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Objective:  Defining a space transportation infrastructure, enabling human operations and habitation in space for many years. Based on the previous task of defining 24 major elements that comprise the basic infrastructure, the present task is to provide more specifics for each major element to allow a clearer understanding. This will highlight and guide research requirements. Then this effort can be used to develop a long-range plan, including suggested sequencing of development. While this infrastructure is expected to be initially developed by NASA and potentially their partners until enough profitable opportunities emerge, the clear intention is to foster an environment for robust economic developments. 
1. Develop a fully reusable two stage to low earth orbit space transportation system (ES-EO Vehicle) with advanced reliable technology that maximizes operability and is truly airline operational. The goal is to maximize productivity of each vehicle. Each stage of system must have built-in automatic test capability and verify its functionality during its return to the launch site and must take-off vertical and land horizontal. Sizing should be based on the economics of using a high productive space transportation system, 

Specifics and priorities: 
A. For ‘airline operation’ levels, the launch system needs to achieve a very high reliability. The baseline proposal for launch reliability without vehicle damage or serious safety issues is 99.99%. This is far higher than many existing launchers, but far lower than current airliner rates of hull loss accidents per takeoff, approaching one in 3 million. Further analysis is needed. Examples of innovations to increase simplicity, robustness, and safety are listed below:

B. No use of distributed hydraulics systems, but use distributed electrical systems, e.g. electro-mechanical actuation or self-contained electro-hydraulic packages only where required.
C. Heat shields that require no maintenance between flights (example is Orbiter Tuffy Tile)
D. A minimum number of totally integrated fluid systems for propulsion, power, and life support (no use of toxic fluids)
E. Totally integrated electrical systems to minimize total components parts count
F. The use of turbo-alternators fed from main tanks pressurization system to provide electrical power without a performance impact
G. A new propulsion design approach that minimizes crit.-1 hardware (split cooling of the rocket engine combustion and nozzle systems) deleting the use of separate heat exchangers. This will also delete the need for engine start overpressure by deleting the fuel lead.
H. Complete the rocket engine power stage using warm gas to eliminate the drying requirements (caused from condensate forming internally coming through the earth’s atmosphere on earth return) after landing. 
I. Delete the use of nitrogen gas for valve control by using electro-mechanical valves
J. Integrate life support and propulsion and power fluids to minimize hardware and separate fluids

K. Electric taxi system with regenerative braking

L. Health monitoring system in flight

M. Develop and use a concentric cryogenic propellant tank design to allow all propellant engine feed from the aft end of the tank eliminating engine long feedline and conditioning for engine start. Propellant tank pressurization and boiloff venting shall use an internal riser eliminating any external perturbances and will minimize ice/frost formation on the cryogenic tank. This design will also maximize the control authority with a higher vehicle CG. This application for in-space transportation systems will allow long term storage of liquid hydrogen by minimizing heat transfer. By placing the hydrogen fuel in the inner tank heat is only transferred by radiation from the liquid oxygen tank (much smaller delta temperature). The liquid oxygen tank requires ant slouch baffles and these baffles can add considerable stiffness allowing the use of a thinner wall internal tank design. 
N. Develop and operate the booster engines at Lox rich combustion to get maximum thrust at liftoff and reduce the size of the vehicle, i.e., fuel tank. 

Background:

A. All stages should land horizontally. Incurs the mass and drag penalty of 2 sets of wings, landing gear, and nose heat shields. But those penalties are acceptable, in order to achieve true airline-like operations.
· Only runway landings on wheels have ever demonstrated the high level of reliability required to achieve airline reliability.

B. On the 15 October 2019 teleconference, we had Russell provide full explanations of the examples above, so all of us understood the concepts.
C. We had a discussion on whether we should include some indication of expected ‘missions and sizes’, and the group consensus was that we should leave it open for further studies.
D. From a point of view of other launch vehicles in service or in development, the break point between satellite launchers vs more exploration-centered launchers is about 50 metric tons to LEO. See the graphic below:
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2. Provide new mission functions for NASA to develop and perform maturation of new technologies (including flight demonstration) required to provide true airline operations required for affordability and sustainability. These technologies are to be employed on the new advanced totally reusable earth to orbit and space-based transportation systems. The key to lowering cost of operations is the increase of productivity of each element, e.g., achieving very high reliability (minimum total parts and minimum to no maintenance between flights) to be airline like. After-all it was the high maintenance cost of Shuttle (~$30 million in hardware replacement between flights not safety) and the Concorde SST that was a major driver of the termination of their operation. Examples of this approach are provided in a follow-on paper. 

   Specifics and Priorities:

A. Include development or maturation and testing of many of the examples from section 1 above through flight demonstration:
B. Develop distributed electrical systems, e.g. electro-mechanical actuation or self-contained electro-hydraulic packages, to replace distributed hydraulic systems

C. Heat shields that require no maintenance between flights (example is Orbiter Tuffy Tile)

D. A minimum number of totally integrated fluid systems for propulsion, power, and life support (no use of toxic fluids)

E. Totally integrated electrical systems to minimize total components parts count

F. The use of turbo-alternators fed from main tanks pressurization system to provide electrical power without a performance impact

G. A new rocket engine propulsion approach that minimizes crit.-1 hardware (split cooling of the combustion and nozzle systems deleting the use of separate heat exchangers

H. Complete the power stage using warm gas to eliminate the drying requirements (caused from condensate forming internally coming through the earth’s atmosphere on earth return) after landing

I. Delete the use of nitrogen gas for valve control by using electro-mechanical valves

J. Integrate life support and propulsion and power fluids to minimize hardware and separate fluids

K. Electric taxi system with regenerative braking

L. Health monitoring system in flight for faster ground turnaround.
M. Automated external inspection by drone cameras or cameras on booms, and AI interpretation of images for rapid ground turnaround, both in flight and after landing
N. Design to be compatible with crewed launches at outset, and then qualified later, when needed
O. Non-intrusive sensors, for example for fluid pressures
P. Leak checking using automated sensors

Q. Develop mass-efficient structure to enable rotational gravity for orbital stations

R. Long-term on-orbit storage of cryogenic propellants using concentric tanks etc.
S. In-space transfer of cryogenic propellants

T. Expanded in-space manufacturing methods, and feedstock materials

U. Develop in-situ material structures for Lunar habitation

V. Develop and use a concentric cryogenic propellant tank design to allow all propellant engine feed from the aft end of the tank eliminating engine long feedline and conditioning for engine start. Propellant tank pressurization and boiloff venting shall use an internal riser eliminating any external perturbances and will minimize ice/frost formation on the cryogenic tank. This design will also maximize the control authority with a higher vehicle CG. This application for in-space transportation systems will allow long term storage of liquid hydrogen by minimizing heat transfer. By placing the hydrogen fuel in the inner tank heat is only transferred by radiation from the liquid oxygen tank (much smaller delta temperature). The liquid oxygen tank requires ant slouch baffles and these baffles can add considerable stiffness allowing the use of a thinner wall internal tank design. 
W. Develop and operate the booster engines at Lox rich combustion to get maximum thrust at liftoff and reduce the size of the vehicle, i.e., fuel tank. 

3. Develop a due East low earth orbiting space outpost complex (LEO Station) (altitude and inclination to be determined by comprehensive study) that has ground operations capability. This earth orbiting platform must have capability to assemble large vehicles needed for deep space travel. This space platform must serve as a space-based operations site, e.g., provide fluid servicing for all space assets, maintenance services including part manufacturing.

   Specifics and Priorities:
A. Baseline proposal for orbital altitude is 375 miles (600 km.) The altitude of the successful ISS was our initial baseline, at 250 miles (400 km.) But it would be safer to be above the largest new constellations of Internet satellites, because failed units will decay downwards, and could pose a danger. Comprehensive analysis needed. See Background below.
· Orbital maintenance at LEO altitude will require regular boosting. Electric propulsion should be considered, if thrusters of adequate capacity can be developed in this time frame.
B. Baseline proposal for orbital inclination is optimum for Florida launches, while retaining accessibility from the launch sites of other nations which may join in using the LEO Station, and minimizing the radiation dosage from the South Atlantic Anomaly. Comprehensive analysis needed. See Background below.
C. The ‘assembly of large vehicles’ includes connecting completed modules as delivered to orbit. It does not include constructing individual modules from numerous small components and testing them in orbit. Some intermediate assembly may also be required. For example, local robotic assembly vehicles, and assembly arms similar to the Canadarms may be needed.
D. The ‘fluid servicing’ includes full fueling of Earth departure stages and Earth-Moon vehicles, for example. However, some stages would arrive fully fueled. The major propellant volume is expected to be for the Earth orbit – Lunar orbit (EO-LO) vehicle.
· Cryogenic boiloff control will be needed for cryogenic propellants such as liquid oxygen, for example. This will allow longer duration of propellant storage. But there may still be (extended) limits on storage duration. 

· The development of cryocoolers is another technology to add to our list for NASA maturation efforts.
E. Multiple propellants will be needed for fueling different vehicles. Hydrazine for station keeping in earlier satellites, xenon for station keeping of newer satellites, and cryogenic hydrogen and oxygen for main propulsion of vehicles.

F. When life support is added, it should accommodate a minimum crew to operate the outpost, plus some provisions for visiting vehicle crews. Suitable for shorter-term visits by trained personnel only. Not a major habitation site.
G. Therefore, rotational gravity and shielding from solar and cosmic radiation would be desirable, but should not be required, beyond the baseline shielding already deployed on the ISS. Later, as crews stay for longer durations, additional shielding and rotational gravity would be added.
· Research on rotational gravity and shielding should have increased priority to prepare for deployment

H. This platform should provide a standard universal docking port and hatch, and access to limited habitation space, after life support is added. This provides a natural safety shelter function for other LEO missions.
I. The ‘part manufacturing’ could include multi-axis milling cells and 3D printing facilities, for example

J. Collision avoidance and traffic management will have increased importance

K. Security functions will have increasing importance

· Cyber security

· Hostile actions

· Internal security

· Space law enforcement
Background:
Orbital Altitude:

· The risks of the growing constellations of thousands or even tens of thousands of Internet satellites require prompt review and analysis, including impacts on all the stakeholders. Crews in LEO could be at high risk if even a few percent of these units fail and decay into their outpost’s orbital altitude. The requested altitudes for the proposed layers of the SpaceX Starlink constellation, for example, are initially near 340 miles (550 km) with some higher and lower.
· The 375 mile (600 km) baseline for the LEO Station is selected to be above all but the highest layer of the Starlink constellation, which would decay only very slowly if they failed.
Orbital Inclination:

· The optimum energy launch inclination from the Florida facilities would be 28.5°. 
· This would be compatible with access from launch sites in Texas and in other nations which might participate in station operations.

· But orbital inclination should avoid or minimize transit of the South Atlantic Anomaly to reduce radiation levels, which are much more intense at 600 km than at 400 km. This may limit orbital inclination to 0° to 5°, since the 28.5° optimum energy inclination maximizes the exposure to the South Atlantic Anomaly. This is a much more severe problem at 375 miles altitude. See the image below, from ROSAT, at 350 miles:
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· The most efficient orbit for launch energy and flexible timing is 0-degree equatorial. This orbit eliminates the need for launch windows, allowing launches to be at any time, with an initial altitude lower than the target, then raising the orbit when the location matches.
· The most efficient location for launches to an equatorial orbit is an equatorial location. However, the primary Eastward US launch site at the Cape should be utilized. This requires an inclination cost if a station inclination below 28.5 degrees is chosen. Comprehensive analysis and trade study required.
· Launches from equatorial ocean platforms are impractical for large launch vehicles that need long runways for winged landings.

4. Develop an in-space transportation system for transfer from the earth orbiting complex to other locations such as Lunar orbit (EO-LO Vehicle) or in-space satellite servicing including repair. This in-space system must be based at the earth orbiting complex and must transfer its cargo to the earth-to-orbit system for return to the ground.

   Specifics and Priorities:
A. For human transport, prompt transit is required, so initially powered by chemical rockets or other high acceleration propulsion, not ion propulsion. For cargo, ion or hybrid propulsion would be more efficient. Later, growth to more advanced propulsion would be possible.
B. System engineering analysis of size vs. total cost will be required. Include the range of missions expected, and the resulting size or sizes that might be required. Should this vehicle be large enough to carry Lunar habitation modules fully assembled? Surface exploration vehicle? Regolith moving vehicle for covering habitats with regolith for shielding? Consider total cost of delivering large elements in sections vs. as a complete unit. After the primary vehicle is in service, a small family of vehicles may be derived from it, optimized for specific requirements.
C. This vehicle needs to carry propellant for a propellant depot at Lunar orbit for vehicles departing for Lunar surface and back

D. This vehicle will not be required to transport propellant for a propellant depot at Lunar orbit for vehicles departing for Earth orbit or departing for missions beyond the Moon. Probably not practical to transport such large volumes. 
E. Therefore, this vehicle must have adequate delta V to perform the round-trip mission between Earth orbit and Lunar orbit without refueling.
F. In order to transport cargo and propellant initially, and later also transport personnel, possibly define specialized payload modules for propellant, cargo, and human-rated.

G. Multiple propellants will be needed for fueling different vehicles. Hydrazine for station keeping in earlier satellites, xenon for station keeping of newer satellites, and cryogenic hydrogen and oxygen for main propulsion of vehicles.
H. Consider if and when propellants may become available from the Lunar surface or in situ from other locations. These could reduce the need for the vehicle to bring propellants from Earth. Lunar ice deposits could yield hydrogen and oxygen, and Lunar regolith could yield oxygen.
I. Consider if aerobraking could be utilized to reduce propellant needed for return missions from Lunar orbit to Earth orbit.
5. Develop a lunar orbiting platform complex (LO Station) that shall provide a home for a lunar transportation system (surface to lunar orbit) used for transferring cargo to and from the moon and must have the capability to transfer cargo from the lunar transportation system to the in-space transportation system at this platform complex. Also, this lunar orbiting platform complex shall provide servicing (fluid and parts replacement) and an automated functional verification of total system. 

   Specifics and Priorities:
A. Optimum Lunar orbit will depend on exploration decisions. 

· Halo orbit around Earth-Moon L1 Lagrange point may be easier to reach, compared to distant near-rectilinear orbit. More efficient location for propellant depot, according to some papers. This location is a natural baseline choice.

· Polar orbit may be best if exploration mostly at the Lunar poles.

· Further analysis will need to include exploration decisions.

B. Includes a propellant depot at Lunar orbit for stages departing for Lunar surface and back

C. After in situ hydrogen and oxygen are available from the Lunar surface, this platform will include a propellant depot at Lunar orbit for vehicles departing for Earth orbit, but probably not for much larger vehicles departing for locations beyond the Moon.

· Later, a mission program to locations beyond the Moon may add a larger propellant facility

· The propellant depot at LEO could also be replenished from these sources from the Lunar surface
D. When life support is added, it should accommodate a minimum crew to operate the outpost, plus some provisions for visiting vehicle crews. Suitable for short-to-medium term visits by trained personnel only. Not a major habitation site.

E. Rotational gravity and shielding from solar and cosmic radiation will be needed, as soon as practical after life support is added. 
· Greater radiation than at LEO, and longer duration visits due to greater distance and cost from Earth.
F. The ‘part manufacturing’ could include multi-axis milling cells and 3D printing facilities, for example, for repairing in-space vehicles
G. This platform should provide a standard universal docking port and hatch, and access to limited habitation space, after life support is added. This provides a natural safety shelter function for other Lunar missions.
H. Collision avoidance and traffic management will be lower priority than at LEO

I. Security functions will have increasing importance

· Cyber security

· Hostile actions

· Internal security

· Space law enforcement
6. Develop a fully reusable lunar orbit to lunar surface transportation system (LO-LS Vehicle) that shall be space based at the lunar orbit platform.

   Specifics and Priorities:

A. This vehicle refuels for each mission at the propellant depot at the Lunar orbiting platform

B. No propellant available initially on the Lunar surface, so the vehicle must carry enough propellant for both landing and liftoff for return to Lunar orbit

C. Later, only LOX-LH2 may be available on the Lunar surface. If so, this vehicle should use hydrogen fuel to utilize those in situ resources.
· Early surveying results on the Lunar surface will inform this choice
D. Even later, methane from in situ propellant production at more remote sites containing adequate carbon may become available.

E. This vehicle shall be capable of reaching the key locations on the Lunar surface for exploration, probably including polar locations such as the Shackleton Crater at the South pole.

F. The cargo capacity of this vehicle shall be of a class that is adequate to provide for all cargo required to be transported to and from the Lunar surface, for initial development of a Lunar station.

G. Systems engineering trade studies will be required to determine the largest elements that can be carried. The best balance should be sought for large elements such as Lunar habitation modules fully assembled, a surface exploration vehicle, and a regolith moving vehicle for covering habitats with regolith for shielding. Some of the largest elements may be transported in multiple segments.
H. In order to transport cargo and propellant initially, and later also transport personnel, possibly define specialized payload modules for propellant, cargo, and human-rated.

I. When life support is added, this vehicle shall provide adequate accommodation for enough crew to provide for all required needs for crew transport to and from the Lunar surface, for initial development and operation of the Lunar base.
J. This vehicle will need to serve as an initial outpost for a few (Earth) days at a time until the Lunar base is ready to accommodate crews.

7. Develop an initial lunar base for harvesting and processing material resources for use on the lunar surface, in space, or transferred back to earth.

   Specifics and Priorities:

A. Probably initial location at South Pole area for proximity to expected ice deposits

· Importantly, avoids extended (two-week) periods of darkness

B. Probably includes no significant propellant depot supplied from Earth
C. As soon as practical, should include a LOX-LH2 propellant depot supplied from Lunar ice

D. Shall include capability for analyzing samples, to support prospecting for other resources

E. Shall include a standard parts manufacturing module, for example 3D printers and multi-axis milling cells
F. Shall provide as much electric power as will be needed for base operation. Probably solar and batteries initially, then later fuel cells, and potentially nuclear fission. Later, an electric utility capability will be included in Section 13 below.
G. When life support is added, should provide accommodation for an adequate crew to operate the base, plus some provisions for visiting vehicle crews. Suitable for limited-term visits by trained personnel only. Not a major habitation site.
H. This base is the base for the Lunar transport system

I. Communications to Earth and the LO Station and local surface rovers must be provided. Later, a Lunar global communication system will be developed in Section 16.
J. Further robotic reconnaissance will determine if there are key reasons to have the first base or another base at another location.
K. Security functions will have increasing importance

· Cyber security

· Hostile actions

· Internal security

· Space law enforcement

8. Develop a lunar surface transportation system to be used for exploring the moon to identify the location of resources to be mined and transferred back to the lunar base. This system shall be based at the lunar base.

   Specifics and Priorities:
A. Consider the range required. If powered by lithium ion batteries, the range is likely to be similar to battery electric vehicles on Earth, perhaps 310 miles / 500 km range or 155 miles / 250 km round-trip radius. When local hydrogen and oxygen become available, fuel cell power would increase the range. This is adequate for local exploration, but not for Lunar global exploration. The distance to the farthest point is about 3,300 miles / 5,000+ km.
· Initial version of this vehicle would be remotely controlled

· Remote operation eliminates life support as a limiting factor

· Recharging stations on key routes could extend range

· Later, nuclear power may be an option, for very long range

B. Consider the size of the vehicle and methods of delivery to the Lunar surface. Pressurized Lunar and Mars vehicles envisioned by some NASA studies have a mass of 22,000 lb / 10,000 kg and 11,000 lb / 5,000 kg.

· Initial remotely controlled version expected to have reduced mass

· Consider inflatable pressure vessels to reduce mass

· Easier packaging for launch if inflatable

C. This vehicle is expected to be somewhat similar to an SUV in capability, potentially with an additional trailer for use when needed. There may also be needs for vehicles more like an RV, a pickup truck, or a car.

D. This vehicle or a specialized vehicle should include equipment to dig and scoop up soil with ice, to bring to the base for production of water, hydrogen, and oxygen for base life support. Later, more extensive mining will be developed in Section 18.
E. This vehicle should include subsystems for preliminary analysis of soil and rock samples, as well as provisions to return samples to the base for more thorough analysis. Together these must provide for evaluation of concentrations of helium-3 and other valuable resources.
F. We reviewed the LEV rocket ‘hopper’ system proposed in the Moon Direct plan from Robert Zubrin with interest. We concluded that this was likely to be a later extension of the Lunar transport system, rather than the initial vehicle.
9. Develop a plan for adding life support to the in-space facilities.

A. Optimized volumes for living, working, exercise, and sleeping

· Intensive exercise until rotational gravity available

· Normal exercise after that

B. Maximum recycling for air and water

· Reduces launch mass rate for support

C. Later, grow food as well

· Drives towards self-sustaining living in space
D. Large solar panels and cooling panels for energy needs

E. Remote medical care facilities, with on-board medical supplies

F. Modular design for initial population, extendable for growth

G. Standard design template for use on LEO Station and LO Station

H. Modified, simplified design template for use in transport vehicles

I. Rotational gravity and added shielding to follow in the plan

· Driven by need for longer stay times in stations

· Shielding tailored to different GCR environment at LEO and LO

10. Develop habitation concepts and select best for development on the orbiting outpost at earth and the moon.

A. Habitation modules baseline concept uses ISS-type pre-assembled rigid pressure vessels, attached to the station structure in orbit.
B. Automated attachment of all pre-assembled elements via local tug vehicles

C. Limited radiation shielding optimized for limited duration visits

D. Storage modules baseline concept uses either rigid pressure vessels or Bigelow-type expandable modules

E. Modular design for initial population, extendable for growth

F. Framework may be ring-shaped to enable rotational gravity
G. Balance local food growing and supplemental food from Earth

· Move towards more local food as rapidly as practical

11. Develop rotational artificial gravity required to support long term habitation for personnel in space first for use at Earth orbit and Lunar orbit.

A. Substantial 0G health problems have appeared on ISS after 6 or 12 months

B. Initial gravity of 0.75 to 1.0 G due to lack of research results on lower G

C. Include provisions to obtain research results for reduced G, to optimize for balance of mass, size, and health outcomes

D. Include provisions to obtain research results for partial day in rotational G, with remainder in zero G, similar to NASA Nautilus-X of 2011
E. Consider personal rotating platforms as alternatives to rotating habitat

F. Select most mass-efficient structure to enable gravity required for health

12. Develop in-space parts manufacturing capability to be used at both orbital outposts and at the Lunar surface base. This is needed to support the space-based transportation systems and orbiting outposts, as well as the Lunar base and transportation.

A. Based on analysis of types of parts required most often or most critically

B. Expected to include multi axis milling cells and 3D printing / additive manufacturing cells

C. Balance between inventory of maintenance parts from Earth, and manufacturing parts in space

D. Some parts may not be feasible to produce in space in the early phases

· Possible examples might be hoses, belts, filters, and window seals

E. Feedstock inventories balanced based on expected need or most critical needs

· Most feedstock from Earth initially

F. Design all systems to use readily produced replacement parts made in space
13. Develop Power Stations on the lunar surface to support lunar operation on the surface (Include Nuclear and Solar in the selection trade).

A. Initial power station probably solar with batteries, and electrolysis to produce hydrogen and oxygen for fuel cells

· Solar tracking will be required at polar base locations

B. Then employ compact nuclear fission power modules launched from Earth

· When available and certified for launch

C. Modular system design to enable growth as needed

D. Remote power stations required if additional base locations are developed
14. Develop habitation concepts and select best for development on the lunar surface including shielding requirements for long term habitation and with consideration for life support functions including their food production.

A. Lava tubes probably not available in initial polar locations

B. Initial habitation probably in rigid structures launched from Earth

· Recessed in trenches

· Covered with Lunar regolith for radiation protection

C. Later, use of in situ materials processed on site for construction

D. Initial food probably mostly launched from Earth, at high cost

E. Later, build out pressurized spaces for growing all necessary food on site

15. Develop a command post needed to manage space activities. Location of this post is undetermined presently.

A. Includes Space Traffic Control, analogous to FAA Air Traffic Control

B. Additionally, includes tasking orders for NASA space components

C. Location potentially on Earth surface near NASA Human Space Flight Center or US Space Force HQ

· Clear interfaces with NASA and Space Force

· Trade studies needed for optimum location

D. Local command centers possible near key areas of operation
E. Command & Control communication system is key element

· Secure from cyber attacks

· Include private channel and security component

· Interoperate with existing Command & Control networks

16. Develop a comprehensive system for assuring space situational awareness in all the areas of operations.

A. Strongly required in LEO and GEO first, but soon in all areas of operations

B. Building on existing Space Fence and LeoLabs Kiwi Space Radar
C. Also build on existing orbiting SSA satellites and future developments

D. Further integration of sources, and automation of alerts

E. Visualization system for integrating and fusing sensor inputs

· Real time visualization of space traffic from localized points of view

17. Develop a lunar communication system to be used for communication from any location on the lunar surface back to the lunar base or to the earth and to the space in-orbit outposts.

A. Potentially include a small constellation of Lunar orbiting satellites, or routers at Earth-Moon Lagrange points
B. For established major surface pathways to locations of special interest on the Lunar surface, potentially include strings of lightweight radio towers along the paths, with backhaul to the base via radio repeaters or fiber cables

18. Develop a rescue service to return crew stranded on the Lunar surface to the Lunar base

A. For nearby rescues, Lunar tow truck and rescue van

B. For distant rescues, may require rocket-propelled vehicle

C. Delivering rescue parts or supplies may suffice in some cases, for example:
· Spare wheel, hydrogen and oxygen, extra food and water

D. Delivering specific spare parts for breakdowns

· For more serious emergency situations

· Locally made parts when possible

E. Most repairs made at station, after rescue

19. Develop a lunar research and development facility for testing new techniques and to perform lunar science investigations. Key examples would include:
A. Developing water separation from regolith, with suitable purification
B. Developing methods for production of hydrogen and oxygen from water
C. Developing efficient methods for mitigating Lunar dust intrusion and interference

D. Developing methods for production of iron, aluminum, oxygen, silicon, thorium, and silane from regolith

E. Prospecting and assaying for optimum locations for Helium 3 abundance

F. Developing methods for separation of Helium 3 from regolith, with suitable purification
G. Testing health outcomes of Lunar gravity

H. Testing shielding methods and rotational gravity for Lunar surface

I. Exploring for lava tubes locations, testing for stability and utility

J. Developing techniques for making building material from regolith

K. Searching for a practical Lunar alternative to cement, for concrete construction

L. Prospecting and assaying for more valuable minerals on Lunar surface

M. Testing regolith ‘earth’-moving and tunneling equipment designs

20. Develop lunar production facilities (e.g., rocket propellant etc.) as needed

A. Water, hydrogen and oxygen from ice in regolith
B. Iron, aluminum, silicon, thorium, and silane from regolith
C. Helium 3

D. Sintered regolith blocks and feedstock powder

E. Cement or Lunar equivalent, for concrete

F. Habitation construction
G. New parts and spare parts
H. Later, broader industrial production of more complete subsystems

I. Electromagnetic rail gun, stretch goal, as a space launcher
· Mostly local assembly of subsystems produced on Earth

· For delivery of Lunar production to locations in space

21. Develop lunar production facilities for life support (food) at the lunar surface. 

A. Develop large minimum-cost structures for greenhouses
B. Select optimized set of crops for balanced nutrition in minimum space

C. Develop optimized illumination for maximum growth per unit of electrical energy

D. Recycling of water and oxygen from the outset

E. Search for local materials for nutrients and fertilizer

F. Optimize hydroponic configurations for maximum production of plants

G. Consider tanks for farming aquatic life, for animal protein production

H. Later, when feed is available, consider small-sized livestock

· For example, chickens, rabbits, or pot-belly pigs

I. Plant protein likely to be more efficient than animal protein

22. Demonstrate in-space fabrication and construction processes for large scale structures to be used in space.

A. Automated connection of modules by robotic local tug vehicles
B. Inflatable large storage modules
C. Automated in-space assembly of large structural trusses

D. Facility for maintenance of space-based vehicles, providing appropriate protection
· Later, may be extended to construction of vehicles
23. Develop a high efficiency nuclear/electric propulsion system to explore deep space, out to the main asteroid belt, where key raw materials may be found. 
A. Much higher-power ion thrusters, gridded or Hall-effect
B. Multiple ion thrusters in arrays
C. Hybrid ion and nuclear thermal to avoid long spirals in deep gravity wells

D. Plasma thrusters, such as VASIMR, heated by external electrical source

E. Advanced nuclear fission reactor systems to provide power for all above

F. Stretch goal, direct fusion plasma propulsion

· Small fraction of fusion plasma escapes through magnetic pinch nozzle
G. Search for breakthrough propulsion beyond ion and fusion

24. Develop space-based solar power systems for specific needs
A. Small-scale systems

· For expeditionary military, commercial, and scientific remote bases on Earth

· For Lunar non-polar bases, which experience two-week frigid nights

· For bases at Near-Earth asteroids

· Demonstration of technology for large-scale systems below

B. Large-scale systems

· For remote urban areas on Earth, with limited access to surface energy sources

· Later, for augmenting other sources for the power grid on Earth
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