EcoNOMIC AND TECHNICAL ISSUES FOR LUNAR DEVELOPMENT

By Haym Benaroya’

ABSTRACT: An overview is provided of the key issues facing those who view lunar development as a desirable
goal. There is general agreement that in order for lunar development to begin, there must be a capitalist com-
ponent of interest. By this is implied the existence of aspects in the lunar development that would attract investor
interest. There are two reasons for this. The first is that governments do not have excess funds. Instead, cutting
budgets and downsizing are the primary concerns. The second and more important reason is that there is little
public support for space in general. While most people, including even a few elected officials, understand the
importance of national efforts in space, national spans of attention tend to be short. Therefore, since the devel-
opment of space requires a long time frame, it cannot retain the attention of citizens or government, and it has
a difficult time attracting investor financing. A new paradigm is needed for the further development of space,
in general, and the Moon, in particular. It is proposed to deconstruct such a long-term project into independently
financeable units that have dual-use potential. This essay proposes such a framework. This approach does not

appear to have been suggested by others.

INTRODUCTION

It is generally accepted that continued large-scale explora-
tion and development of the Moon would depend more on the
private sector than on governments. There are two reasons for
this. The first is that governments do not have excess funds.
Instead, cutting budgets and downsizing are the primary con-
cerns. The second and more important reason is that there is
little public support for space in general. While most pecple,
including even a few elected officials, understand the impor-
tance of national efforts in space, national spans of attention
tend to be short. Therefore, since the development of space
requires a long time frame, it cannot retain the attention of
citizens or government, and it has a difficult time attracting
investor financing. A new paradigm is needed for the further
development of space, in general, and the Moon, in particular.
This essay proposes such a framework.

The defining question is, how do we finance projects and
technological developments that are so expensive, and gener-
ally require such long time scales, that investors will not sup-
port them? This question applies to many large-scale expen-
sive endeavors, including lunar development. However, other
than projects in space, such projects are viewed to be in the
public interest, and, therefore, are justifiably funded by gov-
ernment. Examples include airports, highways, environmental
cleanup facilities, the military, and the space exploration of the
1960s. Compared to these generally closed-ended projects,
with generally understood economic and social benefits, lunar
development is open-ended. This fact makes it difficult to de-
tail its benefits because of the vastness of the enterprise. (How
would one begin to justify the benefits of colonizing the planet
Earth?) It is also very expensive when viewed as an individual
project. Attempts by proponents at justification by using cost
comparisons to other national expenditures deemed less wor-
thy, such as moviegoing, do not enhance public desire for
funding lunar development. Therefore, it is necessary to iden-
tify segments of the larger endeavor that can be justified in-
dependently as worthy activities. Worthiness is, of course, in
the eyes of the beholder, so that it is advantageous to identify
a variety of activities.
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NEW PARADIGM

The essential framework for supporting and managing long-
term and expensive projects is to substructure the projects into
smaller independent and profitable units. This is true regard-
less of the particular goal of the larger project. In the same
way, the path to the Moon will be supported by scores of
existing and newly created independent businesses. These
businesses will be such that the whole is larger than the sum
of its parts. The whole will get us to the Moon, and investors
can support any or all of the parts that get us there.

While this may seem to be an obvious solution to the prob-
lem, there are many hidden difficulties in such an approach.
For example, one needs to be certain that the whole project is
not held together by a weak link, or a series of weak links.
For robustness and reliability, a parallelism of technological
capabilities is necessary. In addition, an independent entity
must be created that can pull together all the pieces needed to
land on and develop the Moon. At this point, it is reasonable
to stipulate that major R&D efforts in propulsion and rocketry
will require major government subsidies, as discussed later.
Most other efforts can be justified to investors.

One must address the question of how to coordinate such a
disparate group of business enterprises and, at the appropriate
time, actually embark for the Moon with its first colonists.
Ideally, a leadership group must be in place to properly co-
ordinate the design and manufacture efforts of the various or-
ganizations that are supporting lunar development. While it is
not necessary to own or acquire these businesses for this par-
adigm to be effective, it is important that a central organization
has the large picture in mind and has the resources, intellectual
and otherwise, to ensure the development of the necessary
technologies to support lunar development. These resources
can only be developed in a financially viable sense, meaning
that investor interest is needed rather than government taxa-
tion. Of course, government acts on behalf of the population
and, therefore, will become a customer of any space enterprise.

A Lunar Development Corporation (LDC) must be created
that will likely be an independent company that will work
toward the aforementioned goals. It will include key profes-
sional talent, including management, science and engineering,
financial, and legal teams. These teams will act as venture
capitalists, coordinating activities around each venture, attract-
ing capital for start-up endeavors that cannot be accomplished
by existing industries, and attracting investors for existing
companies that have a role in lunar development. All of these
activities are viewed as for-profit. Part of the profits will be
used to repay investors, and the remaining funds used to create
the financial strength needed to initiate and support a return
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to the Moon. As LDC grows, it may be appropriate to include
debt financing (bank) in certain instances rather than relying
solely on equity financing (venture capital).

It is preferable that LDC be a for-profit corporation. An
issue yet to be addressed is whether LDC is to be privately
held, therefore having fiduciary responsibility except to its
owners, or publicly held, with all the requisite fiduciary duties.
It may be that LDC starts out privately held and evolves into
a public corporation.

It is clear from this general description that LDC must be
created with start-up funds to hire the teams needed to begin
planning. As part of the start-up, a business plan must identify
preliminary activities that will be used to attract investors. In-
vestors providing such start-up funds are expected to receive
reasonable rates of return. Given the magnitude of the pro-
posed venture of lunar development, a 20-year time frame is
expected from the creation of LDC to the end of the first year
of lunar colonization. It may be technically feasible to go back
to the Moon in 10 years if full funding is provided by the
taxpayers. This is unlikely to happen. Therefore, the proposed
approach, which is a bootstrapping method, is needed. Thus
the two-decade time frame.

The primary goal of LDC is to ensure that the right tech-
nologies are available when needed during the 20-year path to
lunar development. In addition, LDC will attempt to do this
with dual-use technologies that are profitable for Earth appli-
cations as well as lunar needs. In this way, financing and prof-
its can be reasonably expected. However, even though the ul-
timate goal-—the initiation of lunar development—is 20 years
away, the ventures will all provide reasonable rates of return.
Technologies selected for development must be prioritized ac-
cording to a critical path method as well as an economic ben-
efits model for the technology.

Once we are assured of the necessary technologies, we need
to create the path to lunar development.

ECONOMIC POLICY AND TECHNICAL PATHS TO
LUNAR DEVELOPMENT

Existing industries have a significant role in lunar devel-
opment. Certainly, these industries will be the backbone of
early development. But, in planning a project that will not
complete its first phase of operation before about two decades,
new industries are anticipated for which early stages of tech-
nical development are necessary. The technological issues for
lunar development are relatively well understood. Of course,
there will be debates on technical options. For example, should
the prototypical lunar structure be inflatable, a truss, or within
a lava tube? But once a choice is made, the technical issues
can be addressed, even if this means that new technologies
need to be developed. The long-term biomedical issues are less
well understood and require continued investigation. In order
for the proposed paradigm to be successful, a significant per-
centage (dollar wise) of the technologies must be dual-use,
meaning that they not only have a role in lunar development,
but also have a more immediate civilian or other application.
Appendix I provides detailed charts of potential dual-use tech-
nologies.

As examples, the following are promising dual-use tech-
nological arenas for investment:

* Self-repairing systems can be used to help safeguard sys-
tems that are hit by micrometeorites in space and on the
Moon. Such systems can also be utilized in monitoring
and repairing microcracks in aircraft fuselages and other
mechanical components.

* Materials development and processing are among the
most economically valuable scientific and engineering ac-
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tivities because of the importance of new materials in our
world. The same is true for technology developments for
space application.

* Low-gravity and microgravity technology will be devel-
oping as a result of experience with the space station.
Such capabilities, whether for fluid mechanical applica-
tions or materials processing and handling in such con-
ditions, will become extremely important for the practi-
calities of spacefaring.
Robotic manipulators have very broad applications. In
space and on the Moon they could be extremely useful in
minimizing the workload of the astronaut construction
corps. They also can be used in delicate manipulations
such as medical procedures and hazardous material han-
dling.

*» Instrumentation is an industry with broad application.
Two possible areas for investment are the monitoring of
material integrity, and fluid flow control. Both have sig-
nificant dual-use possibilities.

* Micro and nano devices are those of a size that approach
the smallest of scales, even the molecular and atomic
scales. Potential applications include the tiniest comput-
ers, and the strongest and lightest materials. Such devices
would revolutionize manufacturing, electronics, materials,
and medical procedures. The applications to the space and
terrestrial economies would be immense.

.

The foregoing list is only a sample of possibilities. Once
very focused and specific studies are initiated, this list would
grow by orders of magnitude and it would become clear which
technologies have the highest potential for dual use and, there-
fore, rate of return. These technologies will form the backbone
for technology development. Some of these profits will help
support the less profitable, but necessary, technologies that
must also be developed.

In this way the necessary resources can be accumulated for
early lunar development. LDC will evolve as an organization
that resembles a venture capital holding company, with the
ultimate goal of lunar development. Intermediate goals include
appropriate technology development and the earning of profits
for investors and for LDC. The long-term goal is an expedition
to the Moon, to stay.

In creating the path to lunar development, various options
will exist, each leading to different sequences of technology
development. The path to the Moon is not unique. In fact,
there may be hundreds of alternate paths that lead to the same
end. However, costs will differ. Also, there is the important
issue of whether a particular component should be developed
in year 1 or in a more advanced form in year 15. Thus, de-
cisions need to be made on the acceptability of certain older
technologies in lunar development. What we see are hundreds
of paths to the same end, but with significantly different tech-
nology and financing stops along the way.

One way to visualize this process is the following. We are
in Los Angeles and our goal is New York by train. There are
many paths and stops that will get us to New York. The ques-
tion is whether we can take economic advantage of each stop
along the way in order to help pay for the trip. Can we work
our way cross-country? Which path puts us in the best finan-
cial (and technological) condition at the end of the trip? Dis-
coveries and inventions may also suggest improvements on
earlier developed technology. But, at certain points in time, a
commitment has to be made to use acceptable technologies so
plans can be firmed and set into motion for a return to the
Moon.

During the last phase of this 20-year plan, the LDC will
begin to contract for the return to the Moon. Among a host of
needs, LDC will contract for launch dates, bays on the space



station for systems integration, and equipment, as well as ini-
tiate training for its astronaut/settlers who have been recruited
from the best of those eager to become the pioneers of the
21st century. Also at this stage, LDC will begin to negotiate
contracts for access to facilities on the fledgling lunar base
that is to be constructed. Interested parties will include gov-
ernment, industry, and research organizations. Issues of relia-
bility and insurance will become part of the mix. Numerous
details need to be considered and engineered, from crew size
and mix to the lunar base functions. Planning beyond 20 years
must be initiated so that the long-term vision ensures the ec-
onomic viability of this lunar colony. Possible lunar-based en-
terprises include tourism and sports, energy production, phar-
maceuticals development, medical trauma centers, materials
extraction, defense, sites for R&D facilities, as well as a space
port between Earth and the rest of the solar system. Science
facilities will be well represented on the Moon, especially as-
tronomical observatories.

All of the issues raised and discussed cannot be resolved a
priori; rather, it will become clear which pose major difficulties
and which will be easily handled by the evolving technologies
of the next 20 years. The importance of getting started cannot
be overstated!

LAUNCH CAPABILITIES

A clear vision of reality would place launch capabilities at
the head of the list of initiatives needed to place us on the
Moon, this time to stay. Research and development in this area
is moving briskly, primarily being driven by the booming sat-
ellite communications industry. Launch capabilities are being
developed by dozens of nations. All this bodes well for the
return to the Moon since the largest costs are associated with
lifting mass into Earth orbit.

The trend appears to be a refinement of market segmenta-
tion, allowing satellite manufacturers to place fewer systems
in orbit at one time. Currently, Atlas and Delta rockets account
for about 90% of U.S. commercial launches, each bringing
about 8,000-10,000 1b into geosynchronous orbit. An Atlas
launch costs about $80 million and the Delta about $60 mil-
lion. The cost is therefore in the $6,000-$10,000/1b range.
Near-term (next decade) costs are expected to be cut in half.
Even so, it is generally believed that costs must drop below
$1,000/1b for lunar development to become financially feasi-
ble.

One promising aspect to the launch problem is that nations
worldwide are heavily subsidizing their national rocket devel-
opment programs. Each nation that can do so recognizes that
it needs to support its launch industries so as not to become
dependent on foreign launch technologies.

LUNAR RESOURCES AS DRIVER TO LUNAR
DEVELOPMENT

One line of thinking suggests that there are bountiful natural
resources on the Moon that could economically justify a return
to the Moon. There is abundant oxygen; about 45% of the
weight of lunar rocks and soils is chemically bound oxygen.
These materials also contain considerable silicon, iron, cal-
cium, aluminum, magnesium, and titanium, which can be ex-
tracted as a byproduct to oxygen extraction. In addition, he-
lium, hydrogen, nitrogen, and carbon can be found in the lunar
regolith.

All this suggests that many important components can be
extracted, resulting in oxygen- and hydrogen-based rocket fu-
els, both for Earth-Moon operations as well as for ships going
to Mars. Various metallic ores also suggest other uses.

The brightest spot of lunar resources is helium-3, a light
isotope of helium and potentially a fuel for nuclear fusion
reactors. Unfortunately, these reactors have not been engi-
neered yet. A guess of when they may be on-line is in three
decades, but that was before Congress cut off funds for the
Princeton Tokamak research facility—sad but true.

The conclusion here is that there are not enough raw ma-
terials on the Moon, even if one knew how to get there and
extract them, to justify taxation to fund the creation of lunar
colonies. The best approach is the paradigm shift suggested in
this paper.

Needless to say, Mars offers even fewer economically viable
rationales for would-be colonists.

RELATION TO MARS DEVELOPMENT

The raging battle among the converted is whether to include
the Moon on the way to Mars. The Mars-first crowd deems
the Moon to be, at best, a diversion from the real goal of
colonizing Mars. The Moon-first-on-the-way-to-Mars group
also supports the eventuality and dominance of a Martian civ-
ilization. However, it is clear that there are clear benefits from
colonizing a planetary body three days from Earth versus one
that is about a year away. From any perspective except public
relations, the clear and rational way for man into space is via
the Moon. “Mars Direct’’ ignores critical technical and phys-
iological issues that are unresolved, pretending that existing
technology need not be tested extensively before being sent
on a year-long mission to Mars with humans.

RISK AND RELIABILITY

In this section, the key concerns of a reliability-based design
are expounded. In particular: What failure rate is acceptable?
What factors of safety, and levels of redundancy, are necessary
to assure this failure rate?

What failure rate is acceptable? Since it is generally ac-
cepted that one cannot economically design for zero risk, the
next logical consideration is the level of acceptable risk. One
way to begin to answer such a question is to study the sources
of natural risks to a system in its intended environment. In
particular, examine all natural phenomena and determine the
risk exposure of the system to each phenomenon. Some, such
as meteorites of a certain size, can destroy a facility, but occur
infrequently and therefore need not necessarily be designed
against. Each of these risks defines a time limit (in the prob-
abilistic sense) to structural or system life; these may be in-
dependent or correlated. Thus, the probability of occurrence
of a catastrophic meteorite hit is a small risk, perhaps the
smallest encountered risk, and therefore may be viewed as the
base risk against which other risks may be weighed. Other
natural risks may be ascertained as best as possible, compared
to the base risk, and then considered within the overall relia-
bility analysis.

Next, man-made risks are to be assessed. Examples are the
following: probability of explosion of liquid oxygen tanks,
likelihood of projectiles piercing a critical structural compo-
nent due to accidents, thermal cycle fatigue, and human fac-
tors. These can be more easily estimated and compared to the
foregoing base risk. All these ‘“‘component’’ risk factors must
be assessed. Using engineering judgment, weighed somewhat
by political considerations, acceptable risk can then be decided
upon. Recall the financial and psychic costs to the space pro-
gram of the Space Shuttle Challenger disaster.

For example, let R,, = P{meteorite}, the probability that a
destructive meteorite will strike a site on the Moon during the
period of a year. Further, let R,= P{thermal fatigue}, the prob-
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