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SPACE POWER USING SOLAR PHOTOVOLTAIC PANELS:
COSTS AND LIMITATIONS

Kent A. Williams

ABSTRACT

Solar photovoltaic panels (SPPs) have been suggested as
a possible prime space power source for multi-kilowatt
applications within a ballistic missile defense (BMD) sys-
tem. As a first step in an attempt to assess the afford-
ability of possible BMD space power sources, the limitatiouns
and costs of space power satellites using SPPs in conjunc—
tion with an electrochemical energy storage system have been
investigated. Both high and low earth orbital missions are
considered. An extensive literature search was conducted to
determine values for the principal technology—driven per-—
formance and cost figures of merit. A small computer code
was then developed to evaluate the total power cost, includ-
ing launch, in dollars per watt of desired space power
load. The unit costs obtained were found to be heavily
influenced by the nature of the mission (altitude) and the
attainable specific power for the two major power system
components.

1. PURPOSE OF STUDY

1.1 Goals Related to Qverall SDI
Affordability Assessment Effort

Assessment of the affordability of a ballistic missile defense
(BMD) system is a difficult and immense task, especially because the
overall architecture and technology of the system are not yet defined.
An effort to assess strategic defense initiative (SDI) affordability
must begin with small parts of the system which have some available con~
ceptual data.

This document assesses one particular form of space power, that is,
solar photovoltaic panels (SPPs). It also 1llustrates modeling and
analytical techniques which are equally applicable te other proposed
space power technologies such as solar dynamic, nuclear, and chemical.

This report is based on an extensive survey of the recent litera-
ture on SPPs and space power. Discussions with non-ORNL staff have been
minimal and this report has not been reviewed by outside aerospace con-
tractors or government agencies outside of Qak Ridge. It is intended as



a scoping study and not meant to calculate design requirements for a
specific mission. The intent is to investigate the dissues involved in
the use of solar photovoltaic panels as a source of steady state space
power in a dedicated, Space Shuttle deliverable power satellite which
can service other military or civilian payloads.

1.2 Assessment Approach for SPP Technology

The space power technology considered in this report is limited to
solar photovoltaic panels (and their accompanying energy storage sys-—
tem), which at present represent one of the two predominant sources of
space power utilized by the U.S. military and civilian space programs.
[The other mode is radioisotope thermoelectric generators (RTGs).] The
technology tradeoffs and cost considerations for these photovoltaic sys-
tems will be discussed in the following manner.

1. Description of the requirements and general figures of wmerit for
space powers.

2. Discussion of the power limitation imposed on solar panels by
launch, orbital, and energy storage considerations. A mathematical
model will be used to elucidate these relationships.

3. Discussion of the technology and cost elements of dimportance. The
model mwentioned above will be used to calculate (a) costs, both
total and per watt, of desired locad and (b) performance in terms of
watts per unit mass.

Because the intent is not to specify a particular power system design
for a single mission, no attempt is made to optimize or baseline a par~
ticular design.

Most of the background material for this study has been extracted
from wunclassified literature. Most useful were the Aerospace Power
papers from the Proceedings of the 13th through 20th Intersociety Energy
Conversion FEngineering Conferences (references 1listed in Section 7).
Many of the 50-plus papers read dealt with the National Aeronautics and
Space Administration's (NASA's) proposed space station, for which SPPs
are one of the two power candidates for the 75 to 300 kW needed for the
initial deployment; the other candidate is a solar dynamic system.



2. FIVE-STAGE LIFE-CYCLE COST CONSIDERATIONS IN SPACE POWER

In discussing affordability, it is necessary to consider the con~-
cept of life-cycle costs and designate which phases of the project life
cycle are of principal interest. For space power systems deployed as a
part of the SDI, the following designations would be appropriate:

1. Development — The period in which the technical feasibility of the
system 1is established via hardware~design-oriented research and
development. A prototype system, such as the ground~based reactor
proposed for the SP-~100 program, is often built to gain the experi-
mental data needed for final design and engineering of the bhaseline
system.

2. FEngineering — The period in which the knowledge gained 1in the
research and development (R&D) program is utilized to design the
final producible and deployahle svstem.

3. Deployment -~ The construction and/or production of the baseline
system and the process of putting it in operation. For a space
power system this phase would include capital equipment, gqualifica-
tion, and launching costs.

4, Operating and maintenance (0&M) — The period, wusually several
years, in which the system is maintained in a usable condition.
Post—launch spacecraft servicing would be included here.

5. Decommissioning — The period in which a system is removed from
service and salvaged or placed in disposal. For a spacecraft this
step could entail burnup in the earth's atmosphere, insertion into a
high earth orbit or orbit around the sun, or pickap by a space
transfer vehicle.

Because the majority of the costs are Incurred in the deployment phase,
this phase will be the only one of concern here. For a Space power
satellite (SPS) based on SPP technology, the deployment phase includes
the manufacturing costs for the power spacecraft, including the solar
panels, energy storage, and power conditioning equipment. Qualification
of this equipment for space use includes the special reliability testing
required prior to launch. The cost of launching the spacecraft into the
desired earth orbit is also considered a deployment cost.

If it becomes necessary to periodically service the spacecraft in
orbit, the costs involved are considered 0&M costs. In this study it is
assumed that no post—-launch maintenance is needed and that any addi-
tional propellant required over the lifetime of the spacecraft is car—
ried during the initial launch.



3. SPACE POWER REQUTREMENTS AND FIGURES OF MERIT

3,1 Mission Power Requirements

Future space wmissions, both military and civilian, will rtequire
prime or steady state power levels significantly higher than available

today. Migsions 1in the 1last several years, such as Skylah, have
required power levels on the order of 1 to 12 kW(e). Present military
satellites use up to 10 kW, The latest civilian space initiative,

NASA's Space Station, will require 75 to 300 kW(e). Other civilian
applications requiring such high power levels are direct broadcast
satellites and air-traffic-control radar. Military missions, including
those related to a ballistic wissile defense system, will need steady
state power levels 1in the hundreds of kilowatts and multi-megawatt
levels.

The predominant near—earth space power sources at present and in
the near future are solar photovoltaic panels/electrochemical energy
storage and radioisctope thermoelectric generators (RTGs) for earth
orbit applications. For deep space (far from the sun) interplanetary
missions, such as Viking, Voyager, and Galileo, the RTG is the only
available technology. Since the Space Station, scheduled for 1994
deployment, will be in a low earth orbit (LE0), a solar photovoltaie
power system is considered the lowest risk of the two technology options
considered for the initial 75~kW power system. The possibilities for
utilizing solar photovoltaic panels for even higher power (hundreds of
kilowatts) earth orhital missions are the subject of this report.

It should be noted that SPI short duration or burst power reguire-
ments are not considered here. Burst power requirements are on The
order of megawatts. A special energy storage system will be required
for missions utilizing burst power.

3.2 Figures of Merit for Space Power

Because earth to LEO launch costs are high (over $2000 per kilo-
gram) and the allowable bay space and payload wass in the space shuttle
orbiter are limited, it is necessary to aim for the largest overall
steady state specific power possible, This specific power, usually ex-
pressed in demand load electrical watts/kilogram, applies to the eatire
power system payload mass, including the power production, energy stor—
age, and power conditioning systems. (Demand power represents the
desired, nameplate, or base—load power available on a continuous, unin-
terruptible basis.) It is not surprising, therefore, that most R&D in
the area of space power has as its goal the maximization of this figure
of merit. It is also desirable that the entire power spacecraft, re-
fervred to in this report as an SPS, be tramsportable in the bay of the
shuttle orbiter, where a wmaximum payload mass limit of ~26,000 kg is
permitted for orbits with small inclination to the eguator.



Geometrical limitations also apply because the maximum allowable payload
diameter and length {o the shuttle cargo bay are ~4.3 and 18.2 m,
regpectively. It 1s important to note that the desired or nameplate
power requlrement is a steady state, not peak, demand power available
over the duration of the mission, even at the end of life (EOL). The
actual power-producing elements, in this case solar photovoltaic panels,
must be designed for a peak power level above the average load level to
compensate for solar occultations (periods of darkness) and solar cell
performance degradation because of radiation. FEnergy storage must be
provided for these periods of darkness.

Along with maxiwmizing specific power, the cost per demand watt of
power deployed should also bhe minimized. This overall figure of merit
should 1include the power spacecraft manufacturing and qualification
(i.e., capital) costs, the launch costs, aund the initial cost of any
fuel or propellant required to keep the spacecraft operating during the
duration of its mission.

As will be shown in the next chapter, the performance and cost fig-
ures of merit for space power depend strongly on particular hardware
figures of merit for the energy conversion technology utilized, in this
case the solar panels and their accompanying electrochemical energy
storage system. State-of-the—art values and future projected values for
these technology parameters are available in the literature and are dis-
cussed in Sect. 7. It should also be noted that the orbital nature of
the mission and launch considerations are equally important determinants
of performance and cost.



4. SOLAR PHOTOVOLTAIC PANELS: TECHNOLOGY DESCRIPTION,
STATUS, DEVELOPMENT, AND COSTS

4.1 History

Solar photovoltaic panels have been used in the U.S. space program
from its first earth satellite (Explorer, 1958) to the present. For
many low power, LEO applications, they have proven to he a very reli-
able, hence low risk, power source. They are also extensively used for
communication and military satellites 1in high geosynchronous earth
orbits (GEO).

Terrestrial applications of SPPs since 1960 have included the pro-
duction of small amounts of electricity in remote areas, such as for
boosting telephone line signals. 1In the early 1970s, considerable in~-
terest in the large scale use of solar energy for electrical power gen-
eration resulted in a significant increase Iin R&D on solar cell produc-
tion techniques, In the early 1980s, a small [1-MW(e)] power plant
using several acres of photovoltaic panels was constructed in California
and preseatly sells power to the local utility grid.

4.2 Technology Description

Solar photovoltaic panels consist of arrays of individual photo-
electric cells mounted on a flat blanket and frame structure incident to
the sun's rays. Figure 4.1 shows a conceptual spacecraft (a Rocketdyne
concept! for NASA's proposed space station) with its wing~like solar
panels deployed. The individual cells are interconnected electrically
in tandem with the power conditioning system and energy storage system
such that the desired output voltages and current can be produced.
Figure 4.2 shows an electrical block diagram for an SPP system as con-
figured by TRW Corporation.? It should be noted that the peak power
available from a solar panel can exceed the demand power level, but only
during periods of solar exposure, The excess power is used to recharge
the electrochemical energy storage system. Current solar cells are con-
structed of silicon doped with other light elements such that a photo-
electric effect is induced by visible light striking the semiconductor
surface. Each cell is very thin (K1 mm) and has a light-incident area
in the tens of square centimeters. This frontal area per cell is
limited by the size and rate at which high-purity silicon crystals can
be manufactured.

Solid-state physics and quantum considerations limit the theoreti-
cal efficiency (electrical energy to incident 1light energy ratio) to a
value on the order of 18% for silicon. Other losses rtesult in an
achieved efficiency of 10 to 147 for individual cells and 7 to 11% for
actual arrays of silicon solar cells. An advantage, however, 1is the
fact that photocells are direct conversion devices, thabt is, no heat
engine or wmechanical generator is required to produce the elactrical
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Fig. 4.2. Photovoltaic system electrical block diagram.

poweT. The heat rejection problem is also greatly simplified because
the large SPP backface area allows for radiant heat transfer.

Two important hardware figures of merit for solar photovoltaic
panels are the specific power (in relation to the overall panel mass and
the panel output peak power) and the areal power density (Beak power per
square meter of panel). Table 4.1 shows values of these figures of
merit for present silicon~cell~based arravs and projections for solar
cell technologies based on advanced materials. As these values iao-~
crease, a power spacecraft utilizing the improved design would be able
to provide more demand power per kilogram of dedicated payload; in other
words, the overall power density would improve. The improvements neces—
sary to increase the panel specific power and the areal density of solar
panels center on increasing cell efficiency and reducing the weisht per
unit area of the overall panel structure. The production of thinner
cells and substrates is one method of accomplishing the latter.

Advanced concepts for solar photovoltaic panels include the use of
a different semiconductor, the most promising candidate being gallium
arsenide (Ga-As). Optical enhancers such as Fresnel or Cassegrainian
lenses can be used to concentrate sunlight on such cells and further in-
crease their efficiency and output. Considerable research is under way
on such Ga-As “concentrator” cells. Another advanced concept, called
the multi-bandgap (MBG) approach, involves the stacking of thin solar
cells such that a higher percentage of the solar frequency spectrum is
used. Table 4.1 also shows some figure—-of-merit projections for these
advanced photovoltaic optinns.



Table 4.1. Hardware figures of merit
for solar photovoltaic panels
in space applicatiouns

Panel areal power

Solar cell Panel specific power Cell efficiency

densit g
type (W/kg) ;;;;2; (%)
Silicon (Si) 50 105 11 to 14
(present tech-
nology)
Gallium-arsenide 35 to 66 160 to 200 16 to 21
(Ga—-As) concen-—
trator cells
(projections)
MBG (projections) 106 to 300 160 to 300 20 to 30

4.3 Solar Panel Costs

In the area of solar panel economics, costs are often expressed io
dollars per watt of peak power produced (prior to power conditioning).
An extensive search of the literature on solar panel costs indicates a
wide variation, that 1s, from a few dollars per watt to a few hundred
dollars per watt. The difference depends on the type of application and
the extent to which all costs are included. Solar photovoltaic panels
for terrestrial electricity production use have been produced for as low
as $5.50 per peak watt. This cost does not include the sun—following
mechanism needed for utility applications; that tracking device adds
approximately $3.50/W to the panel costs. SPPs for space application
vary from 8300 to $1200/W. {(The manufacturing cost per watt for the
solar cell alone is an order of magnitude smaller.) The high cost for
space SPPs can be attributed to the costlier manufacturing and qualifi-
cation procedures needed for highest possible efficiency and relia-
bility. The number of panels produced for a particular space applica-
tion is also much smaller than the number required for a terrestrial
application such as a power plant. This economy-of-scale problem in SPP
manufacturing 1Is discussed in a later section. It should be noted that
these space SPP costs per peak watt do not include energy storage, power
conditioning, or launch costs, all discussed in Sects. 6 and 7.

4.4 Advantages and Disadvantages of SPPs

Table 4.2 shows a listing of the major advantages and disadvantages
of SPPs for spacecraft power applications. The major ones that have not
been already discussed will be mentioned below.
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Table 4.2. Advantages and disadvantages
of SPPs for space applicatioas

Advantagqﬁ_

Low-risk technology/proven reliability
No safety problems related to radiocactivity (shielding, re—entry)
No moving parts (no heat engine required)

Minimal heat rejection problem

Disadvantages

Require energy storage to provide power duriag solar occultation

High area of panels and the need for sunward reorientation cause occa~
sional blockage of sensors and antennas

High area of panels makes spacecraft susceptible to drag

High wvulnerability to detection and strategic threats

Vulnerahility to radiation (high energy particulate and electromagnetic)
Packaging difficulty because of large area of panels

Large area contributes to high moment of inertia for spacecraft (diffi~
cult maneuverability)

4.4.1 Solar eclipses and the need for energy storage

In any earth orbit the spacecraft will spead up to one-half its
orbital period within the earth's shadow, obscured from the sun.
Because wmost projected applications require steady state power, some
means of storing the solar energy during the spacecraft “day” and
releasing 1t during such solar eclipses ot spacecraft "night” wust be
provided. Electrochemical energy stovage devices such as batteries and
fuel cells are currently in use, with the nickel-cadmlium battery being
the current baseline technology. Battevies are the preferred storage
system for use with solar panels, since recharging and discharge volt-—
ages are similar. For the less reversible fuel cells, recharging re~-
quires special power conditioning.

Two wajor disadvantages result from adding energy storage capabll-
ity: added power system mass and the need to supply enough additional
solar panel capacity to recharge the batteries during the "day” part of
orbit (in addition to providing the desired load power)}. A figure of
merit for battery performance is the specilfic energy, usually expressed
in watt-hours per kilogram of battery mass. The battery mass must be
considered in calculating the overall specific power for the space power
system. In addition the number of charge/discharge cycles affects the
watt—hours per kilogram figure of merit. For this reason GEO missions,
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with their longer, hence fewer, light/darkness cycles, experience higher
battery specific energies than LEO missions. Energy storage system
costs in the literature often appear as unit costs in terms of dollars
per watt hour of storage capacity. Table 4.3 shows some figures of
merit for current and advanced energy storage devices.

Another disadvantage of SPPs is atmospheric drag, a consideration
that will be discussed in the next chapter.

Table 4.3. Some hardware figures of merit
for energy storage devices

Energy storage Specific energy Cost?
device (W-h/kg) ($/W-h)
NiCd batteries 4 to 35 15 to 30
NiHy; batteries 23 to 55 20+
Regenerative fuel cells 11 to 15 37 to 49
High energy density 11 to 110 Not available
rechargeable battery
(HEDRB)

Mabor and materials only (overhead and qualifica-
tion costs not included).

4.5 References

l. "Moving Into Space: Power for NASA's Space Station,” Rocketdyne
Division, Rockwell International.

2. D. E. Rockey et al., "Comparison of Evolving Photovoltaic and
Nuclear Power Systems for Earth Orbital Applications,” Proceedings
of the 17th Intersociety Energy Conversion Energy Conference, Paper
No. 829011, TRW Corporation, August 1982,
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5. ORBITAL AND LAUNCH CONSIDERATIONS

5.1 Oxbit Classification

The altitude and nature of a spacecraft's orbit affect several as-—
pects of mission economics and power system design. Among the orbit-
dependent entities are the period of darkness, atmospheric drag, solar
cell radiation damage, launch payload size, and booster requirements.
Two basic orbit types, LEO and high earth orbit (HEQ), are discussed.

Low earth orbits are those that can be attained by the space
shuttle orbiter vehicle and that range from 300 to 600 km (average ver—
tical distance from sea level). In the lower end of this range, the
very tenuous top of the earth's atmosphere exerts a small but signifi-
cant drag force on any forward surfaces exposed. For this reason it is
necessary to occasionally reboost satellites in LEO. The propellant and
rocket engines needed for the reboost task constituire additional payload
mass for the shuttle orbiter and detract from the mass available for
space power production. A payload lifited by the space shuttle into LEO
can be deployed with very little effort, without the use of an addi-
tional booster stage. For HEO (i.e., 600 km and above), however, this
is not the case. The shuttle orbiter payload bay must carry a booster
stage [orbital transfer vehicle (0OTV)] and propellant (in addition to
the orbiting payload) such 2as a Centaur-G rtocket engine. HEOs do have
the advantage, though, that atmospheric drag is negligible and reboost
is not necessary. As HEO size increases, however, other problems
arise. In the 4,000 to 10,000-km region, the interaction of the solar
wind with the earth's lines of magnetic force creates a region, the Van
Allen Belt, where high energy (~1 MeV) proton and electron fluxes are
large and radiation damage to electronics and sewmiconductor materials,
such as solar cells, can be significant. Fortunately, one of the most
utilized HROs, the GE0O at 36,000-km altitude, is located well outside
this highest~flux region. At this altitude the average orbital period
is equal to the earth's rotationmal period; thus, a satellite always
faces the same part of the earth's surface. For weather, navigational,
communications, and some types of surveillance satellites, this GEO is
necessary.

5.2 Launch Considerations

These orbital and launch factors all affect the design, perform—
ance, cost, and ultimate load capacity of a shuttle~deplovable SPP space
power satellite (SPS). The model described in the next chapter will
present quantitative relationships and underlying assumptions central to
the conclusions of this study.
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6. A DESIGN AND COST MODEL FOR
SOLAR PHOTOVOLTAIC PANELS

6.1 Key Model Assumptions

The model discussed here allows one to specify a given design power
load and recelve as output the Shuttle Orbiter pavlocad masses and the
cost of deployving an SPS and maintaining it in orbit. Much of the model
is based on simple algorithms or curve fits derived from more detailed
aspects of SPP technology found in the literature. A block diagram for
the model i5 shown in Fig. 6.1. Listed helow are the key assumptions.

ORML-~DWG B5--5127 ETD
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UNIT COSTS
¥ BOOST OR
LAUNCH REBQOST COST
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Fig. 6.1, Block diagram for SPS model,
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1. The SPS payload is assumed to consist of a power system [solar
panels, an energy storage system (batteries or regenerative fuel
cells), and a power conditioning system] and, if needed, the LEO
reboost or HEO boost engine/propellant needed to attain and sustain
orbit. The total mass of the above must be such that it can be
carried in the bay of one shuttle orbiter.

2. Boost from LEO to HEO dis accomplished via a Centaur—~type booster
stage. This shuttle-deployable vehicle will be available in early
1986. Advanced OTVs concepts such as ion engines and reusable
"space tugs” are not considered.

3. It is assumed that whatever geometric shape the SPP system takes, it
can be somehow folded into the shuttle bay and unfolded at orbital
insertion.

. The question of wulnerability of a space power satellite (SPS) to
particles, laser beams, and other iIntentional or non-intentional
space hazards was not addressed. Only radiation damage to solar
cells is considered.

5. The space shuttle is the only vehicle considered for transportation
of payloads from earth to LEO. For a very large payload, for
example, 100 metric tons, a new space transportation system will be
needed. The 26 wetric ton shuttle capacity considered here is for
orbits with low iunclination to the equator, such as those launched
eastward from Cape Canaveral at ~28° to the equator.

6.2 TInputs and Outputs for the Code

Table 6.1 lists the 1inputs to the codes along with their appro-
priate units and a range of values. Table 6.2 lists the principal code
outputs including cost figures of merit.

6.3 Description of Code Algorithms: Solar Panel Design

Given the desired steady state or demand power, PDES, the code
calculates the size and mass of the sclar panels and energy storage sys—
tem needed to support the mission. It is assumed that at FOL (i.e., at
the end of NYRS years) the power satellite can still deliver PDES watts;
therefore, the peak power required from the panels, PREQ may be
significantly larger than PDES, The performance degradation factor,
PDFK, is one of the wvariables needed to calculate PREQ, and depends on
the extent of radiation damage and the mission lifetime, NYRS. 1In a
1982 Jet Propulsion Laboratory (JPL) paper! by Rockey et al., PDFK is
represented as the ratio of EOL power to beginning-of~life (BOL)
power. This ratio is calculated via a detailed radiation damage model
for various orbit altitudes, 1ifetimes, and solar cell thickness.
[Although thin cells have better specific power values (KSA), they are
sometimes more subject to damage.] Using an Interpolation software
package and the data from the above paper, a subroutine has been devel-
oped to calculate the degradation factor due to radiation damage (PDFK)
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Table 6.1,

Toput variables for solar power satellite code

variable Variable function Units " Value range
name

PDES Desired or demand load steady w? 103 to 106
state power for satellite

NYRS Duration of power satellite Years 1 to 10
mission

1ES Flag indicating type of energy 1 (batteries)
stovage 2 (regenerative fuel cells)

KSA Specific power for solar W/ kg 30 to 300
panels {peak power)

ra Areal power density for solar  W/mZ S0 to 300
panels (peak power)

FCDENS Fuel cell energy density W-h/kg 10 to 25
(used if TES = 2)

EDENS Battery energy/density W-h/kg 5 to 60
(used 1f IES = 1)

HORB Orbit altitude km 300 to 40,000

CSHUTL Unit cost for shuttle launch S/kg 2,000 to 5,000
to LEO

COTV Cost of booster stage 5 2 x 107 to 6 x 107

csaA Total cost per watt for solar  §/W (peak) 200 to 700
panels including blanket and
structures (space qualified)

CBATT Battery energy storage cost $/W~h 60 to 120
per watt~hour (used if TES
= 1) (space-qualified)

CRFC Regenerative fuel cell cost $/W-h 100
per watt—hour (used if I[ES
= 2) (space-qualified)

IDRAG Flag to activate effects of 0 (no)
atmospheric drag on 1 (yes)
satellite

IRAD Flag to activate effects of 0 (no)
radiation damage on SPPs 1 {yes)

Aunits for power are electrical watts [W(e)].
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Table 6.2. Output variable for solar power satellite code

Variable Variable function Units Comments
name
PDFK EOL/BOL pevformance degrada- dimenslionless If PDFK = 1.0, no degradation
tion because of radiation exists
damage
PREQ Peak SPP power requirement W
PBREQ Battery energy storage W-h
requirement
PFCREQ Fuel cell energy storage W-h
requirement
ASA SPP incildent area m?
MSA Solar array mass kg
MES Energy storage system mass kg
MAUX Power conditioning system kg
mass
MTOT Total power system mass kg
MBOOST Mass of LEO to HEO boost kg
propellant and engine
MREBOO Mass of LEO reboost propel- kg
lant and engine
MPLOAD Nonpower payload kg For space power dedicated
satellite, this should
approach zero
PLOAD Total shuttle bay payload kg
KRES Energy storage system Wkg
specific power
KTOT Total power system specific Wikg In terms of demand load power
power
DRAG Reboost fuel consumption 1b of propel-
because of atmospheric lant/ft?/
drag year
CARRAY SPP cost S
CES Energy storage system cost $
CAUX Power conditioning system $
cost
CMTOT Total power system cost $
CSHUTT Cost of power system earth $

to LEO transport
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Table 6.2 (continued)

v
ariable Variable function Units Comments
name
CREBOO Manufacturing cost of rehoost $
propellant
CCRB Cost of reboost fuel earth S
to LEO transport
CBOOST Manufacturing cost of LEO to S
HEO hooster atage propellant
CSTAGE Manufacturing cost of booster S
stage
CCENSH Cost of booster fuel and $
engine transport from earth
to LEO
CLHTOT Total launch cost $
CMPOW Power system cost per watt S/W In terms of demand load power
CLWATT Launch cost per watt S/W In terms of demand load power
CTWATT Toral cost per watt S/W In terms of demand load power

Anits for power are electrical watts [W(e)].

as a function of the following:

1. NYRS — the mission lifetime (years),

2., HORB — the satellite altitude (kilometers) and

3. KSA — the solar panel specific power (electrical peak watts per
kilogram), which is inversely proportional to solar cell thickness.

As expected, the worst performance degradation occurs at long wmission
lifetimes, high solar panel specific power, and in the most active part
of the Van—Allen belt region (4,000 to 10,000 km). Figure 6.2 shows a
typical curve from the cited JPL report! showing this orbital variation.

The ratio PDES/PDFK indicates the solar panel overdesign require-
ment if radiation damage were the only consideration. Tt is not, how-
ever, and one must now consider the additional power requirement for re~
charging or regenerating the energy storage system during the satellite
sun exposure period. First, the fraction of the orbit that the satel-
lite spends in the earth's shadow (the shadow factor) must be calculated

F = {arcsin [REARTH/(REARTH + HORB)1}/w ,

where

REARTH = average tadius of the earth (6378 km),
F shadow factor (dimensionless).

i
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Fig. 6.2. Solar array specific power after 10 years.

The shadow factor 1is always <0.5 and decreases with increasing orbit
size. This equation is applicable to most LEO and HEO circular orbits

utilized by earth satellites.

The orbital period is calculated from Kepler's third law for cir-
cular orbits:

PER = 2 © [1000 (REARTH + HORB)J1+5/(3600 * 1.998 x 107) ,

where

PER = the orbital period in hours.
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The product (F * PER) represents the time that the satellite spends in
darkness and the time for which the energy storage system must discharge
at the demand power level PDES. This darkness vperiod increases with
orbital altitude.

The solar panel power requirement depends on the type of energy
storage option chosen. The previously cited JPL paper! by Rockey et al.
suggests the following forms for the two storage options, batteries and
fuel cells. If the flag IES = 1, batteries are assumed used, and

F

= * *
PREQ = (PDES/PDFK) * Q * 1 + et —Fy

where

PDES
PDFK

i

desired power load (watts),
performance degradation factor
(<1.0 if IRAD = 1)
(1.0 if IRAD = 0),
Q = power conditioning and cabling loss factor (constant at
1.05),
F = ghadow fraction,
CDEFF = charge to discharge efficiency (constant at 0.65).

H

If the flag IES = 2, regenerative fuel cells are assumed used and the
same equation applies, except that CDEFF = |,

Given the solar panel power requirement PREQ, the solar panel mass
and area can be calculated as follows:

MSA

1

PREQ/KSA ,

where

MSA = solar panel mass in kilograms,
KsSA solar panel specific power in electrical watts per kilogram
(a technology input);

I

and
ASA = PREQ/PA ,

where

ASA = solar panel incident area,
PA = areal power density Iin electrical watts per square meter (a
technology input).
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6.4 Energy Storage System Requirements

Algorithms similar to the above can be used to calculate the energy
storage requirements, storage system mass, and the energy storage speci-
fic power.

For a battery system (IES = 1),

PBREQ = PDES * Q * F * PKR/DOD ,

where
Q = conditioning and cabling loss factor (1.05),
DOD = battery depth of discharge (dimensionless) (constant at
0.35),
PBREQ = energy requirement for storage (watt—hours),
(F * PER) = time of discharge (shadow factor times orbital period).

The battery mass is calculated as
MES = PBREQ/EDENS ,

where

EDENS = the battery specific energy density in watt-hours per kilo—
gram {a technology input).

The battery specific power algorithm is
KRES = PBREQ * DOD/(F * PER * MES) ,

where

]

battery storage system specific power in watts per kilogram,
and the other terms are as described previously.

KRES

If a regenerative fuel cell (RFC) system is used (IES = 2),

PFCREQ PDES * Q * F * PER ,

where

PFCREQ the energy requirement for storage (watt-hours).

The fuel cell system mass is calculated as

MES = PFCREQ/FCDENS ,
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where

FCDENS = the fuel cell specific energy density in watt-hours per
kilogram (a techmology input). »

The fuel cell specific power algorithm is

KRES = PFCREQ/(MES * ¥ * PER) ,

where

]

KRES fuel cell storage system specific power in watts per kilo-—

gram, and other terms as described previously.

If the power conditioning system specific power, KAUX, 1is known, the
mass, MAUX, of this system is calculated as

MAUX = PDES/KAUX .

A value of 125 watts per kilogram for KAUX is considered typical.

The total mass of the power generation part of the payload is now
calculated by summing its three components:

MTOT = MSA + MES + MAUX (kg) ,
or

solar 4 energy power
panels storage conditioning °

The specific power figure of merit can now be calculated in terms of the
demand power and the total power dedicated equipment mass:

KTOT = PDES/MTOT ,

where KTOT is in watts/kilogram.

6.5 Atmosphevric Drag Considerations

In the lower LEOs (i.e., 300 to 450-km altitude), the top of the
earth's atmosphere is of sufficient density such that a significant drag
force is exerted on the surface area of a satellite. The large flat
areas assoclated with solar photovoltaic panels greatly increase the
drag force such that the danger of orbital decay and burnup of the
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satellite upon re—entry 1is significant. The solar panel areas can be
extensive and for space power systems producing hundreds of kilowatts,
could be the size of a football field, that is, ~6,000 m?2. A satellite
utilizing SPPs must be reboosted periocdically to stabilize its orbit. A
small rocket engine 1s required, and an amount of propellant that
depends on solar panel area, the altitude, and the duration of the mis-
sion as follows:

MREBOO

il

DRAG * NYRS * ASAF/2.205 ,

where

(450 - HORB)
DRAG = 0.5 * 10 100 ,

where

DRAG = the reboost propellant requirement in pounds per year per
square foot of panel,

MREBOO = the weight of reboost propellant in kilograms (the eungine
mass 1s assumed small compared to the propellant mass),
ASAF = the incident solar panel area in per square feet,
NYRS = the mission duration.

It can be seen that the effect of drag decreases a factor of ten as the
LEO altitude is increased by 100 km. This relationship was derived from
data available in papers by Sorensen? and Giudici3 concerning space sta-
tion design issues.

Unfortunately, this amount of propellant must be carrled as part of
the SPS payload in the shuttle and, thus, increases the transportation
expense. All propellant for reboost (i.e., eoough to last the entire
mission) must be transported at time of satellite launch unless some
sort of periodic refueling service 1is available from the shuttle
orbiter, The most serious disadvantage 1is the reduction 1in power—
dedicated payload effected by the need to carry this propellant and
rocket engine.

6.6 Payload Considerations

It 1s also importamt to consider the total payload that can be
carried to earth orbit by the space shuttle alone or the shuttle/OTV
system depends on the altitude. The following simplified relationship
was derived by constructing a log-log plot of both Centaur G payload
versus altitude data (from a paper by Buden") and the maximum shuttle
payload of 26 metric tomnnes for anmn LEO. The resulting straight line on
the log-log plot is described as follows:

PLOAD = 10,000.0 * (5.07 — logigo HORB) .
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PLOAD is the maximum deployable non~0TV payload in kilograms for a 28°
inclined (to the equator) eastward launch from Cape Canaveral. An LEO
of 300 km for the shuttle is assumed prior to booster stage deployment.

For early missions (before year 2000) a throw-away liquid Hp/liquid
0;~-fueled Centaur—G booster stage will be used for orbital transfer to
HEO. In later (after year 2000) missions a “space-tug,” or other
reuseable OTV based at a space station in LEO, might be used for LED to
HEO transport.® Both solar and nuclear electric propulsion, using ion
engines, have been suggested as alternatives to chemical propulsion for
OTV applications.

The nonpower, nonpropulsion payload available in the shuttle bay
can be calculated for LEO or HEO as follows:

MPLOAD = PLOAD — MTOT — MREBOO ,

where

MPLOAD is in kilogram,

PLOAD = the total shuttle non—-0TV payload mass adjusted for alti-
tude and possible LEO to HEO injection,

the total power system mass,

the reboost propellant and engine mass needed to maintain
LEO.

it

MTOT
MREBOO

i

1f PDES is chosen such that MPLOAD approaches zero, then the payload is
assumed totally dedicated to power production. This will be the case
for the code results shown in Chap. 7.

6.7 The Cost Model

In the model presented, it is assumed that all fuel and equipment
is deployed at the beginning of the mission and that no costs will be
incurred for 0&M procedures during the duration NYRS. Thus, the portion
of the life cycle that will be considered is the deployment phase, which
includes the following costs:

1. &PS Manufacturing, overhead, and qualification costs including:
a. solar panels,
b. energy storage, and
c. power conditioning;
2. 5PS launch costs:
a. space shuttle launch of SPS power system,
b. space shuttle launch of SPS reboost propellant and engine (if
needed),
c. space shuttle launch of Centaur booster stage (0TV) and propel-
lant (if HEO),
d. space shuttle launch of additional payload (if MPLOAD > 0),
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e. propellant and engine manufacturing cost for reboost (LEO only),
and

f. propellant and OTV engine manufacturing cost for booster stage
(LEO to HEO).

An attempt has been made to aggregate as many cost categoeries as possi~
ble and express quantities on a unit cost basis.

6.7.1 Power equipment manufacturing costs

Capital costs for the three components of the power system are cal-
culated as follows.

Solar arrays. The literature usually quotes unit costs in terms of
dollars per watt or dollars per squave meter. The variable names CSA
and CSAA respectively are used for these quantities. The total panel
cost, CARRAY, is thus determined from the peak power requirement PREQ or
the panel solar incident design area, ASA:

W

CARRAY = CSA * PREQ ,
or

CARRAY CSAA * ASA .,

H]

CSA or CSAA should represent the unit cost for fully space-qualified
panels, includiog general and administrative (G&A) costs, other over-
heads, etc.

Energy storage. Energy storage costs are usually glven in terms of
dollars per watt—hour. Total energy storage system cost, CES, can be
calculated from the energy storage requirement for either the battery
(PBREQ) or the fuel cell system (PFCREQ) as follows:

If IES = 1 (battery), CES = CBATT * PBREQ;
1f IES = 2 (fuel cell), CES = CRFC % PFCREQ;

where CBATT and CRFC are unit costs in dollars per watt fully space-
qualified, including all G&A costs and overheads).

Power conditioning. The total power cownditioning cost, CAUX, is
calculated from the power conditioning mass, MAUX, and a unit cost of
$10/W by

CAUX = 10.0 * MAUX .
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The total power system cost is expressed as the sum
CMTOT = CARRAY + CES + CAUX .

The unit cost (in dollars per watt) for the SPS power system in terms of
the demand power is calculated as

CMPOW = CMTOT/PDES .

6.7.2 Launch related costs

Space shuttle launch costs are usually expressed in terms of
dollars per unit mass, and there 1s considerable disagreement, even
within the U.S. government, as to what a shuttle customer should be
charged. Part of the difficulty arises from the question of how much of
the shuttle development and manufacturing costs should be written off
against mission charges and against the wvarious user agencies (e.g.,
NASA, commercial, military). Estimates for the cost of a launch vary
from 50 million to over 200 million dollars. Appendix C includes a more
detailed discussion of shuttle launch costs to both LEO and GEO. A
value of 69 million dollars per launch will be used here. For a typical
26,000-kg payload, this converts to a unit cost of $2,640/kg launched
{CSHUTL). The calculation of total launch costs can be partitioned
among the various items launched as follows:

Power system: CSHUTT = CSHUTL * MTOT

Reboost fuel: CLRB = CSHUTL * MREBOO ,

Booster (OTV) .stage (Centaur fuel, tanks, and engine): CCENSH =
{CSHUTL * MBOOST) + CSTAGE ,

where the mass of the 0TV is approximated by
MBOOST = 26000 ~~ PLOAD in kilograms.

Propellant manufacturing costs for LEO reboost and LEQ to HEO boost are
small compared to the cost of transporting (via the shuttle) the propel-
lant and engines from earth to LEO. Reboost propellant, most likely to
be hydrazine, is estimated to cost on the order of $10/kg. The reboost
engine is small enough that 1its cost was 1gnored in this study. A
booster stage fuel cost of $20/kg is assumed for HEQO missions. This
fuel is 1likely to be liquid 02 and liquid Hp propellant mixed and burned
in a Centaur stage. The higher unit propellant cost is assumed to cover
the throw~-away propellant tanks. The fuel costs are calculated as fol-
lows:
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for LEO reboost,

CREBOO = MREBOO * 10 ;
for LEO to HEQ,

CBOOST = MBOOST * 20 .

The throw-away Centaur boogster stage cost (CSTAGE) is added if HORB
>600 km; that is,

IF (HORB. GT. 600) CSTAGE = COTV (an input) .

Otherwise, CSTAGE = 0. A booster stage (0TV) cost of $20 million is
assumed for the cases considered. The total launch cost is the total of
the above costs:

CLHTOT = CSHUTIT + CREBOO + CLRB + CBOOST + STAGE + CCENSH .

1f the correct value of PDES (desired power) is selected such that the
extra (nonpower, nonboost) payload MPLOAD approaches zero (a trial and
error procedure), the entire satellite payload can then be said to be
dedicated to a space power mission. TIf the above launch cost is divided
by demand power leoad PDES, the launch cost per watt can be calculated

CLWATT = CLHTOT/PDES .

The total space power cost per watt cam be calculated as the sum of the
launch unit cost and the manufacturlng unit cost (in dollars per watt):

CTWATT = CLWATT + CMPOW .
In the next section an example case will be shown, input value for

crucial parameters assessed, and the results of some sensitivity studies
discussed.

6.8 Sample Model Output

An LEO and HEO case, Tables 6.3 aod 6.4, are actual outputs from
the code for two example cases, an LEO mission and a GEO mission. Both
cases assume that the satellite payload is dedicated entirely to space
power production. Additional cases will be presented in tabular form in
the next chapter, and the significance of the input values will alsc be
discussed.
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Table 6.3. Sample LEO mission case

*4$2%SPACE POWER S5YSTEM USING SOLAR ARRAYS & ENERGY STORAGE®#%*xxx

INEUT DATA

DESIRED ECL POWER IR WATTIS: 31750.

CESIRED YRS OF OPERATION: 10.
TYFE QF STCRAGE: V=EATTERY, 2=FUEI CFLL: IES= 1
SCLAF AREAY SPECIFIC POWER,W/KG: 50.0
SOLAE ARRMY WATTS/M**2 = 105.0
FUEL CELL ENERGY DENSITY, W-HR/KG
OFEXT HEIGHT IN KN: 4c0.
EATTERY ENERGY DENSITY, W-HE/KG : 3.0

SHUTTLE LAUNCH COST TC LEQ,$/KG : 2640.

BCCSTER {CTV) STAGE COST, %M : 0.

SQ1AF ARRAY COST PER WATT INCL. STRUCTOURES: 600.
BATTERY COST PER W-HE = 120.0

FUEL CELL COST PER W-HR : 100.0

18.0

LX)

*E4CUTPUT DATA**%

ECL/BOL PEFFORMANCE LEGRADATION FACTOR DUE 710

VAK-ALLEN BELT RADIATION LAMAGE AT 450. KM ALT: 0.937
SHATLCW FACIOR= 0.384
OFEITAL PEEKIOD IN BOURBRS= 1.56

SOLAR ARRAY POWER EECT IN WATTS: 69665.

AREA CF SOLAR ARRAYS, S5Q.METERS= 663.5 SQ.F1I= 7137.9
SOIAE ABRAY RG/M*%2 2. 10

BAYTEFRY ENERGY IN TERMS OF EEQT, W-HR 56983. 19

FUEI CELL ENERGY IN TERMS OF REQT, W-HR 16944.12

EN STOR SP. POWEB FOR REQD FECWER, W/KG 5.27

HASS COF SOILAR ARRAYS IN KG 1393.3

MASS OF ENERGY STORAGE SYSTEM IN KG 6331.5

MASS CF POWER AUXIIIARIFES I¥ KG 254.0
TAQTAL HMASS OF POWER SYSTI. IN KG 7978.8

TCTAL POWEE SYSTEM SE POWER IN W/KG (DES LD) 4.0
1CTIAL POWEFEF SYSTEM INV.SEEC.POWER IN KG/K® 251.30
AIMOS. DRAG: LB.REROCST FUEL/YR/FT2 S.A. = 0.500000
REBOCST FUEL PAYLOAD FOR SCLAR ABRAYS IN LEO 16185.7
SHOTTLE P.1. AVAIL IKRCL EFF OF HEO BOOST: 24168. KG
NCFN-POWER, NON-BCCST PAYLCAL 3. KG
*%% COST QUTPUT *%#*

POWER SYS MFG. COSTS:

SCLAR ARRAYS: 69664.6 W X 600.00 $/4

BATT ERIES: 56983.2 W~HR X120.00 $/¥W-HR

AUXILIAFIES:

TOTAL MFG COST:

ionon

i

xx =




UNRIT COSTS:

POWER:

MASS:

LAUNCH MASSES:
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Table 6.3 (continued)

POWER SYSTEH 797S.
REECCST FUEL ({LEC) 16186.
BOCST SIGEFUEL (LEC 10 BEQ) 0.
CTHER AVAIL SPACE 3.
TCIAL SHOUTILE PLD. 24168.

LAUNCH & ALTITULE MAINT COSTS FCRE POWER SYSTEN

SHOTTLE LAUNCH OF BPS TC LEO
REEOCST FUEL (LEC CN1Y)
SHUTILE LAUNCH OF REBOOST FUEL TC LEC (LEQ CHWLY)

SHUTITLE LCH OF CERYT

ECOSTHEFUEL TC TLEC(HEC OXNLY)

CERT BOGCST OF FUEL ETANKS FRCH LEO TC HEC
CENIAUR STAGE COST {ENGIKE;}

TCIAL COST

LAUNCH COST PER

HPG.EQUAL.COST PER BATT CF SPACE PGWER DESIRED

¥ATT OF SPACF PO¥EB LESIRED:

TOTAL CCST PER WATT CF SPACE PCWER DESIRED;

ICIAL COST PER K@

FOR EOWEF SYSTEN:

1531.94 $/49

605€.09 $/KG

2014,

1532.

$/6ATT

$/WATT

354¢.

8016,

$/WAIT

3/KG

us
K3
ug
us
]
$n

H$
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Table 6.4. Sample HEO mission case

*#2%*SPACE POWER SYSTEN USING SOLAR ARRAYS & ENERGY STORAGE#*#*%»
T8PUT DATA

DESIRED EOL POWER 1IN WATTS: 12200.

DESIRED YRS OF OPERATION: 10.
TYPE OF STORAGE: 1=BATTERY, 2=FUEL CELL: IES= 1
SOLAK ARRAY SPECIFIC POWER,W/KG: 50.0

SOLAB BARRAY HATTS/8¥¢«2 : 105,0

FUEL CELL ENERGY DEMSITY, ®~HR/KG : 18.0
ORBIT HEIGHT IV K¥: 36000.
BATTERY ENERGY DENSITY, W-HR/KG : 5.0
SHOTTLE LAUNCH COST T0 LED,S/KG = 2640,
BOOSTER {(OTY) STAGE C0ST, 38 : 20.
SULAR ARRAY COST PER WATT INCL. STRUCTURES: 600,
BATTERY COST PER W-HR = 120.0
FUEL CELL COST PER ®W~HR : 180.0

¥%4¥QUTPUT DATR*%%

ECL/BOL PERFORMANCE DEGRADATION FACTCR DUE TO
VAN-ALLEN BELT RADIATION DAMAGE AT 36000. KA ALT: 0.872

SHADCH FARCTIOR= (.048
ORBITAYL PERIOD IN HOURS= 24,10

S0LAR ARRAY POWER REQT IN #ATTS: 15844,

AREA OF SOLAR ARRAYS, SQ.METERS= 150.9 SQ.FTI= 1623.C
SOLAR ARRAY KG/Mu%*2 2. 10

BATTERY ENERGY IN TERMS OF REQT, W-HR 42421, 11

FUEL CELL ENERGY IN TERMS OF REQT, W-HR 14847.29
EN STOR SP. POWER FOR BREQD POWER, W/KG 2.72

MASS OF SOLAR ARRBAYS IN KG 316.8

MASS OF ENERGY STORAGE SYSTE#A IN KG 4713.5
HASS OF POWER AUXILIARIES IN KG 97.6
TCTAL MASS OF POWER SYST. IN KG 5127.9

TOTAL POWER SYSTEM SE POWER IN W/KG (DES LD) 2.4
TOTAL PONER SYSTEN INV.SPEC.POWER IN KG/KW #420.32

ATMOS. DRAG: LB.REBOCST FUERL/YR/FT2 5.h. : 0.0
REBOOST FUEL PAYLOAD FOR SOLAR ARRAYS IN LEO 0.0

SHUTTLE P.71. AVAIL INCL EFF OF HEC BOOST: 5137. K6
NCN-POWNER, NON-BOOST PAYLOAD 9. KG

%% COST OUTPUT #*%¥

POWER SYS MFG. COSTS:

SOLAR ARRAYS: 15840.1 W X 600.00 $/% = § 9.504 4
BATTERIES: 42421.1 W-HR X120.00 3/4¥-HR= § 5.091 M
AUXI LYARIES: = 3 0.001 ¥
TOTAL MFG COST: = % 14.596 ¥
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Table 6.4 (continued)

UNIT CTOSTS:
POWER:

MASS:

LAUBCH MASSES:

POBER SYSTEHM 5128.
REBOOST FUEL (LEO) 0.
BOOST STGEFUEL {(LEC T0 HEOQ) 20863,
OTHER AVAJL SPACE 9.
TOTAL SHUTILE PLD. 26000.

LAUNCH & ALYITUDE MAINT COSTS FOR POWER SYSTEH

SHUTTLE LAUMCH OF PS TO LEOQ

REBOQST FUEL (L.EO ONLY)

SHUTTLE LAUNCH OF REBOOST FUEL TO LEO (LEO ONLY)
SHBUTTLE LCH OF CENT EOQOSTEFUEL TO LEC(HEC ONLY)
CERT BOOST OF FUEL STANKS FROH LEC TO HEO
CENTAUR STAGE COST {ENGINE)

TOTAL CQST

LAUNCH COST PER WATT OF SPACE POY¥ER DESIRED:

HFG.5QUAL.COST PER WATT CF SPACE POWER DESIRED

TOTAL CQST PER ¥ATT OF SPACE POWER DESIRED;

T0TAL COST PER KG FOR PONER SYSTEX:

1196.36 $/%

2846.33 $/RG

7298.

11396,

13.538
0.0
0.0

55.078
0.417

20.000

89.033

S/HATT

$/8ATT

gu94.

17363.

$/RATT

$/KG

ME
e
1
us
1%
8

ag
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7. RESULTS

7.1 Performance and Cost Data: A Literature Survey

For the previously described code to be useful, the Input data,
that is, the performance and cost variables, must he credible. During
the literarure search part of this study, over 50 recent (1978-1985)
articles or rveports were accessed. Of these 24 had data useable by the
code. 1724 For most of the performance—related input parameters, the
variation in numerical values was wide, that is, for such hardware data
as watts per kilogram or watts per square wmeter. The variation 1is
likely attributable to different stages of solar cell or energy storage
development, differing degrees of developer optimism, and differing
definitions of the described system and its figures of merit. For cost
data, the range of wvalues was even greater, that is, over an order of
magnitude difference in dollars per watt. Again the problem is mostly
one of definition, that is, understanding what costs are accumulated in
the numerator dollar figure and what type of watt is described in the
denominator. Some authors, for example, would describe only the wmate-
rial and labor cost for silicon solar cell fabrication and not include
mountings, panel material, substrate, qualification, etc. Others would
describe SPP costs in terms of a fully space~qunalified panel system
including all profit and overheads. One must also ascertain whether a
particular author is using demand load watts or actual solar panel peak
power rvequiremernts In his dollar per watt figure.

Table 7.1 summarizes the results of the literature survey and forms
the data base for the cases to be described and this author's assessment
of SPP technology status. The ranges for the principal input variables
(as derived from Table 7.1) are given in Table 7.2,

7.2 Technology Assessment and Case Descriptions

Because solar photovoltaic panels constitute an evolving tech—
nology, it was decided to project the performance and cost effects on an
SPS resulting from advances in SPP development programs. Three sce-
narios are considered: present technology; nearer~term, advanced-
silicon~cell technology; and very advanced-MBG-cell technology. The
inputs for each scenario will be described and cost results preseunted
for typical missions under =ach scenario. Even the most advanced MBG

echnology should be ready for deployment by 1995.

It will be seen that the specified orbital altitudes for the SPS
will have a very strong effect on performance and costs; hence, four
missions will be described for each SPP technology scenario. All mis-
sions are assumed to span 10 years. The effects of drag and radiation
damage are included in each case. Another important assumption made is
that the design power load is maximized, that is, the largest power
system mass is permitied after accounting for the LEO reboost and LEO to
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33 Tahie 7.1. Literature SPP power system data

Overall SPS power system data

SPP data Energy storage data
Reference g .. Descr%pt1§n of e Specific  Areal power Specific a Specific Unit power Comments
No. application Efficiency . b Cost™; cost*
Type of cell (%) power density Cost data Type of system energy data power
- (W/kg) (W/m) (W-h/kg) - (W/kg) ($/W)

1 1978 Space power 5-GW satel- Ga-Al-As 20 {p 324 (P) Prciects $100/W
launch cost

lite power system
Costs are for

2 1980  Space power Silicen 100 (co) 25C to 300 $/m?
silicon cells
' only
3 1980 Space power * Ga—As councentrator 21 to 56 §820/w , Also gave $1475
‘ (sqQ,nw,P) . . /W for hardened
T silicon SPPs
& 1980 Space power . Silicon ' $30 to 8I/W $400 to 700/W Structur?s $70
: (co) to 200/W launch
: $125 to 250/W
1880  50-kW space powar appli- Silicon $100/W (CO) Breakdgwn of
cation $300 to 1000/W $800/%W case
(SO, DW) . Y
Mass production of panels Silicon §25.7/W PEOJecgeg i
space powel P,S50,DW eman or
space pover) (50,000 ' panels is 50 MW
6 1980 Space power 2—kﬁ'system Silicon Rattery: NiCd $865/W (SO,DW)
7 1980  Space powex Ga-As $5000/m° (P)
8 1880 Space power (space shut-~ Silicon - o $1R5/W (panel) Panel cost only
tle power extension -
package, 32 kW)
9 1980 Space power Ga-As $867/W Battery: NiH $870/ ke Launch cost:
(P,S0,DW) $1000/kg
13 1982  Space: .S Air Force Silicon 14 L9 140 Ratteryv: NiE 33 9 to 15 S%ZOO tovISOO/W
Demonstration {R,S0,DW)
Space: Advanced Tech MBG 30 106 290 Batterv: HEDRE 110 29 to 48
(1995) '
Space: Intermediate Tech  Ga-As 21 66 190 $400/W Battery: NiH 44 $400/W 20 to 20 $700 to 1000/W
(1990) {P,S0,5W)
11 1682  Space power (1980) Silicon 14 Battery: NiCd 4 to 6 (LEO) $1000 to 2000/W
13 to 15 (GEO) (S0, DW)
Space power (2000) MBG 20 to 3C Ratterv: NiH 22 to 33 (LEO)
55 to 66 (GFO)
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Energy storage data

Overall SPS power system data

SPP data
Reference D ipti ,
Type of cell ELLES;ency power density Cost data Type of system anergy éat; power cost
’ (W/kg) (W/m) (W-h/kg) : (W/kg) ($/W)
12 1982  Space power (power level Silicon 13.5 30 (LEC) Battery: NiCd 26 to 35
25 kW) 28 (GEOD)
Silicon 13.5 LEO (58) Battery: NiH L0 to 48
GEO (50)
Silicon {advanced) 13.5 LEO (130) Regenerative
fuel cell
’ GEO (120)
13 1983 Space power: power ex— Silicon 66 100 $377/w Launch cost:
tension package for g $2640/ kg
shuttle Ga—-As concentrator 24 to 35 200 SL16/W (23
cells
14 1984  Space power: 1984 Siliconm 13.3 35 to 60 97 to 107 $60 to 100/wW Battery: NiCd 26 to 33 15 to 30
(co)
1987 (space station) Ga—-As concentrator 20 35 to 51 161 to 238 830 to 50/W Regenetrative 11 to 15 37 to 49 .
, (co,P) fuel cell
is 1684 Space power (space sta- Silicon 10.3 123 $30 ro 60/W Ragenerative 18
tion: 1987) {array) (co,p) fuel cell
i 1984  Space power (37.5 kW) . . Rattery: NiCd 3.9
17 1984 Space power Silicon Battery: NiCd 4
Ca—As concentrator Regenerative 6.2
. fuel cell .
Solar dynamic (solar None 13.3 Solar dyaamic
dynamic) included for
purpose of com-
- parison
18 1684 Space power: 1G85 Silicen 13 6
Space power: early 1990s Advanced Silicon 15 240
Space power: advanced Ga—-As/MBG 18 300
19 1684  Space power: 1985 Silicon NiH 9 to 15
Space power: 1995 MBG HEDRB 26 to 31
20 1984 Terrestrial 1-MW power Silicon 11.5 §5.5/w 5CO) or
station $614/m
21 1985  Terrestrial 1-MW power Silicon $6.5/W $10.50/W $4.50/W for non
station (panel) cell comporent:
22 1985  Space power: 1985 Silicon 79 '
Space power: 1995 MBG 300 (P) 300 (P)
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SPP data Energy storage data Overail SPS power system data
Ref%rence Year DeSCE?ptl?n of e Specific Areal power - . Specific a Specific Unit power Comments
No. appiication - - L, Efficiency Y b - Cost ) a
Type of cell (%) power density Cost data Type of systenm anergy data bower 7 cost
g (W/kg) (W/m) (W-h/kg)  ° (W/kg) . (s/%)
23 1985 Space power: space sta- Silicon 105 Regenerztive
tion: 1987 fuel cell
24 1985 | Space power skylab: Silicoun 7 .
1673
Space station: 1987 Silicon ’ 50 to 60 4.5
Space station: 1987 Solar dynamic 13 Solar dynamic

for comparison

(P) projection; (SQ) panel, space qualified; (CO) cell only;

“Nollar basis for costing assumed to be year listed at left at table,

(DW) cost per demand watt); blank spaces indicate no data given.
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Table 7.2. Performance? and cost parameter

ranges summarized from Table 7.1

Cell efficiency, % 11.5 to 30
Panel specific power, W/ kg 21 to 300
Areal power density, W/m? 97 to 324
Solar cell unit costs (labor and material 30 to 100
costs only), $/W (peak)
Space qualified panel costs, $/W (peak) 100 to 700
Energy storage specific energy, W-h/kg 4 to 110
Energy storage unit costs, $/W~h 15 to 49
Overall power system specific power (demand), W/ kg 4 to 66
Overall power system unit cost, $/W demand 400 to 2000

A(A11 solar cell technologies, including projections and
space applications, assume <1 MW/yr total annual demand for pro~
duction).

HEOQ boost payload requirements. Again we are considering a shuttle/
Centaur—-deliverable dedicated space power satellite,

7.2.1 Present SPP technology

Table 7.3 shows the inputs and results for present-day SPP tech-
nology. Planar silicon cells, along with NiCd batteries for energy
storage, are assumed. Conservative specific power and specific energy
values of 50 W/kg and 9 W-h/kg are assumed for the panels and battery
system, respectively. An areal power density of 105 W/m? for the solar
panels 1is readily achievable. Typical cell costs in the literature
range from $30 to 5100/W for present technology. TFor this model, how-
ever, total costs are of interest; hence;, space—qualified panel costs
should be used as input. A value of $450/W of peak SPP output power
required 1s assumed. For LEO missions the required peak power 1is at
least twice the demand or desired power system load power. TIf the same
cost were translated to dollars per demand watt, a figure of $900+/W in
1985 dollars would result. This agrees with literature values such as
the $800/W (demand, 1980 dollars) shown in Table 7.4, taken from Ref. 5,
which also shows the breakdown of this cost figure. A model described
in Reference 25 includes launch conditions very similar to the LEO-T
case in Fig. 7.3. A typical result from this model gives a unit cost of
$3200/W for demand power, launch included.

No space-qualified cost for the NiCd battery system could be
found. Basic material and labor (M&L) fabrication costs (no overheads)
of 84 to $35/W-h were found in the literature. As with solar panels the
space-qualified unit cost is expected to be several times the base M&lL
unit cost. A value of $120/watt—-hour was selected as reasonable. .
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Code results for SPS missions using

present SPP and energy storage % technology

Mission
Variable Description
LEO-I LEO-11 HEO-I  WEO-II {GEO)
Inputs
HORB Orbit altitude, lm 450 600 6,000 36,000
NYRS Duration of mission, years 10 10 10 10
1ES Energy storage flag 1 (batteries) 1 1 1
IDRAG Drag calculation flag 1 (on} 1 1 1
IRAD Radiation damage flag 1 (on) 1 1 1
KSA Solar PV panel specific power, W/ kg 50 50 50 50
PA SPP areal density, W/m? 105 105 105 105
FCDENS Puel cell energy density, W-h/kg
EDENS Battery energy density, W-h/kg 9 9 9 9
CSA Space qualified SPP unit cost, 450 450 450 450
$/peak W
CBATT Battery unit cost, $/W-h 120 120 120 120
CRFC Fuel cell unit cost, $/W-h
CSHUTL Shuttle launch cost, $/kg 2,640 2,640 2,640 2,640
coTV Booster stage cost, SM 0 0 20 20
PDES Demand power losd, W 31,750 85,800 31,280 12,200
" Dutputs
Power requirements
PRFQ Peak SPP power requirement, W 69,665 194,740 291,592 15,840
PDFK Performance degradation factor, 0.937 0.875 0.1487 0.8716
EOL/BOL
PBREQ Battery energy storage requirement, 56,983 152,145 61,519 42,421
W-h
PFCREQ Fuel cell energy storage require-
ment, W~h
ASA SPP area requirement, n? 664 1,855 2,777 151
Specifie powsr
KRES Energy storage system specific 5.3 5.3 4.8 2.7
power, W/ kg
KTOT Total power system specific power, 4.0 4.0 2.4 2.4
Vikg
Payload masses
MSA SPP mass, kg 1,393 3,895 5,832 317
MES Energy storage system mass, kg 6,332 16,905 6,836 4,714
MAUX Power conditioning system mass, kg 254 686 250 98
MTOT Total power system mass, kg 7,979 21,486 12,918 5,129
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Table 7.3 (continued)

Migsion
Variable Description -
LEO-I LEO-1I HEO-1 HEO-11 (GEO)
Payload masses (continued)
MBOOST LEO to HEO boost fuel and engine, n 0 13,082 20,863
kg
MREBOO LEO reboost fuel, kg 16,186 1,431 0
MPLOAD Noapower payload, kg {(to be 3 1
minimized for these cases)
PLOAD Total shuttle bay payload, kg 24,168 22,918 26,000 26,000
(include MTOT above)
Migsion considerations
F Shadow factor 0.384 0.367 0.172 0.048
PER Orbital period, h 1.56 1.61 3.80 24,10
DRAG Reboost fuel consumprion, lb/ft2/ 0.5 0.016 0 0
year
Power system costs
CARRAY SPP total cest, $M 31.3 87.6 131.2 7.1
CES Energy storage system cost, $M 6.9 18.3 7.4 5.1
CAUX Power ccnditioning system cost, $M <<0.1 <£0.1 <<0.1 <<0.1
CKIOT Total power system cost, S$M 38.2 105.9 138.6 12.2
Launch costs (all in $¥)
CSHUTT Shuttle transport of power system 21.1 56.7 34.1 13.5
CREROG Reboost propellant manufacturing 0.2 <<0.1 0 0
cost
CLRB Shuttle transport of reboest fuel 42.7 3.8 0 0
and engine
CBOOST Manufacturing cost of boost propel- @ 0 0.3 0.4
lant and tanks
CSTAGE Manufacturing cost of booster stage 0 4} 20.0 20.0
CCENSH Shuttle transport of booster and 0 0 34,5 55.1
propellant
CLHTOT Total launch coat 64.0 60.5 88.9 89.0
Unit costs (in terme of demand power)
CHPOW Total power system, $/V¥ 1,203 1,234 4,431 1,002
CLYATT Launch, $/W 2,014 705 2,842 7,258
CTWATT Total, §$/W 3,217 1,939 7,273 8,300

(51 cells, NiCd batteries for energy storage)
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Table 7.4. Breakdown of
space~qualified SPP
power costs

Unit
Cost element cost
($/)*
Cell
Materials i0
Labor 20
Overhead 50
G&A _ 12
Profit 18
Subtotal 110
Array
Materials (unoncell) 100
Handling 20
Labor 50
Engineering 30
Tooling 30
Inspection and test 40
Overhead 180
G&A 110
Profit 130
Total 300

Apemand power

Source: Jet Propulsion Labora-
tory (Reference 5).

For the space shuttle launch unit cost a value of $2640/kg was
used. This is applied to all payloads, the power system, the reboost
system and fuel (if applicable), and boost system and fuel (if appli~-
cable). This launch cost was extracted from Ref. 13 and is close to a
value found in a recent news item in Aviation Week and Space Tech-

nologz.z6 Nowhere din the open literature has the author been able to
find out the actual cost breakdown of a shuttle launch, that is, the
writeoff of manufacturing and launch facilities, crew cost, fuel cost,
etc., It is apparent that the cost accounting practices for the shuttle
are still a subject of disagreement among the involved goverament
agencies.
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Of the four missions examined in Table 7.3, the LEO mission at 600
km has the lowest overall unit cost (power system and launch) per
watt. At that altitude, which is near the maximum available for the
shuttle without additional boost, drag is very small, and deleterious
radiation effects from the Van Allen belt are minimal. Essentially all
of the shuttle payload can be dedicated to the power system. Thus, the
total cost is distributed over a larger demand power level. The unit
cost of the power system alone is minimum at the lowest LEO altitude, a
result of the performance degradation factor being close to 1.0. At
6000 km, that is, the most intense region of the Van Allen belt, the
performance degradation factor is <0.15; thus, the power system must be
greatly overdesigned to attain the EOL desired power level, For this
reason the unit cost of the power system is highest.

7.2.2 Near—term advanced Si cell technology

The development of thinner silicon cells (fewer kilograms per
square meter) and more efficient cells will result in an increase in the
specific power and areal density. By the early 1990s values of 240 W/kg
and 140 W/m? may be realizable for the same cost of $450/W (space-
qualified panel cost). Energy storage technology will also have
improved, and NiHy batteries, which have a higher projected specific
energy on the order of 33 W-h/kg, will be available. A reduced space-
qualified battery unit cost of $60/W~h is considered possible.

Table 7.5 shows the inputs and results for four mission sce-
narios. The launch costs are the same as for the cases in Table 7.3.

The same basic conclusions as for the cases in Table 7.3 apply, ex—
cept that the improved technology allows significantly more power per
launch to be inserted in orbit, With the exception of the 6000-km case,
the unit power costs fall significantly from the case in Table 7.3. The
6000-km case unit cost stays nearly the same because higher BOL specific
power cells do not fully compensate for the more serious radiation
damage associated with thinner solar cells,

7.2.3 Most advanced MBG technology

By the mid to late 1990s it is projected that MBG solar cells
making significantly higher use of the solar spectrum will be available
and that efficiencies approaching 40% are possible. Considerable devel-
opment of new waterials, multilayer fabrication techniques, and concen—
trator optics is required. Panels with such cells have specific powers
as high as 300 W/kg and areal densities as high as 300 W/m2. 1If one is
optimistic and assumes economlies of scale can be implemented in SPP pro-
duction by 1995, it is likely that such cells will fall below present Si
cells in wunit cost. A space-qualified unit cost of $100 per peak watt

is assumed possible and was the most optimistic projection in a recent
NASA report.?27
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Table 7.5. Code results for SPS missions using near~
term advanced SPP and energy storage technologva

Mission
Variable Description
LEO-T LEO-TT HEO-1 HEO-II (GED)
Inputs
HORB Orbit altitude, km 450 600 6,000 36,000
NYRS Duration of mission, years 10 10 10 10
1ES Energy storage flag 1 1 1 1
TDRAG Drag calculation flag 1 (on) 1 1 1
IRAD Radiation damage flag 1 (on) 1 1 1
KSA Solar PV panel specific power, W/kg 240 240 240 240
PA SPP areal density, W/ m? 140 140 140 140
FCDENS Fuel cell energy density, W~h/kyg
EDENS Battery energy density, W~h/kg 33 33 33 33
CSA Space qualified SPP unit cost, 450 450 450 450
$/peak W
CBATT Battery unit cost, $/W-h 60 60 60 60
CRFC Ffuel cell unit cost, $/W-h
CSHUTL  Shuttle launch cost, $/kg 2,640 2,640 2,640 2,640
coTv Booster stage cost, SM 0 4] 20 20
PDES Demand power load, W 54,100 276,500 109,200 43,200
(Qutputs
Power requirements
PREQ Peak SPP power requirement, W 116,505 603,933 1,328,198 56,065
PDFK Performance degradation factor, 0.955 0.910 0.114 0.872
EOL/BOL
PBREQ Battery enevrgy storage reguirement, 97,095 490,304 264,765 150,212
W-h
PFCREQ Fuel cell energy storage require—
ment, W-h
ASA SPP area requirement, m2 832 4,314 9,487 401
Speeifie power
KRES Energy storage system specific 19.3 19.5 17.6 10.0
power, W/ kg
KTOT Total power system specific power, 14.0 14.1 8.5 8.4
W/kg
Payload masees
MSA SPP mass, kg 485 2,516 5,534 234
MES Energy storage system mass, kg 2,942 14 ,R58 6,508 4,552
MAUX Power condfitioning system mass, kg 438 2,212 874 346
MTOT Total power system mass, kg 3,860 19,586 12,915 5,131
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Table 7.5 (continued)

Mission
Variable Description LEO-I LEO-TI HEG-I  HEO-II (CEO)
Payload maeses (continued)
MBOGST LEO to HEO boost fuel and engine, 0 0 13,082 20,863
kg
MREBGCO LEO reboost fuel, kg 20,301 3,328 0 0
MPLOAD Nonpower payload, kg 7 4 3 6
PLOAD Total shuttle bay payload, kg 24,168 22,918 26,000 26,000
(include MIOT above)
Mission considerations
F Shadow factor 0.384 0.367 0.172 0,048
PER Orbital period, h 1.56 1.61 3.80 24,10
DRAG Reboost fuel consumption, 1b/ft2/ 0.5 0.016 0 0
year
Power system costs
CARRAY SPP total cost, $M 52.4 271.8 597.7 25,2
CES Energy storage system cost, $M 5.8 29.4 12.9 9.0
CAUX Power conditioning system cost, $M <<0.1 <<0.1 <<0.1 <£0.1
CMTGT Total power system cost, $M 58,2 301.2 610.6 34,2
Launch costs (all in $¥)
CSHUTT Shuttle transport of power system 10,2 51.7 34,1 13.5
CREBCO Reboost propellant manufacturing 0,2 <<0.1 0 0
cost
CLRB Shuttle transport of reboost fuel 53.6 8.8 0 0
and engine
CBOOST Manufacturing cost of boost propel- 0 0 0.3 0.4
lant and tanks
CSTAGE Manufacturing cost of booster stage 0 0 20,0 20.
CCENSH Shuttle transport of booster and 0 0 34,5 55.1
propellant
CLHTOT Total launch cost 64,0 60.5 88.9 89.1
'mit coete (in terms of demand power)
CMPOW Total power system, $/W 1,077 1,089 5,591 793
CLWATT Leunch, $/W 1,183 219 814 2,061
CTWATT Total, $/W 2,260 1,308 6,405 2,854

%Thin Si PY cells; NiHz batterfes for energy storage.
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Use of advanced regenerative fuel cells (RFCs) may allow the energy
storage system to achleve a higher specific power of 15 to 30 W/kg as
opposed to the 3 to 20 W/kg for battery systems. A space—qualified unit
cost of $100/W is considered possible. Launch costs are assumed to be
the same as the previous two technology scenarios.

Table 7.6 shows the inputs and results for the advanced technology
case. As expected, the higher overall power system specific power value
drives the unit power cost down and increases the possible maximum power
payload.

Figure 7.1 shows the maximum power paylcad as a function of alti-
tude for all three technology scenarios. The largest payloads are
available at high LEO, low drag orbits. At HEO orbits, for which a
booster stage is required, the increasing booster and propellant weights
reduce the mass available for the power satellite. As expected, the ad-
vanced SPP technology allows the greatest power payloads.

ORNL--DWG 85-5129 ETD

* | | | |
EFFECT OF
DRAG EFFECT OF REDUCED PAYLOAD TO HEO
A

o Lo —N— . ]
z
a
1w
z
&
o
0

g 2 - —
=
w
[}
s
2
3

X 0% —
=
i
=
e}
wd
W
w

e 5 p— —t
2]
2
&
o
ud
Q
<
n
w

2 —

. | | 1 | | |
2 Ts 10° 2 5 1 10° 2 T 5 10
LED -1 MISSION ALTITUD‘E (kim) GEO
LEQ 1) HED - (HEO - 1D)

Fig. 7.1. Maximum space power satellite demand power load as a
function of mission orbital altitude.



hh

Table 7.h. Code results for SPS missions using mcat
advanced SPP and energy storage technolozya

Mission
1
Variable Description LEO-1 LRO-IT HEO-1 HEO-T1 (GEO)
Inputs
HORB Orbit altitude, km 450 600 6,000 36,000
NYRS Duration of mission, years 10 10 10 10
1ES Energy storage flag 2 (RFC) 2 2 2
IDRAG Drag calculation flag 1 (on) 1 1 1
IRAD Radiation damage flag 1 (on) 1 1 1
KSA Solar PV panel specific power, W/ kg 300 300 300 300
PA SPP areal density, W/m? 300 300 300 300
FCDENS Fuel cell energy density, W-h/kg 18 18 18 18
EDENS Battery energy density, W-h/kg
CSA Space qualified SPP unit cost, 100 100 100 100
$/peak W
CBATT Battery unit cost, $/W-h
CRFC Fuel cell unit cost, S$/W-h 100 100 100 100
CSHUTL Shuttle launch cost, $/kg 2,640 2,640 2,640 2,640
COTV Booster stage cost, $M o] 0 20 20
PDES Demand power load, W 124,500 430,400 155,000 64,000
Outputs
Power requirements
PREQ Peak SPF power requirement, W 222,195 784,950 1,725,194 80,963
PDFK Performance degradation factor, 0.955 0.910 0.114 0.872
EOL/BOL
PBREQ Battery energy storage requirement,
W-h
PFCREO Fuel cell energy storage require- 78,206 267,122 106,694 77,888
ment, W-h
ASA SPP area requirement, m? 741 2,617 5,751 270
Specific power
KRES Energy storage system specific 30.1 30.5 27.5 15.5
power, Wkg
KTOT Total power system specific power, 20.5 20.6 12.5 12.5
W/kg
Payload masees
MSA SPP wmass, kg 741 2,617 5,751 270
MES Energy storage system mass, kg 4,345 14,840 5,926 4,327
MAIX Power conditioning system mass, kg 996 3,443 1,240 512
MTOT Total power system mass, kg 6,081 20,900 12,918 5,109
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Table 7.6 {continued)

Miasion
Variable Description
LEO-1 LEO~IT HEO-1 HEO~IT (GRD)
Payload migses (continued)
MBOOST LEO to HED boost fuel and engine, 0 o 13,082 20,863
kg
MREROD LEO reboost fuel, kg 18,068 2,019 Q 0
MPLOAD Nonpower payload, kg 19 0 0 28
PLOAD Total shutrle bay payload, kg 24,168 22,918 26,000 26,000
({nclude MTOT above)
Migeion considermations
F Shadow factor 0.184 0.367 0,172 0,068
PER Orbital period, h 1.56 1.61 3.80 24.10
DRAG Reboost fuel consumption, 1b/ft?/ 0.5 0.016 0 o
year
Power system costs
CARRAY SPP total cosk, $M 22.2 78.5 172.5 8.1
CES Energy storage system cost, $M 7.8 26.7 10,7 7.8
CAUX Power conditioning system cost, 5M <£0.1 0,1 {<£0,1 [C<T N |
CMTOT Total power system cost, S$M 30.0 105.2 183.2 15.9
Launch evcets (all in M)
CSHUTT Shuttle transport of power systeﬁ 16.1 55.2 34.1 13.5
CREBOO Reboost propellant mfg cost n,2 <<0,1 4] 0
CLRB Shuttle transport of reboost fuel 47.7 5.3 0 0
and engine
CBOOST HManufacturing cost of boost propel- o 0 3.3 D. 4
lant and tanks
CSTAGE Manufacturiog cost of booster stage 0 0 20.0 20,0
CCENSH Shuttle transport of booster and 0 0 34.5 5.1
propellant
CLHTOT Total launch cost 64,0 60.5 38.9 84.0
Init coste (in terms of demand power)
CMPOW Total power system, S/W 241 245 1,182 248
CLWATT Launch, $/w 514 141 574 1,390
CTWATT Total, $/W 755 386 1,756 1,638

IMRG solar cells; fuel cells for energy storage, optimistic unit cost.
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7.3 Some Comments on Economy of Scale

In Ref. 5 it is claimed that a three order—of-magnitude increase in
the market for space solar arrays would decrease unit cost by a factor
of 30 to ~$20/W (demand power, space qualified) without wmajor changes in
materials or maoufacturlng processes. If such panels were being mass
produced by the thousands in a common size for one application, such a
reduction might be possible. Presently each satellite application
requires i1its own custom design and qualification procedures. Such
mission-dedicated construction methods and their associated high over~
heads do not alleow significant econcmies of scale. With SDI applica-
tions it d1is possible that wmany identical satellites will be launched,
thus the possibility for unit cost reduction exists.
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8. CONCLUSIONS

It should again be remembered that this was a scoping study not
meant to calculate design requirements or detailed costs for a specific
mission. The intent was to ‘investigate the technical and economic
issues involved in the use of solar photovoltaic panels as a source of
steady state space power in a dedicated, shuttle-deliverable space power
satellite that can service other civilian or military payloads.

The following conclusions are presented

1. Y¥or LEOs in the 300 to 500~km range, the atmospheric drag asso-
ciated with high area solar panels 1is a major mission consideration.
The mass and cost of a reboost engine and propellant can be significant
and, if launched in the same bay as the power system, can greatly reduce
the mass and space available for the latter. If a solar dynamic system
(using solar reflectors that focus the sun's rays to a heat engine) were
available, the drag area could be greatly reduced. The use of nuclear
power systems would have an even larger drag reduction effecte

2. For HEOs in the 3,000 to 20,000-km range, the Van Allen belt
radiation due to the interaction of the solar wind and earth's magneto-
sphere 1s capable of damaging solar panels and decreasing their out-
put. The need to overdesign the panels to achieve a desired EOL power
level increases costs and reduces useful payload.

3. As larger HEOs are specified, the shuttle payload space and
mass available for an 8PS decreases. This is the result of the need to
carry a booster stage (0TV) and propellant for transfer from LEO to HFO.

If the shuttle bay 1is assumed dedicated to the SPS mission, the
cost per watt ultimately depends on the fraction of the SPS payload mass
dedicated to EQOL power production as opposed to reboost and boost opera-
tions. The power production fraction is greatest for missions at high
LEOs for which drag is small and OTV boost is not needed.

5. As the perlod a satellite spends in darkness increases (as it
does with altitude), the capacity of the energy storage system must also
increase. Payload and cost penalties are thus incurred.

6. Power system unit costs (not including launch) significantly
less than $1000 demand-watt are possible with advanced SPP and advanced
energy storage technology.

7. In the absence of reboost or 0TV payloads, launch costs

approaching $140/W are theoretically possible for a shuttle payload unit
launch cost of $2640/kg and an overall power system specific power of

30 W/kg.

8. This report did mnot consider the wvulnerability of SPPs to ex—
ternal threats such as micrometeorites, launched projectiles, 1laser
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beams, man-made ionizing radiation, etec. The large areas of the sclar
panels required makes the SPS more vulnerable than more easily hardened
power systems such as RTGs or fissionm reactors. Reference 3 in Chap. 7
deals with methods for hardening SPPs.

9. The technological risk asscciated with SPPs is low. They have
served very reliably in most U.S. civilian and wmilitary space programs
to date, Their increasing size, associated with greater power demands,
limits their size to significantly <1 MW demand power for military mis-—
sions (shuttle deliverable). Even for >100-kW applications, the drag
and vulnerability problems assoclated with SPPs make nuclear space power
systems more attractive.
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9. POSSIBLE FUTURE STUDIES

Solar photovoltaic panels presently enjoy the status of being the
most frequently utilized space energy conversion technology. Other sys-
tems, however, are under consideration and are certainly amenable to the
type of parametric economic analysis described in this report.

Among the solar concepts that might be considered is a solar dy-
namic system using parabolic reflectors, a heat engine cycle, and an
advanced energy storage system. These are some of the concepts being
considered by NASA for its space station project.

Other energy conversion technologies amenable to economic assess-
ment are thermoelectrics, thermionics, and heat engine cycles in tandem
with nuclear (isotopic or fission) heat sources.
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Appendix A. LIST OF ACRONYMS

BOL Beginning of life

BMD Ballistic missile or defense

31 Command, Control, Communications & Information
EOL End of life

G&A General and Administrative

GEO Geosynchronous earth orbit

HEDRB High energy density rechargeable battery
HEO High earth orbit

IECEC Intersociety Energy Conversion Engineering Conference

JPL Jet Propulsion Laboratory
LEO Low earth orbit

LO2 Liquid oxygen

LH2 Liquid hydrogen

MBG Multi-bandgap

M&L material and labor

NASA National Aeronautics Space Administration

0&M Operating & Maintenance

o1V Orbital transfer vehicle

PV Photovoltaic

R&D research & development

RFC Regenerative fuel cell

RTG Radioisotope thermoelectric generator
SPI1 Strategic defense initiative

SPP Solar photovoltaic panel

SPS Space power satellite
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Appendix B. CODE LISTING

The FORTRAN computer code discussed In Section 6 is listed on the
following pages. The MAIN has both design and cost algorithms. SUB-
ROUTINE RADI calculates the performance degradation due to solar cell
radiation damage by use of interpolation routines which fit the user
specified data within the data of Ref. 1, Chap. 6. The actual inter-
polation calculation is performed by proprietary routines in the system
software library (subroutines EOIACE and EOLAAE) for which the listings
are not available.
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CE¢2%4%&%2SPACE POWER SYSTEN WITH SOLAR ARRAYS & ENERGY STORAGE®#%%%
REAL KSA,KRES, #SA,MES,MTCT,KTOT, MREECC,MAUX, KINV,KGN2,MPLOAD,
*KAUX,$POOST, ASHUTT, N ¥RS
NAMEBLIST/IN/PDES,NYRS,IES,KSA,PA,FCLENS, HOFB,EDENS,CSHUTL, COTV,
*CSA,CBATT ,CRFC,IRAD, IDRAG
PI=3.14159
111 READ (S, I8, END=4844)
WRITE {6,356)
35€ FORMAT (1H1)
WRITE (6,1IN)
IF (IRAD.NE. 1) GO TO 401
IF (IRAD.EQ.1) CALL RADI (NYRS,KSA,HOKB,PDFK)
GO 10 402
401 PDFR=1.
402 IF (PDFK.GT.1.0) PDEK=1.0
C START WITH DESIRED PCWER LOAD
WRITE (6,99)
99 FORMAT (' **#*%SPACF POWER SYSTEM USING SOLARY,
#' ARRAYS & ENERGY STORAGE®#%%%v ,//¢ INPUT CATA',/)
WRITE (6, 100) PDES
100 FORMAT (* DESIRED ECL POWER IN WATTS:',F8.9)
WRITE {€,50) NYRS
50 FORMAT (' DESIRED YRS OF QPERATION:*,2%,F6.0)
WRITE (6,250) IES
250 FORMAT(' TYPE OF STORAGE:1=BATTERY, 2=FUEL CELL: IES= *,I2)
WRITE{6,350) KSA
350 FORMAT (' SOLAR ARRAY SPECIFIC POWER,W,sKG: ,F6.1)
WRITE {6,450} PA
450 FORHAT (* SOLAR ARRAY WATTIS,/M*#2 3 *,F6.1)
WRITE {6,210) FCDERWS
210 FORHAT (' FUEL CELL ENERGY CENSITY, W-HR/KG : ',F6.1)
WRITE (6,200) HORB
200 FORHAT (* ORBIT HEIGHT IN KHM: ',F10.0)
IF (1ES.EQ. 1) WRITE {6,650) EDENS
650 FORMAT (' BATTERY ENERGY DENSITY, W-HB/KG : *,F6.1)
WRITE {6,655) CSHUTL
655 FORMAT (' SHUTTLE LAUNCH COST TG LEO,$/KG
WRITE (6,657) COTV
657 FORMAT(' BOOSTER (OTV) STAGE COST, $8 : ',-6PF7.0)
WRITE (6,660) CSA
6§60 FCRMAT (' SOLAR ARRAY COST PER ®WATT INCL. STRUCTURES: *,F6.0)
WRITE (6,665)CBATT
€65 FORMAT (' BATTERY COST PER W-HR : ',F6.1)
YRITE (6,666) CRFC
666 FORMAT (° FUEL CELL CCST PER W—HR : ',§6.1)

t,F7.0)

c
CHE*3CALCULATIONS* %54 %
C CALCOULATE SHADOW FACTCR
REARTH=6378.
F= (ASIN {REARTH/ (REARTH+BCRB} }) /PI
WRITE (6,455)
455 FORHAT(® ',/," ***0QUIPUT DATA¥*:?,/)
WRITE (6,55) HORB, FDEK
55 PORMAT{* ECL/BOL FERFORMANCE DEGRADATION PACTOR DUE T0 *,/,
#* YAN-ALLE¥ BELT RADIATION DAMAGE AT *,#8.0,' KM AlT: Y,
tF7.3,/)
WRITE (6, 300)F
300 FORMAT (* SHADOW FACTOR= ', F6.3)
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CAICULATE ORBITAL PERICD
PER={2.%PI*({1000.* (REARTH+HORB)) **¥1.5)/{1.9977E7#3600.)
WRITE(6,400) PER

400 FORMAT (' ORBITAL PERIOD IN HOURS= ',F6.2,/)

BATTERY:DFPTH OF DISCHARGE
poD=0.35
EAITERY: CHARGE TO DISCHARGE EFFICIENCY
CDEFF=.65
CONDITIGNING AND CABLING LOSS FACTOR:
Q=1.0F%
POWER CONLITIONING EQT SPECIFIC POWER (W/EG)
KAUX=125.
POWER COMLITIONING EQT MASS

MAUX=PDES/KAUX
SOLAR ARBAY REQT FOR BATTERY SYSTEM:
IF (IES.EQ.1) PREQ=Q* (PDES/PDFK) *(1.+ (F/ (CLEFF* (1.~F}))))
SOLAR ARBAY REQT FOR FUEL CELL ENERGY STCFAGE SYSTEN
I1F(IES.EQ.2) PREQ=Q*{PDES/PDFK) *{1.+(F/(1.-F)))
MASS OF SOLAR ARRAY:
MSA=PEEQ/KSA
MASS OF SOLAR ARRAY PER UNIT AREA in KG/M**2
KGM2=PA/KSA
AREA OF SOLAR ARRAYS
ASA=PEEQ/PA
AREA OF SOLAR ARRAYS IN FT*%2
ASAF=ASA%3.28%%2

REQD ENERGY, MASS & SPECIFIC POWER OF OF ENERGY STORAGE SYSTENS

BATTERIES
PBREQ=PDES*Q*F*PER/DGD
IF (IES.EQ. 1) MES=EEREQ/ (EDENS)
FUEL CELLS
PFCREC=PDES*Q*F*PER
IF (IES.EQ.2) MES=PFCREQ/FCDENS
IF (IES.EQ. 1) KRES=FEREQ*DCD/(F*PER*NES)
IF (IES.EQ.2) KRES=PFCREQ/ (MES*F+*PER)
TOTAL MASS OF POWER SYSTEM
NTOT=NES+MSA+MAUX
TOTAL SPECIFIC POWER IN TERMS OF DESIRED 10AD EOWNER
KTOT=PDES/NTOT
INVERSE SPECIFIC PCWER IN KG/KW
KINV=1000. /KTOT

REBOOST FUEL REQUIREMERTS DUE TO LOW ALT ORBITAL DRAG ON ARRAYS

DRAG=0.
IF (IDRAG. EQ. 1. AND.HORB.LT. 1000.)
*DRAG=0.5% (10. **( (450.~HORB) /100.))
IF {HORB.LE.1000.) MREBCO=DRAG*NYRS*ASAF/2.205

SHEOTTLE PAYLOAD ADJUSTED FOR CENTAUR BCGST TO POSSIBLE HEC
PLOAD=1.E4* (5. 07-ALOG10 (HORB))

NON~POWER, NO¥-BOCST EAYLOAD
MPLOAD=PLOAD-MTOT~NREBOO

**%  COST CALCULATIONS *%&x

POWER SYSTEM MFG. COSTS
SOLAF ARRAYS
CARRAY=CSA*PREQ
ENERGY STORAGE:EBATTERIES
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IF(IES.EQ. 1) CES=CBATT*PBRE(
ENERGY STORAGE: BEGEN FUEL CELLS
IF {IES.EQ.2) CES=CRFC®PFCREQ
POYER 5YST. AUXILIARIES
CAUX=10.%HAUX
T0TAL POEEER SYST BFG COST
CHATOT=CARRAY+CES+CAUX
UNIT COSTS: POWEER
CMEQY=CHTOT/PDES
UNIT COST: HEIGHT
CHRG=CHTOT/MTOT
POWER SYSTEM ILAUHCH COSTS
SHUTTLE TRANSPORT: FARTH T0 LEO
CSHUTT=CSHOUTL*HTCT
COST FOR REEQOOST FUEL IN LEO
CREBCO=MREBOO* 10.
COST FOR SHUTTLE TRANSPORT CF REBOOST FUEL (LEQ ONLY)
CIRB=CSHUTL*NREBOO
¥ASS OF BOOSTER STAGE, TANKAGE & FUEL
MBOOST=0.
IF (HORB.GT.600.) MBOOST=26000.~PLOAD
COST TC BOOST PO¥ER SYSTEPYE BCOSTER FRCH LEC TO HEO {FUELETANKAGE)
CBOOST=20.*HBOOST
BOOSTER {OTV) STAGE BEG &QUAL COST
CSTAGE=0.
IF {HORB.GT.500) CSTAGE=COTV
CCST TO SHUTTLE TRANSPORT CENTAUR BOOSTERSFUEL TO LEO
CCENSH=MBOOST#CSHUTIL
TOTAL SHUTTLE PAYLCAL
MSHUTI=HTOT+MREBOO ¢ HBOOST+HPLOAD
TOTAL LAUNCH COST5
CLATOT=CSHUTT+CREPOO+CLRB+CBOOST+CSTAGE+CCRNSH
LAUNCH COST PER WATT
CLWATI=CLHTOT/PDES
TOTAL COST PER KG FOR POWER SYSTEM IRCLI LAUECH COSTS
CUPOW=CLHTOUT/HTOT
WRITE (6,460} PREQ
460 FORMAT (' SOLAR ARRAY POWER REQT IN WAITS:?,¥9.0)
TCTAL SPACF POWER UNIT COST
CTHATT=CLUATT+CHPO#
WRITE (6,280) ASA,ASAF
480 FORMAT(® AREA CF SCLAR ARRAYS, SQ.HETERS= ',¥8.1,' SQ.FT= !',F8.1)
WRITE (6,485)KGH2
885 FORMAT{' SOLAR ARRAY KG/H®%22 ,F6.2,/)
¥RITE (6,471) PBREQ
479 PORHAT{* BATTERY ENERGY IN TERMS OF REQT, ¥-HR ,F11.2)
WRITE (6,4772) PFCREG
472 PORHATI(® FUEL CELL ENERGY IN TERHS CF REQT, %-HR ',F9.2)
¥HITE (6,505) KRES
505 FORMAT (" EN STOR SP. POWER FOR REQD ECWER, ¥s/KG ',F6.2,/)
WRITE (6,470) HSA
470 FORMAL{® HASS CF SCLAR ARRAYS I¥ KG',F10.1)
WRITE (6,490) HES
490 FORHAT(® MASS OF ENERGY STORAGE SYSTEN IN KG *,F10.1)
WRITE (6,491) NAUX
491 PORMAT {° HBASS OF POWER AUXILIARIES 1% KG ',Fi0.1)
YRITE (6,510) HTCT
530 FORMATI (' TOTAL MASS OF POWER SYST. I KG ',Fi0.1,/)
YRITE(6,520) KTCT
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520 FORMAT(* TOTAL POWER SYSTEM SP POWEFK IN W/KG (DES LD} *,F10.1)
WRITE(€,530) KINV
530 FPOEMAT(* TCTAL POWER SYSTEM INV.SPEC.POWER IN KG/KW *,F56.2,/)
WRITE(6,531) DRAG
531 PORMAT(' ATMOS. LRAG: LB.REBOOST FPUEL/YR/FT2 S.A. :',¥12.6)
WRITE (6,620) MREBGO
620 FORMAT (' REBOOST FURL PAYLOAD POR SCILAR ABRAYS IN LEO *,F8.1)
WRITE(6,770) PLOAD
770 FORMAT(* SHUTTLE P.L. AVAIL INCL EFF CF HEC BOOST: *,F6.0,° KG*)
WRITE(6,780) NPLOAD
780 FOR#AT (' NON-POWER, NON-BOOST PAYLOAD ',F8.0,* XG')
WRITE(6,801)
801 FORNMAT (' *,//," *%% COS9Y QUTPUT **%¥%,,/)
WRITE(6,802) PREQ,CSA,CARRAY
802 PORMAT{' POWER SYS5 MFG. COSTS:*,/,%' ',T5,'SOLAR ARRAYS:¢Y,
*730,F10.1,* ¥ X ', F6.2," $,4 *,160,'= $ * -6PF9.3," M%)
I¥ (IES.EQ. 1) HRITE (6, 803)PBREQ,CBATI,CES
803 FORMAT(* *,75,'BATTERIES:*,T30,F10.1,* W~HE X',F6.2,' $/u~-HR®,
*760,'= $ %,-6PFP9.3,*' M")
IF (IE5.EQ.2) WRITE(6, 804) PFCREQ,CRFC,CES
804 PORMAT({* *',T5,°'FPUFI CELLS:*,T30,P10.1,* W-HR X',F6.2,* $/W-HR',
*T60,'= $ *,~6PF9.3,°* N?')
WRITE (6,805} CAUX,CMTOT,CMPOW,CHKG
805 POBMAT(1H ,TS5,*AUXILIARIES:*,T60,%'= $ *,-6PF9.3,°% M',/ /.7 *.TH,
#*TOTAL M¥G COST:?',T60,%'= $ ¥, ,~6PF9.3," M, ///.," ", "UNIT COSTS:',//
%% Y 715, *PONER:2?,T55,-0PF8.2," $,8,//," ¢ ,T15,74ASS:%,155,
*~0PF8.2," $/KG',/) , :
#RITE (6,806) HTCT, NFERQO, NBOOST,MPLOAL ,MSHUTT
806 FORMAT('0 LAUNCH NASSES:',//.,' POWER SYSTE®M',T130,F9.0,
*/,% REBOOST FUEL (LEC)',730,F9.0,/,' BOOST STGEFUEL {LEO TO HEC)°®,
*730,¥9.0,/,% OTHER AVAIL SPACE',T30,¥9.0,//.' TOTAL SHOTTLE PLL.?,
*730,79.0,//77)
WRITE(6,807)CSHUTT,CREBOO,CLRB,CCENSE,CBOOST,CSTAGE, CLRTOT,CLRATT
807 FORMAT ('Y LAUNCH § ALTITUDE MAINT CCS1S FPOE POWER SYSTEM',.//,
*?* SHUTTLE LAUNCH QF PS TC LEO',T60,-60F10.3,° u$',/,
*9 REBOOST FUEL {LEC CNLY)*® ,T60,-6PF10.3,°% M$',/,
*% SHOUOTTLE LAUNCH OF REBOOST FUEL TO LFO {LEC ONLY) *,T60,-6PF10.3,
x¢ N$°_,/.% SHUTTLE LCH OF CENT BOOSTSFURL TC LEC(HEO ORLY)*,T60,
*-6PFP10.3," M$',/," CENT BOCST OF FUEL ETANKS FROM LEO T0 HEO', 160,
*~6PF10.3,°¢ N$*,/"' CENTAUR STAGE COST (ENGINE)',T60,-6PF10.3,' $H',
* //.,' TOTAL COST®,T60,-6PF10.3," us$*,///,
*5 LAUNCH COST PER WATT OF SPACE FOWER DESIRED: *,T55,-0PF7.0,
4 $/RATT, /)
WRITE(6,1007) CMEOW
1007 PORMAT (! MPG.EQUAL.CCST PER WATT CF SPACE EOWER DESIRED®,
*155,-0PF7.0,* $/WATI',/)
WRITE(6,907)CTWATT
907 FORMAT (! TOTAL CCST PER WATT OF SFACE POWER DESIRED; !',T55,
*F7.0,% S$/WATTC, /)
WRITE (6,908)CUPON
908 FORMAT (' TOTAL COST PER KG FOR POWEBE SYSTEM: *,T55,F7.0,
* $/KGY,//)
G0 TO 111
444 WRITE (6,999)
999 FORMAT {(*0 END OF RUN',//)
STOP
END
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SUBROUTINE RADI(NYRS,KSA,HORB,PDFK)

REAYL KSA_,NIRS

DIXENSTION X%} ,Y{3),F(5,3) ,XX(9} ,HOEK{9Y) ,AH8{S) ,D(2),
$FT40(9,3) ,F60(3,3) ,F30(9,3),2K(3),PLE¢{3),C(3)

DATA %/299.,1000..2000.,4000.,6000.,8000.,100600.,
220000, ,40000./

DATA ¥/.99,5.,10.01,

DATA F140/1.,.893,.607,.286,.214,.229,.286,.786,.964,
%1.,.7856,.457,.2i4,.128,.143,.186,.571,.893,
¥1e,.786,.471,.128, 114, .128, .17%,.643,.857,

DATA ¥60/1.,.083,.650,.317,.3,.317,.3€7,.750,1.,
*1.,.783,.467,.167,.15,.167,-283,.667,.967,
$0e,e717,.0,.133,.117,.133,.167,.600,-.067/

DBTA F30/1.,.933,.667,.433,.433,.5,.567,.733,1.,
*1. ,.733,.567,.3,-.3,.333,.433,.733,1.,
*¥1.,.733,.5,-.233,.233,.333,.433,.667,.933/

DATR XX/9%0./

DATA WORK/9%0./

DATA AH/9%0./

DATA D/9%0./

IG1=9

Hi=3

H1=9

IFALL=]

VAL=0.

VALL=D.

A=RQOEBR

P=HIRS

C CALC PERF DEGRAD FACTOR FOR KSA=144Q

HRITE(6,101)

101 FORHMAT (¥ *%%% KSAp = TUQ #%%%7)

CALL FOTACE(A,F %,Y,F140,VAL,VALL, IFRIL,XX,
*HOBRK AH, D IGT, BT, K1)

PDF140=(VAL+VALLY /2

HRITE(6,100) A, B, X,¥Y,P140,VAL, VALL,YFAIL,XX,
*HORK,AH,D,IG1,81,N1,PDF140

100 FORMAT (Y0 INTERPOLATICHE BESULIS:t,/,' A= *L,F10.0,
%* p= ¢ . F5.0,/,' X-ARRAY: ',9(2%,F10.0),/,
¢ Y-ARRAY: ',3(2%,F5.0),/," FUNCTIOR GRID:z2'/,
1 0, Q(2X,F7.3) s/ ¢ '49(2X FT.3) /0" ',9(2X:FT1.3)4/0
%% YRL = ', F7.4,° VALL = Y, ¥7.4,/,
#® JPRIL = °,%11,/,' XX-AREBAY: '.9(1X,Fi0.2),/,
#* WORK ARRAY: ',9(1%x,F%0.2),/,
#° AM ARRAY: ', 9(1X,F10.2),./,
€% D-ARBAY: ',9(1X,Fi10.2),/,
#% JGi= *,I3,? El= v ,12,° Hi= ®,12,/.
#* PDF = ', Fi.4,///)

C CALC PERRF DEGRAD FACTIOR FOR KSA=60
YRITE(6.102)

102 FORHAT(® #*2x% KSE = &0 *+% &)

CALL EQIACE(A,B,%,Y,F60,VRAL,VALL ,IFAXIL,XX,
*HORK, AE . D, IG1, K1, N 1)

PDF&60= {(VAL4VALL) /2.

BRITE(S6,100) A, B X,7,F60, VAL, VALL ,TFAIL, XX,
*HORK,ABAB,D.IG1,K7,H1, FDF6Q



C C

103

C NC

104

208
209

200
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ALC PERF DEGRAD FACIOR FOR KSA=30
WRITE (6, 103)

FORMAT (7 #*%%% KSA = 30 #¥%ae)

CALL EO1ACE(A,Y,X,¥,F30,VAL, VALL,IFAIL, XX,
*HORK,AM,D,IG1,H1,81, EDF30)

PDF30= (VAI+VALL) /2.
WRITE{(6,100})A,B,X,¥,F30, VAL, VALL ,IFATL, XY,
*¥ORK, AM,D,IG1, M1, N1, EDF30

AK {1) =30.
¥ INTEREOLATE K-VALUES:

AK {2) =60.

AK (3) =140.

PDB (1) =PDF30

PDB (2) =PDF60

PDB{3) =PDF 140

NN1=3

NE=2

NN2=3

XXX=KSA

TIF (XXX.GT.140) GO 10 208

C(1)=0.

C(2)=0.

c{3)=0.

WRITE(6,104) KSA

FORMAT (* *%%% KSA = 7,F6.0,7 *k&¥1)

CALL EQ1AAF (AK,PDB,C,NN1,NK2,NN, XXX}
PDFK=C (3)

GO TC 209

PDEK=EDF140

CONTINUE

WRITE(6,200) AK,PDB,C,NN1,HK2,NN, XXX, PDFK
FOFMAT (*O KSA INTEFPOLATION:*®,/,' AK~ARRAY:
*3(4x,F8.0),/,"' PDB-ARRAY: *,3(3X,F10.4},/,
*' C-ARRAY: *,3(4X,F10.4),/,
%' NN1= *,I2,' KN2= *,I2,' NN= %,12,/,
*' YXX VALUE: °,F6.0,/,

*' PDFK: *,F8.4,//)

RETURN

END

»
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Appendix C. PROJECTIONS OF RANGES FOR SATELLITE LAUNCH COSTS
IN LOW AND GEOSYNCHRONOUS EARTH ORBIT

Purposge

Although system architecture for the proposed Ballistlic Missile
Defense (BMD) associated with the Strategic Defense Initiative (SDI) has
not yet been defined, a few "back-of-the-envelope” attempts have been
made to estimate BMD deployment costs. The popular {(newspaper and news
magazine) and technical {(Discover, IEEE Spectrum, Aviation Week and

Space Technology, Physics Today) print media have ilncluded total system
cost estimates which range from 1019 to 2 x 1012 dollars.1~10 1t should
be wnoted that estimates, at this point in the SDI program, are often
used to defend or oppose an author's or expert’s opinion on proceeding
with further SDI research.

Since the types of space hardware and the numbers required are not
vet defined, it is pointless to try to generate even a rough estimate on
the total cost of all the required satellites. To give a feeling for
the order of magnitude of unit mass or specific costs for hardware, how-
ever, one can consider the two recent hardened wilitary communication
satellites launched by the Shuttle Orbiter Atlantis. At ~8$100 million
each and likely masses of a few metric tons each, one is talking about
nonlaunch costs of 320,000 to 50,000 per kilogram for high-technology
space qualified electronic hardware.

Launch costs will constitute a major portion of the total cost for
a BMD system. There is enough data on launch costs available in the
literature that one can arrive at somewhat better than order of wagni-
tude estimates on unit specific launch costs. (Specific costs are used
since the number of total launches and payload masses required are not
kunown.) The derivation of these specific payload launch costs is the
subject of this appendix.

Launch Vehicles and Costs

The unit cost to orbit a kilogram depends heavily on the desired
orbit and the nature of the transporter vehicle. For BMD applications
the two most common orbits are likely to be the low earth orbit (LEO)
and the geosynchronous (GE0D) orbit.

Low Earth Orbit (LE0): The Fletcher Committeell report and a
Lawrence Livermore National Laboratory studyl? projected that on the
order of 100 actual BMD interceptor type weapons might be placed in
LEO., These orbits are reachable by the Space Shuttle Orbiter and have
mean altitudes of 300 to 600 km above sea level. The maximum payload
for the shuttle orbiter ig on the order of 2030 metric tons depending
on altitudes and orbital inclination to the equator. (Near-Polar orbits
have the smaller payloads.)
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Associated with shuttle launch are both a fixed capital cost com-
ponent and a mission dedicated operating cost cowmponent. The cost of
the Shuttle Orbiter Vehicle can he considered a fixed cost on the order
of one billion dollars per vehicle (development and engineering costs
not 1included). Over a period of several years one can assume that
33-50 missions will be accomplished. Ignoring interest costs and
distributing the Orbiter fixed cost over the above ramge or number of
missions, a fixed cost component of $20—30 million per launch results.

The mission dedicated 0&M costs include launch contractor costs,
fuel, so0lid propellant tanks, maintenance, crew expenses, and other
overheads. These may vary with the length of mission preparation and
the actual mission length. A range of $40—70 willion per launch is
estimated for these.

One might ask why such cost projections for an already operating
system are not more accurate than above. Part of the problem 1is that
NASA and its shuftle user agencies and customers have not yet agreed on
a unit payload cost to be charged to military users. A high military
official was recently quoted.!® "No one is exactly sure what it costs
NASA to launch the shuttle.” A pricing policy is forthcoming im 1989.
Part of the difficulty in arriving at a price involves concurrence on
the part of several government agencies on the write-off of Space
Shuttle development, engineering, and manufacturing facilities costs
against the actual users. The fact that NASA's commercial launch ser-—
vice is trying to remain competitive with European launch ventures such
as Arianespace makes the situation even more complicated.

If the previously mentioned components of the launch cost are
summed, a range of $60—100 M on total cost per launch is calculated
(Table C.l). Over a payload range of 2030 metric tons, a minimum and
maximam wunit Jlaunch cost of $2,000 and 55,000 per kilogram ($900—
2,270/1b) results. These are considered reasonable cost range endpoints
if development and engineering costs are not included. Table C.2 shows
some shuttle launch costs found in the literature,l3-17 including some
values which probably carry the development and engineering costs.

The Shuttle orbiter will remain the predominant mode of earth to
LEO transport up to the year 2000. The DOD plans to remodel 12 Titan
Vehicles in 1988 for use in orbiting small payloads. For large pay-
loads, on the order of 100 metric tons, a new system will be required.
A second generation Space Shuttle or a Saturn 5 type Heavy Lift Vehicle
(HLV) have been suggested. No decision has yet been made on which
option to pursue. Several options and thelr likely payloads and launch
costs are discussed in References 16 and 17. Studies are underway by
NASA and the USAF to attempt to define a space transportation system
with projected unit launch costs a factor 1015 lower than associated
with the Shuttle/Centaur system.
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Table C.1l. Calculation of ranges for
LEO and GEQO launch costs

Minimym Max{imum
($M) ($M)
LEO mission launch costs (space shuttle)
Fixed cost 20 30
Mission dedicated (0&M) 40 70
Total 60 100
Payload size (metric touns) Minimum 20 Maximam 30
Minimum cost * Maximum cost +
Maximum payload Minimum payload
Unit costs ($/kg) 2,000 5,000

{range endpoints)

GEO mission launch costs (shuttle + chemlcal throw away OTV)

Shuttle (earth to LEO) 60 100
0TV (chemical/centaur 20 60
LEOQ to GEO) —— —
Total 80 160
Payload to GEO Minimum 3.5 Maximum 6
Minimum cost £ Maximum cost *
Maximum payload Minimum payload
Unit cost ($/kg) 13,300 45,700

(range endpoints)

GEO mission launch costs (shuttle + nuclear electric
propulsion OTV)

Shuttle (earth to LEQO) 60 100
OTV (NEP:LEO to GEO per 10 40
mission) .

Total 70 140
Payload (metric tons) 15
Unit cost ($/kg) ~4,700 ~9,300

*$M = millions of dollars.
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Table C.2., Some literature values forv
space shuttle launch costs

Reference Cost data

(3: 1EEE Spectrum) $1200/1b ($2650/kg)
(7: Newsweek) $3000/1b ($6600/kg)*
(13: Science 85) $1800/1b ($4000/kg)
(14: Acta Astronautica) S90M Launch cost
(15: AAS conference) $260M Launch cost
(16: Military Space) $3.1B for 12 flights ($250M/1aunch)®
(17: Military Space) $1500/1b ($3300/ke)

IECEC paper (same $1000/1b (82200/kg)

as Reference 9,
Section 7)

IECEC paper (same 82640/ kg
as Reference 13,
Section 7)

AProbably includes recovery of develcpment and engineer—
ing costs.

Geosynchronous Earth Orbit (GEO)

The geosynchrooous earth orbit, at 36,000 km altitude, allows a
satellite to hover over a given location on the earth's equator. For
this reason GEO is utilized by communication, navigation, and surveil-
lance satellites. TFor a BMD system, several satellites in this orbit or
other high earth orbits (HEOs) would be required for C3I applications or
for such purposes as mentioned above, The launch to GEO (or HEO)
requires a launch from earth to LEO plus a boost or transfer from LEO to
HEO. An additlonal vehicle, often called a booster-stage, orbital
transfer vehicle (OTV), or orbital transfer stage is required. Pres—
ently such OTVs are not reusable and must he carried in the shuttle bay
along with the satellite payload. Starting in early 1986 Centaur-G, a
chemical (LH»2-L07) rocket stage, will be the baseline 0TV for use with
the shuttle. The high thrust of a chemical OTV allows orbital transfer
to be accomplished on the order of hours to days. Unfortunately the
chemical OTV and its associated propellent and tanks is heavy and
greatly reduces the satellite payload wmass available to GEO., The OTV
payload is heavily dependent on the inclination of the orbit to the
earth's equator and is approximately 6,000 kg for a 28° orbit and 3,500
kg for a 70° orbit. An exact cost for a Centaur OTV has not been found;
however a range of $20—60 million per launch is assumed reasonable.
This cost must be added to the shuttle launch cost In order to obtain
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the cost of an earth to GEQ launch., Table €.l shows the earth to GEO
unit cost ranges obtained by using maximum and minimum costs. A range
of $13,300/kg to $26,600/kg (56,045 to $12,000/1b) is obtained for a 28°
orbit and $22,900/kg to $45,700/kg ($10,400 to $20,800/1b) for a 70°
orbit. Reference 18 quotes an earth-to—GEO cost of $10,000/kg for space
station-based space transportation operations and is felt to be
optimistic.

The use of a "throw-away” OTV contributes significantly to the high
cost. A reusable 0TV or "space—-tug” would have considerable cost
advantages, and R&D work is presently underway on a chemical reusable
OTV. Such a vehicle would probably be Space Station based. In order to
reduce the use of braking propellant on return from GECO to LEO, the use
of the drag associated with the earth's upper atmosphere has been sug-
gested as a means of “aerobraking.” Another nonchemical concept, which
would allow payloads as high as 15 metric tons to GEO 1is the use of
combined nuclear power and electric or ion propulsion. In the nuclear
electric propulsion (NEP-OTV) concept, the reactor (such as the SP-100)
and propellant weigh considerably less than a chemical OTV and pro-
pellant. The main disadvantage of NEP is that for a small reactor such
as SP-100 the time to transfer from LEQO to HEO is over 100 days because
of the lower thrust. This councept is one that probably will appear in
the post 2000 timeframe. Table C.l1 shows the vreduced unit cost for
earth to GEO transports if the reasonable OTV step can be accomplished
for $10-+40 million per mission. This cost depends on the number of
missions and the total development and deployment costs. (Up to $2
billion has been estimated for development of a chemical OTV concept.
An SP-100-based NEP~OTV would probably accrue similar development and
deployment costs.)

Hardware Costs

Although less is known about the actual BMD space based interceptor
configurations, a few comments are in order. Dr. Robert Jastrow?® has
estimated that a satellite based interceptor net of 100 devices in LEO
will be needed at a cost of $1—2 billion for each satellite. If these
have an average mass of 100 metric tons each, a specific cost of
$10,000~20,000 per kilogram results. These hardware costs are a factor
of 2 to 10 higher than the earth to LED shuttle specific transport costs
and the same order of magnitude as the earth to GEO specific launch
costs. [One must assume that a heavy lift vehicle (HLV) could 1lift 100
metric tons from earth to LEQO for a specific cost close to that of the
shuttle.] Reference 16 projects that HLV launch costs will be on the
order of $130-210 M per flight. Payload sizes should be considerably
larger than the shuttle.

Total Costs

If launch and hardware costs are both included, specific costs for
LEO based hardware would be $12,000~25,000/kg ($5,400—11,000/1b). TFor
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GEO based hardware specific costs would range from $15,000—70,000/kg
($7,000—32,000/1b), depending on the type and cost of 0TV used.

These costs are for hardware construction and launch only and do

not include development, maintenance, or decommissioning costs. Since
the deployment timetable is still unknown, the effects of the cost of
money (interesi) was not included here. All of the above factors will
have an overall effect of increasing specific costs.
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