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“Would you tell me,

please, which way I ought to walk from here?”

“That depends a good deal on where you
want to get to,” said the Cat.

“I don’t care much where " said Alice.

“Then it doesn't matter which way you
walk,” said the Cat.

“——30 long as I get somewhere,” Alice
added as an explanation.

“Oh, you're sure to do that,” said the Cat,
“if you only walk long enough.”

Lewis Carroll

ALICE IN WONDERLAND

IF MAN CAN DECIDE WHERE HE WANTS TO GO, SCIENCE
CAN TELL HIM THE BEST WAY TO GET THERE

ii




ABSTRACT

This study of space-based solar power conversion and delivery systems
addresses a variety of economic and programmatic issues relevant to their
development and deployment. Specifically, the study focuses on the costs,
uncertainties and risks associated with the current photovoltaic Satellite
Solar Power System (SSPS) configuration, and with issues affecting the
development of an economically viable SSPS development program. In particu-
lar, the desirability of Tow earth orbit (LEO) and geosynchronous (GEQ) test
satellites is examined and critical technology areas are identified.

The main focus of the effort reported herein has been the development of
SSPS unit production (nth item), and operation and maintenance cost models
suitable for incorporation into a risk assessment (Monte Carlo) model (RAM).
The RAM was then used to evaluate the current SSPS configuration expected
costs and cost-risk associated with this configuration. By examining dif-
ferential costs and cost-risk as a function of postulated technology develop-
ments, the critical technologies, that is, those which drive costs and/or
cost-risk, are identified. It is shown that the key technology area deals
with productivity in space, that is, the ability to fabricate and assembie
large structures in space, not, as might be expected, with some hardware
component technology.

An assessment of LEQ and GEQ test satellites as components of the 5SPS
development program was performed using a decision tree approach. Five
development program options were examined. This work serves as a benchmark
for the formulation of effective program plans and establishes the value of
test satellites of the proper scale. It is shown that the probability of
successfully implementing the current configuration SSPS appears to be
sufficiently high so that an economically justifiable program plan for the
pursuit of the SSPS concept can be developed.

It should be cautioned that the economic analyses discussed herein are
preliminary and make use of program plans and data that need further review.
Thus, while the methodologies employed are sound and may lead to significant
results, and the insights gained from these analyses may be valuable, deci-
sions should be based on the results only after a thorough review of the cost
model, the data used and the assumptions made for the analyses.

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

This report proyides a detailed documentation of the economic studies
that ECON performed under Contract No. NASB-31308 for the National Aeronau-
tics and Space Administration, George C. Marshall Space Fiight Center. The
purpose of this study is to provide an economic assessment of both satellite
solar power and power relay satellite concepts. Specifically, the study
addresses three questions, sequentially, relevant to each concept:

1. Can it be done?
2. Should it be done?
3. How should it be done?

The first question addresses the technical and economic feasibility of
each concept. To do this, system configurations were selected and studied
in some detail. Critical technology areas were identified and futuristic
but plausible technology goals were assumed to be met in each area. The
systems were then costed (deterministically) subject to the above technology
assumptions, and compared to the projected costs for alternative systems.
The results of this effort show that sate]lite solar power is technically
feasible and has economic potential, and that a power relay satellite is
technically feasible but would be of no identifiable economic benefit over
the foreseeable future. As a result of this outcome, no further attention
was given to the power relay satellite concept in this study. The technical
and economic feasibility studies are documented in Section 2.

The second question, addressed only to the satellite solar power concept,
asks for a determination of the economic justification for proceeding with
a satellite solar power system development program. To answer this question,
a classical risk/decision analysis was performed. This analysis acknowledges
first that it is not possible, today, to know:

. What a satellite solar power system builf with 1990's technology
20 years hence will cost

a. to produce and
b. to operate and maintain.

2. What the price of electric power will be from alternative energy
sources available in the same period.

Secondly, the analysis recognizes that any satellite solar power system
development program will be a segmented program where the "economic" purpose
of each program segment will be to buy information to make the decision
either to continue the program or to terminate it, thereby controlling risk.
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To perform this analysis, a system cost model suitable for a risk analysis

was developed and implemented into a risk analysis model. The risk analysis
model was used to assess cost-risk associated with both the unit production
cost and the operation and maintenance costs for a number of satellite solar
power system alternatives. These data were then used as inputs to a decision
analysis performed on the development program. A number of alternative pro-
grams were analyzed and several of them found to be "economic®. That is,

a preliminary economic justification is presented for undertaking the initial
phase of one of these programs. It is shown that an effective level of effort
would be $25 million per year through 1979, leading to a decision to conduct

a space-based test using a 150 kW satellite. It is also shown that alternative
solar cell materials, besides single crystal silicon, warrant attention. These
studies are documented in Sections 3, 4, 5 and 7.

Finally, the question, How should it be done? was addressed. Critical
technology areas and issues were identified and flagged as appropriate for
emphasis in future studies. The major areas that were identified as both
containing a significant amount of uncertainty and being key cost and/or
cost-risk drivers are fabrication and assembly of large structures in space,
and solar energy conversion technology. This effort is documented in
Section 6.

Section 8 provides some comments on programmatic risks and Section 9
identifies and analyzes some key economic issues relevant to the utility
interface area.



2. THE ECONOMIC FEASIBILITY OF SPACE-BASED
SOLAR POWER CONYERSION AND DELIVERY SYSTEMS

In performing an economic ana]ysﬂ; of any system which might be developed
over a 20- to 30-year time period, and which has inherent in it a variety
of uncertainties, the economist should first ask, Is it feasible? This
question was asked in the first phase of the ECON study. To answer it,
futuristic (which is to say, optimistic) but plausible technology goals were
assumed to be met in each critical technology area for the two systems under
study, a Satellite Solar Power System (SSPS), and a Power Relay Satellite
(PRS). Based upon these assumptions, the SSPS and PRS systems were costed
and then compared with terrestrial power generation and transmission systems
of equal output capability. Deterministic cost models of the space-based
systems were used along with conventional sensitivity analysis (including
a variety of assumptions about price escalations of the terrestrial systems)
in order to gain insight into which factors seemed to be the major cost
drivers. The format that was used to do comparative economic analysis of
the space-based systems with terrestrial systems is found in Sections 2.1.4
and 2.2.4 for the SSPS and the PRS, respectively.

2.1 Economic Feasibility of a Space-Based Solar Power System

Discussion of the economic feasibility of a space-based solar power
system is divided into four main areas: system costs (Section 2.1.1),
development program costs (Section 2.1.2), costs of terrestrial alterna-
tives (Section 2.1.3), and a comparative economic analysis of space-based
versus terrestrial systems (Section 2.1.4). The results of this section
are based on the SSPS configuration as obtained at the end of the first

study phase. The configuration changes somewhat through the remainder of
the study.

2.7.1 Space-Based Solar Power System Costs

Table 2.1 provides an annual cost summary of an operational 5 GW SSPS.
This summary presents only the recurring unit and operations and maintenance
costs and does not include DDT&E. Also, these costs are for a representa-
tive operational unit after "learning" has been accomplished. The "serial
number"” is not specified. With an assumed operational life of 30 years,
the busbar cost of energy generated by a 5 GW SSPS would be 26.7 mills/kwh.
This includes 15.0 mills for capital recovery at a 7.5 percent discount rate,
3.1 mills for maintenance and 8.6 mills for taxes and insurance.

Table 2.2 contains a summary of the major 5 GW SSPS unit cost elements.
As seen, the satellite hardware accounts for only about 30 percent of the
total cost. Transportation is the major cost element (43.2 percent) and
the ground station accounts for 18 percent.

Table 2.3 contains the detailed cost summary of the elements that
comprise the capital investment component (satellite and receiving antenna)
of the 5 GW SSPS. As noted above, a relatively minor proportion of the
total cost is represented by "space hardware” (31 percent}, the rest consisting



Table 2.1 Annual Cost of an Operational 5 GW SSPS
Annual Cost, Power Cost.
Element $ millions (1974) | 1974 mills/kWn

s Satellite
o Maintenance
e Taxes, Insurance

TOTAL

657
136
377

1156

15.0
3.1
8.6

26.7

Table 2.2 Five Gigawatt SSPS Unit Cost Summary

Cost,
Element $ billions (1974) Percent
] Solar Array. 1.798 24.0
Solar Blankets (1.501) (20.0)
] Transmitting Antenna 0.495 6.5
»  Propellants and Miscellaneous _
Supplies * *
9 Fabrication and Assembly
Equipment 0.573 7.6
? Transportation 3.278 43.3
Space Shuttle Fleet (0.240) (3.2)
HLLV Fleet . (1.074)} (14.2)
Space Shuttle Flights (0.879) (11.86)
HLLY Flights (1.013) (13.4)
e Personnel 0.077 1.0
o Receiving Antenna 1.345 17.8
TOTAL 7.566 100.0

*Cost is negligible, weight has been accounted for in
transportation charges.




Table 2.3 Fiva Gigawatt Operacional SSPS Unit Cost

. Mags, Oesign Specific Cost, Unit Cost,
Systen Camponencs 168 &g Yariable 3 (1974) s nitliens {1574}
Satelilite 2.293
¢ Salar Array 12.2 1.826

- 3lankats {7.33) 7.8 km 5¢/me 1.301
- Concantratars (1.23) 51.1 kmd 1.1/m .067
- Structura 2.23 2.23 x 1C9 kg 31/kg .180
- Mast 0.54 0.64 x 106 xg 81/kg 050 -
- Busas, Switches (0.27}
¢ TransmitZing . 1.2
Aatenna 5.72 5o 16e ' 99/kH 455
= Powar Distrib. {0.54) {18/%4) sl
= Phase Front

Contral (4.17) {26/%W} 30

« Wavaguide {2.31) {14/kK) .070

- JC-RE Convertars (2.31) {257%4) .13

= Structure {@.51) {157%4) 075
Sucolies 2.53
o Cryo Prapellarts [.981} Heg
o [gn Propellants {.772} tleg
® 5/5 Resupply (.772) Neg
foutomenz 571
v 12 LED Spaca

Statians (.520) 217
o | GEO 3Spaca Statian (.078} 062
o Assamnly Sauipment

= Manned Manipula-

tors {.023) .038

- Teleoperators [ 939)

= EVA Zquiprent {.08) .08%
# Fabricacion

Moduied (.018) 015
¢ Sraw Hoduled (.012} 007
s Orost Maincenance

¥odulad {.002) .045
Transcorzarion 3,278
# Lwnen Yenicla

Flaar 1.314

- Space Sauttias 2 far 2 years 560 x i08/yr 249

- hLLIS 3 dor 2 sears 3179 x 10%/yr 1.07
# Large Crso Tuad 009
» Supgort Tugs3d .acs
¢ Advanced Ian Stagad . 953
* 4LLY Flignes R 39z 109781t 1.013

- faeallica 39 391

- Suoatias 13 87

- Zaurprencd 17 . 208
» Shuttle “lignts 512 ¢ 10d7¢1e .379

- Lraw dctation 72 354

- “eigaperator

Seuiorenc 3 N

- lraw Yadula I aga
Jarsonne! 1711 Man Yaars 345 x 103fyr 077
2getving Aatanma 3x 108 kHi'z 1,325
e Fea] Igtate 598
s $ite Trsnarartion ik
s Suocart Strycture 57
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¢ Thage S-gne
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TOTAL §5P3 Masi/os: 3.8 738 ()
lﬂe: SCWer QUEIUE AT Juldar. “160 ~lignz usa-i1%2 was isiuced

1

‘irgratzed avar ‘lva

3378 Jatss.

Tifictancy lossas nave Deen izzcuntad fie

*faurvaisns
Atlis, Wh.

faialivza ~ass,

™ il or 151




6

of the equipment required for orbital fabrication and assembly, transportatio
and the rectenna.

The costs of fabrication and assembly equipment as wel] as high energy
stages (for transport of equipment and personnel from LEQ to GEO) have been
amortized over five SSPS units. It has been assumed that five SSPS units
can be fabricated and assemblied over a 10-year period, and the amortization
formula repays the original capital with interest (7.5 percent) with equal
annual payments. The launch vehicle fleet, space shuttles and HLLV have
been costed in a similar manner but in these cases the amortization is based
upon use-life of 100 flights and a Z-week turn-around. Assuming that the
launch vehicle fleet will be dedicated to the SSPS program, there exists a
"cushion" of extra flights that would incur only operations costs. The three
HLLYs are capable of 156 flights in a 2-year period and the two space
shuttles are capable of 104 flights. One hundred twelve HLLY flights and
76 shuttle flights are estimated to be required for each SSPS, or 56 and
38 per year, respectively. With 2-week turn-around the fleets are capable
of 78 and 52 flights annually, respectively, allowing 22 and 14 additional
flights, respectively. This result allows for sizable growth in the activity
level of launches or reduction in the average launch vehicle load factor
(to 75 percent) without significant cost impact.

As given above, the fleet was costed assuming a 100-use 1ife and this.
resufted in $1.31 billion (2.6 mills/kWh). Were the use-1ife 150 flights,
the charges would be $0.94 billion; use-1ife 200 flights, $0.75 billion;
use-Tife 500 flights, $0.43 billion.

The annual maintenance cost estimate shown in Table 2.1 includes both
the cost of subsystem units which fail and must be replaced as well as the
cost of maintenance support equipment and personnel. Tables 2.4 through
2.6 1ist the definition of the Lowest Replaceable Unit (LRU) for the solar
array, the microwave antenna, the rotary joint and the array control system.

Included are estimates of the failure rates and the corresponding
number of LRUs replaced over the power station's 30-year 1ife. The recurring
maintenance cost for the array is estimated at $3.99 million/yr while the
cost to maintain the antenna is $0.99 million/yr. The control system,
mainly the ion engines for pointing of the array and antenna rotary joint,
requires the most maintenance, $39.10 million/yr.

The nonrecurring (excluding development costs) and the recurring costs
for maintenance support have been analyzed assuming the following scenario:

8 A six-man space station is required for monitoring the
satellite and for use as a repair shop and garage for
maintenance teleoperators

(] Maintenance is performed using ground-controlled
teleoperators

(] Space station crews are rotated four times per year,
using the Shuttle and a chemical tug
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Table 2,4 Microwave Antenna Maintenance Cost

. Average Cost
Element LRU Description Mastﬁukg Esng§613;§is 30c$:;rgteg M PE; Lear,

1. M Tube 1670 -~ 18 x 18m Subarray 7 4 5.73 0.19
2. Power Dist. 18 x 18m Subarray 7 1 1.43 0.05
3. Command

Electronics 1670 Units 467 3% 20.56 0.69
4, Trans. Antenna

{Exclude tubes): | 1670 - 18 x 18m Subarray o7 1 1.43 0.05
5. Structure To Design -- - - -
6. Contour Control } 6680 Units 22 1404 0.35 0.01
TOTALS 0.99
HILLS/KWH 0.02
Assumptions:

1. Md Tube - MTBF = 1,14 x 10'6 hours projected {no moving parts, no seals and Tow temperature cathode).

2,

Power Dist, - Highly redundant system expected to meet 30 year life requirement, one subarray failure

assumed.

Command £lectronics .- 30 year life achieved with high level of redundancy, 3 percent failure assumed.

Trans. Antenna - Waveguides considered structure with low failure rate. One subarray failure assumed,

Structurs - Assumed not to fail.

Contour Control - Failure rate = 0.8 f-‘/lo-E {1 percent duty facter) for brushless OC motor operating

500°K.

Table 2.5 Rotary Joint and Array Control System

LA Average Cost
s LRU Failures Over Cost Qver 30 Per Year,
Element LRU Description Mass, kg 30 Years Years, § H S H
Ratary dJoint
¢+ 511p Ring 24 Brushes, 4 Slip Rings
- Brush 10 72 D.24 0.01
- 51ip Ring 63 12 0.26 0.0
o Orive 8 Brushless Motors/Gear
Train Units (4 Active,
4 Standbdy) .
- Motor/Gears 1367 24 1.0 0.37
- LIM 1086 “e - -
Control System
¢ Actuators 64 Electric Engines 203 640 1010 33
¢ Propeilant 24,000 KG/Year - - -- 5.7
TOTALS 39.09
HILLS/KeH 0.9
Assumptions:

1.
2.
3.

Slip Ring - Previous space station studies indicate MTBF = 10 years within reach.

Drive - Same as slip ring,

Actuators - Current estimates place ion engine fairlure rate at 3BOOF/106 hour. Assume order

magnitude improvement and a 10 percent duty factor.

conditioning.

Cost assumes $7500/KG for engine and power




Tabie 2.6 Solar Array Maintenance Cost

Average Cost

LRY LRU Failures Cost Qver 30 Per Year,
Element LRU Pescription Mass, kg | Over 30 Years | Years, $ M $ M

1. Blanket 80-1670 x 207m Modules 97,484 1 41.90 1.40
2. fLoncentrator 160-1670 x 207m Modules 768 1 0.23 0.0
3. Honconducting )

Structure To Design - - - -
4. Buses 400 m 26,000 ] 8.29 0.28
5. Switches 59 Blocking B10 DES/Blanket LRU 97,484 1 41,90 1.40 ~
6. Mast 6(+), 6{-) Buses/Panel 85,000 1 27.12 0.9
TOTALS $3.99M
MILLS/KMK 0.09
Assumptions:

1. Blanket - Cell open c1rcu1§ faflure = 2.6 x lo’dlyear. The probability of 5.6 percent LRU power loss over
30 years is less than 10-9 One LRU replacement assumed over 30 years.

Concentrator - Mirror failure less likely than blanket failure, one LRU replacement assumed over 30 years.
Honconducting Structure - Assumed not to fail.

Buses - Bus/connector failure rate (0AQ) = 10'9 F/year. One LRU replacement assumed over 30 years.

o Ll [ ~
. . . .

Switches « Blocking diode failure rate (0AQ) = 10'7 F/year. Assumes one blanket LRU replaced because of
diode failure.

6. Mast - Same as for buses.

. An HLLY/Ion stage (payload = 181,600 kg to LEQ) is used
to initially place the space station and to resupply the
station once each year.

The maintenance support costs are summarized in Table 2.7.

2.1.2 Development Program Costs

A three-phase SSPS development program was assumed for initial analysis:
Phase I, a 15 MW Tow-earth-orbit satellite with an initial operation date
(I0D) of 1 January 1985; Phase II, a 1 GW SSPS with an I0D of 1 January
1990; and Phase III, a 5 GW SSPS with an IOD of 31 December 1995. Presumably,
the first 5 GW unit (1995) would be “grown" from the earlier 1 GW unit.

The cost estimates for the above program are summarized in Tables 2.8 and
2.9. The costs associated with each of the program phases have been organ-
jzed by expenditure period within three different development program
categories: Direct Development, Design, Testing and Evaluation (DDT&E);
related DDT&E; and Support Programs.

The direct DDT&E programs pertain to those program elements which would

not be developed were it not for the decision to develop the SSPS. These
fotal approximately $19.3 billion, and the costs are distributed over the

oBle QU Aﬂ'ﬁ
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Table 2.7 Maintenance Support Cost, S millions {1972)

* Space Base
- Hardware
- Transport

- 50 Units at
- Transport

Recurring/Year

Tug Flights

- HLLY (1/Year)

- Amortization

- Ion Stage

- Amortization
¢ Mission Control

- Personnel {320)

¢ Manipulator Modules

s Mission Control Facility

¢ Crew Rotation (4 flights)
~ Shuttle Flights
- Shuttle Amortization

- Tug Amortization

- Crew Transport Module

- Crew Transport Module Amortization
¢ Resupply Crew and Manipulator Consum.

Nonrecurring (Excludes Development)

5490

5400

[y

Wtr Tt LAV A B A L

(o ]
~I| ¥ A AWw O RD BN
. . N PR

Yo aoso Gwomomo

R
.

Qr

/Year

-
et

Tabie 2.8 $3PS Direct and Related Development Programs. S milliens (1974)

Expenditure Periad

Development Item 1981-1985 1986-1990 1991-1995 Total
DIRECT
¢ Solar Array Tt08 2453 3104 6665
¢ Rotary Joint 383 446 149 978
o Transmitting Antenna 616 464 250 1340
s Recetving Antenna 75 1610 403 2088
e 15 MW Demo Sat 427 427
Subtotatl 2609 4973 3916 11071
s Management, S&I (@ 402%) 1044 1989 1566 4566
Subtotal 2683 6962 5482 . 15931
e 20% Uncertainty Factoer 731 1392 1096 3126
Subtotal Direct 384 8354 6379 . 19319
RELATED '
¢ Assembly Equipment 410
e Legistics Equipment 44
e Maintenance Equipment 44
s Fabrication Module 271 _
Subtotal 72% a4 769
o Management, S&I (@ 40%) 290 18 308
Subtotal 1015 a2 1077
o 207 Uncertainty Factor 203 12 215
Subtotal Related 1218 74 1292
TOTAL 5302 3428 6579 2Ge09

(3394) {3557} {1931) (8882)
Note: ( )} indicates 1975 present value, r = 7.5 percent.

i
gt ¥
ﬁ;iilpawiiﬁi
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Table 2.9 Support Programs, § miliions (1974)
[0D Year
Technology Development 1986 1992 Total
o LEQ Transport
- Shuttle Derivative 380 380
- Heavy Lift Launch Vehicle 6540 6540
& GEQ Transport
- Largy Cryo Tug 166 168
- Advanced Ion Stage 3847 3847
- Propellant Depot 223 223
~ Tug for Depot 21% 215
8 GEO Crew Training Module 190 190
¢ LEQ Space Station 2225 2225
# GEO Space Station 224 224
Subtotal 3623 10387 . 14010
s tanagement, S&I {@ 40%) 1449 2155 5604
Subtotal 5072 14542 19614
o 20% Uncertainty 1014 2903 3993
TOTAL 6086 17450 23536
{2570) (5130) (7701)
Note: ( ) indicates 1975 present value, r = 7.5 percant.

three phases of the program plan. The heaviest funding requirements occur
over the period 1986 through 1990. The development costs in this period
could provide for the installation of a 1 GW pilot plant in synchronous
orbit. The purpose of this plant would be to provide a final decision
point on the technical and economic feasibility of an operational plant.
The unit cost of this pilet plant would be approximately $16 billion,
allowing for management and uncertainty as provided in Tables 2.8 and

2.9. A major component of the pilot plant's cost would be transportation.
This is_because the HLLV and ion orbit transfer stage are not expected to
be developed until 1990. The plant would not be strictly a development
item since it is expected that some of the unit cost could be offset by
revenues from the sale of power. The decision to install a 1 GW plant
should be based upon its economic merit. This is assessed in Section 7
of this volume. )

Of smaller magnitude are the development costs referred to as "related
DDT&E." These are developments that are necessary for the realization of
an SSPS but which might be required by other space programs as well. It is
not unreasonable to anticipate that other programs will require the develop-
ment of assembly, logistics and maintenance equipment. These developments
require relatively small funding amounting to approximately $1.1 billion
through the first operational SSPS unit. 1In total, the direct and related
costs are equal to $20.5 billion. .
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The DDT&E designated "support programs” are required for the Taunch
assembly and orbital transfer of the $SPS. Unlike the other technology
developments, these are likely to be required--in part or entirety--by
other space programs. If the only "customer" for these systems were the
SSPS, then the SSPS should bear the full burden of repaying their develop-
ment, but one would not expect this to be the case.

It is likely that other space programs will require these systems but
that the SSPS will have specific requirements of a technical or programmatic
nature. In this case, the SSPS -should bear the economic burden caused by its
specific requirements.

2.1.3 Alternative Power System Costs

Studies of the economic feasibility of the SSPS concept must be made
in comparison with terrestrial power generation systems ‘currently in use
or likely to be in use before the year 2000.

For the purposes of this study, terrestrial power generation systems
have been designated as either "existing" or "future" systems. Although
the present form of existing systems may not be installed in the time frame
when SSPS could become operational, these systems provide the most reliable
data base for the purposes of an economic comparison.

Existing systems include oil-fired and coal-fired fossil fuel plants
and Tight water reactor nuclear {LWR) plants. The technical characteristics
of these systems are well-known. The major uncertainties associated with
these systems are: the availability and price of fuels for the oil-fired
and nuclear systems, the environmental hazards associated with all terrestrial
systems, and the economic (investment) problems resulting from the social
and environmental challenges currently being placed before nuclear systems.

The pollution problems and costs associated with the current methods of
using coal to directly fire a steam generator have led to the development
of several entirely different future approaches and processes for using
coal either directly (as in the case of fluidized bed combustion) or after
the significant amount of processing required for coal gasification or
Tiquefaction. For this study, enumeration of the costs and system
efficiencies associated with future coal processing plants was conducted for:
two coal liquefaction techniques (Consol Synthetic Fuel and Solvent Refined
Coal), 6 high-BTU coal gasification techniques (Lurgi, Hygas-Electrothermal,
Hygas-Steam-Oxygen, Bigas, Synthane, €0, Acceptor) and 3 Tow-BTU techniques
(BOM Atmospheric, BOM Pressurized, ‘Lurgi). Two future advanced nuclear
fission reactor systems considered to be representative of the developing
nuclear technology were studied (i.e., the Liquid Metal Fast Breader
Reactor (LMFBR) and the High Temperature Gas Cooled Reactor (HTGR).

The operating characteristics and capital cost estimates summarized
in Table 2.10 have been derived from the 1iterature on each of the generation
systems used here for comparison. They are "representative" numbers for
each type of system, acknowledging that significant cost variations occur
from one site to another.



Table 2.10 Cost Estimates for Terreétnal Power Generation Plants

% (1974); Discount Rate = 7.5%

Flyldlized- ligh-
rect Hirect Bed Low-D10 ftigh-0T0 tiquel led- Light Teoperature Liquid Hetal
Coal- fil- toal- Coal-Gas €eal-Cas Coal Haler Gas-Cooled Fast Dreeder
Plant Type Fired Flired Flred flred Tired Flied Reactor | Reactlor Reactor
Hature Plant Avallabliity
lactor .15 15 5 .0 R .75 ] 15 .75
Lead Tt}
Preconstruction 2.5 2.5 2.5 - - -, 5 5 - ]
Construction I 3.5 3 4(5) als) 45} ° 6 4 6
Heat natc(z)
Enviroonentally Unregulated 8,960 0,962 - - - - 10,200 - -
Environmentally Regulated 9,550 9.05) 9,614 11,590 15,650 13,790 10,300 8,740 8,650
’ (5O Pres) | {Synthane) { (average)
Solid Haste“)
Environmentally Unregulated

{1bs./kuh} 0.091 - - - - - 1.94 - -
Environmentally Regulated -

{1bs./kWh) 0.279 - Jus 120 157 116 1.94 1.09 2

Capltal Cost
($/kW(1974))
Envlromientally Unregulated 274 240 - - - - 42 - -
Envlropmentally Regulated kA 5] 250 2316 0 445 36(6 ki1 A7
(4} {average)
Cost of Capltal

(1974 mills/kWh} 4.0 1.6 3.6 3.2 4.6 6.6 5.3 5.5 7.4
0 and K Cost{d)

{1974 mil1s/kHn) z2.1 a.? 1.2 2.4 2.3 3.6 1.2 1.3 1.9
Fuel costid) 6.3 14.5 6.1 7.6 19.4 9.0 2.9 5.0 -
Taxes snd [nsurance

{1974 mi11s/kKh} 2.5 1y 2.4 1.7 2.4 L5 2.6 2.9 1.6

DUSOAR Cost
(1974 mil1s/kih) 15.7 0.7 3.1 11.9 19.7 22.7 12.0 .7 12,9

(I)Cupltal Expenditures assumed to eccur In unliom fncremenls dm iny construction plase (See feonomic Hethodoloyy).
Cost of operating poliution conlial equipmont veflected In hoat vate, not 0 aivl H cost.

Cost of solfd waste disposal pot faclwded in tota) DUSUAR cost.

4 For enviromentally regulated plants only {See Appendin A, Sectlon A.?)
"'}Uatn not avallable; conservative asswptlon rde for pirpuses ol economic analysiy,

(6)1he mettod of analysis used by ulliity copantes (6% Snilatlon,

$951/74M for this plant £ 1905 dollars {See Appemdix A).

102 discount rates) ylelds an equivalent cost of

¢l
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The components of the total "cost at the busbar" include the costs of:
capital; operation and maintenance; fuel; and taxes, insurance and depre-
ciation (an annual charge of 5 percent of the capital investment). The
fuel and 0&M costs are taken from the literature; the method for determining
the cost of capital as a user charge is described in Appendix A (to wit,
determining the equivalent annuity over the 30-year plant 1ifetime at a
7.5 percent discount rate to repay the capital expenditures made in
equal increments during the construction phase). A1l cost estimates are
expressed in 1974 dollars.

2.1.4 Comparative Economic Analysis

At existing relative prices, the SSPS would not be cost effective
compared with terrestrial systems but, at expected future relative prices,
it may well be cost effective. Figure 2.1 illustrates the comparative
economic analysis for an SSPS operational in 1995.

The x-axis (abscissa) contains average values for the cost of electric
generation over the 30-year period (1995-2025) in mills/kWh. The y-axis
contains the "economically justifiable" 5 GW SSPS unit cost, evaluated at
a 7.5 percent discount rate. The method by which this has been estimated,
and the rationale for the choice of discount rate, is described in Appendix A.

The analysis compares the 5 GW SSPS with terrestrial fossil fuel systems.
(i.e., 0il and coal-fired generation plants).

The 1line, R, in Figure 2.1 relates the generation cost in mills/kWh
of terrestrial coal and oil-fired systems over the period 1995-2025, as in-
dicated on the x-axis. A range of cost estimates resulting from the study
performed by University of California, Berkeley for JPL is also provided.

The coal and oil system values are based on three projections of the
future:

*
° Relative fuel prices remain constant (CO, 00)

. The relative prices of cocal increase by 2.6 percent
per year, and the relative price of oil increases
by 0.67 percent (CA’ OA)

. The relative prices of coal and 0il increase by
5.0 percent per year (CB, OB).

As indicated by the suggested probability distributions, the first pro?
jections have a very low expectation. Regarding coal, the cost of production

*"Re1at1ve prices" refer to the price relationship of all goods and
services to each other. The usual practice is to consider one good
as the baseline and calculate all prices relative to it. Obviously,
generalized inflation would not affect relative prices.



Economically Justifiable SSPS Unit Cost
$ biltions, 1974, r = 7.5%
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will rise as it becomes necessary to mine deeper veins and provide the expected
environmental and human safeguards. Regarding oil, increased scarcity will

no doubt raise relative prices. In fact, new oil-fired capability may not be
installed after 1995.

The second projection has been adapted from the work of E.A. Hudson
and D.W. Jorgenson and is highly regarded in the economic energy literature.
The estimates were derived from their analysis of a scenario in which the
government does not intervene with respect to energy prices.

*

The third projection has been derived from the Hudson-Jorgenson scenario,
in which the United States government levies a "BTU" tax of $0.05/million
BTU (to encourage fuel conservation), gyer the period 1975-198C and $1.35/
million BTU over the period 1980-1985. The goal of this action is United
States energy independence by 1985.

Based upon projection of the Hudson-Jorgenson estimates of relative price
changes to the year 2025, the typical coal-fired plant would generate electric
power at an average price of 25.1 mills/kWh over the period 1995-2025. 1If a
vigorous policy of energy independence were to be pursued, the average genera-
tion price would be about 33 mills/kWh.

The same analysis for oil indicates that the projections of the Hudson-
Jorgenson estimates of "no policy change" would not affect the relative stand-
ing of oil-fired systems. With an "energy independence" policy, the price of
electric power from oil-fired plants might be driven off the scale.

Based upon these results, there is some expectation--the probability
of which is discussed in Section 5--that the SSPS will be cost effective with
respect to fossil fuel systems by 1995. Furthermore, since fossil fuel
systems depend upon nonrenewable sources of energy, the economic viability
of SSPS should be enhanced relative to these beyond 1995.

While every attempt has been made to cost the systems on a consistent
basis, one major element of cost has not been addressed: the systems'
relative social and environmental impacts. Within this study we have begun
to develop a framework for evaluating these impacts. This will, however,
require much further study before our level of understanding is adeguate
for the purpose of decision making.

A second issue that could impact total systems cost is the relative
acceptabie distance between population and industrial centers for SSPS
rectennas and conventional electric power generators. This is an important
determinant of the cost of energy transmission, and hence, the delivered

——

*Hudson, E. A. and D. W. Jorgenson, "U.S. Energy Policy and Economic
Growth, 1975-2000," The Bell Journal of Economics and Management
Science, Vol. 5, No. 2, Autumn 1974.

ke
It is to be stressed that the 5 percent value is not that of Hudson-
Jorgenson. It is our projection of the constant dollar impact estimated
in their analysis.
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cost of electric power to the user. Based on current trends in plant
siting, it does not seem 1ikely that major energy-intensive industries--
such as metals processing--would Jocate near 5 to 10 GH nuclear sites.
The rectenna site, on the other hand, would appear to be amenable to such
activity. These issues, however, await future study.

Finally, it should be noted that the U.S. Energy Research and Development
Administration (ERDA) is currently funding research in electric generation
technologies, such as ocean thermal and solar power towers that are expected
to produce energy in the range of 30-50 miils/kWh, as well as fusion power,
the potential cost of which is more difficult to estimate.

The conclusions of the feasibility study are: given appropriate tech-
nological advances and continued increases in the real cost of generating
electrical power by terrestrial systems, satellite solar power systems
might become economicalily viable by the mid to Tate 1990s; however, an SSPS
is not cost effective compared to fossil fuel alternatives at the present time
even given the futuristic technological advances assumed.

Had the results of the feasibility study indicated that the SSPS would
not be economically viable in the 1995 and beyond time period, even given: that
futuristic technology goals would be achieved, then it would be appropriate
to discontinue further studies related to this particular configuration of
space power system. Until such time that an economically viable space
power system concept can be found, the pursuit of a space power system concept
would have to be based upon justification other than its ability to compete,
on a cost-effectiveness basis, with alternative methods of electrical power
generation. Since the indication in this study is that the space power
system concept examined could become cost effective in the 1990-2000 time
period, it is appropriate to continue the economic analysis of this system,
not with the focus on what optimistically could happen but, rather, with the
focus on what might 1ikely happen. Thus, the second phase of economic study
invoives a risk analysis of the space power system concept.

2.2 Economic Feasibility of a Power Relay SateiTite

Discussion of the economic feasibility of a Power Relay Satellite is
divided into four main areas: PRS system costs (Section 2.2.1); develop-
ment program costs (Section 2.2.2); terrestrial power transmission system
costs (Section 2.2.3); and a comparative economic analysis of space-based
versus terrestrial systems (Section 2.2.4).

2.2.1 Power Relay Satellite System Cost

The Power Relay Satellite (PRS) Microwave Power Transmission concept
uses a reflector in synchronous orbit to provide power transfer from a
transmitting antenna at one ground location to a ground receiving and recti-
fying antenna at a distant location. The transmitting antenna is a phased
array radiating through slotted waveguides and the receiving antenna is a
rectenna similar to that used for SSPS.
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The economic and technical issues for transportation, assembly and
maintenance are the same for the PRS as for the SSPS. The same array of
transportation options should be considered in the assessment of PRS
economics, though.the use of a Heavy Lift Launch Vehicle (HLLY) may not be

found to be cost effective. Simple derivatives of a Shuttle may be found
to be adequate.

The cost trends for the PRS are illustrated in Figure 2.2 for a 5 GNW
case plotted as functions of peak power density at the transmitting antenna.
There is a tradeoff between the transmitting antenna cost and the reflector
cost. The totals for a range of ground power outputs in Figure 2.3 show
that capital cost decreases with increasing total power output and, depending
upon the power output, decrease with peak ground power density.

The environmental/biological Tevels shown in Figure 2.3 make it clear
that the economics of the PRS drive the acceptance of greater environmental
risk in going to higher power densities than the SSPS.

Figures 2.4, 2.5, and 2.6 illustrate that the basic cost trends noted
above are relatively insensitive to assumptions on equipment manufacturing
cost, orbital transportation and assembly costs, and system efficiency. The
transportation and assembly cost is a relatively minor factor in this ex-
ample. ’

A PRS design point was selected at a peak power density of 50 mW/cm2
for 5 GW and 10 GW systems because this is at the "knee" of the total cost
curve. Lower power densities imgly great risk of cost escalation due to
the steepness of the cost curve in that area; and higher power densities
increase the biological/environmental risk without a commensurate reduction
in cost.

Table 2.11 summarizes the maintenance costs for the PRS. The major
maintenance cost drivers for PRS are similar to the SSPS, namely, the
contour control actuators and the electric propulsion units used for
attitude control and stationkeeping.

Maintenance support costs for PRS are similar to those required for
SSPS, namely, costs associated with resupply and recycling crews of $86M/yr.
The cost of equipments replaced each year is small, approximately $4M/year.
Subsection 4.4 discusses in detail the assumptions used to establish main-
tenance support costs.

2.2.2 Development Program Costs

Figure 2.7 is-a PRS development plan used as a strawman schedule for
economic analysis. A geosynchronous demonstration satellite is scheduled
for 1985. The transportation/assembly modes assumed available in this time
frame are:
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Table 2.11 PRS Maintenance Cost
LRY LRU Cost Qver Avg.
Masg Failures 30 ¥rs Per Yr.
Elemant LRU Description kg Over 30 Yrs M M
¥ Structure To Design -- -- - -
2 Reflectors 18 x 18m Subarray 1
3 Contour Control
Actuators 6680 Units 22 1404 0.35 0.01
4 Contoyr System
Actuators 64 £lectric
Engines 203 640 1010 3.3
Propellant 885 Kg/Yr -- -- -- 0.21
Total 3.52

Phase

76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93
1 (I ; IR M R | .1 1 13 1 1 ! ] ! B 1

I - Geo Demo

- Design/Development

Assembly
\%
I0D
IT - Operating s m s mome flesign/Development
Plant
momoem o= SRET & Flight Test
———— Assembly
AV
10D
1985 System 1990 System
Mass 581 x 10° kg 0.505 x 10° g
DDT&E $1696M $264M
Unit Cost $2491M §567M
Maintenance - § 90M/Year

Total Program through first operation unit = $5.18

Figure 2.7

PRS Orbital System Program Schedule and Cost
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) Shuttle

L Full Capability Tug

(] LEQ Space Station

) BE0 Space Station

Based on these major system elements the cost for transportation and
assembly is approximately $4190/kg. The 1990 system, which is an improved
version of the demonstration satellite, was analyzed, assuming the following
transportation and assembly system elements:

] Deploy Only Launch Vehicle derivative of Shuttle

’ Large Cryo Tugs which are derivatives of the Shuttle
External Tanks

. LEG Space Station
° GEC Space Station.

Based on these major elements, the transportation and assembly costs -
are $1080/kg.

2.2.3 Terrestrial Power Transmission System Costs

In order to compare the PRS transmission concept with terrestrial
alternatives, use has been made of available data on representative
terrestrial systems in order to design transmission systems that would provide
a capability equal to that of the PRS. While these systems provide such a
capability, it is unlikely that they would in fact be built under any fore-
seeable circumstances.

The categories of terrestrial alternatives studied include transmission
via conventional circuits and super conducting transmission lines (all of
which are considered to be "existing" systems even though some currently
exist only in experimental application), and hydrogen transmission and
microwage transmission via wavequides (which are classified as "future"
systems).

In order to design the most economic terrestrial power delivery systems
that would provide a capability equal to that of the PRS, it was necessary
to make the following basic design assumptions:

e  Power input--AC electric power would be at the appro-
priate voltage level.

. Power output--AC electric power would be at the appro-
priate voltage level.
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* A1l transmission systems would have the capacity required
to most economically deliver 5,000 or 10,000 MW. Additional
capacity would be added at the source to proyide the
capability of economically carrying that power which would
be Tost along the route.

. Pesigns would be those which were most economical in 1974.

] The cost of the energy lost because of transm1ss1on would
be based on a 1974 cost of $0.02/kwh = $175 x 103/MW-year.

. All transmission systems would be in use 100 percent of the
time.

¢ Overland circuits would range from 2,000 to 5,000 miles
long. This is independent of the great circle distance
between the transmitting and receiving points.

° Only transmission capability would be considered. No credit
would be given for the potential benefit of energy storage,
since the PRS does not provide any energy storage option.

® Systems having a transmission efficiency of less that 50
percent would not be considerad.

The costs of the transmission systems have been caiculated in a con-
sistent mills/kWh user charge format (as a function of transmission distance)
for comparison with the PRS.

Conventional Transmission Systems

There is no single cost per circuit or single effective resistance/
circuit-km for any particular system. The resistance/circuit-km can be
reduced {within Timits), but only with a corresponding increase in capital
costs. Designing the optimum system requires knowing the detailed relation-
ship between the capital costs and resistance and a specific transmission
route. Since these data are not generally available, it was necessary to
use a representative capital cost and representative effective res1stance
per circujt-km for each system considered.

The capi