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Previous BCAs of Lunar Mining Concepts Contain 
Multiple Assumptions and Draw Different Conclusions

• Charania, A.C., DePasquale, D., “Economic Analysis of a Lunar ISRU Propellant Services Market,” IAC Paper 07-A5.1.03, 
2007

• Financial model computes sales price/kg such that NPV(0.217, 18) = 0; uses $80K/kg for equipment capital costs + $90K/kg for lunar 
deployment (FY19); 20.94 mt mine (including nuclear power plant) produces 49.4 mt/year of propellant.

• Three main delivery scenarios—lunar surface, LLO, GEO—with variations; sales prices are $35.3K/kg, $176.1K/kg, >$9M/kg respectively.

• Kornuta, D., et al., “Commercial Lunar Propellant Architecture,” CSM/ULA, 2018. 
• Financial model computes NPV and IRR; uses $100K/kg for equipment capital costs + $35K/kg for lunar deployment; 30 mt mine producing 

1640 mt/year of propellant.
• Seven demand scenarios with two resulting in NPV < 0 and five > 0; LEO delivery market is worse case; price depends on delivery location.

• Jones, C., et al., “Cost Breakeven Analysis of Cis-lunar ISRU for Propellant,” AIAA-2019-1372, SciTech Forum 2019.
• Uses kg/(kg/year) + $/kg leveraged from CxP for surface mining systems; LSPC for commercial LVs, but RoM for SLS; none revealed.
• To a cis-lunar aggregation point, “lunar ISRU propellant is 97% more expensive than Earth-based propellant.” $40K versus $78K per kg.

• Pelech, T., Roesler, G., Saydam, S., “Technical Evaluation of Off-Earth Ice Mining Scenarios Through an Opportunity Cost 
Approach,”, Acta Astronautica 162 (2019) 388-404.

• Avoids costs and NPV altogether; instead uses Propellant Payback Ratio (PPR); contains many useful mining equations.
• Lunar in situ ice sublimation has a PPR < 1 even after many years.

• Bennett, N., Dempster, A., “Geosynchronous Transit Orbits as a Market for Impulse Delivered by Lunar Sourced 
Propellant,” submitted to Planetary and Space Science, 2019.

• Uses the same $/kg factors as in Kornuta; calculates NPV and IRR; relies on propellant “burn-to-deliver ratio” calculated from the rocket 
equation.

• GTO is a more viable market than LEO for impulse delivery; NPV and IRR are much higher (and > 0) due to smaller scale of lunar operations. 



Purpose
• Establish the case for the proposed ISRU technology against delivering 

propellant from Earth (or other alternative).  
• Establish at what level of demand, if any, does the business case close.
• Determine if and where tipping points occur.  

• Develop an engineering-based production rate model for the 
proposed ISRU technology that enables tradespace exploration.

• Provide quantitative estimates for design parameters for cost models.
• Determine which design parameters in the design vector have the greatest 

effect on production
• Determine which feasible combinations of those design parameters make the 

most sense

Note: Each technology requires a custom production rate model



Establishing the Business Case: Lean BCA Framework
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Lunar Thermal Mining in Permanently Shadowed Craters



Lunar Thermal Mining Concept of Operations

Source: Sowers, G., Dreyer, C., and Williams, H., “Ice Mining in Lunar 
Permanently Shadowed Regions,” Colorado School of Mines, 2019.



Lunar Thermal Mining Production Model: “Threads of Calculation”



“Threads of Calculation” from Tent Downtime to Annual Tent Moves and 
Annual Production



Lunar Thermal Mining Production Model: “Threads of Calculation”

In total so far, the design vector has 22 input variables, excluding physical constants.  



Average Solar Illumination 

𝐿𝐿 = 𝑒𝑒𝑒𝑒𝑒𝑒(2.26844 + 0.00504𝐻𝐻)/(1 + 𝑒𝑒𝑒𝑒𝑒𝑒 2.26844 + 0.00504𝐻𝐻 )

Results for Two TransFormers Located at 
89.9029°S 145.2301°W and 89.6876°S 162.8645°W
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Production Model Engineering Database (Partial)
Maintains configuration 
management for 
tradespace exploration 
input and output data. 

Mass estimates are 
critical to costing these 
surface systems.
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Lunar Thermal Mining In-Service Elements

Depreciation &
Amortization

Scenario 
ID

Equipment 
ID Equipment Name

Equipment 
Operating Location

Required Operational 
Quantity

Required Spares 
Quantity 

1 1 Thermal Tent Mobility/Setup Robotics PSR 3 2
1 2 Cold Trap/Ice Hauler PSR 2 1
1 3 Solar Reflectors (TransFormers) Crater Rim 3 0
1 4 ISRU Water Purification and H2-O2 Production PSR 2 0
1 5 Liquefaction Unit PSR 1 0
1 6 Integrated Cryo-Propellant Hauler w/CFM PSR 2 0
1 7 Thermal Tent w/Secondary Optics PSR 1 0
1 8 Power Generation Station PSR 1 0

Production 
Model


Sheet1

		Colorado School of Mines (CSM) Thermal Mining Model



		Water Requirement				Ice Yield (After Losses)		Ice Sublimated (Before Losses)		Annual Area Mined		Effective Tent Area		Annual Moves		Tent Availability				Hour		Pressure

		kg/year				kg/m2		kg/m2		m2/year		m2		1/yr		%				1		5

		1.60E+06				16.4		18		9.995E+04		640.70		156		100.00%				2		8

								1.80E+01		2.470E+01										3		10

								Assumed depth is 30 cm (0.3 m)		Second number is in acres/year										4		12

		Regolith Percent Water By Weight						Monthly Downtime		Site Dwell Time 		Intersite Move Time		Tent Diameter		Tent Efficiency				5		14

		%						hours		hours		hours		m		%				6		16

		4.00%						0		44		12		29		97.00%				7		18

		Percent water may increase with depth.								Site Dwell Time should be a function of Deposition Rate.										8		20

																				9		22

		Water Production				Annual Harvest		Deposition Rate on CT		Deposition Rate on CT		SQRT Term		Loss Rate 		Loss Rate 				10		24

		kg/year				kg/year		kg/hour		kg/sec		sec/m		kg/sec		kg/hour				11		26

		1.64E+06				1.64E+06		238.26535		0.0661848185		0.0012519914		0.0066184818		23.82653				12		28

								When does sublimation, deposition, and loss reach equilibrium? 												13		30

																				14		30

								Cold Trap (CT) Area		Pressure 		Temperature		Leak Area		Power Req'd				15		30

								m2		Pa		K		m2		kW				16		30

								2		26.4318181818		220		0.2		500				17		30

										How does pressure vary with time?		-53.15		°C						18		30

										What is assumed about the heat transfer rate down through regolith from 220 K at surface?										19		30

		Mass of a Water Molecule		Avogadro's Number		 Regolith Density at Site		Molar Mass of Water		R		pi		Hours Per Year		Months Per Year				20		30

		kg/molecule		molecules/mol		kg/m3		kg/mol		J/mol*K				hours/year		months/year				21		30

		2.991508E-26		6.0221E+23		1.50E+03		1.801528E-02		8.3145		3.14159		8766		12				22		30

				The density of regolith at the Apollo 15 landing site (26.1322°N 3.6339°E) averages approximately 1.35 g/cm3 for the top 30 cm, and it is approximately 1.85g/cm3 at a depth of 60 cm. Average is say 1.5 g/cm3.																23		30

				30 cm is just about one foot (11.8 inches)																24		30

								Temperature		Density of Pure Ice(T)*		S0t/Density of Pure Ice (T)				S0t				25		30

								K		kg/m3		m				kg/m2				26		30

								220		924.58878875		3.60E-05				3.32E-02				27		30

																				28		30

				Areal Density		Sublimation Rate		rc*		Surface Tension*		Time				Mass Fraction [Eq. (15)]*				29		30

		From Reiss (2018)		molecules/m2		kg/m2-sec		m		J/m2		sec				check				30		30

		Residence Time is inverse of 		9.848551E+18		0.0033239805		0.0000000023		0.109		1.00E+01				-43002.2214421818				31		30

		Desorption Rate																		32		30

		Areal Density/Sublimation Rate		Residence Time				r0*		Mass Fraction [Eq. (15)]*		rc - r0				Constants for α(T)***				33		30

		molecule-sec/kg		sec				m				m				2.17		0.5391705069		34		30

		2.962879E+21		8.863474E-05				1.00E-06		-43002.2214421818		-9.98E-07				145.6				35		30

										From Andreas Eq. 15						4.4				36		30

																				37		30

												Sublimation Rate x α(T)		Temperature		Sublimation Coeff, α(T)***				38		30

		Density of Water Vapor at Surface		Effective Tent Volume				Saturation Vapor Pressure(T)**		Saturation Vapor Pressure(T)*		kg/m2-hour		K						39		30

		kg/m3		m3				Pa		Pa		0.0269		180		0.9996061223		-0.8815298602		40		30

		3.486407E-05		6385.02				2.6579544784		2.6549547103				185		0.9977444553		-0.6829924487		41		30

				Hemispheric; probably overstates volume				2.6546414844		From Andreas Eq.4		0.1555		190		0.9902268746		-0.5154407406		42		30

								First is from Andreas Eq. 2						195		0.9652137188		-0.3680089057		43		30

				Evaporation Coeff, B				Second number is alternative eq.		Max Sublimation Rate, S0*		0.6885300121		200		0.8952781062		-0.2334379418		44		30

										kg/m2-sec				205		0.7404758348		-0.1064340195		Average		26.4318181818

				0.75						0.0033239805		1.6330115608		210		0.5042339517		0.0172631981

		Proportion of molecules that do NOT return to the sublimating surface; value reported in Kossacki (2014)								No return flux				215		0.2843743617		0.1414908114

												1.8739909764		220		0.1566053265		0.2701526481

				Mass Transfer Coeff ^				Max Mass Loss Over Dwell Time*		Max Sublimation Rate*				225		0.1031422425		0.4077277362

				m/sec				kg/m2		kg/m2-hour		3.3521590536		230		0.0849699065		0.559945362

				9.53E+01				526.518508686		11.9663297429				235		0.0797712294		0.7348633121

				Includes B								9.2463623849		240		0.0785667041		0.9448320772

														245		0.0783628067		1.2104912824

				Time Constant^^				Max Recession Over Dwell Time		Max Recession Rate***				250		0.0783419357		1.5699199367

				sec				m		m/sec				255		0.0783410223		2.1029852534

				1.05E-01				3.51E-01		2.22E-06				260		0.0783410138		3.0118300363

														265		0.0783410138		5.0031254062

														270		0.0783410138		13.4926601107

				^ From Hegde (2012)				* From Andreas (2007) and reported in Piquette (2017) for planar ice in a vacuum; rate changes by a few percent depending on curvature. 

				^^ Volume / (Mass Transfer Coeff * Surface)				** From Buck (1981) and reported in Andreas (2007)

								*** From Kossacki (2014) in vacuum.		Kossacki adds terms B for return flux coeffcient and α(T) for impurities (not inclued here).



								Tent Mass Loss Over Dwell Time*		Max Sublimation Rate in Tent Area

								kg/m2		kg/hour

								337342.366413664		7666.8719639469		1200.6729871816



												Delivered Thermal Energy Over Dwell Time				Avg Delivered Thermal Power

												kJ				kW

												2.55E+05				1.6072675033

										Less sure of these calculations



												Avg Thermal Power Req'd for Sublimation#				Dwell Time Sublimation Mass

												kJ/kg				kg

												5.95E+03				42.7615394228

												# Based on KSC model as a function of % water





BCA

		Thermal Mining Model -- Business Case Analysis

														Guess		9.00%																Guess		16%

																																NASA Cost Contribution 		30%

				Year		Investment Cost ($M)		Operations Costs ($M)		Price Per Unit ($/kg)		Quantity Sold (mt)		Commercial Revenues ($M)		Profit ($M)				Year		Investment Cost ($M)		Operations Costs ($M)		Price Per Unit ($/kg)		Quantity Sold (mt)		Commercial Revenues ($M)		Profit ($M)		NASA Investment ($M)

				1		$   200.00				$   500.00		0		$   - 0		$   (200.00)				1		$   200.00		$   - 0		$   500.00		0		$   - 0		$   (140.00)		$   60.00

				2		$   300.00				$   500.00		0		$   - 0		$   (300.00)				2		$   330.00		$   - 0		$   500.00		0		$   - 0		$   (231.00)		$   99.00

				3		$   500.00				$   500.00		0		$   - 0		$   (500.00)				3		$   550.00		$   - 0		$   500.00		0		$   - 0		$   (385.00)		$   165.00

				4		$   1,000.00				$   500.00		0		$   - 0		$   (1,000.00)				4		$   1,100.00		$   - 0		$   500.00		0		$   - 0		$   (770.00)		$   330.00

				5		$   470.00		$   87.00		$   500.00		0		$   - 0		$   (557.00)				5		$   500.00		$   95.00		$   500.00		0		$   - 0		$   (445.00)		$   150.00

				6		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				6		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				7		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				7		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				8		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				8		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				9		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				9		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				10		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				10		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				11		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				11		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				12		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				12		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				13		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				13		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				14		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				14		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

				15		$   - 0		$   87.00		$   500.00		1100		$   550.00		$   463.00				15		$   - 0		$   95.00		$   500.00		1200		$   600.00		$   505.00		$   - 0

														IRR = 		9.35%														IRR = 		15.77%





Heat Transfer



										From Frias, et al.,(corrected) Extraction of Volatiles from Lunar regolith Using Solar Power, J.Thermophysics and Hear Transfer, Vol. 28, No. 2, April-June 2014																		0.0000101895		Initial Temperature, K

										m		sec		m2/sec		W/m2		W/m-K		m2		3.14159		-5.70E+00		m2		2.3869E+00		40

										Distance, x		Time, t		Thermal Diffusivity, α		Heat Flux, Q		Thermal Conductivity, k		4αt		4αt/π		EXP Term		SQRT(4αt/π) EXP Term		ERFC Term		Temperature, K

										0.013836		1.20E+03		7.00E-09		1.20E+06		1.00E-02		3.36E-05		1.07E-05		3.35E-03		1.10E-05		0.0007364465		1.3369E+02



														Solar unit heat flux =		1.35E+03

														Solar units =		8.87E+02								Temp (K)		201.15

																														1.33E-07

																								Temp (Celsius)		-72		5.28E-10		-3.80E-08

																								Temp (Celsius)^2		5184		3.63E-12		-1.88E-08

																								Temp (Celsius)^3		-373248		1.03E-13		-3.84E-08

																								Temp (Celsius)^4		26873856		1.15E-15		-3.09E-08

																														6.82E-09

																								Diffusivity





Sheet1 (2)

		Colorado School of Mines (CSM) Thermal Mining Model



		Water Requirement				Ice Yield (After Losses)		Ice Sublimated (Before Losses)		Annual Area Mined		Effective Tent Area		Annual Moves		Tent Availability				Hour		Pressure

		kg/year				kg/m2		kg/m2		m2/year		m2		1/yr		%				1		5

		2.45E+06				24.3		27		9.986E+04		780.12		128		0.8768				2		8

								2.70E+01		2.467E+01										3		10

								Assumed depth is 45 cm (0.45 m)		Acres/year										4		12

		Regolith Percent Water By Weight						Monthly Downtime		Site Dwell Time 		Intersite Move Time		Tent Diameter		Tent Efficiency				5		14

		%						hours		hours		hours		m		%				6		18

		0.04						90		48		12		32		0.9700				7		16

		Percent water may increase with depth.								Site Dwell Time should be a function of Deposition Rate.										8		18

																				9		20

		Water Production				Annual Harvest		Deposition Rate on CT		Deposition Rate on CT		SQRT Term		Loss Rate 		Loss Rate 				10		22

		kg/year				kg/year		kg/hour		kg/sec		sec/m		kg/sec		kg/hour				11		24

		2.43E+06				2.45E+06		398.43375		0.1106760404		0.0012519914		0.011067604		39.84337				12		26

								When does sublimation, deposition, and loss reach equilibrium? 												13		28

																				14		30

								Area (Cold Trap)		Pressure 		Temperature		Leak Area		Power Req'd				15		30

								m2		Pa		K		m2		kW				16		30

								2		44.2		220		0.2		500				17		30

										How does pressure vary with time?		-53.15		°C						18		30

										What is assumed about the heat transfer rate down through regolith from 220 K at surface?										19		30

						 Regolith Density at Site		Molar Mass of Water		R		pi		Hours Per Year		Months Per Year				20		30

						kg/m3		kg/mol		J/mol*K				hours/year		months/year				21		30

						1.50E+03		1.801528E-02		8.3145		3.14159		8766		12				22		30

				The density of regolith at the Apollo 15 landing site (26.1322°N 3.6339°E) averages approximately 1.35 g/cm3 for the top 30 cm, and it is approximately 1.85g/cm3 at a depth of 60 cm. Average is say 1.5 g/cm3.																23		30

				30 cm is just about one foot (11.8 inches)																24		30

																				25		30

		Ice Sublimated (Before Losses) =		 Regolith Density at Site x		Regolith Percent Water By Weight x 0.3														26		30

																				27		30

		 Annual Area Mined =		Effective Tent Area *		Annual Moves														28		30

																				29		30

		Annual Moves =		(Hours Per Year *		Tent Availability)               / 		(Site Dwell Time +		Intersite Move Time) 										30		30

																				31		30

		Tent Availability = 		1 - (Monthly Downtime *		Months Per Year            /		Hours Per Year)												32		30

																Constants for α(T)***				33		30

		Water Production =		Annual Area Mined *		Ice Yield (After Losses)										2.17		0.5391705069		34		30

																145.6				35		30

		Annual Harvest =		Deposition Rate *		Site Dwell Time *		Annual Moves								4.4				36		30

																				37		30

												Sublimation Rate x α(T)		Temperature		Sublimation Coeff, α(T)***				38		30

		Density of Water Vapor at Surface		Effective Tent Volume				Saturation Vapor Pressure(T)**		Saturation Vapor Pressure(T)*		kg/m2-hour		K						39		30

		kg/m3		m3				Pa		Pa		0.0269		180		0.9996061223		-0.8815298602		40		30

		3.486407E-05		8578.64				2.6579544784		2.6549547103				185		0.9977444553		-0.6829924487		41		30

				Half-sphere; probably overstates volume				2.6546414844				0.1555		190		0.9902268746		-0.5154407406		42		30

														195		0.9652137188		-0.3680089057		43		30

				Evaporation Coeff, B						Max Sublimation Rate*		0.6885300121		200		0.8952781062		-0.2334379418		44		30

										kg/m2-sec				205		0.7404758348		-0.1064340195		Average		26.1590909091

				0.75						0.0033239805		1.6330115608		210		0.5042339517		0.0172631981

		Proportion of molecules that do NOT return to the sublimating surface; value reported in Kossacki (2014)								No return flux				215		0.2843743617		0.1414908114

												1.8739909764		220		0.1566053265		0.2701526481

				Mass Transfer Coeff ^				Max Mass Loss Over Dwell Time*		Max Sublimation Rate*				225		0.1031422425		0.4077277362

				m/sec				kg/m2		kg/m2-hour		3.3521590536		230		0.0849699065		0.559945362

				9.53E+01				574.3838276574		11.9663297429				235		0.0797712294		0.7348633121

				Includes B								9.2463623849		240		0.0785667041		0.9448320772

														245		0.0783628067		1.2104912824

				Time Constant^^				Max Recession Over Dwell Time		Max Recession Rate***				250		0.0783419357		1.5699199367

				sec				m		m/sec				255		0.0783410223		2.1029852534

				1.15E-01				3.83E-01		2.22E-06				260		0.0783410138		3.0118300363

														265		0.0783410138		5.0031254062

														270		0.0783410138		13.4926601107

				^ From Hegde (2012)				* From Andreas (2007) and reported in Piquette (2017) for planar ice in a vacuum; rate changes by a few percent depending on curvature. 

				^^ Volume / (Mass Transfer Coeff * Surface)				** From Buck (1981) and reported in Andreas (2007)

								*** From Kossacki (2014) in vacuum.		Kossacki adds terms B for return flux coeffcient and α(T) for impurities (not inclued here).





Sheet1 (3)

		Colorado School of Mines (CSM) Thermal Mining Model



																																								Water Requirement

																																								kg/year

																																								1.60E+06





																										Seconds Per Hour								Regolith Percent Water By Weight				 Regolith Density at Site

																										sec/hours								%				kg/m3

																										3600								4.00%				1.50E+03

																				Hour		Pressure

																				1		5				Months Per Year

																				2		8				months/year														Cold Trap (CT) Area

																				3		10				12														m2

								Assumed depth is 30 cm (0.3 m)		Second number is in acres/year										4		12												Ice Sublimated (Before Losses)						2

																				5		14				Monthly Downtime				Tent Availability				kg/m2

																				6		16				hours/month				%				1.80E+01

																				7		18				0				100.00%

		Percent water may increase with depth.								Site Dwell Time should be a function of Deposition Rate.										8		20																				Deposition Rate on CT		Deposition Rate on CT				Pressure 

																				9		22				Hours Per Year																kg/hour		kg/sec				Pa

																				10		24				hours/year								Ice Yield (After Losses)								238.26535		0.0661848185				26.4318181818

																				11		26				8766								kg/m2

																				12		28												1.64E+01

								When does sublimation, deposition, and loss reach equilibrium? 												13		30

																				14		30				Intersite Move Time				Annual Moves								Water Production		Annual Harvest										Temperature

																				15		30				hours				1/year								kg/year		kg/year										K (below: °C)

																				16		30				12				156								1.64E+06		1.64E+06										220

																				17		30																												-53.15

																				18		30

										What is assumed about the heat transfer rate down through regolith from 220 K at surface?										19		30

																				20		30																				Loss Rate 		Loss Rate 				SQRT Term

																				21		30																				kg/hour		kg/sec				sec/m

																				22		30								Site Dwell Time 				Annual Area Mined								23.82653		0.0066184818				0.0012519914

				The density of regolith at the Apollo 15 landing site (26.1322°N 3.6339°E) averages approximately 1.35 g/cm3 for the top 30 cm, and it is approximately 1.85g/cm3 at a depth of 60 cm. Average is say 1.5 g/cm3.																23		30								hours				m2/year (below: acres/year)

				30 cm is just about one foot (11.8 inches)																24		30								44				9.995E+04

																				25		30												2.470E+01

		Ice Sublimated (Before Losses) =		 Regolith Density at Site x		Regolith Percent Water By Weight x 0.3														26		30																		Leak Loss Area								Molar Mass of Water

																				27		30																		m2								kg/mol

		 Annual Area Mined =		Effective Tent Area *		Annual Moves														28		30																		0.2								1.801528E-02

																				29		30								Tent Diameter				Effective Tent Area

		Annual Moves =		(Hours Per Year *		Tent Availability)               / 		(Site Dwell Time +		Intersite Move Time) 										30		30								m				m2														R

																				31		30								29				640.70														J/mol*K

		Tent Availability = 		1 - (Monthly Downtime *		Months Per Year            /		Hours Per Year)												32		30																										8.3145

																Constants for α(T)***				33		30

		Water Production =		Annual Area Mined *		Ice Yield (After Losses)										2.17		0.5391705069		34		30																										pi

																145.6				35		30												Tent Efficiency

		Annual Harvest =		Deposition Rate *		Site Dwell Time *		Annual Moves								4.4				36		30												%														3.14159

																				37		30												97.00%

												Sublimation Rate x α(T)		Temperature		Sublimation Coeff, α(T)***				38		30

		Density of Water Vapor at Surface		Effective Tent Volume				Saturation Vapor Pressure(T)**		Saturation Vapor Pressure(T)*		kg/m2-hour		K						39		30

		kg/m3		m3				Pa		Pa		0.0269		180		0.9996061223		-0.8815298602		40		30

		3.486407E-05		6385.02				2.6579544784		2.6549547103				185		0.9977444553		-0.6829924487		41		30

				Hemispheric; probably overstates volume				2.6546414844				0.1555		190		0.9902268746		-0.5154407406		42		30

								Second number is alternative eq.						195		0.9652137188		-0.3680089057		43		30

				Evaporation Coeff, B						Max Sublimation Rate*		0.6885300121		200		0.8952781062		-0.2334379418		44		30

										kg/m2-sec				205		0.7404758348		-0.1064340195		Average		26.4318181818

				0.75						0.0033239805		1.6330115608		210		0.5042339517		0.0172631981

		Proportion of molecules that do NOT return to the sublimating surface; value reported in Kossacki (2014)								No return flux				215		0.2843743617		0.1414908114

												1.8739909764		220		0.1566053265		0.2701526481

				Mass Transfer Coeff ^				Max Mass Loss Over Dwell Time*		Max Sublimation Rate*				225		0.1031422425		0.4077277362

				m/sec				kg/m2		kg/m2-hour		3.3521590536		230		0.0849699065		0.559945362

				9.53E+01				526.518508686		11.9663297429				235		0.0797712294		0.7348633121

				Includes B								9.2463623849		240		0.0785667041		0.9448320772

														245		0.0783628067		1.2104912824

				Time Constant^^				Max Recession Over Dwell Time		Max Recession Rate***				250		0.0783419357		1.5699199367

				sec				m		m/sec				255		0.0783410223		2.1029852534

				1.05E-01				3.51E-01		2.22E-06				260		0.0783410138		3.0118300363

														265		0.0783410138		5.0031254062

														270		0.0783410138		13.4926601107

				^ From Hegde (2012)				* From Andreas (2007) and reported in Piquette (2017) for planar ice in a vacuum; rate changes by a few percent depending on curvature. 

				^^ Volume / (Mass Transfer Coeff * Surface)				** From Buck (1981) and reported in Andreas (2007)

								*** From Kossacki (2014) in vacuum.		Kossacki adds terms B for return flux coeffcient and α(T) for impurities (not inclued here).





Sheet1 (4)

		Colorado School of Mines (CSM) Thermal Mining Model

																																		Water Requirement						Deposition Area Per Cold Trap (CT)				Site Dwell Time 				CT/Ice Hauler Effective Capacity

																																		kg/year						m2				hours				kg

																																		1.60E+06						1.0				44				6000







																										Seconds Per Hour				Effective Regolith Depth				Regolith Percent Water By Weight				 Regolith Density at Site				Number of CT/Ice Haulers Per Tent						CT/Ice Hauler Margin at Dwell Time

																										sec/hours				m				%				kg/m3				Integer						kg

																										3600				0.3				4.00%				1.50E+03				2						758.16

																				Hour		Pressure

																				1		5				Months Per Year

																				2		8				months/year														Total CT Deposition Area

																				3		10				12														m2

								Assumed depth is 30 cm (0.3 m)		Second number is in acres/year										4		12												Ice Sublimated (Before Losses)						2.0

																				5		14				Monthly Downtime				Tent Availability				kg/m2

																				6		16				hours/month				%				1.80E+01

																				7		18				0				100.00%

		Percent water may increase with depth.								Site Dwell Time should be a function of Deposition Rate.										8		20																				Deposition Rate on CTs		Deposition Rate on CTs				Average Pressure (Over Dwell Time)

																				9		22				Hours Per Year																kg/hour		kg/sec				Pa

																				10		24				hours/year								Ice Yield (After Losses)								238.26535		0.0661848185				26.4318181818

																				11		26				8766								kg/m2

																				12		28												1.64E+01

								When does sublimation, deposition, and loss reach equilibrium? 												13		30

																				14		30				Intersite Move Time				Annual Moves								Water Production		Annual Harvest										Temperature

																				15		30				hours				1/year								kg/year		kg/year										K (below: °C)

																				16		30				12				156								1.64E+06		1.64E+06										220

																				17		30																												-53.15

																				18		30

										What is assumed about the heat transfer rate down through regolith from 220 K at surface?										19		30

																				20		30																				Loss Rate 		Loss Rate 				SQRT Term

																				21		30																				kg/hour		kg/sec				sec/m

																				22		30				CT Discharge Rate				Site Dwell Time 				Annual Area Mined								23.82653		0.0066184818				0.0012519914

				The density of regolith at the Apollo 15 landing site (26.1322°N 3.6339°E) averages approximately 1.35 g/cm3 for the top 30 cm, and it is approximately 1.85g/cm3 at a depth of 60 cm. Average is say 1.5 g/cm3.																23		30				kg/hour				hours				m2/year (below: acres/year)

				30 cm is just about one foot (11.8 inches)																24		30				800				44				9.995E+04

																				25		30												2.470E+01

		Ice Sublimated (Before Losses) =		 Regolith Density at Site x		Regolith Percent Water By Weight x 0.3														26		30																		Leak Loss Area								Molar Mass of Water

																				27		30																		m2								kg/mol

		 Annual Area Mined =		Effective Tent Area *		Annual Moves														28		30																		0.2								1.801528E-02

																				29		30				CT/Ice Hauler Turnaround Time				Tent Diameter				Effective Tent Area

		Annual Moves =		(Hours Per Year *		Tent Availability)               / 		(Site Dwell Time +		Intersite Move Time) 										30		30				hours				m				m2														R

																				31		30				11.552				29				640.70														J/mol*K

		Tent Availability = 		1 - (Monthly Downtime *		Months Per Year            /		Hours Per Year)												32		30																										8.3145

																Constants for α(T)***				33		30

		Water Production =		Annual Area Mined *		Ice Yield (After Losses)										2.17		0.5391705069		34		30																										pi

																145.6				35		30												Tent Efficiency

		Annual Harvest =		Deposition Rate *		Site Dwell Time *		Annual Moves								4.4				36		30				CT/Ice Hauler One-Way Travel Time				CT Hauler Speed Over Terrain				%														3.14159

																				37		30				hours				m/hours				97.00%

												Sublimation Rate x α(T)		Temperature		Sublimation Coeff, α(T)***				38		30				2.5				120

		Density of Water Vapor at Surface		Effective Tent Volume				Saturation Vapor Pressure(T)**		Saturation Vapor Pressure(T)*		kg/m2-hour		K						39		30

		kg/m3		m3				Pa		Pa		0.0269		180		0.9996061223		-0.8815298602		40		30

		3.486407E-05		6385.02				2.6579544784		2.6549547103				185		0.9977444553		-0.6829924487		41		30

				Hemispheric; probably overstates volume				2.6546414844				0.1555		190		0.9902268746		-0.5154407406		42		30				Distance to Production Site

								Second number is alternative eq.						195		0.9652137188		-0.3680089057		43		30				m

				Evaporation Coeff, B						Max Sublimation Rate*		0.6885300121		200		0.8952781062		-0.2334379418		44		30				300

										kg/m2-sec				205		0.7404758348		-0.1064340195		Average		26.4318181818

				0.75						0.0033239805		1.6330115608		210		0.5042339517		0.0172631981

		Proportion of molecules that do NOT return to the sublimating surface; value reported in Kossacki (2014)								No return flux				215		0.2843743617		0.1414908114

												1.8739909764		220		0.1566053265		0.2701526481

				Mass Transfer Coeff ^				Max Mass Loss Over Dwell Time*		Max Sublimation Rate*				225		0.1031422425		0.4077277362

				m/sec				kg/m2		kg/m2-hour		3.3521590536		230		0.0849699065		0.559945362

				9.53E+01				526.518508686		11.9663297429				235		0.0797712294		0.7348633121

				Includes B								9.2463623849		240		0.0785667041		0.9448320772

														245		0.0783628067		1.2104912824

				Time Constant^^				Max Recession Over Dwell Time		Max Recession Rate***				250		0.0783419357		1.5699199367

				sec				m		m/sec				255		0.0783410223		2.1029852534

				1.05E-01				3.51E-01		2.22E-06				260		0.0783410138		3.0118300363

														265		0.0783410138		5.0031254062

														270		0.0783410138		13.4926601107

				^ From Hegde (2012)				* From Andreas (2007) and reported in Piquette (2017) for planar ice in a vacuum; rate changes by a few percent depending on curvature. 

				^^ Volume / (Mass Transfer Coeff * Surface)				** From Buck (1981) and reported in Andreas (2007)

								*** From Kossacki (2014) in vacuum.		Kossacki adds terms B for return flux coeffcient and α(T) for impurities (not inclued here).





Equipment List

		Equipment ID		Equipment Name		Equipment Short Name		Equipment Ops Concept								Scenario ID		Equipment ID		Equipment Name		Parameter ID		Parameter Name		Parameter Units		Parameter Value				Scenario ID		Equipment ID		Equipment Name		Equipment Operating Location		Required Operational Quantity		Required Spares Quantity 		Comments 

		1		Thermal Tent Mobility/Setup Robotics												1		1		Thermal Tent Mobility/Setup Robotics		3		Monthly Downtime		hours		5				1		1		Thermal Tent Mobility/Setup Robotics		PSR		3		2

		2		Cold Trap/Ice Hauler				Docks with IHOP								1		1		Thermal Tent Mobility/Setup Robotics		4		Design Life		years		10				1		2		Cold Trap/Ice Hauler		PSR		2		1

		3		Solar Reflectors (TransFormers)												1		1		Thermal Tent Mobility/Setup Robotics		12		Unit Dry Mass		kg		1000				1		3		Solar Reflectors (TransFormers)		Crater Rim		3		0		Includes one for IHOP

		4		ISRU Water Purification and H2-O2 Production		IHOP										1		1		Thermal Tent Mobility/Setup Robotics		13		DDT&E Cost ($FY18M)		$FY18M						1		4		ISRU Water Purification and H2-O2 Production		PSR		2		0

		5		Liquefaction Unit												1		1		Thermal Tent Mobility/Setup Robotics		14		TFU Cost ($FY18M)		$FY18M						1		5		Liquefaction Unit		PSR		1		0

		6		Integrated Cryo-Propellant Hauler w/CFM 				Transports cryo-propellant to old or active landers								1		1		Thermal Tent Mobility/Setup Robotics		15		Annual O&S Cost ($FY18M)		$FY18M						1		6		Integrated Cryo-Propellant Hauler w/CFM 		PSR		2		0

		7		Thermal Tent w/Secondary Optics												1		2		Cold Trap/Ice Hauler		3		Monthly Downtime		hours						1		7		Thermal Tent w/Secondary Optics		PSR		1		0

		8		Power Generation Station												1		2		Cold Trap/Ice Hauler		4		Design Life		years		10				1		8		Power Generation Station		PSR		1		0

		9		Inlet Hopper and Transfer												1		2		Cold Trap/Ice Hauler		5		Effective Capacity		kg		6000												2		1

		10		Carbothermal System												1		2		Cold Trap/Ice Hauler		6		Distance (Excavation Site-to-Plant)		m		300												1		0

		11		Water Electrolysis and Gas Storage Unit												1		2		Cold Trap/Ice Hauler		12		Unit Dry Mass		kg		1050

		12		Cyro-Propellant Storage Tank												1		2		Cold Trap/Ice Hauler		13		DDT&E Cost ($FY18M)		$FY18M														3		0		On Lander #1

		13		Cryo-Propellant Tank Hauler w/CFM												1		2		Cold Trap/Ice Hauler		14		TFU Cost ($FY18M)		$FY18M														1		0		On Lander #1

		14		H2-Reduction System												1		2		Cold Trap/Ice Hauler		15		Annual O&S Cost ($FY18M)		$FY18M														2		0		On Landers #1/#2

		15		10-kW Kilopower Unit												1		2		Cold Trap/Ice Hauler		18		Effective Speed Over Terrain		m/hour		180

		16		Mobile Bucket-Wheel Excavator/Hauler												1		3		Solar Reflectors (TransFormers)		2		Height 		m		50

																1		3		Solar Reflectors (TransFormers)		8		Diameter		m		40

																1		3		Solar Reflectors (TransFormers)		9		Efficiency		%		96

																1		3		Solar Reflectors (TransFormers)		13		DDT&E Cost ($FY18M)		$FY18M

																1		3		Solar Reflectors (TransFormers)		14		TFU Cost ($FY18M)		$FY18M

																1		3		Solar Reflectors (TransFormers)		15		Annual O&S Cost ($FY18M)		$FY18M

																1		4		ISRU Water Purification and H2-O2 Production		3		Monthly Downtime		hours

																1		4		ISRU Water Purification and H2-O2 Production		4		Design Life		years		7

																1		4		ISRU Water Purification and H2-O2 Production		10		Nominal Production Rate		mt/year

																1		4		ISRU Water Purification and H2-O2 Production		13		DDT&E Cost ($FY18M)		$FY18M

																1		4		ISRU Water Purification and H2-O2 Production		14		TFU Cost ($FY18M)		$FY18M

																1		4		ISRU Water Purification and H2-O2 Production		15		Annual O&S Cost ($FY18M)		$FY18M

																1		4		ISRU Water Purification and H2-O2 Production		12		Unit Dry Mass		kg		3000

																1		5		Liquefaction Unit		3		Monthly Downtime		hours

																1		5		Liquefaction Unit		4		Design Life		years		7

																1		5		Liquefaction Unit		10		Nominal Production Rate		mt/year

																1		5		Liquefaction Unit		13		DDT&E Cost ($FY18M)		$FY18M

																1		5		Liquefaction Unit		14		TFU Cost ($FY18M)		$FY18M

																1		5		Liquefaction Unit		15		Annual O&S Cost ($FY18M)		$FY18M

																1		5		Liquefaction Unit		12		Unit Dry Mass		kg		3000

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		3		Monthly Downtime		hours

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		4		Design Life		years		10

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		5		Effective Capacity		kg

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		7		Distance (Plant-to-Lander Site)		m		1000

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		13		DDT&E Cost ($FY18M)		$FY18M

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		14		TFU Cost ($FY18M)		$FY18M

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		15		Annual O&S Cost ($FY18M)		$FY18M

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		12		Unit Dry Mass		kg		1000

																1		6		Integrated Cryo-Propellant Hauler w/CFM 		18		Effective Speed Over Terrain		m/hour		180

																1		7		Thermal Tent w/Secondary Optics		8		Diameter		m		29

																1		7		Thermal Tent w/Secondary Optics		9		Efficiency		%		0.97

																1		7		Thermal Tent w/Secondary Optics		13		DDT&E Cost ($FY18M)		$FY18M

																1		7		Thermal Tent w/Secondary Optics		14		TFU Cost ($FY18M)		$FY18M

																1		7		Thermal Tent w/Secondary Optics		15		Annual O&S Cost ($FY18M)		$FY18M

		Parameter ID 		Parameter Name		Parameter Units										1		7		Thermal Tent w/Secondary Optics		11		Move and Set-Up Time		hours		12

		1		Availability		%										1		7		Thermal Tent w/Secondary Optics		12		Unit Dry Mass		kg		8000

		2		Height 		m										1		8		Power Generation Station		3		Monthly Downtime		hours

		3		Monthly Downtime		hours										1		8		Power Generation Station		4		Design Life		years		15

		4		Design Life		years										1		8		Power Generation Station		12		Unit Dry Mass		kg		4000

		5		Effective Capacity		kg										1		8		Power Generation Station		13		DDT&E Cost ($FY18M)		$FY18M

		6		Distance (Excavation Site-to-Plant)		m										1		8		Power Generation Station		14		TFU Cost ($FY18M)		$FY18M

		7		Distance (Plant-to-Lander Site)		m										1		8		Power Generation Station		15		Annual O&S Cost ($FY18M)		$FY18M

		8		Diameter		m										1		8		Power Generation Station		16		Power 		W

		9		Efficiency		%

		10		Nominal Production Rate		mt/year

		11		Move and Set-Up Time		hours

		12		Unit Dry Mass		kg

		13		DDT&E Cost ($FY18M)		$FY18M

		14		TFU Cost ($FY18M)		$FY18M

		15		Annual O&S Cost ($FY18M)		$FY18M

		16		Power 		W

		17		Heat Flux		W/m2

		18		Effective Speed Over Terrain		m/hour

		19



		Scenario ID		Scenario ISRU Technology		Regolith Percent Water By Weight		Scenario Ops Concept 		Customer Demand (kg)

		1		In Situ Sublimation (Thermal Mining)		4.0%		Polar location; in situ		1.60E+06

		2		Full-Scale Lunar Oxygen CH4-Reduction 				Non-polar location		1.00E+04

		3		Full-Scale Lunar Oxygen CH4-Reduction 		5.5%		Polar location; regolith tranported out of PSR

		4		Full-Scale Lunar Oxygen CH4-Reduction 				Polar location; dirty water tranported out of PSR





Illumination and Power



				Two Reflectors, 40 m Diameter (Figure 13 Locations)

				Percent Annual Illumination		%/(1-%)		LN(%/(1-%))		Height (m)		0.0050396434		2.2684396947

				0.927		12.698630137		2.5414941244		50				2.5204218664		0.9255611257

				0.94		15.6666666667		2.751535313		100				2.772404038		0.941166245

				0.955		21.2222222222		3.0550488507		150				3.0243862096		0.9536637348

				0.964		26.7777777778		3.2875723562		200				3.2763683813		0.9636091495

				0.97		32.3333333333		3.4760986898		250				3.5283505529		0.9714837531

				0.978		44.4545454545		3.7944672167		300				3.7803327246		0.9776938187

				0.982		54.5555555556		3.9992195505		350				4.0323148962		0.9825757563

				0.986		70.4285714286		4.254599025		400				4.2842970679		0.9864040898

				0.99		99		4.5951198501		450				4.5362792395		0.9894003623



		Number of Reflectors		Required % Annual Illumination		Required %/(1-%)		Required LN(%/(1-%))		Required Height (m)		Cost Per Reflector and Tower as f(Height, Diameter) (FY19$M)		Total Cost (FY19$M)

		2		92.00%		11.5		2.4423470354		34.5		$   100.00		$   200.00																																												Results for Two TransFormers Located at 89.9029°S 145.2301°W and 89.6876°S 162.8645°W

		3		96.00%		24		3.1780538303		69.1		$   130.00		$   390.00																																												Figure 13 Locations



				Three Reflectors, 40 m Diameter (Figure 17 Locations)

				Percent Annual Illumination		%/(1-%)		LN(%/(1-%))		Height (m)		0.0064865619		2.7296678354

				0.955		21.2222222222		3.0550488507		50				3.0539959294		0.954954729

				0.966		28.4117647059		3.3468033096		100				3.3783240233		0.9670201965

				0.977		42.4782608696		3.7489924361		150				3.7026521173		0.9759353437

				0.981		51.6315789474		3.9441334804		200				4.0269802113		0.9824841876

				0.989		89.9090909091		4.4987990588		250				4.3513083053		0.9872740985

				0.99		99		4.5951198501		300				4.6756363992		0.9907664606

																																																										Results for Three TransFormers Located at 89.8172°S 153.5004°W, 89.8262°S 52.8422°E, and 89.6876°S 162.8645°W

																																																										Figure 17 Locations

				Number of Reflectors		Tower Height		Annual Illumination		Mass (kg)		Cost ($FY18$M)																						Limb darkening equation from Allen, Astrophysical Quantities, 14.7																% Water by Weight		Thermal Power (kW)*		Thermal Power (kJ/g)		COTH (%)				0.1056102945		3.3120840593		0.1065621173		3.253238449

				1		50																												Constants																0.01		16.00		13.824		100.00				use these coeffcients		13.8734655461				13.9098053819

				1		100																												u2						0.84		0.84								0.02		10		8.640		50.01						8.5933028366				8.5820547083

				1		150																						Secondary Optics Xmtr Efficiency						v2						-0.2		-0.2								0.03		7.95		6.869		33.34						6.8334832505				6.8063745823

				1		200																						%						Solar angular diameter (radians) 						0.0093052										0.04		7		6.048		25.01						5.9537494101				5.9187120577

				1		250																						97.00%						Relative fraction =						0.429867171										0.05		6.25		5.400		20.02						5.4260498286				5.386256534

				1		300																												1- Relative fraction squared =						0.8152142153										0.10		5.10		4.406		10.03						4.3717050033				4.3224093266

				1		350																												(1-Above^1.5)/1.5 =						0.1759663288										0.15		4.60		3.974		6.72						4.0214253005				3.968972695

				1		400																												u2 Multiplier term =						0.008819456		0.007408343								0.20		4.35		3.758		5.07						3.8471575144				3.793134304

				1		450																						Average Delivered Thermal Power						v2 Multiplier term =						0.0170728931		-0.0034145786								0.25		4.25		3.672		4.08						3.7432896421				3.6883303127

				1		500																						kW						Numerator =						0.1807920204										0.30		4.15		3.586		3.43						3.6746165761				3.6190383242

				1		550																Distance from TF Mirror to Tent						1.607						Denominator =						0.82										0.35		4.10		3.542		2.97						3.6260494956				3.5700335284

				1		600																m												Solar Irradiance multiplier term =						0.2204780736										0.40		4.05		3.499		2.63						3.5900432197				3.5337027425

				1		650																10000																												0.45		4.00		3.456		2.37						3.5624053287				3.5058157624

				1		700																																												0.50		3.95		3.413		2.16						3.5406198167				3.4838339064

				1		750																						Secondary Optics Effective Size																						* At 100 kg/day. (KSC Model) 

				2		50		0.925562																				m2

				2		100		0.941168																				6.00

				2		150		0.953666

				2		200		0.963612								Solar Irradiance at 1AU						Solar Irradiance at Tent

				2		250		0.971486								W/m2						W/m2

				2		300		0.977696								1353.3						298.372977018

				2		350		0.982578

				2		400		0.986406								TF Mirror Diameter

				2		450		0.989402								m

				3		50										40

				3		100

				3		150										Number of Transformers (TF)						Average Solar Illumination at TF						Average Solar Irradiance at Tent

				3		200										Integer						%						W/m2

				3		250										2						92.56%						276.1628012575

				3		300

																TF Mirror Tower Height

																m

																50												Site Terrain Masking Degradation

																												%

																												0



Percent Annual Illumination (L-Transform)



Percent Annual Illumination	50	100	150	200	250	300	350	400	450	2.5414941244174649	2.751535313041948	3.0550488507104094	3.2875723561544348	3.4760986898352724	3.7944672166765008	3.9992195504583004	4.2545990249873755	4.5951198501345889	





50	100	150	200	250	300	0.95495472902082212	0.96702019654236437	0.97593534369530877	0.98248418760669876	0.98727409850484316	0.99076646055409778	





Percent Annual Illumination (L-Transform)



Percent Annual Illumination	50	100	150	200	250	300	3.0539959293613648	3.3783240233353689	3.7026521173093729	4.0269802112833766	4.3513083052573815	4.6756363992313847	





Min Thermal Power Needed to Sublimate (kW)



0.01	0.02	0.03	0.04	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	16	10	7.95	7	6.25	5.0999999999999996	4.5999999999999996	4.3499999999999996	4.25	4.1500000000000004	4.0999999999999996	4.05	4	3.95	





Min Thermal Energy Needed to Sublimate (kJ/g)



0.01	0.02	0.03	0.04	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	13.824088474166235	8.6400552963538964	6.8688439606013478	6.048038707447728	5.4000345602211857	4.4064282011404874	3.9744254363227922	3.7584240539139446	3.6720235009504063	3.5856229479868675	3.5424226715050975	3.4992223950233279	3.4560221185415587	3.4128218420597896	





Estimated Min Thermal Energy (kJ/g)



0.01	0.02	0.03	0.04	0.05	0.1	0.15	0.2	0.25	0.3	0.35	0.4	0.45	0.5	13.873465546119903	8.5933028365912385	6.8334832505146847	5.9537494101094603	5.4260498285693206	4.3717050032914466	4.0214253005315861	3.8471575144399717	3.743289642069862	3.6746165760527485	3.6260494956491955	3.590043219732304	3.5624053287085569	3.540619816732907	





50	100	150	200	250	300	350	400	450	0.92556112568604221	0.94116624502204926	0.9536637347883018	0.96360914945189091	0.9714837530804088	0.97769381871686178	0.98257575634030836	0.98640408975668015	0.98940036225627015	





Slope
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Thermal Tent Mobility/Setup Robotics
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Tangible Assets Attributes
• Contains development and TFU estimated cost, 

acquisition time, dry mass, volume, power, 
data rate, capacity, availability, design life 
(replacement time), cost margin to be applied. 

• Calculates year-by-year costs. 
• Development and TFU cost CT/Ice Hauler from 

Quickcost v.6.0, released March 2016
• 1.05 mt dry mass
• 50% new design

𝐶𝐶 = 1.1847 exp −0.26 + 0.585 ln 𝑀𝑀 + 2.6𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑁𝑁𝑁𝑁𝑁𝑁 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 + 0.231𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

Model-Based Asset 
Cost

MELs
Depreciation &
Amortization

Profit & Loss
NPV/IRR Cash Flow



Depreciation & Amortization Calculations



Profit and Loss Calculations



Results Recapitulation
• An engineering-based production rate model is essential to build a 

defensible BCA.
• Progress in creating a thermal mining production rate model as a function 

of the “assets” (elements) to be deployed and employed on the lunar 
surface.

• Reliability and maintainability considerations (MTBF and MTTR) are important in 
estimating the overall production rate and the number of “stand-by” assets needed.

• Other logistics considerations regarding robotic travel distances and speed over 
terrain could add waiting time, thereby decreasing the overall production tempo.

• To be consistent, the CT/Ice Hauler dry mass needed to be ~15% — 30% larger than 
previously published.

• Location (e.g., %water by weight) and element position geometry matter (e.g., solar 
thermal power delivered within tent depends strongly on the distance from the 
crater rim-sited solar reflectors and the tent, and on reflector diameter and height 
above terrain.)

• Estimating the costs of each element will be a continuing challenge.
• Current cost models for spacecraft may not be appropriate for surface systems



Moving Forward
• Relationship between the thermodynamic properties of regolith/lunar ice and the 

ice deposition rate (via tent pressure build-up) not yet established.
• Not a clear relationship yet between solar thermal power delivered and tent pressure build-

up as a function of percent water by weight and other tent physical parameters.
• Thermal diffusivity of regolith at PSR conditions.*
• Sublimation, vapor transport, and deposition processes and rates.* 
• Effects of ice grain size, porosity, and impurities.*

• Need actual lunar demonstrations informed by laboratory simulations
• Need more detail in the ops concept in order to validate production rate model. 
• Need to incorporate both market (e.g., demand) and physical uncertainty (e.g., 

water content in regolith). 
• Need a new approach to estimating and scaling costs for these kinds of lunar 

surface systems; $ per kg is just not sufficient for high confidence.
*See References 3-8 in backup



General Observations 
• The good news—business economists, mining engineers, and space systems 

engineers are beginning to have the needed conversations.

• The bad news—real BCA models and calculations need to replace the generally 
“toy models” used in the past; cost engineers need to step up to this challenge.

• No consensus on market demand.
• No consensus on the capital expenditures needed for a lunar “mine.”
• No consensus even on the cost of a propellant delivery service from Earth to various 

cis-lunar nodes, much less from the lunar surface. 



Backup
Business Case Analysis of Lunar Thermal Mining 



Establishing the Business Case: The Lean Framework Implemented

• Sheet Name: System MEL (1 Sheet Per System)
Contains the mass of spacecraft and surface systems, and the ConOps for 
their employment.

• Sheet Name: Launch Vehicles and Costs
Contains LV performance and costs.

• Sheet Name: Detailed In-Service Schedule
Contains the number of assets placed in service quarterly. Also contains 
quarterly costs associated with launch services. Use of this detailed sheet is 
optional, if the user wants to provide placed-in-service on a year-by-year 
basis directly on the depreciation sheet.

• Sheet Name: Cost Breakdown Structure
Sets the high-level cost structure used in the COGS sheet.

• Sheet Name: Schedule and Activity Cost
Provides detailed accounting of all costs. Nominally, the quarterly costs 
entered on this sheet are aggregated to annual costs on the COGS sheet. Use 
of this detailed sheet is optional, if the user wants to provide costs on a year-
by-year basis directly on the COGS sheet.

• Sheet Name: Cost of Goods Sold (COGS)
Contains all costs against each cost breakdown structure element.

• Sheet Name: Tangible Assets
Contains the list of all assets with asset characteristics such as development 
and production costs, development and production durations, replacement 
schedules, type of depreciation, buy-or-lease, etc. Also spreads development 
and production costs across multiple years according to asset characteristics 
specified by the user.

• Sheet Name: Depreciation
Computes depreciation (and amortization) based on tangible asset 
characteristics and the number of each asset place in service each year. 
Depreciation (straight-line or accelerated) is computed using VBA code.

• Sheet Name: Thermal Mining Production Model
Determines how many mining surface systems, k1, k2, . . . kn, are needed to 
satisfy annual customer demands.

• Sheet Name: Power and Illumination Model
Determines how many power surface systems, kn+1, kn+2, . . . kn+m, are needed 
to satisfy annual customer demands.

• Sheet Name: Detailed Revenue Forecast
Contains a detailed (by quarter) revenue (sales) forecast. Use of this detailed 
sheet is optional, if the user wants to provide revenues on a year-by-year 
basis directly on the sales sheet.

• Sheet Name: Sales
Aggregates all sales/revenues, computed from quantity sold and sales price 
for each revenue stream. Allows price to change from year-to-year.

• Sheet Name: Cash Flow
Computes cash flow and accounts for all sources of capital.

• Sheet Name: Balance Sheet
Aggregates total assets and liabilities and computes total equity.

• Sheet Name: Profit and Loss
Aggregates revenues and costs, depreciation and taxes to get net profit. Also 
computes NPV and IRR when feasible.
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Definition: Average Solar Illumination

1.0

0.5

0.0

V(t)

t

𝑆𝑆𝜃𝜃 = 1
𝑇𝑇2−𝑇𝑇1

∫𝑡𝑡=𝑇𝑇1
𝑡𝑡=𝑇𝑇2 𝑉𝑉 𝑡𝑡;𝜃𝜃 𝑑𝑑𝑑𝑑 where 𝑉𝑉 𝑡𝑡;𝜃𝜃 =�𝑉𝑉 𝑡𝑡 , 1 ≥ 𝑉𝑉(𝑡𝑡) ≥ 𝜃𝜃

0, 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Note 2: Usually, the average is taken over a calendar year or a longer multi-
year period.

Note 1: V is the fraction of the solar disk that is visible at a specific location 
on the lunar surface. Θ is the fraction of the solar disk visibility above which 
the visibility is to be included in the average, so S0 averages V(t) over the full 
time domain. Similarly, S1 counts V(t) only when the full solar disk is visible.  

During these intervals of time, 
the solar disk not visible.



Definition: Average Solar Visibility
𝑉𝑉𝜃𝜃 = 1

𝑇𝑇2−𝑇𝑇1
∫𝑡𝑡=𝑇𝑇1
𝑡𝑡=𝑇𝑇2 𝑉𝑉 𝑡𝑡;𝜃𝜃 𝑑𝑑𝑑𝑑 where 𝑉𝑉 𝑡𝑡;𝜃𝜃 =�1, 1 ≥ 𝑉𝑉(𝑡𝑡) ≥ 𝜃𝜃

0, 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

Note 1: V is the fraction of the solar disk that is visible at a specific location 
on the lunar surface. Θ is the fraction of the solar disk visibility above which 
the visibility is to be included in the average, so V0 is the fraction of time any 
solar light is visible. Similarly, V1 is the fraction of time the full solar disk is 
visible.  

During these intervals of time, 
the solar disk not visible.

Note 2: Usually, the average is taken over a calendar year or a longer multi-
year period.

Note 3: Average Solar Visibility ≥ Average Solar Illumination.
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0.0
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