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Abstract


This article describes a proposed architecture for the relatively inexpensive and rapid establishment of a basic, functioning cis-lunar transportation infrastructure with as little as a single launch.  This may be accomplished by sending an upper stage-derived lunar lander on a one-way mission to the lunar surface with teleoperated, equipment to harvest and process lunar ice into propellant thereby initiating transportation circuits into cis-lunar space from the Moon.


Depending upon the chosen launcher and choice of propellant, sufficient teleoperated equipment could be sent to the lunar surface on the initial mission.  A solar array would be telerobotically set up at a "Peak of Eternal Light" on a rim of a permanently-shadowed crater.  Options for connecting power from the solar array to ice harvesting operations at the bottom of the shadowed crater are discussed including beamed power and shooting or draping a wire while the lunar lander hops from the rim to the floor.


Design of surface equipment would be informed by a preceding prospecting mission.  Surface equipment would include two dexterous telerobots, two combination harvester/steamer/transporters, and distillation and electrolyzing equipment.  Volatiles would be steamed from the icy regolith and the water separated by distillation and electrolyzed within the lunar lander with liquid hydrogen (LH), and liquid oxygen (LOX) being stored in its propellant tanks taking advantage of the 33 Kelvin ambient temperatures to assist with storage of the cryogenic propellants before use.


Upon refueling of the lander, it would lift off and first fly to low lunar orbit (LLO), deposit water there in a bag, and then head back to the work site on the lunar surface and continue the ice harvesting operations.  When approximately 80 tonnes of water was deposited at LLO, a later refueled lunar lander would attach to it and push it to a higher orbit such as Earth-Moon Libration Point 2 (EML2) to be available as shielding for future crewed interplanetary missions.


Later, a cryogenic upper stage modified to act as an orbital transfer vehicle (OTV) would be launched to EML2 where a fully fueled lunar lander would ascend from the Moon, dock with the OTV and transfer propellant before returning to the lunar work site.  The refueled OTV would then return to Low Earth Orbit (LEO) using aerobraking and arrive at any orbital inclination and thereby be prepared to connect with and provide propulsion service for both government and commercial customers.  Propulsion service could include boosting satellites, scientific probes, debris, and government and private crewed craft.  After providing service, the OTV would then return to EML2 where it would be ready for refueling.  In our proposed architecture, propellant depots at LEO are not necessary provided that cryogenic propellants within the OTV can be safely aerobraked into LEO.


Strategies for reducing and managing risk are discussed including how to manage breakdowns expected during ice harvesting operations.  Costs for the initial and subsequent missions are estimated.  Potential sources of revenue are discussed.  It is proposed that the current NASA public-private programs be succeeded by "Lunar COTS" programs to incentivize the development of a cis-lunar transportation system by various companies using their own proposed solutions of which the Cis-lunar One concept could be one.  The many benefits to NASA and the market for such a program are listed.


This article concludes by briefly describing what could follow the establishment of the cis-lunar transportation infrastructure using the Cis-lunar One approach.  With just a few launches but numerous flights, the OTVs and lunar landers could be human-rated.  Humans could return to the Moon specifically for the purpose of maintaining the telerobotic workforce as well as the production of the simpler telerobotic parts using in situ metals.  Mention is made of the implications that such a locally-supplied, permanently crewed base would be for approaching the goal of a permanent settlement.
I.   Introduction
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           his paper describes a proposed architecture for the establishment of cis-lunar infrastructure 
          based upon the harvesting of ice in the permanently shadowed craters at the lunar poles for propellant.  This could be used to provide water, propellant, and propulsion service to various points in cis-lunar space.  Such propellant would reduce cost of the transportation system itself while also serving multiple government and commercial customers.  This system could later be human-rated thereby setting the stage for the low-cost and permanent return of crew to the lunar surface.
II.   Unique Benefits of the Cis-lunar One Architecture

Concepts for the establishment of a cis-lunar transportation infrastructure have been described including by Spudis and Lavoie1, United Launch Alliance (ULA)2, 3, 4, 5, and Shackleton Energy Company6.  Each of these concepts have some similarities and differences compared to the Cis-lunar One architecture described in this paper.


The Spudis, Lavoie paper aims at establishing a sustainable cis-lunar transportation infrastructure based upon the harvesting of lunar polar ice with a goal of producing at least 150 metric tonnes of propellant each year.  They estimated the cost of the establishment of their transportation infrastructure using the NAFCOM method of cost accounting which came to $87 billion funding from NASA.  At this level, a fundamental realignment of NASA’s human space flight (HSF) would be necessary requiring either a very large increase in NASA’s budget or the termination of several major budgetary items.  In contrast, the Cis-lunar One architecture proposes using the much lower cost public-private approach demonstrated with considerable success in recent years.  Please see section X for further details.  Our architecture also greatly simplifies the number of steps necessary in order to achieve significant production of propellant.  For example, the intermediate-sized lander proposed in the Spudis-Lavoie paper is not necessary in our proposed architecture.  The number of missions needed before the production of propellant is also greatly reduced.

A number of studies have been published in recent years by individuals working for ULA describing their Advanced Common Evolvable Systems (ACES) concept which proposes the modification of a Centaur upper stage to be a cryogenic lunar lander.  The fundamental difference between their concepts and ours is that they envision their lander being expendable whereas the point of our architecture is to establish a sustainable cis-lunar transportation infrastructure based upon reusable landers.  It should be noted that Masten Space Systems has collaborated with ULA for a variant of the ACES concept in which the cryogenic lander would be reusable.  Our proposed architecture takes elements from the ACES concept and incorporates them into the overall context of a cis-lunar transportation system using reusable landers refueled with propellant derived from lunar polar ice.

Shackleton Energy Company published a paper proposing a strictly commercial approach to eventually establishing a reusable cis-lunar transportation system based upon the harvesting of lunar polar ice for propellant.  However, their approach is quite different than ours in that it envisions starting with LEO depots first supplied with propellant from Earth and then later supplying propellant to those depots from propellant derived from lunar polar ice.  The major differences between our Cis-lunar One architecture and theirs is that we propose that the initial funding come through a public-private program and that the cis-lunar transportation infrastructure be initially established by leap frogging LEO depots and going immediately for the lunar polar ice.  By so doing, in-space propellant can be achieved while providing cis-lunar propulsion service in all orbital planes without the need for LEO depots in each desired orbital plane.


Finally, we would like to make note of the most recent paper published on the topic namely that being from Miller, et al7.  While short on technical details, this study clearly points to public-private programs in order to greatly reduce the cost of returning humans to the surface of the Moon and establishing a cis-lunar transportation infrastructure based upon the harvesting of lunar polar ice for propellant.  Their concept differs significantly from our in that it envisions the provision of propellant to lunar orbit whereas we propose that propulsion service be delivered to all parts of cis-lunar space.  Also, they envision returning crew to the lunar surface prior to any attempt to produce propellant telerobotically whereas we envision just the reverse by sending telerobotic ice-harvesting equipment first and then, after the medium-sized landers gain flight experience, they would be human-rated for the delivery of crew.  None-the-less, we consider our proposal as being an example of how the overall goals of the Miller et all paper could be achieved.

The Cis-lunar One concept envisions the establishment of a cycling cis-lunar transportation system after the launch.  It aims to deliver teleoperated ice harvesting equipment to the lunar north pole of sufficient size and redundancy to complete the processing of enough ice into propellant such that the craft can begin cis-lunar circuits.  Propulsion service would be able to be provided to any LEO orbital inclination without the necessity of propellant depots there.  Additional launches from Earth would simply augment this transportation system.  Later, humans would land at the crater rim in order to receive, maintain, and greatly scale the telerobotic workforce largely using in situ resources.


Total costs are estimated at $17.7 billion (see Section X).  It is proposed that this approach be funded through the NASA public-private partnerships which have proven so successful.
MY PREVIOUS TEXT FOR THIS SECTION MAY BE BETTER
III.   Lunar Resources
A.  Volatile and Non-volatile Resources


We believe that current evidence suggests that the lunar polar region provides a unique set of resources that could not only be the basis for a low-cost, cis-lunar transportation infrastructure but could also sustainably support missions beyond the Earth-Moon system as well as the establishment of a permanent lunar settlement.  The reader is directed to the article, “Lunar Resources: A Review” by Ian. A Crawford for an overview of these resources8. 


Key to our proposal for the Cis-lunar One transportation infrastructure based upon lunar polar ice are areas of persistent illumination on the rims of certain polar craters in close proximity to the large quantities of frozen volatiles in their permanently-shadowed floors.  Between these two resources we see all that is necessary for the harvesting and production of lunar polar volatiles for propellant needed to fuel a sustainable cis-lunar transportation infrastructure.

The proximity of these lunar resources to the Earth is important for two particular reasons.  First, we believe that the 3-second round trip delay is sufficiently short to allow operators on Earth to have sufficient control over telerobots such that crew in lunar orbit or on the lunar surface is not needed to adequately control them.  Secondly, the proximity of the Moon to the Earth allows for the possibility of a transition from government financial support to increasing levels of market support as the transportation system begins serving various markets in cis-lunar space.  We believe that such business cases are far easier to make than for Mars and perhaps for asteroid mining as well.


Although not a focus of this paper, we also note that lunar resources within the regolith and specific lunar rocks could play a key role in providing for the material needs of an expanding telerobotic workforce and the material needs of future lunar crew / settlers thereby making them increasingly Earth independent.

B.  Prospecting Missions


It is recognized that, before the initial Cis-lunar One mission can be executed, there needs to be a good understanding of the physical distribution and nature of the lunar polar ices.  NASA's LCROSS mission demonstrated the presence of ice in Cabeus Crater at concentration of 5.6% water ice by weight (one part per 18).  By itself, this location's ice is in high enough concentration to justify WRITE MORE
IV.   Transportation Choices
A.  The Choice of Launcher


Although the launcher in Figure 5 is shown to be a Falcon Heavy, architectures using other launchers are possible.  For example, if a Delta IV Heavy were used, two launches could suffice for the first mission.  A single Delta IV heavy would be sufficient for later OTLV launches once the cis-lunar propulsion service became available.


Similarly, a Space Launch System (SLS) would be more than sufficient to launch an initial OTLV which could be fueled with methane and LOX.  Conceivably, the use of the SLS in support of the overall series of missions could give the SLS ample launches resulting in NASA receiving planetary surface experience and propellant at LEO enabling a variety BLEO missions by enhancing the capabilities of each SLS launch.
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Figure 5: The Orbital Transfer and Landing Vehicle (OTLV)


The three choices for propulsion during these legs and the resulting payload to the Moon are seen in Table 1.
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Table 1: Choice of launcher(s)
B.  The Choice of Fuel
The three choices for propulsion during these legs and the resulting payload to the Moon are seen in Table 1.

	Table 1: Choice of Fuels: Assume 53 tonnes at LEO and 15% dry mass

	Rank
	Initial                  LEO - L1 - LLO
	Initial                   LLO - Moon
	Payload to Moon (kg)

	1
	Ion
	Methane
	16,488

	2
	Hydrogen
	Hydrogen
	3,130

	3
	Hydrogen
	Methane
	1,539

	X
	Methane
	Methane
	-1,478



                       Table 2: Choice of Fuels
When looking at the options derived from Tables 1 and 2, it seems that either the Initial Mission would need to be launched on an SLS, two Falcon Heavies, or ion propulsion would have to be used.  A single Falcon Heavy delivering 3,130 kg of payload to the lunar surface might be sufficient to deliver the needed equipment to the Moon but that would be borderline possible.
C.  The EML Depot and the Major Transportation Circuits


An initial propellant depot (See Figure 4) would be a reflective Mylar shielded LOX tank.  Its location is chosen as L1 as opposed to LLO in order to shorten the longest leg of the Cis-lunar Circuit - namely going from the L1 depot to LEO using aerobraking and then especially from LEO back to the L1 depot for refueling.  In this way the maximum amount of payload can be delivered per trip while using methane as the fuel.  L1 also serves as a good location for missions departing from the Earth-Moon system.


During operations, there will be two transportation circuits: the L1 Circuit and the Cis-lunar Circuit.  The purpose of the Cis-lunar Circuit is to provide lunar-sourced deliveries and propulsion service to LEO.  However, given the total delta-v for a Cis-lunar Circuit, it would not be possible to complete that Circuit without refueling at some point along the way.  As a result, the L1 Circuits are necessary to supply water and LOX at the L1 depot.
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Figure 6: Demonstration of deployment of propellant depot shade.  Credit: ULA.
V.   Design Choices of the In-space Craft
NAMED VEHICLES?
At the heart of our architecture are variants of an in-space craft.  These variants would be cargo and crewed lunar landers, an orbital transfer vehicle (OTV), and an in-space propellant depot.  The propellant depot would largely be composed of cryogenic propellant tanks, thermal shielding, and cryo-cooling equipment.  The OTV would be the same propellant tanks, one or more cryogenic engines, and a heat shield.  The lunar lander would have the cryogenic propellant tanks and landing legs.  The commonality of tanks and engines would reduce the cost of developing the variants.


For the purpose of this paper, we are focusing upon the initial mission which we propose would be the launch of a lunar lander with a cargo module and an OTV.  We believe that these two elements are sufficient to initiate a basic cis-lunar transportation infrastructure even potentially with just the first launch.  For the initial launch, the OTV would essentially double as a drop tank for the lunar lander so that it would be dropped nearly empty at an EML point while the lunar lander would be maximally fueled and so could deliver the greatest possible mass of hardware.
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Figure 1.  ULA - ACES
Figure 2.  Masten - Xeus 


In section VIII we describe the various transportation networks which will require an EML depot.  However, we believe that, initially, a lunar lander bringing propellant up from the Moon could transfer propellant directly into an OTV thereby allowing for the initiation of the cis-lunar propulsion service including at LEO.  However, for the sake of time efficiency, a propellant depot at an EML point will be necessary later on.  Later launches would deliver this depot as well as scale up the transportation system by delivering more craft and surface hardware.


The OTV would be a “reusable space truck” constantly ferrying from a lunar lander or depot at an EML point to LEO and back.  As it would always remain in space, it would have no need of landing legs.  Because it would use aerobraking in the high atmosphere of Earth to greatly reduce the delta-v needed to return to LEO, it would have a reusable, extendable heat shield or possibly A plasma dynamic aerocapture system. (9)


The lunar lander variant would have no heat shield but rather would have landing legs.  Its main engine would be a restartable, throttleable cryogenic engine such as an RL-10 or other hydrolox engine.  The lander would mass about 5.8 tonnes dry, 34 tonnes fueled, and about 99 tonnes fully fueled and loaded with water payload.  It could be launched on a Falcon Heavy or other launchers or combination of launchers with equal or greater capability (See Section V).  We envision that the lunar lander would probably have four to six thrusters as it landed on the lunar surface landing belly down thereby allowing for simplified discharge of cargo.
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Figure 3.  Relative size comparisons.
Figure 4: Variants of craft within the architecture.

A.  The Size of the Craft

Figure 2 shows the size of the OTLV as compared to other well-recognized craft.  This demonstrates that the OTLV envisioned here would be a substantially large craft.  However, in the configuration suggested here where the OTLV served as its own upper stage, the OTLVs fuel tanks would be partially empty upon arrival at its temporary parking orbit at LEO.  If launched on a Falcon Heavy, the total mass delivered to the lunar surface would be substantially less than that delivered by the Saturn V.  However, the Initial Mission, would be a one-way trip and so additional payload could substitute in the place of the return propellant.  A major advantage of the OTLV being its own upper stage is that the OTLVs tanks could be large which is very helpful when making transportation circuits from the Moon to L1 and back to LEO.

VI.   The Initial Mission
A.  Traveling to the Moon


The Initial Mission (See Figure 7) would use either an SLS or a partial Falcon Heavy launcher.  Upon achieving a parking orbit, the OTLV would accelerate into a trans-L1 trajectory.  At L1 the shielded LOX depot would be left at L1.  The depot would also contain solar panels in order prevent boil-off.  The OTLV would then proceed to a stable low lunar polar orbit of 86 degrees where four small satellites would be released for communication links and possibly a lunar positioning system (LPS).
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Figure 7: The initial mission deploying various assets

B.  Setting up a Solar Array on the Crater's Rim


The initial target would be near a “peak of eternal light” of a permanently shadowed crater on the north pole (See Figure 5).  After landing, the OTLV would immediately discharge a small, dexterous teleoperated rover which would head to a peak of eternal light where it would establish an array of solar panels to power operations.  The solar panel farm would be some distance from the OTLV and rotated to avoid blast.  Final remote prospecting could be conducted by before the final crater floor worksite is chosen.  This remote prospecting could use various imaging techniques, and/or "interrogating" different areas of the floor using a laser or even launching projectiles to kick up the icy regolith for imaging.
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Figure 8.  North pole illumination map.
Figure 9.  Illumination map.
C.  Establishing Power for Operations

Leaving one dexterous telerobot behind, the OTLV would lift off, hover briefly, drop a wire to the ground, and then immediately spool out more wire based upon the OTLVs movement thereby draping wire down the side of the crater towards the permanently-shadowed worksite.  Some of the wire could conceivably be thin superconducting tape in order to reduce mass.  Alternately a trade study of power options could include nuclear power, fuel cells, or beaming power from the solar farm to a receiver at the shadowed worksite.  The most energy intensive part of the process will be electrolysis.  If sufficient power can be transmitted from the solar arrays to the worksite then the electrolysis can be conducted at the worksite within the permanently-shadowed crater.  If not then the OTLV can be loaded with water and the OTLV can use its residual propellant to hop from the worksite back to the solar array where there is sufficient power for the electrolysis, however, shading of the OTLV would need to be established perhaps along with active condensation.
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Figure 10.  Concept for a low-mass method
Figure 11.  800 meters of
Figure 12.  Method for safely 
of achieving large a large area for solar cell 
superconducting tape.
connecting solar panels to the ice-
sheets.
Credit: Fujikara Ltd.
harvesting site on the crater floor.
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Figure 13: Basic arrangement for ice harvesting operations.  Solar panels at a persistently sunlit peak sends electricity down a wire draped over the edge of a permanently shadowed crater connecting to the reusable cryogenic lunar lander.  A dexterous telerobot is available to switch out spare parts.  An ice harvester drives a short distance, excavates the icy regolith, take it into its body, steams out the volatiles, discharges the dry regolith, keeps the volatiles in on-board tanks.  When the tanks are full the harvester returns to the lander where the volatiles are distilled and electrolyzed.  The lunar lander could then depart from the crater floor directly to orbits in cis-lunar space.
Later, a decent-sized excavator and processing equipment would be discharged from the OTLV.  The excavator would immediately search and begin the excavation of the icy regolith.  It would then bring it back to the processing equipment where volatiles would be steamed from the regolith.  Dry regolith would be discarded to the side and the condensate would then be distilled and fractionated.  All fractions would be stored for later use.  The LCROSS mission demonstrated that volatiles make up about 15% of the icy regolith in the permanently shadowed crater near a lunar pole.  The water in the ice was found to be at 5.6%10 (one part per 18).  The ice was also found to contain appreciable amounts of carbon monoxide and other carbon-containing species.  This opens the possibility of methane for fuel due to its far higher boiling point than hydrogen’s and therefore greater ease of handling and transferring (Methane = 109 K; Hydrogen = 20 K).
VII.   Lunar Surface Operations
A.  Development of Lunar Surface Hardware
COMMUNICATIONS LINKS


During the surface hardware development phase of the Lunar Surface Operations program mentioned in section XI, it is envisioned that participating companies would iteratively develop the lunar surface hardware in facilities (including NASA facilities) that would simulate the anticipated lunar environment.  This could include simultaneous vacuum, cryogenic temperatures, icy abrasive regolith, 3-second telerobotic delay, and suspending 5/6th of the weight with tethers.  As the engineers succeed in getting the equipment to work in this environment, it would increase the level of confidence that they would similarly work in the environment of shadowed lunar polar craters.  Iterative laboratory development would also allow for an understanding of what spare parts are most likely to be needed and how they could be designed to allow for the simplest replacement using dexterous telerobotos.

Various approaches could be considered for managing the challenges of operating the telerobotic equipment in the challenging environment of the shadowed lunar poles.  Aluminum is a uniquely favorable metal for use in cryogenic temperatures as it gets harder at lower temperatures.  This is evidence by the choice of aluminum for liquid hydrogen propellant tanks.  Also, “body heat” could be used as the vacuum means that heat low would be slow due to lack of convection.  Equipment could be designed such that the telerobots joints are kept far from the abrasive regolith and the ice harvester could afford to operate slowly thereby reducing dust because the rate of icy regolith that would need to be processed within a duty cycle is modest.  The automatic suspension of regolith harvesting could be triggered if on-board sensors detected a problem such as the hitting of a sizeable rock.  This would give the teleoperators on Earth the time necessary to assess the situation and take appropriate actions.
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Figure 14.  Simulating the Lunar Environment.  The Space Power Facility, lunar regolith simulant, and suspending 5/6th of a telerobot's weight.  Credit: NASA

B.  Dexterous Telerobot
Two dexterous telerobots would be needed on the initial mission (See Figure 14).  They would be used connecting wires to the solar panels and the lunar lander, swapping out spare parts, and other contingencies needing dexterous telerobotic manipulation.  Release mechanisms on spare parts would be specifically designed to ensure that the dexterous telerobot would be able easily remove and replace them.  Should one dexterous telerobot break down, another dexterous telerobot would replace spare parts on it.  Whereas dexterous telerobots might be able to conduct simple repairs of broken equipment, it is not assumed that such repairs would be possible until crew were to arrive during a later phase.  Rather, uncrewed landers would deliver those spare parts anticipated or found to be needed.
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Figure 15.  Dexterous telerobot for set-up and
Figure 16:  Regolith harvester.  Credit: NASA.
the replacement of spare parts.  Credit: NASA.
C.  Ice Harvester

The specific design of the ice harvester would have to await the finding of the lunar polar ice prospecting missions starting as early as 2018.  For the purposes of this paper, it is assumed that the ice is mixed within fluffy regolith and at the 5.6% concentrations consistent with the LCROSS findings.  The number of pieces of telerobotic equipment necessary for the harvesting and processing of ice would be no more simplified than in the design of the ice harvester.

It is envisioned that it would be somewhat similar in design to the regolith harvester pictured in Figure 15 with the exception of having volatile storage tanks on top, radiator panels, and that the interior would be able to close over the icy regolith taken in and then steamed out using simple heating or microwave elements with the regolith potentially being rotated similar to the method used by a clothes dryer.  The resulting dry regolith would be discharged out the back and the rover could continue to move forward slightly to access more icy regolith.  The volatiles would steam out of the belly of the ice harvester, through radiators, and condense into liquid thanks to the ambient temperatures reaching as low as 33 Kelvin.  This process would continue until the on-board volatile tanks were filled with liquid volatiles.  At this point the ice harvester would return a relatively short distance to the lander and transfer its volatiles into holding tanks for further processing.  Please recall the comments made in Section VII A about how the equipment would be designed to operate in the cryogenic and abrasive environment.  MENTION HOW TO AVOID EQUIPMENT FREEZING.
D.  Separation of Water from the Other Volatiles

Once connected to the lander, the water would be separated from the other volatiles using either distillation or filtering methods using equipment either on board the ice harvester or the lander.  While connected to the lander, the batteries of the ice harvester would also be recharged using the electricity coming down from the solar panels on the craters rim, via the connecting wires, and through the lander.  BASED UPON FINDINGS OF NASA’S PROSPECTOR MISSION.
E.  Water Electrolysis and the Storage of Propellants

After the purified water is pumped into a water-proof storage tank on the lander (perhaps its cargo bay), electrolysis equipment would proceed to separate water into hydrogen and oxygen gas.  These gasses would bubble up into their appropriate propellant containers.  The ambient 33 Kelvin temperatures would naturally condense the oxygen however the hydrogen would need a bit more energy and condensation equipment to liquefy the hydrogen into liquid form.

It would appear that the electrolysis of the water into propellant would be the rate-limiting step of the entire operation.  Electrical engineering calculations.  
VIII.   Transportation Networks

There would be three routes of the cis-lunar infrastructure:

· The Initial Launch – This would be a one-way trip of an OTLV filled with fuel and equipment from LEO to LLO.  This will deliver about 9 tonnes of equipment to the lunar surface.

· The L1 Circuit – From the lunar surface to the L1 depot and back in order to provide the water and fuel needed to complete the Cis-lunar Circuit.  This will deliver about 21 tonnes of water to the L1 depot.

· The Cis-Lunar Circuit – Starting from the lunar surface, a fully fueled OTLV travels to the L1 fuel depot, and loads its water payload and some fuel.  It then departs for Earth, performs aerobraking, circularizes into LEO, and delivers as much as 65 tonnes of water to the LEO depot.

Initially, there are options for interim missions which demonstrate aspects of complete circuits without requiring all of the fuel nor full aerobraking.


Additionally there are two manned missions.  In the Manned Landing Mission, astronauts are taken from Earth's surface to LEO using a man-rated launcher.  They would then dock and transfer into an OTLV which would proceed to deliver them to the lunar surface.  For a Manned Return Mission, astronauts could take an OTLV from the lunar surface to either LEO for transfer to a capsule or even conceivably directly to Earth's surface in an extreme emergency losing part or all of an OTLV in the process.
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Figure 16: The L1 Circuit filling the L1 depot. 
Figure 17: Delivering water, propellant, or 
propulsion.
IX.   Proposed Funding Mechanism

It is proposed that the development of a cis-lunar transportation infrastructure be funded by means of a NASA public-private partnership very much like the current such programs.  The current COTS, CRS, CCDev, and CCICap programs are widely recognized as being one of the most successful of NASA programs.  A NASA study in 2012 found that the development of the Falcon 9 cost NASA only about a third of what it would have cost if the traditional FAR approach had been used.  These public-private approaches require that the private companies invest some of their own money, NASA oversight is reduced, and payments are made only after the companies reach their milestones.  Any cost overruns are eaten by the companies so that NASA's stays on budget.  Just like the goal of the current commercial programs is for the companies to get to the point where the markets are sharing the burden for the new commercial services, likewise, with the Lunar COTS program, the goal would be for the companies to provide in-space propellant to not only NASA but to other entities in the market.  In this way, NASA could help American commercial companies to extend America's commercial space to include the resources of the Moon.

The Lunar COTS program would be composed of four parts:
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Table 3: Comparison of the current and proposed public-private programs.

Parts 1, 3, and 4 each have their parallels in the current commercial programs.  Only Commercial Lunar Surface Operations would be a new approach.


In the Commercial Cis-lunar Supply Service, it is proposed that NASA would serve as the anchor tenant guaranteeing the purchase of a set amount of propellant at a fixed price.  It is suggested that NASA could agree to the purchase of not only its current BEO propellant needs but perhaps ten years' worth of their propellant needs.  This would provide the financial base and time from which the participating companies could begin to develop new markets given low-cost LEO propellant.


A Lunar COTS petition has been set up at LunarCOTS.com to encourage NASA to follow-up its current commercial programs with the Lunar COTS programs.  Signers of the petition include those from NASA, industry, advocacy, academic, and media backgrounds.


Should Lunar COTS funding not be made available, it is none-the-less calculated that revenue from just the first Cis-lunar One mission could pay for development costs and begin showing a profit.  In brief, each 65 tonne delivery of propellant to LEO would be valued at about $5,000/kg totaling $325 million per delivery trip.  In about two-and-a-half trips, the program would break even and start to return a profit.

X.   Estimated Costs


We assume that the Lunar COTS programs will cost no more than the current public-private programs.  In recent years, these have gone roughly from 3 to 5% of NASA’s budget.  Given that our proposed program includes lunar surface operations for which there is no analogy in the current programs, we believe that a maximum of 7% of NASA’s budget is a reasonable estimate.  This comes to $1.26 billion per year.  But again, we consider this to be an upper limit because neither in-space vehicles nor surface equipment have the equivalent challenge of launch from the surface of the Earth through atmosphere and staging.  Over the 16 years laid out in the timeline in Section XI this would come to $20.15 billion and result in a permanent base with a crew of eight.

Given the relatively small portion of NASA’s budget for the development of a cis-lunar transportation system, lunar surface propellant infrastructure based upon polar ice, and the establishment of a permanently crewed lunar base, we believe that it should be possible to do this while also simultaneously pursuing other priorities including early steps towards sending crew to the Martian system.
XI.   Timeline

Appendix A shows the timeline of NASA’s Commercial Cargo and Crew programs along with the analogous timeline of the cis-lunar and lunar public-private programs proposed in this paper (aka “Lunar COTS”).  The current public-private programs have largely kept to their timetable with only modest delays expected given the uncertainties involved.  The assumption is that the Lunar COTS programs would be no more challenging to execute that the current public-private programs and that adequate funding would be provided to keep the programs moving along.

So, by comparison with the current public-private programs the initiation of the various parts of the Lunar COTS programs would be as follows:
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Table 4: Year of initiation of components of the Lunar COTS programs.


We believe that this timeline represents conservative estimates and that time initiation years may be somewhat sooner than that listed.  In-space craft don’t go through anything close to the Max-Q experienced by launch vehicles nor would their crew escape systems have to accommodate those forces.  The in-space craft do not have to stage and may be based upon existing and well-proven cryogenic upper stages and VTVL modules.  Also, companies may incorporate existing crew systems (e.g. capsules).

It should be pointed out that by the time that crew arrives on the surface of the Moon, prior cargo missions could have delivered a large (e.g. 36 meter diameter) inflatable habitat, placed in an existing small crater, inflated, internal supports erected, and then the telerobotic ice-harvesting equipment could have been adapted and utilized to push regolith from the crater’s rim on top of the inflated habitat.  Also, equipment and provisions could have been delivered prior to crew arrival.  As a result, the initial crew could potentially stay for extended periods thereby reducing the cost incurred with crew rotations.
XII.   Reducing and Managing Risks
A.  Recovery of Disabled Assets

- In-space.  Asset could be refueled or repaired in-space telerobotically or manually.


- Disabled craft on the lunar surface could be repaired later as crew arrives.

B.  Spare Parts

- Initial spare parts are based upon development experience of wear-out.


- Later spare part deliveries 

C.  Failure to Establish Power System

- Operations on the crater floor could be conducted using residual propellant in a fuel cell to produce electricity.  Residual propellant could be used to hop to the rim where electrolysis could occur.


- If necessary, a nuclear system could be used as a power source.
D.  Failure to Produce Sufficient Lunar-derived Propellant

- Contingency is to launch propellant from Earth to get the crew to base where they can get the telerobotic system working.

- Alternately, oxygen from lunar rocks could be used for propellant.


- Even if sufficient propellant production is never achieved, the transportation system would still be useful for lower-cost access to a crewed base and production could be used just replace recycling losses of the life support system for the base.
E.  Failure to Achieve Aerocapture

- Could conduct propulsive aerocapture and refuel with propellant launched from Earth.


- Alternate means of aerocapture could be attempted.

F.  Reducing Risk to Crew


- Each launch would result in multiple flights.

- Abort to orbit.


- Refueled lander ready for emergency return to Earth without needing refueling at EML.


- (Stay in doors to reduce radiation, dust, & other risks)

- We believe it safer for crew to fly on a proven lander rather than a brand new one.

XIV.   Commercial Benefits

As with NASA public-private programs for the ISS, the goal of the proposed Lunar COTS programs would be for the participating companies to eventually be supported in part or in whole by non-NASA markets.  NASA would then become just one of many customers purchasing goods and services in a competitive marketplace.


The markets for propulsion and propellant service at LEO is described in Table 5.  The near-term and larger markets are listed first.


Need to develop further. 

XIII.   Benefits for NASA - POLICY (POLITICAL) BENEFITS
A.  Extending America’s Commercial Space

NASA’s public-private partnership programs are broadly recognized as being some of NASA’s most successful programs.  Continuation of those programs beyond LEO would be a logical continuation of the current programs.  Extending America’s commercial space to include the resources of the Moon is consistent with NASA’s updated charter.

B.  Budgetary Stability

This paper proposes that the Lunar COTS programs not be added on to the current budget but rather phase in as the current public-private program begin to wind down.  In this way, the 3-5% of NASA budget directed towards the public-private program could continue while leaving room for NASA’s other major priorities.

C.  Reestablishing Manned Lunar Surface Activities into America’s Space Program


By having a lower-cost, private-led lunar development program while limited to a small portion of NASA’s budget, NASA can address the concerns expressed about leaving the Moon to other nations without having to divert funding and NASA astronauts from the current path towards Mars.  As the manned component of this program develops, NASA could also charter rides for its astronauts to the lunar surface for science missions without having to spend all of the money to develop the capability to do so.

D.  American Leadership in Cis-lunar Space and the Moon

A commercial-led program of cis-lunar and lunar development could ensure that America remains the leader in this arena.  It is clear that most other nations with significant space programs are looking to the Moon.  America can continue to play its leadership role amongst space-faring nations while still pressing forward with a dedicated path towards Mars.

E.  Real-life Experience for Future Operations
Experience with propellant depots could well be important when planning an architecture for a manned Phobos or Martian surface operation.  Lunar telerobotic operations could provide experience of use with telerobotic operations in the Martian system.  Similarly, manned lunar surface operations including off-Earth habitation could provide NASA with useful experience for an eventual manned program.
F.  Reduced Costs of Future Operations

Lower cost propellant and propulsion service at LEO could either:

· Allow for the use of smaller launchers or

· Enhance the payload mass sent beyond LEO
For example, a 70 tonne SLS launch refueled with in-space propellant could see its payload mass sent on TMI approximately double thereby requiring fewer launches and greater mission assurance for missions bound for Mars.

http://spaceshowclassroom.files.wordpress.com/2010/09/090414_depot_for_constellation_update_bienhoff1.pdf
G.  In-space Materials

If it turns out that large quantities of shielding is needed for deep space missions, lunar and asteroidal sources developed in the course of this program could supply that 
XIV.   Preparation for Crewed Lunar Return

- A transportation system can be useful for a large number of purposes.

- International lunar research facility.  But it is here recommended that the infrastructure base be owned and staffed by commercial crew.


- Tourism

- 
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XVI.   Appendices
Appendix 1 – Timeline Comparison of the NASA’s Public-Private Programs and the Proposed “Lunar COTS” Programs
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