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independently) determined that attempts to recover anything beyond the first stage are, at least at

present, economically a step too far. Blue Origin’s New Shepard and Virgin Galactic’s SpaceShip Il are
suborbital and, thus, outside the scope of this discussion.

Once a determination is made to reuse at least some portions of a system a key consideration becomes
how many reuses to design for and, by extension, what the appropriate fleet size should be. In essence,
the next question is “how many”?

How Many?

By their nature reusable systems are produced in limited quantities. Minimizing production cost is a
primary point of reusability. Sizing the fleet correctly upfront is very important for several reasons,
primarily because investment in at least a goodly portion of the relatively sizeable cost of reusable
elements must be done either prior to commencement of revenue-generating operations or as part of a
“booststrapping” effort in parallel with operations of an expendable system. Our experience has shown
that one of either design life or turnaround time (TAT) drives the fleet sizing determination. There are
several key considerations that factor considerably in the decision.

Choosing between design life and TAT as the driving factor in determining fleet size depends most
particularly on what the stakeholder/customers of the market segments being considered most value. A
driving motivation for many reusable system development efforts has been to achieve “aircraft-like
operations”. A prime piece of that focus is to reduce TAT between launches from weeks or months (or
even years) to days or hours. The X-33/VentureStar goal was a 7 day TAT. DARPA’s XS-1 development
and demonstration program calls for 10 launches of a reusable booster within 10 days. There are many
potential advantages of fast turnaround, such as enabling of rapid call-up (i.e. “responsive”) sortie
missions and Prompt Global Strike (PGS) missions. However, our experience has shown that the driving
economic factor most important in determining the most cost-effective fleet size is design life.

Figure 12 provides an example of the different breakpoints between design life and TAT in determining
fleet size. In the example the design life of the system is 200 flights (for comparison the VentureStar
design life goal was 100 flights). This is a simplifying assumption — the design life of the different
elements of the system will most likely be different (e.g. a liquid engine will most likely have a different
life than avionics, a TPS/leading edge wing, or a cryogenic propellant tank). The TAT is 7 days between
flights, assuming 250 workdays per year (i.e. 5/1 shifting). As can be seen in the chart, at no time does
TAT by itself drive the fleet sizing determination. It is either driven by design life alone or jointly by
design life and TAT.
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Figure 12. Comparison of design life and turnaround time in determining appropriate fleet size.
At the same time there are several other important factors that bear on fleet sizing analyses.

e Hull insurance: Because the reusable elements are generally high-value fixed assets, it is our
experience that stakeholders will expect at least some of the elements that comprise the system
will be insured. It should be noted that this is different than the other two types of insurance
obtained for most launches. All U.S. launches require third-party liability range insurance. At
the option of the customer launch insurance can be purchased to cover the satellite through
launch and (typically) one year of orbit operations. On VentureStar we found that obtaining
insurance for the asset (the “hull”) would be a requirement for investment. Insurance acquired
from an underwriter was not feasible due to the perceived risk. As a result, we planned to “self-
insure” by fabricating a second vehicle. The number of available vehicles was greater than
launch demand required. The net effect was to possess an underutilized fleet relative to
achieving 7 day TAT. If hull insurance is required for a contemplated reusable launch system the
fleet size will be calculated as one plus however else the fleet size is determined.

e Maintain production lines: Balancing system element design life with maintaining production
lines is an important factor in design life decisions. Generally the longer the life of the asset the
fewer and less frequently the production line is exercised. One of the ramifications is to
increase the unit cost of the replacement parts, particularly long-life line replaceable units
(LRU’s). This can be the case regardless of whether the parts are supplied by a vendor or
fabricated in-house. If the parts are supplied by vendors the tendency to end up with de facto
sole-source suppliers becomes a potential issue.

e Technology insertion points: A second ramification of balancing system element design life is
maintaining points where new technologies can be inserted on the system. The longer the
design life the less frequent the opportunity to incorporate a new technology on the system.
The qualification cost in particular can make technology insertion unattractive economically.

o Obsolescence: If production lines and technology insertion points are not maintained, ultimately
the fleet will most likely face the problem of parts obsolescence. The Shuttle, in particular,
found this to be a substantial problem. It became very expensive to maintain inventories of old
technology parts, for both flight and ground systems.
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e Fleet recapitalization: At some point the fleet elements will begin to reach end-of-life, which
requires recapitalization of the fleet through either fabrication and assembly of new elements
and/or implementation of a service life extension program. The more expensive the asset the
more problematic this can become, especially in the context of an overall business plan using
DCF metrics for measuring economic viability.

e Attrition rate: The most significant factor bearing on fleet sizing analyses is the assumed
reusable element attrition rate, if any. As shown in Figure 13, using an equation developed by
operations research analysts applied to the assumptions defined in the Figure 12 example, a 5%
recovery attrition rate reduces the calculated effective life of a system element to 20 flights per
year regardless of whether the design life is 100, 200, or 500 flights. The assumed ascent
reliability does not have nearly the same effect. The assumed ascent reliability in the Figure 13
example is 100%.
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Figure 13. Consideration of attrition plays a significant role in determining economic fleet size.

Effective Life

As noted above, all of these factors figure heavily in determining reusable system economics. The
answers resulting from any one consideration bear on the answers to the others. The key is to find the
“sweet spot” resulting from a balance between the competing factors. One other key factor in
determining reusable system economic practicality, the size of the system, is determined in large
measure by answers to the other considerations such as market segments to be served, degree of
reusability, etc. The size of the system matters when evaluating reusability.

Size Matters

At a very top level the size of a space transportation system is relatively highly correlated to its non-
recurring and recurring cost. Our experience in the parametric estimation of transportation systems is
that the slope of a power curve fitting cost to (for instance) Gross Liftoff Weight (GLOW) is an exponent
greater than 1.0 for both non-recurring and recurring cost. Generally speaking cost increases at an
increasing rate as the overall system grows in size. The consequences are obvious and significant. The
bigger the vehicle system the greater the investment required and, as a result the greater the savings
required to pass a DCF metric test of economic goodness. The tradeoff is specific to each individual
concept and whatever user stakeholder needs the system is trying to satisfy. However it is important to
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notice that, as shown in Figure 5, larger systems will typically exhibit lower $/kg at their peak capacity.
Given the (potentially significantly) greater investment, this does not necessarily ensure a larger system
is more economically attractive, regardless of whether the system is expendable or reusable. However,
for a larger reusable system this issue is exacerbated by the increasing complexity of the additional

subsystems required for reuse as, for instance:

e Return (landing): size/weight of landing gear and wings/tails for horizontal return; parachutes
size and number, and/or size and number of retrorockets and landing legs for vertical return

e Thermal protection: increasing need for more complex thermal protection as a function of
vehicle size as maximum speed (e.g. staging mach) increases and/or a system is returning from
orbit

e Propellant reserve: for a reusable system utilizing a powered return concept, as the size of the
reusable system increases the size of the propellant reserve needed to accomplish the return
increases, reducing effective payload capacity

Conclusions

In considering the economics of reusable space transportation systems we have (hopefully) shown in
this paper that an effectual examination of the question rests in large measure on a definition and
understanding of the key financial and other considerations and metrics by which the financial
“goodness” of a reusable or expandable approach is measured. Returning to the original question then,

“is it worth it?” In our estimation based on the foregoing the answer is: IT DEPENDS!

Depending on the motivations of the stakeholders involved, the characteristics of the demand for
transportation exhibited in the market segments being served, the degree and type of reusable system
elements considered, fleet size determination, and the size of the system necessary to meet stakeholder
requirements, a reusable system may or may not be the most economical choice. Ultimately, of course,
the decisions rest with the stakeholders themselves. However understanding the factors that shape
their decisions provides all of us who share an interest and, thus, have a “stake” in furthering
humankind’s exploration and development of space helps inform our thoughtful consideration of what
will most certainly continue to be a lively and on-going discussion.
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