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Acronyms 

Apis™ – Asteroid Provided In-Situ Supplies 
ADACS – Attitude Determination and Control System 
ARM – Asteroid Redirect Mission 
BAU – Business As Usual 
BCP – Best Commercial Practices 
BEAM – Bilgelow Expandable Activity Module 
CBE – Current Best Estimate 
C&DH – Command And Data Handling 
CMG – Constant Momentum Gyro 
COTS – Commercial Off-The-Shelf 
DSES – Deep Space Exploration System 
ECLSS – Environment Control and Life Support System 
EVA – Extra-Vehicular Activity 
GEO – Earth Geostationary Orbit 
IPS – Independent Propellant Storage System 
ISRU – In-Situ Resource Utilization 
LEO – Low Earth Orbit 
LDRO – Lunar Distant Retrograde Orbit 
LM – Liquid Methane 
LOX – Liquid Oxygen 
LSO – Lunar Surface Outpost 
LV – Launch Vehicle 
MCC – Mars Crew Capsule 
MEA – Mars Exploration Assembly 
MEM – Mars Exploration Mission 
MGA – Mass Growth Allowance 
MHB – Mars Honey Bee™ 
MHM – Mars Habitat Module 
MLAV – Mars Lander/Ascent Vehicle 
MPM – Mars Propellant Module 
MWB – Mars Worker Bee™ 
NEO – Near Earth Object (asteroid or comet remnant) 
NHM – NEO Habitat Module 
OTV – Orbital Transfer Vehicle 
RCB – Reusable Cargo Bay 
RCS – Reaction Control System 
RMN – Reusable Module N 
SIM – Standard Interstage Module 
STR – Solar Thermal Rocket 
TCS – Thermal Control System 
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ABSTRACT 

The Stepping Stones economic analysis of space transportation supplied from near-Earth object 
(NEO) resources demonstrates the potential to break the tyranny of increasing space transportation 
costs created by dependence on Earth-based resources, particularly propellant.  The increasing 
challenges of space exploration, particularly by humans, rapidly become unaffordable if only Earth-
based resources are available. By using Asteroid-Provided In-Situ Supplies (Apis™) spacecraft to 
extract resources from NEOs and the creation of a space-based transportation infrastructure, 
including a crewed lunar outpost in an energetically advantageous lunar orbit for storage and 
propellant processing along with reusable spacecraft for transport, these resources can be utilized to 
support crewed lunar surface exploration, crewed NEO exploration, crewed Mars missions, and 
even space tourism at less than 25% of the cost otherwise required (~90B$ vs ~390B$ over 20+ 
years).  This analysis further suggests that with relatively modest initial government investment, a 
business case can be developed for a profitable industry in space resources. 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1.0 Executive Summary 
NASA faces many challenges, both technical and programmatic, in its human exploration program. 
The commercialization and colonization of space faces similar challenges. Of all these challenges, 
perhaps the most daunting is the cost of missions.  Cost is currently driven by launch and  in-space 
transportation costs.  Energetically difficult missions require either massive launch vehicles or 
multiple launches, as they require a great deal of propellant to achieve their missions.  This makes 
these missions very expensive, which means they must be over-engineered for success, which 
drives up the cost of development, which reduces the frequency of missions, which eliminates the 
possibility of any economies of scale in missions. 

Unless an approach is found to break this cycle of increasing costs, human exploration, 
commercialization, and colonization of space will likely remain unaffordable.  This report details an 
approach based on use of in situ asteroid resources along with novel technology for extracting and 
using these resources. Combined with a spacecraft design and mission architecture this approach 
has the potential to break the spiral of increasing costs and provide not only an affordable path of 
human exploration, but the possibility of a self-sustaining business of space resource utilization. 

Near Earth Asteroids (NEOs) are more energetically accessible than the surface of Moon.  This 
makes them potential “Stepping Stones” of resources for propellant and other consumables required 
for missions. This report demonstrates how the Asteroid Provided In-Situ Supplies (Sercel 2016) 
(Apis™) spacecraft architecture, which includes a new approach to asteroid in situ resource 
utilization (ISRU) called “Optical Mining™” (Sercel 2015) can capture and extract resources from 
NEOs.  This architecture builds off of previous study and laboratory work, both in terms of NEO 
characterization, technology for capture of small asteroids (such as the Asteroid Redirect Mission 
Study), and new technology development for ISRU. 

This study performs a benefit analysis of applying this approach to using NEO resources for NASA 
crewed exploration missions over the next 20+ years based on a notional but reasonable roadmap 
of missions used to calculate and compare costs of this new approach to estimates of current costs. 
The goal of the study is to create a self-sustaining, reusable, robotic or crewed space transportation 
approach using Apis™ architecture spacecraft, along with other key elements, such as a manned 
propellant depot in an energetically useful orbit around or near the moon equipped with propellant 
processing capability, and a reusable spacecraft that can serve as both an orbital transfer vehicle 
and an ascent/descent vehicle.   

All these elements were combined to support evaluation of a roadmap of mission scenarios for 
development and operation of the lunar orbiting outpost and fuel depot, multiple NEO exploration 
missions, sustained lunar surface exploration and operation missions, and Mars exploration 
missions, performed over an approximately 20 year period.  This evaluation supported estimation of 
initial design, development, test, and evaluation (DDT&E) costs, recurring unit costs, replacements 
costs, and launch costs for these scenarios using high level cost-modeling techniques applicable to 
concept level studies. Cost estimates were made for comparison of four development and operation 
variations of the scenarios in the roadmap: 

• NASA Business as Usual supplied from Earth (no ISRU) 
• Commercial Best Practices supplied from Earth (no ISRU) 
• NASA Business as Usual with Asteroid Resources (ISRU) 
• Commercial Best Practices with Asteroid Resources (ISRU) 

Commercial Business Practices approaches, such as those pioneered by Space X and Blue Origin 
have demonstrated their ability to produce space vehicles at a fraction of the costs traditionally 
associated with NASA development. Even assuming comparable savings, without the use of 
asteroid resources, the results show the total cost of exploration of space will remain unaffordable. 
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Table 1-1: Comparison of cost estimates to support all missions over 20+years 

As Table 1-1 shows, use of asteroid resources, combined with best commercial business practices, 
succeeds in reducing the costs by more than a factor of 4 for a robust plan of human exploration of 
the lunar surface, NEOs, and eventually the surface of Mars. Assuming a reasonable investment by 
NASA in the initial DDT&E for the elements of this architecture and commitment to use the capability 
provided at a reasonable price, along with the ability to obtain adequate initial start-up capital, this 
approach does so in a fashion that can create a self-sustaining business in space resources that 
achieves an estimated profit of >20% annually before the end of 20 years. (See Figure 1-1.) 

Figure 1-1: Estimated Annual Performance of Asteroid Space Resources Commercial Business.  
Includes support for NASA crewed missions and increasing space tourism over 20 years. 

This business can be further expanded and made even more profitable through development and 
fielding of more advanced designs of key elements over time. This further reduces the cost of 
asteroid resources and provides increased commercial support to a burgeoning space tourism 
business and even enables cost effective development of various sized (100s to 1000s of 
inhabitants) space habitats and the eventual colonization of space. 

Total Cost $B Savings $B Comments

NASA Business As Usual, 
Supply From Earth ~392 0 Unaffordable

Commercial Best 
Practices, Supply From 
Earth

~306 ~95 Unaffordable

NASA Business As Usual, 
Asteroid Resources ~143 ~250 Marginal, Requires >$7B 

Annually

Commercial Best 
Practices, Asteroid 
Resources

~90 ~300

Affordable, Average 
NASA Human 
Exploration Budget 
~$6B Annually.
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3.0 Background and Related Work 

3.1 Stepping Stones Study - Purpose 

NASA faces many challenges, both technical and programmatic, in its crewed exploration program. 
The commercialization, and colonization of space faces similar challenges. Of all these challenges, 
perhaps the most daunting is the cost of missions.  Cost is currently driven by launch and 
transportation costs.  Energetically difficult missions require either massive launch vehicles or 
multiple launches, as they require a great deal of propellant to achieve their missions.  This makes 
these missions very expensive, which means they must be over-engineered for success, which 
drives up the cost of development, which reduces the frequency of missions, which eliminates the 
possibility of any economies of scale in missions. 

Unless an approach is found to break this cycle of increasing costs, crewed exploration, 
commercialization, and colonization of space will likely remain unaffordable.  This report details an 
approach based on use of in situ asteroid resources. Using these resources, along with a novel 
technology for extracting and using these resources, implemented in an innovative spacecraft design 
and mission architecture, there is now the potential to break the spiral of increasing costs and 
provide not only an affordable path of crewed exploration but the possibility of a self-sustaining 
business of space resource utilization. 

Near Earth Asteroids (NEOs) are more energetically accessible than the surface of Moon.  This 
makes them potential  “Stepping Stones” of resources for propellant and other consumables 
required for missions. This report demonstrates how the Asteroid Provided In-Situ Supplies (Sercel 
2016) (Apis™) spacecraft architecture, which includes a new approach to asteroid in situ resource 
utilization (ISRU) called “Optical Mining™” (Sercel 2015) can capture and extract resources from 
NEOs.  This architecture builds off of previous study and laboratory work, both in terms of NEO 
characterization, technology for capture of small asteroids (such as the Asteroid Redirect Mission 
Study), and new technology development for ISRU. 

This study performs a benefit analysis of applying this approach to using NEO resources for NASA 
crewed exploration missions over the next 20+ years. The goal of the study is to create a self-
sustaining, reusable, robotic or crewed space transportation approach using Apis™ architecture 
spacecraft, along with other key elements, such as a manned propellant depot in an energetically 
useful orbit around or near the moon equipped with propellant processing capability, and a reusable 
spacecraft that can serve as both an orbital transfer vehicle and an ascent/descent vehicle.   

3.2 Problem 

Figure 3-1 graphically illustrates the problem facing space exploration programs.  High launch and 
space transportation costs lead to infrequent launches.  That in turn means that it is difficult to 
service launched payloads, which then requires the payloads to be over-engineered raising the cost 
of development. Increased investment in turn creates the need for extreme reliability of launch 
vehicles and operations, which now increases launch costs.  That means fewer launches can be 
afforded which now means both that the payloads must be exceptionally long-lived and encourages 
stakeholders to add as many requirements on them as they can, since so few opportunities are 
available to see their needs met.  This increases the payload costs and the higher investment means 
an even greater need for higher reliability in launches, again increasing launch costs, further 
restricting launch opportunities.  Again the additional limits on launch availability drive demand for 
increased mission life, adding to increased total mission cost, encouraging stakeholders to maximize 
the capabilities of the mission, etc.  The net result is that missions can rapidly become unaffordable.  
This is particularly true of the more ambitious crewed exploration missions. 
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Figure 3-1: Tyranny of Space Transportation Costs. Each red box represents the sum of both 
increases to direct costs and indirect costs due to schedule stretch-out and delays.  Combined 

effects can be several $10s of millions as a result for each step in the spiraling costs. 

3.3 Study Goals 

The goal of this study is to provide an understanding of the economic and programmatic 
implications of commercially provided asteroid ISRU for an in-space transportation network. In 
particular, it seeks to reduce NASA crewed mission costs and enable new space industries by 
improving their affordability. As previously noted, the cost of planned crewed exploration missions 
are driven by the need to launch large quantities of propellant, water, oxygen, and (for long duration 
missions outside LEO) radiation shielding. Near Earth Objects or asteroids (NEOs) are more 
energetically accessible, which  makes them potential  “Stepping Stones” of resources for propellant 
and other consumables required for missions. Once extracted from nearby asteroids and made 
available in cislunar space, water can be used directly as propellant in Solar Thermal Rockets (STRs) 
to provide inexpensive transportation. It can also be used to produce other resources, including 
oxygen and methane which can in turn be liquified for use as propellants. The extracted water can 
also be used to provide crew consumables, reducing the need to bring large amounts of oxygen and 
water from Earth.  

Making resources available from highly accessible near Earth asteroids can enable a more cost 
effective approach to human exploration, commercialization, and colonization of space.  The 
objective is to model and calculate the benefits, clarifying the economics of the Stepping Stones 
concept. This approach determines asteroid ISRU economic benefits and practicality, improving the 
understanding of exactly how this combination of factors, including spacecraft architectures, 
application of new technology development, and availability of asteroid resources, interact to solve 
the transportation cost problem.  Figure 3-2 shows the implications of applying this approach to 
reverse the cycle of cost growth in space missions. 
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Figure 3-2 Reversing the Cycle of Cost Growth in Space Transportation. By providing substantially 
less expensive transportation, cost growth can be reversed by opening the mission trade space, 

allowing for different and more cost effective design choices to be made  
3.4 Potential Solution 

The proposed approach to solving this spiral of increasing costs is to apply new technology to 
extract and provide resources in space, eliminating the need for expensive launch vehicles and 
multiple launches to support energetically difficult missions. The Asteroid-provided In-Situ Supplies 
(Apis™) spacecraft design and mission architecture is a potential  application of innovation to the 
problem. Apis allows for robotic in-situ extraction of resources using a novel resource extraction 
technique called Optical Mining™. Optical Mining is synergistic with solar thermal propulsion, as 
both require concentrated sunlight and center on extraction and use of asteroid extracted water 
based propellants. Figure 3-3 illustrates the Apis approach to extraction of asteroid resources.  This 
various elements of the Apis architecture are described in detail in section 6.0. 

Missions to near-Earth asteroids require less propulsion than missions to the surface of the Moon. 
Binzel (2015) shows that a dedicated survey filling in the yellow-hatched region in Figure 3-4 would 
reveal abundant asteroid stepping stones as a gateway to the solar system.  Figure 3-5 illustrates 
the projected amount of water-rich asteroids predicted as a function of ∆V. 

Based on the availability of NEOs, the Apis Honey Bee™ spacecraft can be launched to capture an 
appropriate NEO and extract its resources (primarily water) as shown in the diagram in Figure 3-6. If 
an outpost is established in a Lunar Distant Retrograde Orbit (LDRO) or an energetically similar orbit 
near the moon, it can serve as a storage facility for resources brought back by the Honey Bees for 
use by other missions. 
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Figure 3-3 Apis Spacecraft and Architecture Overview 

Figure 3-4 Availability of Resources in Near Earth Proximity. Figure reproduced with permission 
Binzel (2015) with annotation showing Lunar Distant Retrograde Orbit (LDRO) added. Note that all 
∆Vs in this plot are round trip to LEO except the Asteroid Redirect Mission, which ends at LDRO 
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Figure 3-5 Availability of Water Rich Asteroids in Near Earth Proximity. Preliminary result from Sercel 
NIAC study (Jedicke) 

Figure 3-6 Concept of Operations for First Honey BeeTM Mission  

Optical Mining uses highly concentrated sunlight focused through a device called a “stinger” to heat 
the asteroid surface, resulting in a phenomenon know as spalling.  Figure 3-7 illustrates and 
describes the basics of the spalling process on the surface of an asteroid.  Figure 3-8 illustrates how 
this would occur using a Honey Bee spacecraft.  Figure 3-9 provides an artist’s conception of the 
Honey Bee spacecraft performing Optical Mining. 
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Figure 3-7 Spalling Process as the Basis of Optical Excavation 

Figure 3-8 Optical Mining™ Proces 

Laboratory experiments have been conducted to verify the effectiveness of the Optical Mining 
approach (Sercel 2016). Additional work is planned using an Optical Mining Testbed, shown in Figure 
3-10.  

This testbed is enabled by a remarkable new light bulb shown in Figure 3-11.  The testbed combines 
this  lightbulb with a water-cooled reflector, as illustrated in Figure 3-12. 
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Figure 3-9 Optical Mining (Artist’s Conception) 

Figure 3-10 The Next Technological Step…The Optical Mining™ Test Bed (OMTB) 

Highly concentrated sunlight has a use in addition to its application in Optical Mining.  Using a novel 
thruster design called an Omnivore™ Thruster, capable of using almost any liquid as a propellant, it 
is possible to use the concentrated sunlight for solar thermal propulsion.  Figure 3-13 show the key 
elements of the thruster. Figure 3-14 shows a plot of projected performance in specific impulse (sec) 
as a function of temperature.  This thruster development effort is the subject of a NIAC phase II 
proposal. 
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Figure 3-11 A 700 Amp Light Bulb 

Figure 3-12 Water Cooled High Temp Reflector 
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Figure 3-13 High Performance Solar Thermal Propulsion Omnivore™ Thruster (A) with Cutaway (B) 

Figure 3-14 Solar Thermal Propulsion Performance in Specific Impulse as a function of Chamber 
Temperature 

3.5 Related Work 

The PI is collaborating with scientists on other work directly relevant to this study. This includes 
efforts involved in developing approaches for finding and characterizing all the NEOs.  The primary 
collaborator is Dr. Robert Jedicke of the University of Hawaii.  This effort is focused on using digital 
synthetic tracking (Figure 3-15 panel A) which would enable a series of small space telescopes 

�16 www.transastracorp.com

Ceramic Foam Solar 
Absorber

Sapphire 
Window

Incoming 
Solar Energy

Counterflow 
Propellant in 
Channels for 
Regenerative
Heat Capture

Photo of Zirconia Foam 
Showing Penetration of Sunlight

Tangential Flow 
Injection In Annular 

Channels At Window 
and Throat

ICS Associates 
Proprietary 
Informtion

Cold Radial 
Propellant 

Injection for 
Window 
Cooling

Exterior Isometric View Isometric Cutaway

Long 
Chamber 

Design Allows 
Tests with 

Various 
Replaceable 
Foam Inserts

Same Architecture as
250 kW Design But Smaller 

With Long Chamber

Throat Area Cutaway

6.5 cm

Small Expansion Ratio For Low Cost Demonstration Exhausting to 1 atm

Step Ledge For 
Supporting Solar 
Absorber inserts

Sapphire Window

Primary 
Propellant 

Inlet

Counterflow
Heat Capture 

Propellant
Inlet Near 

Throat

Radial Propellant 
Injection Cools 

Window

A
B

175$

200$

225$

250$

275$

300$

325$

350$

375$

400$

425$

1,000$ 1,500$ 2,000$ 2,500$ 3,000$ 3,500$

Sp
ec
ifi
c'
Im

pu
ls
e'
(s
)'

Chamber'Temp'
(Kelvin)'

Ceramic ThO2 
Working Limit

Flight System Projected 
Performance

Low Cost Lab 
Demonstration 
Performance

Zirconia  
Working 

Limit

ICS Associates

Proprietary Information


http://www.transastracorp.com


Stepping Stones Economic Analysis.                                 

Final Report on NASA Grant No NNX16AH11G

October 15, 2017

PI: Joel C. Sercel, PhD

capable of performing a comprehensive survey of all NEOs. A series of missions are currently being 
proposed (Figure 3-15 panels B-D) starting with the Theia small satellite technology demonstration 
mission.  This would be followed by the more comprehensive Sutter Survey mission and capped by 
the Sutter Extreme mission. 

Figure 3-15. A :Digital Synthetic Tracking Enabled by CMOS Detectors and Modern FPGAs, NEO 
Detection Missions Applying this Approach, B) Theia, C) Sutter Survey, and D) Sutter Extreme: 

Finding and Characterizing Them All 

There are currently plans and proposals that would pave the way for development of the Apis Honey 
Bee. Figure 3-16 shows a full size 10m diameter asteroid capture capable Honey Bee vehicle 
massing approximately 4000 kg, along with the concept for a 250 kg Mini-Bee demonstration 
vehicle compatible with a SmallSat launch vehicle.  Figure 3-17 shows an artist’s conception of the 
10 m Honey Bee in operation capturing an asteroid.  Section 6 provides a complete breakdown of 
the Honey Bee vehicle subsystems. 
Figure 3-18 illustrates the various steps of the proposed Mini-Bee Mission. The Mini-Bee is 
conceived as a SmallSat missions which would demonstrate capture of a simulated asteroid, extract 
material (water) from the simulated asteroid, and use it for demonstration of solar thermal propulsion, 
thus showing proof of the Honey Bee concept. 
A precursor mission to the Mini-Bee is a standalone Optical Mining experiment that could be 
performed at the International Space Station (ISS).  Figure 3-19 illustrates the sequence of 
operations of the Optical Mining Experiment Module (OMEM) that would demonstrate use of an 
inflatable concentrator to perform optical mining on a simulated asteroid and allow for the processed 
sample to be returned to Earth for analysis. 
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Sutter Survey: Telescope Breakthrough Enables 
Microsats to Map Accessible NEOs 

Organization: TransAstra Corporation  

PI: Joel C. Sercel. PhD    
Problem: Existing and planned asteroid surveys can not 
efficiently map and characterize sub-100 meter diameter 
NEOs for planetary defense, science, exploration planning or 
for their use as In-Situ Resource Utilization (ISRU) materials to 
support human exploration of deep space.
Innovation: Named for Sutter's Mill which set off the 
California gold rush, the Sutter Survey is based on a powerful 
new innovation in telescope design called Compound 
Synthetic Tracking (CST). CST exploits new developments in 
COTS optics, CMOS sensors,
and flight qualifiable FPGAs. 
Combined with CubeSat parts
and optical communications,
CST enables small, cheap
spacecraft to perform like $B
observatories.

Potential: Sutter Survey
provides breakthrough NEO
discovery and characterize-
ation rates of over 4,000 five
to ten meter scale objects
and thousands of tons of 
potential ISRU resources
per year.
Benefits: This study will: 
1) Profoundly effect NASA's planning for NEO mapping and 
characterization for science and planetary defense;
2) Provide the details needed to confidently plan a new low 
cost CubeSat mission of NEO discovery and science.
3) Pave the way for the discovery of large numbers of NEOs 
for human exploration and asteroid ISRU.

Study Approach: 
Three experienced and expert innovators will collaborate to:
1) Perform technological, scientific, and engineering 
optimization and characterization of the Sutter Survey 
mission 
2) Develop a technology roadmap to enable the Sutter 
Survey mission including design of a Phase 2 NIAC to build 
and test a full scale ground prototype CST telescope.
3) Complete detailed engineering and test of a sub-unit of 
                                                    the CST telescope and 
                                                    perform a proof-of-concept 
                                                    demonstration by 
                                                    integration with existing 
                                                    astronomical facilities at 
                                                    University of Hawaii 
                                                    Institute for Astronomy

Notes:

Sutter Survey - Telescope Breakthrough
Enables MicroSats To Map Accessible NEOs 

3 Micro-Spacecraft In Heliocentric Orbits 
at 0.95 AU Map Targets for Exploration, 

Science, and Planetary Defense

30 deg2 FOV: Each Spacecraft 
Finds > 500 NEOs Per Year

Compound Synthetic Tracking (CST) Optics Derived from 
Commercial Components (Four 14 cm Apertures Each) 

CubeSat Components and Simple Optical Communications 
Enable ≈ 60 kg Highly Capable Spacecraft 

< 100 Watts With Small 
Integrated 

Monopropellant System

- ii -

Sutter Survey  -  Telescope Breakthrough Enables Microspacecraft Mapping of Accessible NEOs     
PI: Joel C. Sercel, PhD (TransAstra)          Co-I’s: Dr. Robert Jedicke and Dr. Michael Shao

(< 3 km/s) water rich ISRU targets appropriate for human exploration, effectively opening 
the solar system to commercial asteroid ISRU and human exploration.   
The ultimate near term asteroid hunting, science, planetary defense, and resource 
prospecting mission is Sutter Extreme shown in the artist’s depiction of Figure 3. This 
system is designed to be compatible with NASA’s New Horizons program and comprises 
three spacecraft in heliocentric space each with seven 50 cm class telescopes backed by a 
wafer scale 100 Mpixel sCMOS focal plane. Six of the optical assemblies in Sutter Extreme 
are visible and one is a 4 µ near IR telescope with the new JPL HOT-BIRD (Tin et al. 2016) 
high temperature IR focal plane that can work with a passively cooled focal plane design.  
The single mission will increase by more than an order of magnitude the total discovery and 
characterization rate of small bodies in the solar system and find at least 24 times more 
PHO than are currently being discovered globally. Sutter and Sutter Extreme will identify and 
characterize far more objects than any anticipated ground or space based surveys due to 
the unique capabilities of the synthetic tracking technology and thereby usher in a new era 
in small body science, planetary defense, and ISRU resource prospecting. 
While the Sutter system’s PHO performance statistics are impressive, the system’s 
superiority is demonstrated when considering the objects that they are specifically designed 
to assay – small ISRU and human exploration targets. For comparison, the JPL NHATS 
website lists a total of about 1,862 objects that require a ΔV<12 km/s for a round trip 

!
Sercel, Jedicke and Shao 	 	    	 - ! - 	    	 	 	     TransAstra Corporation6

Sutter Extreme - Revolutionary New 
Frontiers Class Mission With Beyond 

Flagship Performance

Six 50 cm Visible Light 
Apertures Each With A Unique 
Color Filter and a 100 MPixel 

sCMOS Focal Plane 

Discover, Track, Size, and 
Characterize > 7,500 Asteroids 

Per Year  Including  > 600 
Water Rich Low ∆V ISRU and 

Exploration Targets

Advanced HOT-BIRD IR Focal Plane On 
One Scope Cooled By Body Mounted 

Radiators With Thermal Shields

Two FGPA Processors Tie the 
Seven Telescopes Together And 

Perform Synthetic Tracking 
Calculations

Integrated 
Deployable Solar 

Panels and 
Thermal Shields

Optical Communication 
For Massive Data 

Volume Return

Figure 3:  The Sutter Extreme mission is New Horizon compatible and will increase the total global asteroid 
discovery rate by more than an order of magnitude and will discover and characterize (determine size, 
taxonomic type and resource content) more than 600 water rich low ∆V and commercial and human 
exploration targets per year.
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Figure 3-16 Honey Bee Robotic Asteroid Capture Vehicle Configuration with Mini-Bee Demonstration 
Vehicle 

Figure 3-17 Honey Bee Robotic Asteroid Capture for ISRU Resource Return Artist’s Conception 
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Figure 3-18A	 Mini Bee Tech Demo Mission: Launch On A SmallSat Launcher (eg Launcher One) 
B ) Mini Bee Separation C) Synthetic Asteroid and Structures Deployment D) Synthetic Asteroid 

Capture and Optical Mining Demonstration E) Demonstration of Solar Thermal Rocket Maneuvering 
With Mined Propellant 

Other uses of asteroid material are also being explored and evaluated. Otis R. Walton is evaluating 
micro-gravity techniques and granular mechanics required for fabricating radiation shielding from 
leftover asteroid regolith in space.  This shielding is planned for use by long duration crewed 
missions and human habitats and is designed to easily wrap around existing structures.  Figure 3-20 
shows the Ancilla approach for creating radiation shielding from the leftover regolith.  Figure 3-21 
shows the rotating funnel that is a key component of the Ancilla approach. This approach applies 
granular dynamics in a micro-gravity environment to move the regolith into extendable tubes for 
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fabrication of the shielding. Dr. Christopher Dreyer of the Colorado School of Mines is studying 
laboratory techniques to verify the utility of these approaches.  One such experiment that could be 
performed by astronauts at the International Space Stations (ISS) is illustrated in Figure 3-22. 

Figure 3-19 A) Optical Mining Experiment Module (OMEM). B) OMEM Interior Cutaway C) OMEM 
Inflatable Deployment D) OMEM Optical Mining Demonstration E) Inflatable Structure Separation and 

Deployment F) Interior Cutaway Prior to Return to Earth 
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Figure 3-20 Ancilia: Radiation Shield from Leftover Regolith for use in Surrounding Habitats 

Figure 3-21 Ancilia: Rotating Funnel 
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Figure 3-22 Ancilia Demonstration (Pending NASA SBIR Proposal) 

3.6 Study Foundation 

The study applies the Apis architecture using an asteroid mining vehicle (aka Honey Bee) based on 
the work performed in the prior NIAC Apis study (Sercel 2016), and in addition, a "Worker BeeTM" 
created to be a space tug variant of Apis using water provided by Honey Bees as propellant in its 
solar thermal rocket (STR). 

The Worker Bee is designed to reduce launch costs by large multiples for private sector spacecraft 
and NASA human exploration systems beyond LEO, and also replace rocket upper stages needed 
beyond LEO.  Worker Bees circulate on multi-legged routes between the propellant cache in cislunar 
space, LEO, and destinations. Also evaluated in this study is an alternate architecture with Reusable 
Spaceships in place of Worker Bees for use in LEO and cislunar space. The Apis architecture is 
used as a test case in the Stepping Stones study and the point of departure for analysis of the 
mission scenarios, for cost estimation, and financial comparisons with the non-ISRU approach. 

3.7 Study Technical Approach 

In order to accomplish the goals of this study it is first necessary to define a set of vehicles and 
technical system elements that can be assembled into different architectures for different mission 
scenarios.  These definitions must include system configurations, mass models, scaling equations 
and technical performance (e.g. delivered payload mass, ∆V required, and propulsion efficiency in  
Isp ).  This allows for application of the rocket equation to determine propellant requirements based 
on a defined set of possible crewed exploration mission scenarios.  Given these mission scenarios it 
is possible to compare them using three different options: 

• Earth supplied propellant as a baseline for comparison or “Non-ISRU” option, 
• H2O based Apis architecture: “Apis (H2O)”, and 
• LOX-Methane Apis architecture “Apis (LOX-LM)”. 
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Initially the missions and launch sequences needed for ten years of crewed exploration for each 
scenario, with and without asteroid resources, are defined and the results calculated in terms of 
payload mass and required propellant. The scenarios are then combined into an overall notional 20+ 
year plan of crewed exploration. Total launch cost, system development cost, and operations costs, 
are calculated using high-level cost models.  One area that is not included in the study but may be of 
interest is the potential value of returned asteroid minerals or other materials.  It is likely some 
materials (e.g., exotic metals, silicates) may be of high value in both Earth-based industries and 
future space commercialization enterprises (such as in-space solar array production) but were 
considered out of the scope of this study.  

4.0 Study Accomplishments 

This study required numerous accomplishments.  First the key system elements and vehicles 
(described in detail in section 6) are developed and updated based on review and feedback. These 
system elements include: 
• Apis™-derived Honey BeeTM and Worker BeesTM 
• Mining Systems for Honey Bee 
• Propellant Production (Fontus) and Storage Facility (Lunar Orbital Outpost) 
• Reusable Spaceships for use as Landing/Ascent Vehicle and propellant/vehicle transfer between 

LEO, cislunar space, NEOs, and Mars  
• Deep Space Exploration Systems (DSES) for crewed missions 
• Scooters (EVA support vehicles) 

A set of mission scenarios (described in detail in section 5 and integrated with the system elements 
in section 8) are defined that apply the key systems and vehicles in the scenarios, including: 
• Establishment and Operation of a crewed Lunar Orbital Outpost , 
• Crewed Lunar Surface Missions (LSO), 
• Apis™ and Crewed NEO Missions, 
• Crewed Mars Missions, and 
• LEO to GEO commercial satellite transport. 

The ∆V for each of these Mission Scenarios is estimated, allowing for calculation of the number of 
launches/upper stages and amount of water/propellant consumed for all mission scenarios.  The 
analysis approach is detailed in section 8. Parametric (NASA QuickCost/Claybaugh) and $/kg launch 
cost approaches are then applied as described in more detail in section 9. 

These calculations and summations were done based on development and operations being 
categorized as either Business as Usual (using historic NASA development/operations cost levels) or 
Best Commercial Practices (based on achievements in space system cost reduction by SpaceX, 
among others) as well as whether or not asteroid ISRU was employed, resulting in four different 
results that are then summarized across the scenarios. 

Finally, the development of a business case for a commercial enterprise in asteroid resources was 
performed. Support for space tourism and eventual commercialization and colonization of space is 
also included at a simplified level as a reasonable addition to the commercialization effort. 
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5.0 Overview of Mission Scenarios 

5.1 Mission Scenarios Considered 

Four sets of NASA crewed missions were developed for use as mission scenarios.  These include: 
• Establishment and maintenance of Lunar Orbital Outpost, established in Lunar Distant Retrograde 

Orbit (LDRO) and operated for life of scenario. 
• Near Earth Object (NEO) Exploration focused on crewed missions to a variety of small (10 m 

class) targets. These consist of five missions of approximately 14 months duration. 
• Lunar Surface Operations (LSO) including establishment and operation of a lunar surface base 

based on two crewed and two cargo landings per year. 
• Mars Exploration, initially four crewed exploration mission to Deimos with a crewed Mars landing 

and return but reduced to 3 for the final cost analysis when the timeline is extended to 20 years.  
Return missions could lead to the establishment of a Deimos or Mars surface base, but are not 
covered in the version of this scenario presented. 

Additionally, a scenario applying this architecture to LEO to GEO commercial satellite transportation 
based on current projections of the market is included. 

Figure 5-1 shows an integrated roadmap of all of the above mission scenarios. Mars and some NEO 
missions are staged out of LEO in the Non-ISRU case. All ISRU missions are staged out of LDRO 
from Honey Bee supplies once the Lunar Outpost is established. Those Non-ISRU missions staged 
out of LDRO require additional propellant brought to LDRO from Earth. 

Figure 5-2 shows the typical ∆Vs for transition between relevant orbits and destinations. Worker 
Bees (all H2O) or Reusable Spaceships (all LOX-LM) pick up payloads in LEO and deliver them to 
the LDRO Outpost in Apis transportation cases as illustrated in Figure 5-3. One exception is in 
transferring commercial satellites from LEO to GEO orbits. The Worker Bees or Reusable 
Spaceships then return from GEO to the Outpost for refueling. 

Apis options evaluated include both Worker Bee and Reusable Spaceship options for each scenario. 
Also included are assumptions regarding the 14 month Honey Bee 100 ton water return missions 
launched  or operated prior to each scenario need for propellant.  The original scenario definition 
covers 10 years which is then expanded to consider the 20 year integrated scenario. 

Figure 5-1 Notional Combined Mission Schedule 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Figure 5-2 Key ∆Vs in a near-Earth Transportation System, including Mars injection requirements (red 
lines show aerocapture values.) 

Figure 5-3 Apis™ Space Transportation Network, showing several applications of the Apis design. 

5.2 Key System Elements Included In Mission Scenarios 

As mentioned briefly before and described in more detail in section 6, the key system elements 
applied in this study to the mission scenarios are:  
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• Honey Bee, the Apis mining vehicles with propulsion, raw ISRU product storage, and Optical 
Mining™ components for NEO resource harvest and transport 

• Two Worker Bee variants for cargo transport 
- A separable 2 spacecraft version with aeroshells for Earth aerocapture/braking 
- A single spacecraft without aeroshells for other deep space missions (NEO, Mars) 

• Lunar Orbital Outposts as transportation node and propellant depots 
• “Fontus” consumable and propellant production systems at key locations (Lunar Outpost and 

Deimos) for propellant processing consisting of: 
- An electrolyzer for H2/O2 separation, 
- A Sabatier system for LM/LOX production, 
- Cryogenics for LM/LOX/LH2 production, and  
- Tanks for storage (and support spar) 

• Scooter enhanced microgravity EVA systems at key nodes, and  
• Crewed Deep Space Exploration System (DSES) for NEO and Mars exploration. 

5.3 Vehicle Mass Modeling 

Wherever possible, actual flight hardware has been used in developing mass models. As 
improvements in some areas are expected, this should create a conservative baseline for most 
subsystems. Conservative estimates and generous margins have been applied to all new 
technology, in particular: 
• Inflatable systems for Apis spacecraft, 
• Optical Mining™ apparatus (aka Stinger), 
• Solar Thermal Propulsion (Sercel Omnivore™ engine), and  
• Asteroid capture system (from JPL initial design and analysis). 

The mass models were supported by best available technical estimates and published literature 
where possible and subject to multiple review. 

Some assumptions had to be made regarding the aeroshells for the Worker Bee Earth-aerocapture/
braking system.  Initially, 15% of entry mass as recommended by Palaszewski (NASA Technical 
Paper 3065 - Lunar Missions Using Chemical Propulsion: System Design Issues) is considered for 
single pass aerocapture.  However, actual aeroshell mass can fall to near zero based on trade 
against the time taken to achieve desired orbit through multiple passes through the atmosphere. 
Campbell, Argrow and Ralph in “Aerobraking in the Cis-Lunar Economy” (AIAA 2017-0468) present 
data that multiple passes can be easily used to achieve LEO in less than 3 weeks without an 
aeroshell - experiencing only small heat loads. Both the Magellan and Mars Global Surveyor 
spacecrafts used aero-braking without any additional shielding to modify their orbits. As a 
compromise,15% is used for aerocapture/braking protection on the dry mass spacecraft portion 
attached to the main water tank, with only 2% used for the water tank aeroshell. This approach can 
benefit from additional study and analysis and will likely result in some level of further mass 
reduction. 

The Worker Bee reflector with the STR spacecraft portion makes a separate propulsive maneuver to 
rendezvous using a small separate water propellant tank. All subsystems necessary for maneuvering 
and rendezvous are duplicated on both spacecraft portions. The Worker Bee main tank is sized for 
the maximum propellant load anticipated in mission scenarios. 

There are some additional assumptions on the ∆V's used for the Apis versions of the scenarios. All 
Apis spacecraft (Honey Bee and Worker Bee) have Omnivore Solar Thermal Propulsion engines 
(Omnivore™) sized to be capable of 100 newton thrust levels with an Isp of 335 seconds. In 
addition, Honey Bee missions are launched from Earth on a direct injection trajectory to 
interplanetary asteroid resource trajectories on their first missions. All subsequent missions are 
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staged out of the Lunar Outpost in LDRO. All mission departures and returns (NEO exploration and 
Mars Exploration) are from/to the Lunar Orbital Outpost which require a much lower ∆V than the 
outbound ∆V from LEO used for the Non-ISRU cases. It is also worth noting that the primary 
difference in performance between Worker Bees and Reusable Spaceships is the lighter weight of 
the Worker Bee versus the higher efficiency of the Reusable Spaceship LOX/LM engines based on 
using high expansion nozzles. This results in slight net launch mass savings for the Worker Bee 
option, but it is small enough to probably be within the uncertainty bounds of the study. 
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6.0 Descriptions of Key Systems and Vehicles 
  
The following paragraphs provide detailed descriptions of the study key systems and vehicles shown 
in an artist’s conception in figure 6-1, specifically: 

• The Lunar Orbital Outpost at LDRO,   
• The Fontus System for production of propellant and other consumables, 
• The Honey Bee asteroid mining spacecraft,  
• Both aerocapture/braking and non-aerocapture/braking Worker Bee versions, 
• The Reusable Spaceship,  
• The Scooter ExtraVehicular Activity (EVA) support vehicle, and 
• The Deep Space Exploration System (DSES). 

Figure 6-1 Key Systems and Vehicles (not to scale), Clockwise from Upper Right: Lunar Outpost with 
Scooters attached above the Habitats, Honey Bee with Asteroid Capture System, Reusable 

Spaceship, Worker Bee, and Worker Bee with Deep Space Exploration System 
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6.1 Lunar Orbital Outpost   

Figure 6-2 Propellant Depot and Outpost Configuration 
   

Table 6-1 Lunar Outpost - Initial Deployment - Mass Equipment List 
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Figure 6-2 is an artist’s conception of the completed Outpost with propellant depot capability.  Table 
6-1 provides the break down of the outpost in its initial deployment which is based on a Bigelow 
Aerospace Bigelow Expandable Activity Module (BEAM), identical to the one currently in use at the 
ISS.  Its basic specifications are: 

• 1400 kg, 
• 4.01 m length X 3.23 m diameter, with 
• 16 m3 of usable volume. 

The BEAM is selected as it is one of the components that is flight-proven.  In addition, there are 
connecting tunnels which are ~2.5 m in diameter with ~10 m between connections and 2-3 m for 
each docking assembly (see figure 6-2). 

Table 6-2 Lunar Outpost - Final Configuration - Mass Equipment List 
Table 6-2 provides the breakdown for the completed outpost which includes the addition of key 
sections such as: 

• Bigelow Aerospace B330 Modules (2) each being: 
- 20,000 kg, 
- ~17.3 m length X ~7 m diameter (living section), 
- 330 m3 usable volume, and 
- Includes additional solar array to support propellant processing. 

• Propellant Processing (Fontus) (for ISRU scenarios) consisting of: 
- 2 450 mT/year processing plants, 
- Two 50,000 kg storage tanks for water or Propellant, and 
- Sun shield to improve cryogenic storage and frozen water, along with a docking module 

and robot arm for attaching/detaching storage tanks. 
• (or) a Propellant Storage Facility (for Non-ISRU cases) which includes four 57,000 kg capacity 

tanks. 
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It is estimated that it will take several launches to get the various sections to LDRO and assemble 
the completed lunar outpost. The actual sequence of construction is detailed in section 8. 

6.2 Fontus System  

Named for the Roman god of wells and springs, the Fontus system is a  common multi-fluid volatile 
separation, processing, and storage system. Its design is a result of a collaboration between 
TransAstra and the Colorado School Of Mines. Figure 6-3 provides a conceptual overview. Its 
purpose is fluid conversion and storage for water, LOX, LM, many hydrocarbons, CO2 and even H2 if 
desired. Figure 6-4 illustrates the internal material flow of the Fontus system. It benefits deep space 
human exploration missions by providing: 

• Water and O2 for human consumption and 
• Propellant for Worker Bees and Reusable Spaceships serving as landers and ascent vehicles. 

See Figure 6-5 for these and additional applications of the Fontus system. 

Figure 6-3 Fontus Concept  (for Lunar Orbital Outpost and Deimos) 

Figure 6-6 shows the basic chemical processing within the Fontus system.  Elements within the 
Fontus system include: 

• A Gas Separator, capable of isolating CO2 and H20  from Asteroids or Deimos, 
• An Electrolyzer for separation of water into hydrogen and oxygen  (2H20 = 2H2 + 02) 
• A Sabatier conversion system to convert hydrogen and carbon dioxide into methane and 

oxygen: (CO2+2H2 = CH4 + 02) similar to that currently used on the ISS, and 
• A cryogenic cooler to provide for liquefaction of methane and oxygen into LM and LOX. 
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Figure 6-4 Fontus Propellant Processing System Internal Material Flow 

Figure 6-5 Possible Future Propellant Processing Mission-System Architecture.The Fontus system 
has several potential applications in addition to the Lunar Orbital Outpost and Deimos Outpost 

presented here, including ECLSS. 

�32 www.transastracorp.com

http://www.transastracorp.com


Stepping Stones Economic Analysis.                                 

Final Report on NASA Grant No NNX16AH11G

October 15, 2017

PI: Joel C. Sercel, PhD

Figure 6-6 Fontus Processing 

Table  6-3 Fontus Volume, Mass, and Power Scaling  

Table 6-3 provides the current estimation of Fontus Volume, Mass, and Power requirements as a 
function of output.  The Fontus system is partially based on NASA’s Marco Polo ISRU technical 
assumptions, in particular, mass and power estimates. The NASA Marco Polo (Mars Atmosphere 
and Regolith Collector/Processor for Lander Operations) system can be found at  http://
isru.nasa.gov/CarbonDioxideOxygen.html 

Table 6-3 illustrates scalability of system from rather modest levels of production from 1 metric ton 
per year to ≈100 metric tons per year. Some savings in volume and mass are achieved with larger 
systems. For the integrated mission scenarios considered, it is estimated that a 450 metric ton/year 
capacity will be needed and require approximately 60% more mass and volume than the 100 ton/
year version. 

6.3 Honey BeeTM and Worker BeeTM 

The Honey Bee is based on the Apis design and includes an updated Asteroid Capture system 
based on the updated ARM Option A design. (See Figure 3-16) It also Includes a custom Optical 
Mining system along with the capture bag and ISRU storage equipment. The water accumulation 
tanks used to feed the solar thermal propulsion system are optimally sized from original Apis design 
and have a 2000 kg total capacity. This is in contrast to the water/ice bags that can contain around 
100 tonnes. 

The Worker Bee is an almost identical Apis design with some modifications (see figure 6-7), in 
particular:  

• No Asteroid Capture/Optical Mining system,  
• An Adaptor to connect to carried elements (crewed or robotic), 
• Four  large propellant (water) tanks and, 
• An aeroshell for the aerocapture version. 
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In the aerocapture/braking variant the Worker Bee separates into two parts on return to LEO to pick 
up items for transfer to the Lunar Outpost or GEO. The Inflatable structure and water-based STR 
system with a small water tank makes a propulsive entry into LEO.  The remainder of the spacecraft 
with the large water tanks and aeroshell aerocaptures and aerobrakes into LEO. This variant requires 
most spacecraft subsystems to be duplicated on both parts. Figure 6-8 illustrates the aerocapture/
braking approach.  Table 6-4 provides the high-level mass breakdown for the non-aerocapture/
braking version of the Worker Bee.  Table 6-5 provides the mass breakdown for the aerocapture/
braking version. 

Figure 6-7 Non-Aerocapture/braking Worker Bee Spacecraft Configuration 

The Worker Bee and Honey Bee vehicles use water based solar thermal propulsion using an 
Omnivore thruster.  The Worker Bee has four 10,000 capacity stainless steel tanks (40,000 kg total) 
to feed the STR system.  This allows Worker Bee to be used as a propulsion stage for human 
exploration of asteroids and Mars as well as an orbital transfer vehicle (OTV) from LEO to GEO or 
LDRO. See tables 6-4 and 6-5 for the non-aerocapture/braking and aerocapture/braking mass 
models. 

There are some additional key Worker Bee and Honey Bee technical assumptions required to 
evaluate the missions scenarios. They are: 

• The spacecraft life is ten years. 
• The life of inflatable structures/components is three years. 
• The design allows for modular replacement of inflatable structures and the asteroid capture 

system.(The very low mass of inflatables (~190 kg)  and compact storage means several 
replacements can be launched at one opportunity and stored at Lunar Outpost for later use.) 
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Figure 6-8 Separable Worker Bee Aerocapture/braking System Concept for LEO to High Orbit 
Transport 

Table 6-4 Worker Bee Mass Model Non-aerocapture/braking 

Life of Asteroid Capture and Extraction system assumed to be ~100,000 kg of extracted material. 
Also modular and relatively low mass (~2,200 kg) so multiple replacements can be launched and 
stored at Lunar Outpost as well.  Table 6-7 has the mass breakdown of the asteroid capture system 
developed for the ARM mission and Table 6-8 has the modifications made for resource extraction 
required by the Honey Bee. 

�35 www.transastracorp.com

http://www.transastracorp.com


Stepping Stones Economic Analysis.                                 

Final Report on NASA Grant No NNX16AH11G

October 15, 2017

PI: Joel C. Sercel, PhD

Table 6-5 Worker Bee Mass Model Aerocapture/braking 

Table 6-6 Honey Bee Mass Model 

Table 6-7 Honey Bee Capture and Extraction System. 
Initial Design for Capture Module from AIAA Paper:  

“Testbed for Studying the Capture of a Small, Free-flying 
Asteroid in Space”, Brian Wilcox, Miguel San Martin, Louis 
Giersch, Scott Howe, Håvard Fjær Grip, Reza Nayeri, Todd 
Litwin, Jason Carlson, Matthew Shekels, Abhinandan Jain, 
Christopher Lim, Steven Myint, Jack Dunkle, Allen Sirota, 

Christine Fuller. 
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Unit 
Mass 
(kg)

Optical Mining™ System
ARM Asteroid Capture System

System/Part Description CBE 
Mass (kg) MGA (%) Predicted 

Mass (kg) Comments

1836.26 21% 2226.30
1056.18 0% 1056.18

34.47
Honey Bee Robotic Arm #1
Ice Bags (4) 137.88 0% 137.88 scaled from original enclosure

139.72 50% 209.58
Honey Bee Robotic Arm #2 139.72 50% 209.58
Telescoping Tube Assembly 500.64 50% 750.96

35.00Instruments
Power System

35.00 0% 35.00
116.24 30% 151.11

Honey Bee Reflector System 130.54 45% 189.28
STR Propulsion System 118.15 48% 174.47
Reaction Control System (RCS) 27.86 39% 38.60 water-based RCS; water from STR tanks
Attitude Determination and Control System (ADACS) 40.00
Command and Data Handling (C&DH) System 20.35
Telecom System 46.49
Thermal Control System (TCS) 64.62
Structures and Mechanisms 578.66

40.00 10% 44.00
20.35 13% 23.00
46.49 14% 53.00
64.62 30% 84.01

578.66 0% 578.66 revised based on reduced tank mass
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Table 6-8 Honey Bee Asteroid Resource Extraction Additions Mass Model 

6.4 Re-Usable Spaceship  

The Re-Usable Spaceship Vehicle Concept Is a reusable medium class 2nd stage vehicle, like a small 
version of the SpaceX interplanetary transporter. The Re-Usable Spaceship Vehicle is designed for 
multiple applications without reconfiguration (analogous to the DC-3 airplane that made routine air 
travel practical.). Figure 6-7 illustrates several key aspects of the design. It includes both aeroshell 
and propulsive landing technology. It can be used crewed (with a crew module in payload bay) or 
robotically. It has propellant storage (LOX-LM) sized for 150,000 kg total propellant load. This 
exceeds all propellant requirements for the mission scenarios. It is also compatible with medium to 
large class launch vehicles as a 2nd stage.  Table 6-9 provides a high-mass breakdown, along with 
some propellant calculations for various destinations and payload masses to illustrate the versatility 
of this approach. The high Isp is based on use of high expansion area nozzles. 
The Reusable Spaceship provides additional robustness to the missions as those used for vehicle or 
cargo transport can be re-purposed for crew return if necessary. Its design is based on concepts 
documented in “The N-Stage Reusable Space Vehicle (NSRV): Aviation Like Space Operations 
Initiating a Revolution in Military Affairs”. Originally this was prepared and documented for the Air 
University by:Joel C. Sercel, PhD, ICS Associates Inc.on subcontract to NextGen LLC, November 
11, 2016 and is used in this study with permission of Air University.  It assumes on-orbit cryogenic 
propellant storage and transfer and the ability to launch without payload in tanker mode for non-
ISRU scenarios. 
6.5 Scooter 

The  Scooters are small open-cockpit space vehicles for human crewed missions operating at 
NEOs, Deimos, or the Lunar Outpost. One possible design is shown in Figure 6-10. They have 
hydrogen peroxide monopropellant thrusters on 8 thruster pylons(4 forward, 4 aft). Each pylon 
contains one 50 lbf and one 5 lbf thruster. The propellant tank is sized for 300 m/s total impulse. 
Constant Momentum Gyros (CMGs) are used to augment the pointing system. Front pylon thrusters 
do not operate when an EVA specialist is performing duties on foot restraints. The scooter is 
powered by solar arrays and batteries. Their capacity is 3 space-suited crew or equivalent cargo. 
The scooter operates under manual control by crew, tele-operation, or autonomously. The external 
basket-weave structure allows folding into compact shape for launch. Once extended the structure 
is covered with thermal blankets. Figure 6-10 illustrates the Scooter design, while Table 6-10 
provides the mass breakdown for the Scooter. The dimensions are: 

• Length: 21.5 ft (6.55 m) 
• Diameter: 5.5 ft (1.68 m).  
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Figure 6-9 Reusable Spaceship Vehicle 

Table 6-9 Reusable Spaceship Mass Model. Used to determine mass of propellant required from 
Earth or the propellant processing plants at Lunar Orbit Outpost and Deimos to support mission 

scenarios  

The Scooter contains an Environment Control and Live Support System (ECLSS) system which can 
take over for suit packs while crew in Scooter and can recharge suit packs as well. 
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Figure 6-10 Scooter Enhanced EVA Support System (Robot Grappling Arms not shown) 

Table 6-10 Scooter Equipment List 
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6.6 Deep Space Exploration System  

The Deep Space Exploration System (DSES) combines several elements to provide crew support 
and habitat during deep space missions.  The 2 Habitat Modules are scaled down to 50 m3 from the 
B330 version referenced at: http://www.bigelowaerospace.com/b330/. The connecting tunnels are 
~2.5m in diameter and ~3m in length from each habitat module to the center tunnel. The adaptors 
for the docking system are ~4m in length and have additional shielding.  The docking system uses 
the Internat iona l Dock ing Standard. The complete spec ificat ion is at : ht tp: / /
www.internationaldockingstandard.com/download/IDSS_IDD_Revision_D_043015.pdff 
There are 3 suitports for EVA and also 1 airlock.  The configuration is shown in Figure 6-11 and the 
mass breakdown is given in table 6-11. 

Figure 6-11 Deep Space Exploration System (DSES)  
Table 6-11 DSES Habitat Mass Equipment List: (*) Consumables will depend on mission duration 
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7.0 Analysis Approach 

7.1 Missions Analyses Approach 

Isp and ∆V are used to calculate propellant mass fraction via the rocket equation, this determines the  
propellant mass for a given spacecraft and payload mass. The tanks have been sized for maximum 
capacity required for specific mission scenarios. These calculations must account for propellant 
carried for each maneuver,  For the ISRU variation of the scenarios, the following calculations were 
made: 

• Honey Bee 
- Outbound and inbound for Water Extraction Missions to NEO – uses extracted water for return 
- Outbound and inbound to NEO for Mining Missions 
- LDRO to Mars/Deimos 

• Worker Bee/ Reusable Spaceships 
- Initial flight to LDRO for refueling 
- LDRO to LEO to LDRO for additional Lunar Outpost components, Lunar landers/crew ascent 

vehicles/crew transport/crew Earth return vehicles for Lunar Outpost, LSO, NEO and Mars 
Missions 

- LDRO to LEO for crew Earth return vehicles 
- LDRO to NEO for crewed missions and back to LDRO 
- LDRO to Mars/Deimos for crewed missions and back to LDRO 

Figure 7-1 Honey Bee Results for Asteroid Water Return 

Figure 7-1 provides a plot for ∆V vs. Water returned for Honey Bee missions that support the 
determination of the number of Honey Bees and timeline required to provide ISRU resources for the 
mission scenarios. Based on the mission scenarios, it is possible to further calculate the number of 
launches and water requirements for Honey Bee™ and Worker Bee missions, and propellant 
required for the Reusable Spaceships. Using the same basic mission scenarios it is possible to 
calculate the number of launches and upper stages for Non-ISRU versions. The mission scenarios 
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also support calculation of fuel required for ascent/descent vehicles using LOX-LM with an Isp of 
372 sec for crewed missions to the lunar surface and martian surface. 
These calculations are complete for: 

• Lunar Orbital Outpost setup and operations, 
• LSO Missions, 
• NEO Missions (Both Honey Bee and Crewed), 
• LEO to GEO satellite transportation, and 
• Crewed Mars Missions, 

 as shown in the integrated roadmap. 
7.2 Mission Scenario Elements 

Mission scenarios maximize the use of common elements for both Apis (water and LOX-LM 
versions) and Non-ISRU Missions. These common elements include: 

• Crewed Vehicles and Habitats, 
• Cargo and Crewed Landing/Ascent Vehicles based on Reusable Spaceships, 
• Scooters, 
• Similar timelines for launches and crew returns, and 
• 10 year period covered (expanded to 20 years for final result comparison). 

The primary differences between Apis and Non-ISRU (in addition to use of Apis-derived Honey Bee, 
Worker Bee, or Reusable Spaceships) is existence of the consumables processing plant (Fontus) at 
the Lunar Orbital Outpost. The propellant produced supports  ascent/descent vehicles for LSO and 
Mars missions, and also the LOX-LM versions of the NEO, Mars, and LEO to GEO commercial 
satellite transport. Also, for Mars exploration missions, the Non-ISRU version of the mission departs 
from LEO and returns directly to Earth. Apis (ISRU) versions depart from/return to Lunar Orbital 
Outpost in both the Water and LOX-LM cases, with two Fontus plants provided at Deimos in 
advance of the Mars exploration missions to provide LOX-LM for descent/ascent. In the LOX-LM 
case it also provides propellant for Earth return. 
7.3 Mission Assumptions 

There are some additional mission assumptions that were made for the mission scenarios.  Launch 
opportunities for the lunar outpost and lunar surface missions are not time constrained although they 
may be limited in actuality by lighting/visibility issues. Target selection and detailed mission design for 
NEO exploration (both un-crewed and crewed) has occurred well before the initial missions. Mars 
exploration missions will occur approximately every 26 months during the optimal transfer window. 
Any appropriate programmatic issues have been addressed, meaning program funding and 
management are in place and any contracts required are executed in a timely manner. 
Crewed environmental mission risks will need to be addressed, such as radiation. All long duration 
crewed missions outside of LEO must address the concerns of long term exposure to high energy 
radiation. Arrangement of water storage for water-propelled missions could provide some protection. 
Lifetime issues may require selected replacement or refurbishment or additional redundancy for 
select key systems (e.g., ECLSS). This is particularly true for long duration missions.  The primary 
Apis specific mission risk is for the mission to Mars, where loss of Fontus units could potentially 
strand crew at Deimos, depending on when the loss is detected. Loss of one Fontus would likely 
mean no Mars surface landing as all propellant would then be used for Earth return. 

There are a few additional crewed vehicle assumptions. The crew for each mission will be 
transported to/from Lunar Orbital Outpost using the Reusable Spaceships. Alternates include the 
proposed crewed SpaceX Dragon 2 Vehicle, the Boeing/Bigelow CST-100 Starliner, or the Orion 
Multi-Purpose Crewed Vehicle. 
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References on these alternatives can be found at: 
• https://en.wikipedia.org/wiki/Orion_(spacecraft) 
• https://en.wikipedia.org/wiki/Dragon_2 
• https://en.wikipedia.org/wiki/CST-100_Starliner 
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8.0 Detailed Mission Scenario Descriptions 

8.1 Lunar Orbital Outpost Mission Scenario 

Establishing the Lunar Orbital Outpost requires several launches over a period of time to transport 
the elements and assemble them in LDRO.  The following paragraphs describe the sequence of 
events which are illustrated in Figure 8-1. 

Figure 8-1 Lunar Orbital Outpost Build Sequence (A-F) 
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The 1st Launch (Day 0) includes a BEAM habitat with life support (A). An axially mounted tunnel 
structure with a ring of berthing adapters for two B330 and 2 spacecraft is included. The axis can be 
extended to support water storage, propellant production (Fontus) and storage for ISRU or 
propellant storage tanks for the non-ISRU option. Also included are two Scooters with propellant 
loaded, plus 2,000 lbm of additional H2O2 propellant for the Scooters.  This can be accomplished 
with a single launch using a SpaceX Falcon Heavy, Blue Origin New Glenn, or ILA Vulcan. Initial 
activation and checkout are performed autonomously.  The Apis ISRU variation could use either a 
Worker Bee or Reusable Spaceship to transport the elements from LEO to LDRO 

The 2nd Launch (Day 28) consists of a crewed spacecraft with a crew of 3. They will perform 
checkout of the assembly and prepare to receive new module(s). The crew is to stay ≈ 90 days in 
combined station and Reusable Spacecraft System. 

The 3rd launch (Day 56) consists of one Large Bigelow B330 module fitted out to function as a 
Space Operations Center (B). It docks to one of the radial ports. Docking is assumed to be 
autonomous with crew supervision and emergency override capability. 

The 4th Launch (Day 84) consists of the second Large Bigelow module fitted out as long term living 
quarters. It will dock to the opposing radial port (C). 

The 5th Launch (Day 112) provides a second crew of 3 to the outpost. Crew overlap will be ≈1 week. 
The first crew of 3 then returns after their 90 day stay. 

The 6th Launch (Day 140) includes two booms equipped with propellant storage spheres. Each 
docks to one of the ports on the axis orthogonal to the habitats (D). The Apis version includes water 
storage and the Fontus processing system. A sun shield, robot arm and docking for volatile storage 
may be included in this launch but may require a subsequent launch (E,F). 

The 7th Launch (Day 196) again is a crewed spacecraft with a crew of 3. Assembly/integration tasks 
requiring crew activity are performed including EVAs. Final checkout, evaluation and testing of the 
Lunar Orbital Outpost are also performed to certify readiness for operational use.  Figure 8-2 shows 
the completed and operational Lunar Outpost. 

The Outpost Operational Phase (Day 200 and beyond) is the same for both Apis ISRU and Non-
ISRU options. Operations crew rotation launches occur at 90 day intervals. Each bring 1, 2, or 3 
crew as needed.  Vehicle stay time is 1 to 2 months. One member of each previous crew will return 
to Earth when the spacecraft departs, replaced by a member of the most recently arrived crew.  
Temporary crew are assumed to perform maintenance tasks and science experiments, technology 
development tests, and  demonstrations. Essential cargo  will be carried on these flights as well. 
Resupply missions (uncrewed) occur at 180 day intervals offset from crew launches. Cargo arrives 
one launch opportunity prior to the next crew rotation mission. 

Once the Lunar Orbital Outpost is operational it provides mission support for other missions.  For all 
Apis scenarios, launches for LSO, NEO, Mars Exploration, and others (TBD) bringing crew, flight 
vehicles and other cargo supporting the mission will be transported from LEO to the Outpost. 
Assembly, test, checkout, and propellant loading of departing vehicles and securing of returning 
vehicles and crews occur at the Outpost. The first mission supported will be the initial NEO 
exploration with asteroid product recovery and return. (See NEO scenario below for details.) 

For non-ISRU Scenario where all propellant is supplied from Earth, the Lunar Outpost is a staging 
area for LSO missions and the 2nd and subsequent NEO missions.  The Outpost will serve as 
propellant storage depot for these missions.  The first NEO mission, all Mars and GEO missions 
staged from LEO do not rely on the Outpost. 
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Figure 8-2 Operational Lunar Orbital Outpost, showing other elements in operation nearby 

8.2 Mission Scenario: Near Earth Object (NEO) Human Exploration 

As mentioned under the Lunar Outpost, both Non-ISRU and Apis ISRU scenarios assume the Lunar 
Orbital Outpost is operational. In the Apis scenario, prior Honey Bee missions have been launched to 
provide adequate propellant at the Lunar Orbital Outpost for use by Worker Bees and Reusable 
Spaceships transport of the Deep Space Exploration System (DSES) Habitat and crew.  One 
potential timeline is: 

• From LEO to the Lunar Orbital Outpost (Day 270), 
• To and from the selected target body or bodies (Day 300 – 450). 

Round trip transport from LEO to the Outpost and from there to the target is provided by non-
aerocapture/braking Worker Bees, which provides some mass/propellant savings. 

Both Non-ISRU and Apis versions use the same DSES Crew Habitat equipped with scooters. 

A non-ISRU timeline is: 
• 1st launch (Day 0): NEO propellant module (fully fueled) to LEO,  
• 2nd launch (Day 14): DSES NEO Habitat module (NHM) to LEO for rendezvous with propellant 

module before departing to first target body.  

An Apis ISRU version of the timeline requires only one launch: 
• 1st launch (Day 0): DSES NHM 
• Then Worker Bee (WB) or Reusable Spaceship transfers DSES NHM to the Lunar Orbital 

Outpost, where the WB/Reusable Spaceship is refueled for transport of DSES NHM to/from 
the target body.  Figure 8-3 shows the DSES with a Worker Bee attached for transport. 

In either case the DSES returns to the Lunar Orbital Outpost for refurbishment and refueling for 
subsequent targets with missions approximately every 2 years. For Non-ISRU missions, drop tanks 
may be required in addition to the propulsion stage to access more energetically difficult targets. 
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These would have to be launched to the Lunar Orbital Outpost along with adequate propellant for 
the next mission. This implies that non-ISRU may require multiple launches per each mission. 

Figure 8-3 NEO DSES Human Exploration Vehicle Configuration With Worker Bee 

Based on the results of crewed missions, NEO mining missions may be desirable. Figure 8-4 and 
8-5 illustrate astronauts using the Scooter system to evaluate an asteroid and transport a boulder for 
analysis. Only the Apis scenarios (using a modified Honey Bee equipped with mining apparatus in 
place of the water extraction system) support mining missions.  The addition of metal mining 
apparatus is described in “The Technical and Economic Feasibility of Mining the Near-Earth 
Asteroids”, Sonter, 1997, which uses figure of merit of 200kg/day of processed asteroid material per 
kg of processing hardware.  A Honey Bee could easily be sized for addition of 1,000 kg of mining 
apparatus. 
8.3 Mission Scenario:Lunar Surface Operations (LSO) 

Both the non-ISRU/Apis versions assume the Lunar Orbital Outpost is operational with appropriate 
propellant processing or storage facility in place.  Both use identical crewed Lunar Landers/Ascent 
Vehicles and Cargo/Habitat Landers. These are currently based on the proprietary Reusable 
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Spaceship design. The first 2 launches (Day 0, 30) are crewed Reusable Spacecraft launched 30 
days apart. The non-ISRU approach requires vehicles to be launched to LEO fully loaded with 
propellant to transfer themselves to the lunar surface and then back to the Lunar Orbital Outpost. 
The Apis (H2O) uses aerocapture/braking Worker Bees to transport vehicles sans propellant to the 
Lunar Orbital Outpost where they are (re)fueled. In the Apis (LOX-LM) case, Reusable Spaceships 
transport themselves to Lunar Orbital Outpost for refueling prior to landing. Two crewed lunar lander/
ascent vehicles then perform initial exploration of candidate sites before returning to the Lunar 
Orbital Outpost.  Figure 8-6 shows the Reusable Spaceship on the lunar surface. 

Figure 8-4 EVA At small Asteroid With Scooter System 

Upon site selection, a cargo lander (Day 120) comes from Earth to the Lunar Orbital Outpost, 
(re)fuels and proceeds to land at selected site. Cargo would include power generation, rovers, 
science instruments, supplies for subsequent crews, etc. A habitat lander (Day 150) then comes 
from Earth to Lunar Orbital Outpost, (re)fuels, and proceeds to land at the selected site.  Both 
approaches have crewed vehicles subsequently fueled at the Lunar Orbital Outpost. Once adequate 
cargo and habitats have been established, crew rotations begin. The number of habitats and the 
amount of cargo can be increased over time as the base increases in size and operations capacity.  
The scenario currently consists of 1 additional cargo lander and 1 additional habitat added per year.  
These are supported by crew rotations every 6 months (2 per year) for the first 10 years of operation. 

The non-ISRU case for Lunar Surface Operations requires tanker missions.  As a consequence, 
each lunar lander mission requires multiple launches. These include one Reusable Spaceship to 
carry the crew or cargo and an average of ≈2.5 tanker missions to supply enough propellant for a 
round trip from the Orbital Outpost to the lunar surface. 
One cost savings measure used in both scenarios is that cargo and habitat missions are performed 
with Reusable Spacecraft near end of life which are left on the lunar surface.  
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Figure 8-5 EVA Boulder Transport With Scooter System 

Figure 8-6 Initial Lunar Surface Operations 

�49 www.transastracorp.com

http://www.transastracorp.com


Stepping Stones Economic Analysis.                                 

Final Report on NASA Grant No NNX16AH11G

October 15, 2017

PI: Joel C. Sercel, PhD

8.4 Mars Exploration Mission Scenario 

For Mars Exploration Missions there are components common to both Apis and Non-ISRU options, 
which are: 

• Crew habitat modules based on the DSES NEO vehicle with increased consumables, 
• Scooters, and 
• Reusable Spaceship for Mars landing and ascent (Mars Landing/Ascent Vehicles - MLAVs). 

These scenarios assume two complete assemblies depart for Mars within a few days/weeks of each 
other (mission redundancy). These missions include exploration of Deimos as well as surface 
exploration on Mars. Deimos is selected instead of Phobos due to slower orbital period, longer per 
orbit sunlight duration, reduced eclipse effects, and likely higher volatile content for both crew 
operations and ISRU production. ISRU production requires a stand-off ≈1 km from the moon. 
The non-ISRU Mars Exploration scenario adds propulsion modules as its first 2 launches and Is 
assembled and fueled at LEO for departure to Mars. It will require numerous launches to provide 
≈3,000,000 kg of propellant (30 HLLVs, 80 Falcon Heavies) needed for the entire mission. It includes 
a crew return vehicle for direct return of crew to Earth to avoid carrying additional propellant needed 
to bring the habitat and propulsion module to the Lunar Orbital Outpost or to LEO. The crew return 
vehicle also carries additional consumables as no ISRU will be available to provide oxygen or water 
for crew consumption. 

Figure 8-7 Mars Exploration Systems at Deimos - all elements shown. 
The Apis (H2O) For Mars Exploration scenario assumes transport of habitats and MLAVs to Lunar 
Orbital Outpost from LEO by Worker Bees for assembly prior to departure. Apis (LOX-LM) uses 
Reusable Spaceships for both transport and as MLAVs. Both Apis scenarios include prior (previous 
opportunity) launches of 2 Mars Honey Bees (MHBs) that are specially equipped to process boulders 
instead of asteroids.  They are also equipped with modified robot arms to “grab” boulders from the 
surface of Deimos before enclosing and processing them. This is similar to the robotic arms used in 
the ARM concept B. mission. They are launched from Earth with enough water to get to Lunar 
Orbital Outpost, refuel, and then depart for Mars/Deimos. The Apis (H2O) includes 2 non-
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aerocaptrue/braking versions of a Worker Bee™ (MWB) for transport of the Mars DSES. Both Apis 
approaches include a Fontus propellant processing plant, including radiators and solar arrays, taken 
to Lunar Orbital Outpost by either Worker Bee or Reusable Spaceships, which are refueled and 
depart from the Fontus for Mars/Deimos along with the MHBs.  They then rendezvous with the 
MHBs to begin propellant production at Deimos.  Figure 8-7 shows the entire complex of Mars 
exploration elements at Deimos for the Apis (H2O) scenario.  Figure 8-8 shows the scooter and 
astronauts transporting a boulder for analysis at Deimos.  Figure 8-9 illustrates an MLAV on the 
surface of Mars. 

Figure 8-8 Mars Exploration Scooter transporting boulder at Deimos 

Figure 8-9 Mars Exploration Descent/Ascent Vehicle on Mars surface with crew habitat in cargo bay. 

�51 www.transastracorp.com

http://www.transastracorp.com


Stepping Stones Economic Analysis.                                 

Final Report on NASA Grant No NNX16AH11G

October 15, 2017

PI: Joel C. Sercel, PhD

Table 8-1 Mars Exploration Mission Scenario Launch/Event Sequence Comparison 

The Apis (LOX-LM) approach uses the Reusable Spaceships and loads them with sufficient 
propellant to transport themselves and their DSESs to the Lunar Orbital Outpost.  Again, check out 
and refueling occur at the Lunar Orbital Outpost from asteroid derived propellant before proceeding 
to Mars. Once at Mars, the Reusable Spaceships are refueled at Deimos and can then proceed to 
the surface and back as in the other scenarios. For return to Earth, Reusable Spaceships are 
refueled at Deimos to transport the DSESs back to the Lunar Orbital Outpost from Mars.  

Mission dates on the following table 8-1 are notional/approximate and not based on exact Earth/
Mars orbital dynamics or a specific opportunity but are shown for comparison of the difference in 
scenarios between the non-ISRU and ISRU approaches. 

8.5 Mission Scenario: LEO to GEO Satellite Transport 

Once the Lunar Orbital Outpost is operational, the Apis approach allows for use of Worker Bees or 
Reusable Spaceships to transport satellites from LEO to GEO. This reduces the size of launch 
vehicles needed and/or extra stages required. 

The FAA’s Commercial Space Transportation Forecast is used to estimate the average number and 
mass of satellites launched to GEO in the near future.  This allows estimation of the amount of water 
required for use in transport by Worker Bee or the propellant production required from the ISRU 
water and the estimation of potential reduction in cost per satellite for GEO placement. 
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9.0 Results 
9.1 Introduction to Results 

The mission scenarios have three versions each for comparison: 
• Non-ISRU 
• Apis using ISRU H2O from Honey Bee for Worker Bee as transport 
• Apis using ISRU LOX-LM produced by Fontus from Honey Bee for Reusable Spaceships. 

The scenarios use H2O solar thermal propulsion only for Honey Bee ISRU missions. All scenarios 
use the LOX-LM Reusable Spaceships for descent/ascent vehicles and crew returns to Earth. 
Reusable Spaceships may make multiple cargo runs, NEO explorations, or lunar descent/ascents 
before being used for crew return to Earth and refurbishment. 
The results from the mission scenarios come in two forms: 

• The mass of propellant used listed as “From Earth” or “ISRU Produced”. 
• The number of launches, launch vehicles, and extra stages required to support the mission 

scenario. Extra stages refer exclusively to the non-ISRU approach. 
Launch Vehicles are further subdivided into Falcon 9 or Falcon Heavy equivalents. The Reusable 
Spaceship is capable of acting as its own upper stage for transport to LDRO prior to LOX-LM 
production at the Lunar Orbiting Outpost. This counts as propellant from Earth. 
Tables 9-1 through 9-9 provide the results of the analysis in terms of delivered mass requirements for 
each of the scenarios along with a summary of launch requirements for each scenario. Figure 9-1 
again shows the notional combined mission schedule that is used for the scenarios.  Table 9-10 
provides the total number of Honey Bee spacecraft and NEO missions required to support the ISRU 
versions of the scenarios.  Table 9-11 shows a parametric analysis of total launch cost for the 
different approaches to the scenario.  The $/kg is also included for easy comparison.  Finally Table 
9-12 summarizes both the propellant use and the number of launches for the ISRU and non-ISRU 
versions for easy comparison of the results. 

Table 9-1 Lunar Orbital Outpost- Delivered Mass Requirements.  The Non-ISRU case requires 
≈3,000,000 kg more propellant from Earth than Apis™ (LOX-LM) over the 10 year lifetime, although 

the first year’s consumption is similar (before the Fontus processing plant is running). 
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Table 9-2 Lunar Orbital Outpost Scenario- Launch Requirements Summary. The Non-ISRU case 
requires almost 50% more launches (and higher capacity LVs and extra stages) at ≈150% of the 
cost to transport propellant for establishment of the Lunar Orbital Outpost as opposed to having 

Worker Bee /Reusable Spaceship transport Outpost components and crew 

Table 9-3 Near Earth Object (NEO) Exploration- Delivered Mass Requirements. Non-ISRU case 
requires ≈2,000,000 additional kg of propellant launched from Earth.  
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Table 9-4 Near Earth Object Exploration- Required Launches: Falcon 9 vs. Falcon Heavy  

Table 9-5 Lunar Surface Operations- Delivered Mass Requirements.  ISRU saves more than 
4,000,000 kg of launched mass in either case. The primary difference is the amount of propellant 

that has to be brought to the Lunar Orbital Outpost for use in lunar surface operations. 
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Table 9-6 Lunar Surface Operations- Required Launches. The primary difference is the larger launch 
vehicles and extra stages required to launch the vehicles along with enough propellant to get to the 

Lunar Outpost and support Lunar Surface Operations and crew return. 

Table 9-7 Mars Exploration- Delivered Mass Requirements. As expected, the more energetically 
difficult Mars mission requires substantially more propellant carried for the Non-ISRU approach. 
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Table 9-8 Mars Exploration- Number of Launches Required. As expected, the more energetically 
difficult Mars mission requires more than 20 times as many launches to provide for the fuel that must 

be carried for the Non-ISRU approach. 

Table 9-9 Ten Year LEO to GEOCommercial Satellite Transport.  The primary benefit is requiring far 
fewer expensive launch vehicles and no additional extra stages to transfer from LEO to GEO. 
Reusable Spaceships are more massive than Worker Bee™, hence their increased propellant 

consumption despite substantially higher Isp. In order to support the predicted flight rate, 9 Honey 
Bee™ and 4 Worker Bee™/Reusable Spaceships are estimated to be needed. Additional Fontus 

capacity will be required. 
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Figure 9-1 Notional Combined Mission Schedule. Example of how missions might be scheduled over 
a 20+ year span. Used to determine the number of active Honey Bees™  required over time and to 

provide for a summary across all mission scenarios except for LEO to GEO satellite transport. 

Table 9-10 Number of Unique Honey Bee™ Spacecraft and 100 Ton Missions Required for Apis™ 
H2O. 19 Honey Bee™ required in operation during the first decade based on the notional mission 
phasing shown. 12 replacement vehicles in years 12-13 to replace retiring vehicles. Replacement 

enclosures will be required in year 2, and would likely be brought up in sets of 5. 
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Table 9-11.Summary of Propellant Use and Launches - All Scenarios (Except LEO to GEO). Non-
ISRU requires almost 3 times as many launches due to the need to bring all propellant from Earth – 

all using a Falcon Heavy at a minimum. 

Table 9-12 20 year comparison of launch costs for mission scenarios using simple $/kg parametric 
approach.  Clear benefit in terms of launch costs alone as Non-ISRU launch costs are at least 2X the 

ISRU option costs and are ~20X for the most demanding missions 

9.2 Cost Modeling Assumptions 

Two approaches are used to calculate the costs for Apis™ elements and 20 year scenario cost 
comparison as shown in the following charts. 

1: NASA QuickCost Model from 2016 is considered the most appropriate for un-crewed elements as 
the database of missions used to derive Cost Estimation Relationships (CERs) consists solely of 
robotic missions. 

2: Claybaugh based approach using simplified model with a factor in $/kg for DDT&E, with 
subsequent Unit costs calculated as % of DDT&E costs. It currently uses $75,000 /kg for DDT&E. 
The Claybaugh approach produce costs on the same order as first unit costs from QuickCost 
Models. The cost figure is  chosen as a reasonable mid-point between NASA/Commercial combined 
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and purely commercial cost/mass ratios. Subsequent Units are costed at  20% of DDT&E. The 
Claybaugh estimation approach is applied to crewed elements and results in comparable costs for 
un-crewed elements at the scenario total level.  While some may find these costs rather aggressive, 
the DDT&E and Production costs for crewed elements make up a small percentage of the resulting 
costs. Also, the number and kind of crewed elements are identical across all the scenarios, so 
increasing crewed vehicle cost simply shifts all the results up equally, with no effect on the relative 
cost savings. 
Launch costs are based on $/kg to each orbit, i.e., LEO: 3,000 $/kg; GEO: 13,000 $/kg; LDRO 
12,000 $/kg. These parameters are estimated based on published commercial costs and injection 
capacity. 
Application of the QuickCost Model uses a very basic set of cost estimating relationships (CERs).  In 
formula terms it is: 
Y = 2.718-0.260 x DryMass0.585 x 2.7182.6*BusNew x 2.7180.231*Destination + 2.718-1.46 x InstDryMass0.475 x 
InstAvgWatts0.223 x InstDesLife0.386 x 2.7181.44*InstNew 

The Parameter definitions for the formula are: 
2.718-0.260  - Scaling factor for Spacecraft Bus 
DryMass – Spacecraft Bus Dry Mass 
BusNew - % of Spacecraft Bus considered new development 
Destination – 0 for Earth Orbit, 1 otherwise 
2.718-1.46  - Scaling factor for Instruments 
InstDryMass – Instrument Dry Mass 
InstAvgWatts – Average Instrument Power Usage in Watts 
InstDesLife – Instrument Design Life in months 
InstNew - % of Instruments considered new development 

The first unit operational prototype costs are modeled based on evaluation of current technology 
readiness (see table 9-13) for selecting BusNew value of 95%. The 2nd unit BusNew is calculated 
based on retiring 80% of new development effort with the operational prototype. BusNew values for 
for spares is set to zero as their first several units, including their DDT&E, are covered by the 
spacecraft costs. A 90% learning curve is applied for all subsequent units.  

Table 9-13 Cost Model Results: QuickCost for Un-Crewed Elements. First Unit Costs in $/kg for 
Asteroid Capture System and Reflector System Spares are high even assuming 0% BusNew – their 

DDT&E costs are included in the HoneyBee™  and WorkerBee™  Unit costs , along with the 
subsequent unit costs for the number of HoneyBee™  and WorkerBee™ Units shown and only the 

cost of the subsequent actual replacements is summed. There is probably room for additional 
savings in development of these common elements. 
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Table 9-14 shows the data basis for selecting the parametric values in $/kg used for the crewed 
elements taken from Claybaugh (2016).  Table 9-15 shows the % new values used for the DDT&E, 
first unit costs, and second unit costs of the crewed elements using the Claybaugh approach. 

It should be noted that the sequence of missions shown in Figure 9-1 was used to drive the annual 
costs and no attempt was made to move missions around to “flatten” the budget expenditures as 
would obviously be done in any real-world budgetary process. As those familiar will budgetary 
processes will know, it may require several iterations to achieve an acceptable annual budget 
projection. This effort was simply beyond the scope of this activity and does not affect the results at 
the comparative or summary level. 

Table 9-14 Cost Model Results: Claybaugh Data Basis of $/kg for DDT&E.  NASA Business as Usual 
(BAU) DDT&E Costs of $220,000/kg based on Shuttle Orbiter history. Best Commercial Practices 
(BCP) Approach DDT&E costs estimated at $75,000/kg based on midpoint between combined 
NASA-Commercial ~$100,000/kg and pure Commercial at ~$50,000/kg. Recurring Costs estimated 
at 20% of DDT&E based on historical averages. 
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Table 9-15 Cost Model Results: Claybaugh Approach for Crewed Elements. While the $75k/kg may 
appear optimistic with respect to Shuttle or Orion development costs, projections of the Crewed 

Dragon development costs are projected to be close to this value. These relatively low development 
costs suggest the importance of moving to commercial development methods. 

9.3 Overview of Cost Model Results: 20 Year Summary 

Each Scenario is costed separately, which results in some duplication of DDT&E and recurring unit 
costs when the scenarios are combined. However, since similar duplication occurs in each of the 4 
cost cases, the comparative savings resulting are still reasonably accurate at the summation level. 
DDT&E Costs and Recurring Unit Costs are computed using a QuickCost model derived cost for 
uncrewed elements with 85% retirement of new development in the second unit and a 90% learning 
curve applied to subsequent units for un-crewed elements. A Claybaugh model derived cost is used 
for DDT&E of crewed elements.  The Claybaugh values used are $220,000/kg for NASA Business as 
Usual (BAU) cost and $75,000/kg for new Best Commercial Practices (BCP) cost.  2nd unit costs 
are computed at 20% of DDT&E costs. 
Mission Operations costs are added as a wrap of the other computer costs. Operations 
Development Costs are calculated at 5% of DDT&E Costs while Operations Recurring Costs are 
calculated at 5% of recurring costs plus launch costs. The Launch Costs are derived from a simple 
Parametric Model using k$/kg. The following tables (9-16 and 9-17) summarize the total costs 
estimated for the different approaches to the scenarios, both Business as Usual (BAU) and Best 
Commercial Practices (BCP) along with ISRU and non-ISRU.  The following graphs (9-2 to 9-7) show 
examples of the annual costs over the 20 year period based on the notional schedule previously 
presented. The LEO to GEO payload delivery scenario is assumed to begin following the completion 
of the lunar outpost. 
Table  9-16 Cost Model Results: 20 Year Summary: NASA Business as Usual vs. Best Commercial 

Practices – No ISRU. Over 20 years without using asteroid resources, NASA Business as Usual 
approach >$395 Billion, Best Commercial Practices total costs are >$305 Billion. Launch Costs are 

the primary driver in both cases at over $240 Billio 
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Table 9-17 Cost Model Results: Best Commercial Practices (BCP) ISRU vs. Best Commercial 
Practices (BCP) Non-ISRU. Over 20 years using BCP, Non-ISRU total costs are >$305 Billion, ISRU 

costs <$97 Billion, and BAU (calculated but not included in the table) >$150 Billion. The 
development, flight hardware, and operations development costs are similar in all cases except for 

BAU, implying primary savings are due to radical reduction in launch costs over the  20 year 
scenario. Given commonality of the spacecraft bus, reflector system, and solar thermal rocket for the 
Honey Bee and Worker Bee, there is the possibility of additional reduction in development costs for 

the ISRU cases. 

Figure 9-2 Cost Model Results: 20 Year Summary – Business As Usual (BAU) and Best Commercial 
Practices (BCP) with and without Asteroid Resources (ISRU) 
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Figure 9-3 Cost Model Results: 20 Year Summary – NASA Business as Usual (BAU) no ISRU 

Figure 9-4 Cost Model Results: 20 Year Summary – Best Commercial Practices (BCP), no ISRU 
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Figure 9-5 Cost Model Results:20 Year Summary – NASA Business as Usual (BAU) with ISRU 

Figure 9-6 Cost Model Results: 20 Year Summary – Apis LOX/LM Best Commercial Practices (BCP) 
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Figure 9-7 Cost Model Results:20 Year Summary – Apis H2O Best Commercial Practices (BCP) 

Two approaches exist for estimating business value of transport of satellites from LEO to GEO using 
asteroid resources. One is to use $/kg to calculate launch costs and look at the difference in launch 
costs. For the Apis cases, the difference is ~ $15 B savings compared to a non-ISRU approach. 
Even assuming the complete development and production costs for the required numbers of Honey 
Bee and Worker Bee or Reusable Spaceship of ~ $10 B needs to be covered, that still leaves ~$5 B 
in savings. Another approach is to calculate the difference in launch costs between using a Falcon 9 
at $62M each (which the Apis™ case can use) and the projected Falcon Heavy at $90M each which 
the Non-ISRU can use (or $28M difference in cost per launch).  Then the calculated difference is 
~$9.5B. Production costs for required Worker Bee and Honey Bee systems in this approach are 
~$8B, which still provides a potential net profit for of $1.5B over the 20 year period.  The second 
approach assumes the DDT&E for Apis™ systems is provided under a public-private-partnership 
(PPP) for NASA human exploration. 

9.4 Business Case  

All of the previous work is now used to determine if there is a viable case for development of an 
asteroid resource commercial business. The goal set for viability of the business is achieving a 20% 
profit margin over the 20 year scenario (and preferably by year 5). 

There are some key cost assumptions that must be made to perform a reasonable analysis. First, 
development and production of the first 2 units of the Honey Bee, Reusable Spaceship, Scooters, 
Deep Space Exploration Systems and the Lunar Outpost are performed as a public private 
partnership with NASA paying 2/3 the cost and TransAstra paying the other 1/3. Second, 
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development costs are based on best commercial practices. The LOX-LM scenario is used as the 
basis for this model (i.e., no Worker Bees). All subsequent units (Honey Bee, Reusable Spaceship, 
Honey Bee Asteroid Capture System replacements and inflatable system replacements) are paid for 
by TransAstra out of cash flow (profit or financing).  Financing is used at 10% annual interest.  

Additional key pricing assumptions are then included in the analysis. NASA pays for transportation 
services and use of vehicles to the Lunar Outpost, Near Earth Objects, Lunar Surface, and Mars as 
laid out in the scenarios previously described. Propellant price is based on asteroid harvesting costs 
plus profit. Vehicle use and operations price is based on the average of NASA business as usual 
(BAU) cost and best commercial practices (BCP) cost. Launches are priced at cost plus profit. Costs 
of landed exploration hardware is not included in the model, but the price for transport is. LEO to 
GEO transport of commercial satellites will be charged at $35M each with the assumption that 70% 
of the potential marker will be captured. Cislunar tourism is included as a new market. Except where 
noted profit margins for services is set at 20 percent. 

This analysis requires a few changes from initial cost modeling approach. Any duplication of DDT&E 
between scenarios is eliminated. Any overlap of the number of required vehicles between scenarios 
is also eliminated. This only affects the total number of Reusable Spaceships required. The LEO to 
GEO has a later start date and only 70% of the market is included. Launch costs for the LEO to 
GEO are assumed to be borne by the commercial partner. The initial schedule is drawn out by two 
years to allow for less aggressive design and development in the early stages. 

In order to analyze the business case the transportation service price must be established. That 
includes propellant cost based on: 
• Honey Bee™ Unit Cost: 174 M$ 
• Honey Bee™ lifetime: 10 years 
• Honey Bee™ lifetime number of trips: 7 
• Replacement Asteroid Capture System (each): 20 M$ - 6 will be required over the lifetime. 
• Replacement Inflatable Systems (each): 10 M$ - 2 will be required over the lifetime 
• Initial Launch Cost: 63 M$ (Falcon 9) 
• Mass returned per trip:  100,000 kg on average 
• Average Propellant production from Mass returned: 60,000 kg 
• Total Lifetime Propellant production: 420 MT 
Based on the above, the Honey Bee lifetime cost is: 174 +120 +20 +63 = 377 M$. Dividing the 
lifetime cost by the amount of lifetime propellant production gives 377/420 or 748 $/kg propellant 
cost.  The propellant price is then 748 $/kg + 20% or 897 $/kg.  
Now the amount to be charged as the transportation fee is determined. Trip cost is based on the 
kgs of propellant required times the propellant cost. Propellant consumption is derived from the 
rocket equation, ∆V, and Reusable Spaceship mass plus payload mass.  Based on these 
calculations the propellant consumption is estimated for each destination: 
• Lunar Outpost Round Trip (RT): ~54,000 kg 
• Lunar Surface Round Trip: ~64,000 kg 
• NEO Exploration Round Trip from Outpost: ~141,000 kg 

- Deep Space Exploration Systems (DSES) are taken to the Outpost and returned there for use 
on the next mission. 

- Astronauts will require an additional Outpost RT. 
• Mars Exploration Round Trip from Outpost: ~57,000 kg from Outpost, 190,000 kg from Deimos, 

247,000 kg total. 
- Propellant Cost for Deimos covers lifetime costs of Honey Bee™s and Fontus at Deimos 
- As with NEO Exploration, the DSES are taken to the Outpost and returned there for use by the 

next mission. 
- Astronauts will also require an additional Outpost RT. 
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Table 9-16 shows the costs associated with each destination. Table 9-17 shows the number of trips 
over time and the propellant usage for the transport. Based on the propellant usage and a 
reasonable profit margin, transportation costs for tourism to the space hotel in groups of 20 is 
estimated to be priced at $60M, or $3M per person. Table 9-18 provides a complete summary of 
costs and (pre-tax) revenues for the business. Figure 9-10 provides a graphic summary of the results 
as well. Figure 9-11 shows the market cap using a five year running average and a price to earnings 
ratio of 10. Figures 9-12 and 13 illustrate the annual and cumulative number of persons that travel to 
cis-lunar space both for NASA exploration, commercial satellite transport to GEO, and tourism. 
Table 9-16 Business Case: Transportation Fee Analysis - Propellant Usage and Cost for Round-Trip 

to Destinations. 

Table 9-17 Business Case: Transportation Fee Analysis - A) number of trips per year and  B) 
propellant consumed. 

 Table 9-18 Business Case: Summary of Costs and Revenues.  Simple business model yields profit 
margin of 23% over 20 years. Years with losses represent initial build-up/renewal of fleet. 
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Figure 9-10 Business Case: Graphic Summary of Costs and Revenues 

Figure 9-11 Business Case: Market Cap 5 year running average.  
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Figure 9-12 Business Case: Annual Headcount of Persons traveling to Cis-Lunar Space 

Figure 9-13 Business Case: Tourism - Cumulative Number of Persons visiting Lunar Orbit 
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9.5 Results Summary 

For the Lunar Orbital Outpost the Non-ISRU approach takes almost twice as many launches as 
either Apis ISRU approach to establish the initial outpost and provide sufficient propellant to support 
the crew returns. Both ISRU approaches launch from Earth to LDRO to start, requiring their initial 
propellant loads to come from Earth. The Apis (H2O) case can refuel the Worker Bees directly from a 
returning Honey Bee. The Apis (LOX-LM) version still relies on a substantial amount of propellant 
from Earth in the first year as the propellant processing plant (Fontus) is one of the last deliveries in 
establishing the Outpost, so most of the ISRU benefit occurs during the operational phase of the 10 
year mission. 

For Near Earth Object (NEO) Exploration, the non-ISRU approach takes 50% more launches than 
the Apis ISRU approaches initially.  Also, the non-ISRU approach requires heavy launch vehicles with 
extra stages to provide enough propellant for the 20 year plan of exploration. 

For Lunar Surface Operations the non-ISRU approach requires more than 4 times as many launches 
and almost twice as much propellant as either Apis ISRU approach to support the same scenario. 

For Mars Exploration the non-ISRU approach requires almost 4 times as much propellant as the 
Apis (LOX-LM) approach and almost 5 times as much as the Apis (H2O), as well as 10 times the 
number of launches to get the propellant required to LEO. 

For LEO to GEO Commercial Satellite Transport, while the number of launches remains consistent, 
the cost per k$/kg to LEO is one-fourth that of GEO. Even including the costs of launching sufficient 
Worker Bees and Reusable Spaceships, the launch costs of the non-ISRU approach is 50 to 100% 
more expensive. 

Finally, there appears to be a case for a commercial multibillion dollar business that should motivate 
a government PPP in this arena. The business case developed here would obtain approximately 
two-thirds of its revenue from NASA (by providing services to NASA in support of exploration goals) 
and another one-third from strictly commercial sources over the first 20 years or so. Asteroid ISRU, 
combined with emerging best commercial practices provides a strong case as being the “stepping 
stones” to an affordable approach for crewed space exploration and for the potential 
commercialization and colonization of space. 

While any individual parameter used in the modeling or sequencing of missions could be challenged, 
the overall approach is consistent and relatively conservative in its technical assumptions.  While the 
absolute values computed could change based on varying some of the costing assumptions (more 
recent results are increasingly pessimistic, particularly about NASA business as usual, see Zapata in 
the references), the relative differences between the approaches would likely be preserved, showing 
that the results are reasonably robust. Only addition of more detail would be likely to improve on the 
analysis, most of which would require substantial design effort such as could be accomplished with 
a concurrent design team like JPL’s Team X.   
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10.0 Conclusions 
Repeat of Table 1-1 Summary of Cost Results 

Use of Asteroid ISRU for either water-based solar thermal propulsion or chemical propellant (LOX-
LM) based propulsion systems operating in cis-lunar space provide revolutionary advantages over 
non-ISRU approaches. Application of the Apis architecture substantially reduces the number and/or 
size of launch vehicles/upper stages and associated costs with more than 300 launches eliminated 
for the notional scenario considered.  It also eliminates the need for transport and storage of large 
amounts of propellant from Earth for missions (~25,000 MT).  As a consequence, relative cost 
savings are estimated to be >300 $B over 20 years.  This study used relatively conservative 
assumptions regarding the costs of the various elements, however, reusability and standardization of 
Apis™ elements have the potential to substantially reduce production costs and eliminate one-shot 
(disposable) systems.  While this may increase initial costs it provides additional savings over time 
not currently reflected in the cost models. 

NASA’s ambitions in the area of deep space human exploration are not projected to be affordable 
within a realistic budget (currently close to $20B/yr in 2017 dollars) without fundamental change.  
(See the table repeated above for the bottom line comparison of costs for the different approaches 
studied.) Two fundamental changes can enable an exciting program of human exploration that 
includes a deep space orbital outpost, a lunar surface outpost, a rich program of human exploration 
of Near Earth Asteroids, and multiple human missions to the Mars system which includes an orbital 
outpost and landed surface missions. These changes are: 
• A large scale shift in implementation strategy focused on a Public Private Partnership to capitalize 

on private sector best practices for cost effective development, and 
• The use of asteroid ISRU for all in-space transportation beyond low Earth orbit capitalizing on a 

propellant depot near the top of the Earth-Moon gravity well. 

A commercial business using the Apis spacecraft with Optical Mining and solar thermal propulsion 
using the Omnivore thruster, along with the associated mission architecture elements, shows a 
promising direction for future investigation and investment. This business can be further expanded 
and made even more profitable through development and fielding of more advanced designs of key 
elements over time. This will further reduce the cost of asteroid resources and provide increased 
commercial support to a burgeoning space tourism business and even enable more cost effective 
development of various sized (100s to 1000s of people) space habitats and the eventual colonization 
of space. This business can provide the shift in implementation strategy and provide the asteroid 
ISRU that can put NASA and other space commercialization and colonization efforts on a 
sustainable path to the future. 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Supply From Earth ~392 0 Unaffordable
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