Surface Systems Capability Gaps for Enabling 
NASA’s Sustainable Lunar Operations
	Barbara L. Brown
NASA Exploration Research and Technology (ER&T) Programs
Kennedy Space Center, FL 32899
Barbara.L.Brown@nasa.gov

Mark E. Lewis
NASA ER&T Programs
Kennedy Space Center, FL 32899
Mark.E.Lewis@nasa.gov
	Philip J. Weber
NASA Exploration Ground Systems (EGS) Program
Kennedy Space Center, FL 32899
Philip.J.Weber@nasa.gov

Nancy P. Zeitlin
NASA EGS Program
Kennedy Space Center, FL 32899
Nancy.P.Zeitlin@nasa.gov
	Angela G. Krenn
NASA ER&T Programs
Kennedy Space Center, FL 32899
Angela.G.Krenn@nasa.gov




U.S. Government work not protected by U.S. copyright



10




Abstract—This paper discusses the NASA Ground, Test, and Surface Systems Taxonomy (TX-13) related capability gaps, including details of architecture, technology, engineering, and policy gaps for enabling sustainable lunar surface operations and subsequent Mars missions. Architecture gaps include standardized architectures and interfaces, multi-element systems engineering and integration, design for supportability, and nuclear payload processing and launch approach. Technology gaps, primarily focused on uncrewed surface operations, include automated/autonomous cryogenic loading, transfer, servicing, and storage of commodities; health determination and fault management; automated/autonomous planning and scheduling; automated/autonomous inspection, maintenance and repair; logistics management and reliability; launch and landing site preparation; commodity management; and advanced umbilicals and dust tolerant interfaces. Engineering gaps include high-purity propellant production for ground and surface applications and large-scale xenon servicing capabilities. The policy gap includes nuclear propulsion acceptance testing and qualification approach. Strategically identifying human/automation roles and tasks and infusing automation and autonomy practices early in a system’s lifecycle is essential for achieving the mission objectives for a sustainable human lunar presence, improving performance and mission effectiveness, reducing operations costs and reliance on humans to perform tasks, and accommodating ground communication delays.
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[bookmark: _Toc84275549]1. Introduction
NASA’s Human Exploration and Operations Mission Directorate (HEOMD) utilizes a capability-driven approach to identify critical items to be addressed as part of a focused program to reduce risk for future deep space exploration missions, including sustainable lunar surface operations and eventual human missions to the surface of Mars. The process aims to identify the capabilities required to execute NASA’s human exploration plans and ensure technology programs and other investments are focused on filling those gaps. Capability leaders and technology experts from across the NASA mission directorates, centers, and stakeholder communities help identify the capability development needs required to execute NASA’s human exploration plans and whether the gap closure approaches involve technology, development, engineering, scientific research, architecture changes, operational concepts, or policy decisions. HEOMD’s Systems Engineering and Integration (SE&I) organization ensures the Agency’s Moon to Mars Strategy is reflected in HEOMD requirements, develops the HEOMD strategy and architecture to enable future missions, advocates for the key capabilities across the agency to fulfill HEOMD mission plans, and integrates science and technology utilization needs into HEOMD strategic plans. SE&I identifies integration and overlap between mission needs and develops strategies for advancing key capabilities that support the gaps to inform planning for HEOMD exploration projects.
Through an annual Integrated Exploration Capabilities Data Call, HEOMD collects and updates capability gaps and gap-element mappings from agency-designated discipline experts. The prioritized integrated gap list is then used by HEOMD Programs for planning exploration-forward investments.1,2
NASA also uses a Technology Taxonomy to manage and communicate the extensive and diverse technology portfolio activities to enable NASA missions by broadening knowledge of and capabilities in aeronautics, science, and space.3 The 2020 NASA Technology Taxonomy is shown in Figure 1. The Ground, Test, and Surface Systems Taxonomy (TX-13) captures technological innovations in capabilities, infrastructure, and processes to prepare, assemble, validate, execute, support, and maintain aeronautics and space activities and operations, on Earth and on other planetary surfaces to address risk, decrease operations and maintenance costs, and increase safety and mission availability. This taxonomy leverages ground technologies and capabilities that are extensible to the operations and maintenance of infrastructure and systems on other planetary surfaces. The surface systems portion of the TX-13 Taxonomy, specifically Uncrewed Surface Operations, is the focus of the Capability Gaps identified within this paper for enabling NASA’s Sustainable Lunar Surface Operations.

Figure 1 – 2020 NASA Technology Taxonomy

[bookmark: _Toc14366344][bookmark: _Toc84275550]2. Uncrewed Surface Systems
Sustained human presence on the surface of the Moon and future missions to Mars require increased independence from the crew and ground control mission support to operate efficiently, safely, and reliably. The number of astronauts and the availability of the crew to perform tasks will be limited. An operational shift toward increased automation and autonomy and less reliance on humans is needed.
[bookmark: _GoBack]Strategically identifying human/automation roles and tasks and infusing automation and autonomy practices early in a system’s lifecycle is essential to achieve mission objectives for sustained human presence, to improve performance and mission effectiveness, to reduce operations costs, and to accommodate for ground communication delays. Standardization of interfaces, components, simulation and modeling tools, processes and procedures, and tools and repair kits can reduce costs while providing common frameworks for implementing autonomy across an entire exploration mission.
Operations and capabilities for uncrewed surface activity are needed for sustained human and robotic operations—beginning on the Moon, and then on Mars. The uncrewed lunar surface architecture includes operations/activities that occur on the surface, when crew may or may not be present, but which are designed to operate independently of surface crew activities. These activities do not require crew involvement and oversight may involve Mission support. It outlines the elements, interfaces, technical aspects, and operations and maintenance involved with a surface architecture for Sustained Lunar Exploration and Development. 
NASA will begin preparing for the first human Mars mission by acquiring knowledge using the Moon as a testbed to demonstrate and prove technologies and capabilities to reduce technical risks and enhance mission success and safety. This strategy concentrates on emplacing and building the infrastructure, systems and robotic missions that can enable a sustained lunar surface presence.

[bookmark: _Toc84275551]3. Capability Gaps
Capability gaps are defined as the difference between the current state of the art capabilities and the needs of future human spaceflight architectures. Current capabilities have been established and validated on the International Space Station, robotic missions, and with ground analogs. Future needed capabilities are based on national space policy, high-level requirements derived from planned human spaceflight mission architectures, stakeholder considerations, and agency strategic planning and guidance. Teams of discipline experts from across NASA review the mission requirements, identify capability needs, articulate the gaps between the current state of the art and the capability needs of the proposed exploration missions, and characterize the gap closure types.
Gap Closure Approaches
Technology Gap—new and/or novel performance or function that has not been demonstrated (solutions to this gap type are generally Technology Readiness Level (TRL) 1-4); this gap type aligns with the “New” Technology TRL 1-4 definition within the NASA Technology Readiness Assessment Report (2016)4.
Development Gap—at least one potential solution has been identified, but additional work is required to ensure feasibility of the new and/or novel performance or function in a specific operational application (solutions to this gap type are generally TRL 5-9); this gap type aligns with the “New” Technology TRL 5-9 definition within the NASA Technology Readiness Assessment Report (2016)4.
Engineering Gap—performance or function is well accepted (not new or novel), but requires engineering development for a specific mission (solutions to this gap type are generally TRL 5-9).
Knowledge Gap—unknown data (e.g., chemical and physical properties) that will ultimately drive hardware requirements; these gaps typically require additional scientific research in order to close.
Architecture Gap—unknown mission parameters that will ultimately drive hardware requirements; further refinement of mission plans to clarify capability need.
Operations Gap—crewed and uncrewed mission operations considerations, including training and flight operations, that differ from current standards of practice and need to be defined and/or tested in order to enable the mission.
Policy Gap—policy or management issues that are needed to define closure of other gap types (e.g. risk postures, planetary protection policies, strategic mission objectives, etc.).
Test locations and platforms needed to demonstrate and validate new capabilities and facilitate gap closure vary from standard engineering qualification testing and analog activities conducted on the ground to flight tests conducted in Lower Earth Orbit (International Space Station and Free Flyers), around the Moon (Cislunar space), or on the lunar surface (robotic and human). The anticipated outcomes include Technology Readiness Level advancement, technology infusion, updated procedures, countermeasures, updated standards and mission profiles. 
Capability gaps that are accepted through the annual data integration cycle are filtered to the respective human spaceflight architecture element leads for validation that the gaps are mapped appropriately to selected campaign elements and are characterized as enabling, enhancing, or push opportunities, which are defined as the following:
Enabling (Need)—Element cannot function or achieve mission success without closing this gap; there may be alternatives such as different operational approaches or accepting more risk but usually at additional cost/resources.
Enhancing (Want)—Gap Closure is not strictly required to function or achieve mission success, but closing this gap (potentially in combination with other gaps) improves the architecture by adding functionality or resiliency.
Push Opportunity (Not Required)—This gap is not required to the current architecture but could provide value to a system or an architecture if the capability were fully developed.
The prioritization of the integrated gap list is based upon whether the gap is enabling, enhancing, or push opportunity, the number of campaign elements impacted by the gap, and the investment need date based upon current campaign manifest and projected Design Development Test and Evaluation (DDT&E) schedules. The prioritized tier descriptions are defined as the following:
Tier 1—Gap closure enables multiple campaign elements or critical needs (e.g., entry, decent, and landing) for a single element requiring near term investment based upon DDT&E schedules.
Tier 2—Gap closure enables non-critical or longer-term campaign elements, or enhances multiple campaign elements.
Tier 3—Gap closure promotes longer-term wants and push opportunities.
The Integrated Exploration Capabilities Gap List provides HEOMD Programs with insight for technology development, investment portfolios, and architecture studies to enable the Agency’s exploration mission.
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Four architecture capability gaps have been identified by NASA Ground, Test, and Surface Systems Taxonomy (TX-13) and Uncrewed Surface Operations discipline experts for enabling sustainable lunar surface operations. The Uncrewed Surface Systems architecture gaps include standardized architectures and interfaces, multi-element systems engineering and integration, and design for supportability. The Ground Systems architecture gap includes nuclear payload processing and launch approach.
4.1 Standardized Architectures and Interfaces
Uncrewed Surface Systems Standardized Architectures and Interfaces are lacking design considerations for commonality, standardization, and interchangeability. 
Current interoperability standards need to be updated to incorporate integrated surface systems. The impacts if the gap is not closed include increased logistics, spares, and tools required, integration challenges between surface elements, unique interfaces, increased surface operations, and increased complexity and development time for surface assets. Closure of this gap with design commonality and standard interfaces will significantly improve the interoperability of the architecture and interchangeability for repair and sustainment. Focused effort to reduce maintenance/repair requirements, improve maintainability of systems, and increase robotic/autonomous surface operations will enable greater use of crew time during crewed surface missions to focus on exploration.
4.2 Multi-Element Systems Engineering and Integration
Uncrewed Surface Systems Automated Multi-Element Systems Engineering and Integration (including technology integration and verification and validation) is lacking the following:
- Capability to integrate new and existing agency-wide distributed analog test beds (physical or simulated) into the surface architecture approach as a means to identify gaps, determine operational effectiveness, and verify/validate integrated operations for risk reduction.
- High-fidelity, mission-focused, process simulations and visualizations for Moon and Mars surface operations to assess the functional flows and operational scenarios.
The current capability includes human-led integration of elements for functional check-out, operations, and maintenance. Habitation, Mobility, and EVA analogs have demonstrated partial integration of elements and technologies. More comprehensive coverage is needed of all surface elements in an integrated lunar surface architecture. The impact if the gap is not closed includes fiscally unsustainable uncrewed surface operations. Closure of this gap is needed for all surface elements in an integrated lunar surface architecture.
4.3 Design for Supportability
Uncrewed Surface Systems Supportability for a sustainable surface architecture is lacking design considerations for the following:
- Maintainability: need for uncrewed systems and equipment that can easily be restored to operational status. Factors include equipment design, installation and robotic accessibility, improvements of maintenance procedures and support equipment while addressing the extreme physical environments where maintenance is performed.
- Repairability: need for components that can easily be robotically repaired after a failure.
- Spares: need sparing approaches that are compatible with uncrewed surface operations and its supply chain. Factors include reliability, reusability, commonality, level of repair, cannibalization, and spares allocations.
- Simplified architectures for commodities:  need for simpler architectures that minimize number of fluids and limit use to commodities that can be obtained in-situ.
- Infrastructure for Food Production capability: need for automated/autonomous seeding, harvesting, processing, waste management.
To maintain surface systems availability, the current state of the art requires significant crew time to perform maintenance, repair, and sustaining activities. The impacts if the gap is not closed include increased logistics requirements and crew time, inefficiencies and complexities in system maintenance, repairability, and replacement, and risk to crew (probability of insufficient spares). ISS approaches to supportability and maintenance of hardware are not readily adapted to surface habitation due to volume constraints, limitations on crew time, and periods of dormancy. Closure of this gap with systems level approaches which emphasize design for maintainability, commonality in spares, and reduction in the complexity of systems (where possible) will be required for surface operations.
4.4 Nuclear Payload Processing and Launch Approach
It is unclear how nuclear propulsion solutions for the Mars Transportation system, either Nuclear Thermal Propulsion or Nuclear (MegaWatt Class) Electric Propulsion payloads, will be processed for integration with the launch vehicle. The current launch approval process would need to be expanded beyond radioisotope power systems including safety criteria for ground processing and launch. Current launch site infrastructure does not include nuclear certification of payload processing facilities, equipment, methodologies, specifically proximity to other facilities, encapsulation, and launch safety and radiological controls, or experienced support team for handling, servicing, testing, and storage of Nuclear payloads.
Current launch site payload processing requirements have been established and executed for radioisotope thermoelectric generator (RTG) payloads (i.e. spacecraft requiring <100kW power). NASA facilities are not currently certified/rated for ground processing of Nuclear spacecraft to support the current Mars architecture. NASA launch approval processes do not include Fission Power and Propulsion Systems. The needed capabilities include the environmental, security, and operational requirements and constraints to process Nuclear Power and Propulsion Systems at the launch site, including size capable facilities for receiving/inspections and checkout; payload encapsulation, hypergolic fueling, and servicing; required test stands, lift rigging, and special test equipment; security and launch safety criteria. Without closing this gap, it is unclear if a Nuclear payload can be processed at the launch site with acceptable risk posture or with appropriate margins.​

[bookmark: _Toc84275553]5. TX-13 Technology Capability Gaps
Eight technology capability gaps have been identified by NASA Ground, Test, and Surface Systems Taxonomy (TX-13) and Uncrewed Surface Operations discipline experts for enabling sustainable lunar surface operations. The Uncrewed Surface Systems technology gaps include automated/autonomous cryogenic loading, transfer, servicing, and storage of commodities; health determination and fault management; automated/autonomous planning and scheduling; automated/autonomous inspection, maintenance and repair; logistics management and reliability; launch and landing site preparation; commodity management; and advanced umbilicals and dust tolerant interfaces.
5.1 Automated/Autonomous Cryogenic Loading, Transfer, Servicing, and Storage of Commodities
Uncrewed Surface Systems Automated/Autonomous cryogenic loading, transfer, servicing, and storage of commodities is lacking capabilities for high-fidelity physics-based cryogenic-thermal models and simulations capable of real-time and faster than real-time performance, high-fidelity models and simulations for complex systems, and automated/autonomous algorithms for Uncrewed Surface Systems applications.
The current capability includes automated cryogenic transfer requiring human-in-the-loop for fault isolation and recovery, low-fidelity, earth gravity, physics-based cryogenic-thermal models and simulations, and scheduled based maintenance. The needed capability includes autonomous cryogenic transfer including fault isolation and recovery, high-fidelity, reduced gravity, physics-based cryogenic-thermal models and simulations, and condition based maintenance. The impacts if the gap is not closed include fiscally unsustainable uncrewed surface operations, no propellant management capability on the surface during uncrewed periods, and higher risk of propellant transfer failure and loss of surface mission. Closure of this gap will support architecture integration needs for lunar in-situ resource utilization, mars surface propellant transfer, and if future ascent vehicles involve cryogenic propellants.
5.2 Health Determination and Fault Management
Uncrewed Surface Systems Health Determination and Fault Management is lacking capabilities for the following:
- Prediction, prognosis and anomaly detection capabilities.
- Detection, isolation, and recovery of systems and components faults and degradation.
- Test and Evaluation (T&E) and Verification and Validation (V&V) methods for Health Determination and Fault Management capabilities.
- Robust V&V capabilities for achieving trusted autonomy in decision-making.  
- Human interfaces for proximal and remote operators in the surface domain for varying levels of control and intervention (see NASA-STD-3001 NASA Space Flight Human System Standards, Volume 2 Human Factors, Habitability and Environmental Health)5. 
The current capability includes architecture for integrated health management for ground operations and prototype software development tools to support autonomous monitoring and control for ground applications (e.g. launch operations and engine testing). Technology development is required to extend these capabilities to Uncrewed Surface Systems application (Surface System Manager coordinating the elements of the architecture). The impacts if the gap is not closed include fiscally unsustainable uncrewed surface operations, some critical operations will not be able to be performed, inability to transfer propellants, and more human interaction and crew labor or remote/teleoperations required, thus impacting crewed science and exploration surface operations. Closure of this gap with autonomous systems health monitoring, fault isolation, and recovery will enable autonomous propellant transfer, crew/system autonomy, and reduced reliance on ground support.
5.3 Automated/Autonomous Planning and Scheduling
Uncrewed Surface Systems Automated/Autonomous Planning and Scheduling is lacking capabilities for automated/autonomous assets management tools and applications (e.g. sensing, perception, reasoning, and actuation), scheduling and prioritization capabilities, human-machine information interactions, and sensor and data fusion to enable knowledge discovery for automated/autonomous decision making for uncrewed surface operations.
Known past usages of the current capability include open Scheduling and Planning Interface (SPI) used on the International Space Station (ISS), Mars Exploration Rover, and Mars Science Laboratory; Plan Execution Interchange Language (PLEXIL) used on Lunar Atmosphere Dust and Environment Explorer and ISS; and small business Tivoli’s Maestro scheduler and reasoner. The impacts if the gap is not closed include fiscally unsustainable uncrewed surface operations, insufficient asset availability, inability to transfer propellant, and increased risk to overburden the human crew. Reliance on human crew also increases human safety risk, exposure to hazardous operations and potential injury. Closure of this gap will enable autonomous systems to effectively conduct propellant transfer, crew/system autonomy, Earth-independent Mars operations, and reduced reliance on ground support for lunar operations.
5.4 Automated/Autonomous Inspection, Maintenance and Repair
Uncrewed Surface Systems Automated/Autonomous Inspection, Maintenance and Repair (IMR) is lacking capabilities for the following:
- Use of robotic caretakers for maintenance needs.
- Self-diagnosis in systems and components (e.g., Condition Based Maintenance (CBM)).
- Robotic Line Replacement Unit (LRU) repair and replacement.
- Hazards assessment and resolution.
- Multi-agent collaboration and interaction of the surface caretakers for performing IMR.
- Interoperable capabilities to reduce/optimize logistics requirements.
- Robust V&V capabilities for achieving trusted autonomy in IMR methods, techniques, and autonomous processes.
- Maintenance and repair common toolkits and test equipment.
The current capability includes supervisory control software for autonomous control and recovery of propellant loading ground systems and infrastructure, sensing and perception capabilities for ground autonomous inspections, CBM and autonomous repair and recovery capabilities for launch systems testbeds. Technology development is required to extend the capabilities to Uncrewed Surface Systems applications. The impacts if the gap is not closed include fiscally unsustainable uncrewed surface operations, insufficient asset availability, and more human interaction and crew labor or remote/teleoperations required, thus impacting crewed science and exploration surface operations. Closure of this gap will reduce maintenance/repair requirements as well as improve maintainability of systems, and enable crew/system autonomy, Earth-independent Mars operations, and reduced reliance on ground support for lunar operations.
5.5 Logistics Management and Reliability
Uncrewed Surface Systems Logistics Management and Reliability is lacking capabilities for the following:
- Optimization/reduction of logistics needs (design for supportability, maintainability, commonality, reusability).
- Commonality of maintenance equipment, tools and consumables.
- Automated/autonomous asset tracking and personnel location and condition.
- Intelligent Devices (sensors, actuators and electronics with self-diagnosis capabilities, calibration on demand, self-healing capabilities, etc.).
- Inventory management.
- Waste management (repurposing, recycling, and disposal of materials).
- Maintenance and repair common toolkits and test equipment.
- Reducing crew involvement for maintenance and recovery activities.
The following current capability solutions have been identified for surface systems application, but there has been little to no NASA investment: Counterfeit part countermeasures, supply chain and supplier economic resilience modeling, digital product lifecycle management, service life prediction methods, built-in test enhanced life forecasting, calibration methods for surfaces systems, and additive manufacturing of spare parts using in-situ surface materials. Known present usages on ISS are Inventory Management System (IMS) and Radio Frequency Identification (RFID)-Enabled Autonomous Logistics Management (REALM). IMS is a database that tracks over 69k items on ISS. The impacts if the gap is not closed include fiscally unsustainable uncrewed surface operations, constraining operations requiring human interaction, insufficient asset availability, inability to transfer propellant, increased operations for logistics requiring increased crew time, risk to overburden the crew, reliance on human crew increases human safety risk, exposure to hazardous operations and potential injury. Closure of this gap with intelligent devices will provide reliable sensors for autonomous propellant transfer. Autonomous tracking of inventory and logistics management, intelligent sensing and self-repair capabilities will enhance the architecture by reducing crew time for these activities and logistics requirements.
5.6 Launch and Landing Site Preparation
Uncrewed Surface Systems Launch and Landing Site Preparation is lacking capabilities for the following:
- Selecting, surveying, characterizing, and leveling the locations along with emplacing (Launch and Landing pads and materials).
- Communication and navigation beacons near the site.
- Ability to assess launch induced environment effects (liftoff foreign object debris/damage (FOD), ejecta on vehicle/lander, site infrastructure & nearby assets, etc.).
- Ability to assess natural environments to critical assets (e.g. Mars storms, corrosion, radiation).
- Potential gap in ability to detect leaks in Mars Carbon Dioxide (CO2) atmospheric background. Unknown capabilities in leak detection for commodity management.
- Blast protection of equipment emplaced on the surface.
- Site maintenance: inspecting the area, removing debris, assessing damage, and refurbishing the launch site.
- Surface Equipment and tools for preparing surface and moving regolith (specialized work packages).
- Ability to model and assess the integrated launch and landing site for total effects.​
The current capability includes Earth-based landing and launch pads constructed of refractory concrete (no pads have been constructed in space), robotically printed pad test articles in the laboratory environment with simulants, robotic sintered regolith paver pad (3x3m) and hot-fire solid rocket testing, and proof of concept additive manufacturing with locally-sourced basalt, rover with blade and robotic arm for leveling/grading, and pad paver-laying ground demonstration. Current NASA investment will advance the technology to vertically land large rockets on the Moon, which includes advancing models to assess engine plume interaction with lunar regolith and testing methods for building landing pads using in-situ resources to mitigate landing risk and expand available landing sites. The impacts if the gap is not closed include no landing pads to support Human and Cargo Landers, further distances from landing site needed surface assets to avoid blast ejecta, and fiscally unsustainable uncrewed surface operations. Closure of this gap with landing site preparation, scouting and surveying in order to adequately characterize the site will permit safe landing within a reasonable landing ellipse and in illumination favorable locations and minimize the amount of plume generated blast ejecta which could impact and damage surface assets, including solar arrays, cable and piping infrastructure,  and surface power systems. 
5.7 Commodity Management
Uncrewed Surface Systems Commodity Management is lacking capabilities for storing, monitoring, purging, sampling, and transferring commodities for use by ascent vehicles and surface infrastructure elements.
The current capability includes unlimited buffer/purge gases, mass and reliability based on ground limitations for all components, and human-in-the-loop sampling/analysis and transfer. The needed capability includes autonomous recovery of commodity losses, autonomous detection and isolation of leaks, lightweight, high reliability components, and autonomous, real-time, in-situ sampling/analysis and transfer. The impacts if the gap is not closed include No closure for mission architectures that provide a human presence beyond the Moon and fiscally unsustainable uncrewed surface operations. Extending mission durations and potential reuse of surface system elements will require consideration for operations/check-out and commodity management to ensure adequacy or system operational readiness. Closure of this gap by increasing the capability for and reliability of autonomous check-out and commodity management, including capture, transfer, and re-use of gases and water and real-time analysis of these substances, without crew presence will further enhance sustainable lunar surface operations.
5.8 Automated Umbilicals and Dust Tolerant Interfaces
Uncrewed Surface Systems Automated Umbilicals and Dust Tolerant Interfaces is lacking capabilities to enable uncrewed fluid, gas, electrical and physical/wireless data transfer between architectural elements, provide long-life soft seals for repeated use, protect interfaces and actuation mechanisms from extreme surface environments (dust, temperature variations, high winds, etc.), and ensure functional integrity after mate. 
Current state of the art technologies are too heavy for in-space use, require high levels of maintenance, and rely on human-in-the-loop interactions. The current capability includes high separation force, limited self-alignment features, and no dust tolerance, limited-life soft seals, and requires manual functional integrity verification after mate.​ The needed capability includes lightweight, low separation force, high-reliability, dust-tolerant, leak-tight, self-aligning, long-life connectors and umbilicals. The impacts if the gap is not closed include lack of critical interfaces and structural connections to pass commodities such as cryogenic liquid propellants, purge and buffer gases, water, breathing air, pressurizing gases, heat exchange fluids, power and data; crew involvement required in surface operations for transfer of fluids, propellant, etc. between assets; (non dust tolerant) umbilicals that will degrade in the lunar environment and serve as potential sources of contamination of lunar dust into other systems or assets; and fiscally unsustainable uncrewed surface operations. Closure of this gap with enable automatic connection to surface elements, as well as autonomous, dust tolerant and dust mitigating umbilical and data mating to significantly enhance the architecture by enabling transfer of commodities reliably and without the intervention of crew.
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Two engineering capability gaps have been identified by NASA Ground, Test, and Surface Systems Taxonomy (TX-13) and Uncrewed Surface Operations discipline experts for enabling lunar and mars exploration. The engineering gaps include high-purity propellant production for ground and surface applications and large-scale xenon servicing capabilities.
6.1 High-Purity Propellant Production for Ground and Surface Applications
No industrial scale production and availability of high purity Methane (ref MIL-PRF-32207 Performance specification: Propellant, Methane)6 for propellant use; multi-tanker loads are required. 
The current capability for high purity Methane (MIL-PRF-32207) propellant is only available in single tanker loads. MIL-PRF-32207 specifies three methane purity grades for propellant use: A – 98.7% purity; B - 99.9% purity; C - 99.97% purity. Current state of the art is Liquified Natural Gas (LNG), which is typically: 90 - 97% pure methane. The impacts if the gap is not closed include variable and reduced engine performance, increased propellant reserve requirements, reduced payload capacity and mission margin. Closure of this gap will support human class cargo lunar lander architectures. 
6.2 Large-Scale Xenon Servicing Capabilities
Current launch site infrastructure does not include facilities, equipment, methodologies, or an experienced support team for storage, sampling, and transfer of large quantities of xenon propellant. 
The current state of the art handling capabilities are hundreds to thousands of kg of propellant grade xenon. The needed handling capabilities are 50 to 250 tons of propellant grade xenon. Nuclear Electric Propulsion (NEP) Mars mission concepts rely on large quantities of propellant grade xenon. Without ground infrastructure to store and handle large these quantities of propellant grade xenon, NEP missions are non-viable.​

[bookmark: _Toc84275555]7. TX-13 Policy Capability Gap
One policy capability gap has been identified by NASA Propulsion Systems Taxonomy (TX-1) and Ground, Test, and Surface Systems Taxonomy (TX-13) discipline experts for enabling mars exploration. The policy gap includes nuclear propulsion acceptance testing and qualification approach.
7.1 Nuclear Propulsion Acceptance Testing and Qualification Approach
​It is unclear how nuclear propulsion solutions for the Mars Transportation system will perform acceptance or qualification testing for either Nuclear Thermal Propulsion technology or MegaWatt Class electric propulsion systems. 
If nuclear electric propulsion is used for a human Mars mission, there are no capabilities that are known to perform the equivalent of a “green run” test for a 1.6MW system, consisting of 16 100kW thrusters, for a 2000-12000 hour simulated mission to Mars. Many factors have to be considered (human rating, two-fault tolerance, redundancy, failure modes) which would be best served as a fully test configuration.
The current state of the art Electric Propulsion (Xenon Electrostatic) systems can perform lifetime qualification testing, using current recommended practices, for <10kW systems.  The standard acceptance testing and qualification testing approaches cannot be performed for the reference Mars architecture. Nuclear Thermal Propulsion testing has multiple options. Standard acceptance and qualification testing approaches may not be appropriate, may be cost prohibitive, and would require significant infrastructure investments.
Without closing this gap, it is unclear if a system can be delivered with acceptable risk posture or with appropriate margins. NASA needs to identify/determine the acceptance test and validation requirements for a nuclear propulsion system for a human Mars mission. Testing options include creating a new NASA nuclear testing capability at White Sands Test Facility or Stennis Space Center, establishing an agreement with the Department of Energy to utilize an existing nuclear test site, and utilizing analysis, simulation and sub-scale demonstrations in lieu of a full-scale system test.

[bookmark: _Toc84275556]8. Summary 
The HEOMD Integrated Exploration Capabilities Gap List is updated through an annual data call to agency-designated subject matter experts in all technical disciplines associated with human exploration plans. Development of the gap list is an iterative process that aims for successive improvements through refinements of the data call, updates to the capability gap data and closure pathways that are needed, and incorporation of more detailed architectural information developed through HEOMD strategic analysis cycles. The Agency capability subject matter experts consist of Systems Capability Leadership Teams (SCLTs), Space Technology Mission Directorate (STMD) Principal Technologists (PTs), HEOMD program managers and executives, center experts, Office of Safety and Mission Assurance (OSMA) planetary protection experts, and NASA Engineering and Safety Center (NESC) Technical Fellows.
The Integrated Exploration Capabilities Gap List represents a prioritized set of enabling, enhancing, or push opportunity gaps that have been mapped to appropriate campaign elements and validated by stakeholders at multiple levels. It serves as the HEOMD basis of opinion for HEO technology development and mission needs and informs HEOMD investment portfolios and architecture studies.
Lunar surface time in absence of crew accounts for greater than 95% of short stay surface missions. The Uncrewed Surface Operations mission segment includes robotic science/logistics delivery, surface propellant transfers (especially those involving point-to-point transport between Mars/Analog landing zones), surface maintenance operations, necessary assembly and inspection, and remote science operations. The closure of the Uncrewed Surface Systems Capability Gaps identified in this paper will enable NASA’s Sustainable Lunar Surface Operations.
As NASA continues to prepare to return to the Moon and continue onward to Mars and beyond, the agency announced on an organization change on September 21, 2021, to separate HEOMD into two separate mission directorates for the Agency’s exploration programs: 
Space Operations Mission Directorate (SpaceOps) which will focus on launch and space operations, including the International Space Station, the commercialization of low-Earth orbit, and eventually, sustaining operations in the vicinity of the Moon. 
Exploration Systems Development Mission Directorate (ESDMD) which will define and manage systems development for programs critical to NASA’s Artemis program and plan for NASA’s Moon to Mars exploration approach in an integrated manner. The Integrated Exploration Capabilities Data Call activity will reside in this new Mission Directorate.
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