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ABSTRACT

This study, conducted over the period April 1978 through November 1978,
addresses four issues relevant to SPS costing and selection of preferred SPS
satellite configurations:

1. Consideration of economic factors in the SPS system studies that
relate to selection of SPS satellite configuration

2. Analysis of the proper rate of interest for use in SPS system
definition studies

3. Study of the impacts of differential inflation on SPS system
definition costing procedures

4. Utility interface and SPS baseline design.

The first three issues are discussed in this volume. The fourth issue is discussed in
Volume 2 of this report.

A cost-risk comparison of the Rockwell International and Boeing Company
SPS satellite configurations showed a significant difference in the levelized cost of
power from them. It is concluded, from the assessment reported herein, however,
that this difference is the result more of differences in the procedures for
assessing costs rather than in the satellite technologies required or of any
advantages of one satellite configuration over the other. On the other hand,
however, a real advantage of the Boeing SPS development program does appear
over the Rockwell SPS development program. This advantage is .primarily due to
the fact that the Boeing SPS development program contains one additional decision
point prior to the commitment of the major fraction of the development funds.

Analysis of the proper rate of interest for use in SPS system definition
studies leads to the conclusion that the appropriate rate of discount is & percent.
This rate of discount is justified by examining both the real cost of capital to the
iederal government, that is, real interest rates on U.S. treasury bonds, and the
opportunity costs of capital measured in terms of real pretax return on assets
obtained by 1600 major U.S. corporations. This rate of discount is also in keeping
with federal policy on energy conservation.

A procedure is presented for SPS cost estimating taking into account
differential infiation that is likely to occur between now and the time that SPS
would- be implemented. The major item of differential inflation to be expected
over this period of time is the real cost of labor. This cost is likely to double
between today and the period of SPS construction.
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L. INTRODUCTION

During the period January 1975 through March 1977, ECON, Inc., teamed
with Arthur D. Llittle, Inc.,, Grumman Aerospace Corporation 'and Raytheon
Company, periormed an economic study and assessment of Satellite Power Systems
(SPS) for the George C. Marshall Space Flight Center. As a part of this study
ECON determined the range of likely costs for electric power irom SPS and, based
on these results, developed an economic rationale for proceeding with an SPS
development program. In the conduct of this work an economic evaluation
methodology was developed appropriate to long-range energy projects such as SPS.
This methodology recognizes explicitly the uncertainties inherent in research and
development of long-range energy alternatives and deals with them directly. To
begin with, uncertainties are quantified using a risk analysis computer model. Then
the results of the risk analysis are used in a decision analytic evaluation of
candidate SPS development programs. This methodology is particularly suitable as
an aide to the selection of preferred SPS satellite configurations and the
formulation of corresponding SPS development programs.

The above study also identified a number of key economic issues relevant to
the development and selection of preferred SPS satellite configurations. In a
follow-on study to this work, beginning in August 1977, ECON addressed three such
related issues: the effect of an SPS development program on optimal fossil fuel
consumption patterns, a study of the benefits attributable to alternative uses of
SPS technologies and a study of the electric power market penetration of SPS.
This study was completed in January 1978 and provided interesting new insights to

a number of critical economic issues relevant to SPS.
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As a result of the above studies, a number of -economic factors affecting the
satellite power system, its deveiopment-, desigr{ and costing, were identified. Four
of these issues are addressed in the study réported here. This study was conducted
over the period April 1978 through November 1978. The issues covered include the
following: .

1. Consideration of economic factors in the SPS system studies that
relate to selection of SPS satellite coniiguration

2. Analysis of the proper rate of interest for use in SPS system
definition studies

3. Study of the impacts of differential inflation on SPS systern
definition costing procedures

4, Utility interface and SPS baseline design including:
a. Receiving antenna site selection
b.  Power pooling issues
c.  Implications for SPS design.
Results of the study-on issues 1 through 3 are reported in this volume., Study
results on issue 4 are .reported in a second volume authored by Arthur D.
Little, Inc.

l.1 Economic Factors Relating to Selection of SPS Satellite Configurations

Two candidate SPS satellite configurations were examined in detail in this
study. These include the 5 GW gallium aluminum arsenide solar cell SPS
configuration developed by Rockwell International under contract to the George C.
Marshall Space Flight Center and a 10 GW silicon solar cell SPS configuration
developed by the Boeing Company under contract to the Johnson Space Center. A
risk analysis model was developed for each of the two above configurations. The
model made use of the data generated by the respective contractors to provide

cost-risk data on both satellite configurations. The cost-risk model follows the
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work breakdown structure established for the SPS by the Marshall Space Flight
Center. Documentation of the cost-risk models for these two SPS satellite
configurations is provided in Appendices B and C oi this report.

In addition to the cost-risk modeling described above, the proposed SPS
development programs fc;r each of the two configurations were also analyzed.
Parametric data on this analysis are presented, showing the economic value of the
respective development programs as a function of the busbar of price of energy
from competing alternatives, in Figure 1.1. Based upon the data provided by the
contractors and the assumptions made in the performance of the analysis, the
break-even busbar price of energy on January 1, 1999 is shown to be in the range of
20-35 mills/kWh (1977), not including taxes or insurance. The Rockwell I-nter-
national configuration and development program was further analyzed para-
metrically in terms of the learning rate on SPS system costs and the differential
escalation rate in the busbar price of power from competing alternatives.

In performing the risk analysis, a number of inconsistencies between the
Rockwell and Boeing works were uncovered. The area of inconsistency of most
concern to this study involves the procedure and assumptions used in costing SPS
system components. Cost estimates for SPS system components represent
forecasts or predictions of the future and as such cannot be precise. Varying
rationales by which such cost estimates are obtained lead to significantly different
results. As a result, the projected costs for the Boeing and for the Rockwell SPS
systems, on a levelized cost of energy basis, are significantly different. We believe
that this difference is due primarily -to these inconsistencies and not to any
inherent differences in thé satellite system itself. Thus, a major recommendation
deriving from this study is that further SPS costing should be developed by a cost

analysis committee consisting of representatives of both contractors and NASA and
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including also a qualified economist or operations research individual to assure that
cost ground rules and cost estimates are internally consistent and are consistent
with mathematical and economic theory.

1.2 Rate-of Interest for Use in SPS System Definitions Studies

An analysis of the appropriate rate of interest for use in SPS system
definition studies was conducted and the results derived from this study were used
in a preliminary evaluation of the Rockwell International SPS satellite configu-
ration to illustrate the differential impact of the recommended discount rate
compared to the 7.5 percent discount rate used in SPS studies to date. The
appropriate rate of discount was determined by bounding the problem from two
sides. On the low-side, the actual cost of capital to the government was
considered. The risk-free standard for the real cost of capital to the government

is measured by the interest rate on U.S. treasury bonds corrected for inflation.
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While during recent periods this interest rate has occasionally been negative, over
the past several years it has tended to lie in the'region of 1 to 2 percent.

On the high side, the discount rate is bounded by the opportunity cost of
capital, This cost is measured most appropriately by the rate of return on assets
generated by industry, corrected for the efiects of inflation. This rate, measured
by examining the profit and loss sheets for 1600 U.S. corporations over the pas‘f. 15
years, has recently tended to be in the range of 5 to 6 percent. The argument for
an appropriate rate of discount for use in 5P5 system definition studies further
draws upon the work of Von Neumann, performed in the 1930s. Von Neumann
demonstrated that, in a linear economy, the maximum stable rate of discount is
equal to the rate of technological innovation. Over the past 50 years or so, this has
tended to be slightly above 3 percent per year, Thus, it is concluded that an
appropriate rate of discount for use in SPS system definition studies would lie
between 3 and 5 percent, with this range representing the approximate resolution
of this study. Consequently, & peréént, or the midpoint of this range, Is the
recommended rate of discount. This rate of discount is also compatible with an
overall federal policy of energy conservation. Such would not be the case at a
7 to 10 percent rate of discount.

1.3 Impacts of Differential Inflation on SPS System Definition Costing
Procedures

The effects of inflation on SPS system definition costing procedures was
analyzed, First, it is argued that system costing can appropriately be done using
constant year dollars., However, because .of the fact that the time period of
construction of the SPS is 20 to 50 years in the future, it is additionally desirable
to account for expected trends in specific sectors of the economy which will result

in differential inflation between these sectors and the economy as 2 whole. The
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procedure advocated divides costs into three economic categories: labor, resources
and capital. Costing procedures in each category are defined separately.

It has' been observed that over the past 100 years the productivity of labor
has increased steadily at a rate slightly over 3 percent per year. This continued
increase in productivity has resulted in increasing real compensation for labor, that
is, increasing real wage rates. I previous trends continue, this will result in
roughly a doubling of the cost of labor between the present time and the early
period during which the SPS construction would commence. Thus, the cost of labor
should be differentially inflated accordingly.

The cost of capital is discussed in detail as a separate task in Section 3 of
this report and reviewed abc;ve in Section 1.2. The recommended real cost of
capital for SPS system definition. and costing is 4 percent per year. Variations
about this number, however, are likely to occur, thereby resulting in a component'
of uncertainty in the total 5PS cost.

Finally, resources are dealt with. Many resources required for 5PS construc-
tion and op‘erationl are found in abundance. The major question with respect to
these resources is only how one should estimate their price for the time period of
interest. It is suggested that long-term average prices are perhaps a good guess,
but that the historical volatility in price should also be examined as an indication
of the likely uncertainty in the present ability to forecast these prices. Other
resources may be scarce or depleting. For these resources, it may be appropriate
to consider the cost of alternative resource supplies or, particularly in the case of
energy resources, to explicitly account for economic rents attributable to depletion
of the resource in question.

In any case, considerable uncertainty exists in any estimate of resource costs

for the time period of interest.
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2, COST-RISK AND PROGRAMMATIC ANALYSIS OF
CURRENT SPS SATELLITE CONFIGURATIONS

The purpose of the cost-risk analysis described herein is to determine the
current state-oi- knowledge that exists on candidate SPS system configurations: a
determination which is a necessary ingredient of the comparison of alternative SPS
satellite configurations. First, the risk analysis output reflects explicitly--~if it is
conducted properly--a measure of the effect of component technology uncer-
tainties on system periormance and cost. Seécond, risk analysis allows a proper
identification of those technologies which are critical to the development of an
economically efficient system, a process of identification which is not possibie by
means of a nonstatistical analysis. The proper identification of critical tech-
nologies is a vital part of the development of efficient, candidate SPS R&D
programs. Third, risk analysis results are a necessary input to decision making and
program evaluation. The methodology which is used to conduct cost-risk analyses
and to employ the results in programmatic evaluations is reviewed below. Readers
wishing more detail than is provided here are referred to Chapter 3 of "Space-
Based Solar Power Conversion and Delivery Systems Study--Volume V, Economic
Analysis,"* which provides a more detailed description of the theoretical basis for
the techniques applied here. Following the review of the methodology, the results
from the analysis of the two candidate SPS configurations developed by Rockw_ell

International and the Boeing Co. are presented.

*Prepared ior NASA George C. Marshall Space Flight Center under Contract
No. NAS2-31308 by ECON, Inc., March 31, 1977.
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2.1 Methodology
2.1.]1 Cost-Risk Analysis

The purpose of the risk analysis described herein is to provide a computa-
tional tool for statistical system costing. The output of the risk analysis is a
probability distribution of system costs (capital investment, operation and
maintenance, and total life cycle). The necessary components of the risk analysis
include an engineering system model, a cost model and data which describe the
current state-of- knowledge on the system. The engineering system model must,
to the appropriate level of detail, reflect the interrelationships of the various
system components, such that, when one of the physical parameters is varied, all of
the adjustments necessary to accommodate that change are reflected in the new
output describing the system and its performance. For example, i solar cell
efficiency varies from a nominal value, the size (hence, total mass) of the solar
array varies as well, and this change in solar array size must be calculated along
with corresponding changes in total satellite mass, the requirements for space
transportation (hence, transportation cost), and so on. -

At the level of analysis presented here, system relationships are mostly
represented by linear approximations or scaling laws which, while they work fairly
well owing to the fact that many portions of the SPS system scale in a linear
fashion over reasonable ranges, are, nonetheless, an approximation that must be
recognized. The system masses are generally calculated as functions of area or
power throughput, with areas and power throughputs being determined by the
efficiencies of the power conversion and distribution elements of the system. The
series of power conversion steps in the SPS system may be characterized as an
eificiency chain, a generalized version of which is presented in Figure 2.1. Most of

the system components of the SPS satellite and ground station are related directly
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to the efficiency chain. Other components are more directly correlated to total
- SPS satellite subsystems.

The cost model translates the output parameters of the engineering system
mode! (such as the total mass, size or power throughput of subsystems, the total
number of launch vehicle flights to LEO, etc.) into estimates of the totai-system
cost. The general logic flow of the interaction of these two models is depicted in
Figure 2.2, The cost models employed in this analysis are formulated to calculate
the production and operations and maintenance (O&M) costs for a single unit, in
this case the "theoretical first unit" (TFU). While the comparison of TFUs of
different configurations is a convenient approach, to do this it is necessary to
apportion the costs of equipment which is used for the construction of more than
one satellite appropriately among the satellites constructed by such equipment. To
accomplish this apportionment of costs, the cost models calculate annuities at the
prescribed discount rate to repay the cost of each piece of equipment over its
design life, This annuity is then divided equally among all of the satellites
constructed in one year. In this manner, the cost of equipment common to the
construction of more than one satellite is properly accounted for in the cost of
each satellite. However, it is only direct charges such as transportation and
assembly costs which are attributed to each satellite, not sunk costs such as R&D
costs. Other assumptions involved in the engineering system model and the cost
models used in the analyses here are described below.

The final component necessary to conduct a cost-risk analysis is a set of data
to characterize the current state-of-knowledge about the technical and economic
parameters of the system under consideration. The possible range of values for any

of these parameters is typically represented as a probability distribution which is
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the subjective assessment by those knowledgeable about a factor assigning proba-
bilities to each value within the range of possible values. If a risk assessment is
conducted properly, the minimum value for each parameter distribution will be set
at a value for which there is "very low" probability of the actual value occurring
below that minimum value in the distribution; likewise, the maximum value should
be set such that there is "very low" probability that the actual value will be found
to exceed that maximum value in the distribution. The maximum likelihood point
in the distribution should correspond to the current "best estimate," again
subjectively assessed by experts, and the shape of the distribution should reflect
the current state-of-knowledge in that the more sharply peaked the distribution is,
the greater the degree of confidence in the estimate of the parameter value.
Conversely, a flatter distribution would reflect a lower degree of confidence in the
estimate. This latter degree of sophistication in risk analysis (the shape of the
input parameter distributions) could not be employed within the scope of the
current effort. The actual distributions used are shown in Figure 2.3, For the
purposes of this analysis the shape of the distribution depends upon the position of
the most likely value within the range of values.

Cne method for performing a risk analysis involves a Monte Carlo simulation
on the engineering system and cost models, that is, random sampling is conducted
to produce a deterministic set of input data for the two models and the resulting
system cost (or other output parameter) is stored. The process is repeated until it
has been determined by statistical means that a significant output sample has been
generated. This risk analysis procedure is depicted below in Figure 2.4. The
results of a risk analysis are conveniently presented as cumulative distribution

functions, showing the probability of a-given output parameter, such as total unit
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cost, being less than the indicated amount. While the output parameter distri-
bution functions clearly result from the use of subjective probability assessments
as inputs, that is, they are not derived from the sampling of actual events, they do
provide an interesting, and probably the best available, basis for comparison of
alternative system configurations, in that a risk comparison explicitly includes a
description of the uncertainty which exists on each system configuration cost
estimate. The usual alternative to risk analysis is & simple "point estimate" of cost
and other parameters. Presented only with point estimates of, say, the installed
cost per kilowatt of competing electrical generation technologies, a decision maker
is deprived of any indication of how reliable these estimates are, that is, of what
the likelihood is that each estimate will be met or exceeded. Risk analysis creates
a framework in which subjective judgment may be incorporated at the most

appropriate level (component by component) and accounted for in a mathematically
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correct fashion. Therefore, i the risk analysis is conducted properly, the results
will be an accurate reflection of what is really known about any ‘given system and
what the total eifect is of what is not known on estimates of system performance
and cost. And so long as risk analyses of competing systems are conducted in a
consistent manner, comparison of the results will be far more enlightening from
the standpoint of program decision making than the comparison of point estimates,

2.1.2 Identification of Critical Technologies

The framework for cost-risk analysis outlined above provides a mechanism
for assessing the individual technology elements which comprise the present
state-of-knowledge. Technology elements are critical to the current state-oi-

knowledge if, given perfect information on them, this information could substan-

tially influence decisions regarding the system development and implementation.

For the 5PS it Is assumed that programmatic decisions will be keyed, among other
conditions, to the total life-cycle costs of a single SPS. Therefore, a technology
element is critica!l if it alone can have a significant eifect on the cost-risk proiile
(meaning both risk-~the slope of the risk curve--and expected cost).

To determine the impact of a technology element on the risk profile, one
assumes that perfect information on the technology element can be made
available. In terms of the input variables to the risk analysis model, perfect
information s expressed as a deterministic value or spike distribution for that
variable. However, the value that any particular variable will uitimately assume,
between the minimum and maximum limits estimated as a part of the cost-risk
analysis, cannot be known in advance (that is, today). Thus, it is necessary to input
deterministic values for each technology element, one at a time, over the range
from the minimum to the maximum possible values for each variable to determine

the range of potential outcomes from the iniormation-gathering process. In the
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work performed here, each input variable is assigned three deterministic values
corresponding to 'the minimum, most likely and maximum values which the
parameter takes on in the cost-risk analysis. All other input data remain
unchanged. -Critical technologies are then identified by observing the variables
which had the largest effect on the expected value and standard deviation of the
total life-cycle cost probability distribution.

It is interesting to compare this approach for the identification of ci‘itxcal
technologies to the deterministic approach more often used and referred to here as
a sensitivity analysis. In a sensitivity analysis one produces a deterministic cost
estimate of the system by the use of a system cost model. Then, one by one, the
input variables to this cost model are varied from their nominal values to
pessimistic or worst-case \;alues. The effect that this has on the total system cost
is then noted and the critical technologies are identified by observing which input
yariables have the largest influence on the total system cost. Unfortunately, this
proceglure, while simpler than the risk analysis outlined, is mathematically
incorrect and can lead to substantially wrong answers. This is so because of
nonl%near interactions between variables in the model each of which contain some
uncertainty. Consider the simple example where the cost is given as the product of
t\;.ro variables A and B. And consider the case when the distributions representing
the current state-of-knowledge on A and B are as shown in Figure 2.5. Due to the
iong tail nature of the distribution on variable B the risk and cost sensitivities to
variable A are greatly enhanced. Under a case of simple nonlinearities such as that'
illustrated here it is not uncommon for a deterministic analysis to underestimate
the criticality of the state-of-knowledge on variable A by a factor of two or more.

Risk analysis thus provides a mathematically correct basis for identifying

technologies critical to the development of an SPS. In general, one would expect
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FIGURE 2.5 EXAMPLE STATES-OF-KNOWLEDGE

that these are the technology elements that should be addressed early in a research
and development program so that an improved state-oi-knowledge will be available
for future programmatic decisions.

2.1.3 Decision Analytic Approach to Program Evaluation

A key purpose which the decision maker serves in a research and developmen{
program, such as the SPS program, is to assure that the technology is successfully
developed (if that is possible within schedule and budget constraints) while
simultaneously minimizing exposure to risks, This is accomplished by segmenting
the overall research and development program intc a number of discrete phases.
During each phase of the program, research and development activities are carried
on with the aim of providing information for subseguent decisions within the
program. The subsquent decisions can be to continue the program as planned, to
terminate the-program or to alter it in some substantial way. It is precisely this
process of sequential information buying that enables a program manager to
control risk by not pursuing those technologies which appear to be dead-ended and
instead to focus project resources on those techneclogy areas which promise the
most payback.

The information provided by a cost-risk profile of an SPS configuration can

be used as a basis for the evaluation of a particular R&D program. The evaluation
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uses a decision analytical procedure with the cost-risk data as an input. The
procedure for such an evaluation s outlined in Figure 2.6. A particular R&D
program is defined in terms of the experiments to be conducted in each phase of
the program directed at "buying information,” that is, the reduction of uncertainty
about the technical and economic parameters of the system. Also defined are the
“decision points" where the program is evaluated and either continued, redirected
or terminated, based upen the information deveicpéd during the preceding phases
of the program. The costs associated with each phase of the R&D program must be
estimated, as well as the expected improvements in the state-of-knowledge on the
system resul_ting from the experiments conducted. These expectations of improve-
ments in the state-of-knowledge are expressed in this work as expected percentage
reductions in the uncertainty {;tandard deviation, for example, of the distribution

of each parameter) to be achieved as of each decision point. Furthermore, an
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FIGURE 2.6 AN OUTLINE OF THE DECISION ANALYTIC PROCEDURE

USED TO CALCULATE THE EXPECTED VALUE OF EACH
PROGRAM OPTION
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implementation scenario must be defined in terms of the nurnber‘ and scheduling of
operational units to be produced. For purposes of the evaluation, the program is
expressed as a decision tree with each branching point corresponding to a decision
point and each branch corresponding to a potential decision. The original cost-risk
profile for the system is used as a prior distribution of total life-cycle cost for the
system. It represents everything that is known about the system today. Decision
rules are needed to determine, at each decision point, whether to continue or
terminate the program {(more complicated decision trees may be formulated
involving parallel technology development efforts and the like; however, the
analyses here have been formulated on a simple go/no-go basis at each decision
point). The decision rule applied here is that at each decision point the
state-cof -knowledge extant must meet a technology target which corresponds to a
linear improvement in the 80 percent confidence bound for the technology ro;n the
current state-of-knowledge to the "break even" cost for the TFU. This is the cost
of the TFU for which there is exactly zero net present value for the entire program
{present value of costs equals present value of revenues). If the technology
development is such that the 80 percent confidence technology bound remains
under the 80 percent confidence technology requirement throughout the develop-
ment program, then the development program will be a success.

To calculate the expected value of a program, risk analyses are performed on
the data for each decision point reflecting the expected percentage reductions in
the range of uncertaintS,r on each parameter. The resulting standard deviations of
the state-of-knowledge on the total life-cycle cost are used along with the 80
percent confidence technology target described above to create cumulative distri-

butions  which represent the decision rules. Using a process described in'detail in

*These distributions are assumed to be Gaussian and therefore may be uniquely
specified by a mean value (which may be derived from the 30 percent
confidence value) and a standard deviation.
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Appendix G of the previously cited .report* the prior probabilities of each decision
point are calcula.ted.“ The prier proba;bilities represen'; the likelihood of proceeding
successfully at each decision point. The decision tree itself is evaluated by
weighting successively the value of each branch (taking costs to be negative and
revenues positive) by the probability of reaching that branch and then summing the
expected value of each branch to arrive at the expected value for the entire
program represented by the decision tree. The results from such programmatic
evaluations can be used to rank SP5 program and configuration alternatives. In the
"zero budget" sense, if a program has a positive expected value, then one is
economically justified in undertaking the first phase of that program. H more than
one program option has a positive value, the one with the highest expected value is
the one that is economically preferred. Again, the reader who wishes a more
detailed description of the theory and aﬁplication of these techniques to SPS
program evaluation is referred to the previously cited repvort.

When confronted with a cost-risk profile, many program planners become
very concerned with the potential that such a system has to incur very large costs
for its production, that is, with the long tail of the distribution ranging up to rather
high costs. Such concern however, is the result of a misunderstanding of the role
of the program manager. It is, in fact, the purpose of the program manager to
insure that the program would be terminated in a timely manner if in fact it
becomes evident that the actual system costs will lie toward the upper end of the
cost range as opposed to the lower end. It is the opportunity posed by the
probability that the cost could lie at the lower end of this range that the program

manager should seek to capitalize upon. Thus, a properly structured research and

*
See footnote on page 7.
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development program is one which offers the opportunity to buy information to
determine what the system will, in fact, cost when all research and developments
are completed, to proceed with the program if, at any point, it Is economic to do
50, or to terminate further work on the project as soon as it becomes clear that
this is the economic choice to make.

2.1.4 Assumptions and Ground Rules for a Consistent Comparison of
Alternative SPS Configurations and Programs

The sources of information for the components of the cost-risk analysis and
the major assumptions used in constructing the models are reviewed in Figure 2.7.
Models of the two system configurations to be analyzed were derived first from
coniractor reports and then verified through two series of discussions with
contractor personnel responsible for the design work. The NASA Work Breakdown
Structure (NASA TM 781531, January 1978) served as a guide for the organization
and reporting of the engineering system and cost models. The assumptions
employed in the programmatic evaluation are listed in Table 2.1, including: unit
size, lifetime, availability and output power level; fleet size, implementation rate
and cost reduction learning curve; discount rate; price of power and price of power
escalation ratej and taxes and insurance. It should be noted that the results of the
analyses in the next two subsections below depend upon the assumptions made.
Changes in the assumptions may ¢hange the conclusions. Thus, while the insights
gained may be valuable, decisions should be based on this analysis only after a
thorough review of the models, the data representing the current state-of-
knowledge and the assumptions made for the analysis.

Some modifications were made to the input data obtained irom the
contractors, in order to assure, where possible, that the same costs and
performance characteristics were being assumed for similar equipment. :Fherefare,

adjustments were made in the efficiency chains for the two systems to reconcile
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FIGURE 2,7 SOURCES OF INFORMATION AND ASSUMPTIONS USED IN COST-RISK MODELS

ZZ



TABLE 2.1 PROGRAMMATIC EVALUATION ASSUMPTIONS

END-OF-LIFE POWER OUTPUTS OF 5 GW FOR THE ROCKWELL CONFIGURATION AND 10 GW FOR THE BOEING
CONF IGURATION ARE USED FOR REVENUE CALCULATIONS

SATELLITE LIFETIME IS 30 YEARS

EACH UNIT IS PRODUCING POWER 95 PERCENT OF THE TIME

INITIAL OPERATION DATE (I0D) OF THE FIRST UNIT IS ONE YEAR LATER THAN THE 100 OF THE PROTO-
TYPE IN EACH PROGRAM; THE IMPLEMENTATION RATE FOR THE ROCKWELL CONFIGURATION IS FOUR SATEL-
LITES CONSTRUCTED PER YEAR, AND THE IMPLEMENTATION RATE FOR THE BOEING CONFIGURATION IS
THO SATELLITES PER YEAR

THE TOTAL FLEET SIZE FOR THE ROCKWELL CONFIGURATION IS 120 SATELLITES (INCLUDING THE PROTO-
TYPE) AND FOR THE BOEING CONFIGURATION IS 60 SATELLITE (INCLUDING THE PROTOTYPE)

THE COST OF THE SUBSEQUENT UNITS IS RELATED TO THE COST OF THE TFU BY A 90 PERCENT LEARNING
RELATIONSHIP

DISCOUNT RATE IS 4.0 PERCENT

REAL PRICE OF ELECTRICITY AT THE BUSBAR INCREASES 1 PERCENT PER YEAR BEGINNING WITH A
PRICE OF 30 MILLS/kWH AT THE 10D OF THE FIRST UNIT

NO CHARGES WERE COMPUTED FOR TAXES OR INSURANCE

£z
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differences. so that both configurations were analyzed with the same efficiency
chain. For similar types of equipment, the same proportional ranges were used to
express the uncertainty on related input parameters; however, no adjustments were
made in the "most likely" estimates for these parameters. The only other
adjustments which were made were to set the design lives of the space construc-
tion bases to 30 years for both configurations. These changes represent only those
necessary to eliminate the most obvious inconsistencies in design estimates for the
two systems. It did not fall within the scope of this effort, nor would there have
been sufficient definition of engineering assumptions for the two coniigurations to
rectify all of the differences which exist between the two configurations in
analysis, design and cost estimation of similar equipment.

2.2 An Evaluation of Rockwell SPS Configuration and Program Plan

The Rockwell International SPS configuration and program plan which were
subjected 16 cost-risk and programmatic evaluations are described in "Satellite
Power Systems (SPS) Concept Definition Study," Final Report, April 1978, prepared
for the George C. Marshall Space Flight Center under contract NAS8-32475. The
basic features of this system are reviewed in Table 2.2. The models which were
developed to represent the Rockwell configuration in the risk analyses conducted
here are listed in Appendix B. The data corresponding tc the input variables of
these models are found in Appendix D. For simplicity in review and comparison, the
engineering and cost equations are presented in a unified format using the NASA
Work Breakdown Structure (NASA TM 78155, January 1978) as a guideline. The
relationship. between the accounts listed in the Work Breakdown Structure and the
models used to analyze the two SPS configurations is depicted in Figure 2.2. Once
. again, it is noted that the research and development costs are not amortized over

the satellites constructed, as this approach would not represent the actual timing
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TABLE 2.2 ROCKWELL SPS CONFIGURATION AND
CONSTRUCTION SCENARIO

- ALUMINUM STRUCTURE

¢ GALLIUM-ALUMINUM ARSENIDE SOLAR CELLS

® CONCENTRATION RATIO = 2.0

0 END-OF-LIFE POWER OUTPUT AT THE BUSBAR = 5 GW

& GEO FABRICATION AND ASSEMBLY

6 ELECTRIC CARGO ORBIT TRANSFER VEHICLE (INDEPENDENT)

e HORIZONTAL TAKE-OFF, SINGLE-STAGE-TO-ORBIT WINGED HEAVY
LIFT LAUNCH VEHICLE

of the decisions and the incurring of costs. Rather development costs are taken
.into account in the programmatic evaluations. The Initial Capital Investment
Account in the NASA WBS corresponds directly to the TFU Cost Models reported in
the Appendices. The distinction in the NASA WBS between the Replacement
Capital Investment and Operations and Maintenance accounts is useful for the
purposes of computation of taxes and insurance. However, as neither taxes nor
insurance are considered in this analysis, the two accounts have been combined into
a single O&M mode! for each configuration.

A cost-risk analysis was conducted on the Rockwell coniigura-tion using the
methodology described above, employing the models listed in Appendix B. The
current state-of-knowledge for each input parameter (in terms of minimum,
maxir‘num and most likely values) is listed in Appendix D, The resulting cost-risk
profile is shown in Figure 2.9. The nominal case shows an expected value TFU cost

of about $33 billion (1977 dollars) and a minimum value of about §19 billion. This
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cost-risk profile reflects far less risk {variability)than one might expect for a
technology in the state of development of SPS with the leadtime that is necessarily
involved (at least 20 years before commercial implementation). The sensitivity of
this estimate of the current state-of-knowledge to an alternative view of the
current state-of-knowledge is reflected in the curve, also shown in Figure 2.9,
depicting an assessment of higher risk on only two variables. i one adjusts merely
the high-side risk for solar cell specific cost and mass, that is, merely changes the
worst case values for these two parameters to those reported in an Arthur D.
Little, Inc. analysis,* leaving the best a;ad most likely values unchanged, the cost
profile is radically altered. Indeed, the expected value in the case acknowledging
higher risk on two input values is more than twice that of the nominal comparison‘
case.

The critical technologies for the Rockwell configuration were analyzed in the
manner described above in Section 2.1.2, Each of the parameters which is thought
to 'have a potentially significant effect on total system cost is set deterministically
first to its maximum value, then to its most likely value, and finally to its
minimum value, allowing all other parameters to vary freely (according to their
defined probability distributions) in the simulation. This analytical approach
simulates the eﬁec't of perfect information on the variables being examined, so
that the effect on total system cost variability resulting from the variability of
each parameter may be measured. Thirty-four parameters were examined for
their effect on system cost and risk. Those parameters having the greatest effect
on system cost and risk, that is, the major cost and risk driving factors for this

configuration are listed in Table 2.3. Three basic areas of concern are indicated by

*SpaCe Based Solar Power Conversion and Delivery Systems Study, Final
Report, Yolume IV, Energy Conversion Systéms Studies, prepared for ECON,
Inc. by Arthur D. Little, Inc. under Contract No. NAS8-31308, March 29,
1977.
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TABLE 2.3 TME EFFECT OF COST AND COST RISK* OF CHANGES IN THE
STATE-OF-KNOWLEDGE OF THE ROCKWELL CONFIGURATION

RANGE OF VALUES, § BILLIONS (1977)

BEST MOST LIKELY WORST
MAJOR COST AND RISK '
DRIVING FACTORS MEAN COST|COST RISK |} MEAN COST | COST RISK| MEAN COST { COST RISK

NOMINAL CASE 33,29 6.34
SPECIFIC COST OF THE SOLAR BLANKET| 28.99 4.36 30.37 4.58 45,54 7.60
SOLAR CELL EFFICIENCY 28.55 4.26 33.99 5.86 40.21 8.18
DC-RF CONVERTER EFFICIENCY 31.28 5.47 1 32.72 5.74 40.32 .28
RATIO: COST OF MICROWAVE ANTENNA

ELEMENTS TO DC-RF POWER

THROUGHPUT ' 29.68 5.91 33.19 6.20 38.09 6.65
PHASE CONTROL EFFICIENCY 31.50 5.74 32.29 6.65 35.44 7.92
ANTENNA POWER DISTRIBUTION

EFFICIENCY 31.22 5.38 32.13 6.04 36.82 7.54
BEAM COLLECTION EFFICIENCY 31.70 5.90 33.19 6.12 36.89 7.08
UNIT COST OF CABLE ATTACHING

MACHINES . 33.36 5.94 34.30 6.56 37.98 .38

*"COST RISK" IS THE STANDARD DEVIATION OF THE COST ESTIMATE.

6
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this listing of cost and risk drivers. First, uncertainty about the cost and
eificiency of the gallium-aluminum arsenide solar cells has the greatest effect of
all the parameters examined. Second, uncertainty about a number of charac-
teristics of the microwave transmission system, including conversion efficiencies
and klystron costs, has a significant effect on system cost and risk. Third, the
cable attaching machine, a fairly numerous and moderately expensive piece of
assembly equipment, is found to be the element of the construction scenaric whose
uncertainty contributes most significantly to overall cost and risk.

A programmatic evaluation was conducted iollowing the decision analysis
techniques described above. A decision tree representation of the Rockwell
development plan described in Volume VII and the Appendices of the aforemen-
tioned Rockwell report is shown in Figure 2.10. This program calls for a variety of
ground- and space-based technology verification experiments to be conducted.
during the first phase. Flight tests, where necessary, will utilize the Shuttle.
Buring the second phase 2 | GW prototype is constructed and, after a demonstra-
tion period, is expanded to a full-scale 5GW plant. The final phase entails
commercial implementation. The scope of this study did not allow a mo,r_e detailed
representation for the purposes of this programmatic evaluation because, while a
more detailed program plan is described in the Rockwell report, it is necessary to
subjectively estimate the improvéments in state-of-knowledge on each parameter
that is likely to occur as of each decision point. A means did not exist at t}'ﬂs level
of analysis to discern with greater resolution than is represented in Figure 2.10 the
stages of the program with their accompanying improvements in states-of-
knowledge. Based upon the previously stated assumptions underlying this analysis,
the Rockwell program shows a substantial positive expected value, on the order of

$324 billion (1977 dollars) present value as of January 1, 1980. The sensitivity of
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this result to the underlying assumptions is discussed below. For the moment, it
should be noted that probabilities’associated with decision points B and C are quite
high. These high probabilities of success at each decision point are the result of
several factors. First, the relatively modest risk reflected in the cost-risk profile
shown above for this configuration results in a series of technology targefs which
are not very demanding relative to the current state-of—knowleéige. Second, the
relatively low discount rate (which is only appropriate if a valid risk assessment has
been conducted, as noted in Section 3} allows for a greater proportion of the value
of the fleet revenues to be counted in defraying the cost of building the fleet. The
correspc;ndingly higher "break-even" cost further reduces the rigor of the
technology targets for the program, thus increasing the probability of success at
each decision point. Third, the lower discount rate used here shifts the "prior
distribution" of unit costs down by reducing the cost of capital applied to each unit
over the period of its construction. Such a reduction in the prior distribution of
unit cost improves the chance of success at each decision point. These latter two
effects relating to discount rate. are described.in more detail in Section 3.

2.3 An Evaluation of the Boeing SPS Configuration and Program Plan

The Boeing Co. SPS configuration and program plan which were subjected to
cost-risk and programmatic evaluations are described in "Solar Power Satellite
Systemn Definition Study--Part IIL," March 1978, prepared for the Lyndon B.
Johnson Space Center under contract NAS9-15196. The basic features of this
system are reviewed in Table 2.4, The models which were developed to represent
the Boeing configuration in the risk analyses conducted here are listed in
Appendix C. The data corresponding to the input variables of these models are
found in Appendix E. As with the Rockwell models described above, the
engineering and cost equations are presented in a unified format using the NASA

WBS as a guideline.
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TABLE 2.4 BOEING SPS CONFIGURATION AND
CONSTRUCTION SCENARIO

° COMPOSITE STRUCTURE
] SILICON SOLAR CELLS
9 CONCENTRATION RATIO = 1.0

[ END-OF-LIFE POWER OUTPUT AT THE BUSBAR =
10 GW

L LEO FABRICATION AND PREASSEMBLY; FINAL
ASSEMBLY AT GEO

¢ ELECTRIC CARGO ORBIT TRANSFER VEHICLE
(SPS-POWERED)

e VERTICAL TAKE-OFF, TWO-STAGE WINGED
HEAVY LIFE LAUNCH VEHICLE

The results of the cost-risk analysis of the Boeing configuration are shown in
Figure 2.11. The Boeing cost-risk profile exhibits both the same modest assess-
ment of risk and the extreme sensitivity to changes in input variable distributions
that the Rockwell cost-risk profile does. The expected value for the Boeing
configuration TFU is about $40 billion (1977 dollars) with a minimum value of about
$25 billion. However, if the high-side risk for the solar cell parameters (specific
cost, mass and efficiency) is changed to reflect the previously cited Arthur D.
Little, Int. analysis of worst values for space-qualified, mass-produced silicon
solar cel{s, leaving the best and most likely values unchanged, the expected value
for TFU cost increases by more than a factor .of two, The implications of this
extreme sensitivity to alternative assessments of the current 'state-of-knowledge

is discussed below.
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A critical technology assessment was conducted on the Boeing configuration
in the manner described above (see the methodological description and review of
the results of the corresponding analysis on the Rockwell configuration). Forty-
nine parameters were identified as having potentially significant effects on system
cost and risk. Thirteen of these parameters were determined to be major cost and
risk drivers as a result of the critica! technology assessment. These major cost and
risk drivers are listed in Table 2.5. In addition to the sclar blanket and microwave
transmission system characteristics which were identified as major cost and risk
drivers of the Rockwell systemn, the payload mass and the operations cost of the
HLLV and the cest of electric thrusters for self-powered orbit transfer were
identified for the Boeing configuration. Except for these latter factors, there is a
complete overlap of the critical technologies identified for both systems.

Data were gathered to conduct two programmatic evaiuatic—:ns. The first
program included a first phase of ground-based technology development, a second
phase of flight testing using the Shuttle, a third phase consisting of the construc-
tion of a minimum cost commercial prototype using a Shuttle derivative instead of
the HLLV and without tooling for full-scale commercial implementation until after
the success of the commerical prototype. The second program differed in that the
commercial prototype was built using the HLLV and the space bases that would
then be used to build the entire fleet of SPS satellites, that is, in the second
program, development of the HLLY and the space construction facilities occurs
before the building of the commercial prototype satellite. When these two
programs were analyzed, there was found to be no significant difference between
them. This result is probably due to the fact th;t :the cost savings of .not
developing an HLLV earlier was largely offset by the higher transportation costs

incumbent with the use of a Shuttle derivative instead. Similar offsetting costs



TABLE 2.5 THE EFFECT OF COST AND COST RISK* OF CHANGES IN THE
STATE-OF-KNOWLEDGE OF THE BOEING CONFIGURATION

] 1 RANGE OF VALUES, $ BILLIONS (1977)
MAJOR COST AND RISK BEST MOST LIKELY WORST
DRIVING FACTORS MEAN COST|COST RISK | MEAN COST | COST RISK | MEAN COST | COST RISK

NOMINAL CASE 40.06 7,02
SPECIFIC COST OF SOLAR BLANKETS | 34.44 5.35 36.65 5.51 54,32 7.57
DC-RF CONVERTER EFFICIENCY 37.65 6.76 39.31 7.29 47.52 9.04
OPS. COST PER FLT. OF HLLV 36.18 6.19 39.23 7.42 44.46 7.54
RATIO: COST OF RECTENNA PRIMARY ' .

STRUCTURE TO POWER THROUGHPUT | 36.60 7.48 38.13 6.91 44.41 7.32
ANTENNA POWER DISTRIBUTION

EFFICIENCY ~ 36.76 6.08 18,18 6.96 44.13 8.34
BEAM COLLECTION EFFICIENCY 37.74 6.68 38.91 7.78 43.46 7.86
RECTENNA POWER DISTRIBUTED

EFFICIENCY 37.69 6.98 39.83 7.30 43.26 8.34
MASS OF HLLV PAYLOAD TO LEO 37.10 6.48 39.98 7.35 42.31 7.95
RATIO: COST.OF SELF-ORBIT

TRANSFER THRUSTERS TO

SATELLITE MASS 38.17 7.29 39.50 7.42 43.19 7.83.
SOLAR CELL EFFICIENCY 38.69 6.96 39.54 7.18 43.61 8.93
RF-DC CONVERTER EFFICIENCY 38.37 6.78 39.59 7.45 43.21 7.78
PHASE CONTROL EFFICIENCY 39.37 6.41 38.76 714 a4.17 8.44
RATIO: COST OF GRID INTERFACE

PROVISIONS TO POMER THROUGHPUT | 38.58 7.64 20.12 7.63 43.12 7.89

* "COST RISK" IS THE STANDARD DEVIATION OF THE COST ESTIMATE
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occurred in the area of space construction. Owing to the fact that there is no real
difference between the expected value of the two programs, only the results of the
anlaysis of the second program, which corresopnds more closely to the Rockwell
program for purposes of comparison, will be presented here. This second Boeing
development program is represented as a decision tree in Figure 2.12. The
expected value of the program is substantial and positive {$570.5 billion {1977}
present value as of Jenuary !, 1980), for the same reasons as pertained to the
Rockwell program. To wit, the modest assessment of system risk and the low
discount rate applied in this analysis combined to produce virtual certainty of
success at each decision point. It should be noted that the low discount rate used
in this analysis is appropriate only if a valid risk assessment has been conducied.
This requirement is described in further detail in Section 3.

2.4 Comparison and Conclusions

The cost-risk profiles of the Boeihg and Rockwell configurations are
compared on an installed cost basis in Figure 2,13. An unthoughtful examination of
the data presented in these cost-risk profiles would lead one to the conclusion that
the Boeing configuration is very likely to be the less costly alternative. In fact,
the cost differences are not likely to be statistically significant and are likely to be
due to differences in the people who made the estimates. This is a type of
“calibration" error described in an important article by Marrison [1]. Whereas it is
important to model systems such as SPS at an appropriate level of detail so that
the basic probability assessments being conducted are done so on a level that is
easily grasped by the participants, it is precisely this practice which, according to
Harrisc_m, Yopens up the possibility of series error through unwarranted indepen-
dence assumptions." Harrison concludes, "Whenever an analyst does things right, I

believe that he must worry to some extent over the potential effect of the decision
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maker's uncertainty about his own calibration.® The fact that the “critical"
technologies are much the same for both configurations and that cost-risk analyses
of both configurations exhibit extreme sensitivity to alternative assessments of the
current state-of-knowledge tends to support the conclusion that much of the
difference between the cost estimates presented here is actually due to calibration
errors among the individuals making the underlying estimates. Consequently, it
would be highly desirable for a panel of experts to be established to support the
development of consensus on the basic technical and economic issues underlying a
cost estimating procedure such as that required for SPS. It is also highly desirable
that such a panel have available the services of an economist or operations
research scientist to assure that a consistent, mathematically correct framework is
established within which to elicit expert opinion.

A second conclusion which can be drawn from an examination of Figure 2.13
is that, in spite of the substantial positive expected values calculated for both
configurations above, neither configuration has a sufficiently high probability of
being economic to justify commitment to an entire SPS development program prior
.1o substantial reduction of existing uncertainties. This can be accomplished with
further studies, analyses and technology programs which, at the proper level,
appear economically justifiable under the existing state _oi uncertainty.
Economically successful SPS development will depend upon successful completion
of the various component technology programs. It should be noted that the
deterministic estimates of the cost of the two systems lie at the tip of the
low-side tail of the cost-risk profiles for the two systems. Further, both cost-risk
profiles demonstrated considerable sensitivity to alternative expert estimates of
the current high-side risk on solar cell parameters. These continue to remain

inconsistencies in the evaluation of system costs and the risk analysis procedures
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used by both NASA contractors seem to fall short of properly evaluating the
uncertainty existing in many, if not most, cost elements. [f the uncertainty
" associated with other systern parameters besides solar cell efficiency, cost and
mass were equivalently evaluated; the cost-risk profiles may well turn out to be
much "flatter” than even those shown above for the higher risk cases, with
expected values possibly considerably higher than those shown in Figure 2.13.

The sensitivity of the programmatic evaluations to several of the assumptions
on which the analyses are based was conducted. The expected value of the
Rockwell program is charted in Figure 2.1% as a function of both the assumed rate
of escalation for the price of power and the rate of learning applied to the costs of
successive SPS units. It is clear from this figure that the economic value of 5PS
programs is extremely dependent upon both of these factors. Ceonsequently, the
value of information provided by the next phase of SPS development will be highly
dependent upon the expected price of power and the rate of power price escalation
in the year 2000 and beyond. Furthermore, if rates of learmning as high as the 90
percent learning curve assumed in the programmatic evaluations here or higher are
to be used, justification will have to be forthcoming in terms of production
scenarios and techniques which allow for such learning from unit to unit. A more
conservative 95 percent learning relationship substantially reduces the expected
value of the program, and as the assumed rate of power price escalation declines,
the value of the program actually becomes negative. Another assumption
underlying tl';e programrmatic evaluations which was examined was the implemen-
tation rate; however, this factor was found to have very little effect on program
expected value compared with the effect of the assumed rates of learning and

power price escalation.
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3. THE PROPER RATE OF INTEREST FOR USE IN SPS
SYSTEM DEFINITION STUDIES

The social rate of interest, or the discount rate, is a key parameter in the
optimizaticn of SPS system design. ™ It is also a widely misunderstood and misused
parameter. The purpose of the work reported here is to establish and substantiate
a recommended rate of interest for use in SPS system definition studies.

Several theorists argue that the social rate of time preference is the relevant
parameter in advocating the social rate of discount. Most economists, however,
recognize private sector rates of return as opportunity costs for government
investment. Such arguments have fed to the recommended 10 percent rate by the
QOffice of Management and Budget (OMB).

In light of recent private sector performance, a 10 percent rate appears
considerably too high. Figures 3.1 and 3.2 show some bond yield and interest rate
statistics for the 20th century (Figure 3.1) and over the last 13 years (Figure 3.2).
The important point to notice is that the nominal rates in the late 1960s and early
1970s are high-~higher than those which have prevailed historically--but the real
rates have remained consistent with or Jower than historical levels. In looking for
a "true" measure of the cost of capital to the government, as argued by Stockfisch
[2], it would be hard to find a better candidate than the return on treasury bohds,
the vehicle by which the federal government ﬁnancels its debt. Since 1965 the real
rate of return on treasury bonds has no"c exceeded 2.5 percent per year. On the
other hand, however, since OMB's recommended rate was based in part upon
evidence of industry performance records, it is also appropriate to examine this

performance over the last several, inflation-ridden years.
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FIGURE 2.1 BASIC YIELDS OF CORPORATE BONDS BY MATURITY, 1900-1965
(SOURCE: MALKIEL, BURTON GORDON, THE TERM STRUCTURE OF
INTEREST RATES: EXPECTATIONS AND BEHAVIOR PATTERNS,
PRINCETON UNIVERGITY PRESS, PRINCETON, NEW JERSEY,
1966, p. 9)

The only data available for exarhination of industry performance are profit

and loss statements which have been prepared in accordance with Internal Revenue
Service guidelines. These guidelines dictate the use of current dollar values for tax
accounting. Furthermore, they were established during and for a period of
relatively low inflation and no particular care was taken to assure that they would
provide an accurate measure of real (corrected for inflation) performance. But the
objective here is, in fact, to establish real performance. Hence, these proiit and
loss data must be adjusted to account for the distorting effects of inflation on real
performance as measured by the profit and loss statements prepared under IRS
guidelines. Thus, the bulk of the discussion below centers on identifying the
distortions which inflation causes in reported corporate performance and the
correction of these distortions to yield real performance data. It is not the intent
here to criticize or even critique the IRS guidelines, but merely to adjust the
available data to correct for inflation.

3.1 Methodological Background

3.1.1 Depreciation, Capital Formation and Inflation: Nominal Versus
Real Depreciation

Depreciation Is an artificial acounting tool whereby the costs of physical

assets acquired in one accounting period are spread over subsequent accounting
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periods according to the "useful" lifetime of the assets. For example, a firm
spends $30 million in 1975 for new machinery that will be in use for ten years. The
money is spent in 1975, but the machinery is not used up in the process of
generating 1975 production. Depreciation allocates the $30 million investment
against the production revenues that will be obtained over the ten years the
machinery is used.

Depreciation thus allows the recovery of funds to make up for the initial
investment of resources. Depreciation is a valid "cost" in measuring corporate
performance in a current year, whether or not the recovered funds are actually
used to replace the asset at the end of its useful life. Asset values not yet
depreciated are carried forward to future years. The concept of depreciation is
recognized in U.S. tax law and procurement regulations, which define depreciation
broadly as a "reasonable deduction" for the wear-and-tear on capital stock in a
given accounting period. Funds recovered by such deductions should assure the
corporation of the opportunity to make a similar investment at the end of the
useful life of the asset.

Figure 3.3 describes the current accounting procedures invovled in the
acquisition of additional capital stock, In this example, a firm acquires $30 million
worth of new machinery. Of the total, $10 million is funded through depreciation.
The remaining 320 million is funded half by debt ($10 milion} and half by issuing
new shares to raise equity ($10 million). Had there been no inflation over the past
ten years, $10 million worth of the newly acquired machinery would replace
equivalent machinery bought ten years ago at a cost of $10 million. The other $20
million would be correctly measur-ed as added capital s‘;ock, providing new capacity
Jfor corporate growth. This is the way U.S. accounting rules determine depreciation
and new capital formation--without regard to inflation.  Obviously, these

O
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accounting rules and regulations were formulated during a period of monetary
stability.

When one looks at the same transaction and assumes a 10 percent annual rate
of infiation, a completely different picture emerges. Table 3.1 illustrates the
effect; it shows the follows:

Column A: The ten y;ears of the asset history.

Column B: The annual nominal depreciation under existing U.S.
accounting procedures. In this case the straight line depreciation
methods is employed and depreciation is listed at $! million a year, or
one-tenth of the original value of the $10 million worth of machinery
acquired ten years.ago.

Column C: The reacquisition cost of the asset at the end of each year,
assuming a 10 percent rate of inflation. After ten years it would cost
$25.9 million to replace the original $10 million worth of machinery.

Column D: Depreciation computed on the basis of the reacquisition
cost in Column C rather than on the original cost. (Other methods
suggest that the price the corporation might realize for the machinery
on the market could be used as a depreciation base.)

Column E: The overstatement of profits resulting from the use of
nominal rather than real depreciation costs. Qver the ten year period,
the corporation will report a total of $7.6 million in profits which are
not really profits; they are in fact part of the cost of capital, that is,

depreciation.

Column F: The corporate income taxes on that portion of the profit
that has been overstated due to the use of nominal depreciation
charges. Over the ten years the corporation will pay $3.6 million in
taxes on profits which in fact do not exist.

Column G: The dividend distributions that the corporation will make,
based on overstated profits. The 27 percent figure roughly represents
available dividend taxes and retained profits.

Column H: The retained portion of the overstated profit, amounting to
a total of $1.9 million over the ten-year span.

Had there been no inflation during the period covered in the table, each of
the columns D through H would "zero out.” The fact that positive entries are
shown is due to the illusory effect of inflation when capital assets are evaluated in

terms of original costs,
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TABELE 3.7 FIWANCIAL HISTORY OF A CAPITAL ASSET-~TER YEAR USELIFE
(MILLIORS DF DOLLARS)

ASSUNMPTIDNS  Acquisiten price 310
Experted uselide 10 years
Rate of infistion 10 percent snnualiy
Corposate income 12x 48 percent
25 percent of profits before taxes retmned; belance distnibured

A B c D E F G H
Reacquisiton Cost .
Dustributed Retained
Depreciztion Calculavon Ov.-.ms}ed Corporare Overrtated Ovetstated
Year 0% Annually Profit tncome Tax Profit Beafit
Agsar Price Depreciation b-B 4B% on E 27% on E 285 on £
10% Intlauion fPonC °
1 510 S 110 s 11 $ 01 § D48 § 027 $ 025
2 1.0 124 1.2 0.2 095 054 D50
3 1.0 3.3 13 6.3 REY 081 075
4 1.0 4.6 15 0.5 240 135 125
5 1.0 16.1 15 06 .288 62 50
€ 1.0 17.7 1.8 0.8 384 216 200
7 10 185 2.0 1.0 AEQ 270 250
B 1.0 214 FA| 1.1 528 287 275
9 10 2386 24 1.4 572 3713 50
10 10 258 286 1.6 763 432 400
z $10.0 T S na Srma 576 $3.600 S2100 $1.900

TEN YEAR SUMMARY: Rescquisition price $25.8
Total overstated profin $7.6
Tax paid on overstated profit $3.6
Distributed overstated profic $2,1
Total cesh autflow due 10 overstated profrs §5.7

™ Netsoalicable

In summary, the table shows:
. An overstated profit of 57:6 million

] Payment of $3.6 million in corporate income tax on the over-
stated profit

(] Distribution of $2.1 million in dividends

® "Equity" amounting to $ 1.9 million in retained profits.

Figure 3.4 shows the new picture of the transaction that emerges when real
cost accounting, which considers the 10 percent inflation factor, is employed. To
maintain its productive base by replacing the original $10 million worth of

machinery, the corporation now has to lay out $25.9 million. Thus, in investing the
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earlier-mentioned $30 million, the corporation incurs $10 million in new debt and
has to issue new shares for $10 million, but $25.9 million of the $30 million goes to
replace the original $10 million worth of 1965 vintage machinery. Only $4.1
million is net added investment. The new financing needed in addition to available
depreciation funds to replace the 1965 machinery--$15.9 million--represents an
erosion of corporate assets. Where the prices of products are also determined by
"historical" costs, or by government-regulated pricing procedures (exemplified by
public utilities, Department of Defense, the National Aeronautics and Space
Administration, and the Department of Energy), investments for maintaining the
capital base for the production of these products cannot be continued for long.

The current U.S. practice of historical depreciation causes extensive
distortion in the accounting process. Real depreciation, based on reacquisition
costs, must be used to insure a correct reflection of market principles and prices.

3.1.2 Monetary and Real Capital

In the minds of the public and also of some economists, the term capital
denotes wealth, posessions, money, plant and equipment. However, in the context
of capital and capital formation in an economic system, two fundamentally
different terms of "capital” have to be distinguished:

e Real capital denotes physical goods in the form of machinery,
plant and equipmént which are used with labor to produce goods
and services. Since these items are quite oiten used beyond a
single accounting period--say one year--the term durable goods is
often used synonymously for real (production) capital.

@ Monetary capital denotes simply any accumulation of paper bills or
entriesonbankingaccountswhichconveypurchasingpowerorpotential
title to dispose of resources, that is, labor, equipment, plant or
consumer goods.

Even though in market economies, except in times of crisis, monetary capital

can readily be exchanged into real capital through purchases, the two terms are
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strictly different. When account entries cannot be changed into paper bills and
paper bills cannot be transformed into goods and services, the crucial distinction
between real capital and monetary capital is clearly discernible.

Monetary capital can instantly be iransferred worldwide at little cost. On
the other hand, real capital in the form of equipment, plants, transport fleets and
networks may take ronths, years or decades to transfer, and some forms of real
capital, such as interstate highways and other "fixed" investments, can never be
transferred. This distinction is most apparent today in the Organization of
Petroleum Exporting Countries. While highly endowed with financial capital
amounting to billions of dollars, it is extremely difficuit--if not impossible--ior
them to obtain real capital within their boundaries. During the years in which this
transfer of real capital is taking place, they hold only paper or account entries,

These distinctions between monetary and real capital are emphasized because
of their importance in understanding real capital formation in any economic
system. Monetary savings in an economic system is not the same as real capital.
Real capital is formed only if new plants and equipment are produced, procured and
put into productive use. While accumulation of monetary capital can be equated
with savings, there is no reason why such savings must lead to the creation of real
capital--an assumption all too readily made by macroeconomists. Such savings
may- be diverted into the public sector and may be used instead for defense
expenditures, local, state or federal government services or lost by inefficiencies

in nonmarket services.

3.1.3 Interest, Debt, Equity and the Cost of Capital

In the context of determining the *true" profitability of {irms in an economy

with inflation, several factors have to be considered before interfirm comparability

=

f‘—l
Ees



53

of real rates of return are possible--in addition to the depreciation cost adjust-
ment. First, the debt to equity ratio between firms can vary widely. While the
debt and equity structure of the firm simply has to do with the ownership of the
enterprise--a matter of book entries and legal documents having little if anything
to do with the substantive flow of resources and revenues to the firm--this
differing ownership structure is recognized in a totally distorted and misleading
way in today's U.S. accounting and tax practices: interest paid on debt, that is the
cost of outside financing, is recognized as a cost, while the interest cost on the
equity portion is treated as profit--that is, as if provided to the firm "free of
charge." This leads to seriously distorted profit and loss reports from firms that in
fact (that is, in substance, real flow or resources) show identical performances. A
firm financed 100 percent by equity may show a profit of 9 or 10 percent on its
account while the identical firm financed 100 percent by debt could show zero
profit--or even a loss--depending on the conditions at which it can obtain
financing. In the former case the firm would have the "privilege" of paying
corporate income tax on its "profit," while in the latter case no tax liability to the
firm arises. This in turns leads to an overdue emphasis of "self-financing" through‘
retained profits as well as an overexpansion of investments by firms that are
heavily equity financed.

The economically correct way of accounting for profit is to allow also for an
interest cost for the equity portion of a firm's financing, something long and widely
advocated and implemented, for example, in German Cost Accounting Standards.
To correct for this arbitrary distortion in U.S. accounting procedures, the total
fixed charges (that is, interest payments and related expenses) are added back into
gross profits before calculating rates of return on assets irrespective of the

financial structure of firms. Through this method, the real gross rate of return on
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total assets for each firm, and for each sector of U.S. industry, is calculated in the
program used in this study.

Second, in addition to depreciation cost adjustment and the adjustment for
fixed charges, other losses occur to any firm in an inflationary economy:  to the
extent that any firm needs a minimum of monetary assets to conduct its business
these nominal, monetary holdings are subject to the erosion of inflation. In the
calculations performed it is assumed that the monetary asset structure of firms is
efficient in the sense that no substantial reduction could be obtained in those
monetary assets without endangering the conduct of business by that firm. This
simplifying assumption has to be made for purposes of this analysis; otherwise each
firm would have to be analyzed case by case to determine the optimum monetary
asset balances needed and it would only be on those optimum balances that losses
due to inflation could and should be computed. This task is clearly beyond the
purposes of this exercise. .

Third, additional losses through inflation occur to the firm on inventories held
by the firm again in the conduct of its business: the acquisition of inventories two
or three months in advance of sales again leads to arbitrary, fictitious profits
included in today's préfit and loss account which would not be shown were it not for‘
inflation. To determine the inventory-related fictitious profit a detailed analysis
of each firm and its inventory structure would be needed. A fair approximation of
the inventory-related fictitious profits can, however, be obtained by determining
the turn-over rate of sales to inventories: the higher the turn-over rate, the
smaller the inventory in relation to total sales transacted by a firm, and the
smalle-rr the inflation-related distortion of profits. With the adjustments of

inventory losses by. the turn-over rate of inventory, fictitious profits due to
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inventory valuation were also adjusted for under the “fully impacted" earnings
calculations for each firm, and for each sector of U.S. industry.
3.2 Results

The results of the inflation impact analysis show clearly that reported
{(nominal) returns by industry significantly overstate the real returns being earned.
For example, in 1977 while reported annual returns on assets (ROA) were
12.9 percent (asset-weighted average for 1600 corporations in 25 industries), the
actual return on assets was only 6.1 percent. Further, it was the asset owners,
those who held equity in the corporations, who suffered the most due to inability to
depreciate properly: while adjustments for inflation dropped ROA by 6.7 percent
(roughly equal to the increase in the consumer price index), returns on equity fell
from 12.1 percent down to [.2 percent when adjusted for inflation. Clearly the
lenders are only feeling the first-order effects of inflation while the equity holders
are bearing the brunt of the inadequate asset-depreciation burden. The disturbing
results found in terms of real rates of return on equity is an additional finding that,
for purposes of this analysis, can be ignored but which, in a larger context, has to
be addressed in economic accounting and tax practices. One should not, however,
advocate such low or even negative rates of return for purposes of evaluating
public investment projects. The rates of return on assets are the relevant results
ar-1d these indicate real interest rates of about 6 percent, as stated.

Table 3.2 shows actual and reported earnings and returns on assets and equity
for 25 industries for 1977. In general, nominal returns on assets deviate from the
actual by approximately the rate of inﬂétion, while returns on equity were more
severely affected. Table 3.3 shows actual returns on assets and equity for the
25 industries for 1974-77 and real return rates on treasury bonds for those same

years.
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*ASSET-HEIGHTED AVERAGES FOR 25 INDUSTRIES.

TABLE 3.2 REPORTED AND ACTUAL (FULLY ADJUSTED FOR INFLATION) PERFORMAMCE
) RECORDS. BY INDUSTRY FOR 1477 FOR 1800 COMPARIES
PERFORMANCE RECORDS (MILLIGKS OF DOLLARS OR PERCEXT PER 'r;:u) ’
INDUSTRY REPORTED ACTUAL REPORTED RETURN ACTUAL RETURK REPORTED RETURM TUAL RETURA
EARNINGS (§) EARAINGS {§) oK EQUITY (3) oKk EQUITY (3) O ASSETS (3) O ASSETS (1)

T RERICICTURE .52 578 T3 0.8 §.04 447
KIKIKG 13.51 8.97 6.72 0.29 .20 3.Be
DRILLING AND

EXPLORATION 24.8% 2.10 14.47 2.60 17.96 8.57
BUILDERS AMD
COMSTRUCT 10K 17.33 7.01 16,85 .27 12.69 7.589
FOO0 n. 12.38 13.02 1.5 14.6% B.&6
TORACLH 1281 ®R.12 4.4 B.37 15.38 12.2}
JEXTILE MWD
LUMBER 17.56 1.38 11.83 D.4% 12.59 4,84
PRINTING 18.53 $.73 . 14.5% 5.72 18,47 2.2
CHEMICALS
AL DRUGS 63.24 23.50 .54 .42 15.14 §.19
REFINING AXD
ROOGFING o922 28.15 13.33 D.68 18.1 §.15
RUBBER AND
PLASTIC 14,03 4,90 $.25 -1.81 11.22 4.3
GLASS, LAY
AND CEMENT .84 2.58 1210 076 11.98 &.87
RO AND STEEL 11.08 «35.7% .83 -4.00 1.88 =1.23
HARDMARE 8.08 1.0% 14.15 1.13 15,19 6.92
HACHINERY 45,74 15.80 1644 5.4 12.87 10.38
ELECTRIC 28.52 5.3 18.06 3.04 \4.32_ 8.1
CARS, TRUCKS
AND AIRCRAFT 78.713 3212 16.43 4.28 16.19 9.41
INSTRIMENTS 35.83 15.00 14.70 5.03 18.52 11.96
JEWELRY MHD '
TOtS 6.72 0,40 12.06 D.45 14.52 7.17
RAILS 84,22 15,82 8.64 .72 7.6t 3.08
TRANSPORTATION 17.29 =7.20 13.45 ~2.41 $.54 2.19
COMNICATION 232.13 =30,51 12.00 0,51 31.35 3.54
UTILITIES 492,58 15.04 11.28 1.37 8.70 &,81
BHOLESALE 10.05 373 14.80 ) 3.80 - 12.68 7.92
RETAIL 20.34 6.9 12.80 2.69 12.81 1.16
TABLE 3.3 ACTUAL RETURNS ON ASSETS, EQUITY AND REAL
RETURNS O TREASURY BONDS, 1974-77
RETURE QK RETURN ON RETURN ON
ASSETS* EQUITY* TREASURY BONDS K S
PERCENT PER YEAR égfﬁé'
5 S
1974 6.3 0.5 -3.0 U
rd
1975 5.1 -0.6 0.3 4‘3’5&’
| F S
1976 5.9 1.1 2.0 g
e
1977 5.1 1.2 0.4 S
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Based upon these considerations, the use of a 10 percent discount rate is
clearly unwarranted for the evaluation of long-term projects, that is, projects for
which the return on investment is realized many years into the future. High
discount rates strongly favor the selection of short-term projects and nearly doom
competing long-range projects, despite the potential benefits offered. When risks
have not been properly accounted for {(for example, the risk that a component may
cost ten times as much as estimated, or the risk that the system will not work at
all), it has been argued that the use of a high discount rate such as 10 percent Is
justified as a type of risk premium, accounting for the improper or incomplete
assessment. This point underscores the need for the use of proper risk assessments
in the evaluation of long-range energy R&D, for such projects cannot bear the
burden of the higher discount rate.

Given that the | to 6 percent range established above is rather wide, where
within this range would one advocate as "the" social rate of discount? As treasury
bonds are very liquid and compete with regulated bank interest rates, their rates of
return might be somewhat too low. On the other hand, return rates on corporate
assets contain a risk premium, probably beyond that which is appropriate for public
project evaluation. Still further, Von Neumann [3] gave a mathematical proof
that, in an expanding, linear, economic system, the real rate of interest is less than
or equal to the real rate of technological growth of that system. As that proof has
remained unrefuted since 1937, it stands as an argument for advocating a discount
rate approximately equal to the growth rate of the economy, between 3 and
4 percent. The rate of interest thus recommended here for use in SPS systems
definition studies is & percent, the midpoint of the range of 3 to 5 percent which
represents the "resolution" of the results obtained above. It is important to note

that this represents a "risk-free" interest rate, that is, that comparisons or
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evaluations made using this rate should include an explicit risk assessment. The
separate consideration of these two factors, 1s demonstrated in an example below.
One of the major impacts of this recommended interest rate Is that it
enhances the economic value of all long-range energy RD&D, inclu::iing SPS.‘ In the
evaluation of energy research, some of the benefits which result, particularly from
research into long-range technologies, are realized several decades from now. The
use of high discount rates almost totally denies any value to pursuing such
research, not only today but also in the future since the long lead times required
between the earliest development and implementation will remain. As an example
of the limitations which a high discount rate places upon eneégy R&D, consider two
hypothetical projects, A and B, the former of which provides immediate returns
with no risk and the latter of which provides returns which, while substantially
greater in dollar value than the other project's, are offset in the future and are
subject to uncertainty. This uncertainty in returns may derive either from
uncertainties in the technical performance of the system or from uncertainties in
the markets for inputs and outputs of the system. Figure 3.5 shows the comparison
of the value of these two projects at a high discount rate (10 percent) and a lower
discount rate (5 percent). The total area for Project B (both shaded and unshaded
areas) shows the potential return of B, and if risk were not taken into account,
Project B would clearly be more desirable than Project A at either high or low
discount rates because its potential return exceeds that of Project A in both cases.
However, as noted in the foregoing discussion, the issue of the effect of
uncertainty on the value of a program should be dealt with éeparately from the
effect of interest rates; consequently, it is the expected value of projects which
must be compared, that is, the potenti-al payoffs weighted by the corresponding

probabilities of success. When the potential return oi Project B is weighted by its
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PROJECT A: IMMEDIATE RETURN OF $200
WITH 100% CHANCE OF SUCCESS

PROJECT B: RETURN OF FIVE ANRUAL
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probability of success (50 percent), then Project B's expected value (unshaded area
only) is lower than the expected value of Project A at a discount rate of
10 percent, in spite of the fact that Project B offers a return that is five times
greater in (undiscounted) dollar value. Clearly, it is the high discount rate that
makes Project B appear less desirable. When a lower discount rate (such as the 5
percent used in this example), appropriate for situations where risk is considered
explicitly, is employed in the comparison, then Project B ofiers a higher return,
even after risk has been accounted for.

A somewhat more realistic representation of the effects of different discount
rates on the revenues (benefits) of an SPS implementation program is shown in
Figure 3.6. Under the assumption of 120 five GW satellites, each having a lifetime
of 30 years, being built at the rate of four satellites per year starting in 1996, and
producing power whose price escalates in real terms at the rate of 1 percent per
year, a revenue profile like the one shown in Figure 3.6 would be generated.
Overlaid on this revenue proiile are trajectories representing the ratio between the
value of the revenue stream in a given year to its corresponding present value in
1980, at discount rates from 1 to 10 percent per yéar. The diagram demonstrates
the dramatic effect that high discount rates have on the value of future revenues:
for instance, in the first year that satellites are constructed (1996), any revenues
accruing that year would be worth, expressed as a present value in 1980, only 20
percent of their value in 1996 at a 10 percent discount rate, whereas revenues from
that year would retain over 50 percent of their value (again, expressed as a present
value in 1980) at a discount rate of 4 percent. The situation is even more dramatic
in 2026, the year in which the satellite fleet is completed, when only about 1
percent of the value of revenues from that year are reflected in a 1980 present

value if discounted at 10 percent, whereas a still significant 16 percent of the
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value of the revenues would be reflected in a 1980 present value if discounted at 4
percent.

The effect described above of a larger percentage of revenues {(benefits)
"clearing the hurdle" of a lower discount rate is a major determining factor in the
difference in expected values of an SPS program evaluated at different discount
rates. The exponential nature of the discounting process, as reflected in the
curvature of the trajectories of value in Figure 3.6, takes a particularly high toll
when operating at high rates over the long period of time involved in the
implementation of SPS. Another aspect of the exponential nature of discounting is
that the "upfront" costs, such as satellite RDT&E, are less affected than the later
occurring revenues in an exponential relationship to the discount factor owing to
their relative proximity in time to the discounting reference point. This difference
between the upfront costs and later revenues in terms of discounted values is.
shown in Figure 3.7. The "gap" which exists between the discounted sunk costs of
the program and the discounted revenues constitutes the allowable discolnted
investment costs for the program. Clearly, the revenues are far more sensitive to
the discount rate, occurring as they do much farther in the future. Consequently,
the "gap" representing allowable costs narrows as the discount rate employed in
evaluation increases.

To demonstrate the effect of different discount rates on the value of actual
- proposed programs, the Rockwell program which is analyzed in Section 2 was
evaluated at a range of discount rates and the results are presented in Figure 3.8.
As in Section 2, two cases have been analyzed: one using the original Rockwell
TFU cost data, and a second using TFU cost dat‘a with the values for solar cell

specific cost and mass modified to reflect a more uncertain state-of-knowledge on
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these parameters, based upon information developed by Arthur D. Little, Inc.* The
substantial efiect on program value, which was noted in Section 2, resulting from
the increase in risk on these two parameters indicates a necessity for better solar
cell data as a prelude to economic justification for the program if the program is
to be evaluated at higher discount rates. Indeed the economic value of the
program becomes clearly negative at inappropriately high discount rates. Whereas
4 percent is the discount rate which is recommended for SPS systems definition
studies, this rate corresponds to a risk-free interest rate, and it is crucial that a
proper assessment of risk be conducted, in order for the results being evaluated at
a 4 percent discount rate to represent a valid assessment of the economic value of
the proéram under consideration. This has been done here and, with the data
supplied by the Rockwell and Boeing studies, evaluated at a 4 percent discount
rate, an SPS program appears economically justified (note that noneconomic
considerations are not taken into account here--these could either increase or
decrease the desirability of an SPS program).

A second effect which the discount rate has on the value of a program is that
it shifts the "prior distribution" of unit cost on which the decision analytic
evaluation of the program is based. This occurs because the cost of each unit is
incurred over some period of time prior to the initial operation date (IOD) of the
system, and a cost of capital or interest rate is applied to these incurred costs so
that the cost of an SPS unit which must be recovered during the operation of the
unit includes the capital cost itself as well as interest charges on it. For the

purposes of this study, the cost profile for each unit has been characterized as a

*"Space-Based Solar Power Conversion and Delivery Systems Study--Vol. IV,
Energy Conversion Systems Studies," prepared by A. D. Little, Inc. for ECON,
Inc., under Contract No. NAS8-31308, March 29, 1977,
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beta distribution beginnihg four years before the IOD and peaking six months
before the IOD. The difference between applying a 4 percent as opposed to a 7-1/2
percent interest rate to this cost profile is an almost 4 percent reduction in cost of
the unit referenced to its IOD date. By thus reducing the cost of the unit the
chances of its being economically competitive are increased. This is reflected.in
higher probabilities of success in the decision tree representing the program. With
higher probabilities of success occurring at each branch of the tree, the revenues
which obtain at the final branch of the tree are more heavily weighted, that is, a
larger percentage of the positive returns of the program are included in the
calculation of the net expected value of the program.

A final note which should be made on the issue of the proper discount rate to
be used for comparison of SPS system tradeoffs is that the use of high discount
rates in energy policy is particularly inconsistent with the emphasis placed on
conservation of existing, conventional energy resources. Pursuit of policies which
result in increases in the discount rate beyond that already present in the economy
would also result in Increased consumption rates of the available, nonrenewable
resources. The emphasis in federal policy on energy conservation above and beyond
that amount which would already be realized by the market economy implies a
special role to energy commodities (for national security or macroeconomic
reasons, perhaps) in the form of a lower discount rate. If this is indeed warranted,

it should be applied to evaluation of SPS alternatives as well.
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4 A METHODOLOGY FOR SPS COSTING TO
DEAL WITH "DIFFERENTIAL INFLATION"

The development of a cost estimate for any system that has yet to be built
represents a prediction of the future. As such, it is fraught with a number of
potential perils. Costs of any technological system are a function of both the
prices and the quantities of the inputs (labor, resources, capital) involved. The
“quantity” part of the cost estimate involves a quantification of the required inputs
for different levels of system performance, based upon expectations of technology
advancement. The uncertainties inherent in such estimates are greatly amplified if
the system is to be built 20 to 30 years in the future and if it is to be i:ased on
technologies not yet developed. Even if precise knowledge of the quantities of the
inputs were possible, however, system costs could still be quite difficult to predict
accurately due to uncertainties in the prices of the inputs. Examples of this
problem can be observed in the aircraft industry. Boeing has recently produced the
1500th Boeing 727 ajrcraft. Suppose, with the production of this aircraft, the line
were shut down and dismantied. Then, suppose 30 years from now Boeing reopened
the line and began producing precisely the same aircraft again. Certainly there is
very little technical uncertainty in the design or production of this aircraft. Yet,
it is unlikely that the cost of the 727 produced in the year 2008 could be estimated
today with an error that could be confidently expected to be less than +50 percent,
even setting aside the effects of inflation (that is, even expressing the cost in 1978
dollars). This uncertainty is a result of the fact that the national economy with its
diverse markets and sectors will have continued to operate in the intervening 30
years with the result of continuously adjusting prices for (and gquantities produced

of) the inputs which would be used to produce a 727 in 2008. Driving this continual
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process of market adjustments are factors such as technological innovation,
changing incomes and preferences, changing real prices (for instance, as a result of
increasing scarcity) of related goods and substitution, as well as interaction in
international trade.

Sometimes the capability of a. system changes so that it becomes quite
difficult to histerically compare such costs over a moderate period of time, but an
illustrative attempt is nonetheless in order. Consider the case of the Beechcraft
Bonanza. The model 35 Bonanza was introduced in 1947 with a price tag of $7900.
The base sticker price of the V335B model Bonanza in 1977, 30 years later, was
$65,950. Inflation over this period accounts for a factor of 2.84 of this increase,
bringing the 1947 price up to $22,463 in 1977 dollars. (More will be said about
inflation below.) Of the remaining gap, about 50 percent might be allowed for
increased capability: higher speed, higher payload, engine improvements, etc.
Although the 50 percent is quite subjective, it is also probably a generous allotment
for such improvements. This 50 percent increment brings the price up to $33,695.
There is a remazining f‘actor of 1.96, or an annual real price increase of 2.26
percent, yet to be explained. I one had estimated the cost of producing the 1977
V35B in 1947, it is unlikely that this factor would have been included and, thus, it is
likely that the cost estimate would have been in error by a factor of at least two,
even given excellent knowledge of the technical aspects of the system.

It is clear from the above example that there are a number of economic
factors which must be taken into consideration when estimating costs of projects in
the 'mid- to long-term (greater than 20 years in the future). These effects derive
from market interactions which may be expected to occur in the intervening
period. In the case of near-term cost estimation, such market phenomena are

frequently ignored as not having a significant impact on design-cost tradeofis.
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However, over the time period during which the SPS will be developed, market
interactions may have a very substantial effect on the relative prices of inputs for
SPS production and therefiore must be considered explicitly in design-cost analyses.
Two types of market-induced effects will be discussed below: first, general
inflation which affects the "money price” (but not the real price) of goods and
services; and second, relative price changes (sometimes called differential
inflation) which represent changes in the real pri'ces of goods and services.
Relative price changes will be discussed in terms of the three types of economic
inputs (resources, capital and labor) with recommendations being made in each area
as to how to approach projections of these changes and the likely limits on the
accuracy of such forecasts.

4.1 General Inflation and the Desirability of "Constant Dollar" Analysis

The value of a dollar at any point in time (that is, the relationship between
the dollar and real goods and services) is arbitrary. Furthermore, it is constantly
changing to reflect the complex interactions among different markets and sectors
within an economy and the interactions among national economies in international
trade. The dollar is simply a convenient medium of exchange in these processes of
economic interaction, and its value {whether measured in relation to other
currencies or real goods) continuously changes to equilibrate jmbalances which
exist in different types of economic activity (savings, investment, .government
spending, consumption), imbalances which exist in the demand for and supply of
goods and services in the various sectors of the economy, as well as imbalances in
the amount of goods traded between different national economies.

Inflation is the name given to an adjustment in the value of a unit of currency
such that the ratio of real goods to the unit of currency decreases. Conversely, the

(less familiar) process of deflation is one in which the ratio of real goods to a unit
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of currency increases.* If one does not bear in mind the fact that the dollar is an
arbitrary unit of measure whose value chaﬁges continuously, then in periods of
continuing high inflation one ‘might mistakenly concjude that inflation is actually
an important "cost-driver." In reality, measuring the cost of something at t;uo
different points in time without correcting for the changing value of the dellar is
equivalent to measuring the length of something in meters one time and- feet the
next time and concluding that the length has changed because the numbers are
difierent.

Correcting for inflation can lead to surprising results. For example, over the
period 1950 to 1974, the real price (corrected for inflation) of new cars decreased
by 35 percent, the real price of dairy products decreased by 4 percent, and the real
price of fuel and utilities decreased by 16 percent {(even after the large jump in
prices in the 1973-1974 period). One of the most surprising areas is the cost of
borrowing money. While the interest rates increase together with the inflation
rate, there is often a lag in this increase. Thus, the real cost of capital is usually
tower during periods of high —and increasing inflation than it is during periods of
relatively low inflation, despite the illusion that is created by the numerical rates.**

Several different theories of the cause of inflation have been develoed to
account for the continued upward march of price indices in different economic
circumstances. One explanation applied to an economy at full. production describes
what is called “demand-pull" inflation, in which total aggregate demand in the

economy is greater than the output that can be produced even at full employment.

—

*The 1930s are a prime example in U.S. economic history of a pez:iod of
deflation.

%
This issue of "money illusion® is discussed in Section 3, where the rates of
return for corporations have been adjusted for inflation, resulting, in some
cases, in negative rates of return.
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This excess demand drives up prices, but since no more goods can be produced"
because the economy is at full capacity, all that changes are the prices--in an
inflationary spiral. An alternative description has been applied to the recent
situation of high inflation even though there has been simultaneous high unemploy-
ment, that is, the economy is not at full capacity. This type of inflation has been
called "cost-push” or seliers' inflation whereby the sellers’ of all of the inputs to
production demand remuneration greater than the total product generated. An
example of this would be a labor union demanding a wage increase greater than the
value of whatever increases in productivity had been achieved that year. The
result of a settlement along such lines can only be an increase in prices, if the
industry is going to continue to exist.

The phenomenon of inflation is further complicated by the action of
government 1o achieve certain socially desirable ends, such as low unemployment,
by direct attempts to contro! or modify economic behavior through regulation, ‘tax
incentives, government spending, interest rate and money supply control, among
others. Thus, if one were to try to predict the rate of inflation over time, he would
be faced not only with modeling the myriad actors and decisions of the market-
place, but also with trying to model or predic.:t the actions of government as it
interacts with the economy when the actions of government are essentially
arbitrary in nature and 'ciming.gc Consequently, it has proven to be extremely
difficult to predict with any accuracy the course of inflation in the short run;
mid-term predictions of inflation have been notoriously inaccurate; and it is
pointless to try to predict how the value of the dollar will vary over the potential

time period of SPS development and implementation.

*
In addition, the actions of other governments and economies would have to be
accounted for because of the considerable efiect they can have on the value
of the U.S. dollar as demonstrated so vividly over the past several years.
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More important than the intractability of forecasting inflation is the fact
that, even if it were possible to make such a prediction with perfect accuracy, it
would provide no useful information for the purposes of SPS program decision
making. To estimate costs either at the present or for the future one need only be
concerned with real costs (that is, measured against real goods) referenced to a
specific point in time. A cost estimate is referenced to a specific point in time by
specifying at what point in time the value of the dollar is taken to be fixed. For
instance, all of the cost estimates in this report are expressed in "mid-1977"
dollars, which says that the relationship which existed between real goods and
dollars in mid-1977 is the one to be used for the purposes of cost estimation in this
study., I one wishes to incorporate together or compare estimates made in
different year dollars, it is necessary to adjust all of .the estimates to a single
reference point in time, making use of relationships between the dollar and real
goéads, that is, convert all of the estimates to one particular year's dollars, so that
like elements are being combined or comparec‘i.

A number of price indices exist to aid in making intertemporal comparisons
of the value of the dollar. Three of the most familiar are shown in Figure #.1. The
most generally used tool for adjustment of the changing value of the dollar is the
GNP (gross national product) implicit price deflator which is an all-encompassing
indicator that measures the "overall" value of the dollar against a "standard"
doilar, such-as 1972. To convert (in this case inflate) a cost estimate made in 1960
dollars to 1975 dollars, one would multiply the earlier estimate by the ratio of the
index of the later year (123.5) to the index of the earlier year (68.5). Thus, an
estimate of a cost of 100 dollars in 1960 is equivalent to an estimate of
approximately 180 1975 dollars. The other two familiar price indices shown in
Figure 4.1 are the consumer price index and the wholesale price index. The former
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FIGURE 4.1 THREE TYPICAL PRICE INDICES

tracks the total price of a standard market basket of consumer goods and the latter
tracks the total price of a standard market basket of wholesale items. As these
latter two indices are tied to specific sets of products, the GNP price deflator is

generally regarded as a more desirable index-for general adjustments in the value

of the dollar. In any event, it can be seen from Figure 4.1 that the three indices

remain closely related over time.
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If the GNP index is to be used to define the value of the dollar, then the use
of the GNP implicit price deflator is also app'ropriate for adjuéting historical costs
in order to obtain data for cost estimates of future projects. The effects of
inflation must always b-e removed from historical costs before these costs are to be
used for forecasting future costs. Also, long-term cost trends, such- as an
increasing cost of labor, must be properly taken into account. Proper adjustments
for the cost of capi‘;ai are also necessary and can be quite difficult to make
properly. All of these factors make it quite difficuit to use historical costs as a
basis for estimates of future costs over substantial time periods. The cost
estimator must take extreme caution not to fall into any of several potential
"accounting traps."

The techniques described above are appropriate for adjusting historical cost
estimates to a single reference point. That reference point for the value of the
dollar is then used in forecasts of relative price changes, as described below, and it

is this single reference point for the value of the dollar used both for aggregating

historical cost estimates and for making estimates of future costs which is
indicated by the term “constant dollar" analysis. Before proceeding with a
discussion of techniques for the forecasting of future relative price chr;mges,
however, a few more comments on the relative desirability of constant dollar
analysis and the appropriate role of inflation in economic analysis are needed. The
desire to include an inflation eifect in future cost estimation may be motivated by
some sense of "realism,” that is, inflation is a real effect and, therefore, if it is not
included in an analysis, it is perhaps thought that something is missing. Indeed,
inflation is of concern to macrolevel decision makers because high levels of
inflation can be destabilizing to an economic’ system and because inflation acts to

degrade the capital base of the country if it is not properly taken into account, as

(Eeen
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discussed in Section 3.1. And clearly, inflation Is of concern to individuals,
particularly individuals on fixed incomes, for if their wages do not keep pace with
price increases, then their real purchasing power decreases over time. However,
for those interested in cost estimation, inflation does not matter, for costs exist in
terms of real goods, and the actual number of dollars corresponding to an amount
of real goods at any point in time is unimportant and does not affect any decisions
which might, for instance, be made on the ordering of the costs of alternative
approaches.

In addition, there are several advantages to constant dollar analysis over
attempts to include the eifect of inflation. First, since it is impossible tc predict
accurately the course of inflation over the time period of SPS development and
implementation for reasons described above, one is forced to assume a rate of
inflation. Consequently, all of the results from an analysis including an assumed
rate of inflation are dependent, at least in magnitude, upon what value was
assumed for inflation and thereiore may not be compared with any other results
unless the same technique and values were used with respect to inflation. By
contrast, constant dollar analysis is equivalent to assuming an inflation rate of
zero, a simplification ~which‘ is possible without sacrificing any useful information.
For example, the results of that analysis can readily be updated and correctly
compared to later year data by bringing them "forward" at an objective, historical
inflationary rate as it occurred. Analyses that are an amalgam of assumed or
predicted rates, etc, are close to impossible to disentangle in later years ‘for
purposes of updating or checking. Second, by dealing with a constant dollar valjue
corresponding, for example, to 1977 dollars, one is wot:king with units for which one
has some 'mtuitixve sense of value and with which he or she can measure the

reasonableness of cost estimates within his or her area of expertise. Who could

Eean
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have any sense of what a dollar will be worth in 2005--again, measured in real
goods--assuming a 4, 5 or 6 percent rate of inflation? The application of
subjective judgrner}t is crucial in future cost estimation, a process which is difficult
enough without introducing the artificial and unnecessary complication of assumed
rates of inflation which add nothing to the analysis.

4.2 Projecting Relative Price Changes

In general economic terms, three types of inputs are required to pr‘oduce a
good: resources, capital and labor. Figure 4.2 shows a cost tree depicting, by
economic category, these cost components. The resources branch of this tree may
be further divided into resources which are practically infinite and resources which
are discernably finite. Practically infinite resources can be further subdivided into
resources for which there is a constant cost of recovery and those for which, due to
depletion of easily recovered reserves, the cost of recovery is increasing with time
or, due to improved techno;ogy or economies of scale, is decreasing with time. The

cost of capital is discussed extensively in Section 3 of this report. Suffice it to say
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here that there exists a certain volatility in the cost of capital which affects the
precise cost of capital at any given point in time. This is simply another
component of uncertainty in the total cost of an SPS system. The remaining cost
components are treated individually below.

4.2.1 Labor

As a direct result of technology innovation, the productivity of labor has
increased steadily throughout this century. The productivity of labor over the past
23 years is detailed in Figure 4.3, Over this period, there has been an average
annual increase of 3.8 percent. The result of increasing productivity is that, each
successive year, there is an increasing per capita supply of goods avaﬂable'for
distribution. Hence, there is an increasing real income, on the average, across all
employees, The magnitude of this-increase is illustr;xted in Figure 4.4, Over the
past 23 year§ there has been an average annual increase of 3.2 percent in real
compensation for all nonfarm business employees. (The slightly lower rate of
increase in real income compared to productivity is due in part to the fact that a
decreasing fraction of the total work force is productive. This occurs, for
example, as more and more people become employed in the regulation of industry.)

In the “average" industry, the increased real cost of labor is precisely offset
by the increase in productivity so that the real cost of labor to produce the
"average" good remains constant in time and hence the real cost of the "averaée"
good remains constant. The "average" employee improves his standar"d of living
because he obtains an increasing real income with time. Averages, however, do not
apply in specific cases. For example, the productivity of labor in producing hand-
held calculators is increasing very rapidly, resulting even in a declining price for
the resulting good. On the other hand, the construction industry shows a very low

rate of technology innovation with commensurately increasing construction costs.
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The fact that prices vary, as in the above examples, rather than wage rates is due
to the fact .that long-term effects of technology innovation in one industry versus
no innovation in another would result in widely disparate wage rates if the adjust-
ments went totally into labor rate changes. This effect would cause an abundance
of labor in areas where technology innovation is high and a shortage of labor where
innovation is low. The resulting labor supply would then force wage rates to
equalize across the industries with resulting impacts on prices. Returning to the
example of the Beechcraft Bonanza, the technology for producing the airplane has
changed very little over the past 30 years. Thus, at a 3.2 percent per year real
wage increase, the real labor cost to produce the airplane has increased by a factor
of about 2.57 during this period. Since much of the cost of producing the airplane
is in labor, this largely explains the remaining factor of 1.96 between 1947 and 1977
production costs,
The implication of the above notions on SPS costing are as follows:
L. The real wage rate can be expected to increase at about 2 to 3
percent per year. Thus, the real cost of labor to build an SPS in
the year 2000 will be about twice the cost of the same labor in
1978. Of course such increases also apply for costing other energy
alternatives.
2.  The productivity of labor for building an SPS cannot be expected
to increase since expected increases have already been accounted
for in estimating the manpower requirements.
3.  There is no guarantee that the wage rate will continue to increase
at 3.2 percent per year just because it has historically done so.
Thus, one should acknowledge that there exists a rather substan-
tial uncertainty in the real cost of labor 20 years or more into the
future.
4.2.2 Resources
Resources comprise the basic building (or raw) materials for an SPS. They

may include materials such as aluminum, copper, silicon, gallium, graphite, and so

on. These materjals are converted into SPS components such as solar cells,

Pagn Fany W
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structural members, etc., by the use of capital and labor. When component
production rates are Jow, the capital and labor costs for producing components are
generally much larger than the resource costs. But when production rates are high,
the component costs can approach the sum of the resource and energy costs which
the components require. (in fact, the energy cost may also be reduced by
technology innovation.) To be sure, much of the resource c:c;sts can be tied to
capital and labor for resource recovery in which case the above principles apply.
However, it is more convenient here to deal with resources as raw material inputs
to the SPS construction process. The mining industry is one in which there has
been a significant level of technology innovation to offset rising real labor costs.

Not all of the costs associated with resourcss can be tied to capital and
labor, at least not in the conventional sense. This fact has recently been made
quite clear by the behavior of the OPEC (Organization of Petroleum Exporting
Countries) cartel's behavior relative to the price of crude oil. The present OPEC
price, some 65 times the marginal cost of recavery,* includes an economic "rent"
which the holders of the resource charge to the users of the resource 10
compensate for the resource's finiteness. There are clearly times when these rents
become the dominant cost.

The discussion below deals first with resources that are perceived to be
infinite and second with resources that are discemably finite, The major
distinguishing feature that determines whether a resource is perceived 1o be finite
or infinite is the way In which the resource is priced. Of course, all resources are

ultimately finite, However, a particular resource may be widely distributed and

*
This was the relationship calculated for the marginal cost of recovery
{average for all the OPEC countries) and the market price in 1977,
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may have a runout horizon of thousands of years. Under such circumstances, the
resourc’e is generally priced at a rate which reflects it‘s production cost. If, on the
other hand, the resource reserves are controlled by a few nations or individuals, or
if the runout horizon is short, say less than l00 years, then quite often economic
.rents are charged for depletion of the resource. In the former case, long-term
price forecasting is best done by examining the historical prices and the current
and projected production costs. In the latter case, prices may fluctuate over a
wide range as the result of politics and policies, however, the long-term economic
forces drive the price toward an "equilibrium" level which maximizes the value of
the resource to its holders. Such appears to be the case, for example, with respect

to petroleum.

4.2,2.1 Practically Infinite Resources

Table 4.1 shows the reserve and resource  situation for a numbef of minerals.
While ultimate resources for many minerals may be extremely large, the reserves
of these resources may be quite finite. Such is the case for iron ore and domestic
bauxite reserves. The core of the earth may be made of iron and iron may be
present in vast quantities in the earth's crust, but easily recovered ore, by current
technology is quite limited. Similarly, the total domestic supply of aluminum is
virtually unlimited, but not in the form of bauxite. This could become important if
it became desirable to limit aluminum imports. Thus, looking at the index of
reserves divided by annual production gives-some indication of the time horizon to
the point at which significant peturbations in production costs might be expected.
Where this index is on the order of hundreds to thousands of years, historical cost

trends probably vield the best information on future price expectations. Where this

*
Reserves are deiined as those resources which have been identified and
delineated as viable in the context of the current economic and technological
conditions.
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TABLE 4.0

PRODUCTION, RESERVES AND ULTIMATE RESOURCES FOR SELECTED MINERALS

PROBUCTION 1977 RESERVES 1977
LARGEST HATSOH Sy .
HINERALS s PAATIOH KORLD iy Resthves o 7 FRobr TOrT SRONETTON
ARG 295 ST u.s. 536 5T UNLINITED RESERVES " HA
ansenic’ W HA 1439 T 500 ST KA 4,100 57 HA 105 YRS,
BAUKITE" 2,000 LT 2% 0001 81,000 LT w00 L o 000NN L 24,500,000 LT 20 ¥8S, 302 vas,
BERYLLLUN W A N3 ST 26,000 ST HA A A KA
noRon” 1,436 ST HA HA 350,000 5T 5;3'_‘55; sp 1,100,000 57 243 s, HA
cHRoRI” W A 9.250 §1 — > ioon g0 2+700,000 ST A 291 YRS,
COPPER” 1,490 57 us. 8,370 ST 93,000 ST oite 503,000 5T 62 YRS, 60 YRS,
GALLIUH NA HA 14,000-20,000 kg NA A HA WA A
GERMANIUM 35,000 LD Hfal'){;‘m 100,000 LB 550,000 LB A 4,000,000 LB 24 es, 22 YRS,
IRON ORE 57 mLT An T D49 MLT 17,000 WLT You 800 My 24700 T 290 RS, 300 RS,
HAGHES 1™ W HA 17148 ST VAST SUPPLIES 1N NELL, LAKE BRINES & SEAWATER A HA
HANGANESE —_ Y0500 26,400 ST _— s.000 000 6-000.000 ST HA 221 YRS,
5T

MOLYRDENUN | 120,000 1B ©.s. 200,700 18 7,600,000 u.s. 19,500,000 LB 63 YRS. 9 YRS,
WICKEL 17,000 ST 250,600 ST 800,300 §T 200,000 ST 28,000,000 ST 60,000,000 ST " s, 7% ¥as.
SILTON 510 ST 5. 2,371 ST MPLE TH RELATION 70 DEMAHD HA ™
TN u HA 2/9.400 ST yaroon st G NNC arzao0 st NA A
waopie’'" ] 12,400 18 25.333"53 52,300 LA 210,000 LA "360’.‘535‘3:“ 21,400,000 LB 18 YRS, 33 YRS,

*OATA 1N THOUSAND SHORT TOMS.
“DATA IN THOUSAND LONG TONS.
***DATA 1N THOUSAND POUNDS.

YJITHHELD TD AVOID DISCLOSING INDIVIDUAL COMPANY CORFIDENTIAL DATA.

KA TNFORMATION HOT AVATLABLE.
‘iICLUDES 1.5. PRODUCTEOH,

zEl(:Ll.IDES CENTRAL ECOHOMY COUNTRIES; U.5.
JES'I’IHJ\TED CAPACITY,
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TADLE 4.Y PRODUCTION, RESERVES AND ULTIMATE RESOURCES FOR SELECTED MINERALS {COHTINUED)

L5, PRICE (1972 3) P SDhDeES
HIHERALS UNITS 1973 wN 1975 1976 1977 u.5. WORLD
ARGON §/s1 147.28 168.67 77.64 195.69 205.20 UKLIHITED
ARSENIC /L8 5.90-6.37 11.18 15.02-16.20  14.93-15.68 14.15-14.85 ] 1,750 ST+ 45 MST
BAUKITE $/51 4721406 4.30-12.90 3.95-11.87 3733120 3.53-10.6 | 328 MST 4o BST
BERYLLIUN $LB §5.08 64.54 59.35 56.02 53.07 00,000 ST KA
BORON 457 15.52 60.84 19,14 78.42 8.49 HA  ADEQUATE
e B = = T =
CORPER e 56.17 66.52 0.81 §1.98 41,19 HA 156 WST
GALLIUN $/%6 708.08 645.43 5§93.50-632.16 37346 89.15 15 K6 1 BKG
GERMAH UM ¢/GH 7.66 5.2 23.18 21.08 22.36 SEVERAL BILLIOH POUNDS
1RO ORE $Lr 11.24-10.62  13.55-13.76 14.64-14.03  15.13-15.16  14.98-15.16 | 108 BLT 800 BLY
WAGHES T84 e 3.0 35.49-64.54 64.89 4.98-67.22  67.93-70.05 UHL INITED
HAHGANESE $/LTU 54-.75 .68-1.22 1.09-1.14 1.03-1. 14 1.00-1.08 HA  VERY LARGE
HOLYBOEHUH |  $/18 1.62 1.97 2.07 2.57 2.83 37 BLA 70 BLB
NICKEL $1a 1.44 110,72 1.59-1.4 1.64-1.80  1.70-1,56 | 1.4 DST 143 KT
SILCoN e 2.6 8.722 34.03 . 30,07 AOUHDART
TITANIGH $/Le (%] 1.93 2.13 2.0 2.10 .
VANADIUM /L8 1.4 1.82 2.8 2.6 .15 HA 62 W51

‘:mm IN THOUSAKD SHORT TONS.

SOUACE OF TITANIUM IS RUTILE (TOTAL NORLD RESOURCE: 220 MST).
YURKISH (DELIVERED U.5. PORTS).
Z5nuTit AFRICAN (DELIVERED U.S. PORTS).

HIHERAL COMMODITY SUMHARIES, BUREAU OF MINES, 1978.

SOURCE:
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index is on the order of decades to, say, 100 years, significant changes in price
structure could occur during the SPS program. For these resources, it would be
prudent to cest production from alternative sources. It could be useful to do this,
for.example, for aluminum.

A reasonable approach to costing many resources is to simply examine the
historical cost trends. Figures 4.5 and 4.6 show 28-year trends for aluminum and
copper. To use long-term data, one must first convert all prices to a common unit,
say 1972 dollars. This can be done using a deflator index such as the GNP price
deflator given in Figure #.2. The deiflated prices can then be analyzed statistically.
Unless there is a clear upwara (or downward) trend in the price, it is generally
adequate to simply use the long-term average price as the "best guess" of the
future price (beyond the next few years).

Beyond estimating the long-term average price, it is useful to examine the
volatility of the price over time. For example, the standard deviatio‘n of the price
about the long-term average is an interesting parameter. It provides an estimate
of potential variability of the price at any future time and thus measures inability
to predict future prices. Because long-term (secular) price trends are difficult to
predict in advance, and because they may be present today, it is probably wise to
consider the three-standard- deviation range’ as the bound on one's ability to
forecast future resource prices. As the price volatilities for aluminum and copper
indicate, the three-standard-deviation band can be on the order of the resource's
long-term average price. Thus, it is very plausible that many resources will not be
priceable to better than a factor of plus or minus two over the tirﬁe period when
such resources would be needed for SPS. However, it should be emphasized that
this is strictly a plus or minus situtation, not one that is biased one way or the

other,
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Another problem in resource pricing that shows up in the data of Figures 4.5
and 4.6 is that the prices of many minerals are correlated in time. Thus, if the
price of one mineral goes up, it is likely that others will also. This means that cost
uncertainties are not necessarily reduced by using a variety of materials in the
system design.

Finally, it is again worth emphasizing that this state of price forecasting
applies to all future energy systems, not just SPS. It is not a good nor a bad
feature of SPS that such prices cannot be predicted accurately, it is just a fact of
life that must be accepted and dealt with accordingly.

4.2.2.2 Discernably Finite Resources

To round out this discussion, it is necessary to discuss the pricing of
discernably finite resources. To be sure, one should recognize that resources are,
in general, quite vast and widespread. However, there is an energy cost associated
with their recovery that is difficult to escape. The same is true of energy
resources and, hence, one might say that they are limited to the extent that, at
some point, the energy cost for recovering these resources will equal the energy
contained in the resources recovered. In this context, fossil and nuclear fuels are,
indeed, limited. From this it follows that other resources are limited, but only by
the economics, and particularly the energy costs, of their recovery. Thus, the
discussion which follows applies fully to energy resources, and to other resources
within the context that, at some price, the resource supply becomes very large. At
such high prices, monopolies and cartels give way to competition-from other
sources.

Ti.xe basic notion employed in the development of a mathematical model for
medium~ to long-range pricing of finite resources is that the holders of these

resources wish to maximize the value of their resource to themselves. This

e
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assumption leads to an economic‘aliy'optimai price as a function of time. Short-
tefm variations may "occur around the economically optimal price due to political
factors and due to uncertainty in economic parameters such as the demand
elasticity and the resource reserves. However, considerable pressure is exerted by
the economic forces tending to drive the price towards it; Yequilibrium" value.
Thus, in the long run, we believe that the economically optimal price is the "best
guess" of future resource price. Cértainly, this seems to be the case with
unregulated oil prices at the present time,

The mathematical model Is formulated as follows: It is desired to maximize

J, where

Lo
- ‘*p‘t
J= .j{; € u(Q,q,t)dt (&-1)
where t is time, pis the resource holder's discount rate, Q is the magnitude of the
reserve at time, t, and g is the rate .of downdrawal of ‘the reserve, The

maximization is subject to the constraints:

q> 0
forallt
Q20

and it is assumed that Q{t=0} = Q (today's reserve) is known. This problem is read:
select the functional q(t) which maximizes the present value of present and future
utilities {that is, worth), U(Q,q,t), to the resource holders from resource production
subject to the constraints that total resource inventory diminishes at the rate at
which the resource is prc;duced for consumption and that the resource is nonrenew-

able,

@]
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It 1s appropriate to consider that the utility of resource production may be
given as the net revenues generated by the resource, that is, the gross revenues
minus extraction costs, For example, let $(Q,q,t) be the per unit cost of extraction
of the resource and D(P,t) be the demand for the resource at price P, Assuming
that production equals dernand,

q = DR,
yields price as a function of production and time,

P= i’(q,t)

Then, the utility of production can be written

UlQ,a,t) = q[Plagst) - $(Qy4,t)]

This is an optima! controf problem where the control variable is g and the state
variable is Q. The solution to this problem depends on the form of P{g,t) and
5(Q.qst). A typical solution is given in Appendix A of ECON Report No. 77-146-1,
"A Study of Some Economic Factors Relating to the Development and Implemen-
tation of a Satellite Power System.” For convenience, this solution is repeated in
this report in }:\ppenrjix A. The solution yields g as z function of time which can
then be transiated into price as a function of time. Substantial variability might be
expected around the optimal price at any point in time, In the long term, such
variability cannot be forecast,

4,3 Caveats

The methods for forecasting future costs presented above assume a "business
as normal" environment. Any number of events could eccur to create large cost
variations. These inciude mainly factors which could cause major changes in the

supply or demand picture for resources or labor: a major economic recession,

C - Eeen
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war,* drastically new technologies; political changes, etc, The major thing one
should be aware of is the new demand for resources which SPS will create. If this
demand is .a significant fraction of the total resource demand, large changes in

resource cost can be expected. These are likely, but not necessarily, to be upward.

*
War should not be discounted. The possibility of war in the South African
nations which hold much of the world's mineral resources is very real.
Resulting changes in political structures (or even the threat of change) can
result in drastically changed resource price structures. Such was recently the
case with cobalt in Zaire. :
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APPENDIX A

A NONRENEWABLE RESOURCE PRICE MODEL

This appendix develops a solution to the nonrenewable price model described
in Section 4. Consider the problem of selecting a functional g(t) so as to maximize

NP
T
J= f U [q(t), Q) t} e Pt gt,
O .
subject to the constraints:*

Q-(t) = -Q(t) ‘
a0}, Q) > 0.

Speciify a priori the following conditions on U:

U~ 0
Yg Yq

<0
qu_ !

and that Q(to) = Qo. These conditions, in particular that on Uq, guarantee that
(i) the control inequality constraint q> Q will never be active, and

{(ii) there exists some time, T, T <, where Q = 0 and the state inequality
constraint Q > 0 becomes active.

Although the problem is properly considered as an infinite horizon one, the
nonrenewability of the resource Q and condition (ii) above make it such that the

control problem ends at time T; there exist no more options.

* . . » ~ .
The following notations are used: X = g%- and for F(x,y), F .= —x - By x(t) is
meant the optimal time path of x. d
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From ‘i'akayamaae (Theorem 8.A.3, p. 613), the necessary conditions for the
optimality of the functional qt) are:
O ¢B .8,
where £ = H[§(1), Q), t, s(t), vit)]
= v(tu[qlt), o), t et - stugl);
@ =g, d), 1, s, vin] 2 B{aW, Q) 1,-5(4), v{t)], for

all admissable glth
Gi) BT, B, T, s(T), v(T)] = 0

{iv) v{t} = constant > 0.
s{t) and v(t) are Lagrangian multipliers or adjoint variables.
Condition (ii) requires )

vu[ 46, Q) 1]e7PT - sttalr > vU [q(t), Qt)t]e ™ - s(ogl),
given the constant v as specified in condition (iv). Now if v =0, then

s{£)g(1) <sft)gleh
Since v and s{t) cannot vanish simultaneously ("Fritz John's theorem"; see
Takayama, p. 612), s(t) £ 0. If s(t) <0, this implies glt) > q(t? for all gt} > 0, and
) thus q(t) would be unbounded above. But an infinite rate of downdrawal is clearly
not optimai.** 1f s{t)> 0, and letting gt) = 0, the implication is that 4lt) = 0 for all
t, which is clearly not optimal given the condition U q> 0. Thus, v £0. Without loss

ﬁ:ﬁupto

of generality we canset v = L. Condition {ii) aiso yields the condition 53

time T since g{t) will be in the interior of the admissable region.

ri———n

*Takayama, A., Mathematical Economics, The Dryden Press, 1974.°

s ]

That an infinite rate of downdrawal were optimal would imply that buyers
could absorb Q_ in an infinitessimal amount of time; and this would occur
without letting Zemand become more elastic than -1.

N
\_,_.?_3

0
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From the above conditions, the following equations are obtained:

S = -UQe_ ot (A-1)
Q = -qf1) (A-2)
s{t) = qu'pt (A-3)
SAM = uan), Q) T)e P (A-t)

Equations A-1 to A-3 describe the movement of the system up until the entry into
the constraint, i.e,, 0 <t < T". Equation (A-4) describes the transversality
condition at T'. (A-1) to (A-4) is a system of two first-order differential
equations, (A-1) and (A-2), with two boundary conditions known: Q(TO) = Q, and
Q(T) = 0. The system also contains the unknown T and two independent equations,
(A-3) and {(A-4). Henceforth, it will be understood that g(t) and Q{t) refer to the
optimal time paths.

The effect of the state variable inequality constraint, Q(t) > 0, has not yet
been considered. Doing so yields an additional necessary condition for optimality,
called the jump condition. This provides an expression for 3(T). According to
Pontryagin et al.,* at the time that the coptimal path enters into the constraint
boundary [here, time T where Q() = o] , the following condition holds:

viT) = v'(‘l‘)}

s =smJ

(A-5)

(A-5) permits equating s*(T) from (4} with s™(T) from (A-3). Before proceeding
further, the form of U[q(t),q(t),t] must be specified. The analysis up to this point

is quite general in nature. A special case is dealt with below.

*L. S. Pontryagin, V. G. Boltyanskii, R, V. Gramkrelidze, and E. F. Mishchenko,
The Mathematical Theory of Optimal Processes, New York, Wiley Interscience,
1962 (tr. by K. N. Trirogoif from Russian original), p. 302.
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An Exponentially Increasing Demand Case

Consider a linear demand function in which the quentity demanded as a

function of price grows exponentially. Such a function has the following form:

pt) - &
glt) m[—-—-—-———é] eVt
a2

Solving for p(t) vields

plt) =2, +a,e Y qlt) (A-6)
Take the cost of recovery to be given by the expression

b
2 2

clt) = byq(t) + 5 q®)® + b, [Q, - Q)] a) (A-7)
Now we define the {undiscounted) rate of utility increase as net revenue:

u ot Q)] = alo) « ple) - i)

b .
- 2
- (ay - by - b,Qp)a) + (ae7T*- 22} qw? + b Q)

or, simplifying coefﬁ.ciezm*s,"e

u{ae), Q) = €, + ha? + C4QAtkle) (A-8)
From this the following obtains

U q= C, + 2h(t)q(t) + C3Ql1) (A-9)

Ug* C,qlt) {A-10)

Substitute {A-9) into (A-3)

sy = (€, + 20l + €M) &P (A-11)
and solve for g{t)

g{t) = Zﬁg\% Cs(t}e Pt_¢c - C3Q(t8 : (A-12)
Consider now equation (A-4). which describes the transversality conditions. Sub-

stituting (A-8)

— b, .
* -y «
Although it is specified that h{t) = a e L ,,% , there is no actual restriction
on the form of h(t) in what follows.
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sH(Da(D = -, + hDa(D) + C,1)) e T,
Now, if q(T) £ 0, divide through by q(T), noting that, by’ definition Q(T) = 0:

s'T = -Ce™T o hie® T g(1).

I
Substitute (A-11)

s'M=-Ce®T12sm+y2¢. T
Noting that s*(T) = s™(T) (the jump condition),
s (T) = Cle"p T,
If, on the other hand, q(T) = 0, solve (A-11) directly for s (T), finding
s(m=c Pt ' (A~13)
Thus obtains the final necessary condition for optimality.
One can now proceed to solve the system of differential equations. Recalling
(-3 = -q, differentiate (A-11) to obtain
§=-peP' [, - 2h(tQ + C,QM)
+e ™t an @Q - 2000 + ¢,Q) (A-14)
Substitute (A-10) into {A-1)
5 = -CBq(t)e_p t
=C,Qe?t (A-15)
Equate (A-1%) and (A-15)

-pC; + Zph(t) - p C4QM) - 201 - 2h(t)D + C4Q = C,0

Thus,

-20(0Q +2 { ht) - k) Q-pC0m = ¢ (A-16)
or -

5—[“%]6%&%:-% (A-17)

Thus, a second-order ordinary differential equation in Q(t) is obtained, The
boundary conditions Q(0) = Qy and Q(T) = 0 are known. Additionally, from (A-13)

and (A-11), g{T) = 0. T, however, is not known. Equation A-17 can be solved either
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by choosing some initial consumption rate g(0) and solving until Q(T) = 0 or by a

Frobenius series solution of the form
C o
1 =Yt 1k
gt =- ==+ P, A (E"T'1)
Gy ik

Unfortunately, the series solution requires the use of about 100 terms to obtain
adequate accuracy and thus holds no computational advantage over the numerical
solution. The numerical computations of the first procedure are minimized by
noting that any two solutions to a linear DE (such as A-17) can be linearly
combined to form a third solution. Thus iteration on g(0) is not necessary; one
simply combines two arbitrary solutions in the manner which yields q(T) = 0 where

Q(T) = 0 and uses this same linear combination to find the optimal g(0).
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APPENDIX B

THEORETICAL FIRST UNIT (TFU) AND OPERATION AND MAINTENANCE {O&M)
COST MODELS FOR THE ROCKWELL INTERNATIONAL SP5 CONFIGURATION

The foliowing is a listing of the equations incorporated in the TFU and Q&M
cost models of the Rockwell International SPS configuration as described in
"Satellite Power Systems {SPS) Concept Definition Study® of April 1978. The
equations are organized here to correspond {o the structure delineated in "Satellite
Power System Work Breakdown Structure Dictionary," NASA TM 78155, January
1978. Where discrepancies exist in the level of detail developed or the elements
identified between the Rockwell report and the suggested WBS structure in the
NASA document, an attempt has been made to reconcile the differences and to
report the cost equations at the lowest possible level of detail corresponding to the
NASA WBS structure. The definitions of the variables used in these equations have
been gathered together at the end of each cost model in order to avoid repetition.

It should be noted that the cost model is designed to calculate the cost of a
single satellite. The data listed in Appendix D correspond to the TFU of the
Rockwell configuration, and therefore the cost of 2 single satellite calculated by
the models listed beiow is for the cost of the TFU. Where cosis or masses below
relate to facilities or eguipment used to construct more than one sateliite, these
costs and masses are amortized in the model so that each satellite pays an equal
portion of the commeon cost. For example, in the case of the space bases, whose
lifetime is equal to the total time required to build the SP5 fleet, the cost of the
space bases has been spread over all the satellites, such that each satellite pays an
annuity at its IOD, the sum of all of which annuities discounted at the indicated

discount rate equals the present value of the space base at the IOD of the iirst

D)

@

&=

r-
[
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production unit. Hence, any variable which corresponds the total procurement cost

of equipment which is used for the construction of more than one satellite is the

amount of the cost of such equipment which has been amortized to each satellite.

A similar amortization process has also been applied to the masses of spzce-based

equipment (used for the construction of more than one satellite) for the purpose of

calculating total transportation cost associated with the construction of one

satellite.

B.1

The TFU Cost Model of the Rockwell International Configuration

01-00-00 Satellite System

CsaT = Cspm * Csser * ©sT * Cps * Cant * CPDC
Cuisc * Ccar* CsatH * CsaTo * Case * Cops

Moat = Mg + Mpg + Ma g + Mppye + Mypge

01-01-00 Structure

Cs1=CasT * Cpsst * CMmECHS * CsEsT

Mgt = MagT * Mpgst * Mpypens * Msgst

01-01-01 Antenna Structure

Cast = SCasT PANT PD

Mpgr = SM P

AS AST " ANT PD

01-01-02 Power Source Structure

Psaprp
AB = g 5
sc F ngpr fspsc fap IEp
(n - 1)AB
AC = ——-E-%F——-
CONC
Cpsst = SCpsst (Ap + A
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Mpsst = SMpsst (Ap + Ag)

01-01-03 Mechanisms

" CpmEecHS = SCuEcHs Ap + Ag)

An + A

MuEecHs = SMuecus B + Ac)

01-01-04 Secondary Structure

Csest = SCsest (A + AQ)

Mgpgt = SMgpgt (Ap + A

01-02-00 Power Source

+C

Cps=Csp*Csc * Cpne

Mpg = Mgp + Mg + Mppy~

01-02-01 Sclar Blankets

Csp =5Csp Ap

Mgp = SMgp Ap

01-02-02 Solar Concentrators

CC-_—SC A

5 SC°°C

Mg = SMge Ag

01-03-00 Power Distribution and Conditioning

Cepe = SCenpe * SCswt * SCaaTT * SCRPC) Psapp

+3Csp PANT INT

Mppc = SMenpe * SMgw T + SMpatt * SMapc) Psapp

*SMgp PANT INT

Ol-le-OO Microwave Antenna

Chp = 5Cup PpC-RF

[gpas] N
=z d



=

HP = SMpp Ppe_rE
“mwa = SCuwa PocorF
Mywa = SMuwa Poc-rr
CaNT = Cap * Cvwa
MANT = Myp * Mywa

01-05-00 Rotary Joint

[Hardware elements in this category have been included
elsewhere. ]

01-06-00 Propulsion

[Hardware elements in this category have been included in
Miscellaneous Equipment below. ]

01-07-00 Energy Storage

[Hardware elements in this category have been included
elsewhere, ]

01-08-00 Avionics

[ Hardware elements in this category have been included in
Miscellaneous Equipment below. ]

Miscelianeous Equipment

Cmisc = SCursc Mt + Mpg + Manr + Mpp )

Musc = SMynsc Mgy + Mpg + Mapr + Mppy )

[NOTE: Miscellaneous equipment in the Rockwell configuration
includes thermal control equipment which is not included in the
NASA WBS dictionary.]

01-09-00 Ground Assembly and Integration

C + C

supc = CsT * CanT * Cps * Cepe

Csar = fga1 Ssupc

1ol
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- DI-10-00 System Groun;i Test Hardware

c

Cseth = iseTH Csupc

01-11-00 System Ground Test Operations

C C

saTo = sgTo Csurc

01-12-00 Ground Support Equipment

Cosk = fgsE Csurc

01-13-00 Satellite System Program Management

Cspm = Ispm (Cs1 * Cps + CANT * Cumise * Cumisc + Cgar *

CsaTh * CsaTo * Case * Cops’

Qi-14-00 Sé‘celiite System Systems Engineering and Integration (SE&I)

Csser = Issgr (Cs+ Cps + Cant * Cmisc * Ccar * Csatu *
Csaro * Case * Cops?

02-00-00 Ground Station System

C + C

cs = Cosem * Cgsser * CrecT * CsaTcon * CUTINT * CsaF

02-01-00 Rectanng

CrecT = CpiprEC * CRECPDC * CGPS

02-01-01 Dipole/Rectifier Elements

C P

DIPREC = >CpiprEC PRE-DC

02-01-02 Rectenna Power Distribution and Conditioning

Crecppe = SCRECPD PRECT PD

i
@
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02-0]1-03 Rectenna Support and Ground Plane Structure

Ceps = *Caps PrRE-DC

02-02-00 Satellite Control

CSATCON = {Input Value]

02-03-00 Utility Interface

T:SC P

CuTIN UTINT PRECT PD

02-04-00 Site and Facilities

Coar=CrLp* Cre+Cyut*+Cp+ CuE

02-05-00 Ground Station Program Management

=f +C +C

Cosem = fespm Crect * Csatcon * CuTinT * Csar

02-06-00 Ground Station SE&!

Casser = igsser (CrecT * CsaTcon * CUTINT * Csar)

03-00-00 Manpower Operations

Corops = Csgo * Caconst * CoLogs

Corops = Cccrew * Ccprov Ccems

Cops = Ccrops * Corops * CGsops

04-00-00 Orbita! Assembly and Support

CspasT = CLEOSB * CGEOSB
MspasT = MLeosa * MgEosp

04-01-00 Construction Base and
04-03-00 O&M Support Base

Ngeo = fsupp * Inpps

i
@
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N
GEO 1
c = . Ny s SCaens +
GEOSB™ T oo Rignst imons - ADM >CADM
Nepm 3Cchm * Neim 3Cerm * Nowm 3Ccom *

Nesm SCesm * Npowm SCpowm * Nesum SCpsu
Ngna SCspy + Nsp SCoy + Crrx?

NGEO 1

M =
GEOSB ™ Inyceo  RconsT IDLGEO

(Napm SMapu *

Nepam SMenm * Nem SMeim * Now SMeom +

Nesm SMesm + Neowm SMpowa * Npsu SMpsu +

Ngpy SMsppy + Neyt SMgpy + Mppy)

04-02-00 Logistics Base

N
LEO ]
C = . {SC +5C +
LEQOSB fNLEO RCONST fDLLEO CHM CSM

SCeom * SCpowm’

N
LEOC . 1 (S

LEOSB ™ fniko ReonsT IpLLEO

M Meopm * SMesy +

SCeom * SMpow)

05-00-00 Assembly and Support Equipment

Npu SCam Ng SCe Neam SCeam
CASE= & i * R i * R ;
consT IpLam consT IpLc consT IpLcam
Nem SCrMm . Ngp SCgp . Nep 3Crp .
ReonsTiIpipm - ReconsTIpied  ReownsT IDLrRD

Nep SCep . _NaPSCap
RconsTIpLep ~ ReonsT IpLapl
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Npp SMppy Me SMe Neaw “Meam
MAsE® o3 * R I * R T *
CONST IpLBM CONST iIpLe consT IpLcam
Nem SMgm . Npp SMpp __NrpMpp
ReonsTIpLrRM ReonsTIDLBD  RConsST IDLRD
Nep SMep Nap1 SMap;
R i * R

consT IpLep CONST IDLARI

06-00-00 Heavy Lift Launch Vehicle (HLLV)

Crrry = CHiver * CHivop

06-01-00 HLLV Fleet

M Eo = Mgt + Mpg + Myt + Myse + Mgpast * Magp +

McoTy + Moy ;
M Ngpo ——ROT
NLVELT = Fo T * fpoLy “consT
P/L fLoAD TroTy
N _ NLveLT
HLLV = T,
c

HLVPR = SCHrrv Ny

06-02-00 HLLV Operations

C p=5C

HLVO LVFLT NLvFLT

07-00-00 Space Transportation System (STS)*

C

10v = “1over * Ciovop

*This category refers to the Rockwell Intra-Orbit Vehicle (IoV) which
transfers payloads from HLLVs to the LEO Space Base,
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07-01-00 STS Fleet

M Eo =Msat * Mooty * Mase * MgpasT

M Eo

p/L iLoAD

N =
IOV™ M f’DLIOV

C N

10veR = >Ciov Njov

M Eo

M —_—
Mp/L fLoaD

+ SM

ov = Moy Moy + SMpppp

07-02-00 STS Operations

SCivrT MiEo

Mps L oAD

Crovop =

08-00-00 Orbit Transfer Vehicle (OTV)"

Ccotv = Ccotver + CeoTvop

02-01-00 OTV Fleet

MSAT+M + M

CFLTS® f

spasT * Masg
Loab Mp/L fcoty

N GEOSB

N _ Nerurs
COTV™ 151 coTv

cC N

COTVPR = *CcoTv
M

COTV
cotv = Mcotv Neorty

08-02-00 OTV QOperations

Ccotvor = CcotvrLT NCFLTS

*

This category refers to the Rockwell Cargo Orbit Transfer Vehicle (COTV)
which transiers materials (delivered to LEC by HLLVs) out to the GEO
construction base.
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09-00-00 Personnel Module

Cpotv = CpoTVveR * CPOTVOP

05-01-00 Personnel Module Fleet
1

Nggo o ROT
N _ CONST
PFLTS [y
N __ Npprs
POTV ™ ip poty
c N

POTVER = “C“poTv NpoTv

09-02-00 Personnel Module Operations

C p=5C N

POTVO POTVFLT "'PFLTS

10-00-00 Facilities

c ) SCeacs
FACS ™ ReonsT IDLFACS

11-00-00 Taxes

Crxs = { Input Value]

12-00-00 Insurance

Cins = [ Input Value]

13-00-00 Program Management

+

Com = Ipm Csat* Cgs * CspasT * CAsE * CHLLY

Ciov * CcoTv * CpoTv)

* - - - »
This category has been used to include the entire personne! transportation
system.

&een



108

14-00-00 Program SE&]

Cser=fse1 Csat * Cas * Cspast * “ase * CuiLv *
Crov * Ccotv * CroTv!

Definitions of TFU Cost Model Variables

Following is 2 listing of the definitions of the variables used in the TFU Cost
Model of the Rockwell configuration, in the order of their initizl appearance in the
model.

C = total procurement .cost of an operaticnal satellite ($)

SAT -

C = total cost of program management for the satellite system
SPM )

C’SSEI = total cost of systems engineering and integration (SE&I) for
the satellite system (3)

C’ST - total cost of the structure of the satellite system (5)

CPS = total cost of the power source of the satellite system (%)

C ANT = total procurement cost of the transmitting antenna (3)

CMISC = total procurement cost of miscellaneous equipment {propul-
‘sion, avionics, thermal control, et al.) (3)

CGAl = total cost of ground assembly and integration ($)

C’SG-TH = total procurement cost of system ground test hardware ($)

Csato = total cost of system ground test operations (§)

Case =  total cost of ground support equipment ($)

COPS = total cost of operations associated with the production of
the TFU ($)

MS AT = total mass of an operational TFU satellite (kg)

MST - total mass of the structure of the satellite system {kg)

Mpg = total mass of the power source of the satellite system (kg}

M ANT = total mass of the microwave transmitting antenna of the

satellite system (kg)
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Muisc = total mass of the miscelianeous equipment of the satellnie
system {propulsion, avionics, thermal control, et al.) (kg)
C AST = total cost of the antenna structure (§)
Cpsst = total cost of the power source structure ($)
CMECHS = total cost of structural mechanisms (§)
Cepst - total cost of secondary structure ()
MST = total mass of the structure of the satellite system (kg)
Magt = total mass of the antenna structure (kg)
MPSST = total mass of the power source structure (kg)
MuECHS = total mass of structural mechanisms (kg)
MgEsT = total mass of secondary structure (kg)
SC AST = ratio of the cost of the antenna structure to the power
throughput of the antenna power distribution system ($/kW)
PANT PD = power input to the antenna power distribution system (kW);
5 ) Pout
-n T
ANTPD " Tpect pp "RF-DC 'BC 'ATM PROP '1ON PROP "PC "DC-RF "WNT PD
where POUT = power output at the rectenna busbar
(kW; beginning of life, e.o.l.)
TANT PD. = antenna power distribution efficiency
nDC-—RF = dc-ri converter efficiency
nPC = phase control efficiency
nION PROP = ionospheric propagation efficiency
n ATM PROP= atmospheric i:xrbpagation eﬁif:iency
nBC = bheam collection efficiency
n*RF-DC = ri-dc converter efficiency
" RECTPD = rectenna power distribution efficiency
(including utility interface)
SM AST = ratio of the mass of the antenna structure to the power

throughput of the antenna power distribution system (kg/kW)

Eeen
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A area of the solar blanket (kmz)

B

.power input to the solar array power distribution system
(kW);

FsapD

p
p _
SAPD "M £ ~1 pp "RFE-DC 'BC "ATM PROP "TON PROP'PC 'DC-RF "ANT PD "ANT INT"SAPD

where 7 ANT INT = antenna power distribution efficiency

" SAPD = solar array power distribution efficiency

s = solar cell efficiency (at given concentration ratio, b.o.l.)

F = solar flux constant (1353 x 103kw /km?)

NEEF = effective concentration ratio

fSFSC = seasonal correction factor for solar flux constant

fED = environmental degradation factor for solar cells over design
life

f AD = array design factor (includes "packing factor," that is, the
ratio of solar cell area to total array area)

AC = area of solar concentrator as seen by the sun (ka)

T conC = efficiency of the concentrator '

SC PSST = ratio of the cost of the power source structure to the
planform area (that is, the area as, seen by the sun) of the
solar array and concentrator ($/km*)

SMPSST = ratio of the mass of the power source siructure to t?e
planform area of the solar array and concentrators (kg/km*)

SCMECHS = ratio of the cost of structural mechanisms to ihe planform
area of the solar array and concentrators ($/km®)

SMMECHS = ratio of the mass of structural mechanisms to tEe planform
area of the solar array and concentrators {(kg/km®)

SCSEST = ratio of fhe cost of secondary structure to Ehe planform
area of the solar array and concentrators ($/km”)

SMSEST = ratio of the mass of secondary structure to t}%e planform
area of the solar array and concentrators (kg/km*)

Cep = total cost of the solar blankets ($)

CSC = total cost of the solar concentrators ($)
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C = total cost of the power distribution and conditioning system
PDC
- of the solar array ($)

Mg = total mass of the solar blankets (kg)

Mc = total mass of the solar concentrators (kg)

MPDC = total mass of the power distribution and conditioning system
of the solar array (kg)

5Cqp = specific cost of the solar blankets (S/kmz)

SMgp = specific mass of the solar blankets (kg/kmz)

5Cqe = specific cost of the solar concentrators ($/km2)

SMSC = specific mass of the solar concentrators (kg/kmz)

SCCNDC = ratio of the cost of conductors and switches to the solar

array power throughput ($/kW)

SCSWT = ratio of the cost of switching to the solar array power
throughput ($/kW) -

SC = ratio of the cost of batteries to the solar array power
BATT throughput (S/kW)

SCBPC = ratio of the cost of battery power conditioning to the solar
array power throughput ($/kW)

SC-:SR = ratio of the cost of slip rings and brushes to the antenna
interface power throughput (3/kW)

P ANT-INT power input to the antenna interface (kW)
P
p ouT

ANT-INT MR ECT PDRE-DC 'BC "ATM PROP TON PROPPC DC-RE TANT PDTANT-INT

SMCNDC = ratio of the mass of conductors and switches to the solar
array power throughput (kg/kW)

SMSWT = ratio of the mass of switching equipment to the solar array
power throughput (kg/kW)

SMB ATT = ratio of the mass of batteries to the solar array power
throughput (kg/kW)

SMBPC = ratio of the mass of battery power conditioning equipment
to the solar array power throughput (kg/kW)

SMSR = ratio of the mass of slip rings and brushes to the antenna

interface power throughput (kg/kW)
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Chp = total cost of microwave heat pipes (3)

SCHP = ratio of the cost of microwave heat pipes to the DC-RF
power throughput ($/kW) -

PycoRF = power input to the dc-rf converters (kW);
P
p B ouT
DC-RF "RECT PD"RF-DC 'BC "ATM PROP 'JON PROP"PC DC-RF
Myp = total mass of microwave heat pipes (kg)
SMI—IP = ratio of the mass of microwave heat pipes to the DC-RF
- power throughput (kg/kW)
CMW A = total cost of microwave antenna elements ($)
SCMW A = ratio of the cost of the microwave antenna elements to
DC-RF power throughput ($/kW)
Myrw A = total mass of the microwave antenna elements (kg)
SM MWA = ratio of the mass of the microwave antenna elements to the
DC-RF power throughput (kg/kW)
SCMISC = ratio of the cost of miscellaneous equipment to the mass of

the satellite structure, power source, antenna and power
distribution and conditioning equipment ($/kg)

SM MISC = ratio of the mass of miscellaneous equipment to the mass of
the satellite structure, power source, antenna and power
distribution and conditioning equipment (fraction)

CSUPC = total procurement cost of the satellite system

i = ratio of ground assembly and integration cost to the

GAI . .
satellite system procurement cost (fraction)
] = ratio of the cost of system ground test hardware to the
SGTH . ;
satellite system procurement cost {fraction)
1 = ratio of the cost of system ground test operations to the
SGTO . .
satellite system procurement cost (fraction)
f = ratio of the cost of ground support equipment to the
GSE . . .
satellite system procurement cost (fraction)

fSPM = ratio of the cost of satellite system program management to
all other TFU costs (fraction)

fSSEI = ratio of the cost of satellite system SE&I to all other TFU

costs (fraction)
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total cost of ground station program management ($)
total cost of ground station SE&I ($)

total cost of the rectenna ($)

total cost of ground station satellite control facilities ($)
total cost of the ground station utility interface (§)

total cost of the ground station site and facilities (3)
total cost of the dipole/rectifier elements ($)

total cost of rectenna power distribution and conditioning
equipment ($)

total cost of the rectenna ground plane and support
structure (8)

specific cost of the dipole/rectifier elements ($/kW)
power input to the RF-DC converters (kW);

P

o . OUT
RF-DC "~ "oecT PD "RE-DC

specific cost of the rectenna power distribution and condi-
tioning equipment ($/kW)

power input to the rectenna power distribution and condi-
tioning equipment (kW);

Pout

"RECT PD

PRECT PD =

specific cost of the rectenna support and ground plane
structure ($/kW)

specific cost of the utility interface ($/kW)

total cost of the ground station land and preparation (§)
total cost of the ground station roads and fences (%)
total cost of the ground station utilities (3)

total cost of the ground station buildings (§)

total cost of the ground station maintenance equipment ($)

E=en
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ratio of ground station program management costs to ground
station procurement costs (fraction)

ratio of the cost of ground station SE&I to ground station
procurement costs {fraction)

total cost of ground operations ($)
total cost of satellite operations at the ground station ($}

total cost of construction for satellite operations facilities
at the ground station ($)

total cost of ground logistics for satellite operations ($)
total cost of orbital operations (5)
total cost of the construction crew for orbital operations ($)

total cost of construction crew provisions for orbital opera-
tions (3)

. total cost of expendable maintenance supplies for orbital

operations ($)

total cost of the orbital assembly facilities ($)

total mass of the orbital assembly facilities (kg)

total cost of ground station system operations ($)

total cost of the low earth orbit (LEO) space base (S}

total cost of the geosynchronous orbit (GEQ) space base (3)
total mass of the LEO space base (kg)

total mass of the GEO space base (kg)

total crew size of the GEO space base (number)

{Note: this input varies over the range of the expected
value of the crew size, and the cost and mass of the

space base are scaled accordingly, in reference to the

i i £
point design number fyeEo below.]

reference point number for the total crew size of the GEO
space base (number)

number of shifts per day (number)

m
©
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number of personnel per shift (number)
satellite fleet construction.rate (number of satellites/year)
design life of GEO space base equipment (years)

number of airlock docking modules in the GEO space base
{number}

unit cost of an airlock docking module ($)

number of crew habitability modules in the GEO space base
(number)

unit cost of a crew habitability module (§)

number of consumables logistics modules in the GEO space
base {(number)

unit cost of a consurnables Jogistics module (8)

number of base management modules in the GEO space base
{number)

unit cost of a base managemnet module (S)

number of crew support modules with EVA unit in the GEO
space base (number)

unit cost of a crew support module with EVA unit (3)
number of power modules in the GEQ space base (number)
unit cost of a power module ($)

number of pressurized storage modules in the GEO space
base (number)

unit cost of a pressurized storage module ($)

number of shielding units in the GEO space base (number)
unit cost of a .shiefding unit ($)

number of crew support modules without EVA unit (number)
unit cost of a crew support module without EVA unit (S)
cost of the fabrication fixture ($)

unit mass of an airlock docking module (kg)

gesy
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unit mass of a crew habitability module (kg)

unit mass of a consumnables logistics module (kg)

unit mass of a base management module (kg)

unit mass of a crew support module with EVA unit (kg)
unit mass of a power module (kg)

unit mass of a pressurized storage module (kg)

unit mass of a shielding unit (kg)

unit mass of a crew support module without EVA unit (kg)
mass of the fabrication fixturé

total crew size of the LEO space base (number)

[Note: this input varies over the range of the expected

value of the crew size, and the cost and mass of the
space base are scaled accordingly, in reference to the

point des;gz:: number fNLEO below. ]

reference point number for the total crew size of the LEO
space base (number)

design life of the LEO space base equipment (years)
total cost of assemnbly and support equipment (3}
total number of beam machines {number)

unit cost of a beam machine ($)

des'ign life of a beam machine (years)

total number of cassettes (number)

unit cost of a cassette ($)

design life of a cassette (years)

total number of cable attaching machines (number)
unit cost of a cable attaching machine ($)

design life of a cable attaching machine (years}
total number of remote manipulators (number)
unit cost of a remote manipulator (§)

design life of a remote manipulator {years)

0
¢
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DLBD
RD
SCRD

DLRD
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total number of blanket dispensers {(nurnber)
unit cost of a blanket dispenser (%)

design life of blanket dispenser (years)
number of reflector dispensers (number)
unit cost of a reflector dispenser (5)

design life of a reflector dispenser (years)
number of cable dispensers {(number)

unit cost of a cable dispenser ($)

design life of a cable dispenser (years)
number of antenna panel installers {number)
unit cost of an antenna panel instalier (§)
design life of an antenna panel installer {years)
total mass of assembly and support equipment (kg)
unit mass of a beam machine (kg}

unit mass of a cassette (kg)

unit mass of a cable attaching machine (kg)
unit mass of a remote manipulator (kg)

unit mass of a blanket dispenser {(kg)

unit mass of a reilector dispenser (kg)

unit mass of a cable dispenser (kg)

unit mass of an antenna panel installer

total cost associated with the heavy lift launch vehicle
(HLLV) (3) .

total procurement cost of the HLLV fleet ($)

total operations cost of the HLLYV fleet ($)
total mass launched to LEO (kg)

total mass of the cargo orbit transfer vehicle (COTV) (kg)
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total mass of the intra-orbit vehicles (10Vs) (kg)

total mass of the payload of an HLLV to LEO (kg)

average load factor for an HLLYV (what percentage of the
payload is used)

ratio of the .number of HLLYV flights for each Personnel
Orbit Transfer Vehicle (POTV) flight (number)

crew rotation rate {(number of rotations per year)
number of people carried per POTV flight (number)
total number of HLLVs procured (number)

design life of an HLLV (number of flights)

unit cost of an HLLV ($)

cost per flight of an HLLV ($)

total cost of the intra-orbit vehicles (IOV) ($)
total procurement cost of the IOV fleet ($)

total operations cost of the IOV fleet (8)

total number of IOVs procured (number)

design life of an IOV (number of flights}

unit cost of an IOV ($)

unit mass of an 10V (kg)

mass of IOV propellant consumed per flight (kg)
cost per flight of an IOV (3)

total cost of the COTV ileet (§)

total procurement cost of the COTV fleet ($)
total operations cost of the COTV fleet ($)

total number of COTV flights

ratio of the number of HLLV flights to one COTYV flight
(number)

total number of COTVs procured {number)-

Eesn
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design life of a COTV (number of flights)

unit cost of a COTV (§)

unit mass of a COTV (kg)

cost per COTV flight ($)

total cost of the POTV fleet (3)

t-ota'l procurement cost of the POTV fleet (3)
total operations cost of the POTV ileet (§)
total number of POTV flights (number)

total number of POTVs procured {(number)
design life of a POTV (number of flights)
unit cost of a POTV ($)

cost per POTYV flight ($)

total cost of ground facilities associated with the construc-
tion of the SPS fleet ($)

total cost of ground facilities associated with the construc-
tion of a single SPS satellite (5)

design life of the ground facilities (number of years)
total cost of taxes ($)

total cost of insurance (§)

total cost of SPS program management ($)

ratio of overall program management cost to TFU initial
investment cost (fraction)

total cost of SPS program SE&I ($)

ratio of overall program SE&I cost to TFU initial investment
cost (fraction)
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B.2 The O&M Cost Model of the Rockwell International Configuration

Orbital Operations

Coromp = Nore >Corc *

5C ADM N

OMADM"-
+

MoRPR SCoRPR * MEMS SCEMS *

SCenm NomcHm

IDLADM

SCCLM M

OMCLM

f5LCcHM

S N

Ceom Nomcom

fhLcim

Ground Operations

Cgsom = Casc * CasmaT

O&M Transportation

)

A + M +

IpLCsw

Mapu * Nomabu

Mom = Morper * MEms

SMeum NomcHuM

fhLADM

SMer v Nomcim

fhLcHM

S N

Meom
IhLcom

SMasum Nomesa
fbLcsMm

OMCOM .

fhLcim

SM N

psm Nompsu
fhLPsm

Mom

NoMcFT M

N
N

OMCYV i

M S

OMCVY

il

OMCYV Cery

pL fLoap fcoTv

f

OMCFT
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Mcotv Nomcy

N SC

T NomcrT * Nomcy ““cotv
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M + M

i

OM
Mpy

CMCYV
LOAD

Mom * Momcey
Mo o1
pL fLoAD IpLiov

SMigv Nomry

Nomiv

Mom * Momcv

+ M

oM OMIV

MPL fLDF\D

N

OMLVF

IpiLy

SC N N

ALLY Nomrv * SCLveL NomLvE

Nore * frot

fpoTV

NOMPET

fD LPTY

Nomev 3Cpotyv * NowpFT * POTVET

Comrv * Comcy * Comiv * Compy

Total Annual O&M Cost
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Definitions of O&M Model

Coroump

Nore

SCoRre

MorPrR

SCoRPR

MEgns

SCems

G3OM

O O

G3C

=

oM
GSMAT
OMADM

OMCHM

Z2 Z Zz 0

OMCLM
Nomcom
Nompsm

Nomcsi

s

OMCFT

Z

OMCV

=

OMCY

OMCY

Z 0

OMIFT

Z

OMIV

=

OMIV

1}

total cost of orbital O&M personnel (3)

total number of O&M crew members (number)

annual cost per person of O&M crew members ($/person)
total mass of annual .O&M refurbishment procurements (kg)

average specific cost of annual O&M refurbishment procure-
ments ($/kg)

total mass of expendable maintenance supplies (kg)

average specific cost of expendable maintenance supply
materials ($/kg)

total cost of ground station O&M

annual cost of ground station crew (3)

total mass to be transported to GEO for O&M (kg)l
annual cost of ground station materials (S)

number of O&M airlock docking modules (r}umber)
number of O&M crew habitability modules (number)
number of O&M consumables logistics modules (number)
number of Q&M base rﬁanagement modules {number)
number of pressurized storage modules (number‘)
number of O&M crew support modules (number)

total number of COTV flights to-support Q&M (number)
total number of COTVs "consumed" by O&M (number)
total mass of COTVs "consumed" by O&M (kg)

total cost of COTVs "consumed"” by Q&M ($)

total number of iOV ilights to-support O&M (number)
total number of IOVs "consumed" by O&M (number)

total mass of IOVs "consumed" by O&M (kg)

0
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total cost of IOVs "consumed" by O&M ($)
total number of jaunch vehicles flights (number)

total number of launch vehicles "consumed" by O&M
{number)

total cost of launch vehicles "consumed" by O&M ()
total cost of O&M space transportation ($)
total number of personnel transfer flights (number)

total number of personnel transfer vehicles "consumed" by
O&M (number)

total cost of personnel transier vehicles "consumed" by
O&M ($)

total annual cost of O&M per satellite ($)
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APPENDIX C

THEORETICAL FIRST UNIT (TFU) AND OPERATION AND MAINTENANCE
(O&M) COST MODELS FOR THE BOEING CO. SPS5 CONFIGURATION

The following is a listing of the equations incorporated in the TFU and O&M
cost models of the Boeing Co. SPS configuration as described in "Solar Power
Satellite--Systemn Definition Study, Part HI" of -March 1978. The equations are
organized here to correspond to the structure delineated in “Satellite Power
System Work Breakdown Structure Dictionary,” NASA TM 78155, January 1978.
Where discrepancies exist in the level of detail developed or the elements
identified between the Boeing report and the suggested WBS structure in the NASA
document, they have been noted, and an attempt has been made to reconcile the
differences and to report the cost equations at the lowest possible level of detail
corresponding to the NASA WBS structure, The definitions of the variables used in
these cost equations have been gathered together at the end of each cost model in
order to avoid repetitiorzl.

it should be noted that the cost model is designed to calculate the cost of a
single satellite. The data listed in Appendix E correspond to the TFU of the Boeing
configuration, and therefore the cost of a single satellite calculated by the models
listed below is for the cost of the TFU. Where costs or masses below relate to
iacilities or equipment used to construct more than one satellite, these costs and
masses are amortized in the model so that each satellite pays an equal portion of
the common cost. For example, in the case of the space bases, whose lifetime is
equal to the total time required to build the SPS fleet, the cost of the space bases
has been spread over all the satellites, such that each satellite pays an annuity at

its IOD, the sum of all of which annuities discounted at the indicated discount rate

(Do)
(n)
(0)

)
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equals the present value of the space base at the 10D of the first production unit.

Hence, any variable which correspends the total procurement cost of equipment

which is used for the construction of more than one satellite is the amount of the

cost of such equipment which has been apportioned to each satellite. A similar

amortization process has also been applied to the masses of space-based equipment

(used for the construction of more than one satellite) for the purpose of calculating

total transportation cost associated with the construction of more than one

satellite) for the purpose of calculating total transportation cost associated with

the construction of one satellite.

C.1

The TFU Cost Model of the Boeing Co. Configuration

01-00-00 Satellite System

Csat =.Csss * Cps * Cpops * CmpTs * CrT * Cavs * Coar * Csath
Csa1o * Case * Cspu * CssEr
Moat = Mggg + Mpg + Mpopnyg + Myprs + Mays

01-01-00 Structure

Cisss = CasT * CpsTr * Csgst
Mggs = MasT + Mpgrp + MgesT

01-01-01 Antenna Structure

CasT = Prapp CMywps SCyws * SMuwsT SChmwsT

MasT = Ppapp SMyuwes * SMywsT)

01-01-02 Power Source Structure

P

Ag - SAPD
" Nsc FPerF 'sFsc *AD YED
Mpstr = SMpsTr Ag

PSTR

Eeen
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CpsTr = S¢psTR MpPSTR -

01-01-03 Mechanisms

[Hardware elements in this category have been reported
elsewhere. }

01-01-04 Secondary Structure

Csest = (SCss * SChsup! A
MgpgT = (Mgs + SMpgyp) A

01-02-00 Power Source

M

SB

ps = SMgp Ap

[Note: This configuration has no concentraters for the solar array;
therefore, Cp~y; = 0.]

01-03-00 Power Distribution and Conditioning

M 3=SM

183 PSAPD
p

IB

M

MB = Mup Psapp

Mswtg = SMswrg Psapp

M M

Cpops = SCsw1g MswTg * SCmp Mmp * SCr3 Mip3

01-04-00 Microwave Antenna

CupTs™= “mwTA * CmweDd

MueTs = Mywrta * MMwed

01-04-01 RF Generator and Beam Control

01-04-02 Waveguides

C + SC

MwTA = OCtasg * SCrapa * SC1aTc * SCrACC *

)P

SCran’ PperE

e
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M + 5M

MwTA = SMTaAse TAPA * M1aTC * Mppce *

SM )P

TAH’ " DCRF

01-04-03 Power Distribution and Conditioning

Cruwed = SCuwep SMuwep * SCyvwrte SMmwTe *

SCawte SMuwee * SCuwse SMuwsa’ Papp

= {(SM

Muwep mwep * SMuwre * SMuwse * Mywec! Parp

01-05-00 Rotary Joint

MayT = SMayt PAINT

Cayr = SCayt MayT

Mpg=Mpyr *+ SMep T ParnT

Cri=CayT * Cer7 MERy

01-06-00 Propulsion

[Hardware elements in this category have been included elsewhere. ]

01-07-00 Energy Storage

[ Hardware elements in this category have been included elsewhere., ]

01-08-00 Avionics

Cavs =Cpm * Cem * Cac

Mavs = Mpy + Mgy + Mac

01-08-01 Data Mangement

CM=SC p +Cnry

D MWDP ~ APD cC

MDM=SM p + M

DP * APD CcC

01-08-02 Communications and Tracking

Cem = Ccomm * SCuwe Parp
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Mew = Meomm * SMuwe Papp

01-08-03 Instrumentation

[Hardware elements in this category have been included
elsewhere. ]

01-08-04 Attitude Control

Cac = SR * Cacep * Cacmn * Cacts * Cacen ®

P

SCuwac PAPD

M +M

AC = Mrur *Macpp * Macin * Macts * Macen ®

SMuwac Parp

01-09-00 Ground Assembly and Integration

Csupc =Csss + Cps * Cpops * CmpTs * Cra* Cavs

Cear = fga1 Csupc

01-10-00 System Ground Test Hardware

=1

Cseta = fseta Csupc

01-11-00 System Ground Test Operations

Cscto =fsgTo Csupc

01-12-00 Ground Support Eguipment

Cask =fasE Case

01-13-00 Satellite System Program-Management

Cspm = fspm (Csss + Cps * Cpops * Cpprs * Cry *

Cavs * Cgar * CsaTa * CsgTo * Case?

01-14-00 Satellite System Systems Engineering and Integration (SE&D)

Csskr = fsser (Csss + Cps * Cpops + CmpTs + Cry * Cavs +

N
CSh

(R
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Csar* Csath * Csato * Case!

02-00-00 Ground Station Systems*

C +C +Chp +C )

s = 2Cqsee + Casce * Casar * Cre * Caspm * CassEl

02-01-00 Rectenna

Casec = Casrr * Cgspp * Crps

02-01-0] Dipole/Rectifier Elements

= 5CrepI * SCRECR * SCRESC * SCRrECP *

)P

CGSrRE

SC

RFDC’ " RFDC

02-01-02 Power Distribution and Conditioning

Cesep = SCqsie * SCaspp’ PrRECPD

02-01-03 Support and Ground Plane Structures

c p

rps = SCrps + 5Casep) PrEDC

02-02-00 Satellite Control

Casce = Casec + Csops

02-03-00 Utility Interface

Cascr = Precep 3Casal

02-04-00 Site and Facilities

Crg = [input]

*
The plural “systems" is used because for this configuration there are two
5 GW ground receiving stations for each 10 GW satellite.
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02-05-00 Ground Station Program

Casem = faspm Casec * Casce * Casar * Cre

02-06=00 Ground Station Systems Engineering and Integration

+C

Casser = fasser Casec * Casce * Casar * CrE

03-00-00 Manpower Operations

[ Costs associated with this category have been included elsewhere. ]

04-00-00 Orbital Assembly and Support

Cspen=Cicp* €

=M

GCB

Mspen = Mice * Mger

04-01-00 Construction Base

o . Meo, Cicerr* Creecm * Crcpwm * Cresen * “icess
LB INLEo Rconst fpLieo
*CrLmp
u . Nieo | Micerr *Miceem * Micawu * Micsen * “icees
LCB ™ IntEo RconsT IpLLEO
+ MMP
04-02-00 Logistics Base and
04-03-00 O&M Base
o . Naeo , Cocerr * Cccaem * Socawm T Ccepen * “GeBBs
GCB ™ iNGEo Rconst fpLceo
*Comp
Mecs - fNGEO Mecerr * Macaem * Moeswm * Macan * Mocas
€~ IngEO RconsT ipLcEo
+ M

GMP
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05-00-00 Orbital Assembly and Support

c __ Cisa . CiEC . CLpD .
ORBAS ™ RoonsT Iprisa ReowstIpriec  ReownsT ipiiep
C1as . Cic . Cpi .
Reonst IpLras  ReowsT IpLic ReonsT IpLi
Casa CeEC Cerb
R I R T *R 1
consTipLGsA CONST IDLGEC consT IpLaep
Caas . Cee , Cal
ReonstIprcas  Reomstipac  Reowst Iprar
i i Misa . M Ec . M pD
ORBHS ™ ReqnsT Iprisy ReownstibLree  Rcowst fpriep
M As . Mie . My )
ReonsTiprias Reonstiprie  ReownstipLus
- Mgsa McEc Mepp
R T *'R I *' R f
CONST IDLGSA CONST *DLGEC CONST IDLGPD
Mgas Mac Mar

+ +
ReonsTIpLgas  Reonstibrce  Reowstiprar

06-00-00 Heavy Lift Launch Vehicle (HLLV)

CHLLY = CHLVPR * CHLVOP

06-01-00 HLLV Fleet

M1 eo = Msat * Mspen * Morpas * Moty
N veLT = TLeo
M
P/L *LOAD

&een
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N O NpveLT
HLLY = T
Crrver = 5CHLLy MHLLY

06-02-00 HLLV Operations

N

Cyrvop = SCLvFLT NLVFLT

07-00-00 Space Transportation System (STS) and
09-00-00 Personnel Module

+C

Cpotv = CpoTVER * CPOTVOP

07-01-00 STS Fleet and
09-01-00 Personnel Module Fleet

f

Nego " ROT
N _ CONST
PFLTS F—"
N _ Nppp TS
POTV ™ I potv
“poTveR * *CpoTV NPOTY

07-02-00 STS Operations and
09-02-00 Personnel Module Operations

CroTtvor = SCroTvFLT NPFLTS

08-00-00-Orbit Transfer Vehicle

Csotv = MsaT SCsTR * SCsot * SCaR * SCLoX

Meory = Mgat SMgryp + SMgqp + SMap + SMy oy)

*
This category accounts for the costs associated with the seli-orbit transfer
concept employed in the Boeing coniiguration.
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10-00-00 Facllities

SCeacs

C =
FACS ™ ReonsT IpLFACS

11-00-00 Taxes

Crxs = [ Input Value]

12-00-00 Insurance

Cins = [ Input Value]

13-00-00 Program Management

Cou = Ipm Csat * Cas * Cspen * Corpas * CHLLY * CPoTv * CsoTV!

14-00-00 Program SE&]

+C

Cser=ser Csat * Cas * Cspen * Corpas * ChLLy * CroTv *

Csoty!

Definitions of TFU Cost Model Variables

Following is a listing of the definitions of the variables used in the TFU Cost

Model of the Boeing coniiguration, in the order of their initial appearance in the

model,

C.‘.S AT = total procurement cosi of an operational satellite (3)

Csss = total cost of the structure of the satelli;te system ($)

Cps = total cost of the pc->wer source of the satellite system ($)

CPODS = t?ta_l cost of the satellite power distribution and condi-
tioning system ($)

CupTs =  total procurement cost of the transmitting antennae ($)

Cr3 = total cost of the rotary joints ($)

C AVS = total cost of avionics for the satellite system (8)
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total cost of ground assembly and integration ($)

tota-l procurement cost of system ground test hardware ($)
total cost of system ;ground test operations ($)

total c_ost of ground support equipment ($)

total cost of program management for the satellite system

()

total cost of systems engineering and integration (SE&I) for
the satellite system ($)

total mass of an operational TFU satellite (kg)
total mass of the structure of the satellite system (kg)
total mass of the power source of the satellite system (kg)

total mass of the satellite power distribution and condi-
tioning system (kg)

total mass of the microwave transmitting antenna of the
satellite system (kg)

total cost of the antenna structure (§)

total cost of the power source structure ($)

total cost of secondary structure (3) —

total mass of the structure of the satellite system (kg)
total mass of the antenna structure (kg)

total mass of the power source structure (kg)

total mass of secondary structure (kg)

ratio of the mass of microwave antennae primary structure
to power throughput (kg/kW)

specific cost of the microwave antennae primary structure
(S/kwW)

ratio of the mass of microwave antennae secondary
structure to power throughput {kg/kW)

specific cost of the microwave antennae secondary
structure ($/kW) .



135

PaPD = power input to the antenna power distribution system (kW);

o . Pour
APD " TpECT PD "RF-DC "BC 'ATM PROP "ION PROP 'PC "DC-RF "ANT PD

where POUT = power output at the rectenna busbar
. (kW; beginning of life, e.0.l.)

"ANTPD = . @antenna power distribution efficiency
n DC-RF = dc-ri converter efficiency
n PC = phase control efficiency
"ON PROP = ionospheric propagation efficiency
M A Tm PROP™ atmospheric propagation efficiency
nBC = beam collection efficiency
[l RE-DC = ri-dc converter efficiency
RECTED = By mtertacey ey
Ag = area of the solar blanket (krnz)
PS APD = ;(alfgxlr)e:-r input to the solar array power distribution system
3
P

P =
SAPD "TREcT PDRF-DC 'BC 'ATM PROPION PROP 'PC DC-RF 'ANT PD 'ANT INT 'SAPD

where nANT [NT = antenna power distribution efficiency

nS APD = solar array power distribution efficiency
iYe = solar cell efficiency (at given concentration ratio, b.o.l.)
F = solar flux constant (1353 x 103kW/km2)
NEpE = eifective concentration ratio
fSFSC. = seasonal correction factor for solar flux constant
fED = environmental degradation factor for solar cells over design
life
i AD = array design factor {includes “packing factor," that is, the

ratio of solar cell area to total array area)
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ratio of. the mass of the power source structure to the
planform area of the solar array and concentrators (kg/km”~)

speciiic cost of the power source structure ($/kg)

ratio of the cost of catenary support system tofhe planform
area of the solar array and concentrators ($/km*)

ratio of the cost of the caienary support system to fhe
planform area of the solar array and concentrators (§/km”)

ratio of the mass of the catenary support system to the
planform area of the solar array (kg/km™)

ratio of the mass of tl'f bus supports to the planform area of
the solar array (kg/km®)

specific cost of the solar blankets ($/km2)
specific mass of the solar blankets (kg/ km?)

total mass of the interbay jumpers (kg)

ratio of the mass of interbay jumpers to the power
throughput (kg/kW)

total mass of the main buses (kg)

ratio of the mass of the main buses to the power throughput
(kg/xW)

total mass of switchgear (kg)

ratio of the mass of the switchgear to the power throughput
(kg/kW)

specific cost of the switchgear ($/kg)

specific cost of the main buses ($/kg)

specific cost of the interbay jumpers ($/kg)

total cost of the microwave transmitting arrays (s)

total cost of microwave antenna power distribution system

total mass of the microwave transmitting arrays (kg)

total mass of the microwave antenna power distribution
system (kg) .
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ratio of the cost of antennae structure and waveguides to
power throughput ($/kW)

ratio of the cost of the transmitter power amplifiers to
power throughput ($/kW) ‘

ratio of the cost of transmitter thermal control to power
throughput ($/kW)

ratio of the cost of phase control to power throughput

($/kW)

ratio of the cost of transmitter harnesses to power
throughput ($/kW)
power input to the dc-ri converters (kW);

Pout

NRECT PD 'RF-DC'BC"ATM PROPION PROP PC 'DC-RE

ratio of the mass of antennae structure and waveguides to
power throughput (kg/kW)

ratio of the mass of transmitter power amplifiers to power
throughput (kg/kW)

ratio of the mass of transmitter thermal control to power
throughput (kg/kW)

ratio of the mass of phase control equipment to power
throughput (kg/kW) -

ratio of the mass of transmitter harnesses to power
throughput (kg/kWw)

specific cost of microwave antennae power processors (5/kg)

ratio of the mass of microwave antennae power processors
to power throughput (kg/kW)

specific cost of the microwave power processor thermal
control ($/kg)

ratio of the mass of microwave antennae power processor
thermal control equipment to power throughput (kg/kW)

specific cost of microwave antennae busing and cabling

(S/kg)

ratio of the mass of microwave antennae busing and cabling
to power throughput (kg/kW)

E=en



SCumwsa
SMywsa
MavyT
SMayT

PAINT

138

specific cost of microwave antennae switchgear ($/kg)

ratio of the mass of microwave .antennae switchgear to
power throughput (kg/kW}

total mass of the antenna yokes and turntables (kg)

ratio of the mass of the antenna yokes and turntables to the
power throughput (kg/kW)

power input to the antenna interface (kw);
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total cost of the antenna yokes and turntables (§)
specific cost of the antenna yokes and turntables ($/kg)

ratio of the mass of the electrical rotary joints to the power
throughput {kg/kW)

specific cost of the electrical rotary joints {($/kg)
total cost of data management (s

total cost of communications ($)

total cost of attitude control (§)

total mass of ‘data ﬁuanagement equipment (kg)
total mass of communications equipment (kg)
total mass of attitude control equipment (kg)

ratio of the cost of microwave antennae data processing to
power throughput {$/kW)

cost of central computing complex ($)

ratio of the mass of microwave antenna data processing
equipment to power throughput (kg/kW)

total mass of the central computing complex (kg)
total cost of the communications subsystem {3$)

ratio of the cost of microwave antennae communications
equipment to power throughput ($/kW)
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total mass of the communications subsystem (kg)

ratio of the mass of the microwave antennae comrmuni-
cations equipment to power throughput (kg/kW)

total cost of the attitude control thrusters ($)

total cost of the attitude control power processors ($)
total cost of the attitude control installation ($)

total cost of the attitude control propellant tanks (%)

total cost of the attitude control propellant ieed and thrust
control system (3}

specific cost of the microwave antenna attitude control
equipment ($/kg)

total mass of the attitude contro} thrusters (kg)

total mass of the attitude control power processors (kg)
total mass of the attitude-control installation (kg)

total mass of the attitude control propeliant tanks (kg)

total mass of the attitude control propeliant feed and thrust
control system {(kg)

ratio of the mass of microwave antennae attitude control
equipment to power throughput (kg/kW)

total procurement cost of the satellite system

ratio of ground assembly and integration cost to the
satellite system procurement cost {fraction)

ratio of the cost of system ground test hardware to the
satellite system procurement cost (fraction)

ratio of the cost of system ground test operations to the
satellite system procurement cost (fraction)

ratio of the cost of ground support equipment to the
satellite system procurement cost (fraction)

ratio of the cost of satellite system program management to
all other TFU costs (fraction)

ratio of the cost of satellite system SE&I to all other TFU
costs (fraction)
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- total-cost of a rectenna ($) -

total cost of a satellite control facility ($)

total cost of a utility interface {($)

total cost of site and facilities ($)

tota.l cost of ground station system program management (5)
total cost of ground station system SE&I (§)

total cost of the dipole/rectifier elements for a ground
station ($)

total cost of rectenna power distribution and conditioning
for a ground station ($)

total cost of support and ground plane structure for a ground
station (3)

ratio of the cost of RF assembly dipoles to power
throughput ($/kW)

ratio of the cost of RF assembly circuitry to power
throughput ($/kW)

ratio of the cost of RF assembly shields and covers to power
throughput (§/kW)

ratio of the cost of rectenna panels to power throughput

($/kw)

ratio of the cost of RF-DC conversion units to power
throughput ($/kW)

power input to the RF-DC converters (kW);
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ratio of the cost of ground station local busing to power
throughput ($/kW)
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ratio of the cost of ground station distributed processing to
power throughput ($/kW)

power input to the rectenna power distribution system (kW&');
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SCRPS = ratio of the cost of rectenna primary structure to power
throughput ($/kW)

SCGSGP = ratio of the ground station planes to power throughput
($/kW)

CGSPC = total cost of a ground station phase control facility (8)

C’SOPS = total ground station cost of SPS operations

SCGSGI = ratio of the cost of grid interface provisions to power
throughput ($/kW)

fGSPM = ratio of ground station program management costs to ground
station procurement costs (fraction}

fessEl - ratio of the cost of ground station SE&I to ground station
procurement costs (fraction)

CSPCN = total cost of orbital assembly and support (S)

Clen = total cost of the low earth orbit {LEO)} construction base ($)

CGCB = total cost of the geosynchronous earth orbit (GEO) construc-
tion base ($)

M SPCN = total mass of orbital assembly and support equipment (kg)

MLCB = total mass of the LEO construction base (kg)

Maep = total mass of the GEO construction base (kg)

N ko = total crew size of the LEO space base (number

[Note: this input varies over the range of the expected
value of the crew size, and the cost and mass of the
space base are scaled accordingly, in reference to the

point design number fNLEO below. ]
fNLEO = reference point for the total crew size of the LEO space
base (number)
ISLLEO = design life of the LEO space base equipment (years)
RCONST = satellite fleet construction rate (number of satellites/year)
CLCE;RF = total cost of LEO spar:'e base framework ($)
CLCBCM = total cost of LEO space base crew modules (§)
CLCBW M = total cost of LEO space base work modules ($)
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total cost of LEO space base cargoe handling and
distribution equipment (§)

total cost of LEO space base subsystems (8)

total cost of LEO space base maintenance provisions (5)
total mass of the LEQ space (kg)

total mass of the LEO space base crew modules {kg)
total mass of the LEO space base work modules (kg)

tot‘al mass of the LEO space base cargo handling and
distribution equipment (kg)

total mass of the LEQ space base subsystems (kg)
total mass of LEO space base maintenance provisions (kg)

total crew size of the GEO space base (number)
[Note: this Input varies over the range of the expected

value of the crew size, and the cost and mass of the
space base are scaled accordingly, in reference to the

point design number fNGEO below.]

reference point number for the total crew size of the GEO
space base (number)

design life of GEQ space base equipment (years)
total cost of the GEQ space base framework ($)
total cost of the GEQ space base crew modules (3) _
total cost of the GEO space base work modules (5)4

total cost of the GEQ space base cargo handling and
distribution equipment ($)

total cost of the GEO space base subsystems (3)

total cost of the GEO space base maintenance provisions ($)
total mass of the GEO space base framework (kg)

total mass of the GEO space base crew modules (kg)

total mass of the GEO space base work modules (kg)

total mass of the GEO space base cargo handling and
distribution equipment (kg)
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total cost of GEO space base indexers ($)
design life of GEO space base indexers (years)

total mass of LEO space base structural assembly equipment
(kg)

total mass of LEO space base energy conversion installation
equipment (kg) ’

total mass of LEO space base power distribution installation
equipment (kg

total mass of LEO space base antenna installation
equipment (kg

total mass of LEO space base cranes and manipulators (kg)
total mass of LEO space base indexers (kg)

total mass of GEO space base structural assembly
equipment (kg)

total mass of GEO space base energy conversion installation
equipment (kg)

total mass of GEO space base power distribution installation
equipment {kg)

total mass of -GEO space base antenna instaliztion
equipment (kg)

total mass of GEO space base cranes and manipulators (kg)
total mass of GEO space base indexers (kg)

total cost associated with the heavy lift launch vehicle
(HLLVXS)

" total procurement cost of the HLLV fleet (5)

total operations cost of the HLLYV fleet ($)

total mass launched to LEO (kg)

total number of HLLV flights required {number)
total mass of the payload of an HLLV to LEO (kg)

average load factor for an HLLV (what percentage of the
payload is used)

&=en
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NyLLy = total number of HLLVs procured (number

foiLy = design life of an HLLV (number of flights)

SCur Ly = unit cost of an HLLV (3)

SCy vELT = cost per flight of an HLLV (%)

McceBS = total mass of the GEO space base subsystems (kg)

CORBAS ) = total cost of orbital assembly and support equiprnent (§)

C = total cost of LEQO space base structural assembly equipment

LSA A ©)

fDLLSA = design life of LEO space base structural assembly equipment
{years)
CLEC = total cost of LEO space base energy conversion installation
equipment ($)
i = design life of LEO space base energy conversion installation
DLLEC equipment (years)
C = total cost of LEO space base power distribution installation
LPD -
equipment (3)
fDL‘LPD = design life of LEO space base power distribution installation
equipment (years)
CL AS = tgtal cost of LEQ space base antenna installation equipment
$)
fDLL AS = design life of LEO space base antenna installation
equipment (years) )
€ c =  total cost of LEO space base cranes and manipulators ($)
fDLLC = design life of LEO space base cranes and manipulators
(years)
Ci = total cost of LEO space base indexers ($)
I = design life of LEO space base indexers {years)
C = total cost of GEQ space base structural assembly equipment
GSA - (%)
fDLGS A = design life of GEO space base structural assembly

equipment ($)
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total cost of GEO space base energy conversion
installation equipment (§)

design life of GEO space base energy conversion installation
equipment (years)

total cost of GEO space base power distribution jnstallation
equipment ($)

design life of GEO space base power distribution installation
equipment ($)

- total cost of GEO space base antenna installation equipment

($)

design life of GEO space base antenna installation
equipment (years)

total cost of GEO space base cranes and manipulators ($)

design life of GEO space base cranes and manipulators
{years)

total cost of the POTV fleet (§)

total procurement cost of the POTV fleet (3}
total operations cost of the POTV fleet (§)

total number of POTV flights (number)

crew rotation rate (number of rotations per year)
number of people carried per POTV flight {(number)
total number of POTVs procured {(number)

design life of a POTV (number of flights)

unit cost of a POTV ($)

cost per POTV flight ()

total cost of self-orbit transfer ($)

ratio of the cost of self-orbit transfer thrusters to total
satellite mass ($/kg)

raﬁo of the cost of self-orbit transfer propellant tanks to
satellite mass ($/kg)
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ratio- of cost of argon propellant for self-orbit transier to
satellite mass ($/kg)

ratio of the cost of chemical propellant for self-orbit
transfer to satellite mass ($/kg)

ratio of the mass of self-orbit transfer thrusters to the
satellite mass (kg/kg)

ratio of the mass of self-orbit transfer propellant tanks to
the satellite mass (kg/kg)

ratio of the mass of the argon propellant for self-orbit
transfer to the satellite mass (kg/kg)

ratio of the mass of chemical propellant for self-orbit
transfer to the satellite mass (kg/kg)

total cost of ground facilities associated with the construc-
tion of the SPS fleet (S)

total cost of ground facilities associated with the construc-
tion of a single SPS sateilite ($)

design life of the ground facilities (number of years)
total cost of taxes ($)

total cost of insurance

total cost of SPS program management (3)

ratio of overall program management cost to TFU initial
investment cost (fraction)

total cost of SPS program SE&I (3)

ratio of overall program SE&I cost to TFU initial investment
cost (fraction)
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The O&M Cost Model of the Boeing Co. Configuration
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ComLy = SCuprv Nomrv * SCLyvrL NomLvE
ComsT = Comrv * Comev * Compy

Total Annual O&M

Com = Comc * “omE * ComsT
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Definitions of O&M Model
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total cost of O&M personnel ($)
total number of orbital O&M personne} (number)
annual cost per O&M crew member ($/person)

number of satellites maintained by a single O&M base
{number)

total cost of O&M equipment ()

number of maintenance gantry and manipulation units
(number)

number of crew module docking ports {number)
number of crew buses (number)

number of crane manijpulators (number)
number of component transporters (number)
number of turntables (number) ‘

number of laser annealing units {number)
number of gantry/repair vehicles (number)
unit cost of a maintenance gantry and manipulation units ($)
unit cost of crew module docking ports {$)

unit cost of crew buses (8)

unit cost of crane manipulators {$)

unit cost of component transporters ($)

unit cost of turntables ($)

unit cost of laser annealing units ($)

unit cost of gantry/repair vehicles (§)

design life of maintenance gantry and manipulation units
(years)

design life of crew module docking ports (years)
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design life of crew buses (years)

design life of crane manipulators (yezars)

design life of component transporters. (years)

design life of turntables {years)

design life of laser annealing units (years)

design life of gantry/repair vehicles (years)

unit cost of an O&M crew habitability module ($)

design life of an O&M crew habitability module (kg}

total mass of O&M equipment (kg)

unit mass of maintenance gantry and manipulation units (kg)

unit mass of crew module docking ports (kg)

. unit mass of crew buses (kg) .

unit mass of crane manipulators (kg)
unit mass of component transporters (kg)
unit mass of turntables (kg)

unit mass of laser annealing units (kg)
unit mass of gantry/repair vehicles (kg)
total mass of O&M material to GEO (kg)

mass of annual refurbishment components for a single SPS
satellite (kg) )

mass of an O&M crew habitability module (kg)
total number of personnel transfer flights (number)

total number of personnel transfer vehicles "consumed" by
O&M (number)

total cost of personne]l transfer vehicles "“consumed" by
o&M ($)

total number of COTYV flights to support O&M (number)

total cost of COTVs "consumed" by O&M (kg)
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i = design life of a cargo orbit transfer vehicle (number of
DLCTV ﬁigt‘?ts)
Moy = total mass of COTVs "consumed" by O&M (kg)
SC = unit cost of a cargo orbit transier vehicle (number of
COTVY .
flights)
Comey = total cost of COTVs "consumed" by Q&M ()
COTVFT = cost per flight of a cargo orbit transier vehicle ($/ilight)
N = total number of launch vehicle flights to support .O&M
OMLVF {number)
NOMLV = total number of launch vehicles "consumed" by O&M
{(number)
COMLY. = total cost of launch vehicles "consumed" by O&M (§)
ComsT = total cost of O&M space transportation ($)
Com - total annual O&M cost per satellite (8)

Eesn



152

APPENDIX D
ESTIMATES OF THE CURRENT STATE-OF-KNOWLEDGE AND

STATES-OF-KNOWLEDGE AT PROGRAM DECISION POINTS
FOR THE ROCKWELL INTERNATIONAL CONFIGURATION

The current state-oi-knowledge relative to the Rockwell configuration is
reflected by the ranges of input variables to the risk analysis model. These ranges
have been subjectively assessed and are given in Table D.1 for the TFU cost model
and in Table D.2 for the O&M cost model. Table D.2 lists only those Q&M cost
model inputs whose values are not already listed in Table D.l. The current
state-of-knowledge corresponds to Decision Point A (DPA) in the Rockwell SPS
Development program analyzed in Section 2. It 'should be noted that the date for
DPA is given as 1980 because no experimentatior; that might reduce uncertainty on
any of the listed cost model elements is likely to occur before then.

The sources for these input data are the "Satellite Power Systems (SPS)
Concept Definition Study" final report of April 1978, prepared by Rockwell
International for the George C. Marshall Space Flight Center under NASA Contract
NAS8-32475 and numerous telephone: conversations and two series of meetings with
Rockwell International personnel.

The states-of-knowledge at the decision points of the SPS development plan
proposed by Rockwell have been subjectively assessed and are also shown in
Table D.1. The numbers shown represent the percent reduction in uncertainty (that
Is, the range) in each variable over the state-of-knowledge today. These
Improvements in the states-of-knowledge 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 deterministic in the analysis conducted to date.
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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 IOD of the first unit at which time all uncertainty disappears.
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TABLE 0.2 ESTIMATES OF THE CURRENT STATE-OF-KNOWLEDGE ON 0&M COST
MODEL INPUTS FOR THE ROCKWELL INTERNATIONAL CONFIGURATION

INPUT ELEMENT VARTABLE | univs RANGE OF VALUES

BEST MOST LIKELY | WORST
TOTAL NUMBER OF OZM CREW Nogc NUMBER * 285 *
MEMBERS
ARNUAL COST PER PERSON OF OM SCoqc | S/PERSON * 62500 *
CREW MEMBERS
TOTAL MASS OF ANKUAL ORM Monpa kg 1.2 x 10% [1.498 x 105 | 2.2 x 10°
REFURBISHMENT PROCUREMENTS
AVERAGE SPECIFIC COST OF ANNUAL SCoppn | $/k9 5.00 5.52 8.50
02M REFURBISHMENT PROCUREMENTS .
TOTAL MASS OF EXPENDABLE Meys kg 800 x 10° 832200 900 x 10°
MAINTENARCE SUPPLIES
AVERAGE SPECIFIC COST OF
Siﬁéﬁ?ﬁﬁéf MAINTENANCE SUPPLY SCens $/kg 3.00 3.75 5.00
AUNUAL COST OF GROURD STATION Cose $ 100 x 10° | 114 x 105 | 280 x 10°
azﬁgékAEgST OF GROUND STATION Cosuar $ 75 x 10° | 100 x 105 | 200 x 10°
:gggEESOF 0&M AIRLOCK DOCKING Nowsow | NUMBER * 4 *
NUMBER OF 0&M CREW HABITABILITY N NUMBER * 1 *
MODULES OMCHM
UMBER OF O&M CONSUMABLES Nowcpw | NUMBER * 1 *
LOGISTICS MODULES
NUMBER OF O%M BASE MANAGEMENT K HUMBER * 1 *
MODULES OMCOM
§¥335250;03352§UR12ED Nowpsy | NUMBER * 1 *
NUMBER OF O&M CREW SUPPORT Nowcsu | NUMBER * 1 *

MODULES

. opCE ©
pe PP

Q§%§]
)
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APPENDIX E
ESTIMATES OF THE CURRENT STATE-OF-KNOWLEDGE AND

STATES-OF-KNOWLEDGE AT PROGRAM DECISION POINTS
FOR THE BOEING CO. CONFIGURATION

The current state-of-knowledge relative to the Boeing configuration is
reflected by the ranges of input variables to the risk analysis model. These ranges
have been subjectively assessed and are given in Table E.1 for the TFU cost model
anr:'I in Table E.2 for the Q&M cost model. Table E.2 lists only those O&M cost
mode! inputs whose values are not already listed in Table E.1. The current
state-of-knowledge corresponds to Decision Point A (DPA) in the Boeing SPS
Development programs analyzed in Section 2. It should be noted that the date for
DPA is given as 1980 because no experimentation that might reduce uncertainty on
any of the listed cost model elements is likely to occur before then.

The sources for these input data are the "Solar Power Satellite System
Definition Study" final report of March 1978, prepared by Boeing Co. for the
Lyndon B. Johnson Space Center under NASA Contract NASS-15196 and numerous
telephone conversations and two series of meetings with Boeing Co. personnel,
headed by Mr. Gordon Woo;'lcock.

The states~of-knowledge at the decision points of the SPS development plan
proposed by Boeing have been subjectively assessed and are also shown in
Table E.1. The numbers shown represent the percent reduction in uncertainty (that
is, the range) in each variable over the state-oi-knowledge today. These
impro‘véments in the states-of-knowledge derive from work that is scheduled
during each b‘ranch of the respective decision trees. The variables for which a dash
is indicatééi have been treated as deterministic in the analysis conducted to date.

it has also been assumed in this analysis that the state-of-knowledge relative to

Eeen
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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.

o
@
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