.

• Organic Waste Processing: Utilizing plasma-assisted vitrification to safely process organic waste,
converting it into carbon-rich vitrified material that serves as a regolith binder for 3D printing appli-
cations.

• Smart Automation: Incorporating AI-based process optimization to dynamically adjust pyrolysis
parameters, ensuring efficient operation in a lunar environment.

3. Feasibility Analysis

The feasibility of implementing plasma pyrolysis on the Moon is supported by:
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• Technological Readiness: Modern microwave-assisted plasma pyrolysis and non-thermal plasma
reactors have already demonstrated high conversion efficiency in terrestrial applications [6, 8]. Their
compact, modular nature allows for direct adaptation to lunar missions with minimal redesign. In
particular, sealed plasma chambers can maintain stable reactions in microgravity, ensuring continuous
operation even in extreme lunar environments.

• Microgravity Suitability: Plasma pyrolysis relies on electromagnetic confinement rather than
gravitational settling, making it ideal for operation in low-gravity conditions. Unlike conventional
combustion-based waste treatment, plasma systems do not depend on buoyancy-driven convection,
eliminating efficiency losses associated with altered fluid dynamics in microgravity [9].

• Environmental Compatibility: The absence of an atmosphere on the Moon eliminates convective
heat loss, allowing plasma pyrolysis systems to operate with higher thermal efficiency. Additionally,
vacuum conditions prevent unwanted oxidation reactions, improving process stability and control. This
also enhances gas separation efficiency, making it easier to extract usable elements such as oxygen and
hydrogen from waste-derived syngas.

• Energy Feasibility: The system can be entirely solar-powered, leveraging continuous sunlight expo-
sure available at lunar poles. Recent advancements in high-efficiency solar concentrators and solid-state
energy storage make it feasible to sustain plasma pyrolysis operations even during lunar night cycles
[7, 10]. Excess thermal energy from the system can be stored and repurposed for additional ISRU
processes, further enhancing sustainability.

• Resource Utilization: Waste-derived syngas (H2 + CO) and vitrified byproducts can be directly
repurposed for oxygen recovery, fuel generation, and regolith-based construction materials. This inte-
grated in-situ resource utilization (ISRU) approach aligns with NASA’s objectives for self-sustaining
lunar habitats [3]. Additionally, plasma-treated carbonaceous residues can be mixed with lunar regolith
to improve mechanical properties in 3D-printed structures.

• Sterilization and Safety: Plasma pyrolysis achieves complete organic sterilization, ensuring biolog-
ical safety for long-duration missions. The resulting vitrified waste byproducts are chemically stable,
preventing contamination while enhancing radiation shielding for lunar habitats [11]. This dual-purpose
approach minimizes waste storage needs while contributing to crew protection.

• Automated Control and Monitoring: AI-enhanced process optimization algorithms can contin-
uously adjust plasma power levels, gas flow rates, and reaction temperatures in real time, ensuring
optimal waste processing efficiency with minimal human intervention [12]. Remote telemetry and di-
agnostics will allow mission control on Earth to monitor and fine-tune system parameters, reducing
the need for astronaut maintenance and maximizing long-term reliability.

B. In-Situ 3D Printing with Lunar Regolith and Recycled Materials

1. Previous Applications

3D printing using lunar regolith simulants has been extensively studied:

• Regolith-Polymer Composites: NASA developed a high-precision extrusion print head capable of
depositing regolith-polymer mixtures, facilitating additive manufacturing with in-situ materials [13].

• Ceramic Components: The European Space Agency (ESA) successfully 3D-printed ceramic parts
using simulated lunar regolith, demonstrating the potential for constructing infrastructure on the Moon
[14].

• Metal Additive Manufacturing: Recent advancements in direct metal laser sintering (DMLS)
have enabled 3D printing of metallic components using lunar regolith-derived feedstocks, increasing
structural integrity and thermal resilience [15].

• AI-Optimized Layering: Machine learning algorithms have been employed to optimize layer depo-
sition strategies, reducing cracking and density inconsistencies in regolith-based prints [16].
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2. Proposed Enhancements

Our approach advances these technologies by:

• Material Recycling: Incorporating waste plastics, metals, and vitrified organic waste processed
through plasma pyrolysis into the printing feedstock, increasing resource utilization efficiency.

• Structural Optimization: Developing composite materials that combine lunar regolith with recycled
polymers and carbon-rich vitrified organic residues, enhancing mechanical properties and radiation
shielding.

• Automated Construction: Designing robotic systems capable of fully autonomous 3D printing, us-
ing swarm robotics for simultaneous multi-unit construction, reducing build times and human oversight
[17].

• Thermal and Mechanical Stability: Leveraging microwave sintering and laser sintering to increase
density and compressive strength, ensuring printed structures withstand lunar temperature extremes
[18].

3. Feasibility Analysis

The feasibility of in-situ 3D printing on the Moon is supported by:

• Material Availability: Lunar regolith is abundant and chemically suitable for use as a primary
construction material, requiring only minor processing for printability.

• Technological Maturity: Terrestrial demonstrations have validated the principles of regolith-based
3D printing, with recent advancements in lunar regolith simulants and binders further improving
feasibility [19].

• Operational Efficiency: Utilizing in-situ resources reduces the need for transporting raw materials
from Earth, cutting mission costs and complexity.

• Organic Waste Utilization: Incorporating processed organic waste into regolith composites en-
hances structural integrity while reducing waste disposal needs, contributing to a zero-waste lunar
habitat strategy.

• Long-Term Sustainability: Advances in self-repairing materials and reinforced regolith printing
could extend habitat lifespan, reducing maintenance and improving safety [20].

4. Microgravity Considerations

The unique challenges of printing in low-gravity and vacuum conditions require specialized adaptations:

• Powder-Based Printing in Vacuum: Lunar regolith printing must account for the lack of atmo-
spheric pressure, which affects powder cohesion. Recent developments in electrostatic and magnetically
bound printing techniques offer solutions for stabilizing regolith layers in a vacuum [21].

• Reduced Gravity Handling: In microgravity, printing processes relying on gravity-fed material
deposition require modifications. Freeform extrusion and directed energy deposition methods have been
successfully tested in parabolic flights, demonstrating their feasibility in reduced gravity environments
[22].

• Thermal Expansion Control: The extreme temperature fluctuations on the lunar surface require
materials with low thermal expansion coefficients to prevent cracking. Novel composite formulations
using sintered regolith with phase-change binders mitigate this issue [23].
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• Structural Integrity in Low Gravity: Without Earth’s gravitational compression, printed layers
must be bonded using alternative mechanisms. Microwave sintering and laser-assisted solidification
enhance layer adhesion and ensure mechanical stability in lunar conditions [18].

These adaptations ensure that 3D printing technology can be effectively utilized in the lunar environment,
supporting Artemis mission objectives for in-situ habitat and infrastructure development.

C. Electrolysis-Based Resource Extraction

1. Previous Applications

Electrolysis has been widely employed in space missions for life support and resource recovery:

• Oxygen Generation: The International Space Station’s Oxygen Generation Assembly (OGA) uses
electrolysis to split water into oxygen and hydrogen for crew respiration [24].

• Lunar Oxygen Extraction: NASA’s recent experiments with molten regolith electrolysis (MRE)
have demonstrated the feasibility of extracting oxygen directly from lunar soil in vacuum conditions
[25].

• Syngas Electrolysis: Laboratory studies have explored electrolysis of hydrogen-carbon monoxide
mixtures to improve oxygen recovery efficiency in closed-loop environments [26].

2. Proposed Enhancements

Our system builds upon these advancements by integrating electrolysis with plasma pyrolysis-derived
syngas to enhance oxygen and hydrogen extraction in lunar environments:

• Syngas Processing: Implementing high-temperature solid oxide electrolysis cells (SOECs) to effi-
ciently extract oxygen and hydrogen from syngas produced during plasma pyrolysis. This method has
been shown to improve energy efficiency in oxygen recovery systems compared to traditional alkaline
electrolysis [27].

• Closed-Loop System: Recycling hydrogen back into the system for fuel production and energy
storage, reducing waste and increasing mission sustainability. Studies on regenerative fuel cell loops in
space habitats have demonstrated the viability of this approach [28].

• Energy Integration: Synchronizing electrolysis operations with Artemis lunar habitat power grids
and solar energy storage systems to optimize energy consumption. New advancements in lunar photo-
voltaics and thermal battery storage ensure continuous power supply for electrolysis even during lunar
night cycles [29].

• Microgravity and Vacuum Considerations: Electrolysis systems designed for the Moon must
account for reduced convection and altered fluid dynamics in microgravity. Capillary-based liquid
handling systems and vacuum-compatible electrolyzers are being developed to mitigate these challenges
and improve gas separation efficiency in space applications [30].

• Waste-to-Oxygen Recovery: Expanding electrolysis capabilities beyond water splitting by incor-
porating waste-derived gases, maximizing oxygen recovery from all available sources. New catalyst
materials specifically engineered for mixed-gas electrolysis have been shown to improve oxygen yield
from organic waste streams [31].
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D. Advanced Compaction and Smart Storage

1. Previous Applications

Waste compaction is a standard practice in space missions:

• Volume Reduction: The ISS employs compaction to minimize waste volume before storage or dis-
posal [32].

• Thermal Protection: Previous research has explored compacted waste as a potential thermal insu-
lator in spacecraft habitats, leveraging its heat-absorbing properties to stabilize internal temperatures
[33].

• Radiation Shielding: Studies on using compacted waste for radiation shielding in deep-space habitats
have shown promising results, as high-density materials provide additional protection from cosmic
radiation [34].

2. Proposed Enhancements

Our system improves upon traditional compaction by:

• Shape-Memory Alloys (SMA) for Adaptive Compaction: Implementing shape-memory alloys
allows for dynamic waste compression and controlled expansion, enabling efficient volume reduction
while maintaining accessibility for future processing. Recent advancements in SMA have shown im-
proved resilience under extreme temperature fluctuations, making them ideal for lunar conditions [35].

• Thermal Stabilization: Implementing temperature regulation within the compaction units to pre-
vent off-gassing, microbial growth, and potential thermal degradation of stored materials. Studies
on temperature-controlled storage for bio-waste management have demonstrated extended stability in
closed-loop environments [36].

• Multi-Functional Storage: Designing storage units that double as radiation shielding or structural
components within the habitat. Compacted waste materials, when properly processed and contained,
can be used to augment regolith-based shielding structures, reducing overall habitat construction mass
requirements [37].

• Biological Containment: Ensuring that organic waste, after processing, is stored in a manner that
eliminates biological hazards. Recent advancements in bio-secure waste containment systems for space
applications have demonstrated effective microbial mitigation through vacuum-sealed, oxygen-deprived
storage methods [38].

E. Integrated System Feasibility

Combining these technologies, the W2R system offers a comprehensive solution for lunar waste manage-
ment and resource utilization. Our role in this integration is to ensure these components function as a
unified, intelligent system by developing a control architecture centered on EPICS and machine learning,
with real-time feedback loops and safety interlocks. The integration is feasible due to:

• Complementary Processes: Each component addresses a specific aspect of waste processing, and
their integration creates a closed-loop system.

• Modular Design: The system’s modularity allows for scalability and adaptability to different mission
requirements.

• Operational Synergy: Coordinated operation of all components maximizes efficiency and resource
recovery, supporting sustainable lunar habitation.
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• Sustainability: Full incorporation of both solid and organic waste enables a zero-waste approach,
aligning with long-duration mission goals.

• Microgravity and Vacuum Considerations: Although lunar gravity is 1/6th of Earth’s, the com-
paction process must be optimized to function effectively in low-gravity environments. Recent studies
on granular material behavior in lunar conditions suggest that mechanical compression techniques
require adjustments to account for reduced gravitational settling effects [39].

F. Risk Mitigation Strategies

The development and deployment of the Lunar Waste-to-Resource (W2R) System involve significant tech-
nical and operational challenges, particularly given the harsh lunar environment and the complexity of the
integrated subsystems. This section identifies key risks and outlines corresponding mitigation strategies to
ensure the system’s reliability, safety, and operational efficiency.

1. Technical Risks and Mitigation

1. Plasma Pyrolysis Chamber Performance and Material Integrity Risk: High-temperature
operation ( 3000°C) under vacuum conditions could lead to material degradation, structural stress,
and potential containment failure. Mitigation:

• Use high-performance refractory alloys and ceramics capable of withstanding thermal expansion
and rapid temperature changes.

• Implement redundant thermal insulation layers to minimize heat loss and protect structural in-
tegrity.

• Conduct stress testing in a vacuum environment to validate material resilience before deployment.

2. Electrolysis Efficiency and Gas Separation Challenges Risk: Reduced gas separation efficiency
under lunar gravity and vacuum conditions may limit oxygen and hydrogen production. Mitigation:

• Use solid oxide electrolysis cells (SOEC) optimized for low-gravity environments and vacuum-
compatible membranes.

• Employ real-time feedback loops to adjust gas flow rates and optimize separation efficiency based
on environmental conditions.

3. 3D Printing with Regolith and Waste-Based Feedstock Risk: Differences in particle size,
composition, and mechanical properties of regolith and waste-derived feedstock could cause clogging
and deposition inconsistencies. Mitigation:

• Develop adaptive extrusion systems with variable pressure control.

• Integrate real-time monitoring of extrusion head performance and layer bonding strength.

• Use machine learning algorithms to adapt printing parameters based on real-time material prop-
erties.

4. Digital Twin and Real-Time Control Accuracy Risk: Computational drift or data corruption
could cause divergence between the digital twin and the physical system, leading to incorrect predictions
and control responses. Mitigation:

• Use EPICS-based real-time monitoring to maintain direct synchronization between the digital
twin and system state.

• Implement redundant data paths and fault detection protocols to identify and correct errors in
real-time.

5. Structural and Mechanical Stability in Low Gravity Risk: Reduced lunar gravity ( 1/6th Earth
gravity) may cause unexpected mechanical instability in structural components and moving parts.
Mitigation:
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• Use adaptive mechanical supports and flexible couplings to compensate for reduced gravitational
settling.

• Conduct low-gravity simulation tests to identify potential instabilities before deployment.

2. Operational and Environmental Risks and Mitigation

1. Dust and Regolith Contamination Risk: Lunar dust is electrostatically charged and highly abra-
sive, which can damage mechanical components and clog filtration systems. Mitigation:

• Develop protective sealing and coating materials for external interfaces.

• Use dust-repelling surfaces and electrostatic shielding.

• Implement regular cleaning cycles for exposed mechanical parts using compressed gas or vibration-
based cleaning.

2. Power Supply and Thermal Management Risk: Lunar day/night cycles (14 Earth days each)
and temperature extremes ( 127°C during the day, -173°C at night) may limit continuous operation.
Mitigation:

• Use solar concentrators and radiative heat exchangers to regulate operating temperature.

• Integrate high-capacity lithium-ion batteries and thermal storage units to provide power during
lunar nights.

• Implement adaptive operating schedules to align with available sunlight and thermal capacity.

3. Vacuum-Induced Heat Dissipation Limitations Risk: Lack of convective cooling in a vacuum
environment could lead to overheating of high-power components. Mitigation:

• Use passive radiative cooling panels with high emissivity coatings.

• Implement real-time thermal monitoring and automated shutdown protocols for thermal protec-
tion.

3. System Integration and Redundancy Risks

1. Failure of Individual Subsystems Risk: Failure of a critical subsystem (e.g., electrolysis or pyrol-
ysis) could compromise overall system performance. Mitigation:

• Design modular subsystems with independent control logic to allow for partial operation if one
component fails.

• Include redundant backup components for critical functions such as oxygen recovery and thermal
regulation.

• Develop automated fault recovery protocols to isolate and correct subsystem failures in real time.

2. Fault in EPICS-Based Control System Risk: Software or hardware failure in the EPICS-based
control system could lead to system-wide shutdown or unsafe operation. Mitigation:

• Implement PLC-based emergency stop mechanisms independent of EPICS control.

• Design multiple EPICS soft IOCs with failover capability to ensure control continuity.

• Develop independent watchdog timers to detect and correct EPICS software anomalies.
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4. Safety and Human Interaction Risks

1. Biological Contamination and Crew Exposure Risk: Processing organic waste in a confined
lunar environment could lead to biological contamination and health hazards. Mitigation:

• Ensure that all organic waste is sterilized through plasma pyrolysis before storage or repurposing.

• Use biosecure containment systems for waste handling and processing.

• Develop contamination monitoring protocols and crew safety guidelines.

2. Radiation Shielding and Structural Failure Risk: The Moon’s surface is exposed to cosmic
radiation and micrometeoroid impacts, which could compromise system integrity. Mitigation:

• Use waste-derived vitrified solids and lunar regolith as shielding materials.

• Include self-healing polymer coatings on external surfaces to protect against micrometeoroid dam-
age.

• Implement reinforced structural supports to absorb impact energy.

5. Summary of Risk Mitigation Approach

The W2R system’s design integrates multiple layers of redundancy and autonomous control to mitigate
technical and operational risks. Machine learning-based adaptive control, EPICS-based real-time monitoring,
and modular component design ensure that the system can adjust dynamically to changing environmental
conditions and operational challenges. The system’s risk mitigation strategy follows NASA’s established
guidelines for hardware redundancy, fault recovery, and crew safety, ensuring that the W2R system remains
reliable and operational throughout long-duration lunar missions.

G. Technology Readiness Level (TRL)

The Lunar Waste-to-Resource (W2R) system is currently at **TRL 4**—validated in a laboratory environ-
ment. The core plasma pyrolysis, electrolysis-based resource extraction, and in-situ 3D printing technologies
have been demonstrated individually under controlled conditions but have not yet been integrated into a
cohesive system or tested in a relevant operational environment.
The goal for Phase 1 is to advance the W2R system to **TRL 5**—validation in a relevant environment.

Achieving this target will require the following key milestones:

• **Subsystem Integration:** Develop and test the plasma pyrolysis chamber, electrolysis system, and
3D printing module individually under lunar analog conditions.

• **Simulation and Digital Twin Validation:** Establish a functional digital twin framework, model
system performance, and refine process control based on simulated data.

• **Lunar Analog Testing:** Conduct initial testing in a lunar analog environment, focusing on system
performance under microgravity and vacuum conditions.

• **Resource Recovery Metrics:** Validate the efficiency of oxygen, hydrogen, and material recovery
from waste streams in simulated lunar conditions.

• **EPICS-Based Monitoring:** Implement real-time monitoring and adaptive control using EPICS and
PLC-based safety interlocks.

Phase 2 would aim to advance the system to **TRL 6**—a fully integrated system demonstration in a
relevant operational environment (e.g., lunar analog site or simulated lunar surface). Successful completion of
Phase 1 will establish a strong technical foundation for Phase 2, focusing on integrated prototype deployment.
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V. COMPUTATIONAL MODELING, DIGITAL TWIN, AND LIVE MONITORING

To ensure the Lunar Waste-to-Resource (W2R) system operates efficiently and safely, we employ a multi-
layered approach consisting of:

1. Simulation-Based Computational Modeling – Python-driven simulations predict system per-
formance under different lunar conditions, optimizing energy efficiency, resource recovery rates, and
thermal loads. Machine learning algorithms analyze simulation data to refine predictive models and
improve operational efficiency in real time.

2. Real-Time Monitoring and Adaptive Control – EPICS-based supervisory control, coupled with
machine learning-driven predictive control and PLC-based safety interlocks, ensures continuous system
operation, automation, and fault response in live mission environments.

A. Digital Twin and Predictive Optimization

The W2R system employs a digital twin—a real-time virtual replica of the physical system—to simulate
and predict system behavior under different operational and environmental conditions. The digital twin
framework integrates real-time data from EPICS and PLCs with Python-based simulations and machine
learning models, enabling:

• Predictive Control – The digital twin forecasts system performance based on changing waste com-
position, power availability, and environmental factors, adjusting parameters in real time.

• Anomaly Detection and Fault Response – Machine learning models within the digital twin identify
performance deviations and trigger automated responses to prevent system failures.

• Operational Efficiency – The digital twin continuously refines waste processing rates, energy con-
sumption, and resource recovery using reinforcement learning and trend-based optimization.

• Offline Testing and Model Calibration – The digital twin allows for offline testing of new processing
strategies and calibration of machine learning models without affecting the operational system.

This predictive modeling and real-time control mechanism enable the W2R system to operate au-
tonomously and adapt to varying mission demands, ensuring long-term system resilience and efficiency.

B. Simulation-Based Optimization

A Python-based simulation environment models the W2R system to refine its operational parameters
before deployment. The simulation includes dynamic modeling of waste processing, thermal management,
and resource recovery, informed by real-time sensor data and machine learning-based pattern recognition.
Key features include:

• Energy Efficiency Modeling – Simulates energy consumption per unit of waste processed, optimiz-
ing solar power allocation.

• Thermal Management – Evaluates plasma pyrolysis heat dissipation in a vacuum and low-gravity
environment.

• Resource Recovery Projections – Predicts the efficiency of oxygen, hydrogen, and material extrac-
tion from waste streams.

• Machine Learning-Based Optimization – Continuously refines process parameters using reinforce-
ment learning algorithms that adapt to changing waste composition and system performance.

• Fault Analysis and Redundancy Testing – Runs Monte Carlo simulations to identify failure points
and optimal recovery protocols.
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Mathematical Modeling: Let Epyrolysis represent the energy required for plasma pyrolysis per unit
mass m, with efficiency η. The system’s total energy consumption is modeled as:

Etotal =
∑
i

Epyrolysis,i + Eelectrolysis,i + E3D print,i

ηtotal
(1)

This equation determines total system energy consumption across all subsystems, guiding machine learning
algorithms to dynamically adjust processing rates and energy allocation.

C. Live Monitoring and Adaptive Control

To transition from simulation-based predictions to real-time operations, the W2R system integrates EPICS
middleware for system monitoring and control alongside PLC-based safety mechanisms. Machine learning
algorithms analyze real-time data streams to predict performance trends and optimize system parameters
dynamically.

The computational and control framework for the W2R system is summarized in Table II. The Python-
based simulation code for waste breakdown modeling, energy optimization, and resource recovery is available
as an open-source repository [40].

Component Role Technology

Python Simulation Models efficiency, energy use, and
waste breakdown

Python (NumPy, SimPy, Pandas)

Machine Learning
Optimization

Refines process parameters based
on real-time data

Reinforcement Learning (PyTorch)

EPICS Middleware Interfaces hardware and software;
manages device drivers and process
variables (PVs) using Channel Ac-
cess (CA) or PV Access (PVA)

EPICS (IOC, CA/PVA, pypics)

EPICS Monitoring &
Control

Logs data, visualizes process vari-
ables (PVs), and relays control
commands

EPICS (Phoebus, CSS, pypics)

PLC-Based
EPS/PPS

Safety interlocks, emergency shut-
downs, and critical infrastructure
control

Siemens S7, Allen-Bradley, or Beck-
hoff PLCs

Real-Time Feedback
Loops

Adjusts system parameters dynam-
ically based on monitored PVs and
predictive models

EPICS (PID loops, soft IOCs) and
Python (control scripts)

GUI & System Opti-
mization

Operator dashboards, trend analy-
sis, and manual overrides

Phoebus (EPICS), Python (Mat-
plotlib)

TABLE II. Computational and Control Framework for the W2R System, with EPICS as the Middleware Layer

1. EPICS Overview and Role in W2R

The Experimental Physics and Industrial Control System (EPICS) is a widely used software framework
for developing distributed control systems in scientific and industrial applications. EPICS enables real-time
data acquisition, device control, and integration with various hardware systems through Channel Access
(CA) and PV Access (PVA) protocols. For a thorough overview of EPICS, see [41].
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2. EPS/PPS Safety Integration

In addition to EPICS-based supervisory control, the W2R system integrates Personnel Protection System
(PPS) and Equipment Protection System (EPS) safeguards, ensuring mission safety and system reliability:

• PPS (Personnel Protection System) – Enforces safety interlocks to protect crew members from haz-
ardous conditions, including high-voltage plasma arcs, chemical exposure, and pressure fluctuations.

• EPS (Equipment Protection System) – Prevents damage to critical infrastructure by implementing
emergency shutdown protocols for overcurrent detection, excessive heat loads, and system malfunctions.

Once deployed, the W2R system transitions from simulation-based optimization to live monitoring and
adaptive control using a hybrid EPICS-PLC framework. This ensures:

• Machine Learning-Driven Adaptive Control – Reinforcement learning algorithms continuously
refine process parameters based on real-time system performance and environmental changes.

• EPS/PPS Safety Interlocks – PLC-based emergency protection ensures fail-safe responses to pres-
sure, gas leaks, and overheating.

• Data-Driven Predictive Maintenance – Machine learning models detect long-term performance
trends, enabling preemptive maintenance.

• Multi-Tier Redundancy – PLC hardware safeguards critical functions, while EPICS provides a
software-based monitoring backup.

3. EPICS-PLC Integration

The W2R system employs an EPICS-based monitoring layer interfacing with PLC safety controls using
Modbus/TCP or OPC UA. Key monitored parameters include:

• Plasma Pyrolysis Chamber Temperature (W2R:PLASMA:TEMP)

• Oxygen and Hydrogen Flow Rates (W2R:OXYGEN:FLOW, W2R:HYDROGEN:FLOW)

• Compacted Waste Volume (W2R:WASTE:VOLUME)

• Power Consumption (W2R:POWER:USAGE)

• EPS/PPS Fault Status (W2R:EPS:FAULT, W2R:PPS:ALARM)

4. Predictive Analytics and Machine Learning for Mission Longevity

Machine learning models analyze real-time data to anticipate failures, optimize energy usage, and recom-
mend adjustments. The learning algorithms adapt based on environmental and operational changes, ensuring
long-term resilience and efficiency. This includes:

• Anomaly Detection – Identifies deviations from expected operational patterns.

• Trend-Based Optimization – Adjusts waste processing rates based on energy availability.

• Self-Healing Algorithms – Dynamically modifies process parameters in response to environmental
changes.

• Adaptive Learning – Continuously refines predictive models based on new operational data.
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VI. BENEFITS AND MISSION IMPACT

The Lunar Waste-to-Resource (W2R) system represents a paradigm shift in space waste management,
transforming discarded materials into valuable resources. This section highlights the overarching benefits,
mission-level advantages, and broader implications for future space exploration efforts.

A. Key Advantages Over Current Methods

The W2R system offers significant advantages over traditional space waste management techniques:

• Eliminates Waste Accumulation – Unlike ISS-based compaction and storage, W2R actively pro-
cesses and repurposes all waste streams, reducing logistical burdens for lunar habitats.

• Enhances Mission Sustainability – Converts organic waste into regolith binders, plastics and metals
into 3D-printable materials, and waste gases into oxygen and fuel, enabling a closed-loop resource cycle.

• Lowers Earth Resupply Dependency – Reduces the need for pre-supplied oxygen, construction
materials, and radiation shielding, thereby decreasing payload costs and improving mission scalability.

• Supports ISRU and Lunar Industrialization – Aligns with NASA’s in-situ resource utilization
(ISRU) strategy by leveraging lunar regolith and waste-derived materials for additive manufacturing
and habitat expansion.

• Scalability for Mars and Deep Space – The modular design and autonomous control architecture
make W2R adaptable to Martian surface operations, asteroid mining, and future space stations.

• Optimized by Advances in Computing and Automation – The latest computing advancements,
including high-density processors, increased RAM and storage capacities, and high-speed data transfer,
significantly improve the feasibility of real-time system monitoring, AI-based process optimization, and
predictive maintenance. These improvements enable more efficient control over energy consumption,
resource recovery, and fault detection.

B. Long-Term Impact on Space Exploration

Beyond Artemis, W2R’s technology paves the way for self-sustaining off-world infrastructure:

• Lunar Infrastructure Development – Enables long-term surface habitation by reducing environ-
mental footprint and waste storage concerns.

• Mars Colony Preparations – Demonstrates scalable resource recovery and waste conversion for
Martian habitats.

• Commercial Applications – Advances in plasma pyrolysis, electrolysis, and 3D printing can be
adapted for space-based manufacturing and recycling.

• Terrestrial Sustainability – W2R-derived plasma pyrolysis and additive manufacturing technologies
have direct applications in Earth-based circular economies.

C. Computational and Monitoring Advances for Autonomous Space Operations

The latest advances in computing hardware and data analytics play a crucial role in the real-time operation
and optimization of the W2R system:

• Real-Time System Optimization – Modern multi-core processors and low-power AI chips can
continuously analyze process variables, adjust energy allocation, and optimize waste conversion rates
with minimal human oversight.
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• High-Throughput Data Processing – Increased RAM, storage, and data transfer speeds allow
for seamless logging of large datasets, crucial for fault detection, trend analysis, and redundancy
monitoring.

• Remote Operations and Predictive Maintenance – High-speed data communication ensures
efficient remote monitoring, allowing Earth-based teams to receive real-time diagnostics, anticipate
component wear, and deploy corrective measures before failures occur.

• Edge Computing for Lunar Environments – Compact edge AI processors enable on-site decision-
making, reducing dependence on Earth-based computation and ensuring autonomous functionality
even in communication blackouts or high-latency environments.

D. Alignment with NASA’s Artemis Goals

W2R directly contributes to NASA’s long-term lunar presence and deep space objectives by:

• Enabling Efficient Lunar Habitats – Reducing waste accumulation while maximizing resource
reuse.

• Advancing ISRU Capabilities – Enhancing self-sufficiency for long-duration missions and perma-
nent lunar outposts.

• Pioneering Sustainable Space Operations – Providing a scalable model for sustainable extrater-
restrial ecosystems.

VII. CONCLUSION AND FUTURE WORK

A. Summary of Contributions

This proposal presents the Lunar Waste-to-Resource (W2R) System, a modular, scalable waste man-
agement framework that transforms lunar waste into valuable mission resources. By integrating plasma
pyrolysis, electrolysis-based resource extraction, in-situ 3D printing, and advanced compaction techniques,
the W2R system significantly reduces waste storage needs, enhances resource utilization, and minimizes
Earth-based resupply dependencies.
The technical feasibility analysis demonstrates that the system is well-aligned with NASA’s ISRU ob-

jectives, leveraging energy-efficient, automation-ready, and adaptable technologies to support long-duration
lunar missions and future Mars exploration. Additionally, the incorporation of computational modeling,
real-time monitoring, and automation via EPICS and PLC-based safety interlocks ensures that the system
operates reliably and efficiently in a dynamic space environment. The computational framework and sim-
ulation code for the W2R system are open-source and available at GitHub[40]. We encourage the research
community to explore and contribute to further improving the system’s efficiency and adaptability for future
lunar and Martian missions.

B. Challenges and Open Questions

While this Phase 1 proposal establishes a strong theoretical foundation, several challenges must be ad-
dressed before transitioning to prototype development in Phase 2:

• Material Performance in Lunar Conditions – Further testing is required to validate waste-derived
regolith composites, particularly their mechanical properties, radiation resistance, and long-term dura-
bility in a lunar vacuum and low-gravity environment.

• Plasma Pyrolysis in Reduced Gravity – While terrestrial plasma pyrolysis is well-understood,
experimental validation in microgravity or lunar gravity (1/6g) is needed to assess plasma behavior
and ensure efficient gas flow dynamics.
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• Hardware Miniaturization and Integration – Scaling down industrial plasma reactors, electrolysis
units, and 3D printing systems to meet the constraints of lunar deployment (mass, volume, and power
consumption) remains a key engineering challenge.

• Autonomous Process Control and Redundancy – Further refinement of EPICS-based process
automation, PLC-based safety interlocks, and AI-driven self-healing algorithms is necessary to ensure
the system can function with minimal astronaut intervention.

C. Next Steps for Phase 2

Phase 2 will focus on prototype development and experimental validation, requiring collaboration with
experts in EPICS-based automation, space-rated hardware design, and ISRU process engineering. The
following steps outline the path toward a functional prototype:

1. Prototype Development

• Design and build a scaled-down prototype of the W2R system’s core technologies, including a
plasma pyrolysis reactor, syngas electrolysis unit, and regolith-based 3D printing module.

• Integrate real-time EPICS monitoring and PLC-based safety systems for process control and data
acquisition.

2. Terrestrial Testing in Lunar Analog Environments

• Conduct vacuum chamber tests to simulate lunar pressure conditions and validate waste-to-
resource conversion efficiency.

• Perform parabolic flight experiments to analyze plasma behavior and fluid dynamics in reduced
gravity.

• Evaluate thermal management strategies to ensure efficient heat dissipation in vacuum conditions.

3. Computational Optimization and AI Integration

• Refine the Python-based computational model to enhance energy efficiency predictions, fault
detection algorithms, and system optimization strategies.

• Improve EPICS-Python integration for seamless real-time system monitoring, AI-driven adjust-
ments, and predictive maintenance.

4. NASA and Industry Collaborations

• Engage with NASA’s ISRU teams, EPICS development groups, and aerospace industry partners
to refine system requirements and ensure compliance with mission constraints.

• Establish partnerships with university research groups for further development of lunar regolith
composites, plasma waste processing, and autonomous control systems.

5. Pathway to Lunar Deployment

• Define scalability plans for eventual integration into Artemis mission architectures.

• Identify lunar deployment constraints and develop mitigation strategies for mass, power, and
automation limitations.

• Develop a roadmap for in-situ testing during upcoming lunar surface experiments.

D. Estimated Budget and Resource Allocation

The projected budget for the Lunar Waste-to-Resource (W2R) System encompasses hardware develop-
ment, software integration, system testing, and deployment in a lunar analog environment. Below is a
detailed estimate based on current industry data:
The total projected cost for Phase 1 development and testing ranges between **$1.17M and $2.71M**. The
significant variance is primarily due to the scale and specifications of the plasma pyrolysis chamber and the
electrolysis system.
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Category Estimated Cost (USD)

Plasma Pyrolysis Chamber $67,000 – $688,900
Electrolysis System (SOEC) $250,000 – $950,000
3D Printing Module (Regolith + Waste Feed-
stock)

$100,000 – $150,000

Digital Twin/EPICS-Based Monitoring System $75,000 – $125,000
Machine Learning and Simulation Framework $50,000 – $100,000
Structural Components and Thermal Regulation $75,000 – $100,000
Testing in Lunar Analog Environment $100,000 – $200,000
Personnel (Engineering, ML, Controls) $300,000 – $400,000
Overhead and Contingency (20%) $150,000 – $200,000
Total Estimated Budget $1,167,000 – $2,713,900

TABLE III. Estimated Phase 1 Budget for W2R Development and Testing

1. Budget Justification and Citations

• Plasma Pyrolysis Chamber: Costs vary based on capacity and automation. Small-scale units start
at approximately $67,000, while continuous systems can exceed $688,900 [42].

• Electrolysis System (SOEC): The cost is influenced by production scale and system capacity.
Estimates range from $250,000 to $950,000, depending on system size and efficiency [43].

• 3D Printing Module (Regolith + Waste Feedstock): Estimated between $100,000 and $150,000,
considering the need for specialized equipment to handle lunar regolith and waste materials [44].

• Digital Twin/EPICS-Based Monitoring System: Budgeted at $75,000 to $125,000, accounting
for software development and integration with hardware components [45].

• Machine Learning and Simulation Framework: Allocated $50,000 to $100,000 for developing
algorithms and simulation models tailored to lunar operations [46].

• Structural Components and Thermal Regulation: Estimated at $75,000 to $100,000, covering
materials and systems to maintain operational stability in lunar conditions [? ].

• Testing in Lunar Analog Environment: Budgeted between $100,000 and $200,000 to conduct
simulations and tests in environments that mimic lunar conditions [47].

• Personnel (Engineering, ML, Controls): Estimated at $300,000 to $400,000, covering salaries for
a multidisciplinary team over the project duration [48].

• Overhead and Contingency (20%): An additional 20% ($150,000 to $200,000) is allocated to
address unforeseen expenses and ensure project flexibility [49].

This budget is designed to advance the W2R system to **TRL 6** (prototype demonstration in a relevant
environment) by the end of Phase 2. Subsequent phases would focus on further testing and integration
within NASA’s Artemis program.

E. Final Remarks

The Lunar Waste-to-Resource (W2R) System represents a paradigm shift in space waste management,
transitioning from a storage and disposal model to a self-sustaining, resource-generating framework. By in-
tegrating plasma pyrolysis, electrolysis-based resource extraction, and additive manufacturing, W2R enables
complete waste breakdown and repurposing, reducing reliance on Earth-based resupply while maximizing
mission sustainability.
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With further advancements in hardware miniaturization, autonomous control, and material validation,
W2R has the potential to support long-duration lunar and Martian missions, laying the foundation for
sustainable off-world habitation. The next stage of development will focus on proving the technical feasibility
of this system, validating resource recovery efficiency, and ensuring seamless integration with Artemis lunar
infrastructure.
Our Team:

• Rob Rainer – Senior Technology Engineer at Brookhaven National Laboratory [50], with over 20
years of experience in scientific research facility operations, project management, and the provisioning
of advanced control systems. His expertise spans:

– Automation and EPICS-based control systems

– Development of mission-critical infrastructure

– Materials science R&D for alternative energy solutions

His background makes him well-equipped to oversee W2R’s integration with space-based facilities while
ensuring efficient waste-to-resource conversion and sustainable energy utilization.

• Sarah Deonarine – Executive Director of the Manhasset Bay Protection Committee and environmen-
tal scientist specializing in water resource management and sustainability, with extensive experience
in:

– Waste treatment and resource recovery

– Municipal waste policies and sustainability initiatives

– Environmental impact assessment for large-scale projects

Her expertise strengthens W2R’s feasibility, implementation approach, and alignment with sustainable
practices.

Phase 2 efforts will be highly collaborative, requiring expertise in EPICS-based controls, aerospace engi-
neering, waste-to-resource conversion, and ISRU (In-Situ Resource Utilization) technologies. To successfully
execute this next phase, we will leverage our extensive professional network, including colleagues in:

• EPICS community

• Physical science

• Aerospace engineering

• Materials science

• Environmental science

• AI-driven optimization

This ensures a robust interdisciplinary foundation for W2R’s development.
With our combined expertise in engineering, environmental science, automation, and materials science,

along with a strong network of professionals across multiple disciplines, we are well-positioned to advance
W2R from concept to deployment. This project will enable a future where waste is not discarded but
transformed into a resource, supporting a sustained human presence beyond Earth.
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