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Abstract

A concept-level model is presented that
produces technical design parameters and
economic feasibility information for Space Tourism
platforms. A Space Tourism platform is defined as
a space-station-like vehicle which is designed to
sustain humans in space for long durations. Such
platforms could be placed in Earth orbit, around the
Moon, at a stable Earth-Moon libration point,
around Mars, or wherever it is desired to host a
platform for Space Tourism.

One key problem in making Space Tourism
feasibleis making sure that it is cost effective. A
method is devel oped which creates an engineering
model based upon desired mission reguirements,
then linksit to acost model. The cost model is
uniqueinthat it is designed for commercial viability
rather than for government-run programs. The cost
attained isalife-cycle cost from which you can
determine economic variables such as rates of
return, initial investment, and time to return on
initial investment. Using such amodel it ispossible
to determine the trade between number of tourists
and the price to charge them.

The development of the analytical tool
employed an approach that accommodated possible
payloads characterized as simplified parameters
such as power, weight, volume, crew size, and
endurance. In creating the approach, basic
principles are employed and conbined with
parametric estimates as necessary. Key system
parameters areidentified in conjunction with overall
system design. Typical ranges for these key
parameters are provided based on empirical data
extracted from actual human spaceflight systems.

Sample Space Tourism Platforms are
presented with emphasis on maximizing rate of
return through variance of key mission
requirements and ticket prices. This paper is based
on work Dr. Reynerson recently completed at
George Washington University in fulfillment for the
degree of Doctor of Sciencein Astronautics.
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Introduction

A space business park isacommercially
run multi-use space facility designed for use by a
wide variety of customers. Examples of commercial
use may include biological and materials research,
processing, and production, space tourism habitats,
and satellite maintenance and resupply depot. The
Commercial Space Transportation Study (CSTS)
conducted by several major aerospace contractors
for NASA in May 1994 concluded that this sort of
space facility has high market potential if space
transportation costs can be reduced. Inthe CSTSit
was recommended that further analysis be
performed to develop a more complete preliminary
design of acommercially procured space business
park.

This paper is based upon work completed
for the degree of Doctor of Science in Astronautics
at the George Washington University. It wasthe
goal of thisresearch to develop adesign
methodol ogy and an analytical tool to assist in
creating feasible preliminary design information for
space business parks. The design tool was
validated against a number of real facility designs.
Appropriate model variables were adjusted to
ensure statistical approximations would be valid for
subsequent analyses. The tool was used to
analyze the effect of various requirements on the
size, weight and power of the facility and its
subsystems.

The approach for the analytical tool wasto
input potential payloads as simple requirements,
such as size, weight, power, crew size, and
endurance. In creating the theory, basic principles
were primarily used and combined with parametric
estimation of datawhen necessary. Key system
parameterswere identified for overall system
design. Typical ranges for these key parameters
were identified based on real human spaceflight
systems.

A rough cost model was used to estimate
potential return on investments, initial investment
requirements and number of yearsto return on the
initial investment. For this paper amulti-use facility



example is used to eval uate the effect of launch
cost on the entirelife cycle cost and profitability of
the facility. The cost model factorsin logistics cost
for the delivery of crew and supplies to the facility
aswell asthe pricesimposed on the customers.

M ulti-use Space Facilities

Many potential markets exist for a space
business park. The Commercia Space
Transportation Study (CSTS) was conducted by six
aerospace companies to identify promising markets
for commercial space transportation that could be
enabled by reducing transportation costs. The
results of this study was used asinputsfor the
Commercia Space Business Park Study (CSBPS)
conducted by Boeing under contract to NASA and
completed in April 1997. Some of these markets
were selected for case studies inthe CSBPS
representing a diverse spectrum of potential uses.
Case studies selected include protein crystal
growth and cell culturing, satellite repair and
servicing, movie/TV/advertising studio, and bed

and breakfast hotel.

Endineering Math M oddl Gover ning Equations

The inputs to the model are the following

variables:

W, = payload power (payload being defined as

space rated hardware and equipment used to create
revenue for the space business park)

V_ = payload volume

p

p

referred to as user power on space stations)
N_. = number of crew members

C

E_. = designed endurance limit for the crew.

c

Thistime factor will also be the assumed resupply
interval for consumables calculations.

Assume the outputs to our model are the

following variables:

W, = facility weight

V, = facility volume

P, = faility power
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P = payload user power (most commonly
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Assume that the output variables are some

linear combination of theinput variables. In reality

the input variables may be raised to some arbitrary

power asfollows.

W, = f(W,V,, PN, E)=aW>+b¥) +cxP+dxN{ +exE’

Vi = gW,,Vp, Py, N, Eo) = F W) +] 7 +g xP) +h XNy +i *E/

Pr = h(W,V,, P N LE) =k WS +1 ) +mxPT +nxN ] +0xE.
1-3

If alinearized form of equations 1 through
3 are used then the following approximations can be
made:

W, @ W, +b ¥ +c xB) +dxN, +exE,
Ve @ W, +] N +gxP, +h XN +ixE,
Py @ W, +1 ¥, +mxBP, +nxN; +0xE,

(4-6)
In matrix form:
g, 0
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&P &
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GNC;
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The above equations form the basis for
the engineering concept model. Details of this
model and its validation are beyond the scope of
this paper but can be found in reference [4].

Cost Model
A cost model was created to complement

the engineering model. For acommercial
development cost tends to be the bottom line and

! Reynerson, Chapter 4.



therefore should be addressed. Various cost factors
that result from space facility designs and an
estimation of rough order of magnitude cost are
included in this cost model. The model consists of
two main sections:. required investments and
revenues. The required investment areas
addressed include the space segment, launch
vehicles, operations, and logistics. The revenues
considered include crew and user payload related
revenues.

Space Segment Cost

The space segment is modeled using the
product of four variables. The space segment cost
factor (Scf) isthe price per kg of facility on orbit.
Thisvaluetypically varies from 58 to 148 $K/kg for
unmanned spacecraft.” For manned space
programs (Note that these values are for
government run programs) the rangeis 38 to 157
$K/kg and the mean is 104 $K/kg. The program
cost (Pcf) is normalized over the number of manned
vehicles produced. Thelow number in the Skylab
programislikely dueto less research and
development required since it was derived from the
Apollo program.

The research, test, development, and
engineering (RTD&E) cost factor (Rcf) is used to
compensate for new development cost. RTD&E
cost tends to be about three timesthat of the TFU
cost. For manned systems this would make the Scf
range from 22 to 52 $K/kg for the TFU if you
assume all of the programs were pure RTD& E cost
(not including Skylab). Assuming this range for
the TFU, then the Rcf should be 3 for new
devel opment programs, 1 for a program based on
existing hardware, or somewhere in between if there
ispartial development required.

The space segment cost (Sc) can now be
defined by the following equation:

S =S xXBy R, W, (10)

Launch Vehicle Cost

The launch cost factor (Lcf) can be
estimated using historical data and planned cost
goalsfor future developments. Launch vehicle
costs® for several competing launch systems range

2 Wertz, SMAD, pp 735, table 20-14.
% Space Business News, February 5, 1997, pp 3.
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from 4.4 t0 57.4 $K/kg. The average cost is around
15.2 $K/kg.

Aninsurance cost factor (Icf) isused to
account for insurance cost related to launch.
Typically for commercial launches, insurance runs
about one third of the launch cost. The Icf would
therefore be avalue of around 1.33.

The launch cost (Lc) for delivering the
facility to orbit can now be defined by the following
equation:

L, = Ly ¥ W, (11)

C

Ground Oper ations and Support

The cost for the ground equipment is
typically much smaller than the cost needed for the
space segment and launch. But the operations for
the ground stations becomes significant over time
and should be considered in the cash flow
calculations to counter the yearly revenues.
Operations, mission, and program support costs for
the Skylab program’ average (over 4 years) $31.6 M
in 1970'sdollars. Thiscost isroughly $83M in
1997. The International Space Station program has
$13B in its operations budget over 10 yearsfor an
average of $1.3B per year.® Thisfigure likely
includeslogistics costs for delivery of consumables
and maintenance costs to upkeep the facility over
itsten-year design life. It may also include the
RDT&E for future payloads, experiments, and
support. For the purposes of thisROM cost model,
afigure of $80M per year isused for yearly
operations and support costs (Y osc). A ten-year
operational period (Ny) isassumed for life cycle
costing purposes.

L ogistics

To account for the delivery of people,
payloads, consumables, and productsto and from
the facility, ayearly logistics cost is cal culated
based on weight delivered and launch cost. A
logistics crew specific weight (d ., ) is defined as
the equipment weight needed for crew support
during the trip to and from orbit. This value should
be no more than the crew specific weight for space
facilities due to much shorter duration on orbit.

The value for crew specific weight can be estimated
from previous manned missions (1500 kg/person for

4 Ezell, pp 62-69.
® International Space Station Fact Book.



Mercury to 11030 kg/person for Apollo). The
Apollo crew specific weight is high due to the
stressing requirements to go to the moon. The
Space Shuttle crew specific weight is high dueto its
design to accommodate a heavy lift payload.

For this cost model anominal value of
2000 kg/person is assumed for logistics crew
specific weight, which isjust higher than a Gemini
capsule. Equation 12 definesthe yearly crew
logistics weight (Wcl) including consumables. This
model assumes resupply intervalsto be that of the
enduranceinterval, Ec.

& N o]
Wcl = 365)(8((1 cs +dcrew -'-dcg)xE_C +e;

c

(12)

Here d

crew @nd d  arethe crew system

specific weights for the crew itself and their gear,
respectively. € isthe consumable consumption
rate for the entire facility.

For user payload logistics, ayearly
turnover fraction (Tf) is defined as that fraction of
total payload weight that is replaced during the
year. If the payload requires a certain amount of
production materials delivered, then amaterials
weight fraction (Mf) is used. The Mf is defined as
that fraction of equivalent payload weight is
required per year for payload production needs.
Thevalue for Mf is highly dependent upon the
payload mission. For atourism mission it might be
zero and for amaterials processing facility it could
be more than 100%. The value for Mf isalso
mission dependent and very much market driven. If
payloads have anominal life of 5 years, then the
turnover rate would be 100% in ten years.
Therefore the yearly turnover rate would average
10%. Theyearly user payloads|ogistics weight
(Wupl) isthen defined by the following:

W, =W, (M, +T,) (13)

To account for maintenance materials
required for the facility, a maintenance materials
weight fraction (Mmf) is established. The Mmf is
that fraction of the facility weight that is required to
be replaced each year. A nominal value of Mmf =
0.01 isassumed for thismodel. The maintenance
materials yearly delivery weight (Wmm) istherefore:

W, =W, xM (14
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Thetotal yearly logistics weight isthe sum
of equations 12, 13, and 14 asfollows:

WI = Wcl + Wupl + Wmm (15)

Theyearly logistics cost is similar to
equation 11 but based on logistics weight:

L,=1L

gc cf X1

W, (16)

cf

Thetotal life cycle operations and support
cost (Osc) including ground and logisticsisthen:

Osc =N y ><(Yosc + Lgc) 17)

Thetotal investment required over the
facility lifeisthen:

TI =S, +L_+ 0O (19

Space Hotel Examples

Performance Driven Example

For the following space hotel examples 46
passengers and 4 non-paying crew membersis
selected for cost analysis. No extrauser payloads
are assumed to be onboard. Cost isassumed to be
$1M per day per person for the stay.

Figure 1 shows return on investment given
the performance requirements stated above. The
price for launch and return per person is plotted for
$25M, $5 M, $10 M, and $15 M. Thetrip duration
isvaried from 0 to 60 days. In general, the rate of
return increases as trip duration increases. Short
duration trips of less than 20 days need to have
sufficient pricing on launch and return to ensure
profitability.

Figure 2 shows number of yearsto return
oninitial investment. For trips of duration of 20
days or more the number of yearsfor thereturnis
reasonable at less than 4 years. For launch and
return prices of $5 M and less the number of years
to return is greater than the operational life when
trip durations are short.



Cos Driven Example

Thisexampleis based on forcing the
engineering design to be driven by initial
investment cost. Both the engineering and cost
models above were combined to create the cost
constrained design. The cost constraint selected is
aninitial investment of $5 B. Figure 4 showsthe
facility weight corresponding to initial investment
amount. For aninitial investment of $5 B the facility
weight isroughly 130600 kg. This corresponds to
no more than nine persons supported in the hotel.
To calculate investment returns, assumein this
case that there are two crew members that are hired
and will not be paying for the trip and stay.

Figure 3 showsthe initial investment
reguired, which includes the space segment and
launch costs. The rangeisfrom $25.4 billion to
$26.6 billion depending on the duration of stay.

Figure 5 shows return on investment for
the cost driven example. Compared to Figure 1, the
endurance threshold to ensure profitability must be
raised by about five days. The maximum return on
investment decreases from about 150% to 100%.

Figure 6 shows number of yearsto return
oninitial investment. Ascompared to Figure 2 trip
durations must be greater than 35 daysto ensure
the number of yearsto returnislessthan four for
the cheapest launch and return price.

Conclusions

This paper has shown the basic governing
equations for both an engineering and cost model
that can be used for multi-use space facilities.
Although the cost model used is rough and not
absolute, it can show the relative effect of various
payloads and facility designs. The power of
combining both engineering and cost models can
effectively show the impact of payload
requirements on cost. Alternatively, this
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combination can show the amount of payloads you
can support given alimit on the initial investment
amount. Such trades are critical during the concept
design phase for space facilities. For a
commercially developed and operated facility such
trades are mandatory in providing a business case
based upon sound engineering and cost data
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Figurel Performance Driven Model Resultsfor Space Hotel: Return on

I nvestment
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Figure2 Performance Driven Model Resultsfor Space Hotel: Number of Yearsto
Return on Initial Investment
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Figure 3 Performance Driven Modd Resultsfor Space Hotdl: Initial Investment

Initial investment vs. Endurance
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Figure4 Initial Investment for Space Hotel - Cost Driven Model Results

Initial investment vs. Facility Weight
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Figure5 Cost Driven Modd Resultsfor Space Hotel: Return on Investment
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Figure6 Cost Driven Model Resultsfor Space Hotel: Number of Yearsto Return on
Initial I nvestment

Number of Years to Return on Initial Investment vs. Endurance
for Different Launch and Return Prices
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