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ABSTRACT

This study of space-based solar power systems (SSPS) addresses
a variety of economic and programmatic issues relevant to the develop-
ment and deployment of an SSPS Fleet. Specifically, the study focuses
on the costs, uncertainties and risks associated with the current
photovaltaic SSPS configuration, and with issues affecting the develop-
ment of an economically viable SSPS development program. In particular,
the desirability of a low earth orbit (L.EQ) demonstration satellite and
a geosynchronous (GEO) pilot satellite is examined and critical technol-
ogy areas are identified. In addition, a preliminary examination of
utility interface issues is reported. '

The main focus of the effort reported herein has been the de-
velopment of SSPS unit production (nth item), and operation and main-
tenance cost models suitable for incorpeoration into a risk assessment
(Monte Caric) model (RAM). The RAM was then used to evaluate the current
SSPS configuration expected costs and cost risk associated with this
configuration. By examining differentiail costs and cost risk as a func-
tion of postulated technology developments, the critical techrologies,
that is, those which drive costs and/or cost risk, have been identified.
It is shown that the key technology area deals with the productivity of
man in space, not, as might be expected with some hardware component
technology.

An assessment of LEQ and GEC tost satellites as components of
the SSPS development program was performed using a decision tree approach.
Three specific development program options were examined. It is shown that
the most desirable program option, of those options examined, is the direct
development option. That is, within the context of the assumptions made
and the preliminary cost estimates for the LEO and GEO test satellite
subprogram options examined, these tests have a negative net value. Based
upon the results of the risk assessment, a programmatic risk assessment
was conducted. This assessment indicates that the probability of success-
fully implementing the current configuration SSPS appears to be sufficiently
high so that an economically justifiable program plan for the pursuit of
the SSPS concept can be developed.

It should be cautioned that the economic analyses-discussed herein
are preliminary and make use of program plans and data that need further re-
view. Thus, while the methodologies cmployed are sound and may lead to
significant resuils, and the insights gqained from these analyses may be
valuable, decisions should be based on the results enly after a thorough |
review of the cost model, the data used and the assumptions made for the
analyses. :

Finally, a few utility interface issues were identified and
preliminarily examined. These include the need for and cost of installed
reserve as a function of SSPS reliability/availability, the effect of
power fluctuations due to ciouds, precipitation and Faraday rotation,
and the effect of power outage due to <olar eclipse near the equinoxes.

ii
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1. INTRODUCTION TO COST, UNCERTAINTY AND RISK
ANALYSIS OF SPACE SYSTEMS :

An investment or engineering decision invoives the commitment
of resources with the hope of future benefits. In order to determine
how best to commit resources, decision makers are forced to predict,
forecast, or guess the future. The uncertainty about the exact course
of future events creates risk in the form of unforeseen fluctuations in
the resulting resource costs and cost-flow patterns. Since the future
is not (and generally cannot be) known with certainty, the evaluation,
comparison and decision making process must explicitly take into ac-
count the effect of uncertainty and risk.

The above notion is brought to light most vividly by a simple
coin-toss game described by Daniel Bernoulli that has become known as
the St. Petersburg paradox [1]. First, a player must pay to enter the
game. Then, a fair coin is tossed until it falls heads on the nth
toss at which time the player receives a prize of $2". The question is,
how much the player should be willing to pay to enter the game. Since
the probability of a head first occurring on the nth toss is ()0, the
expected value* of the game is infinite.

co
eV, = 2 2N ()= e

n=1

Thus, a decision maker who does not consider risks should be happy to
pay any sum of money to enter the game. Yet, although the possible
winnings are very high, the probability of winning a significant amount
is remote. For example, the player can win only $32 if a head first
occurs on the fifth toss but his chance of Tasting to the fifth toss
without a head is only 1/32. 1In fact, to take the illustration one step
further, it can be noted that the player should expect that the expected
value of the game, infinity, will never be achieved. Thus, not only
should one never count on an expected value occurring but, in addition,
there exist special cases for which the expected value can never occur.

Clearly, informed decisions and proper selection of alternatives or
courses of action should be based upon more than the consideration of

r———re

“The expected value (E.V.) or mean value of a function, f(x),
of a random variable, x, 1is the sum of all vaiues f(x) may
take, each value weighted by its probability of occurrance,
p(x} , or mathematically:

E.V., = EE f(xi) p (Xi)
range

of x.
1



the most 1ikely or expected situations - they should consider the
relative ievels of risk. In order to accomplish this, risk must be
quantified in the same sense that most likely or expected values are
quantifiad. In other words, decision makers must take into account what
can go right and what can go wrong and the chance of going right or
wrong and this should be done quantitatively. A method is presented in
the following pages which demonstrates how engineering and cost uncer-

- tainties and reliabitity can be taken into account in order to quanti-
tatively assess costs and cost risks associated with space power systems.

Figure- 1.7 places risk analysis in perspective with typical
engineering analyses. Most engineering analyses are point estimates. A
point estimate is obtained by inputting the "best guess" or estimate of
the various system parameters into a model to obtain "single number”
estimates of system cost or performance. Point estimating procedures
seek an answer to the question, What do you think? It is often recog-
nized that point estimates can be wrong. Thus, & next step is generally
to conduct a sensitivity analysis. A sensitivity analysis considers
variations around the "best quess" parameters of the point estimate and
thus addresses the question, What if you are wrong? Risk analysis, on
the other hand, adds a new dimension by addressing the question, What do
you know? To do this, it provides a framework for adding ranges and
probability distributions of system parameters for input to system
models and provides, as output, ranges and probcbility distributions of
sy?tem cost and performance rather than single number estimates of these
values.

The answer tc the question, What do you know?, incorporates
the answer to the question, What do you think? As shown in Figure 1.2,
the answer to the question, What do you think?, is typically the most
Tikely value for a parameter to take on. That is, it is the vaiue of
the parameter for which the probability density function* obtains a max-
imum, * In addition, however, it includes information such as the minimum
and maximum values which the parameter can assume (that is, the range of
the parameter outside of which there is zero probability of occurrence
of the parameter) and confidence bounds which serves to establish the
form of the probability density function.

As an adjunct to the above discussion, it can be observed that,
in general, for continuous distribution functions such as the one shown
in Figure 1.2, there is a zero probability that exactly the most Tikely
value will occur. In other words, there is probability one that the ans-
wer to the question, What do you think?, is wrong.

*

The probability density function, p(x)}, gives the probability per
unit of x that a random variable, x; Ties between the value x_  and
Xgthx for very small Ax. That is, the probability that x tak8s on
a value between %o and x+/\x0 is

p(x, }Ax
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Qne is thus led to question the validity of point cost esti-
mates. Indeed, without performing a risk analysis, cost estimates are
generally wrong and almost invariably low. The reason for this is
easily explained within the context of risk analysis. System cost
estimates are generally performed by dividing the system into subsystems,
costing the subsystems individually and summing these costs to obtain
the total system cost. However, it must be recognized that a cost es-
timate is a forecast of the future and thus can be expressed only as a
probability distribution. Hence, single point estimates are, in fact,
samples from such distributions. A characteristic of most aerospace
subsystem cost probability distributions is that they.are skewed such
that the mean or expected value of the distribution is higher than the
most Tikely value. But it is the most 1ikely value that is generally
obtained by soliciting point estimates. Now, when one adds the sub-
system costs together to obtain tha total system cost, whether it is
explicitly recognized or not, one is adding probability distributions;
and the mean value theorem asserts that, if one adds together a number
of probability distributions, the resulting distribution tends to approach
a normal {Gaussian) distribution for which the expected value and the
most 1ikely value are the same, and these are equal to the sum of the
expected values of the component distributions, not the sum of the most
11kely values. Thus, in the summation process, the increment of cost
between the most 1ikely value and the expected value for each subsystem
is left out and the resulting sum is low by the sum of these increments.
Figure 1.3 {1lustrates this phenomenon. A, B and C are component sub-
systems of the total system. Solicitations of point cost estimates
result in the most 1ikely values, L,, L, and LC‘ The sum of the cost
differences between the most likely“valles and“the expected values,

Eao Eg and E¢, namely AptAgtAc, 1s neglected in point cost estimates.
Thus, the astimate of Egqyg or Lgyg, the expected or most likely
values of total system cost, is Tow Ey this amount. This explains why
most cost estimates are low. OFf course, in general, one does not obtain
expected values anyway and the cost of any particular system may deviate
from the expectad value by some amount that can be estimated only by -
performing a risk analysis.

1.1 Uncertainty, Risk and Decision Making

Decision makers are often confronted with a wide range of al-
ternatives from which they must select one or a few alternatives to pur-
sue. The selection of the "best" alternative must invariably consider
the risks inherent in each candidate alternative. For example, consider
the investment of private savings. Clearly, a vast number of alternatives
- exist ranging all the way from placing the savings in a government insured
bank account to placing the total sum on Crazy Horse to win in the fifth
at Belmont. In between these extremes. (and maybe beyond them) are all
the opportunities present in the stock market. Obviously, the private
investor who puts his entire savings into the investment that offers the

REPRODUCIBILITY OF THE
CRIGINAL PAGE )8 POOR
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possibility of the highest return s rare.* Most investors readily

admit foregoing significant potential returns to obtain added security
(reduced risk) in an investment. The same philosophy must also apply
for the federal government in the selection of alternative courses of
gctiog to meet the energy needs of the nation in the year 2000 and
eyond,

At this point, however, one finds oneself on the horns of a
dilemma. On the one hand, the technologies that offer the opportunities
for the greatest potential payoff are precisely those technologies for
which there is the greatest risk; whereas, those technologies for which
the risks are acceptable provide Timited opportunities for energy inde-
pendence and energy assurance. How then is it possible to economically
Justify the pursuit of advanced, high risk technologies with potentially
high payoff? The answer lies in the development of technology implemen-
tation programs with controlled risks. Risk-controlled programs are
programs in which the decision maker is never forced to make a decision
that has a negative expected value in order to pursue a technology de-
velopment, and they are programs in which the "down side" risk associated
w;?h ?echnology development decisions is maintained-at or below an accept-
able limit.

A simple game serves to illustrate this principle. A player
must pay $100 to enter the game. Then a thumbtack is flipped 20 times.
If 1t lands point up 15 or more times, the player wins and his prize
is $250 {$150 net). Otherwise the player Toses. The key to the value
of the game is, of course, the probability of the thumbtack landing
point up on any particular toss, R. Unlike a fair coin, however, one
can anly guess about the value of R. But rather than to guess only
a single number for R, the player is wise to describe his state-of
knowledge about R, Pp(R). For example, see Figure 1.4 which is one
individual's guess at Pg{(R}. Independent of the state-of-knowledge
about R, it is possible to assess the chance of winning the game,
Py(R), as a function of R.** This is shown in Figure 1.5. Then, it
is straight forward to compute the player's expectation of winning the
game,

EXPECTATION OF WINNING = :E; PR(R) X PN(R) = ,297
R
and from this computing the expected value of the game.

EXPECTED VALUE = PRIZE x CHANCE OF WINNING = $74.25

. )
For good reason. Few such investors exist who have non-negative
savings.

wk
The probability of 15 or more "ups” out of 20 flips is the sum of
the probabilities of 15 out of 20, 16 out of 20, 17 out of 20, 18
out of 20, 19 out of 20 and 20 out of 20. The values for each
of these probabilities are derived from the binomial distribution.
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Note in the éxample shown that the game has an expected value of $74.25
which 1s less than the $100 entry fee. Thus, the net expected value of
the game is negative.

It is interesting here to point out the meaning of the ex-
pected value. Clearly, the game pays either $0 or $250. Thus, the ex-
pected value will never be obtained. The proper interpretation, however,
{s that, if the player played a Targe number of independent games such as
this, his winnings would be approximately equal to the sum of the expected
values of the individual games. Hence, if the player can play a
large number of games. each with a positive net expected value, he
can expect, with a high degree of confidence, to obtain & net positive
payoff. IFf, however, some of the games have negative net expected
values, the player can expect his total payoff to be reduced. A
corollary to this for the federal government is that only those tech-
nology appiication programs with a positive expected value should be

.undertaken.

. The thumbtack flip game presented above can be illustrated
in terms of a decision tree as shown in Figure 1.6, The decision is
to enter the game or not., If the answer is no, the player remains at
his status quo. If the answer is yes, the player encounters a net
expected loss of $25.75. Thus, it might well be expected that a pru-
dent player would choose not to enter the game.

Can the game be changed in any way that would lead to a posi-
tive net expected payoff? Note that the key to the fact that the game
has a net negative payoff is the state-of-knowledge on R, Figure 1.4.
Suppose that state-of-knowledge could be improved for a small cost.

For example, suppose the player could "rent" the thumbtack for $10, flip
it a large number of times and, thus, determine the value of R pre-
cisely. Now the decision tree takes on the form shown in Figure 1.7.

If the player decides to enter the game, he first commits only $10 to
test the thumbtack. Then, and only then, if the thumbtack passes the
test, that is, if R {is equal to or greater than.0.8 in the decision
rule shown, the player enters the game. Because the player is abie to
determine R- at a low cost, he is able to control his risk and thus
establish a positive net expected payoff for the game.

The game of technology application and the role of econcmic
studies in this game is very similar to the thumbtack flip game. It is
very much a game of information in which the objective is to estabiish
a technology application program plan that controls risk and provides
a positive net expected payoff. This is accomplished by a sequence of
studies, analyses and tests that provide information necessary to move
forward through the program. And like the thumbtack flip game, the ul-
timate mechanism for controlling risk is the optign to exit (or not enter)
the game. In a technology implementation program, it is the opticn to
recognize that the program has failed and to terminate it. If a program
plan that has a positive net expected payoff cannot be developed, it
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is a clear indication that the technology is not sufficiently developed
to undertake an implementation program and the only thing that can be
Justified is a low level program of basic research. Risk analysis pro-
vides the mechanism for evaluating the probabilities necessary to
establish and evaluate alternative program plans,

1.2 General Procedure

A risk analysis to evaluate the state-of-knowledge relative to
space-based solar power systems (SSPS) needs to address the unit produc-
tion and the operation and maintenance cost risks for SSPS units subse-
‘quent to the first unit.* The procedure for doing this is to first de-
velop a deterministic cost model and then to incorporate this cost model
in & Monte Carlo simulation computer program as shown in Figure 1.8.

The data, consisting of system component costs, efficiencies, masses,
reliabilities, etc., are input as probability distributions--states-
of-knowledge. These variables are then sampled by the use of a sequence
of random numbers. The sampled inputs are entered as deterministic
numbers into the cost model and the results stored in a table. The pro-
cess 1s then repeated several times (perhaps 250 to 1000 times) and the
stored results thus generated are used to produce statistics and proba-
bility distributions that describe the risk associated with a specific
alternative. In rare cases, with sufficiently simple problems, it is
possible to perform a risk analysis without resorting to computer simu-
lation techniques. The case of SSPS is far from this simple.

1.2.1 - Cost Modelling

To perform a cost-risk analysis one must first produce a
cost model. The cost model should provide for the interdependencies of
various cost components. For egample, if the mass of some system com-
ponent increases, the number of launches required increases, the number
of men to assemble the system increases, etc. Also, it is important that
. the model be constructed so as to minimize modelling error, that is, to
minimize arrors in the representation of system costs. To some extent,
it is possible to create such models; however, the process is largely an
art and it is difficult, if not impossible, to describe a procedure for
the development of such models.

The cost models developed for the risk analysis of SSPS are
described in Section 2 and Appendices A and B of this volume.

1.2.2 Uncertainties

Uncertainties in the value of system parameters, such as costs,
masses, efficiencies, etc., are the result of an imperfect siate-of-

*

In general, the first unit will not be a production satellite and,
hence, its costs will not be reflective of the long-term economics
of SSPS.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



INPUT DATA
DIST. OF
- COSTS

~ MASSES
- EFFS

SAMPLE

INPUT

DATA

COST
MODEL

A

NO

STORE

RESULTS

Figure 1.8 Risk Analysis Methodology for Unit Production
and Operation and Maintenance Costs

ENOUGH
SIMULATIONS
? .

PRINT
RESULTS

el



14

knowledge relative to all components and aspects of the system. The
magnitude of the uncertainties is related to the time in the system de-
velopment cycle that the estimates are made and the state-of-development
of the component technologies at that time. Uncertainties may, admit-
tedly, be difficult to quantify. However, it might be inferred that the
more difficult it is to quantify uncertainties, the greater the uncer-
tainties are. The basic problem, thus, is to quantify uncertainty, that
is, to define the state-of-knowledge.

The quantification of uncertainty requires that informed
estimates be made of ranges of uncertainty of key variables and their
probabiTity distributions within the range. The uncertainty assessments
can be made by individuals with the assistance of an experienced anaiyst
or, for example, they can be made by an experienced group of individuals
"using Delphi type techniques [2,3].* Such estimates are very subjective
in nature and quantitatively express the attitudes regarding the uncer-
tainties. The estimates reflect past experience with similar efforts,
probiems which-have been encountered in the past, insights into problem
areas which might develop, etc.

Uncertainties can be quantified. In fact, most large corpora-
tions use risk analysis technigues which employ uncertainty assessments
as a standard procedure in the evaluation and comparison of new business
alternatives [4-10]. A methodology for establishing the shape of uncer-
tainty profiles is described in Appendix D.

1.2.3 Effect of Reliability

The effect of reliability in various operations and components
is to introduce risk into a system even if all costs, masses, efficiences,
etc., are known precisely. The fact that there is a chance for failures

N )

The Delphi technique, initially researched at RAND, is a technique
of systematically obtaining opinions from a panel of experts on a .
particular issue. The Delphi technique eliminates the committee
approach for making estimates. It replaces direct confrontation
and debate with a carefully planned program of sequential individ-
ual interrogations, usually conducted by questionnaires. The
series of questionnaires is interspersed with feedback derived
from the respondents. Respondents are also asked to give reasons,
anonymously, for their expressed opinions, and these reasons are
subjected to a critique by fellow respondents, The technique puts
emphasis on-informed judgement. It attempts to improve upon the
panel or committee approach by subjecting the views of individual
experts to each other's criticism in ways that aveoid face-to-face
confrontation and preserve anonymity of opinion and of arguments
advanced in defense of those opinions.
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to occur implies that there 1s a chance that costs will be incurred to
remedy the failure. Since failures cannot generally be predicted
(precisely}, there exists an inherent variability in the cost of con-
structing or maintaining any system in which failures can occur.

The maintenance of an SSPS requires dealing with failures. To
the extent that such failures can influence operation and maintenance
costs, there is variability in these costs that must be accounted for in
the risk analysis. While failures of various sorts, for example, launch
vehicle failures, can occur in the production phase of an SSPS unit these
have been neglected in the risk model described herein. The cost and
risks associated with component failures in the operation and maintenance
of an SSPS unit are included in the operation and maintenance cost-risk
model. The procedure for their computation is described in Section 2.2.

1.3 Comparison of Alternatives

The ultimate purpose of any economic analysis of the sort
described herein is to support a decision making process, that is, to
provide guidance in the comparison and selection of alternatives. This
includes choices between alternatives within a particular program, for
example, between various SSPS configurations; or between alternative
programs, for example, between SSPS and terrestrial alternatives. It is
worth reiterating here, as proven above, that choices between alternatives
cannot, in general, be made on the basis of most 1ikely or expected
values above. Rather, consideration must be given to both the expected
outcome and the associated risk.

The risk profile of many alternatives approaches a normal or
Gaussian distribution®* to a sufficient extent that it suffices to describe
these alternatives in terms of their expected value and risk (standard
deviation). Now, consider the range of alternatives contained within the
set of systems labeied SSPS, expressed in terms of thair expected value
and risk (Figure 1.9). Certainly there exist many ways of implementing
2 technology to produce an SSPS. Each way results in a.unique expected
value and risk as shown by the points plotted in Figure 1.9. It should
be the objective of the program manager to determine the "best" technology
implementations. These are those implementations which simultanecusly
maximize the expected value and minimize the risk. Given any technology
base to work from, there is a 1imit to the extent to which these mutu-
ally competitive goals can be simultaneously met. This Timit is known
as the technology frontier and it represents the locus of best achiev-
able combinations of expected value and risk commensurate with the speci-
fied technology base. The selection of the "best" alternative from the

*

A normal distribution can be fully described by two parameters,
the mean or expected value and the standard deviation of the dis-
tribution. Other distributions require description by other par-
ameters and full description of a distribution may require speci-
fication of several parameters. ..
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technology frontier requires a statement of the decisjon maker's risk
preferences. It cannot be made by economic principles alone.

Thus, in terms of the selection of alternatives within a pro-
gram, the purpose of a risk analysis is to define the technology frontier.
The selection of alternatives between competing programs is accomplished
by comparing the technology frontiers (Figure 1.10). As shown, Tech-
nology B might be SSPS, Technology C, terrestrial nuclear and Technology
A, terrestrial fossil fuel--the curves are arbitrarily drawn here for
{1lustrative purposes only. As shown, Technologies B and € always dom-
inate A. Thus, A would never logically be chosen.on economic grounds.
On the other hand, the selection beiween Technologies B and C depends on
the risk preferences of the decision maker., A highly risk-averse de-
cision maker would forego the potential to obtain a high value in order
to ‘obtain reduced risk by choosing to implemeni Technology B in the
region of expected value that produces Tow risk. A-Tess risk-averse
decision maker might choose Technology C, seeking the opportunity to
capture a higher value.

In the end analysis, 1t is the decision maker(s) who de-
cides what technologies to use and how to implement them based upon
his personal set of preferences. The economist or analyst cannot
make such decisions for him. However, the economist, analyst and en-
gineer, working together, can provide the decision maker with inform-
ation that fully describes the potential consequences.of each alterna-
tive choice so that a well-considered selection can be made. The purpose
of risk analysis is to provide the methodological framework for obtaining
this information,
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2. COST MODELLING OF SPACE-BASED SQLAR POWER SYSTEMS

The SSPS program is divided into three major cost categories:
development, unit production and operation and maintenance as shown in
Figure 2.1, The development includes all activities that occur through
initial operation of the first fuil-scale unit and the unit production
cost model includes all recurring costs for producing the "nth" (typi-
cally second) SSPS unit--satellite and ground eguipment. The reason
for this division of costs is the variety of methods by which .
the first unit could be built, for exampie, by growth from a 500 M{
pilot satellite, whereby the costs of the first unit would not relate in
any direct way to the costs of, say, the second unit.

The emphasis in this phase of study has been on the davelop-
ment of recurring cost models (both unit production and operation and
maintenance) for an SSPS unit to serve as the basis for a risk analysis
model., Descriptions of the unit production cost and the operation and
maintenance cost models follow (Sections 2.1 and 2.2, respectively).

2.1 Unit Production Cost Model

The unit production cost model is based on sizing relation-
ships provided by Grumman Aerospace Corporation [11], and the Raytheon
Company [12]. A complete mathematical exposition of these relationships
is found in Appendix A. The model in its present state of development
identifies and represents the major cost elements for the current SSPS
configuration and assembly scenario. The results of the modeil must
st111 be considered to be preliminary, because, whereas the cost ele-
ments have all been addressed, many issues of scheduling and operations
have not. For example, the model currently does not explicitly account
for amortization of certain equipment by annuities, as sufficient infor-
mation is not yet available concerning the timing of procurements or
rates of utilization for this (transportation and assembly) equipment,
nor does the model account explicitly for the timing of procurement of
satellite and ground station components. Availability of such infor-
mation in the future will allow continued refinement of the model.
However, it is to be noted that these are refinements to the basic cost
model and should not be interpreted as elements, the lack of which de-
stroys the basic,integrity of the model. )

The central feature of an SSPS performance evaluation is a
chain of power conversion and transmission efficiencies. This effici-
ency chain forms the backbone of the unit production cost model as seen
in Figure 2.2., which shows the correspondence of system components to
elements in the SSPS efficiency chain.

_ Most of the sizing (hence, cost estimation) of system compo-
nents is done on the basis of power throughput. Since the power output
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is constrained as a design parameter in this study, a change in any ele-
ment in the efficiency chain affects the power throughput zhence, size
and cost) of all of the system components preceding it in the chain.

The unit production cost model has five Level 3 components,
as shown in'Figure 2.3: ground station, LEQ (low earth orbitg launch,
space station and assembly, LEO-GEQ (geosynchronous earth orbit) trans-
portation, and satellite procurement. Each of these cost components is
dealt with in detail below; an overview of the model's structure is
provided in Figure 2.4. The model has been kept as general as possible,
that is, insofar as possible, design and performance parameters have
been. treated as variables. Certain assumptions, however, are implicit

in the model, such as construction in Tow earth orbit as opposed to
geosynchronous orbit. Wherever such limitations occur in the model,

they have been called out in the discussion that follows. In future
developments of the model, greater generality will be developed, allowing
examination of the effects of a wider range of design tradeoffs.

2.1.1 Ground Station Cost Model

This cost model consists of the cost of land and site prepar-
ation for both the receiving antenna structure and a safety zone around
the receiving antenna, rf-dc converters, phase control equipment and
utility interface. The size of the rectenna was set in the Raytheon
MPTS study [13], based upon-20 M/ cm@ being an acceptable maximum power
density level and 2.45 GHz being the optimum frequency for transmission.
Hence, the model does not allow tradeoffs among receiving antenna ares,
cost, and power density; costs are determined on the basis of power level.
However, the receiving antenna technology is one of the most developed
of those underlying the SSPS concept, and it was felt that the inability
to recreate the rectenna size, cost and power density tradeoffs did not
pose a serious timitation to the model's effectiveness at this point in
time.

More detailed consideration of rectenna design and cost char-
acteristics should be included in future developments of the model.

2.1.2 LEO Launch Cost Model

This model includes the cost of procuring and operating fleets
of heavy 1ift launch vehicles (HLLV's) and Space Shuttles to launch to
LEQ the materials and personnel necessary for the construction placement
and final check-out of an SSPS satellite. The HLLV's are used to launch
equipment and supplies and the shuttles are used to rotate on-orbit .
personnel. The model allows consideration of payload masses, load factor,
unit costs, launch operations costs per flight and vehicle design life.
The costs for both vehicles are determined on a “per launch" basis by
aividing the unit cost over the expected Tife of the vehicle and adding
the launch operations and refurbishment costs per flight. The number of
HLLV flights is calculated by dividing the total mass of the satellite
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and required assembly equipment by the payload of the HLLV and its Toad
factor. Similarily, the number of shuttle flights is-determined by the
number of personnel needed on orbit, the number of personnel carried per
shuttle flight and the rate of personnel rotation,

One limitation of the model in its present form is that it does
not consider such operations factors as vehicle refurhishment (turnaround)
time. Such scheduling factors will have to be considered as the model
{s refined because the rate of launch may be expected to be very non-
uniform for the construction of a single SSPS satellite, although the
overall Taunch facility activity level could be expected to become more
uniform (allowing more efficient use of resources) as more SSPS satellites
are constructed simultaneously, given praper planning to accomplish this.
In addition to more detailed consideration of Taunch operations, ex~
plicit consideration of Taunch vehicle reliability should be included in
furture model development.

2.1.3 Space Station and Assembiy Cost Model

This model represents the costs of: remote-controlled tele-
operators and their ground controllers, space stations and station supply,
EVA equipment, support tugs, manned manipulator moduies and structure
fabrication modules. The number of teleoperators and personnel needed
on orbit is determined by the total mass of the sateliite to be construc-
ted, the different rates of fabrication for on-orbit personnel and tele-
operators, the total construction time aliowed and the percentages of
the satellite to be constructed by on-orbit personnel as opposed to tele-
operators. Factors of availability (reliability) and productivity for
both man and machine can be examined separately from basic rates of
fabrication. Both transportation and procurement costs of all space
station and assembly equipment are amortized over the expected life of
the equipment.

Little consideration could be given within the resources of
this study to the extremely complicated operations research issues of
scheduling of the assembly activities; these issues {(and concomitant
productivity) of both on-orbit personnel and equipment represent major
areas of uncertainty to be explored in the future. In the near-term
development of the model, different rates of assembly for different
levels of complexity (for example, structural integration versus elec-
tronics checkout) should be developed as well as the capability to ex-
amine other assembly scenarios than the LEQ assemply and GEO final check-
out option to which the model is now constrained.

2.1.4 LEOD-GEQ Transportation Cost Model

This model represents the costs of transferring the satellite
from its LED assembly site to GEQ for final checkout and operation.
The model includes the costs of: an advanced ion stage used for propul-
sfon, a large cryo tug and a crew module to transfer GEQ personnel, a
LEQ depot to store both cryo and ion propellants; and the propellants
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themselves. The two vehicles are sized for their payloads and the

number of trips, and the cost of the propellants is added to the amor-
tized cost (unit cost divided by expected 1ife) of the vehicles. Likewise,
the propellant depot is amortized. The ionestage makes a single flight
per SSPS satellite and the number of large cryo tug flights depends on

the crew rotation rate.

At this point, no consideration has been given to vehicle
relfability which could have a significant impact on both total trans-
portation and component procurement costs. Furthermore, the model
accounts for cne GEQ space station per SSPS satellite, whereas the
space station might be used for final checkout of a number of satellites;
as more information becomes available concerning SSPS construction rate
and operation and maintenance requirements, a proper accounting of
this station can be made. Also to be included, as information becomes
-gvailable through further studies, is a relationship between ion stage
 size and cost, the cost of a c¢ryo return stage for the ion stage and the
cost of the degradation of the satellite solar arrays used to power the
ion stage during the trip to GEOC.

2.1.5 Satellite Procurement Cost Model

The satellite procurement mode] utilizes relationships which
size the solar array blankets and concentrators based on solar cell
efficiency, concentrator efficiency and the solar flux. The structure
is sized by the area of the blanket, the antenna interface and antenna
components sized by their respective power levels. A1l costs derive
from cost relationships: cost/unit area for the array blankets and con-
centrators, cost/unit mass for structure and cost/unit power for the
microwave transmission portions of the satellite.

The details for sizing and costing this sateliite configuration
are fairly well developed. The major Timitations at this point include
an inability to internally size the satellite for different concentra-
tion ratios (this can be done by input variables, however) and an inabil-
ity to tradeoff transmitting antenna size, cost and power density against
ground station size and cost.

2.2 Operation and Maintenance Cost Mode)

The second element of SSPS unit recurring costs which was
modelled in this study phase was the cost of operation and maintenance
(08M}. The model contains four Level 3 components, as shown in Figure
2.5: launch facility 0&M, ground station 0&M, space station and support
0&M and satellite 0&M; these are developed separately below.

2.2.1 Launch Facility 0&M Cost Model

This component of the 0&M model represents the cost of one
heavy 1ift launch vehicle (HLLV) flight to low earth orbit and accom-
panying advanced ion stage (AIS) transfer to geosynchronous orbit of
the material necessary (to supply the on~orbit maintenance personnel) as
well as the cost of launch facility mission control personnel.
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2.2.2 Ground Station Q&M Cost Model

The companent of ground station 0&M cost includes' the cost of
both equipment replacement ?at an assumed percentage rate per year) and
ground station operation and maintenance personnel.

2.2.3 Space Station and Support 0&M Cost ﬁode?

The cost of crew rotation is derived from the vehicle costs
-and the assumed rate of annual rotation. The costs of the GEO space
station and the maintenance support equipment used by on-orbit personnel
includes the amortized cost of procuring and transporting the station
and equipment and, finally, the cost of the mission control to support
the space station and on-orbit 08M equipment is derived from an assumed
cost per unit output power.

2.2.4 Satellite 0&M Cost Model

The major cost associated with maintenance of an SSPS satellite
is that of replacing components that fail. To serve as a guideline for
the failure rates that might be expected from SSPS satellite components,
the failure rates of recent equipment such as that on the Orbiting Astro-
nomical Observatory (DAD) have been used. Whereas it might be expected
that reliability rates would be considerably improved through Tearning
connacted with SSPS construction, it is also true that SSPS components
will have to be mass-produced (untike the hand-built components of the
0AD, for example), possibly resulting in Tower reliability. Given that
these two opposite effects will be occurring in a way that cannot now
be predicted, the failure rates for recent or current equipment have been
used as reasonable guidelines for this phase of analysis.

The smallest components which might be replaced in each sub-
system in the event of failure have been identified, as well as the costs
of procurement, tranSportatton and installation on a cost-per-unit-mass
bas1s

Although the structures have been included as satelTite com-
ponents, it is expected that they will be designed so that their proba-
bility of failure during a 30-year lifetime is zero.

The failure rates of smallest replaceable components are sampled
in a Monte Carlo simulation to caiculate a probability distribution for
annual 0&M costs. The rate of replacements of units of a given satellite
component is a random variable that depends on the mean time between
failure for that component. That is to say, the nature of failures is
such as to produce uncertainty in the annual 0&M cost despite poten-
tially perfect knowledge of all costs. In the Monte Carlo simulation
the rate of replacement is obtained as a probability distribution over
integer numbers of replaced units. The computer a]gorithm for computing
the distribtuion of component replacements is: shown in F]gure 2.6.
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Each component is- interrogated to determine if it fails during the
period of consideration. If it does, it is replaced and the replace-
ment part 1s interrogated to determine if it fails in the remaining
time. The process is continued until the time period considered ends.
Then, replaced units and replacement costs are accounted for.
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3. ANALYSIS OF UNCERTAINTY AND RISK IN SPACE-BASED
SOLAR POWER SYSTEMS PRODUCTION, OPERATION AND
MAINTENANCE

3.1 Current State-of-Knowledge

The cost and risk analysis discussed in this section is based
-ypon the current conf1gurat10n 53PS, illustrated in Figure 3.1, which is
sized to generate 5258 MW* of rectified power at the output bus of the
receiving antenna at the beginning of 1ife of the system. This power
level was choseh to provide economies of scale while keeping the Eeak
microwave power density in the center of the rectenna to 20 mW/cmé,

level that 15 expected to meet anticipated environmental standards

The 20 mW/cm* value approaches the anticipated threshold level for affec-
ting changes in the ionsphere. It is noted, however, that the effects

of these-anticipated changes are unknown.

The satellite's'mass in orbit is deterministically estimated
to be 22.776x105kg, using the most likely values described below. An
operating frequency of 2.45 GHz was selected based on considerations of
power transmission efficiency, Tow susceptability to brownouts in rain
and minimal potential problems with radio frequency interference. The
transmitting antenna is an active planar phased array which uses ampli-
trons for dc-to-rf power conversion. The photoveltaic power sotrce
nominally generates 8935 M of power using an advanced 100-micron thick
s1licon blanket that has an initial nominal efficiency of 12.9 percent
at a solar concentration ratio of two. The overall efficiency from solar
blanket busbar to ground station busbar is nominally estimated to be 58
percent.

*

The 5000 Md power level commoniy used in earlier phases of this
study refers to the power output at the beginning of the sixth
year of'operation, although the satellite was designed to handle
the higher beginning-of-1ife power level. (Degradation in the
power level occurs throughout the 1ife of the sateliite because
of an estimated 1 percent per year degradation in system effi-
ciency.) The five-year point for power output represents a
weighted average of power output over the lifetime of the sat-
allite for the purpose of revenue projection. Because the

rate of solar cell degradation and the discount rate are treated
explicitly as variables in revenue projections, the actual
beginning-of-1ife power output level will henceforth be used to
describe the SSPS power Jevel. Note that this adjustment of
designated power level does not itself affect the sizing or
costing of an SSPS,
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Concept Description

Collects soiar power using photovo1taic'converters
and transmits power to Earth as microwave power.
The microwave power is rectified to dc power at the

ground receiving station.

Typical Characteristics (Derived From Deterministic
Estimate Based on Most Likely Values)

- Power

- HMass

- Size

- Orbit

- Life

- QOperating Frequency

- dec-to-dc Efficiency

- Solar Array Efficiency

~ Ipitial Operation Date

Current Configuration of an SSPS Satellite

5258 M (b.o.1.) .

22.8 x 106 kg

13.53x5.12 km

Geosynchironous

30 Years

2.45 GHz

h8%

10.4% (12.3% blanket
efficiency)

1990-1995

AN


http:13.53x5.12
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The design concept has two large sofar cell arrays, each
approximately 6 km'x 5 km, inter-connected by a carry-through structure

of dielectric material. An 0.83 km diameter microwave antenna is located
on the centerline between the two arrays and is supparted by the cen-
tral power transmission bus (mast) structure that extends the full

length of the power station. The antenna is attached to the mast struc-
ture by 2 joint system which rotates 360 degrees in azimuth (east-west)
and + 8 degrees in elevation (north-south). The solar cell blankets are
laid out between channel concentrators stretched over a supporting frame.

A range of uncertainty naturally occurs in trying to project
the state of design parameters or cost components-that will exist in the
1990-2000 time period during which an early SSPS might be built. The
range of uncertainty is reduced as the state-of-knowiedge improves --
generally through studies, testing or technological development. For
factors about which 1ittle is known, a probabjlity density function de-
scribing the state-of-knowledge is 1ikely to be fairly broad and fairly
flat, that is, that there is no pronounced likelihood that any particu-
lar outcome within the possible range of outcomes will occur. With de-
velopment of the state-of-knowledge, however, the range of possibie out-
comes becomes more narrow and a peakedness in the distribution may arise
around the expected {or most 1ikely) value. The narrower the range and the
more peaked the distribution (hence, the better one can predict the out-
come), the more developed the state-of-knowledge is said to be.

In order to represent in the SSPS program cost model (described
in Chapter 2). the state-of-knowledge that exists for the design factors
relating to SSPS, ranges were established with maximum and minimum values,.
and a most likely value was assigned. The rule observed in setting the
maximum {worst) and minimum {best) values was that there is zero proba- .
bility of the outcome exceeding the assigned maximum or being less than
the assigned minimum. Most likely values were estimated based on avail-
able information and engineering judgement.

It was beyond the scope of this study to develop probabitity
density functions in the manner described in Appendix D. However, dis-
tributions were assigned as shown in Figure 3.2 that might be represen- -
tative of design factors, the states-of-knowledge of which are not well
developed, that is, the distributions are not sharply peaked, however,
neither are they particularly broad. For each variable, the particular
distribution was selected based on the location of the most likely value
between the minimum and maximum values. It is expected that this pro-
cesz would be refined, for example, according to Appendix D, in future
work. .

The range of values and the most Tikely value for each design
factor may be found in Appendix C, along with the sources for these data.
It should be noted that these data are specific to the current configur-
ation SSPS and are intended to represent the state-of-knowledge with
respect to this particular confiquration at this point in time.
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Some adjustments have occurred during this phase of the
study in the assignment of most likely values for a number of design
factors. These adjustments have come as the result of more detailed
analysis both in this study and in related studies (such as the space
station studies being conducted by Grumman Aerospace Corporation).
The adjustments having the greatest impact on system size and cost
involve the solar array blanket: the values for specific cost, specific
mass and solar cell efficiency which had previously been treated as
target values, are now viewed as the most optimistic values.

3.2 Risk Assessment of the Current Configuration

Based upon the assessment of the state-of-knowledge discussed
in Section 3.1 and Appendix C, a risk assessment of the current config-
uration SSPS was conducted. The assessment provides probability distri-
butions of unit production costs (nth unit)™ and operation and mainten-
ance costs; see Figures 3.3 and 3.4. These figures show the cumulative
distribution functions, referred to as risk profiles, for costs. The
probability value shown on the ordinate represents the probability (or
confidence) that the current configuration SSPS could be produced
(Figure 3.3) or operated and maintained (Figure 3.4) for a value shown
on the abcissa or Tess under the current state-of-knowledge. Thus, for
example, there is a 50 percent chance that the second unit SSPS could
be constructed for $14.2 billion (1974 dollars) or less. Alternatively,
if one wished te commit to the construction of the "second unit today
and, furthermore, if one wished a 90 percent confidence of successfully
completing that unit, one would have to commit about $20 billion (1974
dollars) to the project (for that unit--that is, in excess of the DDT&E
program). :

Of course, one could argue over the accuracy of the curves shown
in Figures 3.3 and 3.4. These curves are preliminary and do not include -
all of the uncertainties inherent in the current configuration SSPS.

Because the first unit is not a production unit and may be.construc-
ted by various alternative methods, for example, growth to full-
scale from a pilot plant, the cost model does not apply to this
unit. The model applies essentially to the second and subsequent
units. However, after the second unit it should be expected that
unit production costs will decrease from the value computed by

the cost model due to learning effects.

Yk

The analysis presented does not account for the uncertainties
in the microwave system as an assessment of these uncertainties
must be made by Raytheon and hence was beyond the scope of this
effort.

REPROD[KHBHJTY‘OF‘THE
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Thus, if anything, the high end of the unit production risk profile

is optimistic. However, arguments over the high end of the risk prg-
file do not necessarily apply to the low end and, thus, have only a
limited effect on the decision process. Furthermore one would pro-
bably never choose to commit $20 billion %o the production of a single
SSPS unit since it is unlikely that the price that could be obtained -
for power at the rectenna busbar would be sufficiently h1gh to pay
back this capital cost.

What knowledge about the desirability of pursuing an SSPS
development program can be legitimately gleaned from Figures 3.3 and
3.47 First, consider the process of obtaining cost estimates. Figure
3.3 shows that a cost estimate for the current configuration SSPS
based upon deterministic estimates of all parameters in tge cost model
(most Tikely values) yields $12.2 billion (1974 dollars). Note that
there is only about a 25 percent chance of the unit production cost
being this low and note that more appropriate estimates, the median
cost, the expected cost and the 90 percent confidence costs, are sub-
stantially higher. The discrepancy between the deterministic estimate
and the expected cost, some $2.7 billion or 22 percent, is strictly
the result of the system costing phenomenon illustrated in Figure 1.3.
To obtain any more information from these distributions, it is necessary
to combine them with additional data and assumptions in order to exam-
ine the probability distribution of net present value of an SSPS unit.
Accordingly, the following assumptions are made:

1. The SSPS unit availability factor is 0.95. That is,
it is producing power 95 percent of the time. This
includes power outages due to solar eclipses near
the equinoxes.

2. The power output of the SSPS unit decreases by one
percent per year due to degradation of various com-
panents.

3. The lifetime of the SSPS unit is 30 years.

4. The capital investment in the SSPS unit is made in
one Tump-sum payment two years prior to the initial
operation data of the SSPS unit.

5. In the initial year of operation, the price of
power at the rectenna busbar is 30 mills/kWh
(1974 dollars).

This is somewhat higher than the previous estimate of $7.6
billion which was based on certain technologies achieving
their most optimistic values. The cost model used can, in

fact, replicate the $7.6 billion figure given the same assum-
tions.
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6. The real price of power at the rectenna busbar
(1974 dollars) increases at the rate of one
percent per year.

7. No charge is made for taxes and insurance,

8. Present value computations use a discount rate
of 7.5 percent. :

With the above assumptions, the cumulative distribution function of
net present value (revenues minus costs) of an SSPS unit referenced
to the inftial operation date is as shown in Figure 3.5.* The proper
interpretation of this curve is that there is about a 21 percent chance
that, under the conditions of the above assumptions, the second SSPS
unit will be economically viable. Also, the expected value and the
median of the net present value distribution occur at substantially
negative values. The clear implication of this is that not enough is
known at present about the technologies required for the production
of an SSPS unit to commit to a program to produce such a unit at this
time. .

The most critical assumption inherent in Figure 3.5 is the price
of power at the rectenna busbar at the initial operation date. This
assumption 1s treated parametrically in Figure 3.6 with the remaining
assumptions held unchanged. {learly, increases in the price of power
at the rec¢tenna busbar significantly increase the probability of an SSPS
unit being economically viable.

In summary, the following conclusions can be drawn from the
results of the risk assessment of the current configuration SSPS:

1. There is a finite chance that the current configuration
SSPS could be economically viable. The magnitude of
this chance is dependent primarily on the price of
power at the rectenna busbar during the period of oper-
ation of the SSPS unit. Subject to the assumptions
outTined above and a price of 30 milis/kWh for power
at the rectenna busbar at the initial operation date,
there is about a 21 percent chance that the second
SSPS unit would be economically viable.

2. The economic viability of SSPS units beyond the
_second unit should improve due:

Note that Figure 3.5 cannot be derived directly from Figures 3.3
and 3.4 and the stated assumptions because there is some degree of
correlation between the unit production costs and the operaticn
and maintenance costs that must be accounted for. Thus, the curve

of Figure 3.5 is computed-as an independent output g; i
assessment. limuwguufrsibﬂﬁ( % ’fﬂlﬁ(
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a. %o Tearning effects which should enable reduced
unit production costs on subsequent units, and

b. to an expected increase in the price of power
' at the rectenna busbar at the initial operation
date of subsequent units. .

3. ‘The technology required to produce, operate and main-
tain a current configuration SSPS unit is not suffi-
ciently developed or known to commit to the production
of such an SSPS unit at this time.

The above conclusions do, however, support a decision to con{inue "Tow
Tevel™ SSPS system studies and analyses with the purpose of formulating
an economically viable program plan, that is, a program plan with a
positive expected value and controlled risks, for the development of
the SSPS concept.
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4. ANALYSIS OF ALTERNATIVE PROGRAM PLANS

Previous sections of this report have been directed at the
development and use of a risk analysis model for the assassment of
cost-risks associated with the production of an SSPS unit (satellite
and ground station). This section makes use of the results of the risk
analysis to assess three alternatiye SSPS deyelopment program plans and
to gain insights necessary for improving the proposed plans. The three
program plans considered are described below.

4.1 Direct Development Program

The Program I, Direct Development, schedule is shown in
Figure 4.1. The program begins with a supporting research and tech-
notogy (SR&T) program in 1977 and proceeds into the design, development,
test and engineering (DDT&E) phase in 1984. The decision to produce the
first unit is made in 1987 and the initial operation date of the first
unit is December 31, 1991. The final! social and environmental (FS&E)
impact statement is required on December 31, 1983, the technology is set
as of December 31, 1986 and the heavy 19ft launch vehicle (HLLV) is re-
quired on January 1, 1989,

After the initial operation date (I0OD) of the first unit, it
is assumed that four years elapse before the I0D of the second unit.
This i{s because the first satellite is essentially a full-scale test and
time is required for redesign of the satellite to achieve lower second
unit costs. Beginning with January 1, 1996, new satellites become oper-
ational at the rate of two per year through 1899. Then, beginning on
January- 1, 2000, four new satellites become operational each year until
a total of 109 satellites have been produced.

A more detailed description of the program plans is given in
Volume II of this report.

4.2 GEQ Test Satellite to Full-Scale Program

- The Program II, GEO Test Satellite to Full-Scale, schedyle {is
shown in Figure 4.2. The program begins with an SR&T phase in 1977.
A preliminary social and environmental impact statement is required on
December 31, 1979 and on January 1, 1980 the decision to develop a 500 MW
GEQ test satellite is made. The I0D of the GEQ test satellite is
December 31, 1985. Committment to the DDT&E of the full scale satellite
is made on January 1, 1985, 1In reality, this decision would probably be
reviewed after the I0D of the GEQ test satellite. however, this degree
of freedom is not considered here. A committment to produce the first
satellite is made on January 1, 1987, and the satellite I0D is December
31, 1991. The decision to proceed with the implementation of subsequent
units is made on January 1, 1992,

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR



CALLNDAR YEAR
PROGEAM ELLMINT

FP 1] sy | 81 B2l183 181 B586 |87 | SR 180 q0(91 [ 9293 )94} 95¢ 96
Fregram I Birect bevelopment
TSRE Tewh HeLy
AR A SN /PR 2 X A A Qs
Suppner Liay Besedrch and Toclinglegy A 'z:-ff'-‘* R /,é/ &- {,///.,"7"’/'/&/,’ o
Vpetstomal Jateliste {Suoe 1% 7Y
IIE : : e L e e
I 1 1 1 I
1 A e e PR
P | . o /f,;/;//zf'}/['?/./, 7
i ST
Transportation ind Sesenidy ! ?{(éf//fé{{ o
Oueration § Toplerentat von Poes - {’W///,/////
. b

Figure 4.1 Program I Schedule

14



CALLHDAR YEAR

FROGIAM ELEMINT
F7 |78 ;239 § B0 {1 8) | B2[83 (04 |85 |86 {87068 |B9 190 ] 91 ) 92393 |94

Proyram tf: 500 MY GEO Test
Satetlite - Thee Full-Scale rss

Supporting Research and Technulogy Y %//4;%%/////////////7/%‘//%///

GLO lest Satellite (500 MW GEO)

13 cur emant /J/,-C'IE/,///: //AJ/AI ;’
VA
] '\

iy

Transportation and Asscubly

o = Tyl e ey
Uperation fon ;‘ é% ,f&%/_%ézéﬁ
! = Testing and fvaluation

Uperalional Satellite (5080 (8 GLQ) 1\

N

) S |
G
07

LUTAE

Frocursaent M
, . F A7 7
Transpurtation and Assenbly ' ///ﬁ/.//.‘ﬁ

7

Operation & lupicwentation Phase
100

Figure 4.2 . Program I1 Schedule

gt



GCBILITY OF THE

ORIGINAL P

46.

Implementation of subsequent units proceeds with the second
unit JOD gn January 1, 1994, Two new units become operational each year
through 1999, then four new units are added each year until 109 units
-have been produced. In this program, only a two-year lag is provided
between the I0D's of unit 1 and 2 since the additional information
gained from the GEQ test satellite should enable better design of the
first unit, thus requiring less redesign of the second unit than in
Program I. '

4.3 LEO and ‘GEO Test Satellites to Full-Scale Program

The Program III, LEO and GEQ Test Satellites to Full-Scale,
scheduie s shown in Figure 4,3, The program begins with an SR&T
phase in 1977. Committment to a LEQ test satellite is made in 1980 and
the 100 of the satellite is December 31, 1985. Committment to a GEQ
test satellite is made on Janaury 1, 1985, and the 10D of the GEQ sat-
ellite is December 31, 1990. Committment to the DDTRE of the full-scale
satellite is made January 1, 1992, The IOD of the first full-scale unit
is December 31, 1995. The decision to implement units 2 through 109
is made on January 1, 1996.

Implementation of units 2 through 109 begins with the I0D of
the second unit on January 1, 1997 and proceeds at the rate of two per °
year through 1999, then four per year through the 109th unit. In this
program, there exists only a one-year lag between the I0D of the first
~and second units because, first, two test satellites are flown in this
program and, second, the 10D of the first unit is four years later than
in Programs I and II. Thus, the first unit should be essentially a pro-
duction unit and reguire very little redesign.

It should be noted that these three programs are approximate
and not yet well-developed. Assumptions had to be made to perform the
following analysis. In future work, these assumptions should be re-
viewed and revised program pians developed.

4.4 Decision Tree Analysis of Alternative Program Plans

The analysis of alternative program plans begins with an
assessment of the current state-of-knowledge relative to the present
configuration SSPS. This 1s assessed in Section 3 and resuits in the
probebility distribution of second unit costs shown in Figures 4.4 and
4,5, which provide both the cumulative distribution and probability
density functions respectively of the present value of the total (life
cycle, that is, capital investment plus operation and maintenance) unit

-costs referenced to the initial operation date of that unit. Through-
out the analysis which follows, this cost "is the key decision variable.
Note that the first unit cost is not important here insofar as the first
unit is essentially a prototype and its costs do not necessarily relate
to the second and subsequent unit costs., In the computation of the unit
costs shown, it is assumed that the capital investment for the SSPS unit
is made in a lump sum payment two years prior to the initial operation
date of the unit and a discount rate of 7.5 percent is used. In addition,
the following assumptions are made:
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1. The beginning-of-1ife power of each unit is 5258 MJ.

2. The SSPS power output decreases at ) berceht per
year from the beginning of life throughout the
unit Jifetime.

3. Each SSPS unit has a iTifetime of 30 years.

4. Each SSPS unit is producing power 95 percent
of the time. .

5. Implementation of second and subsequent satellites is
described in Sections 4.1, 4.2 and 4.3. That is, the
initial operation date of the second unit is as follows:

Program I - Jdanuary 1, 1996
Program II - January 1, 1994
Program IIT ~ January 1, 1997

Thereafter, units come on line at the rate of two per
year through 1999, then at the rate of four per year
until 108 units have been produced.

6. The cost of the third and subsequent satellites is re-
lated to the cost of the second satellite according to
a8 90 percent Tearning relationship. That is, the cost
of the nth unit, Cpn, is given as a function of the cost
of the second unit by the relation

c 0.g59 ' (n-1)

n C2
7. The price of power at the rectenna busbar is assumed
given on January 1, 1992. After that date, the real

price increases at the rate of 1 percent per year.

H

It is assumed that a decision to select one of the three al-
ternative programs will be made on January 1, 1977, thus all following

. data are referenced to that date. Under the conditions of the above

assumptions, the present value of gross revenues of each program is

given as a function of the price of power at the rectenna busbar on
January 1, 1992, in Figure 4.6. Likewise, the present values of total
costs for units 2 through 109 are given as a function of the present
value of the second unit total cost referenced to the initial operation
date of that unit in Figure 4.7. From these figures and from the present
values of costs of each program {including oparation and maintenance
costs on the first unit), the net present value of each program is deter-
mined as a function of the second unit cost and the price of power on
January 1, 1992, as shown in Figure 4.8. The price of power in this
figure does not include an allowance for taxes and insurance. Thus, if
taxes and insurance are 8.6 mills/kWh as previously estimated, the curves
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Tabelled 20 mills/kWh would actually represent a total price of 28.6
mills/kWh at the rectenna busbar on January 1, 1992. 1In the analysis
-that follows, it is assumed that the price of power at the rectenna
busbar on January 1, 1992, is 20 mills/kWh (or 28.6 mills/kWh including
8.6 mills/kWh allowance for taxes and insurance). )

The alternative program plans are now analyzed to determine
their expected values. As outlined in Section 1, a go-ahead decision
on a specific program plan should be predicated on the basis that that
plan has a positive expected value and that risks associated with
the plan are adequately controlled. Selection of the best program plan
would normaily be to choose that plan that yields the highest expected
value at the desired decision-making confidence level, The confidence
level for decision-making chosen for this analysis is 80 percent. While
this is a moderately high confidence level, it is not so high as to
arouse disputes over the accuracy of the tail (high end) of the dis-
tribution shown in Figure 4.4,

To proceed with the analysis, the program plans outlined above
are expressed in the form of decision trees as shown in Figures 4.9, 4.10
and -4.11. At each decision point in these decision trees, there is a
specific criteria based upon which the decision will be made to continue
or to terminate the program. These criteria are derjved as shown in
Figures 4.12, 4.13 and 4.14. First, the state-of-knowledge as of January
1, 1977, is assessed as shown in Figure 4.4, Then, the 80 percent con-
fidence state-of-knowledge is established--with 80 percent confidence,
the second SSPS unit can be produced at a_cost of $24.1 billion (1974)
or less, This state is plotted as a point in each of Figures 4.12, 4,13
and 4.14., Next, the "break even" cost of the second unit is computed
for each program plan. This is the cost of the second unit for which
there is exactly zero net present value for the entire program (present
value of costs equals present value of revenues). This cost, for each
program plan is taken as the technology target and is also plotted.
This shows the cost that the second unit must come in at or below for a
"successful" program. Thus, in Program I, a successful prdgram is de-
fined as one which proves that the second unit costs are equal to or less
than $18.9 billion (1974) by January 1, 1992--the initial operation date
of the first unit and the completion date of the development program. At
that date, a decision will be made to implement the second and subsequent
units or to discontinue the program with the operation of the first unit.
For simplicity, the decision rule is then taken as a linear improvement
in the 80 percent confidence bound of the technology during the develop-
ment program. These curves are shown as the 80 percent confidence tech-
nology requirements for each program. If the technology development is
such that the 80 percent confidence technology bound remains under the
80 percent confidence technology requirement throughout the development
program, then the development program will be a success.

. Many other decision rules could be formulated. In fact, the
one discussed here is probably not the best. For example, the target
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technology could be hased on breaking even only with respect to unsunk
(that 1s, uncommitted) funds. This would improve the chance of success

of the program, but would not assure payback of the development costs.

In addition, there is na reason that the technology requirement must
improve 1inearly with time, although this rule does seem to lead to quite
logical technology requirements. -

The process of program control consists of "testing" the tech-
nology at each decision point. -Based on the results of this test, the
pragram continues or is terminated, The test consists of measuring the
state-of-knowledge at each decision point at the 80 confidence level.

- In the computation of expected value for each program plan,
it is necessary to assess the prior probabilities {that is, the pro-
babilities based on today's state-of-knowledge, before the test takes
place} that each test will be passed or failed. To do this, each branch
of the decision tree is thought of as a process of buying information
on the cost of the second unit. As such, the work performed on these
branches does not change the cost of the second unit,* rather it deter-
mines with increasing accuracy what that cost is. Thus, a key part of
this analysis is an assessment of the accuracy with which the second unit
cost will be known at future points in time. To perform this assessment,
the improvements in the states-of-knowledge of each variable of the cost
model resulting from work performed on each branch of each decision tree
have been subjectively estimated. These estimates are shown in Appendix E.
Then, the risk analysis model was run to establish the magnitudes of the
cost-risks associated with each decision point. The values of the re-
sulting standard deviations of cost estimates, oj, og, etc., at each
decision point are shown in Figures 4.9, 4.10 and 4. ?1

Now, given the 80 percent technology requ1rement and given the
states-of-knowledge at each decision point, it is possible to compute
the prior probabilities that each branch of each decision tree will result.
It is first necessary to establish the expected value technologies at-
each decision point., This is done by assuming that the form of the proba-
bility distribution of second unit cost is-Gaussian {or normal) and that
the B0 percent cumulative probability point occurs, for each decision
point, on the 80 percent confidence technology requirement line. Thus,-
the required state-of-knowledge at Decision Point A of Program I is ex-
pressed as a Gaussian distribution with a standard deviation of $2.863
bi1Vion (1974) and an 80 percent cumulative distribution point of about
$21.7 billion (1974}, The expected value technology requirement can be
derived as the mean of this distribution. Thus, the expected value tech-
nology requirement Tines shown on Figures 4.12, 4.13 and 4.14 represent
the required expected valtues of cost estimates made-at the time of the

*

This is because throughout the analysis, the cost of the second
unit is taken to be the estimated cost that will occur, as a re-
sult of the planned technology programs, at the time /that the
second -unit is produced.
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corresponding decision points. The methodology for computing the prior
. probabilities of taking each branch on a decision tree is given in
Appendix F.

The resulting values are shown in Figures 4.9, 4.10 and 4.11.
Finally, the expected value of each program is computed as the sum of
the outcomes for each path through the corresponding decision tree
weighted by the probab111ty of occurrance of the path.., The expected
values for the three program plans considered are as fo]1ows:

Program I: +$1.15 billion (1974)
Program II: -$1.10 billion (1974)
Program I1I: -$0,92 billion (1974)

Under the specific set of assumptions chosen for this analysis,
only Program I has a net positive expected value. Thus, of the three spe-
. ¢ific program options examined, one could only economically justify under-
taking Program 1. However, recall that this analysis is subject to many’
assumptions and preliminary cost estimates. For example, decision making
.15 conducted at the 80 percent confidence level. At a.lower confidence
level, or at a higher price for power at the busbar, Program II or III or
.a variant of these programs may become the desired alternative. The appro-
"priate confidence level for decision making might not be 80.percent: this
needs to be examined in further studies and the uncertainty relative to
the price of power at the busbar should be incorporated into future analyses.
Changes in other parameters couid also alter the above result.

The reason that the test satellites proposed have negative net
value, becomes apparent from. an examination of the program decision trees.
The proposed test satellite subprograms cost more than the economic value
they provide. Thus, they add negative value to the overall program.
However, this conclusion pertains only to the test satellite subprograms
proposed in Programs II and IIl. It remains possible that other test
satellite subprograms might be developed with a net positive value. |
" These programs would probably make use of smaller test satellites to

"buy" essentially the same information at’'a substantially reduced cost.
Thus, it is recommended that the icosts and informational gains associated
with smaller test satellites be examined.

As a final warning, the resuits of the above analysis depend
upon the assumptions made. Changes in the assumptions may change the con-
clusions., Thus, while the insights gained may be valuable, decisions should
be based on this analysis anly after a thorough review of the cost model, '
the cost model (state-of-knowledge) data and the assumptions made for.the
analsis. If the results of this Fna1y91s stand up under thorough review,
then one is justified in recommend1ng a go- -ahead decision on Program I
since the expected value of this program is positive. However, it should
be observed that the expected value qf Program I is only a small fraction
of the total monies to be expended on the program. Thus, before one makes
a recommendation to proceed with th1s program, it is probably wise to try
to refine the program plan so as to increase its expected value.
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5. IDENTIFICATION OF CRITICAL TECHNOLOGIES AND ISSUES

A variety of technical, social and environmental issues exist
with respect to the development and production of an SSPS. The purpose
of this section is to identify and, to a 1imited extent, quantify these
issues. Some of the {issues, particularly the social and environmental
issues, might support differences in the price of power at the rectenna
busbar versus the busbar of a conventional power plant. Others, particu-
larly the critical technologies, affect the cost and risk of an SSPS unit.
The work documented below is a "first cut" at identifying c¢ritical tech-
nologies and issues as they drive the economics of an SSPS unit and should
not be construed as final and definitive results based upon which actions
should be initiated. Rather, the results are presented here for review
and to provide guidance for continuing technical and economic studies of
SSPS. These results represent an interim status only and should be viewed
in that context. i .

5.1 Critical Issues

- Associated with SSPS are numerous social and environmental im-
pacts which need to be understood prior to implementation. Decisions
concerning the appropriate Tevel of all such “impacts" (that is, inter=
actions between an SSPS and the environment) are guided by an expression -
of social preferences--whether through the economic system or through
government regulation. For example, regulations concerning noise levels
from launch vehicles or down-range launch safety will affect the location
of the launch complex. Implicit in the expression of social preferences
is a weighing of the benefits of one method or use against the benefits
of others. For instance, a decision on where to locate the receiving
antenna involves a comparison of the benefits of SSPS-delivered elec- °
tricity against the benefits of other uses for the same plece of Tand;

in this example, in addition to the economic evaluation of relative
benefits (as reflected in the price of the land), social preferences
would be expressed concerning less tangible values such as aesthetics
through regulatory processes such as land zoning. In any event, the
expressions of social preferences become design considerations affecting
both the technical and economic characteristics of the system.

Even where there exists a clear social value for imposing design
conditions or constraints {for example, safety from radiation that is detri-
mental to human health), it might not be clear what effect a given SSPS
design could have because sufficient scientific data do not presently
exist (for example, it is not known precisely at what level of microwave
radiation a health hazard exists). These areas of uncertainty may require
testing--in this example, fo estabiish the effects on health due to various
levels of long-term exposure to microwave radiation. As this uncertainty
15 reduced by testing, an SSPS can be designed that assures compliance with
the perceived safety needs, yet more nearly approaches the economic poten-
tial of the concept. '
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A1l of the areas of social and environmental impact associated
with an SSPS that have been fdentified to date [14,15] are summarized in
Tabie 5.1. This table 1ists the major areas of impact by the three main
system elements: launch complex and operations, orbital system, and
rectenna and power interface systems. These impacts were then organized
in the manner suggested by Figure 5.1: first, according to those impacts - -
which are critical, that is, those which might have substantial detri-
mental local or even global impacts (for example, interaction of the
microwave beam with the ionosphere) which would render an.SSPS socially
unacceptable or which cause substantial economic uncertainty (for example,
acceptable microwave densities affecting rectenna size) and those impacts
which clearly could not; next, according to those impacts which could be
tested (such as effects of exposure to microwave energy) and those which
could not (such as shifts in demographic patterns resulting from the
Tocation of terrestrial-facilities). At this time, there appear to be
no impacts with which there are associated large uncertainties and that
are thought to be critical, but which are not amenable to testing to
reduce uncertainty or simply to & logical decision process. The impacts
considered to be both testable and critical represent the areas of social
and environmental risk associated with an SSPS which must be dealt with
in the development of a test/validation/documentation program. These
risks are summarized in Table 5.2, More compiete descriptions of each
impact that has been identified to date follow.

5.1.17 Launch Complex and Operations

Land Management: The decision on where to Tocate the facilities
to handle SSPS-related launch activities must balance such issues as
proximity to sources of materials to be Taunched and propellants, down-
range safety, launch-advantage provided by southerly location, and climate
and weather patterns. In addition to these considerations, the issue of
possible alternative land uses arises for whatever sites are being examined.
This impact is a decision variable (nontestable, noncritical).

Waste Heat: The waste heat from the launch vehicles is one of
two sources of terrestrial waste heat associated with SSPS (the other
being the rectenna). While the exact effect in the atmosphere of such
heat is not known, it is thought to be negligible, even with a high level
of traffic; hence, this impact is a decision variable (possibly testable,
but noncritical).

Safety and Control: If there are populated areas down-range of
the launch facility, adequate safeguards must exist to insure that they
are not endangered by either routine Jaunchings or in the event of a
launch failure; this risk is considered in the launch site decision (non-
testable, but criticality controlled by location--that is, by decision).

Environmental Modification: Two major environmental impacts
that have been identified with the launch complex are the noise from
the Taunch vehicles and the pollutants injected into the atmosphere by
propellant combustion. Noise levels must bg taken into account in



Table 5.1 SSPS-Related Social and Environmental Impacts Identified to Date
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Table 5.2 Critical and Testable SSPS Social
and Environmental Risks
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siting and designing the launch facilities (testable, noncritical) and

the effect of different propellant combustion products in the atmosphere
must be carefully considered (testable, critical). Constraints placed on
propellant types and launch site location could affect transportation costs.
Another area of environmental concern deals with the possible nature of

the materials being taken into orbit, for example, gallium-arsenide solar
cells, which could cause a threat due to potential catastrophic failure

of the launch vehicle. These considerations could force the use of less
efficient materials. Whether or not the risks are to be taken is a

matter of decision (nontestable, critical). )

Resource Extraction and Manufacturing:' The type and amounts of
the materials necessary for launch site construction must be copsidered,
but this is not expected to pose any difficulties as no critical material
types or amounts are involved. The use of these materials to support the
SSPS project is a social decision justified, through prices for these
materials, if SSPS is economically viable (nontestable, noncritical).

Aesthetics: The effect of the launch facilities on the appearance
of the surroundings will be considered in the siting decision (nontestable,
noncritical).

Social Effects: Location of the launch site will undoubtedly
result in local demographic shifts; this is, of course, a necessary adjust-
ment to provide labor support for launch operations (nontestable, noncritical).

5.1.2 Orbital System

Radiant Energy Densities: It will be necessary to determine in
advance the extent and type of interactions of the microwave beam with the
atmosphere, particularly in the ionosphere where such interactions may affect
the F-layer or may attenuate the beam itself, reducing transmission effi-
ciency (testable, critical). Also of concern is the effect of microwave
energy densities on on-orbit maintenance personnel (testable, critical)
which could affect the cost of on-orbit maintenance.

Safety and Control: This represents a major area of concern,
particularly in beam control. Safety systems will have to insure that
there is no chance of a focused beam wandering from the rectenna area
in the event that pointing control is lost. Whereas it is expected
that the beam will become de-focused should the pointing system fail,
testing is necessary to assure that the safety systems are "fail-safe"
(testable, critical). This is a technology item that could affect the
social acceptability of an SSPS. 1Its economic effect is uncertain but
probably small. Safety of on-orbit personnel is also a concern during
the construction phase (testable, critical) and can-affect the orbital
assembly rate. '

Environmental Modification: The effects of such large power
transmissions via microwaves is not known and will have to be tested.
Problems with sidelobes and reradiated energy causing radio frequency
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interference must be dealt with in a careful test program, The results

of this program will be necessary for final frequency allocation and filter
design w?ich can affect system efficiency and transmission losses (testable,
critical}. :

Resource Extraction and Manufacturing: Resource considerations
will be important design variables; however, it is not expected that SSPS
requirements {even in such critical materials as platinum, samarium, or
cesium) will be more than a small fraction of current consumption (nontest-
able, noncritical). ’

Aesthetics: Structures as large as an SSPS satellite will create
noticeable nighttime reflections. To accept these reflections is a social
decision (nontestable, noncritical).

Social Effects: Power from space could represent man's first
reliance on space technology for basic needs. The exact effects of the
perception of this is hard to predict. Also, there will be new political
and security considerations connected with reliance on large power sources.
that might be vulnerable to sabotage (nontestable, noncritical).

5.1.3 Rectenna and Power Interface Systems

Land Management: Land-use considerations with respect to the
receiving antenna include competing demands, the possibijity of multiple-
use, and projected changes in land-use patterns, such as the location of
enargy~-intensive industries near rectenna sites or the moving of popula-
tion areas away for the purposes of safety. These factors will be
reflected in land prices and zoning as a reflection of social preferences
(nontestable, noncritical).

Radiant Energy Densities: An important area of uncertainty
exists concerning the effects of long-term, Tow-level exposure to micro-
wave energy. An extensive testing program is necessary to determine the -
effects of such exposure on human, animal and plant 1ife in the rectenna
area and surroundings' (testable, critical). Constraints imposed by maxi-
mum allowable microwave densities can affect the rectenna site Tocation,
design and areal extent.

Waste Heat: Rectification Tosses at the receiving antenna . will
result in the generation of waste heat equivalent to 10 to 15 percent of
the total transmitted energy. It is expected that by controlling the’
albedo of the antenna surface the average heat value for the area can be
maintained. However, because the rectenna waste heat release will be con-
tinuous, the daily temperature cycle will be changed. The effect that this
* change will have on plant and animal life as well as local weather patterns
is not expected to be large.(possibly testable, noncritical).

Safety and Control: As mentioned in Orbital System Safety and
Control, maintenance of beam control is crucial (testable, critical). In
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addition, the safety and reliability of the utility power interface must
be assured (testable, noncritical).

. Environmental Modification: (see Rectenna and Power Interface
Waste tHeat).

Resocurce Extraction and Manufacturing: An analysis of material
requirements similar to that for other parts of the system must be conducted
for this segment of the system. It is expected that there will be no prob-
lems, as most of the material used is aluminum, for the antenna structure
(nontestable, noncritical).

Aesthetics: So large a structure as the receiving antenna will
certainly have an effect on the appearance of the surroundings. This must
be considered in the siting analysis (nontestable, noncritical).

Social Effects: Changes in demographic patterns may well result
from the location of the receiving antanna. These are the result of social
choices (nontestable, noncritical).

The above identified issues could each affect the production and
the operation and maintenance costs of an SSPS unit. ‘While they are iden-
tified above, no assessment has yet been made of their specific impact on
costs. This work remains to be performed in continuing studies.

5.2 Critical Technologies

In this section, the technologies c¢ritical to the economicaily
successful production of a current configuration SSPS are identified., These
technologies are identified in terms of their contribution to the cost and
risk of SSPS unit production as foliows. First, the risk profile of the
current configuration SSPS was established as is described in Section 3.
Then from the 1ist of inputs to the risk analysis model, 56 potentially
significant technology items were identified. "As identified in Section 3,
gach of these variables has associated with it a state-of-knowledge that
is described by a probability density function ranging from a minimum
value to a maximum value. (Based on today's knowledge, there is proba-
bility zero that a parameter will 1ie outside the range so described.
Furthermore, the probability density function has its maximum value at
the most likely value of a parameter.) The assessment of critical tech- -
nologies focuses on the minimum, maximum and most Tikely values of each
significant input variable. The effect of removing uncertainty in each
of these variables is then investigated by setting the range over which
each variable may vary to zero, one-by-one, first to the minimum value,
then the most Tikely value and then the maximum value. That is, the
effect of removing uncertainty in each variable is investigated-over the
full range of values which, by today's state-of-knowledge, each variable
may take on. For example, to determine the contribution to cost and
risk of the cost of the solar array blanket per unit area, that cost is
input to the risk model as a deterministic value, first at its minimum
value, then at its most likely value and, last, at its maximum value,
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holding all other inputs as they are described in Section 3. The results
of this exercise are given in Table 5.3 with the variables 1isted in three
groups. The top-group in the table presents the results for the critical
technology areas. These are the technologies that drive the cost and risk.
They include:

¢ solar cell efficiency

@ specific mass of the solar blanket

¢ fraction of satellite assembled by man
¢ rate of manned assembly

¢ rate of remote assembly

6 LEO space station unit cost

s solar array blanket specific cost.

It is interesting to note that these critical technologies encompass only
two general areas, uncertainties associated with the solar arrays, that
is, solar array costs, mass and performance, and uncertainties associated
with the assembly of large systems in space. These seven elements of risk
are plotted in Figure 5.2 which visually shows the potengial for control
of cost and risk by technology development in each area.” This figure
clearly shows the driving technology to be the rate of manned assembly--
that is, the productivity of man in space is the major cost and risk
driver for the current configuration SSPS. Since this conciusion could
substantially affect future SSPS development programs, it is recommended
that it be subjected to a careful review before being fully accepted.

It must be emphasized again that these results derive from subjective
assessments of the state-of-knowledge relative to the -current configura-
tion SSPS and are subject to variability upon review. However, there is
1ittle doubt that this is an area of uncertainty that needs to be dealt
with. socner rather than later.

The second group of variables in Table 5.3 are variables that
are only moderately important cost and risk drivers. These are variables
which should prohably receive attention as components of major study areas
but, at this time, do not deserve specific studies for their resolution.

Note that control of risk obtains not only due to removal of uncer-
tainty in the variable under consideration but also due to the fact
that uncertainty in other system components may be reduced due to
such removal of uncertainty. For example, removing uncertainty in
the rate of manned assembly also removes uncertainty in the number
of LEO space stations required, the number of shuttle flights, the
number of EVA units, etc. On the other hand, solar array blanket
specific cost affects only the cost of the solar array, hence, re-
moval of this area of uncertainty has little effect on total risk.
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Table 5.3 The Effect on Cost and Cost Risk

of Changes in the State-of-Knowledge

Range of Yalues ($Bil1lfons, 1974)

Best Most Likely Yorst
Iten Cost | Risk Gt | ek Cost | ik
Nominal™ " 3.76 - 14,92 3.8- | 144.83 --
Rate of Manned Assembly 11,56 1,90 15.57 2.87 21.91 5,16
- Fraction of Satellite
EE Assembled by Man 13.08 2.43 14,53 3,05 17.56 4,56
:5 Rate of Remote Assembly 13,83 3.42 14,96 3.61 16.65 3.67
§§ Sotar Cell Efficiency 13.74 3,26 14.27 3.59 17.04 4.13
Eg Specific Mass of the
=4 Solar Blanket 13.34 2.87 14.67 3.?4 15.92 4.13
ﬁ LEQ Space Station Unit Cast 12,99 2.83 14,34 3:07 17.74 4,71
Solar Array Blanket
Specific Cost 13.33 3.49 13.84 3.482 17.27 3.48
EVA Equipment Unit Cost 14.49 3.17 14,56 3.59 15.16 3.88
DC-RF Converter Specific Cost } 14,45 3.21 14.85 3.82 15,00 3.49
Honconducting Structure
Spagific Cost 14,57 3.49 14,82 4.09 15,22 3,87
Central Mast Specific Cest 14,57 3.52 15N 3.69 15.14 l.68
Rectanna Structure
Speeific Cost 14.66 3.63 N L .19 15.13 3.85
Crew Rotation Perfod 12.00 3.13 14.99 3.88 15.77 3.95
" HLLY Average Load Factor 14.40 3.61 14.83 4,06 15.61 3.57
,E:_'U: Number of Personnel per ’
i Shuttie Flight 14.34 3.3 14.70 3.60 12,90 4.08
;‘3? Launch Cost per Shuttle Flight{ 14,22 3.73 14.15 3.27 16.85 3.85
Z.‘,g HLLY Unit Cost 14.52 3.60 14.87 3.63 15.18 3.83
g.:é Lzunch Cost per Shutiie Flight{ 14.5% 3.52 14.70 3.65 15.28 4,14
e Telooperator !Jnit Cost 14.4% 3.48 14.46 3.61 15.81 3.65
§: OC-RF Converter Efficiency 14,27 3.6l 14,75 3.58 15.25 4.07
é RF-DC Converter Efficiency 14,17 3,26 14,62 3.z 15.00 3.54
Specific Mass of the Solar
Concentrators 14,24 3.15 14.97 .82 1517 3.59
Specific Mazs of Waveguides 14.40 3.48 14.55 3.63 15.74 3.9
Miscellaneous Mass 14,73 3.64 14.80 .77 14.92 3.88
Personnel Productivity Factor | 14.04 3.30 14.56 .56 15.64 3.66
Fabrication Rste of Modules 14,61 3.69 14,73 3.57 14.89 3.9
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Table 5.3 The Effect on Sost and Cost Risk of Cnangss -
in the State-of-Knowieage {continued;
A b =
kange of Values ($Bilhions, 1974)
Best Most Likely Worst
Mean Cost MHean Cost Mean- Cast
Ttem Cost Risk Cost Risk Cost Risk
Beam Coliaction Efficiency 14,67 | 3.69 15.17 .72 14.89 3.22
Ratio: CLonducting Structurs
Mass to Array Areaz 15.00 .66 14,60 3.67 14.58 3,56
Ratio: Honconducting Stryce
ture Mass to Array Area 14. 71 3.4 14,62 3.64 14,87 3.54
Specific Mass of Cel:lr.ral Mas: | 14,72 3.45 14.34 .78 14,85 3.55
Spec1¥ic Mass of DL-RF .
Converters 14,6E 3.40 16,26 &.08 15.30 3,82
Specific Mass of Antennz
Interface © 14,80 3.84 14,60 L4 15,06 3.74
5 Specific Mass of 2hase
& Control Electromicet 14,65 3.58 i4.89 3.64 14,88 3.9
:. Teleoperator Availabil:ty
£ Factor 14,53 .42 14 95 3.74 14.85 3.23
»
= Teleoperator Work Factlor 14,75 3.82 14.61 1.30 15.18 3,93
% | Fabrication Module Avail- .
: shitity Factor 14.98 2,90 14.56 3,78 14,85 .70
5 Mantpulator Availability
5 Factor 14,89 n.n 12,18 L 14,63 3.18
w
S Fabrication Module Urit Mass 14.54 3,41 14.62 3.1a 14.539 - 3.37
1]
2 | Hanipulator Unit Mass 14,55 273 14.75 3.37 14.70 3.37
o
'.'ZL‘: LED Space Station Umit Mass 15,47 -~ 3.21 15.98 3.83 14,93 3.50
2
A Crow Module Unit Mass 15,02 3.66 14.60 3.60 " 14.93 3.56
& | GEO Space Station Unit Mass 14,84 3.50 14.69 3.54 14,23 3.45
é Fabrication Module Unit Cost 14,74 3.60 14.72 3.60 14.57 .54
£ | shuctle Uniz Cost 14,74 3.50 14,78 .51 14,67 2.58
-t
S | Mampulator bmt Cost . 14.73 3.85 12,92 272 14.75 3.49
GEQ Space Station- Unit Cost 14,79 3.70 14.56 3.78 15.03 3.90
AlS Unit Cost 14.83 3.96 14.69 3.57 14,75 3.89
Antenna Power Distribution
Specific Cost 14,52 3.15 15,16 .72 15.03 .80
Phase Control Specific Cost 14,50 3.4 14.60 113 14.69 3.37
Waveguide Specific Cost 14.68 3.37 18,73 3.37 14,60 7| 273
Solar Array Concentrator
Specific Cost 14.79 3.485 14.68 3.54 14.57 3.50

REPRODUCIBILITY OF THE
AREGINAL PAGE IS POOR.



Table 5.3 The Effact on Cost and Cost Risk  of Changes
in tha State-of-XKnowledge (continyed}

== o ey e e —_—

= e ==
Range of Valves {S$Billions, 1874)
Bast Most Likely i Worst
Mean Cost Mean Cost Mean Cost
Item Cost, Risk Cost Risk Cost Risk
" Conducting Structure
£§ Spacific Cost 14,57 3.49 14.82 4,09 18,22 3.67
g .
Qm Miscallaneous Equipment
b 9 Spocific Lost 14,87 .84 14.61 2,47 15,05 3.73
2.2
a= Rectanna S$ite Specific .
-;c‘_-,:- Cost 14.63 3.59 14.88 3,85 14,89 3,90
£2 | RF-DC Converter Spacific ,
g; Cost 14.98 3.68 14,80 3.57 18.17 3.44
E i Pewer Interface Specific
U..'v.‘ Cost 14,68 3.60 14,568 3.60 14.74 3.53
m
“3 Phase Control Specific Cost 14.78 3.5 14.67 3.65 14,75 2,53

*"Cnst Risk" ig the standard deviation of the cost estimate.

"
The nominal case includes: for bast value, & determinfstic-cost estimate
using.the best values for sach dasign factor; for most likely value, a Monte
Carlo simulation using the full range for each design factor; for worst vaiue,
¢ determimistic cost estimate using the worst values for each design factor.-
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Finally, the third group of variables includes those yariables
that are weak cost and risk drivers. In general, the effect of technology
development in these areas is not of sufficient magnitude to be resolyed
by the risk analysis model.

As a note of caution in the interpretation of values in
Table 5.3, it should be recognized that these values derive from a Monte
Carlo simulat1on, that is, they are obtained by sampling probability dis-
tributions. They are not the result of precise computation. Thus, these
data contain some amount of noise. For example, determination of expected
costs is accurate to about $200 million one sigma or about +1 percent.
Determination of risk is also accurate to about the same absolute.amount
or about #5 percent. This amount of noise accounts for the apparent in-
consistencies in some of the results presented in Table 5.3, part1cu1ar1y
with respect to the Group 3 variables.

In summary, the risk anaTys1s model has been used to identify
the technology areas that are the major drivers of cost and risk--the
critical technologies. It is concluded that there are two major areas
of critical technology:

1. the ability to construct large systems in space, and

2. solar cell blanket mass, cost and efficiency.

Of these techno]oqy areas, the product1v1ty of man in space is key. It-
is recommended that:

1. these conclusions be reviewed by a "panel of experts," and
2. assuming that their validity is confirmed, these technology

areas should be addressod by detailed study early in the
continuing program.
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6. PROGRAMMATIC RISK ANALYSIS

Given.the results of Section 4, a brief programmatic risk
assessment is possible. This discussion will focus on Program I as
that is the only program, of the specific alternatives analyzed, that
has a positive expected value. The development program consists of three
major subprograms: an SR&T subprogram, a DDT&E subprogram and a first
unit prodyction subprogram. Success in each of these subprograms can be
defined as achieving a state from which a decision to continue the pro-
gram can be justified. Then, from Figure 4.9, it is seen that the pro-
bability of a successful SR&T subprogram is .376, the probability of a
successful DDT&E subprogram i .692 given that the SR&T subprogram is
successful and the probability of a successful first unit production
subprogram is .905 given that the DDTRE subprogram is successful.

The probability of success of the: program is the product of
the probabilities of success of each branch. Thus, there is a probabii-
dty of .235 that Program I will be successfully completed. This com-
pares with a probability of about .32 (from Figure 4.4) that the current
configuration could be economically viable given Program I. Thus, the
program as presently planned yields about a 27 percent chance of reject-
ing a viable outcome. That is, given that the current configuration is
economically viable, there is about a 27 percent chance that it will be
classified as not viable, resulting in a program failure. This is the
result of inaccuracies in the measurements of projected second unit
costs at Decision Points A and B. This loss could be reduced if more
accurate measurements could be obtained at about the same cost.

A more detailed programmatic risk analysis is not possible
under the resources of the present effort, however, it should be performed
and the framework necessary to do it resides partly within the existing
risk analysis model. The procedure for a more detailed risk analysis
derives from the notion that the goal of the SSPS development is to pro-
vide a state-of-knowledge based upon which a decision can be made to pro-
ceed with the implementation of the second and subsequent units and that
the efforts expended in the development program are, in fact, directed at
measuring the total unit cost of the second unit. Thus, the output of
each development subprogram {is a measurement of a system parameter or para-~
meters vis a vis the current configuration. The goals for the measurement
accuracy of each parameter at each decision point can be derived from the
tables 1n Appendices C and E. The next step in the programmatic risk
assessment will be to assess the expected level of success in achieving
each of the measurement accuracy goals thus set.

It is almost a certainty that the reader is confused at this
point about the interpretation placed upon the activities undertaken in
a development program. Thus, the above points are explained again.
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First, from the economic point of view, the justification for proceding
with a development program lies in the belief that an economically viable
technology implementation can be achieved. Such a belief is valid only

if it finds a basis in a postulated system configuration. Then. all ec-
onomic measures must be made against this system confiquration. It is

not possible to compute economic measures against abstract ideas, just as
it is not possible to compute engineering measures against abstract. ideas.
For example, an engineer cannot answer the question, what are the stresses
in a beam? .He must be told the design of.the beam and the loadings placed
upon it. So must the economist be given such "design" information to
perform his analyses. And just as the engineering answers change as the
design changes, so also do the economic answers.

: Now, the current SSPS configuration is not an existing piece of
hardware. It is, in fact, a concept that might be realized at some future
date. Insofar as that concept remains unchanged, all the technology de-
velopment programs and analyses performed on it are only exercises of
measuring parameters that describe it. Thus, until the configuration is
changed, the development program is, strictly speaking, a measurement.
program. As such, it should be treated as a measurement program and the
.goals of each subprogram should be expressed in terms of measurement
accuracies. )

Everyone knows that design changes occur throughout a program.
Design changes are made for basically two reasons: first, because the
postulated configuration, when adequately measured, is found to fall
outside of allowable system bounds and, second, because targets_of oppor-
tunity arise to improve upon the existing postulated configuration. In
either case, after the design change is made, both the engineer and the
gconomist are dealing with a new system and must adjust their analyses
accordingly. Such changes cannot be anticipated in advance. If they
could, the system would be configured in the changed configuration in
the first place. Thus, analyses are confined to deal with the current
configuration and to base measures of system performance against this
configuration. :

After each design change, the program reverts back to a measure-
ment program and remains such until the next design change. Thus, a
development program can be thought of as series of measurement programs
separated by discontinuties which represent design changes. To view a
development program in this context offers the possibility of achieving
a'nﬁw dimension in the control of technology development and programmatic
risk.
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7. UTILITY INTERFACE ANALYSIS

An .effort was made during this phase of ‘the study to identify
issues which might be important concerning the compatibility of the
characteristics of the current configuration SSPS with the demands of
electric utilities in the 1990 time period. How an SSPS conforms to
the needs of utilities has not been analyzed and might have a significant
impact on system economics. If some utility interface requirement were .
found to be critical, such a requirement would have to be weighed in the
design process of SSPS components related to that requirement.

Potential issues were selected by reviewing the present struc-
ture and requirements of utilities and the trends that are projected for
the next 15 to 20 years. Then, the salient performance characteristics
of SSPS were determined in order to examine the effects of variations
in these characteristics on utility design and costs. The most important
SSPS features were found to be output power level, reliability and power
Tevel fluctuations (both predictable fluctuations 1ike eclipses and ran-
dom ones due, for example, to atmospheric attenuation).

The approach used for analyzing the effect and criticality of
these characteristics is described below. It should be emphasized that
much more detailed analysis is required--the-modelling effort to do so
was beyond the scope of this study. This analysis was intended only to
delineate whether any of the above factors are likely to represent s1g-
nificant economic issues. :

[

7.1 Effects of Re]iability

Electric utilities design their generating and transmission
systems to assure a standard level of reliability-{usually a loss-of-load
probability of one day in ten years*). This requires the utilities among
other things to install greater generating capacity than necessary to meet
the expected peak demand, so that if the peak loads deviate from the pro-
Jections or generating capacity is lost through unscheduled outages, the
- load will not exceed the capacity. This installed capacity reserve
margin represents a major cost component for utilities, and great care
is taken in system design and scheduling to minimize the reserve margin
required to maintain the design level of reliability. There are several
different approaches used by utilities to calculate what the appropriate
reserve margin should be. The approach generally used now is to model
the sizes and reliabilities of the units in a projected system, de-
termining all of the possible combinations of outages -among the units,

B ]

This means that, given the sizes and reliabilities of the units

in this system and the projected annual peak Joads, the probability
of the load exceeding the generat1ng capacity is one day (cumulative)
in ten years.
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the resulting level of generation for each combination, and the probability
of this level of generation occurring. These probabilities of generation
level are combined with a projected probability distribution of daily

peak demands for a given year to calculate the total probability of some
loss of Toad occurring. 1f the resulting reliability is not adequate,

more generating capacity has to be added to the planned system.

There are a number of factors which affect utility system re-
1iability which ought to be included in such a model.” The size of a new
unit will create a disproportionate increase in the reserve requirement
if it is very large with respect to the other units in.the system or
large with respect to the total system capacity. This effect will de-
crease as other'large units are added and/or as the total system capacity
increases. An example of the trend toward larger unit sizes is provided
in-Figure 7.1, which shows the distribution of sizes of units to be added
this decade and next decade in the Eastern Central Area (ECAR), shown
in Figure 7.2. The total capacity in this area is expected to increase
from 55 GW in 1970, to 116 GW in 1990. The effect of SSPS unit size
will be discussed later.

Another key factor in utility system reliability is the forced
outage rates for the individual units which are determined historically.
A forced outage is caused by the failure of a component which causes the
immediate or nearly immediate* -shutdown of the.-unit. The experience of
the utility industry is that the larger the unit the higher the forced
outage rate and also that new units have higher outage rates during the
initial break-in period (usually the first two years, but sometimes as
long as six years). There are other terms used in the industry that.re-
late to reliability, such as "availability", which is the fraction of a
time period during which a generating unit is available for operation
whether or not it is in operation. The difference between the amount of
time that a unit has not been forced out and the amount of time it is
available includes the time for scheduled maintenance and the time it is
not used. Since-these outages can be scheduled to occur during off-peak
periods when sufficient alternate capacity exists to compensate for the
outage, whereas forced outages are as likely to occur during peak demand
periods as during off-peak periods, it is the forced outage rate that is
usually used to calculate the reserve requirements.

Increasing the number of generating units in a system and in-
creasing the number of interconnections with other systems through power
pooling both have the effect of reducing required reserve margins. The
seasonal distribution of peak loads can also have an effect on reserve

* .

A shutdown. inmediately or up to the very next weekerd is defined
as a forced outage on the basis of which the reserve margin is de-
termined. If the shutdown can be postponed until the weekend, it
is treated as a planned outage which does not require reserve
capacity. ' o
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margin; if there is wide variation between seasonal peaks. then planned
outages can be scheduled for lower demand seasons without requiring
reserve capacity. If, however, the load is fairly balanced from season
to season, then it may be necessary to instal) reserve capacity to allow
plannsd outages, such as those necessary for maintenance.

In pecent years the utility industry has-been experiencing a
need for increasing reserves, primarily because of the introduction of
large (800-1000 MW and larger) new units to systems composed of much
smeller (100-300 MW) units. In addition, the reliabilities of thé new .
units have, in many cases, been substantially below their expected
Tevels. With unit size levelling off in the future and with power pool
interconnections increasing, the reserve margin might be expected to
decline, so long as load Tevelling (the balancing of seasonal peak
demands) does not force the installation of reserve capacity to allow
for scheduled outages.

SSPS reliability is expected to be high because it is a Targely
passive, de-centralized system, which does not involve high temperatures
or pressures in the generation of power. These are factors which contri-
bute to the high forced outage rates of new, large units.

Availability rates are used in calculating the cost of power
from baseload generation plants, because availability rates account for
the time that a plant is not able to produce power due to maintenance
or other scheduled outages. The effect of availability on the cost of
power can be significant, especially for capital-intensive generation
methods such as nuclear reactors or SSPS. Based on cost data provided
by Arthur D. Little, Inc.,* the total busbar energy cost has been calcu-
Tated as a function of unit availability,** for three different generation
systems: Tight water reactor, liquid metal fast breeder reactor and
direct coal~fired plant. These re?at1onsh1ps between energy costs and
generating unit availability are displayed in Figure 7.3. Given that
SSPS availability is expected to be about 95 percent, it is clear from
Figure 7.3 that SSPS could tolerate a somewhat higher 1ife cycle cost
per kilowatt and still produce power at the same energy cost. Light
water reactors currently are designed for 80 percent availability; an
SSPS operating at 95 percent availability (Case A) -could cost approxi-
mately $70/kW more than the Tight water reactor and produce power at the

eyl

“These cost data were provided for use in the "Space-Based Solar
Power Conversion and Delivery Systems Study--Interim Summary
Report," March 13, 1976.

**A single value for installed cost for each system was given. This

installed cost was factored up by the availability rate in calcu-

lating the cost of the capital component of the total busbhar
gnergy cost. A uniform increment appropriate to each system was
added to cover fuel, operation and maintenance, taxes and insur-
ance; hence, the only factor that was varied was the cost of
capital, as affected by availability.
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same cost. The industry-wide experience for light water reactors at the
moment is closer to 65 percent*; if this vajue remains unchanged, an SSPS
costing $200/kW more than the nuclear plant (Case B) could produce power
at the same cost. Thus, the Teyel of reiiability projected for SSPS
could be an important economic factor.

In addition to reliabiTity, SSPS size in both absolute and
relative terms is an important consideration in calculating the system
reserve requirements and accompanying costs resulting from the intro-
duction of an SSPS. A simulation which would estimate the cost effect
of the addition of SSPS's to realistic representations of utility
systems projected for 1995 could not be conducted within-the scope of
this study. However, an examination was made of the effect on reserve
margin requirements of adding an SSPS to several systems, each contain-
ing units of uniform size and reliability, over a range of system sizes
that might be typical in the future (30-50 GW). The results are presented
in Figure 7.4, The unit sizes used were 1 GW and 2.5 GW, and the forced
" outage rates used were 8.7 percent** and 15 percent*** for the 1 GW plants and
22 percent**** for the 2.5 GW plants.

The approach used in this analysis was to determine for each
of the system configurations (1 GW units at an 8.7 percent outage rate,
1 GW units at a 15 percent outage rate and 2.5 GW units at a 22 percent
outage rate) the necessary installed capacity reserve margin needed to
insure the one-day-in-ten-years loss-of-load probability used by most
utilities as a reliability standard. These reserve calculations were
conducted both for a given configuration system without an SSPS. and
for the same type of system with an SSPS accounting for 5 GW of the
total capacity. These calculations were conducted for three different
levels of SSPS forced outage rates. )

B ——

*
This lower availability is the result of a number of factors in-
cluding rapidly increasing unit size, non-standardized construction,
safety shutdowns and the fact that a large number of units are rel-
atively new and still in their break-in period.

*

* This value is an average between the future mature fossil plant and
the future mature nuclear plant forced outage rates projected by the
Northeast Regional Advisory Committee to the Federal Power Commission.
These values are optimistic compared with present experience.

***Thfs value represents a typical system forced outage rate for
present power pools.
& ek ke
This value corresponds to current experience with new large
generating units. Whereas improvement upon this Tevel is
expected in the future, it has been used here as a pessimistic
value.
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1t can be noted from Figure 7.4 that the inclusion of an SSPS
is sometimes advantageous (that is, it reduces the required reserve
margin) and sometimes disadvantageous, depending upon the system size
and the reliability of the constituent units. Whether or not the SSPS
is advantageous also depends on the reliability of the SSPS.

The purpose of this examination was to determine whether or
not the installed reserve requirement posed by SSPS might be critical.
From this analysis, reserve requirements do not appear to represent a
critical economic issue. In fact, under certain circumstances, an SSPS
may reduce the necessary reserve margin. The maximum effect noted here
is about 4 percent of the installed capacity which would constitute
approximately a 0.5 to 2.0 mills/kWh difference in busbar energy cost
due to cost of capital {excluding operation, maintenance and fuel),
depending upon the assumed installed cost ($100/kW to $300/kW).

Further study is needed both to determine what the 1ikely
reliability level will be for SSPS and what the affect of an SSPS of
such a reliability would be on a realistic representation of utility
systems with the unit size and reiiability characteristics that might
be expected in the 1995 time period. Such analysis should also include
the affects on system reliability of system interconnections and pooling.

7.2 Effects of Solar Eclipses

An SSPS satellite in geosynchroneous orbit will experience
eclipses around midnight of varying durations in the periods surround-
ing the two equinoxes, as shown in Figure 7.5. These eclipse periods
occur during times that are daily and seasonal "valleys" in demand for
nearly all utilities. Representative daily and seasonal load cycles are
shown in Figures 7.6 and 7.7, respectively. ’

Given that the eclipses occur during off-peak periods and that
they are predictable, so long as sufficient alternate generating capacity
is available, an SSPS eclipse may be treated as a planned outage not
requiring installed reserve capacity. The costs then associated with an
eclipse are the marginal costs of whatever alternate capacity is used to
generate power during the eclipse period. The costs of alternate gener-
ation means have been assessed parametrically, and the results are pre-
sented in Table 7.1. The costs associated with an eclipse do not appear
to be critical because in the worst case examined here (having to use
peaking capacity during the duration of the eclipses) the average annual
generating cost of power produced by an SSPS baseload system would only
be increased by 0.5 mills/kWh.

The scope of this study did not allow examination of the assump-
tion of alternate capacity being available, as power during an SSPS eclipse
would probably be provided by power pooling or other interconnections
between utility systems. The size of power pogls and the number of inter-
connections is growing. (An example of this expansion is provided in
Figure 7.8.) It was noted'in the example in Section 7.1, that the Eastern
Central Area Reliability Coordination Agreement will oversee an installed
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Table 7.1

-

Source of

Annual Generation Costs of A]térﬁate Sources to

Cover SSPS Unit Eclipse Time

Alternate Generation

Capital Cost

Fuel Cost

for start-up time.

Operation Annual Cost

{($/kuW, 1974) {mills/kWh, 1974} Time* (hrs) {3, 1974)
Baseload Plants - 6.0 135 4.05 X 105
Intermediate 6
Load Plants - 14.0 135 9.45 X 10
Peakload 6
Plants 150 30.0 135 22.01 X 10

*Operation time assumes one and one-h

alf hours of operation per eclipse period to account

L&
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capacity of over 100 GW in 1990. The effect of this pooling would be to
reduce the cost of providing power during an SSPS eclipse. Howeyer, with
SSPS satellites displaced by 2400 km in synchronous orbit, during max-
imum eclipse periods, seven satellites would be occulted at any point in
times hence, a given power pool area might be faced with replacing the
capacity of several 3SPS's during an eclipse perijod.. The interaction of
the effects of pooling and multiple occultations is a complicated one re-
quiring further study. An additional concern for further study should

ba tha extent and effect of occultations of one sateliite by another.

7.3 - Effect of Power Fluctuations

The transmission frequency (2.45 GHz)} of the current configura-
tion $5PS was selected, in part, because of its relative insensitify to
attenuation by atmospheric constituents. According to the Microwave
Power Transmission System Study [13] the greatest fluctuation in power
tevel that might be expected from attenuation due to atmospheric effects
such as heavy rain (50 mm/hr) is + 1 percent., Electric utilities are
not able to sustain substantial fluctuations of power for significant
periods of time without equipment damage. The daily operating reserve
of utilities is composed of standby capacity that can be brought on-Tine
within ten to twenty minutes as well as Toads that can be interrupted on
short notice (typically one minute).

If the fluctuations in SSPS transmitted power are sufficiently
rapid, then the effect will be a derating (reduction in the rated capac-
ity) of SSPS. The effect on the cost of power produced by SSPS of
various levels of power fluctuation is presented in Figure 7.9, with the
effect of the expected variation of 1 percent to be an 1ncrease of about

0.2 mills/kWh in SSPS cost of capital,* hence, an eguivalent increase in
the user charge of SSPS-produced power.

This analysis represents a "worst case” approach in that it
assumes that fluctuations in transmitted power would render a certain per-
centage of SSPS power unusable, whereas in fact, there are a number of
economic uses to which fluctuating or interruptible power can be put, in-
cluding electrolysis or other automated processes. However, even in the
worst case of power being lost, it does not appear that power fluctuations
within the range currently anticipated for SSPS pose-a significant
gcanomic issue,

a—

Eid

This estimate represents a lower bound in that it does not include
the component of 08M cost that is directly related to installed
capacity regardless of operatxon time.
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APPENDIX A
UNIT PRODUCTION COST MODEL

The following is a Tisting of the equations incorporated in the
Unit Production Cost Model. (A description of the cost model is found in
Section 2.1.) The definitions of the variables used in these equations
have been gathered together at the end of this appendix in order to avoid
repetition.

Satellite Mass
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Definitinrs of Unit Production Cost Model Varijables

Following is a listing of the definitions of the Varaab1es used

in the wnit production cost model, in the order of their initial appear-
ancz in the madel.

B = area of soler blanket (kmz)
PN = power input tn the solar array (kH);
P
Py = _0OUT
N =

where FUUT = power output at the rectenna busbar

(kW; beginning of 1ife, b.o.T1.)

i = system efficiency chain (i.e, the products of the
efficiencies of all of the system components);

= Nge Osapp "ANT-INT PANT PD "po-RF "PC "IN PROP

TATM PROP TBC "RF-DC TRECT PD
whera:

Neg = splar cell @ff1(19ﬁfv {at qiven concantration
ratic, h.o.1.
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NsApD = solar array power distribution efficiency
TANT-INT antenna interface efficiency

MaNT pp | ©  antenna power distribution efficiency

NGC-RE = dc-rf converter efficiency
Tpe =  phase control e%ficiency
N1oN PROP _ ionospheric propggation efficiency
NATH PROP’ = atmospheric propagation efficiency.
e =  beam collection efficiency
Mge.pe =  rf-dc converter efficiency
" Mpeet pp = rectenna power distribution efficiency (including

utility interface)

PF = ratio of area of solar cells to area of blanket of
- the current configuration solar blanket (i.e., decimal
fraction of total blanket area that is solar cells) .

Fo =f solar flux constant (7353 x 103kw/ﬁmaj

Neff ,=‘ effective concentration ratio

MéAB = . total mass of the solar blanket (kg)

MgaR = specific mass of the so]ér blanket (kg/kmz)

Ac = area of solar concentrator as seen by the sun (kmz)
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Neone afficiency of the concentrator

Hear = total mass of the solar concentrator (kg)

e = spacific mass of the solar concentrator (kg/kmz)

MSTC = total mass of the conducting structurs (kg)

Migre = patio of conducting structure ?ass to soiar array
ares as seen by the sun (kg/km®)

MSTNC = total mass of nonconducting structure (kg)

¥ e 5 )rat1e of nonconducting structure mass to solar array

=i area 2s seen by the sun (Pg!km )

MSTCM = total mass of the central mast (kg)

LI = specific mass of the central mast {kg/km)

ra = the aspect ratio of & solar array {Tength/width)

re = factor {>1) to allow for antenna clearzrice (distance
between solar arrays divided by the diameter of the
.antenna)

Dy = diameter of the transmitting antenna (km) .

Mayre = total mass of the antenna structure (kg)

MarTs = specific mass of the antenna structure (kg/kW)

Pant = power input to the antenna (kW):

P
_ ouT

ANT ~ npect pp "RE-D6 MaC "ATHM PROP TIGN PROP "PC.TDC-RF PANT PD

EKﬂDUCHHIEfY ‘OF THH
§E§g~ﬂqA1.Pfu}E:Is POOR
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MANT« INT

P ANT-INT
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total mass of the dc-rf converters.(kg)
specific mass of the dc-rf converters (kg/kW)

power input to the dc-rf converters (kW);
Pout

MRECT PD "RF-DC "BC MATM PROP MION PROP "PC "'DC-RF

total mass of the waveguides (kg)

specific mass of the waveguides (kg/kW)

total mass of the antenna intérface tkg)
specific mass of the antenna interface (kg/kw)

power input to the antenna interface (kW);
p
ouT

PANT-INT

Moce

Moce

Poce

Mant

MroT saT

Mursc

8

MRecT PD "RF-DC "BC MATM PROP MION PROP MPC CC-RF TANT PD MANT-INT

u

PCE

total mass of the phase control electronics (kg)
specific mass of the phase control electronics (kg/kW}
power input to the phase control electronigs (kW);

Pour
"ReCT PD "RF-DC "BC "ATM PROP MION PROP "FC

total mass of the antenna (kg)
total mass of.an operational satellite
total mass of ‘miscellaneous equipment (kg)

percentage of total satellite mass to be assembled-
by man (input)
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HeEMoTE
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LET

reLe v

L

TCONST LEO
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MreLe
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total mass of satellite to be con=tructed by on-orbit
personnel (kg)

totai mass of satellite to be constructed by remote
control {kg)

total man-days of construction time

_ rate of manned assembly (kg/man-day)
. total machine-days of construction time

rate of remote-controlied assembly {kg/machine-day)

. o,
number on-orbit personnel

factor to account for downtime of teleoperators (i.e.,
the percentage of the time they are avajlable) ‘

factor to account for percentage of time that
telegperators can be doing useful work

total construction time in low earth orbit (days)

factor of productivity account for operations in
space (productive time/total work time) ~

‘number of shifts per day

number of on-orbit teleoperators

total number of fabrication modules

anoughouu this cost model numbevrs of 1tena wiich must be integers
are taken as integer values rounded high {e.g., 2.3 becomes 3)
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Reag - = rate of fabrication of modules. (kg/days)
Tean =  factor to account for fabrication module downtime
(i.e., the percentage of the time the units are
available) . .
Meag =  total mass of the fabrication uqité (kg)
. Peag = mass of a single fabrication module (kg)

amortization factor for fabrication module (Note:
A1l amoritzation factors = TeonsT LEG/design 1ife of

it

!
unit.)

FreLe = total mass of the teleogperator &nit; (kg)

MreLe = | mass of a single teleoperator (ké) .

aTELE n;= ] amortizatjon“facfor for.te1eoperafprs

?TUB = total mags of‘the LEQ support tﬁgs (gg)

meG = mass of a single LEO support. tug (ké)

arug = amortization facéor for LEO supporf\tugg

MEVA 5% total ma;s of extrafvghicu1ar a;tivfty (EVAj units (kg)

Meya = mass of single EQA unit (kg) |

NGEU .= tétaI num?er éf géosynéhronous personne] (1n§ut)'
feva = factor to account for whether or'ngf EVA unitslmust

~ be tailored to individuals or can be used repetitively
* and for how long '

MMANIP = total mass of the manned maniputator units (kg)



TMANIP
Buaup
Meo s/s
™ EO $/8
8 0 s/5

M

fa prop
Ms/s res

Ts/5 RES
TooNsT 880
Herew
MeREW
ACREW
Mago $/s
"GED S/

36E0 S/S

et

AE PROP

108

mass of single manned manipulator.unﬁt (kg)

amertization factor for manned manipulators
= " total mass of the low earth orbit spége stations (ké)

. mass of a single LEOQ station (kg)

amortization factor for LEQ space stations

total mass of the assembly equipment propeilant (kg)

factor used to estimate propellant reqguirements
total mass of the space station resupply (kg)

factor used to.estimate space station. resupply

. requirements (kg/man/day)

total construction time at geosynchronous orbit (days)
total mass of crew modules (kg)

5as§ of a single crew module (kg)

amortization factor of crew module

total mass of geosynchronous space stations (kg)
mass:of a single geosynchronous space §tatioﬁ(kg)
amortization factor for GEO space stations

ratio of total initial-to-final mass of the large
crye tug plus crew nodule

REPRODUCIBILITY OF THE
GRIGINAL PAGE IS POOR
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AVLCT . = total LEO-GEO mission AV (m/sec) (Note: Accounts
- for a two-way trip as well as maneuvering and
rendezvous. }

Vs = procket exhaust jet velocity (m/sec)
LCT .

m , = mass of cryo propellants required for one round-trip
LCT PROP to GEO (kg) -

M et = propellant mass-fraction of the cryo tug

% o7 = ratio of total initial-to-final mass of the cryo tug

and crew module
MLCT =  mass of the large cryo tug (dry)(kg)

m = mass of propellant for one large cryo tug trip to
LCT PROP geosynchronous orbit (kg)

MLCT PROP © total mass of cr}o prope]Tants'used during the construc-
} tion of one SSPS (kg) )

TROT = time period between crew rotations (days)

9n1s = patio of total initial-to-final mass of the advarnced ion
: stage and payload

Mg = total LEO-GEQ mission AV of the ion stage {m/sec)
(Note: Accounts for a two-way trip as well as
maneuvering.) _

v exhaust jet velocity of the ion stage (m/sec)

ars
MAIS PROP = total mass of ion propellant {kg)

AAIS = propellant mass-fraction of the jon stage
Mats = total.mass of the jon stage (dry)(kg)

RODUCIBILITY OF THE
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M = total mass of the tanks used as a propellant depot
PROP DEPOT in Tow earth orbit {(kg)
My = mass of a single Tiquid hydrogen tank (kg)
MLH =  total mass of liquid hydrogen to be stored
- My = DV/7T M er prop)
fHT = .capacity of a 1iquid hydrogen storage tank (kg)
™ 0% = mass of a single liquid oxygen storage tank (kg}
M = total mass of liquid oxygen to be stored
LOX = 'z
Mox = [6/71 M er PROP?
fLoxt = capacity of a 1iquid oxygen storage tank (kg) (Note:
- The estimate of storage for cryo propellants is based
on the total amount needed for the construction of one
SSPS being stored at one time; this need not be true.)}
-mIT = mass of a single ion propeliant storage tank (kg)
fIT = capacity of a single ion propellant stdrage tank (kg)
MUMAE = total mass of unmanned assembly equipment (kg)
Muap = total mass of the manned assembly equipment (kg)
MIOVP =  total mass of the inter-orbit vahicles'aﬁd propellants - (kg)
MLEO =  total mass launched to Tow earth orbit for the construc-
tion of one SSPS (kg) -
MLy = “"total number of .heavy 1ift launch vehicle flights

.

MP/L = the payload to LEO of an HLLV (kg)
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fLOAD = ayerage 1oad factor for an HLLY (what percentage of
payload is used) )

Ny ungts © ggmgﬁg g;PgLLV units acquired for the construction

fy LIFE = number o% flights foé thch HLLV designed

NSHUTTLE’I= _ total .number- of -shuttle flights .

fo rpp .= .humber of flights for which shuttle designed

fSHUTTLE = 2?Tgﬁ§ of personnel that can be carr1eé per- shuttle

Ng yyrts =  total number of- shuttles acquireq*f‘*

Corry . : totalﬁcast of HLLY activity ($) .“

CHLLY = cost per HLLV fTiéht (operations) ($)

cy UNIf cost per HLLV unit ($?

Couyrrp = total cost of shuttle activity (§)

CSHUTTLE = cost -per shuttle.fIight (operation%) ($)

Ce UNIT cost per shutf]e‘unit ($)

Clic = total {ow earth orbit launch cost ($)}

* .
This value is not taken to be an integer as one HLLY may service
Severa1 payloads. ’

This value is not taken to be an integer as one shutt]e may service
several payioads.
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Cumag = total cost of unmanned assembly squipment ($)

Cea = upit cost of fabrigation module (8}

CrELE = unit cost of teleoperator (§)

Cap prop = Specific cost of assembly equipment propél]ant ($/kg)

Syua = unit cost of LEQ sdﬁéort tug ($)}

Cerp op ©  Cost per ground operator (for teleoperators) ($)

fGRD = number‘of shifts of ground operators’

CuAE = total cost of manned assembly equipment ($)

Ceya = unit cost of EVA equipment (})

CHANIP = unit cost of manned manipulator ($)

CLEp s/ C unit cost of LEO spacé station ($)

CaE0 S/S " unit cost of GEO space stations ($)

Cs/5 RES specific cost of space station resupply ($/kg)

Corap = jindividual cost of on-orbit personnel ($/day/person}

'CS/S&A = total cost of space stations and assembly for one
SSPS (§) ,

Clro-gE0 ° total cost of LEO-GED transportation (%)

CeT = unit cost of large cryo tug (§)

THE
RODUCIBILITY OF
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Cars

a1

]

€LcT pROP ©

CAIS PROP =

Ceren
CLHT
LHT
CLOXT

3 oxXT

]

13
amortization factor of cryo tug

unit cost of advanced ion stage ($)

(Note: In this model there is no connection between
the sizing used for mass estimation purposes [of the
cryo tug and the jon stage] and the unit cost.)

amortization factor of ‘the ijon stage

R

specific cost of cryo tug propellant ($/kg)

specific cost of ion propellants ($/kg)

unit cost of crew module ($)

unit cost of liquid hydrogen storage tank (§)
amortization factor for liquid hydrogen storage tank
unit cost of liquid oxygen storage tank ($)
amortization factor of Tiquid oxygen storage tank
unit cost of ion propellant storage tank ($)
amortization factor of ion propellant storage tank
total procurement cost of the transmitting antemna (§)
specific cost of antenna power distribution ($/kW)
specific cost of phase control ($/kW)

specific cost of waveguide ($/kW)

. THE
RODUCIBILITY OF
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Coc-RF = gpacific cost of deerf convertars {$/kW)

Cor = specific cost of antenna structure {$/kW)

CSAT = ° tptal procurement cost of an opérational satellite (%)
Coag . = specific cost of solar array blanket ($/km2)

Cone = specific cost of so{ar concentrator ($/km2)

Core = gpecific cost of conducting structure (slkg)

Corne = .specific cost of nonconducting structure ($/kg)

SsteM * specific cost of central mass ($/kg)

Curse = specific cost of miscellaneous equipﬁént ($/kg)

CERD STAT = total procuremgnt cost of the ground station ($i

Cop = specif%c cost of real estate and site preparation ($/Kkk)
CeTRUCT - specific cost of rectenna structure (S{kw)

Cpr-pc = specific cost of rf-dc converters (§/kW)

Cinerp - Specific cost of the power interface (5/kW)

Cpe = gpecitic cost of phase Front control ($/kW)

Pepopc =  Power input into thepg;;dc converters (kW);

p -
RF-DC  Mpeer pp MRE-DC
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Pintere = Power input into utility interface (kW)s

b ._tour
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RPPENDIX B
OPERATION AND MAINTERANCE COST MODEL

The following is a listing of the equations incorporated in
the QOperation and Maintenance Cost Model. (A description of the cost
mode]l is found in Section 2.2).

Launch Facility Q&M

C N + 3 + ¢

HLLY CH UNIT

i

LVF 0 08M FLTS (CHLL‘J AIS FLT

N f

* CAIsgaAis) * Nre Ture

Ground Station D&M

+ N

CasT oaM Tero equip Caro STAT

6sT P CasT P

Space Station and Support 08M

Corot = fepot {CSHUTTLE toagurrie Sowiat t Crus ops
* Cyg Arus t Corew rEF T Corew aCREw)

Cs/s pam = 355 0aM (CGEO s/s * Meeo s/5 Caeo TRANSP)

c _a N ‘ m ¢ A

S/S EQUIP = 95/ £quIP | 03M MANIP 0&M MANIP GED TRANSP

* Nogu manze  Coam MANIP)

C/sme = Tssme?

Satellite 08M

n
SAT O8M Z CSAT comp
j=i

c

o THE
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Definitions of 0&M Cost Model Variables
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FolTowing is a listing of the definitions of the variables

used in the Operation and Maintenance Cost Model, in the order of

their appearance in the model.

CLyr oam

Noah FLTS

“HLLY

LY

4 untT
CAIS FLT
Cars2
BAIS

N ep
TLrp
CasT 0aM

farD EQUIP

it

u

"

total annual cost of launch
facility 0aM (§/yr)

total number of flights per year
to resupply the maintenahce
space station & the manned
manipulators (input) (1/yr)

cost per HLLV flight (operations)

amortization factor for the HLLV
(aHLLV = 1/total number of design
life flights per vehicle)

unit cost of HLLV ($)

cost per AIS flight (operations) ($)
unit cost of AIS for 0&M flights ($)

amortization factor for the AIS

total number of launch facility mission

control personnel (input)

cost per person for launch facility
mission control personnel {$/yr)

total annual cost of ground station

08M ($/yr)

assumed annual {fractional) rate of
ground equipment replacement



Coro svaAT

Cerot
ferot
CSHUTTLE

ASHUTTLE
s UNIT
Crug ops
“1us |

U6

Corew REF

Corew
AcREw

Cs/s oam

4575 0&M

]

3]

i)

%

#"

i

%

1}

total procurement cost of the ground
station {output vajue of unit produc-
tion cost model} (3)

total number of ground station 0&M
personnel (input)

cost per person for ground station
D&M personnel {$/yr)

total annual cost of crew rotation
(on-orbit Q&M personnel) ($/yr)

number of crew rotation flights per
year (no./yr) -

?git per shuttle flight (operations)

amortization factor for shuttle
unit cost of shuttle ($)

cost per tug flight (operations} (§)
unit cost of tug (§)

amortization factor for tug

cost of crew module refurbishment per
flight ($)

unit cost of crew module
amortization factor of crew module

total annual cost of space station
& support Q&M {S/yr)

amortization factor of U&M space station
(fraction reflecting number of stations
used per yeor (1/design 1ife of space
station)

118
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GEO S/5 = .?g1t cost of GEO space stat1on
MGEO S/S = Tas§ of a single GEQO space station
kg

CGEO TRANSP

specific cost of transportat1on
to GEO ($/kg)

cS/S EQUIP = total annual cost of maintenance
support equipment ($/yr) -

3s/8 EQUIP = amortization factor for manipulators

Nog MANIP = total number of 0&M manipulators

MosM MANIP = mass of a single Q&M manibd1ator (kg)

C0aM MANIP £ cost of a singla 0&M manipulator ($)

CS/S MC = total annual cost of the space stat1on
mission control ($/yr)

fS/S MC - = specific cost of the mission control
“facility ($/kW fyr)

P L= power output at the rectenna busbar

- {beginning of Tife) (kW)

CSAT 0&M = total annual cost of satellite 0&M
($/yr)

SSaT COMPi = total annual cost of rehlac{ng the failed

units of the itl satellite component
(see Table C.3) ($/yr)

SSAT CoMP, = oAt COMP, “SAT COMP,

+ C

(comp proc, GEO TRANSP

C »
OSM ASSY;)3 Lo ODUCIBILITY OF THE

ORIGINAL PAGE IS POOR:
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SAT COMP, = the rate of replacement F units of
’ satellite component 1 (1/yr)

Fsat COMP; the mass of the lowest replaceable

unit of satellite component i (kg)

CCQMP F’RO(‘;,3 = the procurement cost of the Towest
“replaceable unit of satellite
component 37 ($/kg)

CaE0 TRANSP = specific cost of transportation to
geosynchronous orbit ($/kg)

b1

specific cost of assembly for a unit

“oan AssY,
of satellite component 1 {5/kg)
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APPENDIX C
THE CURRENT STATE-OF-KNOWLEDGE

The current state-of-knowledge relative to the current con-
figuration SSPS is reflected by the ranges of input variables to the
risk analysis model. These ranges have been subjectively assessed
and are given in Table C.1 for the unit production costs and in
Tables C.2 and C.3 for the operatign and maintenance costs.

The sources for these input data include one report prepared
by Grumman Aerospace Corp. (A. Nathan, "Space-Based Solar Power Conver-
sion and Delivery Systems [Study]--Engineering Data Compliation," Octo-
ber 13, 1975} and two reports prepared by Raytheon Co. ("Space-Based
Solar Power Conversion and Delivery System Study--Microwave Power
Generation, Transmission and Reception," October 31, 1975, and "Micro-
?S;S)Power Transmission System Studies,” Volumes II and IV, December

In addition, several meetings with Rudy Adornato and C. Allan
Nathan of Grumman Aerospace were conducted to review and update these
data, and Owen Maynard of Raytheon Co. was consulted on several
occasions concerning the microwave portions of the system.
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. . TRILE £.)  UREIT FRODUCTION COST WODEL IHPUT wALUES
RANGE OF YALUES
THOUSE ELERENT wLts YARTABLE
HANE BESY “OST LIKELY WORST
Powvar Qutsut At thy Susbar (Lol) P » . 5.258110° .
Packing Factor of the Saler Eloakys Fractions Pe 1.9% 9.95 9.5
m:uu Concengration Ratie Friciion "",” 2.0 2.0 2.0
Solar Call Efficiangy {sat) Fraction ter ¢ 1440 0.1293 G.101%
Sofer Array Pamar Jfstrisylicn EPficiancy Fragrion Tgarn 0.9% 3,93 0.92
Antennd Interfice £7ficiency Fraction | nyyur tyy g.39 9.98 6.97
dateans Powsr Ditteidutios Efficiency Fraciion AT P 9.97 ©.36 0.98
UC+RF Conyarter Efficiency Fragtion Moeerf 0.%0 3.87 c.85
Phase Comtrot Efficiancy Fractien ape 0.97 3,36 0.95
lonceskarie Progigation s'{lcitmcx Fractiom | apoy aqqp E.go 1.0¢ 1.60
Atmaspharic Progigation Ifficiency Fraction | nygy opap G.99 ¢.99 0.59
Baas {ollection £2ficrancy Fraction nge 0.9% 3.92% .90
RF.OC Converter Efffcioncy Fraction | agp o 8.50 q.87 2,84
Rectenna Powgr Disgribution Efficiency Fragtion “rect ;— 0.%% 5,54 0.33
Specific Sass of the Solar Olane: kgrind *oaa wsaxte? 100xi07 s23x107
Efficiency of the Solar Concentrator Fraction Teoag 9.99 9.35 0.80 .
Specific Hess of the Selar Concentrator ey T 19820 59340 13129
Ratta, fGonducting Struct. Mass tn Array Ared hqna! AT 314 25630 4340
Feig: Noacond, Ftrucs. Yass ia Areay Ares kq,ltnz Bro M0 18090 41800
Igecific Vags of lentral “ast (TTAL) Morcn 1470 13350 FERETY
1gpect Ratio af Solar Arreqy Fraction ry . 1.2 J
Antannd {learance Fraction . . 15 - ’
Vrdreter of Transmitting AnCenng ET) DAHT . y 4.371 -
504CtHfIC Yass of Aatenna Structure «g/kd Fanrs ,84an3 2.0891 0.0980
Soecafre Hass @f OC-AF Converters kgfkd Boe.0F 0, 2455 0.2772 §.4544
Speerfic Mass of vavequidas k';!w_ " L 1.2471 J 2148 f.5496
Spgciffc Yass of Antenna !aterface LA I fanr.inr Jan 9,390 ¢.93a0
Specari1c Mass of Phase Cantral Electronics xgfad q“‘:E A,3189 oo 9.0348
Afscallaneous “ass ¥} Ygpnr MY 1994127 160109
Parcentige of Satellite Assernled By ‘tan Fracrion L J.an 10 7.950
Sate of Yunned Asgembly kg/Jay tyauken 264 %0 5Q
Qate of Remote Atgembly kq/2ay eunre 0 1% 48
Tatal Constryuction Tiag Cavs feLugr b1 b
thifg Factor 110ay fe . .3 .
Persanntl Preductivity Factor Fragtion “u 3.73 4,88 6.30
Telecperstor Avarlaptlity Factor Fractian ‘rs:s Ay 3% 9.0 ¢.a8%
Telroperatar dorh tyctur Fract+an ’? 1.%¢ 9.3 0.20
frorreation Rate of Modyles tqeday teag 4349 3000 230
Fabrication dodule dvailaniltty Factor Fract yn *rag " 3.33 .23 J3.10
Percantage 1t Perssnnel Jtan? Ysniovlazars Srycrion . . 2.0 -
Manipylator Avatlshabits Facior Fractigh faayes b 3 .20
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TABLE £.1 RNIT PRODUCTION COST MODEL INPUT VALUES. CORT'D.
‘ RAAGE OF VALUES
INPUT ELEKENT taprs | VARTABLE
RAME 8EST KIST LIKELY WORST
Huaber of Parsonne) Per LEQ Spaca Stetlon Nunber Fleo sie . 12 -
Faprication Moduls Unit Hass s LT 1800 4530 7009
Taleaparator Unit Hass T Threre 50 120 280
LEG Support Tug Uait Mass kg frig 500 1368 1000
EYA Egurpmant dnit Mass kg Agyy .13 90 138
EYA Ynic Use Factor FayeTIgn foya 0.40 0.3 0.20
Hanipulstor Unit Yass kg AANP 04 1940 3600
LED Space Statton Unit Mast kg ™ s sss 20x107 Tozxio? 1maxio®
Agsennly Equip Propslianct EsEimecion Factor Fracticn r‘E PR 8,0t 0.02 408
Space Station Hesupply Estimation Facrar wasmanfday | fg 6 pee . 10 .
Crew Module Unit Mass kg fCREy 12at0° IJxlD3 152107
GEQ SA4ce Statioca-yaic Mass kg Moo $/% a0xi0? s0x10° T6210%
LCT Toesl LEQ-GEQ Mistion aY nlsee Vier . 8534 ..
LCT Rocket €xhaust Jet velocity afsec v"".:'r . Caset .
[TCCT PFapeTTane Naii-rractian FFaction Ler . .90 .
Crew Rotation Periad _L days TRt 180 % 0
AlS Total LEQ-GEQ Migston /Y nisac Wals . 27%% .
AIS Eznaysc Jet Yelocicy alfsec "JLL . 47315 .
ALS Propollant Hass-Fractign Fraction Aars . 3.238 .
Liquid Hydragan Storage Tank Unit Mass kg T Tt . 39105 d
Ligutd Hydrogen Starage Tank Capacity kg Cyr . vy .
Liquid Oxyqgen §torage Tank dnit Masy kg 4 pxt . 918 .
Liquid Oxyqen Starage Tank Cipacity kg CUJI-T . 720300 .
fon Pronellant Steraqe Tank Nast ¥q LIt - 3108 .
Ton Propellant Storage Tank Capacity 2] Ciy . 720900 .
ALLY fayiead te LEG rg YorL . 1812107 .
HLLY Aversqe Lodd Factor Fraction foann 1.00 .- a0 | 0.7
HLLY Turasroune Tiae Says Ty ruan . N .
Rynoer of Personnal Par Shyttls Ciignt Hunber fonuttLe 30 0 v |
$huctie Turnarocund flna Jays Is TURR v 8 14 .
Launch Cost Per HLLYZ Filgac ! Sy FT 10’ 0x10°
HLLY Unit Cost $ “wogstr | 1s0a0° 1s0x10° gooxto?
Launch Cost Par Shutti Flignt t Ciayrree | Hxo® 1enlg? sng?
Shuttle Ualt Cost ' S gner| 130107 20216 250a10%
Fagrication Noqule yrit Cosc E ran 19a06* 120108 20x10%
Faprication Wodyle Amertivation Factor Fraction ‘eas . 8.2 .
lelgoparator Unit Cost § CeriE 2. 108 284108 10.0x10°
Telqoderator Amortitition Factor fraction YeeLE . 1.2 .
isgembly Equicment Propellant Specifin Cost $itg %sE pROP . an .
LEY Support fyg Umik Cost 3 Sryg 1.0z107 2, 62195 10.00106%
LED fupport Tug Amaretsacton Figtsr fractinn b, - 2.2 .

OF THE

: CIBILITY
REPRODU BOOR

oRIGINAL PAGH B



124

X TEELE €1 URLT PHOBUETION £OST SODEL ThFUT VALUES, {oxT*0.
PANGE OF YALUES
LHRUT ELEMSAT unrys | TARMABLE

HARE T HOST LIXELY WIRST
fuaber of ShIfts for Srouns Doeriters Bumber T4ep ’ ¢ .
EY¥4 Pavipsenc Unit Cost T i ?- -:C_E-'IA ’ -';.leeé 2.0:10° 5,0x10%
Mantpylatar Gait Coie S .| cerate | &0I0° L | n.gmid 10.0310F .
Manipulstor Anartisstton Facior Fraction | Ru44¢p . .82 -
LEG Spece Station Unit Cost L _— 1g0x14% 360105 2202108
LEG Spsco $tation Amgrriszation Factar fraction tieg o735 R 2.2 N
520 Spage Station Ustt Cast [ I st 120c10® asoxto®
GEC Spice IEEC1On Adortisacion Faceaer Fracoian  dpeq cre . a,2 .
3pace jrztian Resupply Specific Coct 1 f4/% RES 5.0 12.9 .0
Ll unit Cast $ gt g G
LT Asprtfiatton Factor Feaetion ey . a.2 v
415 Ualt Cost s ey 10x10° ‘taoxto® tooox16®
AI$ Amortigation Fictor Fractron s . 0.2 -
Cryo Tug Prooeilant Specitic Cose irkg St pROP . 0.58 -
fon Propeliant Specific Cost Py Sirc oRgs . 9.31 .
Crew Madule Unfe fost H EC‘E“ 1::;!05 23“05 ‘3‘135
Crew “Module -\ﬂ:ér_;.i:itln.n‘ Factar Fractian Yaata - a3 -
Ligquie nydrogen itqr:qa Tans ontt Cost 3 Syr 125108 1ealg? - 19®
quuid Oxygen Starage Tank Usit fost H Sy axs 1zale®” 16210° 2013°
1om 3repellant Storaqe Tanx Umt Cost 3 o 12x10° t5x10% 20219°
Ligquid dydeggen TE&Ak Asgrcisagion ractor Fric!!un' Yyt J.67 1.0 1.3
Liquid Duygen ‘Tank Amoriisation Sactor Fractign LN YT r a.57 140 1.5
lon Propellant Tank marticdtian Factise Fraccian LIt 2.67 1.0 13
Aatenna Power Distributina Soecific rost SR Sop 9.2 10.8¢ n.30
Phate Contru—I"S.pqc’ch fast sk CPC 16.23 13 7 7.8
Aavequige Specrfic Sast At Sug 1.92 3.z0 17.50
I0-AF Converter Specifie Coit §/kd *ar.3 11.57 16.30 1.3
Anceany Strycturs Specific lost 3fcd Tia 3.8 3.20 3. 1o
Salar Array 3lanket Specific Inst 3rin’ “xg 7 3107 55.9¢10° 15.5419°
Tolar Arres Congentratar Spesific €opt: briet LTy 1 nag50? z.om10° 6amld?
Leaducting Structyre Soecific last /g for o 3.9 X0, 2
dan-fongucting Stryctures Specafic “ast [ T4 _:-::m,; f i . 3. Jifi 3]
Cantral Yast Specific (ot LTAY ] Sarpn .0 11,2 20.0
Migceilenegys Dpurpment Foedific (osc Mg Cyise 21 b3y 50
Tecténns Sits Sowcific fost 1Y% ‘g (] 2.8 .27
pceunna Structure Soecific Lot ) o k¥ detangt 3.4 1320 136,47
2F-3C “anvertar speaific Cost Sred Syeung 10,30 a2.20 1288
Power Inteefact Somccfic Togk boda Leqrgar 19,40 13,2 38,47
Yhate fantrsl ase¢ttir Togg §rud T3 333 e 1
Selar Flys Syastaat - v, a . .35,“.);‘ .
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TABLE C.2 LAURCH FAGILITY GROUND STATiON, AND SPAL:E STATION O&m INPUT VALUES
INFUT ELEMENT - UKITS 1"“:;;2” RAKGE OF vALUFS
— HIHIHUN HOST LIKELY HALXTMUK

Number of OLN Rasupply Flights Per Year Numbar Hass FLTS 1 1 1
Cost Per HLLY Flignt s cuuy 10 ax1g® 20210°
Angrtisstion Factar for the HLLY - Fraction Iy 3 .01 a1
Uit Cost of HLLY s <y unit 150x10° s0ox1e® 600x10°
Gost Par ALS Flight $ Cars £Ls 1ei0° 1x10% 1x10°
Unit Cost of ALS far O0SM flignts ¢ 8 Chrss g:xlo‘ 232108 23x10°
Amprtftation Factor for the AIS Fraction Eore Q.20 0,20 0.20
Total dusoer ¢f Leuach Mission Control Persannel Hunber % Ep 320 320 120
Cost Par Parten - Ldunch Yistfan Contral S/yr fiep 43,780 43,780 43.7%0
Parcentaga Rate af Ground Zcuinment Raslaceannt Fraction FG?D Taule 533 .01 .01
Procursmant Cost of Ground Statioe 5 €gnp star | CInPut Fram Unit Praduction Cost Madel]
Total Number of Ground Statfom QM Personnel Humber Heer o 60 3] 50
Gost Par Parson - Ground Statfon 0&M $lyr Se5r P Euxw'1 scxlej EOAF
Crew Ratatien Rats +/Year feany 4 4 4
Cosp Per Shuttle Fligat 5 P— 1x10% ° 12x10° 20110°
Amartigacion Factor for Shuttls Fraction | asyypye 8.1 0.01 0.91
unit Cost of Shutcls 5 -] % ouarr 190x10% 190x10° 190210°
Cast Par fug Fligng s Srye gos 1uie® ato® 1x10®
ualt Cost of tyg ) ¢ ©rus t2x10% 15210% * 285100
imgrefsation Facter for Tug Fraceion dann 9.0§ 7,95 9,95
Cost of Craw Hodule Refurbiihment 3 Seapy sce 1x14° 1x10° 1110°
Unie Cost af Craw Modulse H Cenin 18x14° 23x10® 40:105
Amgreitation Factar af Crew Yodule Fract'on Sroey ‘9.0l 0.0} 3.91
Asgrtisation Frator of O8N Spuce Station Feattion g o4l 8.10 9.00 5,10
Mass of GEQ Space Station g 7 "atn s/ 16x10° 76107 75:103
Seecific (ast of Transportation to GZ0 3/kg SaEQ TRANSP 106 108 106
Anoriisacian fagtor for Neafpulators Fraction [ ag,. £qULP - PRY 0.1¢ 2.10
Total Numbar 3f Q&KX Manipulatars tunber | Ny pana #0 R 50
Mas1 of 03N Manioulazar ig fyan1p 182 182 182
Unft Cast of 08X Manfoulacor 5 | oy uange] 2107 sxto® 8a10®
spacific Cosg of $isslon Contro] Faclidty §len 'SJS ue [] & 4
Powar Qutzut it Rectenna Jusber (B.4.L} tH [] . R .
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Jabia £,3 Satellitz 084 Input Yalues

———

FATLURE

fAnnual Consumption)

. LRy * LRU PRO- [GEO TRANSE | ASSEMBLY
HAINTEHANCE ELEMENT RATE, A | waSS' (kq) | CUREMENT | seeciric | sPectflc
{1/M78F yr~ly 37 3008T ($/%g)lCnsT {5/kg))£0ST {5/kg)

Solar Blaakat 2‘6310‘4 47,900 180 108 132
Salar Concentrator <z.ga1ad 7.637 54 108 132
Monconducting Structure - o - - -
Bussss 10-% 26,000 81 106 191
Switches 1077 97,484 190 10€ 132
Yast 351072 85,000 81 106 191
Microwavs Tubs 1.12x1575 3,017 236 106 132
Power Gistributian 3:{10‘z 3,017 236 ide 132
Command Electronics [0.1%/Yaar} 87 43,788 106 132
Ancansa (£xciuding Tubes) 1102 3,107 236 106 132
Latenna Structure - - - - -
Contour Controd I.ZSxID'6 2z i1 106 132
Rotary Joint 31ip Ring:

- drusn wot 10 ub 106 132

. $1io Ring i 63 195 106 132
Hoktary woint Jrive:

- Hdtar/Gears o7k 1,367 98 106 132

= Limb B 1,086 - - -

‘cantrol System:
- Actuatars 3 32102 203 7.500 106 132
-~ Prepelliant - 24,000 n.33 i06 -

* LRU » Lowest Raplacaeable Unmit
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APPENDIX D
ESTABLISHING UNCERTAINTY PROFILES

The purpose of this Appendix is to describe a methodology .for
establishing uncertainty profiles. The methodology is illustrated in
Figure D.1. ’

: . . ’ *
The first step is to establish the range of uncertainty. -
- The range is based upon knowledgeable persons assessing what can go
right and what can go wrong. The range is then divided into five
equal intervals (it has been found that it-is difficult to "think" in |
terms of more than five or six intervals). The second step is to per-
form a relative ranking of the likelihood of the variable failing into
each of the intervals., Once this has been accomplished, the general
shape (skewed left, skewed right, central, etc.) of the uncertainty
profile has been established. The third step is to establish relative
values of the chance of falling into each of the intervals. For example,
in the illustration, the chance of falling into the first interval is
estimated to be half as likely as faliing into the second interval.
This is repeated for each interval relative to the previously considered
interval. The last step is to solve the illustrated equation for the
quantitative values by substituting the data from the previous step.

It can be helpful to have a few individuals independently
perform the above procedure. Then they can compare their resuits and
make changes accordingly. T

The proper interpretation of the range is that there is zero
probability that the variable can 1ie outside the range. Hence,
it can be inferred that there is zero probability that the mini-
mum or maximum values will ever occur or be exceeded,
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1000 1200 1400 1600 1800 2000
min. max.

a) Specify Range of Uncertainty

I e

ololoe 6Ty

1000 ' 2000

b) Perform Ranking (Qualitative)

= 2
PZ pl/
|4

P,=P,/2
2
B/

P
4

JPS:Pd/z
R .

'

1000 2000

c) Establish Relative Values

PI + PZ + P3 + P4 + Ps = 1

By Substituting fZom (c) Solve for P Values

26% | 51% | 135 S5k

<
1000

d) Establish Quahtitative values

Figure 0.1 Methodology for Establishing Shape
of Cost Uncertainty Profile (pdf)

REPRODUCIBILITY OF THR
ORIGINAL PAGE IS POOR
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APPENDIX E
STATES-QOF~KNOWLEDGE AT DECISION POINTS

The states-of-knowledge at the decision points of each al-
ternative program plan have been subjectively assessed and are shown
here in Tables £.1, E.2 and E.3. The numbers shown represent the-
percent reduction in uncertainty (that is, the range) in each variabie
over the state-~of-knowledge today (that is, January 1, 1977). These
improvements in the states-of-knowlédge derive from work that is
scheduled during each branch of the respective decision trees, The
variables for which a dash is indicated have been treated as deter-
ministic in the analysis conducted to date. It has also been assumed
in this analysis that the state-of-knowledge relative to operation and
maintenance costs does not change from the present state-of-knowledge
until the 10D of the first unit at which time all uncertainty disappears.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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TASLE .1, SYATEOPINOATD0E AT JECISIOR FOINTS « SRQGRAN 1
THPROVENENT 1M ThE STATE-OF-
XSOWLEGGE OYER VOQAY, 3
THRUT ZLEMZHT wiis ! YARIALE
MAKE QP A nr. 8
Pawer Outpud at the Busbar i 7 - -
Packing Feotor of the Solar Slankat Fracetas Pe 59 100,
Effsctive Goncantrriion Aatio Fracttdn Ngrs - -
Solar Coll {fficlency Fraztion gg EZ] 100
Solar Array Powar Btstridution Efficlency Fractian Agppn » 100
Antenne Gaterface €f7iciancy Fracsion | nypp rur 75 120
Antanny Power OBistribution Efficlency Frectign AT 20 7 168
BC-RF Converter Efficigney Fraction LITTS " 5]
Phask Control Efficiancy Fractice fpe 75 0
lonospheric Prupagatien Efficlancy Fraction | nyay agne - -
Ataosphorie Propagition Efficiency Fraceioe | ngxy panp 4 100
gasm CoTlastion Efficiancy Frection e [/ L]
#F-DC Convertar Efficiency Fraction Ngr.oc 0 10
decienns Powar Distribution Efffciency Fractlon | ageer on 1 00
Spacific Kess of the Solar Dlanket T Big 1 160
Efftciency of the Scids Concantrazor Fragiton Mogxe 16 a0 ;
Spec1fic Masg of the Solar Concentrator kq!isz T q 160
Ratig, SNen-Cgna. Stryft. Yass to Array Aced kqflu:z Meyey 20 100
Spscific “ass of Cantral Masg g/ xm Teroy 20 100
Aspect Ratto of Satar Array Fraction "y P -
Antenna Clearance Fraction " “. -
tHamater of Trangmitiiag Antanns ka Dant - .
$pacific Hass of Antenaa Structure kg / kW Manrs 10 1a0
Specific Mass of DC-RAF Converters kg ku [peonF 30 149
Specific Hass of Wavequides kg/ kM e ] 09
Spectific Hass of Antenna Interface (LTI T b 190
Specific Mass of Fhase Contral Elestromics 11141 Bpcp 30 100
HiscelVansous Mags g Hupse » 1%
percantage of Satellite Assempled by Hin Friction a 1 10
Rite of Minned A¢sambly ¥nf0sy R[anneo Hi bi]
Ritg of Remots Astenbly wys0y Razunts 25 0
Total Construction Time N Oayy Tegnst an ue
Shift Factor sy fg I -
Perscanel Productivity Ffactor Fraction fy H "
Teleoperstor Avatladpility Fecror Fragtion | fapie gy [ g
Telsoperagor Work Ficlor Frattien fe ] 100
Fabrication Rate of Hodulss kgiDay Reag 3 [ca
Fabricstion Madule Availabllity Factor Fractian fraa 3 X
Percentage of Personnel Using Hanfpulators Freetion s i -
Mynipyglator Availtability Factor Fraction fuants A 1
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TABLE E.}.  STATE-OF-XNOWLEDIE AT DECISKON POINTS - PROGRAM [ (CONTIRUER) "
- [HPROVEMENT IN THE STATE.0F-
KNOWLENGE QVER TODAY, %
- (HPUT ELEMENT uarrs | VARMASLE ;

. HAKE D:P. A - 0.p. B
Humbar of Pyrsonngl Per LEQ Spaca Station Humber | f oo o T -
Fatricacion Module Yaig Hass A g LI s 109
Telaongrator Unit Mazs T kg o “";ELE 25 0w -
LEQ Support Tug Unft Mast . 1 LI . o 109
EYA Equicment Unit Hats 114 Teya % 100
EVA-Unit Use Facior Srigtian 'E'JA 0 100
Nenipulastor Untilt Mass ¥q Ayan1p .oas 103
LED SPpace Stagfon Uare Masy € My 58 2 1y
Astembly Cquip. Propellant {scimation Fageor | Fractian £iE aRop 2 100
fpace Statian Raesubply Eatimdtion Figter Frectian (51’5 nEs ', - R
Craw Hodule Untt Mass kg e ped 25 160
EE.O Space Station Unft Mass %9 B0 544 i ] 100
LCT Votal LEO-GEQ Hissian aVv n/tee AV er . -
LCT Rgcket Cahaust Jet velocity afsec I’ch‘r - -
LCT Propalliat Adsy-fFriction N Fraction YLer . .
Crew Rotition Perigd Days Taar o 100
AlS Totsl LEQ-GEQ Missian a¥ nigec aVyps - =
AIS Eandust Jer Velocity LTAT I3 .. - I N
ALY Propollint dasg-rFraction T [ fractron 4_”‘;" - - -
Liquid Wydrogaen Storege Tank Usmit Mags g et .- -
Liaufd Hydrogenr Starage Tank Cavagity kg Cy» . .
LTgu1g Qxygem Storage Tank unit Mass kg ™ oart P as
Liguid Dszsgun Storaqe Tank Capadsty 0 Coner boes .
fon Propellint Stoeage Tank MHisg kg n“" .- .
tan Propelilant Storage Tank Capagity g r,“, - l -
ALLY Prylodd ta LEQ 3 ""fl - LT
HLLY Avarige Losd Fictor Fraction fiasn 0 100
HLLY furnaround Tima lass Tyt e - -
Nunmbdr of Perionne] Per Shutcle Flighe Synber fouyTrne a 100
Shyttle Tursarsuad Fime Sy Ts tuma v .
Liunsch Cost Par KLLY pragay 4 RE ' 190
ALLY Unit-Cose § LR [ 160
Launch Cost Per Shuttle Flight H Teqprire 100 100
Shuttle Unit Cosg H l Tt 1to 120
fabrication Module ynstL Cost § J Srag L] 190
Fabsricagtion Madule dmartisation Fictoe Friction teag . -
TC‘IUBIFOIH—P Yale Zadt - $ SreLE 3 i00.
Telecoparator 3Acrtisation Faglar Frictian iy -, -
Assembly Zquipaant Srazellant Specific Cost H Csg poop | - -
LEY Suppbort Tug Uit Cost B I 2 160
LEY Swopart Yuyg Amsrcfiatlaon Tdcter Feactianl iign | . .

R DUCIBILITY OF THE
QRIGINAL PAGE IS POOR



TASLE £.1. STATE-OF-KROWLEGGE AT CECISION P01MVS -~ P20GRAH 1 (CONTINUED)

THPROVEMENT [Y THE STATE-QF~
KHGKLEOGE QVER TADAY, %

HUT ELEMENT nTS VAREABLE
HAME N o.P, 8
tumber aof Shifty for Ground Operatort Husbar -'ﬁaa b i
EuaA Eaulpwant Unit Cost 3 Siva 2 100
_Ranipuiatur unig Cost 3 ‘sau;; 1] 150
Hanipulatar Amartisation Factor Fraction | ayaypp . -
LED 3pace Station Unit Zost $ S1EQ 578 Q 100
LEO Spdce Sration Amarttsatien Factor Fractien Beg 578 - -
GEQ Space 5%afvon fakd Cosv 3 C1e0 §76 3 0
GEQ Spacy itaglon Amortisacion Fyctor Fragiian Xirp o5 - .
Spsce Station Resugbly $secific Lot § Ces5 ags 1} (0]
LEY Yart Tost 4 Cler ] 30
LLT Amortisation Factor A Fraciton Y er . .
AlS Ynit Cost - 3 Care - 9 0
Al5 Azorcfsacion Fictor Fraction dars - -
Lryo Tug Propellint Specific Cost i CLcT pogR - .-
lon Propellant Speciflc Cast Loy Si1s puoP . -
Creaw Madule smariisation Fagsar Fraciion dagey .. ..
Liguid Aydrsqen Storage Tane Umit Cpst 5 1u7 4] Hl
Liqusig nruruqcn-&:ura;:‘;;nk dnit {ost H line b] 160
Linu1d Oxygen s:arpqc-?;ni uait £ast $ Tegr 0 100
lon Propellent Stordqge Tank Umit Cost s fry '] 100
Liqutd Hydragen Tank Amortrsation Factor Sraction oy ] kD3
Liguia Jdzyges “anx Amgriisation Factior Fracticn A g2t Q H ]
'ogn Propellant Tink Amortisatian Tactar Fractian LI 0 100
Ancennd Power distribution $pacific Cost LAY ] Cag 25 ]
Phase Loatral specific oty $rxy Syp 5 0
davejurde Specr®ic’ last ) LTAY] .5 11 10
JC-3F Coavertar dpreific Zost k4 €9g.oF F ko
Antennd Struciare Spacific Jost Sred Lo ] 30
Salar Arepy danist 5secific Cost s loag b3 0
Sarer Array Cancentrator Spegific Zost §i1al Tear P 0
fonducting Structura Specyire Cost Ihvg Carp 4 E
ton-Zongucting Strugturs $pieific Lot Beq Zeryg 3 By
Cenzral "ast Sonctfie Cost iy L 3 Fil
viscellaneous Exvipmant Spacifre Sdst £5g Sutse % it}
ectenna Si3e Specific lost AT Sar ] L[]
Aectenng Structire srecific 295t 3k Csrayry K 1
@F.JC Convertor jpActTis LSt VY] Zaf.3c . M )
Power Interfice Specific font L] Srdroae 5 1%
Apase Taatrol lpec!fic lask SSLH Cap R 19y

Solar Tlud lonstant
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TASLE €.2. STATE-OF-KMOWLEOGE AT CECISION POINTS - FRGGRAN I

IMPROVEMENT IN THE STATE - OF «

XNOWLEDGE OVER TODAY, %

tHPUT ELEMENT URETS YARIABLE

. RAKE 85,4 0,83 orc
Power Qutput at the Busbar kW P - - .
Packing: Factor of the Solar Blanket Friction Pe 20 ] 10Q-
Effoctive Concantratioca Rattio - Fraction Nart - . -
Solar Cell Efficiancy Fraction e 40 50 100
Salar Array Powsr Distefbution Efffciency Fraction fAgasn 90 00 ™|
Antennd lnterfice Efficiency Fraction AART-INT 20 1o W
Antorns Power Oistribution Efficlency Fraction ManT PO 0 10 LI
BC-RF Convarter Efffcisncy Fracttan Unt.ag %0 100 |
Phate Contral Efficiency Fractisa fpc 50 16 104
lonospharic Propagation Efflciency fraction "{an PROP - . -
Atmospneric Propagatian Efficiency Fractloa | ngyy ppap /] 100 100
Bear Coligetion Efficiency Fraction fac [ 100 1w -
NF-OC Convarter EFficlancy Fraction LTI Y 100 100
Rectennas Power Oistribucion Efficiency Fraction [ appey pg 50 [ 100
Spacific Mass af the Salar Blanket g/t Msap S 90 100
Efficiency of tha Selar Concentrater fraction Nege W 0 106
Spacific Hass of the Solar Concentrator k?_ltmz Meag ¢ 90 100
Raeio  Conducting Struct. ¥ats to Array Arer kq,rlmz Mews 20 iL] 190
Patfo:r Hon-Cond. Struct. Muss o dreiy Arga kqiknz Mooye 26 30 140 )
Specific Muss of Cantral Masgy ;iq!m! femen 20 $0 194
Aspect Ratlo of Solar Array Erecttian T . - . R
Antgnna {learanca Fraction n - - N
Ofzmeter of Trantmicting Antenn: kn Panr * - .
specific Mass of Antanna Structure kgl LIV 0 0 o
Specific Nasg of OC-AF lonverters xg/kd LY 0 %0 100
Spacifie Masy of Hivaguides xg/td s 1 30 100
Spazific Hast af Antenna interfacsa g/ LTI 30‘ §0 160
Saecific Mass of Phise Loatrol Electronics kg/rd faper i 0 160
Kiscellanaous HMass kg Magse ) W [ —
Percantage of Satellite Atgambled by Man Fraction 3 . 0 80 100
Rate of Hannad Assembly kg /0ay Ruanuen 0 0 39
Qace of Yemote Avsesbly hg/Day Raenare o B0l (5]
Tatal Constructhon Time Nays Teousy - - -
Shift Factor 108y fg N - -
Personngl Praductivity Facrar Fraction ' L 77 ]
teleasarator Availability factar Fraction ’!ELE 1w ) 180 =]
Telegneriter Yark Fictar , Fraction f; ! 5] 190
F1defcetion Rate of Modulet egNay T4 3 B ‘100
Fibricition Hodule Aveilabilrty Factor Fraction “enb 9 9 00
Parcentige of Pertonne! Using Hanfoulators Frict on ¥ - b -
Manipulatar Aveitabaticy Facter ' Fraction |  fuaye 3 7 (Sal
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TASLE £.7. STATELP<aDRELEr AT DECISIOH POINTS - PROSRAR II {Cont‘)
- : [HPPOVEREHT TH THE STATE « OF
AT ELERENT — VARIASLE IROALEQCE-QVER TAUAY, &
RAME D.P.A * 0.2.3 L

Luabar of Persoame) Pgr LEQ Space Station Huzhar foeq sre N . N
Fasricatios Nedule Uaft Wass g .- Beys 2 108 m
falaoparatar Uade Hacs . kp HreLE o 163 100
L34 Suppsrt Tud Unkt Mase (1] STy [ 19 100
EVA Cguipsent Unit Hats kg Feua 9 100 100
E%h Unic Use Tagtor faypctisn Tey) 1] og w
Henlpulagor Ynft Hegt kg Syt [} 4 L)
LEG Space SEatton Unit Maes 1 %5 4/ 10 [l tod *
Asspably Cquip. Propelient Eicination Factar | Fraction 2 paos 0 10 toQ
Sodce Stition danuppily Evttastion Fiztor Frection | fo 0 oee - - .
Craw Madule Unit Mist 1] L [ 100 o
GED Space Station Uatt Macs ky %z 573 '] 100 100
LCY Tota) LED-GED Migston av nigec .qu - - -
LET Aocket Exhaust Jet Velogity afiec VJL‘H - - -

" LEY PrapelTant Hess~Fraction " Fractieon Teer - - -

[ Crew Ratation Period vays Taot ® p ™
AlS Tatel LEM=RCD Missfon AV LTATIS Ay e “ - -
AlY EXRGUST Jet Velagicy m/leC TJ“S . - .
115 Frapal Tagt Hasi<Fraetion Fracticn Aars - - -
Liquid Hydranea Starage Fank Unit Hiis kg T - - .
Liguid Hydrogen Storage Tank Capacily [ 7] Syt - . -
Liquid Oxyqan Storage Tank Unit Hass %3 " aet - LT —--ﬂ'-_—-‘
Liqutd Oxygan Storsége Tank Cimacity kn ch-ur hd - -
oA Propeitant Storage Tank Mass kg "op V. - - R
loa Propellant Stordge Tank Capacity ky ot - - -
HLLY Payloed to LEQ kq "WL - - -
KLLY Avarage Lodd Factor Frect ton fLarn ] ) To0
HLLY Tyrnaround Tima : Bays Ty rymn - . -
Nymbar of Parsonnel Per Shuttle Fllight Hymber 'm.rﬂl.t ] 0 1o
Shyttle Turnaround Time Days Ts TURK . - -
Lauach Cost Per HLLY 7'13-t ' Sy ] 50 100
HLEY Lnit Cost H Sy ountt 9 L %0
Launsh Cact Par Shuttle Flight i - (] Ix e
Shuttle Unit Cost $ ot 30 0 100
Fabrication Hodule Unig Cost . % Sran ¢ # 109
Fabrication Hodule Amsrtiyation Factor Pra:ucn_ Tean - - ‘:‘__‘ -
Telguparatar Usit Cost i SreLe g ] 100
Telgoperitor Asortisition Fagtor Fraction ATELE - - - i
Assembly Equipment Propeilent Specific Cost 5 £at nrop - . -
LEO Support Tug Usrt Coit 3 e ¢ —-“-IM 140 i
LED Sygport Tug Amorifsition Fictor Friction Atyg . . .

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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Tebls £.2, STATE-OF-KMOWLEDGE AT QECISION POINTS - FROGRAM 11 (Cont'd)
mgzuvm IN THE STATE + CF
um:; — s VARIABLE KNOWLEOGE OVER TODAY, %

HAME oLPA L 0.p.8 0.7C
Nugbar of SHifts for Ground Oparators Xuaber arn - - o
EVA Equipsent Ualt Cost $ CEVA -] 100 109
Haenipulator Unit Cost ) Cuanip ¢ %0 103
Hanfpulstor Amortisation Factor Fractian! ap - . - -
LEQ Space sgatioa unit Cost 5 <50 §/3 ] 10 1%
LEQ Space Stitian Amartfsation Fictor Fragtion 'LEﬂ‘ SIS - - -
GEQ fpace Station Unjt Cost $ Sero 578 0 100 100
GEQ Space Stacion Amgrtisation Factor Fraction | .. c/¢ - - -
Space Stitfon Resupply Specific Cost $ C5/e RES ] 100 108
LCT Unit Cost 1 Coee [} 100 0
LCT Amgriization Factor Fracrion et - L | -
AlE Uniy Cost $ Sals 0 o ]
ATS dmortisation Factor . F Fractlon Ls - . - *
Cryo Tug Propelhant Specific Cost 3y €L et Paop - - *
ton fropallast Spacific Cost T Sa15 FROP * - -
trew Modula Ynit Cose H Zerew ¢ 100 100
Crew HModule Amartisation factor Fraction Yepcw - . -
Liquid Hydrogen Storage Tenk Uni: Cosg H byt .9 . 100 100
Liquid Qxygan Storsge Tank Unit Cost 3 ¢ art 0 153 tag
lon Propellant Storage Tank Unit Cost } Sy [\] - 0 180
Liquid Hydrogen Tank Amortisstion Factor fractfon T 0 100 100
Liquid Gayqen Tank Asartissiion Factoer fraction 4 oar ] 100 10
lon fropellant Tink Amortisation Factor Fraction a0y 0 ; ] 100
Antanns Fower Distribution Spacific Coxt §/%v op 10 30 T00
Phasd Control Specifie Cost 1744 o i0 L] 1m
Vaveguida Specific Caxt $7%N Sy IOV 0 100
OC-RF Coaverter Spacific Cost $/ku T 10 50 104
Antenns Structura Spaciffc Cost $/¥% Cep 10 0 5]
Solar Array Olankat Specific Cost, $7%at Cayn 1o 0 100
Solar Array Concentrator Specific Cost srumd Ssac to ko] 100
Coaducting Structure Specific Cast 3/keg Cere F] 0 100
Mon-Conducting Strycturs Specific Cost $/kg “Corne 10 160
contral Mast Specitic cost $/hg Cerop 9 ¥ 100
Hiscellennous Equipnant Specific Cost $/kg uise o 5 00
Rectenna Site Specific Cast $/ kW tre U] 0q 100
Rectanna Structurs Specific Cagt $/ M SsTRUCY 19 60 iog
RF<DC Convartor Specific Cast 87k Car.pe 1] 100 100
Powar lnterface Specific Cost , $/eM CINTERF la 100 1%
Prase Control Speeific Cost $/kW Sap to 100 100
Joiar Flyx Congtant ky [3 . . -

WP TNTT T xeey
REPRODUCIBILITY OF THE

BRIGINAL PAGE IS POOR
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= Tagie €., STETELCR-XNALEDSE AY DECISION £O1WS « FROqmaN BT
oo THPROVEENT 18 THZ STATE = OF
SHPUT ELERENT — VARTADLE XXM EDGE OVER TODAY,
, g [ ALA ot Abo

Fowdr Outpyt st thx dushar - ™ » - ' -
#rcking Factor of the Solar Glznkt fractios,| .. 7, ” @
Erfsctivg Concantratiaon Ratie Fragtion Nosr . -
Safsr Cetl EfFffciency Fraction e 5] k]
Solyr Arrdy Powar Biseribution Efficiency Fraction Nensn 8 100
Antinna lntarface Efficiency ‘Fraction AAfT.IRT 40 100
Antonna Oower Olstributtion Efficisncy Fraction faur 2D [2:3 fLi ]
DC-RF Zoaverter Efficigncy Fraction [ ag. e 40 0
Phasa Congrol Efftclancy Fraction M % 00
lanospheric Prupsgation £Ffigiency Fragtios | feay sans - -
Atatisharic Propigation £ffictioncy fraction Ngey pAGS [} 09
Besa Goligcctfon Efficioncy Fraction Nye a i)
#F-0¢ Converter Efficiency Fraction f.oe 4] 150
Rectanny Powar Qistributfon Efficleancy Fraczion Magcr po bii] [
Spacific Miss of the Solar Glanket crrin? " 50 ) -
Efficiancy of the Solar Caoncentrator Friction Teane 59 54 3 :
Spectfic Mass of the Selar Concontrator %3/kmé Ry % % e
Ratto: Canducting Struzt. Hass to Array Ared kqlknz Aggp [ €0 = __
Rasto: Nonm-Cond, Struct, Mass to Array Araa ¥g/eat = 1] 90 § _
Soacific Miss of Central Mast kg/km .::i:ﬁ 50 90 ; '_'_I
Aspect Ratio of Saltar Array Fraction LN . - g -
Anptanna Cledrance Friction " N - -
Biamuter of YTrantmitting Anteana kn OAHT - - R
coeelflc Hiss of Antennms Structure k9/kW Bty [ 9
SpaciFic Hass of JC-RF {onvertert 13- FA4 Moc.nF [} 9
Spacific Hass of Wavequldes g/ ki g 8¢ %,
Specific Hass of Antannd Eaterface kg kW MANT-IHT € 9
Specific Mass of Mhase Control Elactronics g/ M L. 5] ]
Hiscelianwous Mass 5§ Marse £ L
Percantage of Satelifite Asseanled by Mén Frictien ) <) %
Rate of Heaned Assembly k9/0ay RHANHED 9 ]
Race of Remote Assenbly tg/0ey Ratnare @ o
taeal Construgtion Timm Jaye tednst - -
Shift Factor f/0ay fs * .
Pyrsonndel Productivity Factor Fragtfon fu i [
Telaooarator Availabtlicy Factor Fraction | fae o 4y 0 o0
Talgoparator Mork Factor Fraction fy N e
Fabrication Rata of Hodeles kg/Nay Rpag a ki
Fabeleetion dadule Avaliabélity Fagter Friction ras <0 o
Percentage of Persanne! Uiing Henipuliters Friction Y - .
Nanfoulater Avarladiltey Factor Frictioa| fuyaugp k5] _leg

REPRODUCIBILITY OF THA
ARTAINAT, PAGE H POOR
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Table €.3, STATE-GF-XNOWLEDGE AT PECISION POINTS ~ PACGRAY 3T (Cone*d)

EMPROYEMENT [N THE STATE ~ OF

XHOWLEIGE OVER TODAY, %

INPUT ELENENT ungrs | TARIASLE
HAKE 0.p.8 XX Lrp

Mumber of Persomnel Par LEQ Space Scatien Humber fLED 545 . .
Faprication Nodule Unit Masg kg fesg £ 100
Teleoperator Unit Mass kg NesLE _;, 160
LED Sepport Tug Ualt Hiss kg Aryn 50 00
€YA Cquipment Unit Hase xq Beya 190 o0
EVA Unii Use Factor fesezean e 100 100
Memlpulagar Unit Mast kg Byantp 50 0
LEQ Space Stagion Yait Hass g ™ Eg $76 100 106
Asgamnl, Cquip. Propailent Escimition Facter | Fraction | fyp penn 50 100
Gpece Station Resuvoply Zxtimation Factor Fraction fSIS Q€S - -
Craw Mozule Unil Mass g e vew 100 [ [r']
GEO Space StaCion Ynit dass kg Foen 578 I 130
LET Total LEC-GEQ ¥istion oY m/sec Wopr . .
LCT Rockat Eshaust Jobt Yelocity LIAY T l"".CT . .
[CY Frapellant Hiigasraction fraction et - A
Crew Ratation Merdad bays Tagr I 100 3
AlS Totel LEO-GEQ Missron &Y 6f5ec .'.'.r“s . . =_
ATS Zxhaust Jer Valocity il tee o . 3
ALS Prapellont dass-rraciion I'Frac::on J\_“:;, . : §
Liayid iygrogen Sxorase Taak Unag Hags -_-::9_" B 1 . . ;
Liquid Hyaragen Storage Tank Capacity tg Cur . _ !
Liquid dxyqan SZorage Tank Unit Mass kg T 0er . . s T
Ligquid Oxygen Storage Tanc Capacity L] cw” . -
ton Propeilant Starane Tank dass kg - :l,- - -
fon Propellant Scorage Tink Capacity kg Tog . .
ALLY Payload tu LEO g X . -
HLL/ dvarage Load Figtor Fraction fLoan n a
1LLY Turnaround Tiae Oays Vu vurn - -
umber af 2erygonnel fer Shuttle €1%gqny Humber 'EHUITLE 100 100
Shuttie furmarcund fite Diys Ts tyen . -
Lauach Case Per LY “igat s CHLLY ) 16¢
ALLY Jdalt cost s MULTIE; 5t 10
Launeh €os2 Per Shuttle Flignt $ CaMuITLE 160 1e0
Sautthe Unit Cott s 5wt 190 160
Fabrication Yodule 'tans Cast 5 Srag 120 9
Fabrizatian Wadul:'.\morhutlon Factor Fraction ‘aa . .
Teleoperitor Unit Cost 5 Crene 0 9
Teleoperatar Amortisdtion Factar fractinon Tegyg B -
Assemtly Equismant Praooellant Speciffe Caxt H -"5 ragp . -
LED Suoport Tug ¥mit Cost H Ceng 190 Wy
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Tabla .3, STATE-GF-RXCRAEDEE AY OECISION FOIRTS ~ PROGIAM 311 (Cont'd)

EMPROVEMENT [d THE STATE - OF
YROMLEDGE QVER TODAY, ¢

IRPUT GRERTNT ungrs | PARIALLE
hAME 0.7.2 2.p.0 AR D

Hunber of Shifts for Ground Operaters HuRdes ) - .

£VA Equigment Unte tost H ;‘E‘-'.A 100 160 .
ssstpulator Ynig Cost 3 Cyratp %0 %0 )
Hemtoulator Amoriisition Factar Fractien | dyuuep . .

LEQ Spact Statian Unig Cost s cLEO $/8 199 100

LED %o4ce Station Amortitétion Factor Fraction | &) ¢ 5/ . .

GEQ Space Station Ustt Cost H CAEG /% 78 100

GEQ Scsce Station Amortisatiom Factor Fraction dozo 525 - -

Spacs itagroa Resuoeply Spacifiec Cost 3 ‘s;s 15 Hl 190

LGY Unity Cosg s CLCF 5 100

14T Ssurtigatian Fagtor Fraction Aer . -

A15 Untt Cost - s ] s | e 0 -
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Cryo Tug Propellent Specific Cosc 5y Sier 2RoP . . 3
lon Progelldnt Specific Cost A €115 5ROP . - 2
Crym Module Dait Cast $ Coaen 100 100 | ]
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-l;l-num Hycrcqunnswrlqn Tdnk_wLnif. Cast H g o 100 - ; 7
tiquid Gxygen Scorage Tank Unit Cost $ SLoxt P 100 g
ton Prapsitant Storige Tank Unft Cost H < ¢ o

Liquid rydragen Tink Amartisation Factor fraction LI 9 100

Liquid Dxygen Tank Amortisazion Factor Fraction LT a 00

ion Progellant Tenk Amgreisstion Factor Fraction a“. ) g

Antennt Power Blstribution Specdfic Cost Y Cop 50 50
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deveyulde Soecific f{ate Sred Sup 24 a0

dC+RF Caaverter Specific Tost ALl Cag.aF 50 %0
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jobar Array 3laazet Specific Cost Sfm?' Exid £ 70

Solar Array Concentrator Speciiie fost s7en® Toap 0 56
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don-Conducting Structure Specific Case §7ks $2iuc 36 54
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APPENDIX F
COMPUTATION OF CONDITIONAL PROBABILITIES

This appendix details the computational pr%cedure for deter-
mining the probabilities necessary for analyzing the decision trees
presented in Section 4. It is to be noted that the probabilities are
conditioned upon getting to the decision node in question. Figure F.1
shows the effects of the decision rules acting on the probability den-
sity function of the current state~of-knowledge for Program I. The pop-
ulation or density function after Decision Point A is obtained by taking
the product of the initial probability density function with one minus
the cumulative distribution representing decision rule A. Thus:

) (;ostj = fy (cost) [1-C(My, op) ]

where C(Mj, op) is the cumulative distribution function for a Gaussian
distribution oé mean Mg and standard deviation O Likewise:

fB (cost)

fy (cost) [1-C{Hy, op) ]
and :
fo (cost) = fp (cost) [1-C(Me, o) ]

‘Then, noting that the area under curve fd is ﬁnity, PA is the
area under curve fA’ and:

* Area ynder curve fB '

P S -
B PA
and
Area under curve fc
P. = - !
C p

B
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Figure F.1 Analysis of Conditional Branéh‘!ng Probabilities
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GLOSSARY OF TECHNICAL UNITS AND ABBREVIATIONS

cm

GHz
GW

kg
km

kY

kW

kiWh

m

micron, (um)-
M

i

RFI

solar flux

a

" centimeter (10~

2 meters)

gram (1073 kilograms)
gigahertz (109 cycles per second)
gigawatt (109.watt§)
efficiency (decimal fraction)
kilogram (2.2046 pounds mass)
kilometer (’103 méters)
kilovolt (10° volts)

kilowatt (10° watts)
kilowatt-hours

meter (3.2808 feetj

millionth (10°%) of a meter

6

megawatt (10~ watts).

milliwatt (1075 watt)
radio frequency interference
1353 megawatts per square kilometer

standard deviation
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