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Introduction 

Human Space Exploration is currently at Risk 
“The U.S. human spaceflight program appears to be on an 

unsustainable trajectory …”  “… pursuing goals that do not match 
allocated resources …”  Augustine II 

“… Constellation Program cost and schedule will remain uncertain 
until a sound business case is established” GAO 

Solutions include 
–  Reduce expectations 
–  Increase NASA budget (ask Congress for a bailout) 
–  International collaboration 
–  Innovative commercial partnerships  

Sustainability has multiple aspects 
–  Biological 
–  Logistical 
–  Economic 
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Overview 

•  Economic value framework for lunar 
resources 

•  Prior art: Quantitative lunar economic 
modeling at Colorado School of Mines 
(CSM) 

•  Recommendations for development of a 
“sustainable” lunar exploration architecture 
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The ‘Expendable Honda’ model 

•  Model Assumptions 
–  Replacement car must be purchased when fuel tank is empty 
–  Standard driving conditions = 12,000 miles per year 
–  Standard options, Minimum vehicle price 
–  Fuel tank capacity + MPG used in analysis 
–  Assume highway mileage applies through life of vehicle 

2006 Ridgeline $27,700 MSRP 
Fuel Tank Capacity: 22.0 (gal.) 
EPA Mileage Estimates: 
  16 mpg / 21 mpg (Cty/Hwy) 
Payload Capacity: 1,550-lb. 

2005 Civic  $13,675 MSRP 
Fuel Tank Capacity: 13.2 gal.      
EPA Mileage Estimates: 
  32 mpg / 38 mpg (Cty/Hwy)  
Payload Capacity: 13 cubic ft 

2005 Insight $19,845 MSRP 
Fuel Tank Capacity: 10.6 gal.      
EPA Mileage Estimates:  
  60 mpg / 66 mpg (Cty/Hwy) 
Payload Capacity: 16 cubic ft 

(an analogy for how we currently conduct space transportation) 
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EH Model – Annual Results 
•  Annual capital cost of driving: $330,000-$720,000 
•  Not included: Operations, maintenance, fuel cost 
•  Question: How would this change automobile demand? 
•  Rocket Stages are Discarded after their first use! 
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Load onto expendable flatbed   1000mi   $50,000 

Load flatbed onto tractor-trailer   2000mi   $250,000 

Load tractor-trailer onto train   3500mi   $1,250,000 

Load passenger into EH      500mi   $15,000 

Extending EH range to >500mi 

Action           Range      Cost 
Systems Requirements for a single cross-country road trip (remember - no filling stations) 
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Transportation Cost vs. Distance (notional) 

•  Assumptions  
–  Cost = production + ops + fuel 
–  Ops cost is constant 
–  Production cost is incurred once 
–  Fuel cost follows previous chart 

Distance 

C
os

t 

Current space transportation costs 

ISRU-Based space transportation costs 
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“What if” ISRU were available during Apollo?  
The Saturn V model 

Imbedded excel spreadsheet tool used to estimate reduction of launch stack based on refueling 
and spacecraft element reuse assumptions (scenario tool shows set points) 
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Schematic representation of the scale of an Earth launch system for scenarios to land 
an Apollo-size mission on the Moon, assuming various refueling depots and an in-
space reusable transportation system.  Note: Apollo stage height is scaled by 
estimated mass reduction due to ISRU refueling 

Each Apollo 
mission utilized 
Earth-derived 
propellants 
(Saturn V liftoff 
mass = 2,962 
tons) 

What if lunar lander was refueled 
on the Moon’s surface?  
73% of Apollo mass (2,160 tons) 

Assume refueling at L1 and on 
Moon: 34% of mass (1,004 tons) 

Assume refueling at 
LEO, L1 and on Moon: 
12% of mass (355 tons) 

+Reusable lander  
(268 tons) 

+Reusable upper 
stage & lander (119 
tons) 

Propellant from the Moon could revolutionize our 
current space transportation approach 
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Markets for Lunar Propellant 

NASA-Science  
Military Missions 

Debris Management  
Satellite Servicing & Refueling  

International Space Station 
Human Exploration 
Space Solar Power 

Self-Sustaining Colonies 
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Potentially reusable elements in today’s launch fleet 
(LOX / LH2 cryo stages) 

Shuttle ISS 
2040 tons 
$300M(2002) 

Ariane 5G 
746 tons 
$165M(2002) 

Atlas V 400 
333 tons 
$90M(2002) 

Atlas IIAS 
234 tons 
$97.5M(2002) 

Delta 4M  
256 tons 
$95M(2002) H-IIA 

289 tons 

$80M(1999) 

GSLV  

402 tons 

$45M(1999) 

Titan IVB 

886 tons 

$400M(1999) 
CZ-3 

241 tons 

$55M(1999) Ariane 44L 
475 tons 
$120M(2000) 

Delta 4H  
726 tons 
$187M(2002) 
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Three elements will be examined in detail 

Boeing Delta 
IV 
Upper stage 
& Core 
booster  

Lockheed-Martin 
Atlas II 
Centaur upper 
stage 
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The Centaur Upper Stage 
Currently discarded 

when empty! 
Atlas Centaur II-A upper stage 
•  Gross mass 

19,100kg 
•  Empty mass 

2,300kg 
•  Propellant mass 

16,800kg 
•  ISP 

449 sec 
•  Standard payload to LEO 

8,600kg (Atlas IIAS, standard config) 



B. Blair  LEAG 2009, Houston, TX November 2009         15 

Centaur Reuse 

•  Approximate payload of a fully fueled 
Centaur IIA in LEO 

To GEO – 7,700kg 
To LLO – 8,900kg 

•  Centaur upper stages are currently classified as 
“orbital debris” 

•  Number of Centaurs remaining in orbit > 90 (out 
of more than 170 launches) 

•  Location 

•  Conclusion 
–  Transportation infrastructure is already 

accumulating in Earth orbit 
–  These could be stranded assets 
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•  Largest vehicle in the international launch 
fleet 
–  All components utilize LOX/LH2 

cryogenic propellants 
–  The HDCUS upper stage is potentially 

reusable 
–  The central core stage can be put into LEO, 

and is also a candidate for reuse 
•  The potential LLO payload of a LEO 

refueled Delta-IV core booster is more than 
3x the LLO payload of the Saturn V 

Boeing Delta IV-Heavy 
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Boeing Delta IV-Heavy: Upper Stage 

Technical Specifications 
Gross Mass – 30,200kg 
Empty Mass – 3,500kg  
Propellant Mass – 27,000kg  
ISP – 462 sec 

Delta IV Standard Payload 
LEO – 25,800kg  
GTO – 10,800kg  
LLO – 6,700kg (est) 

Refueled in LEO: 
Extended 
Payload 

GEO – 13,200kg 
LLO – 15,000kg 
L1 – 17,000kg  
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Boeing Delta IV-Heavy: Core Booster 

Technical Specifications 
Gross Mass – 226,400kg 
Empty Mass – 26,800kg  
Propellant Mass – 199,600kg  
ISP – 420 sec 

Delta IV Standard Payload 
LEO – 25,800kg  
GTO – 10,800kg  
LLO – 6,700kg (est) 

Refueled in LEO: 
Extended 
Payload 

GEO – 80,600kg 
LLO – 93,100kg 
L1 – 106,600kg  
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The Case for Commercial Lunar Ice Mining  
by 

Brad R. Blair, Javier Diaz, Michael B. Duke, 
Center for the Commercial Applications of 

Combustion in Space, Colorado School of 
Mines, Golden, Colorado 

Elisabeth Lamassoure, Robert Easter, 
Jet Propulsion Laboratory, Pasadena, California 

Mark Oderman, Marc Vaucher 
CSP Associates, Inc., Cambridge, Massachusetts 

December, 2002 

http://www.isruinfo.com//docs/LDEM_Draft4-updated.pdf 
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Architectures Studied 
Two architectural variants were modeled: 
Architecture 1  

Has an L1-based transportation system for getting 
payloads from LEO to GEO 

Architecture 2 
Is a LEO-based system, which requires that 

propellant be shipped to LEO 

LLO LLO 

OTV returns 
to LEO 

Lunar  
Plant  

Architecture 2  

Lunar Cargo/ 
Ascent Vehicle 

Satellite delivered to GEO 

LLO LLO 

L1 - LEO Orbital Transfer Vehicle  
(OTV) delivers water to LEO 

Lunar Cargo/ 
Ascent Vehicle 

Lunar  
Plant  

Satellite delivered to GEO 

OTV refuels at  
LEO station 

Architecture 1 

Conservative Technology assumptions: 
Cryogenic Vehicles (H2/O2 fuel) 

Lunar Lander 
Orbital Transfer (OTV) 

Fuel Depot(s) 
Solar Power 
Electrolysis (fuel cell) 
Tanks for H2, O2 and H2O 
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FY02 Parametric Engineering Model 

Architecture Mass Comparison 
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LEO OTV 

L1 OTV 

Lunar lander 

LEO depot 

L1 depot 

Lunar plant 

Technology assumptions 
Cryogenic Vehicles (H2/O2 fuel) 

Lunar Lander 
Orbital Transfer (OTV) 

Fuel Depot(s) 
Solar Power 
Electrolysis (fuel cell) 
Tanks for H2, O2 and H2O 
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FY02 Cost Model Development 
•  NAFCOM99: Analogy-based cost model 

–  Architecture 2 WBS shown on right panel 
–  Conservative methodology used 

•  SOCM: Operations cost model 
–  Estimates system-level operating costs 
–  Conservative methodology used 

•  Launch Costs: $90k/kg Moon, $35k/kg GEO, $10k/kg LEO 

Scenarios 1.1c and 1.2: Cost Comparison 
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Arch 1.1c Arch 1.2 
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LEO OTV 
L1 OTV 
Lunar lander 
LEO depot 
L1 depot 
Lunar plant 
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Cost Buildup & Production Rates 
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Economic Model Integration 

Supply Model 

Demand Model 

Input 
Parametrics 

Technical Model 
(architecture) 

Analytical 
(breakeven) Model 

Simulation Model 

Equilibrium Modeling 

Financial Model 
(feasibility) 

Output (variables) 

Supply Model 

Demand Model 

Input Parametrics 

Technical Model 
(architecture) 

Analytical 
(breakeven) Model 

Simulation Model 

Equilibrium Modeling 

Financial Model 
(feasibility) 

Output (variables) 

Monte Carlo Risk & Reliability 

Sensitivity Analysis 

Cost Model 

Market Model 

Business Model 

CSM 

JPL 

CSP 

CSM 
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Market Breakdown Structure 
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MBS Timeframe & Description 
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Revenue Model 
•  Baseline Market Model 

–  Commercial GEO payload delivery (Note: this is an existing market) 
–  Modeled quantity = 150 tons/yr of GEO Satellite delivery mass 2010-2016 (Based 

on FAA/OCST 1999 and 2002 forecasts) 
–  Market capture function starts at 10% in 2010 and ends at 100% in 2016 
–  Modeled price = $20,000/kilogram of Satellite delivered to GEO 

•  Other near-term cryogenic fuel / H2O markets 
–  Not included in current version of model 
–  Satellite servicing (Orbital Express bus) 
–  ISS / Commercial business park (fuel + consumables) 
–  DOD Missions (Orbital Express bus) 
–  Orbital debris management 
–  Human exploration missions (fuel + consumables) 
–  Space materials processing/manufacturing (fuel, metals, ceramics, etc.) 
–  Asteroid detection/negation 
–  Solar powered satellites 
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FY02 Feasibility Modeling 
Feasibility Process Summary: 

Version 0 = Baseline (most conservative) 
Versions 1-3: Relax assumptions… 
Version 4 shows a positive rate of return for 

private investment (6%) 
Version 4 Assumes: 

Zero non-recurring costs (DDT&E) 
30% Production cost reduction 
2% Ice concentration 
2x Demand level (i.e., 300T/yr) 

Architectures 1 and 2: Net Present Value Comparison  

-6.0 

-5.0 

-4.0 

-3.0 

-2.0 

-1.0 

0.0 

1.0 

2.0 

3.0 

Version 0 Version 1 Version 2 

Version 3 Version 4 
=FEASIBLE= 

N
PV

 [$
B

] 

Arch 1 
Arch 2 

Version Summary Description 

1.1c.0 
1.2.0 

Baseline Baseline Version  -all assumptions the same as previously except for 
demand and architecture changes 

1.1c.1 
1.2.1 

No Non-Rec. Investments Assumes the public sector pays for the Non-Recurring Investments 
(design, development and first unit cost) 

1.1c.2 
1.2.2 

No Non-Rec. Investments, 30% 
Production Cost Reduction 

Assumes the above, and Reduces the First unit production cost of all 
elements by 30% 

1.1c.3 
1.2.3 

No Non-Rec. Investments, 30% 
Production Cost, 2x Lunar Water 
Concentration Reduction 

Assumes all the above, and a Concentration of Water in Lunar 
Regolith twice higher than the current best estimate. 

1.1c.4 
1.2.4 

No Dev. Cost, 30% Production Cost 
Reduction, 2x More Water on Moon, 2x 
Demand 

Same as above, and Double the Demand 
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FY02 Commercial Model Results 

Production and delivery rates for water at Lunar cold trap and L1 (Architecture 2, Version 4) 

CSP Financial Summary (Architecture 2, Version 4) 
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SRD Model Results 

•  Results provide an Upper Bound on Propellant Unit Costs 
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SRD Model Sensitivity to % Ice 

NPV vs. Amount of Water in Regolith 
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LEO 

GEO 

L-1 

LLO 

Case Study  
Unit Costs for a Lunar Sample 
Return Mission ($/kg) 

Note: All current space 
missions use expendable stages  
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LEO 

GEO 

L-1 

LLO 

Case Study 
Unit Costs for LSRM assuming 
refueling ($/kg) 

Note: Reusable vehicle must 
refuel 4 times with 5 engine 
restarts  

Cost estimates based on 2002 NASA/CSM study 
of commercial lunar propellant production 
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2003 DARPA Study 

•  “Lunar Manufacturing” fresh start in 
Spring 2003 

•  Partnership between CSM and MDA 
(U.S. – Canada collaboration) 

•  Refined architectural assumptions 
including ISRU and transportation 
system models 

•  Expanded propellant market models to 
include DoD payloads 
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Earth 
Surface 

Lunar 
Surface 

LLO 

L1 
Gateway 

LEO 

Outbound Leg 

Landing Leg 

Return Leg 

Lunar ISRU Architecture 

ISRU 
Payload 
Launch 

Refuel LV 
Stage at 

L1 

Deploy ISRU 
System at Lunar 

South Pole 

Refuel LV 
Stage at 

LEO 

Fuel 
Delivery Propellant 

Shipments Infrastructure Leg 
Crew 

Arrives at 
Gateway 

And So 
On… 

Gateway 
L1 Depot 
Launch 

Deploy Crew 
Lander to L1 

Crew Arrives at 
Moon – Refuels 

Lander Propellant 
Launch 

Crew 
Transitions 
to Return 
Vehicle 
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Mars ISRU Architecture 

Earth 
Surface 

Mars 
Surface 

LMO 

L1 

LEO 

Outbound 
Cargo 

Cargo 
Landing 

Return Leg 

OSP 
Crew 

Launch 

XTV Refuels in 
Lunar Orbit 

Lander 
Refueled 

Propellant 
Launches 

Crew 
Landing ISRU 

Payload 
Launch 

Refuel 
at L1 

Deploy System 
on Mars Surface 

Refuel 
at LEO 

Crew 
Lands 

Surface 
Ops 

Outbound 
Crew 
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Functional Layout of CSM Models 

•  Model Structure 
–  Architecture 
–  Parametric sizing 
–  Demand models 
–  Cost model 
–  Feasibility 

•  Goals of Modeling 
–  Determine feasible 

conditions (Go / No Go) 
–  Insight into critical 

assumptions 
–  Insight into systems 

dynamics (sensitivity) 
–  Identification of critical 

risk factors 
–  Technology sensitivity 

analysis (investment 
prioritization) 

OTV Sizing 

Lunar Plant 
Sizing 

NAFCOM 
Cost Model 

OTV Benefit 
Model 

    Spacecraft propellant  
Demand Model 

Feasibility 

  Orbital Transfer  
Demand Model 

Integrated 
Cost Model 

PTV Benefit 
Model 

PTV Sizing 

L-1 Depot 
Sizing 

Model 
Results 
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Cost Modeling Flowsheet 

DDT&E 

Production 

Hardware 

Integration 

Systems 

Systems Costs 

Operations 

Launch 

Replacement 

Cost Roll-Up 

Annual 

Life Cycle 

Sensitivity 

Recurring 

Cost Metrics 

Unit Cost 

NAFCOM Analogies 

SOCM 

Current Prices Model Output 
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Cost/Benefit Modeling 
(lunar 10yr scenario) 

•  Cost Model includes 
– DDT&E, Production & Integration costs from 

NAFCOM 
– Operations cost of $57M per element per mission 
– Launch costs, including options for Saturn V, Delta 

4, Atlas 3 
– Discounting of out-year costs at 8% 

•  Comparison of ISRU to Baseline 
– Baseline assumes Apollo-style expendable systems 
– Choice of Saturn, Delta, Atlas for cargo missions 

•  Benefit Model includes 
– Rate of return, comparing relative benefit of ISRU 

model to Baseline 
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Cost/Benefit Results for Lunar ISRU 

•  Discounted Rate of Return (ROR) vs. 
Baseline = 49.4% 
– ISRU 10-yr mission cost = $40.1 Billion 
– Baseline 10-yr mission cost = $59.9 

Billion 

•  Suggested Model Improvements 
Include 
– Add/improve links for sensitivity analysis 
– Preliminary technology improvements 

modeling 
– Review & update launch cost roll-ups 
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Lunar ISRU cost crossover point 
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The Current (Expendable) Paradigm 

One-way missions with no transportation system reuse 
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Earth-Moon 
Libration Point 

Mars 
Orbit 

Earth-Sun 
Libration Point 

Mars-Sun 
Libration Point 

We examine a system where propellant 
is extracted from the Moon and 
Phobos, cached at L1 points, and used 
in commercial (Earth orbit), science 
and human exploration applications 

Libration-based Fuel Depots 

ISRU-Enabled Transportation Nodes   
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ISRU-enabled exploration of Solar 
System 

Propellant 
Sources 

Refueling 
Nodes 

Libration Fuel Depots enable  
                              Solar System Access 
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Conclusions 

•  ISRU is an up-front Investment that 
could generate long-term returns, but it 
depends on developing a sustainable 
market for lunar-derived products 

•  Return on investment (ROI) can be 
quantitatively demonstrated for lunar 
propellant under certain conditions 

•  NASA has the ability to help create or 
enhance those conditions 



B. Blair  LEAG 2009, Houston, TX November 2009         52 

Necessary v. Sufficient Conditions 

•  Is space commercialization a necessary condition for 
human space exploration? 
–  Yes.  It is a necessary element of a rational cost reduction 

plan.  
–  Leveraged capabilities and cost effectiveness could 

dramatically increase. 

•  Is space commercialization a sufficient condition for 
space colonization? 
–  No.  There is still a dependence on NASA to lead the way, 

reduce risks and build infrastructure that can be later 
privatized. 

–  Technologies with space and terrestrial applications are a 
potential offsetting factor and are currently attracting 
industry investment. 
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Recommendations for NASA 

•  Continue development of ISRU 
technology 

•  Conduct focused research and 
modeling related to In-Space Markets 
for ISRU products 

•  Support and nurture small-scale robotic 
ISRU demonstration missions 
(commercial and international partnerships) 

•  Nurture entrepreneurial enterprise 
through prizes, competitions and 
outsourcing 


