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FOREWORD

This document is the final report for the "Electrochemical Energy Storage
Subsystems Study", performed by PRC/SSc under contract NAS3-21962 with NASA-
Lewis Research Center. The effective date of the contract is September 26,
1979, The basic contract study encompassed the study of subsystems consisting
of fuel cells/elactrolysis cell and battery cell type subsystems at 25, 50, 100
and 250 kW in low earth orbit. A modification was made, dated September 30,
1980, which expanded the study scope to include the geosynchronous case at
25 kW power level, again using both types of energy storage devices,
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EXECUTIVE SUMMARY

Purpose of the Study

To develop computer models which are used to establish quantitative rela-
‘tionships between the total life cycle cost and technical parameters of
slectrochemical energy storage subsystems for earth orbiting spacecraft.

Background

Future NASA ﬂhd USAF space programs will require significant increases in
electrical power kdquircmcnts from the 1980 average for existing programs of
1 kW. These requirements are projected to increase to approximately 500 kW
by the year 2000.

Electrical energy storage systems appropriately sized for future require-
ments and configured with today's technology will prove inordinately exjlensive
in terms of projected life cycle costs. These costs must be considered truly
significant in that they will command a disproportionate share of available
resources thereby constraining the numbers and types of future space programs.

Accordingly, it is imperative that new technologies be developed for the
design of electrical energy storage systems. Implicit in the development of
these technologies is the capability to analyze the impact on system life
cycle costs resulting from varying design specifications. Every attempt must

_be made to maximize system performance and minimize life cycie costs. The

models presented herein are the first step toward obtaining this critical
capability.

*

Methodology
A series ofhfifteen baselina electrical storage subsystems using today's
technologies were specified and hypothetically subjected to either a low

. earth ogbit (LEO) or geosynchronous earth orbit (GEO). The following fiatrix

applies%

Electrical Energy , : LEO , GEO
|Storage Subsystem 25 kw | 50 kW | 100 kW | 250 kW | 25 kW

NiCd Battery e . )
NiH, Battery e °

Fuel Cell o | e
’ vii

iy
&)
1 s bl
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Algorithms representing life cycle ¢~atsn were developed for each of the
fifteen baseline subsystems in their deusi¢gnatad orbit. Each subsystem was
then subjected to changes in design specifications and the resulting changes ;
in life cycle costs were computed. These iterations resulted in the develop- .
ment of a series of mathematically expressed relationships between individual
system components/parameters and life cycle costs.

It should be noted that the model's effectiveness is somewhat limited at

this time due to the absence of certain empirical data relating to performance, &
physical characteristics and costs. Such data are noticeably absent for Nin

cells and the advanced light-weight fuel cell now being developed.

The model is however logically correct, internally consistent, and
realistic. 1Its full effectiveness as a design .and budgeting tool will be
reaalized when the voids in empirical data are filled.

Results and Conclu;i@ﬁb

The models provide an extensive and detailed series of mathematically
expressed relationships between individual system components/parameters and
life cycle costs. Graphic representations of these relationships are provided
in Volume II (Appendix G).

The conclusions of the research are summarized in Section 5.0. Several

of the more pertinent conclusions are as follows:

e Quantitative relationships and computer models were developed which
enable examination of the effects on life cycle cost resulting from

varying technical parameters of the subsystem.

@ The life cycle costs of NiCd systems are approximately twice those
T of cohparable Niuz systems.

® The life cycle costs of Ninz systems are cOmparablé to those of
: comparable fuel cell systems.

e The driving parameters of battery systems have a greater impact on £

life cycle costs than do coumparable parameters for fuel cell systems.

It should be emphasized again that there is a lack of accurate data
with which to model battery and fuel cell performance, physical characteristics

-
!
:

viit
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and costs. In many cases, it was necessary to interpolate, extrapolate, and
otherwise est:imate relationships in order to complete the study. The model is,
however, logically correct, internally consistent, and realistic and can be
used effectively as a design and budeting tool.

Areas for Furihar Study ‘
Numerous areas for further study having high potential returns on invest- )1
. ment are readily apparent. These ars discussed in detail in Section 6.0. |

Four of the more promising areas are:

e The conduct of life cycle cost sensitivity analyses on designated
system parameters by varying only one designated parameter while

Seimrtrae

holding all else constant.

.
.
l
:
l
’»

Y e The conduct comparative life cycle cost analyses on the development
L of alternative component technologies and on the configuration of :
: altsrnative system designs. 5

e The modification and use of the models, as guides, to plan and
coordinate future component/system development and test programs,
thereby maximizing the use of available resources.

| e The modification and use of the models to optimize specified system
,r ‘ performance parameters for given levels of life cycle funding.

|
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1.0 STUDY OVERVIEW

1.1 Background
NASA and USAF proposed space programs for the pericd of the 1980s and

19908 indicate increases in upace power requirements, from a 1980 average
(existing programs) of about 1 kW to just under 500 kW in ths year 2000.

These power levels (which do not include the Solar Power Satellite power levels)
present a technical and economic challenge to the NASA, USAF, and commercial/
industrial sectors. As a result the projected costs of reliable, light-weight
energy storage subsystems are considerable and will become serious constraints
on the number and types of space programs which may be implemented over the
next 20 to 30 years.

Based upon this study, space eriergy storage subsystems using NiCd cells
weigh about 170 kg per kW. From this, the initial ppace transportation costs
alone £ a 25 kW NiCd energy storage subsystem for delivery to LEO hy Shuttle
are on the order of §$8M, and to GEO by Shuttle/IUS are $36M. Using the newer
technology N1H2 foll, these costs can be reduced about $4M to LEO and $24M
to GEO. If the advanced lightweight fuel cell technology is used, these trans-
portation costs can be further reduced to about $4M to LEO and $11M to GEO.

The initial space transportation costs are but one element of the life
cycle costs (ICC). Other costs which are important include unit costs, sub-
system assembly costs, maintenance and spares costs, ancillary equipment costs,
interfacing subsystems costs and mission user costs. (In come concepts, spares
costs may be represented by such life-extending schemes as "switch-on" redun-
dancy and low level operation.)

It is important, thereforae, to examine and quantify the'ncc benefits of
various physical, performance and operational technologies applied to electri-
cal power systems for high power early orbiting missions. These benefits
provide the basis for research and technology development and ultimate cost

savings and/or enlargement of our space programs.
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1.2 Study Purpose

It was the purpose of this study to establish the cost-technology relation-
ships of energy storage subsystems for four LEO missions (25, 50, 100 and 250
kW) and one GEO mission (25 XW). Two types of energy storage subsystems were
examined for each of the LEO and GEO power levels: (1) subsystems using
batteries and (2) subsystems using fuel cells/electrolysis cells. The study
also identifies areas of new technology for each type of subsystem which, if
the technology were incorporated, would reduce the cost of space power systems.

Stated another way, the study objective was to establish the relative
sensitivity of energy storage subsystam life cycle costs (LCC) to varia-
tions in parameters such as battery depth of dilchazge, cell capacity, internal
operating temperatures, current density, and weights and volumes. The cost of
developing and/or implementing specific technology solutions is, however, not
quantified. For example, the effect on LCC of depth of discharge (DOD) of a
N1H2 battery subsystem is quite pronounced at about 60 percent DOD ($10M per
percent DOD at 70 percent DOD), indicating large potential cost reductions
given the capability to operate Nin at a 70 percent DOD without a correspond-
ing severe reduction in operating cycle life.

Typical missions for each of four power levels in LEO and one power level
in GEO are shown in the table of Exhibit 1l-1. Exhibit 1-2 depicts a high
power multi-user Space Platform for LEO missions requiring a total of 250 kW,

; contihuous power. Exhibit 1-3 depicts a 25 kW Space Platform for GEO missions

requiring 25 kW, continuous power. These exemplify the types of migsions which
were analyzed in this study.

1.3 Study Methodology |
The study methodology involved {l) development of mission, system/sub-

| system requirements for each subsystem power level and orbit, (2) development

of performance and cost model structures and the required interrelated
algorithms of physical, performance and cost parameters, (3) establishment

of baseline subsystems, representative of existing technoiogy, and (4) varia-

tion of the physical; performance and technology parameters and determination
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POWER LEVEL LEO GEO
(CONTINUOUS) TYPICAL MISSIONS TYPICAL MISSIONS
25 kW PHYSICAL/CHEMICAL RESEARCH ALL NATION HOTLINE
MATERIALS SCIENCE RESEARCH WORLD-WIDE SEARCH & RESCUE
BIOLOGICAL MATERIALS RESEARCH ELECTRONICMAIL
COMMERCIAL PROCESSING 3-0 TELECONFERENCING
50 kW SPACE RADAR POWER
SPACELAB/SHUTTLE AUGMENTATION
FREE.FLYER SERVICES
------------- CLIIT LI TEXTITI LD LA d bl bl A LA DALl LA L L LA LI LD r----f---h----o-------------------'-"‘-
100 kW OVER THE HORIZON RADAR
SYNTHETIC APERTURE MAPPERS
RADIO TELESCOPES
250 kW MILITARY APPLICATIONS
SPACE PROCESSING
LONG DURATION LABORATORY
-

Exbibit 1-1, Typical Missions for Different Power Levels
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Exbibit 1-2, LEO Platform
Exbibit 1-3, GEO Platform
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of their affect on LCC. Each step in the methodology is described in the
following sections.

1.3.1 Mission/System Subsystem Rgguirem.nts

The purpose of this task was to establish reasonably representative
mission scenarios and system and subsystem requirements which derive from the
mission. This sets the stags and establishes the boundaries for the design
of the baseline subsystems.

A review was made of current literature to determine reasonably‘iypical
scenarios for the LEO and GEO missions. Then, LEO and GEO Space Platfori.
block diagrams were developed to identify subsystem functional interfacégv
requiring consideration in the ICC of the energy storage subsystem (ESS) (see
Exhibit 1=-4). The Thermal Control Subsystem (TCS) is a good example. In
varying the operating temperatures of the fuel cells or batteries, the load
on the TCS will vary, thus affecting the ICC. Another subsystem interface
affected by the ESS design is the operations and maintenance (0&M) crew sub-
system (OMCS), wherein the reliability and life capabilities of the ESS
determine the unscheduled and scheduled maintenance man-hours (performed by
astronauts/technicians). These interface elements are included in the Per-
formance and Cost Models developed for the study.

The set of requirements which were developed, in specification format, are
contained in Appendix A. Exhibit 1-5 is a summary of the specification.

1.3.2 Performance and Cost Models

Two sets of performance/cost models were generated, c¢ne for battery type
subsystems and one for fuel cell/electrolysis cell type subsystems. Each model
can be exercised‘at any desired subsystem power level in the selected LEO
(444 km, 56° inclination) or GEO orbits, or with the apprcpriate manual inputs,
earth orbits at any altitude. The purpose of the performance and cost models,
which are the keys to the study, is to represent dynamically the design and
design variations of the baseline subsystems, and their effects on}life cycle
costs (LCC).
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o Power output (4 LEO Missions, 1 GEO Mission)
- LEO Missions: 25, 50, 100, 250 kW Continuous, EOL
- GEO Missions: 25 kW Continuous, EOL

e Voltages (All Missions) .
- Input to power distribution & control subsystem (PDCS)
128.8 VDC ,
-~ To Users: 75% of power at 120 VDC
- To Users: 25% of power at 30 VDC

o LEO Orbit: 444 KM, 569 Inclination

e GEO Orbit: Equatorial Stationary (35,786 KM)

e System Operational 1985-1995

e State-of-Art Design for Baseline

e Transportation to LEO: Shuttle

e Transportation to GEO: Shuttle/IUS

e Astronaut Assisted Daployment & C/O for LEO Missions
e Autonomous Deployment for GEO Missions

e 30 Year Life for LEO Subsystems with overhauls

o 5 Year Life for GEO Subsystems

e LEO Reliability: Maximum replacement of 10% of battery
cell or fuel cell or electrolysis cell or pressurizing pumps
over 1 overhaul cycle

e GEO Reliability: No overhauls or replacement
of hardware

e Structural Ldads on ESS ,
- Operating: 0.01 G, All Axes
- Stowed: Shuttle/IUS Payload Environment

Exbibit 1-3, Mission, Syﬂe’m‘, Subsy:femx Reqkuirements
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With relative ease, the programs for the models can be modified to utilize
any set of self-consistent relationships such as battery life versus deptii~of-
discharge (DOD) versus operating tomporahuxa} or fuel cell life versus current
density of a fuel cell stack (FCS). The logic and relationships used in the
performance/cost model are contained in Appendices B and C for the battery
subsystems and Appendix D for the fuel cell subsystems.

Representative forms of the performance models are shown in Exhibits 1-6

_and 1=7 for the battery and fuel cell subsystems respectibely. In each case,

the orbit determines the maximum eclipse time, Tl' and the minimum illumination
time T,.
of modules, the size of modules, life requirements, efficiencies and reliability
(all of which are variable). The selected values of these variables then

This, in turn, determines the discharge and charge rates, the numbers

datermine,; through the respective cost model, the LCC of any set of design
parameters representing a particular subsystem and its interfacing subsystems
(TCS, SAS or OMCS).

Exhibit 1-8 depicts the life characteristics of the NiCd, the Niﬂz and the
light-weight fuel cell. These characteristics are used in the subsystem base-
line designs described in the next section. These are typical of the relation-
ships for which algorithms were developed for use in the models, all of which

are provided in the appendices.

As stated previously, there is a lack of accurate and consistent data
with which to model battery and fuel cell performance, physiéal characteristics
and costs. This is especially true of NiH, cells and the advanced light-weight
fuel cell presently in development. In many cases, it was necessary to inter-
polate, extrapolate, and otherwise estimate relationships in order to complete
-the study.

However, the model as it stands is realistic. Because the model is
logically correct and consists of considerable detail, it has significant
value as a design tool. One may hypothesize new sets of data, insert these in
place of the existent sets and and obtain the technological benefit in terms of

ICC. In addition, the models may be used to establish developmental objectives

and test requirements for new technology programs.
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time, T4 Orbit Time, Tp |
PDCS l Batteries ~ Charger = l__'
(s fe— 0 Je—] Olichuoe] Chuas ke 0 e R0l
Mission o Physical Char. '
Reqts . o Numbers
o Power o Reliability ‘
o Reliab, o Life 3
Life D o Efficiency |
o Power ! ‘ . -
Voltage L W, > Thcrmal
o Scenarios ‘ Comrol
. go:ae | S
Ay v K f i
- O&M Cost Estimating Relationships

$LCC = SDDTAE + SProduction + SO&M

Exbibit 1-6, Battery Subsystems Performance/Cost Model Summary

Exbibit 1-7, Fuel Cell/Electrolysis Cell Subsystems Performance/Cost Model Summary

$LCC = SDDTAE + $Production + SOBM

—————
Eclipse Humin R
Time, T Orbie Time, Tg qLSqu Amv-;
POCS FCs Ancillary Equip _ECS ch E
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Exhibit 1-9 provides a summary of the parameters which are accessible and

quantifiable in the performance/cost models and in the input requirements set.
These and other parameters and thair interrelationships are either inherent in !
and/or may be provided as inputs to the models. The arrows in the performance
model identify the parameters which are the inputs to the cost model.

As stated earlier, Appendices B through D contain the detailed cost model
: logic and the cost relationships assumed for the battery and fuel cell sub-
i systems. Exhibit 1-10 is a matrix representing the battery life cycle cost
model (LCCM) and Exhibit 1=11, the fuel cell ICCM.

Ty

The cost models were constructed using (1) the work breakdown structure
(WBS) presented in Section 2.0 and (2) the Life Cycle Cost flow diagrams
‘ presented in Section 3.0. Referring to Exhibit 1-11, the intersections of #iie
matrix represent cost elements. Cost estimating relationships (CERs) were
developed for each cost element. Generally, the production (in-plant) CERs
' consist of the costs of direct labor; materiais and‘components: process
{ : equipment, and wraparound costs such as burdens, fringes, overhead, G&A,
o maintenance, and factoxy resources. Inputs consist of a number of cells,

weights, volumes, and other cost sensitive parameters such as attrition and
component rejection rate. The OsM CERs consist of astronaut man-hours;
, g " training (based on assumed attrition rates); spares (based on life and

L reliability), and space transportation (based on estimated dollars per unit
weight (or volume) for Shuttle and Shuttle/IUS transportation.

1.3.3 Baseline Subsystems

Battery and Fuel Cell Characteristics :

The battery performance and cost models were developed for the use of
either NiCd or Nin cells. The fuel cell performance and cost models were
developed around the light weight fuel cell design presently being developed
by UTC under contract NAS8-30637 with George €. Marshall Space Flight Center.
‘The'details for each type cell are summarized in Exhibit 1~12. These data

represent the cells used in the baseline subsystems.
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Baseline Subsystem Charactexistics

A common shape and layout was chosen for all subsystem configurations
which consists of a polygon-shaped cross-section with a fixed outside dia-
meter consistent with the Shuttle payload bay width and a variable length,

L. This is shown in Exhibit 1-13 for the NiCd subsystems, Exhibit 1-14 for
the NiH, subsystems and Exhibit 1-15 for the fuel cell subsystems. In each
case, algorithms were developed to relate weight, dimensions and volume to
suehspsxametorl as Battery Cell AH capacity, Fuel Cell Unit (FCU) active area,
numbers of cells per module, numbers of FCUs (or electrolysis cell units,
ECUs), numbers of power channels, etc. Volumes were required to determine
Shuttle space transportation costs for the cases where these costs were volume
constrained as opposed to weight constrained. The configqxétios for the fuel
call/electrolysis cell ancillary equipment (i.e., the tanks, punps, filters,
valves required for the 02 and H2 gases and water feed/storage systems) assumes
a three compartment, common bulkhead, ellipse~domed storage/pressure tank

as shown in Exhibit 1-15. Algorithms were included in the model to vary the
capacities and pressures of these tanks.

The baseline subsystems parameter values and ICC are summarized in
Exhibit 1-16a for the NiCd battery subsystems, Exhibit 1-16b for the NiH,
battery subsystems, and Exhibit 1-16c for the fuel cell subsystems.

In reviewing and comparing the baseline subsystems data contained in the
exhibits, it must be recognized that these are baselines, not necessarily
optimum designs. For better comparisons the parameters for each baseline
current density, cell capacity, malntenance cycles, discharge and charge rates,
etc. The model may be used to do this (and shouldybe), however, the primary
objective of the study is to determine the dependence of LCC on the various'

,technology parameters in order to evaluate potent;al dollar benefits of

technology investigations and development.

Exhibit 1-17 shows the typeiof data outputs which the Model hill provide;
Exhibit 1-17(a) is for the NiCd battery subsystems, Exhibit 1-17(b) for NiH
battery subsystems, and Exhibit 1-17(c) for fuel cell subsystems.
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1.3.4 Results and Conclusions

The models provide an extensive and detailed series of mathematically
expressed relationships between individual system components/parameters and
life cycle costs. Graphic representations of these relationships are provided
in Volume II (Appendix G).

The conclusions of the research are presented in Exhibit 1-18 and sum-

marized in Section 5.0.

data, some of the more pertinent conclusions are as follows:

The life cycle costs of NiCd systems are approximately twice those

i of comparable N1H2~systems.

The life cycle costs of N1H2 systems are comparable to those of

" comparable fuel cell systems.

The driving parameters of battery systems have a greater impact on
life cycle costs than do comparable parameters for fuel cell systems.

1.3.5 Areas for Further Study

Numerous areas for further study having high potential returns on invest-
ment for readily apparent. These are presented in Exhibit 1-19 and discussed

in detail in Section 6.0. Four of thée more promising areas are:

e The conduct of life cycle cost sensitivity analyses on designated

system parameters by varying only one designated parameter while
holding all else constant.

The conduct of comparative life cycle cost analyses on the development
of alternative component technologies and on the configuration of

altérnative system designs.

The modification and use of the models, as guides, to plan and
coordinate future component/system development and test programs,

thereby maximizing the use of available resources.
i

The modification and use of the models to op&imize spec1fied system

performance parameters for given levels of, life cycle funding.
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As noted earlier - within the limitations of available
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I
b , wk
: i
SR
3 ,
i ' ‘CONCLUSIONS: BATTERY DRIVING PARA!ETERS
. L LCC SENSITIVITY.
BATTERY PARAMETER LE0 ‘ ako
00D (CAPAC. VARIABLE) VERY STRONG STRONG
LIFE (CAPAC, VARIABLE) VERY STRONG - MODERATE
DOD (CAPAG: FIXED) STRONG STRONG
. LIFE (CAPAC. FIXED) STRONG STRONG
CAPACITY : STRONG MODERATE
) HARDWARE LIFE CYCLES (CAPAC. VARIABLE] MODERATE e
. DISCHARGE CURRENT (CAPAC, FIXED) MODGRATE STRONG
' HARDWARE LIFE CYCLES (CAPAC. FIXED) MODERATE -
i @)
|
‘L -
CONCLUSIONS: FUEL CELL DRIVING PARAMETERS
- LCC SENSITIVITY
} g FUEL CELL PARAMETER LEO GEO
. CURRENT DENSITY MODERATE STRONG
- : VOLTAGE MODERATE MODERATE
ACTIVE AREA WEAK MODERATE
LIFE WEAK WEAK
HARDWARE LIFE CYCLES WEAK -
[ | (5)
N
3
i b OTHER CONCLUSIONS
e NICdLCC X 2X NiHpLCC
b e FUELCELL LCC % NiHa LCC
e BATTERY DRIVING PARAMETERS HAVE A STRONGER EFFECT ON LCC THAN FUEL CELL DRIVING PARAMETERS
g (c)
g N
. i
: i
S 8 3
i 3 ; : Exbibit 1-18. Conclusions
. . 23
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RECOMMENDATIONS

e VARY PERFORMANCE/COST MODEL PARAMETERS WITHOUT INTERACTIONS
{e.9.,, VARY DOD WITHOUT EFFECTING LIFE) TO DETERMINE INDEPENDENT

LCC VARIATIONS

o USE PERFORMANCE/COST MODEL TO DETERMINE POTENTIAL LCC SAVINGS
VS DEVELOPMENT COSTS REQUIRED TO ACHIEVE DESIRED PERFORMANCE

e USE PERFORMANCE/COST MODEL TO PLAN AND COORDINATE UPCOMING
BATTERY AND FUEL CELL DEVELOPMENT/TEST PROGRAMS

o DEVELOP AN OPTIMIZED ESS DESIGN - MODIFY THE PROGRAM

o DEVELOP AN lNTEGRA‘f'éD ELECTRICAL POWER SYSTEM PERFORMANCE/COST MODEL

MISSION SOLAR ARRAY . ESS PDCS USER
¢ LEO oSi o o Batteries e DC/DC e Variation in
o Load Power
¢ GEO o GaAs (1 toN) o Fuel Cells e DC/AC
o Etc.

o DEVELOP A TOTAL SPACE PLATFORM MODEL

@ DEVELOP AND USE A NiHy AND FUEL CELL DATA CENTER

- Data Base

- Test Requirements

- Design Handbooks

- Standard Cell Specifications

i ,
Exbibit 1-19. Recq;nm&;/tdations
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2.0 ESS PERFORMANCE MODEL

This section describes the ESS performance model which was developed for
this study. Described in this section are a battery ESS performance model
with two applications (nickel cadium and nickel hydrogen), and a fuel cell/
oicctrolysiu cell ESS modsl with one application (hydrogen-oxygen). As shown
by the Battery ESS Performiince Model Schematic, Exhibit 2-1, the Battery ESS
consists of identical power channels which are connected in parallel. As
shown by the Fuel Cell ESS Performance Model Schematic, Exhibit 2-2, the
fuel cell ESS consists of a variable combination of chargers, electrolysis
cells and fuel cells, with common storage tanks for the reactants.

2.1 General Methodology

A general methodology was incorporated into all three ESS performance
models. This provides a basis for making comparisons between the three
different types of Energy Storage Subsystems, and also provides a methodology
to compare different types of technologies (e.g., AgCd Battery, HCl fuel
cell, etc.). Exhibits 2-3 and 2-4, respectively, are block diagrams of the
Battery and Fuel Cell ESS Performance Models. A breif description of the
general 'methodology is as follows: ‘

e Migsion Requirements

The mission requirements are reflected by life cycle scenarios for
each of the three types of subsystems. These requirements include the
_appropriate orbits, power users and on-board maintenance scenarios
for each of the LEO and GEO missions.

e ESS Requirements

The ESS requirements are based on common performance and configuration
requirements for each of three types of subsystems. These perform;nce
requirements include 25 kW, 50 kW, 100 kW and 250 kW continuous power
for LEO and 25 kW continuous power for GEO. The configuration require-
ments include a polygon shaped ESS which is compatible with Space
Shuttle transportation to LEO and Shuttle/IUS transportation to GEO.

25
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Cell Discharge Perfotmqnce

The unit cell discharge performance at EOL is uiqd to determine the
quantity of battery cells or fuel cells which are needed to produce
the required power. For a fuel cell type of ESS, the fuel cell
"discharge" performance also determines the ancillary equlpment
storage requirements. The discharqge performance is a function of
the cell life and vice versa. Hence, a trade must be made between
cell performance and ESS maintenance requirements. In addition, the
unit cell discharge performance effects the ESS power conditioning
requirements and provides a component of the ESS thermal control
heat load.

qul Charge Performance

The unit cell charge performance at EOL is used to determine the ESS
solar array input power requirement. In addition, the unit cell
charge performance provides one component of the»totei ESS thermal
control heat load. For a fuel cell/electrolysis cell: type of ESS,
the electrolysis cell "charge" performance is used to determine the
quantity of electrolysis cells, as well as come of the ancillary
equipment requirements. The elecﬁrqleis cell performance also is a
function of cell life and vice versa, which rgquires a trade between
cell performance and ESS mainterance requirements. The combined
dischazye and charge thermal control heat loads provide the basis
for determining the overall ESS watt-hour efficiency.

Interface Reguirements

As described above, the ESS directly impacts the power conditiohing,

the solar array, and tﬂe thermal control subsystem of a space plat-
form. The impact on the subsystems, in turn effects the interface
costs, which also must be included in the total ESS life cycle cost,

to give the "complete picture."
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® ESS wqights and Volunes

The ESS weights and volumes include all major components of hardware.
F This provides a realistic basis for determining the ESS transportation

costs and other life cycle costs based on weight or volume for the
{r different types of energy storage subsystems.

2.1.1 ESS Battery Performance {

As stated previously, the Battery ESS Performance Model has two distinct

i applications - one for nickel cadmium and one for nickel hydrogen battery cells.
i The configurations of these types of cells are shown in Exhibits 2-5a and b. 1
Due to the extensive test data and space use experience available for nickel

| : cadmium, the NiCd performance model (Appendix B) was constructed first and
validated using data for 20 AH GE nickel cadmium battery cells from various
sources. Then, the nickel hydrogen performarice model (Appendix C) was con-

i ' structed using the more limited nickel hydrogen data, reguiring in some vases

despite this limitation, the nickel hydrogen pérformance model is also a valid,
2" useful model; and provides an accurate picture of the performance for a nickel

3 ‘ extrapolations/intexpolations from comparable nickel cadmium data. Howevaer, i
* :
]
;

L hydrogen energy storage subsystem.

2.1.2 'ESS Fuel Cell Performange

. The fuel cell/electrolysis cell ESS performance model (Appendix D) was %
A jit constructed using light-weight fuel cell technology (Bxhibit 2-5c), which is ‘i
U presently being developed by UTC for NASA LeRC and MSFC, The electrolysis

' a? cell performance is assumed to be a mirror imageVof the fuel cell performance
with respect to the theoretical Gibbs free energy of a hydrogénéoxygen fuel

o §§ cell. The ancillary equipment capacity is sized based on "noxrmal use" being

80 percent of the total quantity of reactants stored. This provides a 25
percent safety factor above normal use. For more realistic performance results,

the life performance requirements for each of three major component groups

R
* -
~

(e.g., fuel cells, electrolysis cells, and ancillary equipment pumps) are

-

specified independently. ;
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2.2 ESS Performance Balationshipl

Each ESS performance model consists of a myriad of specific relationships.
To individually discuss each of these relationships listed in Appendices B, C,
and D is not practical. However, certain key relationships which give a
general "road map" for each model are discussed in the following paragraphs.

2.2.1 Bqtterx;Performance Relationships

Several key battery model relationships are discussed in conjunction with
Exhibits 2-6, 2-7, and 2-8. Exhibits 2-6 and 2-7 are for NiCd, while
Exhibit 2-8 is for Niﬂz cells respectively. The relaticnships are as follows:

e Maximum Cell Life

The relationship of DOD versus Cell Life versus Temperature for a NicCd
battery cell is shown in Exhibit 2-6a. This relationship was derived
from Figure 1 of a paper written by Barry Trout of LBJ Space Center
(Enexgy Sto:age for low Ea:th Orbit Operations at Higthower) plus
Figure 57 of NASA RP 1052 (Sealed Cell NiC4d Battery Aggliéations

Manual). A comparable relationship for a NiH2 Battery Cell is shown
in Exhibit 2-8a. The NiH2 relationship was derived from the Barry
Trout paper in conjunction with extrapolated data from the derived Nicd

relationship.

Number of Cells in Parallel

The basic ampere-hour balance equation for all battery systems is:

Number Cells in Parallel x Cell Capacity x DOD x Capacity Degradation =

_(Required ESS Power + Required ESS Voltage x Max Eclipse (Dark)

Period.

Cell Discharge Vbltage‘_

The relationship of cell discharge voltage versus DOtherSus charge
curtént for a Nicd béttery‘cell at 10°C is éhown in Exhibit 2-6b;
Thié felationship was derived from data in NASA RP 1052 (Sealed Cell
NicCd Eattery Agglications Manual). yother'curves for different

temperatures were also derived and used. For Niﬂz model, these

relationships were derived from Tyco Laboratories test data

33
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ot

(Hydrogen Nickel Regenerative Fuel Cells) plus McDonnell Douglas data
(Nickel Hydrogen Prototype Cell Evaluation Tests).

¢ L i NOTE: The output from these relationships are adjusted to EOL by
o multiplying the curve value by the voltage degradation factor.

Zf‘ e Number of Cells in Series

Wb The hasic battery system relationships is:
Number of Cells in Series = Required ESS Voltage #+ EOL Cell Voltage

® Rechargg Eraction

The relationship for the recharge fraction of a NiCd Battery Cell

J is shown in Exhibit 2-6c and a comparable relationship for Niﬂz is

. shown in Exhibit 2-8c, The NiCd relationship was obtained from NASA
MSFC Report 40M22430 (The Apollo Telescope Mount Electrical Power
System Post Mission Design and Performance Review). The NiH, relation-

. - s 2
‘ . ship was obtained from Rockwell International test data published by

, 1 AIRA in 1980 (Test Data Analysis and Application of Nickel Hydrogen
- Cells).

e Cell Charge Voltage

Exhibit 2-6d shows the relationship of charge voltage versus charge
throughput versus charge current for a NiCd Battery Cell. It should
be nated that this relationship is actually three dimensional (e.g.,

. . temperature is also included as shown in Exhibit 2-7). This relation=-
' ship was obtained from NASA RP 1052 (Sealed Cell Nicd Battery Applica-
tions Manual). A similar relationship for Nin is shown in Exhibit
2=-8d. This relationship was derived from Tyco Laboratories test data
"(Hyd;oqenrNickel Regenerative Fuel Cells) plus McDonnell Douglas data

;(Nickel-aydrogen Prototype Cell Evaluation Tests).

. s

s

® Watt-Hour Efficiency

P

. ~ -
TR A it 0 et e

Watt-liour Efficiency = Discharge Current x DiSchatge Voltage x

Discharge Time ¢ (Charge Current x Charge
Voltage x Charge Time) ' '
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The watt-hour efficiency is a function of discharge power (current x
voltage), charge power, and the discharge/charge periods of time
e.g., Discharge Energy + Charge Energy). It should be noted that
the discharge and charge heat loads are included in the watt-hour
efficlency. Part of tho input charge energy is lost as the light
period heat load; while the remainder is stored. In turn, part of
the stored energy is lost as the dark period heat load; while the
remainder is the output discharge energy.

2.2.2 Fuel Cell Performance Relationships

Several key fuel cell model relationships are discussed in conjunction with
Exhibit 2-9. The source for the data in Exhibit 2-9 is the UTC Final Report
FCR~1656 (Lightweight Fuel Cell Powerplant Components Program). While
Exhibit 2-9 applies only to fuel cell life and performance, it is also the
bagis for electrolysis cell life/performance characteristics. As stated

previously, the electrolysis cell performance is assumed to be a mirror image
of the fuel cell performance with respect to the theoretical Gibbs free energy
of a hydrogen-oxygen fuel cell. It should be noted, that the fuel cell unit
(FCU) used in the fuel cell ESS model is the same as the two cell module

(TCM) defined on pages 50-54 of the UTC report FCR-1656. This means that the
FCU voltage in this report is 2x the unit cell voltage as defined by the UTC
report.

o Maximum FCU Life

As shown in Exhibit 2-9, the degradation of cell voltage varies with
the operating current density. The data used is based upon BOL
operation versus operation to 2500 hours at the same power level.
Since the voltage is degrading during this period of time, the current
(e.g., current density for a fixed celléactiﬁe area) was increased to
maintain constant output power. From this the model is constructed
assuming (1) a constant current density and (2) a linear degradatio:u
to EOL, at the same rate of degradation as the degradation from BOL
to 2500 hours.
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Nmbar of FCU in Farallel

B i

g

Tha basic current balance equation for all fuel cell systems is:

Number of FCU in Parallel x FCU Active Area x FCU Current Density =
ESS Power ¢ ESS Voltage

e FCU Voltage

The relationship of FCU voltage versus current density versus cell life
is shown in Exhibit 2-9., From this relationship, it is possible to
project an FCU voltage at EOL for an expected FCU life and correspond-
ing current density which is assumed to be constant throughout the
entire FCU life.

Number of FCU in Series
The basic relationship is:
Number FCU in Series = Required ESS Voltage + EOL Cell Voltage

Total Numbervof ECU

The basic relationship is:

Generation Per ECU = Total Number of FCU

x H
, FCU
It should be noted that this relationship includes the efficiencies
of both ECUs ané FCUs which are inherent in the reactants generation

Total Number of ECU x Total H2

2

and consumption rates respectively.

ECU Voltage

The ECU voltage is projected for EOL in a manner similar to the FCU
voltage, except that the voltage which results from the cell degradation
is shown in Exhibit 2-9 is added to the Gibbs free energy for the
reactant combination of hydrogen and oxygen. The source for this

‘methodology is UTC Final Report FCR-1656 (Light Weight Fuel Cell

ZPdWerplanﬁ Components Program) plus General Electric Study ECOES-12

(Electrochemical Cell Technology for Orbital Energy Storage).

‘Watt-Hour Efficiency

Watt-Hour Efficiency = ESS Output Power x Dark Period Time + (Essi

Input Power x Light Period Time)
40
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This relationship for a fuel cell ESS system is equivalent to a similar
relationship for a battery ESS system. Similar comments pertaining to
é the discharge (dark) and, charge (light) period heat loads apply as

; well.

A A R e ]
et

2.3 LSS Physical Characteristics

% Given unit cell performance, which in turn determines the total number
P of unit cells, the ESS physical characteristics are then derived. To provide
% a basis for comparison between the different types of technology, essentially
: the same ESS configurations are hypothesized for NiCd, N1H2 and fuel cell
subsystems. These configurations are discussed in the following paragraphs.

2.3.1 Battery Subsystem”Phy-icnl Characteristics

The ESS Battery WBS, which is shown in Exhibit 2-10, provides the
"skelton" for the NiCd and niﬁz'aattery.sss configurations. Thae Nicd :
Hierarchy and Niﬂz Hierarchy Configurations are shown in Exhibits 2-11 and %
2-12 respectively. The battery cells are the basic building block. A battery
module is a group of battery cells which are electrically and mechanically

3

e

interconnected. A battery in turn is a group of interconnected battery

modules. The batteries are then integrated into an Energy Storage Subsystem,
( E' which is configured as an N-sided polygon with a variable length, depending
upon the number of batteries. The Battery performance model determines the
g P quantities of the various hardware items so that the resultant combination is
| reasonably optimized with respect to a weight versus volume packing density.

2,3.2 Fuel Ce)ll Subsystem Phxgiqgl Characteristics

, The ESS Fuel Cell WBS and Fuel Cell/Electrolysis Hierarchy Configuration
@ fi are shown in Exhibits 2-13 and 2-14 respectively. For this ESS configuration,
‘ ‘ the fuel cell unit and the electrolysis cell unit are the two basic building

sy

blocks. A fuel cell stack is a group of FCUs which are electrically and

and mechahically intexconnected. An electrolysis cell stack is a group of inter-
connected ECUs. A power module consists of a group of FC stacks and EC stacks
which are mechanically interconnected. A power channel,cgnsists of a group of
electrically interconnected FC stacks. 'it s@ould be noted that the number of
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FC stacks will not be equal to the number of EC stacks. The power modules,
together with a common ancillary equipment assembly, are integrated into an
Energy Storage Subsystem, which is configured as an N-sided polygon, with
variable length. The fuel cell performance model determines the quantities
of the various hardware items so that the resultant combination is reasonably
optinmized with respect to a weight versus volume packing density.

2.4 ESS Baseline COnfiquxatiéns

The ESS baseline configurations were derived by exercising the respective
performance models, with certain basic ground rule assumptions which were
common to all three models. For example, mission requirements such as the
orbit and the number of hardware life cycles were common for all LEO missions.
For the purpose of this study, hardware life cycle is one set of hardware which
is used and maintained in LEO over a given period of time, which is one segment
of the total ESS subsystem life. In GEO there is only one hardware life cycle
which is equal to the subsystem life, and no maintenance is performed during
the cycle. A comparable set of mission requirements were common for all GEQ
missions. The power levels wera sized at 25 kW, 50 kW, 100 kW and 250 kW for
LEO missions and 25 kW for GEO missions. Another basic ground rule wag that
50 AH battery cells were ugsed for all NicCd and;NiB2 ESS baseline Fonfigurations,
while the same FCU and ECU were used for all fuel cell configurations. This
was done so that actual hardware which is presently available, representing
state-of-the-art technology, would be used and comparable results between the

baselines could be achieved.

L

2.4.1 Nicd Baseline‘Cohfiggfétions

Exhibit 2-15 summarizes the Nicd baseline configurations. It should be
noted that this is a shoit "Table" version of a more complete and,détailed
"Chaxt" lisﬁiné"af performance rarameters and physcial éharacteriQtics. A
"Chart" listihg for each baseline configuration is contained in Appendix E.
Each chart listing also includes life cycle costs which are discussed in later

sections of this report.
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2.4.2 Nin Baseline Configurations 4

B

4 The Niﬂz baseline configurations are summarized in Exhibit 2-16. The 1
: basic comment applies concerning the "Tables" version shown and the detailed
"Chart® printouts for the NiH2 baselines in Appendix E. The formats for the
P NiCd and NiH, "Table" and "Chart" printouts are essentially identical to

allow a detailed performance comparison of the two techniques.

2.4.3 Fuel Cell Baseline,Confiqurations

Exhibit 2-17. Again, a more detailed "Chart" printout for each baseline is

contained in Appendix E. For comparison with the NiCd and NiH, baselines, the

2

: f The Fuel Cell/Electrolysis Cell baseline configurations are summarized in %
‘ : FCU performance corresponds to the battery cell discharge performance and the

: ECU performance to the battery cell charge performance, while the Ancillary
§ Equipment is unique to the Fuel Cell/Electrolysis Cell ESS.

)
8 1 2.5 ESS Performance Comparisons 1

A performance comparison of the three different technology ESS baselines :
T is shown in Exhibit 2~18. As can be seen, the Nin battery cell provides j
almost twice the output of the NiCd battery cell due to the effect of DOD on
2° The NicCd

cell is also considerably heavier which results in almost half the power

cell life, which limits the maximum DOD of NiCd compared to NiH

density per cell compared to'Nin; It should be noted that the maximum DOD

—

for the NiH2 baselines is somewhat restrained because of the ground rule to

have the same number of hardware life cycles for all three baselines, The watt- f

o

‘z i ; hour efficiencies for the two battery baselines in LEO are very comparable.
.r >i: The difference in watt-aour efficiencies at GEO is partially due to a lower
SN limit on the charge current for NiH, which is not included in Nicd. This
difference in limits was due to the different data bases and the difference
S »E in methodology for determining the recharge fractions of thé two ESS tech-
A ; ‘nologies. (See Exhibit 2-Gc‘versus Exhibit 2-8c).

: The Fuel Cell Configurations are very comparable with the NiH2 configura=- ,
: e i : tions, particularly for unit cell7power divided by total ESS power density at ' i
' LEO. It should be noted that the results for cell physical density and cell
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power density are for the fuel cells only. Hence, it is not really possible
to compare these numbers with the battery cell numbers because the battery ;
cell includes both the fuel and electrolysis cell functions plus the ancillary
equipment functions. It should be noted that the fuel cell ESS life cycle

costs are also very comparable to the N1H2 cost at LEO, which will be further
discussed in Section 3. Note that the fuel cell ESS has a very distinct

advantage at GEO compared to either battery ESS.

Armsez,
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*ome i

A | NiCd BATTERY
ESEPOWER [ cRLL CAPACITY | CELLPOWER ¢ |ESSWATT-HOUR| DENSITY (Ke/emd) [ROL POWER DENSITY (W/Ke)
» (kW) (AH) TOTALESSPOWER | EFFICIENCY [ cELL = CELL s
2 LEO 50 ,0006683 83 0028 000139 | 9.78 7.26
8 LEO 50 000332 63 0028 000139 | 978 1.21
i 100 LEO 50 000168 63 0028 - |.000183 | 808 7.92
' 260 LEO 50 000068 63 0028 000154 | 10,03 7.93
28 GEO 50 000926 83 0028 | .000132| 1364 10,96
; (a)
Ly NiHz BATTERY
] “‘(::""" CELL CAPACITY | CELLPOWER + |ESSWATT-HOUR| DENSITY (Ka/cmd) JEOL POWER DENSITY (W/Kg)
o (AH) TOTAL ESSPOWER | EFFICIENCY | cero ess | CELL €58 |
j § 25 LEO 50 00111 84 o066 | 00012 | 203 138
50 LEO 50 00058 62 o0os8 | 00012 | 208 133 |
‘ . 100 LEO 50 00029 62 00056 | 00012 | 308 13.3
[ 280 LEO 50 00012 82 00056 | .00012 | 31,9 13.2
: 25 GEO 50 00134 | 00056 | 00011 | 354 16.7
{b)
: , FUEL CELL/ELECTROL YSIS CELL
‘3‘:&0’“5" CELLACTIVE | CELLPOWER : |ESSWATT-HOUR| DENSITY (Ke/em3) |EOL POWER DENSITY (W/Ke)
; AREA (cm?) | TOTALEssPoweR | EFFiciENcy [T o p— -
& . H
| : BLEO | ' 232 00139 42 00082 | ooo1a | s7.0 16,2
- ‘ 50 LEO 232 00073 4 00082 | 00019 | 914 ! 15.4
' 100 LEO 232 00038 4 00082 | 00022 | 937 154
50 LEO 232 00015 41 00082 | 00023 | 756 16.4
P 25 GEO 232 00608 41 00080 | .00005 | 378, 70.4
Ty o (Vg sTack (c)

Exbibit 2-18. ESS Performance Comparisons
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3.0 TOTAL LIFE CYCLE COST MODEL (LCCM)

The purpose of the ICCM is to (1) estimate the Life Cycle Cost (LCC) of
the baseline Energy Storage Subsystems (ESS) and (2) avaluate the LCC of the ESS
as the technology, performance and physical characteristicz parameters are
varied through a range of values. The LCCM is integral with the ESS performance
model in the sense that it accepts input parameter values as determined by the
performance model. The relationship of the LCCM to the performance model is
shown in Exhibit 3~1. The input parameters consist generally of quantities,
weights, volumes, lifa, reliability, power output, and efficiencies; and the
thermal load and solar array input power level as shown in the exhibit. The
input parameters are specified in detail in Appendices B & C for the NicCd and
N1H2 battery ESS and Appendix E for the fuel cell ESS respactively.

The makeup of the LCCM is shown in Exhibit 3-2 which shows how the DDT&E,
Production, O&M and interfacing subsystems costs make up the total LCC. The
makeup of the LCC is common to both battery and fuel cell ESS at z2ll power
levels and for both LEO and GEO missions. For the GEO miggion, the training
and maintenance functions involve ground monitoring and control.

3.1 LCCM Ground Rules and Assumptions

The top level grognd rules and assumptions used in the LCCM are listed
below. Assumptions made which are peculiar to a particular phase, i.e.,
DDT&E, Production and OgM are presented within the discusesion of each phase

in later sections.

Top Level Ground Rules/Assumptions
) All estimated costs are in $1980
e A dedicated factory facility supports DDT&E, Production and O&M.

e The Production phase ends and O&M begins at completion of ESS space
deployment and checkout.

e Shuttle and IUS fligh:sVare dedicated to the Space Services Platform
System (SSPS) of which the ESS is a subsystem.

PRECEDING PAGE BLANK NOT FILMED
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3.2 Functional Flow Diagrams

The basis for the ILCCM structures are the battery and fuel cell work
breakdown structures (WBS) described in Section 2.0, The WBS's were developed
into the functional flow diagrams shown in exhibits as tabulated:

Battery ESS Flow Diagrams

DDT&E Exhibit 3=3 (Common)
. Production Exhibit 3-4
oM Exhibit 3-6 (Common)

Fuel Cell ESS Flow Diagrams

DDT&E Exhibit 3-3 (Common)
Production Exhibit 3-5
| o&M Exhibit 3-6 (Common)

Wherein, as indicated, the DDT&E and O&M functional flows are common to
both battery and fuel cell ESS's.

. 3.3 DDT&E Phuse of the LCCM

The DDT&E flow diagrai is shown in Exhibit 2-3, and is .
applicable to both battery and fuel cell ESS. The DDT&E cost equation 1g:

$ DDTSE equals the sum of

$ Design and Development (DED) = F1l(l)
5 $ Subgystem Test Hardware (STH) = F1l(2)
* $ STH Assembly (STHA) = F1(3)
i $ System Test Operations (STO) = F1(4)
$ Test Support Equipment (TSE) = Fl(5)
$ Systems Engineering and Integration (56I)= F1(6)
$ DDT&E Management (MGT) = F1(7)

Historical CER's provide the basis for each cost element of DDT&E. These
i equations were adjusted by sets of factors (one set for battery ESS and cne ‘
,? 5 , set for fuel cell ESS) to take into account the economies of size and modu-
Ewi ' - larity, use bf flight hardware for qualification testing where feasible, and

degree of complexity. The basic set of CER equations are (in K$):
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¥ F1(1) = 844 [ESS Weight]?*203

F1(2) = 989 [Flight Hardware COlt]‘l'064

F1(3) = 217 tv1(2)1‘789

F1(4) = 828 [F1(2)1°3%7

F1(5) = 109 [F1(1) + F1(2) + F1(3) + F1(4))1-025

o F1(6) 865

94 [F1(1) + F1(2) + F1(3) + F1(4) + F1(5))

PP

.865

| F1(7) = 131 [F1(1) + F1(2) + F1(3) + F1(4) + F1(5) + F1(6)]
| BE Where ESS Total Weight and Filight Hardware Production Cost are the
: inputs to the DDT&E equations.

; : | The ICCM computes the value of these equations based on the input values, ?
] : ; and then applies the sets of factors shown in Exhibit 3=7 to arrive at the ‘
o final DDT&E costs. Appendices B thru D provide a complete listing of all

: LCCM CER's, which are presented in computer symbology. i

3.4 Production Phase of the LCCM |

The production flow diagram is shown in Exhibit 3-4 for the battery |
ESS and in Exhibit 3-5 for the fuel cell ESS. The production flows corres-

% . T

S

pond to the WBS's which are present in Section 2.0. |

{ The ground rules and assumptions which apply to the production phase of
the LCCM are as follows:

S ; ; e Production of the ESS will be performed over a one-year
O | period; the life of the dedicated factory facility is

assumed as 20 years straight line depreciation to zero

value.

s W e
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_2.%%?»1 RATIONALE FOR FACTOR asaw, | soww | 100uw | zsouw
0a0 ONE POWER CHANNEL + STRUCTURE, 50 40 30 28
INTERFACES |
STH UTILIZE FLIGHT HARDWARE, REFURBISH 35 35 35 20
, FOR FLIGHT
STHA UTILIZE FLIGHT HARDWARE, REFURBISH 20 20 20 20
FOR FLIGHT o
sT0 NOT NECESSARY TO PERFORM ALL TESTING 40 35 30 25
AT ALL-UPS/S LEVEL
TSE LESS COMPLEX, SOMEWHAT OFFSET BY NEED 50 45 40 35
. FOR 1.F. SIMUL. USED FOR ACCEPTANCE
[ TESTING |
. SEal LESS COMPLEX, SOMEWHAT OFFSET 50 45 40 35
! , BY INTERFACE PROBLEM
) MGT LESS COMPLEX, SOMEWHAT OFFSET BY 50 45 40 35
i ' INTERFACE PROBLEM
l BATTERY SUBSYSTEMS COST ADJUSTMENT FACTORS
eloaT RATIONALE FOR FACTOR - 28 kW sokw | ooxw | 280w
. D&D ONE POWER CHANNEL + STRUCTURE, 80 85 .50 45
| INTERFACES, COMMON TANKAGE
. STH . UTILIZE ELIGHT HARDWARE, REFURBISH 45 45 40 30
| ' FOR FLIGHT ‘
STHA | UTILIZE FLIGHT HARDWARE, REFURBISH 20 20 20 20
FOR FLIGHT |
sTO NOT NECESSARY TO PERFORM ALL TESTING 60 45 40 35
AT ALL:UP§/S LEVEL . '
: TSE LESS COMPLEX, SOMEWHAT OF FSET BY NEED 50 45 40 35
FOR 1.F. SIMUL, USED FOR ACCEPTANCE
. : TESTING I
SEa LESS COMPLEX, SOMEWHAT OF FSET 50 45 40 35
: BY INTERFACE PROBLEM
; ; MGT LESS COMPLEX, SOMEWHAT OFFSET BY 50 45 40 35
‘ INTERFACE PROBLEM

FUEL CELL SUBSYSTEMS COST ADJUSTMENT FACTORS

Exbibit 3-7. Factors for Adjusting Basic CER Results
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vFéctbty direct labor is assumed to be $20 per hour.
® Astronaut labo: is computed at $250 per hour which includes all burdens.

e The production cost development procedure and the wraparound percentages
(O.M., burden, etc.) are as shown in Exhibit 3-8.

2R TR S AR Y Tramene g
{

4 ‘ The following sections discuss the battery ESS production costs (3.4.1)
and the fuel cell ESS production costs (3.4.2).

R e

BN 3.4.1 Battery ESS Productica Costs

The production of the battery ESS consists of cost elements F@ (1) through
F@ (9):

Fg (1) - Cell Unit Costs (Nicd or Nin)(included in Fg(2))
F@ (2) = Cell Matching Costs (includes F¢ (1))

F@ (3) = Battery Module Assembly Costs

Fg (4) $ Power Channel Assembly Costs

B F@ (5) = Subsystem Assembly Costs

] ; F@ (6) = Acceptance & Transport Costs

F@ (7) = Prelaunch & .Integration Costs

F@ (8) = LEO or LEO/GEO Space Transport Costs

F@ (9) = Space Deployment and Checkout Costs

The following sections discuss each of the above cost elements.

‘ - F@ (2): Battery Cell Matching (includes F@(1)) Coéts

= b This functional element consists of (1) the purchase of battery
o g cells (F@(1l): NiCd or NiH, cells), (2) acceptance inspection, test
A : and matching of accepted cells, and (3) preparation of cells

for integration into battery modules.

; f f e = Labor cost = $340 per cell, or
o in $K, = .340 (N4) (F@(1))
where N4 = total number of cells

58 65

f&'é 5 ' , .0@143 = material burden factor
5, f %li ; ‘ F¢(i) .~ = gell unit cost
& o | For Nicd, in dollars '
F | j} | F@(1)  =(.0414(C1)° + 3.123 (C1) + 700)*N4 A - .1047
. é 4 . : ; , ,
B
|
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ESS PRODUCTION COST
o LASOR o NON-LABOR
- DIRECT LABOR (D/L) $20/MH + MTLS. & COMPS (MAC) ,
- FRINGES @20% D/L «  M&C BURDEN % M&C
» OVERHEAD @125% D/L +  EQUIPMENT (EQ)
. ODC @10% D/L «  EQMAINT. @7% EQ
. , . SPCLEQ
. LABOR SUBTOTAL - SURFACE TRANSPORT
[ NON-LABOR SUBTOTAL
l | o TOTAL MANUFACTURING
' - ‘S/T LABOH @ SPACE TRANSPORT (8 DEPLOYMENT)
| - S/TNON-LABOR . SHUTTLE/IUS
' MANUFACTURING S/T - SPACE ASSY & C/O
; + PROJECT MGT (PM) @5.8% {$280/MH)
s OF MANU, /T
+ SYS, ENG, (SE) @4.8%
OF MANU, S/T
. G&A @15% OF
: MANU. + PM + SE
‘ SUBTOTAL
] , - FEE @10%
' » LEGEND
e TOTAL PRODUCTION Ml“ " M“':“O“R
. TOTAL MANUFACTURING D/L = DIRECT LABOR.
- TOTAL SPACE TRANSPORT OH = OVERHEAD
. 00C = OTHER DIRECT CHARGES
TOTAL EQ = EQUIPMENT
SPCL = SPECIAL
S/T = SUBTOTAL
C/O = CHECKOUT
: PM = PROJECT MANAGEMENT
7 SE = SYSTEMS ENGINEERING
' ‘ | ' Exbibit 3-8. Production Cost Development Procedure
SR
{ s
9 6
i
KA 4 R
*"":; J N = :
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Forx Nin in dollars
F@(l) =(20 ClL + 1000) (N4 A - .1047)
e Process Equipment cost = $727K
In $K, the cost estimating relationchip for F@(2) is:

F@(2) = .34 (N4) + .0014 (N4) (FE(1)) + 727

where N4 = Total number of cells
F@(l) = Battery cell unit cost
Cl = Battery cell capacity

F@ (3): Battery Module Assembly Costs

This functional element consists of (1) integrating the battery
cells into battery modules both mechanically'and electrically,
(2) performing functional tests and inspections, and (3) pre-
paring the modules for integration into the power channel
assemnbly.

e Labor Costs = $250 per cell, or in $K,

= ,250 (N4)

@ M&C Costs = $130 per cell unit weight, or in $K
= ,130 (N4) (S4(1))

® Process

Equipment
Costs = $1049

The overall Battery Module cost element, F@(3), is (in $K):
F@(3) = .25 (N4) + .13 (N4) s4(1)) + 1049

where N4 = number of cells, and
S4(1) = cell unit weight (kg)

F@ (4): Battery Power Channel Assembly Costs

This functional element consists of (1) mounting ihe required
number of battery modules on the structure/heat sink plate,
(2) performing mechanical and electrical interconnections, (3)
mounting the p3 charger and BRPC components and making the

67
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F@ (5):

necessary mechanical and electrical interconnections, and (4)
testing the assembled power channel electrically and structur-
ally using interface simulators for the solar array and thermal
control subsystems.

e labor Costs = $165 per module per channel unit weight
or, in K$ = ,165 (N2) (U) (s4(2))

e M&C Costs = $540 per module per channel ubit weight
' or, in K$ = .54 (N2) (U) (S4(2)) .

e Process
Equipment = $607K

The overall Power Channel cost element, F@(4), is (in $K):
F@(4) = .165 (N2) (U) (S4(2)) + .54 (N2) (U) (s4(2)) + 607

where N2 = Number of power channels
4] = Number of battery modules per power channel
S4(2)= Weight of battery module

Battery Subsystem Assembly Costs

This functional element consists of (1) mechanically and electri-
cally connecting the power channel assemblies into the ESS sub-
system assembly, (2) testing the subsystem as an entity using
interface subsystem simulators (SAS, TCS) and (3) preparing the
ESS for acceptance by the procuring agency. At this level,
assembly jigs will be used to check the ESS for meeting proper
tolerances for mounting in the Shuttle bay. Mass properties

will be measured and documented.

e Labor Costs = $120 per channel unit weight, or in
‘ K$ = .320 * (N2) * [S4(6)]
~ @ M&C Costs = $52 per channel unit weight, or in
O K§$ = .52 % (N2) * [s4(5) + s4(6)]

e Process

Equipment:
Costs = §1329K
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The overall ESS subsystem assembly cost element, F@(5), is
(in $K): |

F@(5) = ,172 (N2)[S4(5) + s4(6)) + 1329

where N2 = Number of power channels
S4(5) = Weight of power cliannel assembly
S4(6) = Weight of power channel interfaces

Battery Subsystem Acceptance and ggqggpo:tation Costs

This functional element consists of (1) a complete subsystem
functional test with data evaluation and documentation, (2) a

complete quality assurance review, (3) cleaning and preparation

for shipment and (4) shipment to the launch site.

e ILabor Costs = $320 per cell unit weight
or, in $Kk = ,320 * N4

® MsC Costs = $45 per subgystem total weight
or, in K§ = .45 * 54(7)
e Process
Equipment
Costs = $694K
The overall ESS Acceptance cost element, F@(6), (in $K)
kFﬂ(G) = ,32 (N4) + .045 (S4(7)) + 694
where N4 = Total number of cells
S4(7) = ESS weight (Kg)

Battery Prelaunch Integration and Checkout Costs

This functional element éonsists of (1) receiving inspection
and checkout prior to Shuttle (or Shuttle/IUS) integration,
(2) shuttle (or Shuttle/IUS) integration, (3) prelaunch moni-
toring of subsysﬁem parameters, and (4) launch.

# Labor Costs = $39 per subsystem weight, (in kgq)
or in $K = ,039 (54(7))

69
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® M:C Costs - Negligible i ii
‘1 |
e Equipment
Costs = $60K

The overall prelaunch integration and checkout cost element,

FP(7), is (in $K)3 ‘ ; ;1

FE(7) = .039 (S4(7)) + 60 ; %‘

where S4(7) = ESS weight (kg)

F@ (8): Battery Space Transportation Costs o |

This functional element conaists of
A. Transportation to LEO by Shuttle, or

f B. Transportation to LEO/GEO by Shuttle/IUS

. ' A. Transportation to LED {444 km, 56° incl.):

PRk

The cost of transportation to LEO is $1990 per kg* if weight
constrained; adjusted by the factor, K6, if volume con-
strained. K6 is applied only for the condition that,

K6 = 14.1.6 (ESS Length + ESS Weight >1 (else K6 = 1)

The LEO cost equation (in $K) is:
,( F#(8) LEO = 1.99 (S4(7)) (K6)
. whexe S4(7) = ESS weight (kg)
B. Transportation to LEO/GEO by Shuttle/IUS (twin stage): S

i | The cost of transportation to LEO/GEO by Shuttle IUS is

developed as follows: i

e Basic Data:
- Space Shuttle to 160 N.M.: $1100/kg*

Pline = N

- - Cost of 2-stage IUS: $11.58M (1980)*%
: | . - Weight of IUS: 14,515 kg*+ 1o
. & - IUS P/L Capability: 2270 kg to GEO (from ’

. - : 160 N.M. LEO)*¥

* Source: "Methods of Estimating and Evaluating the Cost Impact of Shuttle
Charges for GSFC Payloads" PRC/Contract NASS5-22699, dated 4 May 1979.

** Source: "STS Space Transportation Handbook," JSC, June 1977.
70
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F@(9):

e Weight to LEO:

= Subsystem weight + IUS Weight
= (S/8 WT) + (14,515 + 2270) (S/S WT.)
= (s/s Wr) (7.4)

e Cost to LEO (in $K):

= 8,14 (K6) (S/S WT)

e Cost from LEO to GEO (in $K):

- q11580 + 2270) (S/S WT)
= 5.1 (S/S WT)

e Total cost to LEO/GEO (in $K):

= (S/S Wr.) [(5.1 + 8.14 (K6))

The LEO/GEO cost equation is (in §K)
F@(8) LEO/GEO = S4(7)[5;1 + 8.14 (KG)]

where K6 = 14.136 (ESS Length + ESS Weight) >l else K6 = 1
S4(7) = ESS weight (kg)

LEO Space Deployment and Checkput Costs

|
This functional element consists of (1) deploying the ESS from j
the Shuttle bay, (2) translating and connecting the ESS to the ; A
SSPS structuial mount, (3) mechanically interconnecting the ESS |
to the other subsystems (SAS, TCS, PDCS, (4) performing pre-
mate electrical checks, (5) electrical mating and (6) all up
subsystem/system checkout.

e Labor Costs = $11 per kg ESS
or in $K = ,0l1 ($4(7))

The overall LEO Deployment and checkout cost element, F@(9) is
(in $K) :

F@(9) = .011 (54(?))

where S4(7) = ESS weight (kg)

71
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3.4.2 Fuel Cell ESS Production Conts

The production of the fuel cell ESS consists of cost alements F@(l) through

FA(12)

Fg (1):

wseger—~ T~ WO S ot DY ey S —————————_ o o < T LR e

FE(l) = Fuel Cell "nit (FCU) unit cost
F@(2) = Electrolysis Cell Unit (ECU) unit cost
F@P(3) = Fuel Call Stack (FCS) costs

F@(4) = Electrolysis (ell Stack (ECS) costs

FP(5) = Ancillary Equipment (AE) costs

F@(6) = Power Channel Assembly (PCA) costs

F@(7) = Subsystem Assembly (S/SA) costs

F@(8) = S/S Acceptance & Ground Transport (A&GT) costs
F@(9) = Prelaunch Integration & Checkout (PI&C) costs

F@#(10)= LEO Transport (LEO X) costs
F@(ll)= LEO Deploy & Checkout (LEO D&C) costs
F@P(12)= GEO Transport (GEO X) costs

The following sections provide the rationale and relationships
for each functional element of the Production costs.

Fuel Cell Unit (FCU) Unit Cost

A fuel cell unit (FCU) is an entity which is combined with addi-
tional FCU's to form a fuel cell stack (FCS). The number of
FCU's in an FCU is determined by the voltage output required.
The output current of the FCS is determined by the active area
of the slectrode, Cl. The basic performance and physical char-
acteristics of the FCU have been based on the light weight fuel
cell under development by UTC and NASA MSFC.

The Shuttle fuel cell provides a basis for the FCU cost.
This basis must be adjusted for level of assembly and technology.
The arerage cost of the Space Shuttle fuel cell can be derived
from Rockwell firm proposal, "Orbiter Production Increment 3A",
Volume VIi, (Pratt & Whitney subcontract). These costs are
shown below for 9 F.C. units, and the adjustments made for year
dollars, average unit costs, and assembly level and technology

adjustments.'
72
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Factor For

A. Year Cogts (SM) Escalation 1980$
78 1.381 1.222 1.688 .

79 1.343 1.115 1.497

80 .883 1.000 .883

8l 230 .891 « 205

TOTAL, 9 Units 4.273

B. Unit Fuel Cell cost = .475 $M/unit

C. Unit Fuel Cell power = 12.5 kW (max. power)

D. Cost per kilowatt = ;038/kw

E. - Assume hypothetical, FCU costs $.038M/kW

F. Assume the hypothetical FCU's costs are 2/3 of the complete
FC and that £his is offset by technology considerations.

G. Therefore, for a .206 kW FCU (1FCU = 1TCM = 1/17 * 3.5 kW)
C (FCU, l1lst Unit) = $7828

The average cost of FCU's C(FCU, AVG) are subject to quantity
savings because of learning. A learning curve of 90% is assumed.

From established formulae for learning,

L vy 2
C(FCU, AVG = F@(1) = C(FCU, lst Unit) 73+~ x (N1)
where for 90% learning,
b -'loglo (.9) + .30103 = ,152
a+p)”! =1.18
Therefore,
C(FCU, AVG) = C(FCU, lst Unit x ??le (:i).a4e
= 7.828 x 1.18 (1) *52 (sx)
= 9,237 (ui)” 152 sk

Furtner adjustméntvis required to consider savings in per unit

cost due to FCU activé area, Cl. The baseline FCU active area,
Cl(l) is .25 ft.2 = 232.26cm?. The larger the FCU active area,

the fewer items which require handling, cutting, etc. Assuming

73
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Fg (2):

F@ (3):

N e

a slope of 0.8, then,

.152 Cl ).8

C(FCU, AVG) = 9,237 (N1) x (53356

In $K, the CER for F@(l) is:
F@(1) = 9.237 [c1/232.261°% x (1) ~-152
where C1l = FCU Area

Nl = Total Number FCU

Electrolysis Cell Unit (ECU) Cost

An electrolysis cell unit (ECU) is an entity which is conbined
with additional ECU's to form an electrolysis cell stack, (ECS).
It is defined as a reverse FCU, (see F@(l)).

The same basic cost estimate rationale is msed as for the
FCU. Also, the same cost equation applies as for the FCU except
that the ECU active area is now C2, and the number of ECU's is

N2. 1In $K:

F@(2) = 9.237 [c2 / 232,26]-8 x (N2) ~-152

where C2 = ECU Area
N2 = Total Number ECU

Fuel Cell Stack (FCS) Cost

This function consists of the assembly and test of the FCS's. For
each FCS the individual FPCU's are interconnected, electricaliy
and mechanically to form the basic stacks. These interconnects
involve the electrodes, the Hz,,and 02 and Hzo port5,~and the
stack compression lugs. The thermal control components and con-
densers are added to the stacks. Then, the stack housings’ére,—’
added, and each stack assembly is subjected to functional testing
usiqg simulation equipment which provides variable elgétrical
loaé. the required O, and ﬁzgvthe H,0 interface, and ﬁhe required
variable heat sink. The simulation equipment also measures all
pertinent parameters such as current, voltage, temperature, gas

-and liguid flow rates. Once the integrity of the stacks is
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2 i established, the completed stack is subjected to a vibration and
‘§E ; stock test at proof levels, (operational levels plus 30%), with
é : the simulation equipment operating and recording. A thorough data

.
¢
N
?,5
3
3

analysis and physical inspection is made and results are logged
for each of the stacks by serial number. (Earlier, logs are also
establigshed for each FCU by serial number and stack location.)

Ag ; The costs included in this element include the (1) cost of

N the basic FCU's for the total subsystem, (2) the manhours required
for assembly, test and inspection, and data records, and )
(3) the process equipment consisting of stacking jigs, handling

equipment, simulation equipment and recording, computation and
print-out of data.

The cost of the subsystem FCU's is the average unit cost,
F@(l) times the numbers of FCU's required for the subsystem, N1l
o or, FF(1) x (NL). | i
X ; : The labor manhours are assum;d to be both a function of
| - numbers of FCU's (N1l) and the total weight of FCU's, (N1) (Wl). .
B At 3.33 manhours/FCU and 1.73 manhours/kg: !

Cost (labor = .25(N1) + .13 (N1) (Wl).

r §[ i The cost of materials and components is basically the cost
R of FCU's (N1 (F@(1l)) times l.1 to cover cost of housings, mis-
' '{; cellaneous mechanical and electrical interconnects and interface

(- % ’ hardware.

Lol Cost (M&c) = 1.1 (N1) (F@ (1))

: ‘i i ' ‘ The cost of process equipment is based on historical data and
; ‘i engineering judgment.

Cost QP.E.)\- $525,000

ngf o ~ In $K, the overall cost relationship for the FCS function is:

i F@(3) = .25(N1) + .13(N1)(Wl) + 1.1 (N1) (F@(1)) + 525
" 1 | where Nl = Total Number FCU
Ec f B Wl = FCU weight
: i F@(1l) = FCU total production cost
s .
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F@ (4):

F@ (5):

Electrolysis Cell Stack (ECS) Cost

This function conzsists of the same operations as for the FCS,
(F@(3)) except that the simulator will provide input power, simu-
lating the solar array/93 chargers.

The development of the cost estimate is identical to that
for the FCS, except the numbers of ECU's symbol is N2, the ECU
weight is W2, and the unit cost is F@(4). Therefore, in $K:

FE(4) = ,25 (N2) + .13 (N2)(W2) + 1.1 (N2)(F@(2)) + 525

where N2 = Total number ECU
W2 = ECU weight
F@(2) = ECU total production cost

Fuel Cell Power Module Assembly Cost

This function consists of (1) mounting FCS and ECS modules

and p3 chargers on the thermal control acti&e radiator (which
gserves as heat sink as well as the subsystem structure), (2)
interconnecting, mechaﬁically and electrically, the FCS modules
and the ECS modules, (3) preparing the H2 and 02 and H20 inter-
faces for mating (in the next production fqnction) and (4) func-
tionally testing each power channel. Jhe testing will consist of
simulating power input to the ECS modules, power output from

the FCS module, 02, H2 and H20 feed, and thermal control functions.

These functions are performed on each of the N electrical power

modules.

Logs will be maintained by component serial number of all

ihspection/test data.

It is estimated that 2.2 technician and inspection manhours
are required per kg of weight to perform the functions described
above. The cost of 2.2 manhours, at $20/mh is developed as

follows:

R o O S o)
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’ 2.2 mh/kg x $20/mh = $ 44/kg
Fringe @32% =- 14
O.H. @l125% = 55
0.D.C. @lo% = 4
E Labor S/T $117 !
; . Pgm Mgt @5.8% - 7
IS SEGI @4.8% = 6
1 g $130
bt GEA @15% = 20
s/T $150
; | Fee @l0% = 15, g
= TOTAL $165/kg
"J The cost of labor is, (in $K):
C(labor) = (.185) x ]1iN3) (W3) + (N4) (W4)]
| : f It is estimated that the cost of materials and components
} ; [i is $540 per kg of FCS and ECS weight. This cost covers the 93 €
F Ji ’ chargers, the thermal active radiator control, miscellaneous |
é thermal control lines, valves and control components (sensors ;
Eo , and actuators), miscellaneous mechanical and electrical inter- :
‘ : connects and gas and water 1ihes required to provide interface
r f ¥ with the AE. The cost of M&C is, in $K:
( ‘C(M&C) = .54 [(N3) (W3) + (N4) (W4))
é % : The cost of process equipment for this is estimated as
;; »é T $607,000. The total cost estimate for this function is, in $K:
F@(5) = 200 * N5(1) A .848 + .705 x [ (N3) (W3) + (N4) (Wd)] + 607
'; { - where N5(1) = Number of p3 chargers
; 1 ¢é o N3 = Total FC stacks
yo QE . k w3 = Average FC stack weight
'é E P%~ . . w4 = Average EC stack weight
it b
I £ . F@(6): Fuel Cell Ancillary Equipment (AE) Cost Z
%g § L T This function consiéts‘o% (1) the proﬁﬂfement, manufacturing '
E' ; - and assembly of the common HZ/OZ/Hzo tank, valves, pumps, com=
F pressors, tubing and manifolds and miscellaneous hardware, and
- ? . B (2) testing and inspecting of the subaésembly‘prior to subsystem
E ;g i - : » 77
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assembly. The testing will require simulation equipment and proof
pressure testing to assure subassembly physical and functional
integrity. Tast logs will be maintained by component serial
number.

The basis for the cost of the ancillary'équipment (AE) is
the STS Orbiter Propellant Reactant Storage and Distribution
(PRSD) assembly of the electrical power subsystem. The PRSD
subcontract cost for vehicle 3 was $840,000 in 1978 dollars. This
agssembly provides the Orbiter fuel cells with 02 and H2 system,
and it stores 02 and H2 crogenically. Also, the PRSD is sized
to hold approximately seven days of reactants at a use rite of
7 kW, or 1176 kwh. This gives $840,000 + 1176 kwh = $714/kwh.
The féllowing adjustmeiits are made to this coOst parameter.

} Cost Adjusted Cost
PRSD - . _Factor . Parameter
1978 dollars $ 714/kwh
1980 dollars 1.18 843
Cryogenic, not gas , .70 590
No electrolysis 1.70 1003
$ 7021/kwh

Comparatively short life ; 7.00

The basic cost relationship of $7021/kwh is used for the ESS.
This basic cost represents a baseline tank pressure of 63 kg/cm?
for 02 and 18 kg/cm2 for‘H2
weight (dry) of 598 kg. To adjust for variation in weight and

pressure, both of which are cost drivers, the cost relationship

I,Vér an average 41 kg/cmz, and a system

becomes §.29 per kwh per kg/cm2 per kg.

An estimate of $50,000 for the 25 kW subsystem is made for
the cost of the simulation and pressure test equipment and for

assembly jigs and handling equipment.

The cost relationship for this cost element is, in $K:
F@(6) = .0175 x P7 x [pe(l)/zs.lé) A 1.6,] x [(L3/43830) A .9]
where P7 = Total ESS output power (W)

P6(1l) = Hz storage tahk préssure
L3 = Expected pump life
78
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F@ (7):

Fuel Cell Subsystem Assembly Cost

This function congists of the assembly and testing of the complete
subgystem. The assembly consists of (1) structurally connecting
the power channel thermal plate/structures together to form the
polygonic-shaped subsystem structure, and attaching the stiffener
plates and thermal control channel interconnects, and (2) instal-
ling the AE assembly and making the necessary electrical, gas

and water interconnections to the FCS, ECS and P3 components.

The subsystem will be serviced with the required amount of
reactants.

Testing will consist of oparaticnal simulation of solar
array power, load, and environmental conditions. The environ-
mental condition simulation will include shock, vibration, and
thermal/vacuum conditions expected in space transportation and
mission operations.

Inspection/test data will be taken and analyzed before and
after the environmental testing. Again logs will be maintained
on all components as required.

It is estimated that 1.17 technician, inspection and engi-
neering manhours are required per kg of weight to perform the

functions described above.
C(labor) = ,087 (W7)

The cost of materials and components is estimated to be $85
per kg. of subsystem weight. This cost covers the miscellaneous
haxﬁware required to interconnect, mechanically and electrically,
(1) the power channels and (2) the AE with the power channels,
including the reactants. In $X:

C (M&C) = .085 (W7)

The process equipment includes jigs, fixtures and handling
equipment and the test equipment and facilities required to
perform the required vibration, shock and thetmal/vacuum tests.
The cost is estimated to be $1,329,000. In $K: |
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C (P.E.) = 1,329 ;g -
The total cost estimate for this function is, in $K: i

F@(7) = .087 (W7) + .085 (W7) + 1,329 i 1
where W7 = Total ESS weight '

F@ (8): Fuel Cell Acceptance and Transportation Cost Ty

This function consists of (1) running a series of subsystem .
operational and environmental simulation tests, (2) a thorough .
review of all test/inspection data by the contractor and by

the procuring agency, and (3) final cleaning and preparation

for sﬁipment to the launch site.

PR e waEie T e STEETTR AT e TS S S

It is estimated that 4.27 mh per (FCU + ECU) and 2 mh per kg
f of AE will be required for test and data collection and analyses, g i
and subsystem handling during test and in preparation for ship- ? |
ment. At $75/manhour, the labor cost equation in $K is:

b TR e

C (labor) = .32 (N1 + N2) + .150 (W6) P

The cost of special equipment (transport cannister) is esti- i

inated as $43 per kg of subsystem weight. In $K: A
C (S.E.) = .043 (W7)

‘ The cost of process equipment is estimated to be $694,000.
The cost of Earth transport is typically $2/kg of weight shipped.

: , The total cost estimate for -this function is, in §K: i

% FA(8) = .32 [(N1 + N2) ] + .15 (W6) + .045 (W7) + 694
where N1 = Total number of FCU R
N2 = Total number of ECU

Aargshinsitns

W6 = Ancillary equipment weight (kg)
W7 = Total ESS weight

a5
-

F@ (9): Fuel Cell Prelaunch IntegratiQn and Checkout Cost >}

This function consists of launch site activities up to actual

launch. The activities include: (1) launch site receiving ‘ [+

inspection, (2) pre-integration functional tests and




[ —

g e

F@(10):

FA(11):

preparations for Shuttle integration, (3) Shuttle integration, g
(4) pre-launch integrated checkouf, and (5) final servicing and
launch countdown subsystem monitoring.

From historical data, prelaunch integration and checkout
{(or launch operations) requires .52 manhours of technician and
QA labor per kg of subsystem weight. In $K:

C (labor) = ,039 * W7

The cost of handling and testing equipment is estimated to

C (P.E.) = 60

The total cost estimate for this function is, in $K:

F@(9) = ,039 (W7) + 60
where W7 = Total ESS weight (kg)

LEO Space Transport Cost

This function consists of delivery by Space Shuttle of the ESS to
LEO (444 km, circular, 56° inclination).

For delivery to this orbit by Shuttle the cost of $31M
provides a total payload capability of 15,578 kgs, or $1990/kg.

C (LEO XPORT) = (1.99) (W7) (K8)

where K8 applies if, 14,136 (S7(1)) * (W7) > 1 else K8 = ] ;
K8 = Wt./Vol. determinant §
S7(1) = Subsystem length (Cm) i
W7 = Total ESS weight (kg) f%

Fuel Cell Space Deployment, Checkout Cost Estimate

This function consists of the deployment of the ESS (LEO mission i
only) from the Space Shuttle, performing any necessary assembly »
of the subsystem, integration of the subsystem with the SSPS and

performance of final subsystem and integrated system checkout to
verify operational readiness. This is a manual operation as

opposed to automated.
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It is estimated that .044 manhours per kg of astronaut

e

assembly and inspection time will be required to perform the
assembly and checkout functions. At $250 per mh, in $K, the
cost is,

P

FP(1l) = .01l (W7)

W7 = Total ESS weight (kg)

F@(12): LEO/GEO Space Transport Costs

For delivery to GEO by Shuttle/IUS the costs are developed as P
follows: i

»

Shuttle costs to LEO (160 N.M,)* = $51100/kg L
Two-stage IUS, cost* = $11.58M =
Wt of IUS** = 14,515 kg .
IUS payload** = 2270 kg to GEO from 160 N.M. ,;

Assume that ESS will share the IUS with other subsystems/
components of the GEO SSPS. The weight to LEO (160 N.M.) by
the Space Shuttle is:

W (LEO), 160 N.M.) = W (ESS) + W (Ius)
v Under the sharing assumption,
: W (IUs) = (14,515 & 2270) { W(ESS) )

Therefore, ‘ ; i
W (LEO, 160 N.M,) = W(ESS) (1 + 6.4)
= 7.4 (W(ESS))

C (LEO, 160 N.M.) = (1.1) (7.4) (W(ESS)) £
= $8.14 (W7)

* "Methods of Estimating and'Evaluating the Cost Impact of Shuttle Charges
for GSFC Payloads", PRC/GSFC Contract NAS5-22699, dated May 4, 1979.

&

|

i

5

‘ The cost to LEO, in $K:
*#"STS Space Transportation Handbook", JSC, June 1977.
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.
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i The cost to GEO from LEO, in $K:

C (GEO) = $11,580 ¢+ 2270 = $5.1 (W7)

E The total cost to GEO, in $K: A
C (GEO XPORT) = 13.24 (W7) 1

AN
S Finally, in $K:

F@(12) = (W7) 15.1 + 8.14 (K8) )

| where K8 = 14,136 (S7(1)) + (W7) > 1
o else K8 = 1

E i K8 = Wt./Vol., determinant

| . and S7(1)= Subgystem length (cm)

| .+ W7 = Total ESS weight (kg)

3.5 O&M Phase of the LCCM

) ; : i
| The O&M flow diagram is shown in Exhibit 3-6, and is applicable to both H
| battery and fuel cell ESS. |

=g

The assumptions made in developing the O&M CER's were: |

® The LEO SSPS/ESS will be operational for thirty years,

e Overhauls will be accomplished periodically at the battery mgdule, j
fuel cell stack (FCS) and electrolysis cell stack (ECS) levels (of
assembly) by astronaut technicians.

.. Scheduled (preventive)’maineen;nce will be performed by astronaut

technicians.

i
E
|
|

e Unscheduled maintenance will be performed based on random failure

 rates. Repair will be limited to the module or stack levels (as above).

[o—

e Cost 6f training will be $250,000 per O&M trainee. Astronaut attrition

o

| { ‘ will be 25% per year.

e Each astronaut round-trip to space,is based on 600 kg per astronaut

(includes life support, equipment and expendables)

T D B
ancie ok

S ® Astronaut costs will be $250 per hour; a six hour work day and 5 day ‘

work week are assumed.
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e Maintenance manhours required will be as shown in the following table:

Maintenance Manyears Required

LRt

Battery ESS Fuel Cell ESS
Preventive Maintenance (per year) .002 per Module +144 per 72 FCS g
+ ECS !
‘ Random Failures (per year) .001 per Module .032 per 72 FC3 .
+ ECS B
pverhaul (per overhaul) .0015 per Module +324 per 72 FCS o |
+ ECS :

e Space Transportation of astronauts and spares will be baseh on $1990 _
per kilogram to KEO, (444 km, 56° inclination). -

|
J
|
|
J
|

' j e The GEO SSPS/ESS will be operational for 5 years, with ESS monitoring
and control accomplished by an earth-based engineering function.

The following sections discuss the battery ESS Q&M costs (3.5.1) and the ,
fuel cell ESS costs (3.5.2). 5

AT o

3.5.1 Battery ESS O&M Costs

The OsM of the battery ESS consists of cost elements F2(l) through F2(4):

¥2(1) = OsM Spares Costs
' F2(2) = O&M Training Costs
* ‘ F2(3) = ‘O&M MaintenancekrunctiOns Costs

ebaeniag i

F2(4) = O&M Space Transportation Costs
The following sections discuss sach of the above cost elements

F2(1): O&M Spares Cost

This function consists of the production of spare battery modules ) ;
to support (1) periodic space overhaul and (2) random failures.
£ The function does not include space transportation (see F2(4)).

The cost of spares is a function of number of overhauls
(mission life + component life - 1) and the random failure rate.
The basic spares element is the battery module (NiCd or NiH,). 7
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# spares for overhaul = N8 - 1
# spares for random failure = (l8) (S5(1))
let 55(2) = N8 - 1 + (NB)(S5(1))
= total number of modules for spares

The cost of spares, therefore, is in $K:

F2(1) = S5(2) ( F@(2) + FA(3))
where F@(2) = production cost of cells and cell matching

F@(3) = production cost of battery module assembly
N8 = Number of battery hardware life cycles

S5(2) = Total number of modules for spares

F2(2): OGM Training Cost

This function consists of the training of astronauts to perform
; the OaM functions of (1) routine maintenance and sexvicing, (2)
: repair of random failures and (3) overhaul of the ESS at stated

periods.

The cost of training is a function of astronaut manyears
required over the life of the ESS, and the estimated attrition
r ate 1 3 [
® Routine maintenance par year will require .002 manyears
© per module
e Random failures per year will require .00l manyears per
module failure
® Overhaul (on a per year basis) will require .0015 manyears
per overhaul.
‘ The coat of this element, in $K:
F2(2) = (.25)(.25)(S5(3))

where .25 is cost/trainee ($250,000)
.25 is estimated attrition rate
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F2(3):

F2(4):

(L1) (.002(N2)(U) + ,001 (N8) x CEIL((N2)(U)(S5(1)) +

§5(3) =
.0015 (N8 - 1 (N2) (V)
$5(3) = Total astronaut manyears
Ll = Total number of channels
N2 = Total cells in parallel
u = Number of modules per channel
S5(1) = Random failure rate
N8 = Total number of subsystem sets required over Ll.

Q&M Maintenance Functions Costs

This function consists of the cost of labor (at $250/manhour)

required to perform the O&tM functions of (1) routine maintenance

and servicing, (2) repair of random failures, and (3) overhaul at

the required intervals. It does not include spares costs, training

costs nor space transportation costs,

The cost of maintenance functions is at 130 hours per month
and $250 per manhour is, in $Ki

F2(3) = 390 (S5(3))

where 55(3) = total astronaut manyears (see F2(2))

0&M Space. Transportation Costs

This function consists of the space transportation costs involved
with astronaut crew cycling (3 months in space per astronaut
between R&R) and delivery/retrieval of spares/failed parts.

The cost of space transportation is a function os: *
° 55(35 = total,astronaut,manyéazn
e iumber of trips to/from Earth per manyear = 4
e Weight per astronaut = 454 kg/trip
° Cost‘per kg space transport = $1990/kg
The cost of crew transportation is

C (crew) = (S£(3)) (3.6)
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b where 3.6 is transport cost per astronaut manyear
‘ S5(3) = total astronaut manyears
The cost of sparés/failed parts transportation is a function
of the weight of spares required for replacement of random failures
é %% and overhaul.
S W (spares) = (S5(2)1(4(2)) (K6))
The cost of space transportation in $K is:
F2(4) = 3.6(S5(3)) + 1.99 (K6) (S5(2)) (s4(2)) (N2) (U)
) where S5(3) = total manyears
S5(2) = total number of modules for spares
° S4(2) = weight per module (kg)
Ké = yvolume constraint factor (see F@(8) for
. : battery ESS)
@ n | N2 = total cells in parallel
4] = number of modules/battery
3.5.2 Fuel Cell ESS O&M Costs | :
r % The 0sM of the fuel cell ESS consists of cost elements F2(1) éhrOugh

\ , F2(4):

" ? F2(l1) = O&M Spares Costs
B F2(2) = O8M Training Costs
F2(3) = OsM Maintenance Functions Costs

F2(4) = O&M Space Transportation Costs
; ; The following sections discuss each of the above cost elements.

F2(1): O&M Sparés Cost

Y Co \ : , This function consists of the production of FCS, ECS and AE spares
.l to support (1) periodic space overhaul and (2) random failures.

The function does not include space transport.

-2
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The cost of spares is a function of number of overhauls,
(mission life ¢ component life - 1) and the random failure rate.
The major elements are the FCS's, ECS's and components of the AE,
such as pumps, vaives and filters.

The number of FCS's required for overhaul = (N3) (Ng(1l)). The
nunber of ECS's = (N4) (NP(2)). The overhaul of the AE is assumed
to be 208 of the components.

The cost per unit FCS and ECS is'the cost of the FCS and ECS
functions divided by the numbers of FCS & ECS, respectively:

Cost per unit FCS = F@(3) ¢ N3
Cost per unit ECS = F@(4) ¢ N4

Also,
Cost of 20% AE = F@(6) (H6 (2))
where H6.(2) = .2

Therefore,

®

The total cost of spares for overhaul:

C (overhaul) = (F@(3)) (N@(1) -1) + (F@(4)) (N@(2) - 1) +
(H6 (2) (F@(6)) (N@(3) =1)

The cost of spares required to support random failures is a

function of random failure rates.:

C (random failure) = (K3) (F@(3)) ((L1) + (L3)) +
(K4) (F@(4)) ((L1) =+ (L4)) +
(K6) (FF(6)) ((L1) + (L6)) (H6(1))

Where K3 = FCS random failure fraction
K4 = ECS random failure fraction
K5 = AE random failure fraction

H6(l) = .1

which represents the average cost of repairing the AE.
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F2(2):

The total cost of spares, in $K:

F2(1) = (F@(3)) (N@(1) -1) +
(FB(4)) (N@# (2} -1) +
(H6 (2) ) (F@(6) (NB(3) - ) +
(K3) (F@(3)) (NA(L)) +
(K4) (F@(4)) (N@(2)) +
(K6) (F@(6)) (N@(3)) (H6 (1))

where
Fg(3)
N@(1l) = number of maintenance cycles (FCU)
F@(4) = ECS total production cost
N@ (2) % number of maintenance cycles (ECU)

FGS total production cost

H6 (2) = overhaul replacement factor

F@(6) = ancillary equipment total production cost
N@(3) = number of maintenance cycles (pump)

K3 = FCS failure rate fraction

K4 = ECS failure rate fraction

K6 = AF failure rate fraction

H6 (1) = failure replacement factor

O&M Training Costs

This function consists of the training of astronauts to perform

the O&M functionkin space. The function consists of (1) routine

maintenance an&iservicing, {(2) repair of random failures, and (3)

overhaul of the ESS.

The cost of training is a function of total astronaut manyears
required over the life of the subsystem and the estimated attrition

rate.

It is assumed that each FCS or ECS will require, for routine
maintenance, .002 manyears per year and the AE will require

.03 manyears per year. Therefore,

M.Y.(Routine‘uaint.)

= ,002 (N3 + N4) + .03

Year
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The repair of random failures will be a function of manhours
per repair times the number of failurss per year. It is assumed
that an FCS or ECS will require .00l manyear per failure, and
the AE will require ,002 inanyear per failure.

M.Y. (Random Failure)
Year

= .001 (N3)(X3) +
= .001 (N4) (k4) +
-002 (K6)

Manyears per year for overhaul of the ESS will be a function
of number of overhauls and the manyears per overhaul. All FCS
and ECS units and 20% of the AE will require replacement at
overhaul. In this case, the manyears per year is estimated as
.0015 overhaul manyears per year, for each FCS and ECS, and .02
overhaul manyears per year for the AE. Therefore,

M.Y. {(Overhaul)
Year

= ,0015 (N3)(N@(1) -1) +
.0015 (N4) (N@(2) =-1) +
.02 (NB(3) -1).

The total astronaut manyears, H7; is the product of required
mission life, L1, and the sum of the above three equations:

H7 = ,002 (N3 + N4) + .03 +
.001 (N3) (K3) + %
.001 (N4) (K4) + .002 (K6) +
40015 (N3) (N@(1) -1) +
.0015 (N4) (N@(2) -1) +
.02 (N@(3) - 1).

where
N3 = total FC stacks
N4 = total EC stacks
K3 = FCS failure rate fraqtiont
K4 = ECS failure rate fraction
Ké = AE failure rate fraction
_N@(1) = number of maintenance cycles (FCU)

Par Ty
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F2(3):

F2(4):
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N@(2) = number of maintenance cycles (ECU)
N@(3) = number of maintenance cycles (pump)

H? = .002 (N3 '+ N4) + .03 +
.001 (N3) (K3) +
.001 (N4) (K4) + .002 (K6) +
.0015 (N3) (Ng(l) = 1) +
.0015 {N4) (Ng(2) -1) +
.02 (Ng(3) = 1).

The total cost of training, at 258 attrition, and $250,000
per training is:

F2(2) = 062.5 (H7)

O&M Maintenance Functions Costs

This function consists of the cost of labor (at $250/space manhour)
required to perform the 0&M functions of (1) routine maintenance
and servicing, (2) repair of random failures, and (3) overhaul of
the ESS. It does not include cost of spares or training, which are
covered in cost elements F2(1l) and F2(2).

The cost of maintenance functions is, at 130 hrs/month and
$250/mh, in K$

F2(3) = H7 (390)

Where H7 = total astronaut manyears.

O&M Space Transportation Costs

This function consists of the space transportation costs involved

with astronaut crew cycling (3 months in space per astronaut)

and delivery/retrieval of spares/failed parts. '
The cost of space transportation is a function of:

e H7, total astronaut manyears

e number of trips to/from Earth per manyear ( = 4)
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vi, weight of astronaut per space trip, (450 kg)
e cost per kg for space transport, $1500 per kg.
The cost of space transportation of O&M crew is:
C (crew) = 3,6 (H7)

The cost of space transportation of spares is a function of
the weight of spares required for replacement of random failures
W(SRF) and for overhaul W(SOH):

W(SRF) = (W3) (N3) (Ng(1)) (X3) +
(Wd) (N4) (N@(2)) (K4) +
(W6) (N@(3) (X6) H6(1)

W(SOH) = (W3) (N3) (N@(1l) =-1) +
(W4) (Nd) (NB(2) =1) +
(we) (Ng(3) =1) (H6(2))

Where

W3 = Average FC stack weight

N3 = Total FC stacks

Ng(1l)= Number of maintenance cycles (FCU)
K3 = FCS failure rate fraction

W4 = Average EC stack weight

N4 = Total EC stacks

N@(2)= Number of maintenance cycles (ECU)
K4 = ECs failure rate fraction

W6 = Ancillary equipﬁenﬁ total weight
N@(3)= Number of maintenance (pump)

K6 = AE failure rate fraction

H6 (1)= Failure replacement factor

H6(2)= Overhaul replacement factor

Where H6(1l) = .1 and H6(2) = .2
The cost of space transgoxtation of spares and crew is
F2(4) = (3.6) (H7) + (1.99) ( W(SRF) + #(SOH) )

Where H7 = Total astronaut hanYear
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3.6 Interface Subsystem Costs

To provide a more complete estimate of the total life cycle for a given
ESS, the costs of three interfacing subsystems are also included in the ESS
LCCM. These subsystems are Solar Array, Thermal Control, and Power Conditioning.
The resultant interface costs are for only those elements required to interface
directly with the ESS. For example, the solar array cost reflects only the
solar array power required to charge the ESS, and does not include any addi-
tional solar array to support othe: p@ﬁer functions. The solar array costs
are based on data from the Silicon Solar Array Study for LeRC (NAS3-21926).

The LEO costs reflect two l5-year hardware life cycles. The GEO costs include
one hardware life cycle of five years plus transportation to GEO using the
Shuttle/IUS combination. The thermal control costs are based on data from
"Study of Thermal Control Systems for Orbiting Power Systems, Book 1, Executive
Summary" by Vought Corporation. The power conditioning costs are based on
cost data for the same P3 Programmable Power Processor which is used for the
charging units.

3.7 Baseline ESS LCC and LCCM Relationships

The baseline ESS designs and the parameters that represent the designs are
presented in Section 2.0; Exhibits 2-15, 2-16, 2-17. The corresponding LCC
for the baselines are shown for each cost element of DDT&E, Production,
O&M and the interfacing subsystems in Exhibits 3-9, 3-10 and 3-1l. Exhibit 3-12
provides a summary level LCC showing totals for DDT&E, Production, (manufacturing
and space transport), O&M (basic O&M and O&M space transport) and interfacing
subsystems. Note that the DDTSE costs for a N1H2 ESS is lower than .that for
NiCd due to the lower NiH2 ESS weights.

A listing of all cost element CER's: (DDT&E, Production, O&M) for the

Nicd and»NiHé battery ESS and the fuel cell ESS are included in Appendices B

thru D respectively. Appendices B thru D also include the performance model

logic for the respective ESS's,
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o vmcd BATTERY
/8 FOWER e N IN) R, ToTAL
(kW) PRODUCTION O&M SURGYE. Lce
MANU  XPORT | BASIC XPORT '
28 LEO 1 " s 23 100 241 394
50 LEO 14 10 17 40 199 418 704
100 LEO o 28 2 72 91 71 1276
280 LEO ol 61 %5 168 968 1528 28238
25 GEO 9 9 e 5 - 18 728
A . . 1
8. NiCd Battery Baseline LCC
rom “NIH 5 BATTERY 4
S POWER — : INTER, TOTAL
kW) _LRODUCTION e OM __ SUBSYS. Lcc
MANU . XPORT BASIC XPORT :
25 LEO 8 a | 18 0 241 ais
80 LEO 1 o | 748 4238 554
100 LEO 18 18 42 49 I 736,85 9788
2850 LEO 28 455 93 365 | 15498 2113
| {6 GEO 7.8 24 5 - 21 61
b, NiH2 Battery Baseline LCC
. il e FUEL CELL /ELECTROLYSIS CELL
S POWER : ; , INTER, TOTAL
(kW) DDTAE FRODUCTION . oM SUBSYS. “Lee
i MANU  XPORT | BASIC  XPORT !
25 LEO 6 | 4 2 11 341.6 4425
60 LEO 24 28 8 56 22 6085 7445
100 LEO 34,5 485 1 99 42 1059 1259
280 LEO 555 | 108 40,5 215 105 2207 2728
28 GEO 65 5.5 11 5 - 27 50.5
¢. Fuei Call Baieline LCC
i
NOTES: :
! G ) i
e COSTS ARE 1980 $ IN MILLIONS, ;
e PRODUCTION LCC WAS DIVIDED INTO MANUFACTURING $, AND SPACE TRANSPORTATION {XPORT) §. ¢

e O&M LCC HAS BEEN DIVIDED INTO BASIC O&M S, AND SPACE TRANSPORTATION (XPORT) §.

SSLTEL N TR GO

[/ ¢

Exbibit 3-12
4
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4.0 TECHNOLOGY VARIATIONS vs LIFE CYCLE COST %

4.1 Qgplral

This section summarizes the analysis and results of using the ESS Battery
and Fuel Cell Performance/Cost Models, which are described in Sections 2 and
3, to quantify technology variations vs Life Cycle Cost. Conclusions to be
drawn from the study results are valid in the vicinity of the various baselines ﬁ
under the assumptions, requirements, and scercrios of this study report. 1In
other words, dependences and trends should be emphasized rather than actual
numerical results.

P ““mww ROREL. T

4.2 Methodology

The study resultswere achieved by addressing each technology area sepa-

. rately and varying key echnology related parameters in the models to determine
the resultant variations in life cycle cost. The variations in numerous
performance parameters were also observed. This was accomplished for LEO

> ' ; power levels of 25 kW, 50 kW, 100 kW, and 250 kW, and for a GEO power level

" of 25 kW. fhe basic methodology consisted of the followinga:

e

e Selection of technology input parameters to be varied.
i e Variation of one technology input parameter at a time.
e Determine resultant effect on performance and life cycle cost.

® Decermine relative magnitude of effect on LCC.

. . g e Plot and print in final format, the technology input parameters which
- e have the greatest effect on LCC. |
o |
& E E 4.3 Technology Parameters to be Varied
S I

With coordination, which included,comments from LeRC technical personnel,
the following list of technical parameters to he varied was established for

(TR ; ' both of the battery and the fuel cell subsystems:

;Aﬁ xé‘; | Batteries | | ‘ ~ 3
SN o voltage | PRECEDING PAGE BLANK NOT FILMED

; o t{j ' e Depth of Discharge (DOD) ' ‘




Temperature

Efficiency

Ampere-Hour

Thexmal conductivity
Charge/discharge rates
Reliability/cycle life

Size, shape, weight & volume

Fuei~09113>w/d§d£catcd electrolysis

Voltage
Gurrent density
Pressure

e

Temperature

Depth of Discharge (as couple)

 Heat traasfer and rejection

Cell :eiiability and operation life
Moisture removal and bumidity
Efficiency

Pumﬁ reliability and operational life
Size, shape, weight and volume

4.4 Major Technology Parameters

Appendix E contains the baseline printouts for the various missions and
power levels. For each b&ueline, a set of performance and life cycle cost
parameters are listed which describe the respective type of ESS (i.e., battery
or fuel cell). To perform a technology variation, one of the performance
parameters is varied and the resultant effect on life cycle cost is determined.
In terms of actual output, this means that the parameter is varied through
nine distinct values and a set of "baseline printouts" are generated, one
"printout" for each value of the varied parameter. The resultant output is
a nine column matrix with ESS parameters cortesponding to the list of para-
meter titles shown in the Appendix E printouts. ’ -

This is the basic process for determining the effect on a technology

variation on LCC (i.e., compute the nine distinct ESS configurations and

LCC's which result from varying a technology parameter over ning,distinct
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input values). As a result of this process, major technology parameters were
identified, which are discussed in subsequent paragraphs. Supporting data
for these parameters is contuained in exhibits which are in Appendix G.

4,4.]1 NiCd Battery Parameters

Approximately 30 NiCd battery performance parameters were evaluated to
determine their sensitivity vs LCC. It should be noted that these evaluations
were entirely within the performance envelope defined by state-of-the-art
tachnology (i.e., if DOD was varied, a corresponding change in cell life
resulted, the following NiCd Battery parameters were determined to have the
greatest impact on ESS life cycle cost.

NiCd Battery Parameter Appendix G Exhibit #'s

1. Depth of Discharge 1 [A~E]
(Capacity Variable)

2. Cell Life 2 I[A - E]
Capacity Variable)

3. Depth of Discharge 3 [A - E)
Capacity Fixed)

4. Cell Life 4 [A ~ E]
Capacity Fixed)

5. Raﬁed Cell Capacity 5 [A - E]

6. Hardware life 6 [A - D]
(Capacity Variable)

7. Discharge Current 7 [A - EI]

‘ (Capacity Variable) ’

8. Hardware Life ~ ’ 8 [A - D]

(Capacity Fixed)
4.4.2 N;ga Battery Parameters
As in NiCd, approximately 30‘NiH2 battery performance paramétérs were

evaluated to determine their sensitivity vs LCC. As a result.of these evalua-
tions, the same battery parameters as for NiCd were determined to have the

greatest impact on ESS'life cycle cost. These parameters and the corresponding

exhibits in Appendix G are listed on the following pages.

]
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Poo
NiH, Battery Parameter Appendix G Exhibit #'s
Py
1. Depth of Discharge 9 (A - E) Py
(Capacity Variable) ‘
2. Cell Life 10 (A.- E] ?%
(Capacity Variable) , B
& ‘!:.i:
3. Depth of Discharge 11 (A - E) -
(Capacity Fixed) R
4. Cell Life 12 (A ~ E) .
(Capacity Fixed) ! i
| 5. Rated Cell Capacity 13 [A - E) 1}
‘ ‘ 6. Hardware Life Cycles 14 (A - D]
: (Capacity Variable) )
» ;
7. Discharge Current 15 (A - E] #
(Capacity Variable) ‘
g 8. Hardware Life Cycles _ 16 [A - D) f i
' (Capacity Fixed)
1
4.4.3 Discussion of Battery Parameters LB
Since the same parameters were found to be the most sensitive to LCC, ?;
both the NiCd and NiH, parameters are discussed together in subsequent o
paragraphs. 3
, 4.4.3.1 Depth of Discharge (Capacity Variable)
The effect of varying the cell depth of discharge, while at the same time :
holding fixed the total cells in parallel (number of power channels) and L
: causing the rated cell capacity to vary, is shown in Exhibits 1[A - E] i
and 9 [A - E] in Appendix G. For both a NiCd and a NiH, battery cell, in- _ g
‘crqasing the DOD causes a decrease in cell life, which in turn causes an !
increase in tii2 number of hardware life cycles for LEO. This is reflected by a ' ‘:
: dramatic increas: in the OsM LCC. A secondary effect is a decrease in cell )
e » ’ . ¢ :
SR voltage, which causes an increase in the total number of cells. By allowing k v
v : the capacity to vary'at the same time, the;ratedchll capacity goes down. i
s'é : While the total numberioﬁicélls increases, the decrease in the weight per cell : { %
‘ fE : is greater, and thus the total ESS waight decreases. This causes a corres- Ly
;E v ponding decrease in production cost (and O&M cost, which is not readily :§
7§ o -
;| 102 | o
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apparent due to the overriding effect of uycle life).

For GEO, since there is only one hardware life cycle, there is no effect on
O8M cost. However, the effect on production cost is more pronounced. Both
the ESS weight and the space transport cost are greater due to differences in
the rated cell capacity between 25 kW LEO and 25 kW GEO. The resultant change
in cell life also affects the cell voltage, in addition to the other effects
which correspond to LEO.

4.4.3.2 Cell Life (Capacity Variable)

Exhibits 2 [A - E] and 10 [A - E] in Appendix G show the effect of varying
the cell life, while holding fixed the number of cells in parallel, thus
causing the rated cell capacity to vary. For LEO, this case is really a
mirror image of DOD with Capatity Variable. As battery life is increased,
the number of hardware life cycles decreases, causing a decrease in the O&M cost.
The resultant decrease in DOD, which must occur to allow the increase in life,
causes an increase in cell voltage, and thus a decrease in number of cells.
However, the decrease in DOD also causes an increase in Rated Cell Capacity,
which causes an increase in ESS weight, which in turn causes an increase in
production cost.

For GEO, the mirror image still cccurs. There is no change in O&M cost,
while the production cost increases. The change in ESS weight due to the
interaction batween rated cell capacity variations and total number of cells

is present. In addition the change in call vcltage is more pronounced, due to
the change in cell life. '

4.4.3.3 Depth of Discharge (Cépacitx Fixed)

For LEO, refer to Exhibits 3 [A - D} and 11 [A - D] in Appendix G. The
same basic comments for variable capacity depth of discharge apply here,
except for the effect of cell capacity variations. Changes in the DOD effect =
in turn = the cell life, tha number of hardware life cycles and the 0&M costs;
as well as the cell voltage pnd,the nunber of cells in series. With the cell
capacity fixed,'tﬁexnnmer“ofkcells in parallel varies which also‘effects
the total number of cells. The resultant, combined effect is that both the
total number of cells and the ESS weight decrease, which in tuxn raduces the

Production Cost. g
, It - 103
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For GEO, refer to Exhibits 3E and 1llE. Here the increase in DOD decreases
the battery life and the cell voltage, together which increase the number of
cells in series. However, with a fixed capacity, the number of cells in
parallel decreases, which has a greater effect on total number of cells,
which also decreases. This in turn causes the ESS weight and the production
cost to decrease. It should be noted that both the total number of cells
and the ESS weight are inputs to the life aycle cost model. Hence, the

decrease in total number of cells decreazes the life cycle cost directly, as
: well as indirectly through the ESS and other hardware weights. ‘

4.4.3.4 Cell Life (Capacity Fixed)

Exhibits 4 [A - D] and 12 [A - D] apply to LEO for this case. Here, the
cell life effects both the DOD and the number of hardware life cycles. The
resultant decrease in DOD for an increase in cell life, causes an increase
\ in the number of cells in parallel and a decrease in the cell voltage, which

in turn causes an increase in the number of cells in parallel. The combined
increase in total number of cells from both factors, results in a higher
B ESS weight and production cost. A decrease in cell life causes an increase
in the number of hardware life cycles which causes a decrease in the Q&M costs.
However, since both the total number of cells and the ESS weights are increasing,
, this also causes an increasc in O&M cost. The resultant net effect is an
‘ initial decrease in O&M cost as battery life is increased and then an increase
as the quantity and weights of spares increase during O&M. Hence, an optimum
cell life would be indicated for LEO, for a cell of a given capacity.

Exhibit 4E and 12E pertain to GEO. Since there is no space O&M éosts.
the initial decrease in LCC observed for LEC does not occur. Hence, the
message for GEO is to use the lowest cell life possible, which will allow the
highest DOD, which in turn will reduce the LCC.

4.4.3.5 R;ted Cell;Capacity

| :
;‘j ﬁ “For LEO, refer to Exhibits 5 [A - D] and 13 [A - D] in Appendix G. When
3 k the cell capacity is increased, the number of cells in parallei'aecreases.
A

This causes a corresponding change in the total number of cells and ESS weights.
However, there is an upper limit to the cell capacity due to the ESS power

104
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ylevél, which will cause this effect. Hence, the optimum cell capacity for a

given power level will increase as the power level increases. To go above

this optimum cell capacity for a given power level, does not further docrealc
the LCC unless the DOD is also decreased, in which case it would be possible

to increase the cell life, reduce the number of hardware life cycles, and hence
the O&M cost.

For GEO, refer to Exhibits 5E and 13E. Here the above statement con-
cerning the optimum cell capacity is quite evident because GEO does not
provide any advantage 1n decreasing the DOD or increasing the cell life as
discussed previously.

4.4.3.6 Hardware Life Cycles (Capacity Variable)

Exhibits 6 [A - D] and 14 [A - D] in Appendix G pertain to LEO. Here
the comments for an increase in DOD apply. The bottom line is that an increase
in hardware life cycles (i.e., planned overhauls causes a much greater increase
in O&M cost than the corresponding decrease in production cost.

This case does not apply to GEO, since the basic assumption involves
no hardware life cycles.

4.4.3.7 Disgharge Current~(Capacity Variable)

The corresponding LEO Exhibits in Appendix G are 7 [A - D] and 15 (A - D].
The basic effect for this technology variation is the increase in cell capacity
which must occur to accommodate the increase in diScharg; current. From there,
the same comments which apply to the cell capacity case apply here. The end
result is an optimum discharge current and cell capacity for a given power
level. While not shown in the exhibits, it would be possible to decrease the
DOD and further increase the cell capacity for a given discharge current, and

thus realize a corresponding benefit in O&M costs.

The corresponding GEO exhibits in Appendix G are 7E and 15E. Here again,

the same basic effect as for cell capacity would occur, while the O&M costs

would'not be a factor.
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4,4.3.8 Hardware Life Cy¢10| (Capacity Fixed)

For LEO, refer to Exhibits 8 [A - D) and 16 [A -~ D}. Inc:ea?ing the
numker of hardware life cycles has essentially the samc effect as increasing the
DOD. Hence, the same comments apply. The initially high OgM costs is due to
spares production cost and spares transport cost during O&M due to all quan-
tities and ESS weight. As the number of hardware life cycles increases, the
O&M costs increase due to the number of overhauls.

‘There is no corresponding case for GEO for this technology va:iat;on
(i.e., GEO has no planned overhauls or repair of failed equipment).

4.4.4 Fuel Cell Parameters

Due to the limitation of available data and constraints due to time,
not all of the fuel cell parameters were evaluated using the'same basic
methodology as for batteries. However, based upon an evaluatibn;of the
sensitivity of certain basic effects for a Fuel Cell ESS with respect to ICC,
it was possible to determine the major technology parameters. These were then
evaluated using the "baseline printout” methodology., The major technology
parameters for a Fuel Cell ESS are as follows:

Fuel Cell Parameter Appendix G Exhibit #'s”
1. FCU Current Density k - 17 [an - E]
2. FCU Voltage ‘ 18 [A - E]
3. FCU Active Area 19 (A - E]
4. FCU Life ~ - 20 [A - D]
5. FCU Maintenance Cycles _ 21 [A - D}

4.4.5 .biBCussiob of Fuel Cell ?afgméters

The major technology variation parameters vs ICC for a Fuel Cell ESS
are discussed in subsequent paragraphs. ‘

‘4.4.5.1 FCU Current Densit1§

Exhibits 17 [A - D] pertain to LEO for FCU Current Density. One effect
' of increasing the FCU current density is the resultant decrease in féu life.
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This in turn increases the number of FCU hardware life cycles and the O&M cost.
A second effect is a decrease in the number of FCU, which in turn causes a
decrease in both the ESS weight and the ESS production cost. However, due to
the rounding caused by selecting only even values of FCU current density,

the total number of ECU also varies, which in turn cause variations in the
solar array interxface cost. Unfortunately, these "artificial" variations in
the solar array cost are predominate compared to the changes in ESS production
and O&M costs.

Exhibit 17E presents the GEO case for FCU current density. Here there is
no effect on O&M cost. Hence, the production cost is greater; and as a
result, the ESS ICC decreases as the FCU density is increased. Again, the
solar array costs predominate.

4.4.5.2 FCU Voltage
For LEO, refer to Exhibit 18 [A - D]. Hgggkthe 1CC trend is to initially

decrease and then later increase as the FCU voltage is increased. Note that
the FCU life is held constant while the FCU voltage is allowed to vary. Note
also, that an increase in [(“’U voltage corresponds to a decrease in FCU current
density. This in turn causes an inc:ease in the total number of FCU, but a
decrease in the total number of ECU. The combined result is first a decrease

and then an increase in both the ESS weight and the life cycle cost.

In the GEO case, the same bqsic trends occur, with the exceptions: (1)
The total number of ECU's remain relatively constant, and (2) Initially the
FCU current density is limited to a maximum value.

4.4.5.3 FCU Active Area

Exhibits 19 [A - D] present this technology variation for LEQ. As

expected, the total number of FCU decreases as the FCU active area increases.

" However, this does not cause a significant change in ICC since the FCU is

only part of the total ESS subsystem. Consequently, even though a large
variation is observed in the quantity of FCU, this is not reflected in a large

change in ESS weight or LCC, since the ECU's and ancillary equipment are largely

unaffected.

For GEO (Exhibit 19E) the same basic comments apply as for LEO.
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4.4.5.4 FCU Life

For LEO, refer to Exhibits 20 (A - D]. In LEO, the FCU life effects both
the current density and the number of hardware life cycles. The effect on the
current density in turn causes an increase in the total number of FCU and ECU,
and the ESS weight. This in turn causes an increase in the production cost.
ihe decrease in hardware life cycles causes a decroq:o in the O&M cost.

Since the production cost increases while the O&M cost decreases due to an
increase in FCU life, there.is an optimum FCU life for a fuel cell ESS, at a
given power level.

There is no GEO application, since the FCU life is presumed to be the
same as the total life of the system.

4.4.5.5 FCU Hardware Life Cycles

Refer to Exhibits 21 [A - D] for the LEO application of these technology
variation. The number of hardware life cycles effects the O&M cost due to the
number of overhauls. The number of hardware life cycles also effects the FCU
life, which in turn effects the FCU current density. This leads to a reduc-
tion in the total number of FCU and%the ESS weight as the number of hardware
life cycles is increased. As a result, the production costs go down and the
O&M costs go up for an increase in the nunber of hardware life cycles. Hence,
an optimum number of cycles exist for a Fuel Cell ESS, which corresponds to
the optimum FCU life discussed in the previous paragraph.

. There is no application of this technology variation to GEO, since the
basic ground rule for GEO is no equipment overhaul and no repair of failed

equipment.
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(1) The LCC for a NiCcd ESS is approximately 2A that for NiH

5.0 CONCLUSIONS

As stated previously quantitative relationships and computer models were
developed which enable examination of the effects on life cycle cost resulting
from varying technical parameters of the subsystem.

~This section discusses the conclusions reached as a result of this study.
The conclusions are presented in three groups.

5.1 Battery Conclusions

Of all the variables analyied for the Battery ESS models (~30 for each
model) , eight were found to have a significant effect on life cycle cost.
Becuase of the strong similarity between the two battery ESS performance/LCC
models, the same conclusions apply to both NiCd and N.tH2 Batteries. Exhibit
5-1(a) presents these conclusions, with the eight parameters ranked according
to the relative ICC sensitivity in a LEO application. As can be seen, the GEO
application produces a different result. These parameters were rated simply
by the variation in LCC (max-min) which resulted during the technology varia-
tions described in Section 4. .

5.2 Fuel Cell Conetlusions

The fuel cell ESS conclusions are presented in Exhibit 5-1. There the
number of parameters "ranked" is five, of which two (Life and Hardware Life
Cycles) are really duplicates. As stated before, the smaller number of signi-
ficant parameters is due to two factors: (1) The fuel cell is only one of
three major items in a fuél cell/electrolysis cell ESS with ancillary equip-
ment; and hence, its "leverage" on ICC is smaller; (2) A lack of available
Fuel Cell ESS data, did not allow a complete and thorough evaluation of all

parameters. However, based upon the results which were achieved, it is believed

that few, if any, of the parameters which were not addressed, would have a
significant effect on ICC. Again, the results for GEO are different than the
results for LEO. .

5.3 'cher Conclusions

Three general conclusions were reached as the result of this study:

2° It appears that
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CONCLUSIONS: BATTERY DRIVING PARAMETERS 4
| , ___LCCRENITIVITY |
BATTERY PARAMETER LEO a0 ;
. 4 g 0 0 Wrsm— e ‘
DOD (CAPAC, VARIABLE) VERY STRONG STRONG o
LIFE (CAPAC. VARIABLE) VERY STRONG MODERATE |
DOD (CAPAC. FIXED) STRONG STRONG
LIFE (CAPAC, FIXED) STAONG STRONG
b CAPACITY . STRONG MODERATE.
¢ HAROWARE LIFE CYCLES (CAPAC, VARIABLE) 'MODERATE —
' DISCHARGE CURRENT (CAPAC. FIXED) MODERATE STRONG
HARDWARE LIFE CYCLES (CAPAC. FIXED) MODERATE -
: (o) ’
|
!
| CONCLUSIONS: FUEL CELL DRIVING PARAMETERS B
) | © LCCSENSITIVITY ;-
FUEL CELL PARAMETER - LEO GEO
‘ CURRENT DENSITY  MODERATE STRONG ]
Y VOLTAGE 'MODERATE MODERATE ]
: ACTIVE AREA WEAK MODERATE
UFE WEAK WEAK i
HARDWARE LIFE CYCLES WEAK - i
® o
f
] ‘ j
X OTHER CONCLUSIONS l
o NiCdLCC % 2X NiHpLCC 1
¢ FUELCELLLCC = NiHpLCC
P K N
; ¢ BATTERY DRIVING PARAMETERS HAVE A STRONGER EFFECT ON LCC THAN FUEL CELL DRIVING PARAMETERS :
o () ' ‘
po
s
o
- t, { :
- | | ‘ b
;. H . Exbibit 3-1. Conclusions ;
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‘ a greater depth of discharge is allowable for Niuz without a greater degrada-
| tion in cell life and a lighter weight for the Nin cell compared to the NiCd
; cell; (2) The ICC for the NiH, Battery ESS and the H,0, Fuel Cell ESS are
\ comparable. However, since the Fuel Cell ESS is less efficient, the solar array
;
1 interface cost is significantly greater for a fuel cell ESS, than for a N,ﬂl’z
F ESS; (3) The battery parameters are more ICC sensitive than fuel cell para-
%’ , meters, due to the greater complexity and a quantity of hardware in a Fuel
Call ESS as compared to a battery ESS.
¥
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6.0 RECOMMENDATIONS ~

During the course of this study, many potential uses of the ESS Performance
and LCC Models became evident, Some of these uses would be applicable with the
models as they are presently configured, while other uses would require modi-
fication and/or expansion of the existing programs. Exhibit 6~1 presents the
more significant uses/recommendations which are as follows:

e Vary Parameters Without Interactions

This recommendation has two potential applications. First, direct
effects on ICC for a given parameter could be determined. While this
would not be a realistic life situation, it would give valuable insight
into what are the primary effects for a given technology variation,
without reduction or masking by secondary effects (i.e., comparable

to theoretical efficiency of an electronic component or device).

A second application, although not entirely without interactions, would J
allow the insertion of hypothetical or agthal characteristics into an 1
'ESS model to determine the potential LCC benefit and/or compare com-

petitive technologies. = ﬁ

® Detarmine Potential LCC Savings vs Development Costs

This is very closely related to the application just discussed.
The point to be made is that the models in this study were constructed
based upon actual, state-of-the-art interactions between parameters.
Yet the use of these models must not be limited accordingly. Not only
is it important that models could be used to determine "design" type
trades for one given technology; it is equally important that competi-
tive technologies be compared with respect to ILCC.  In addition, it is
important that whoever is making a financial decision has the appro-
priate insight into the total picture. | |

R S R S

*

e Plan and Coordinate'Devq;ppmentlwest Programs

During the development of the ESS models discussed in this report,
it rapidly became very evident that the test data available was not
necessarily obtained with the total life cycle cost picture in mind.

PRECEDING PAGE BLANK NOT FILMED
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RECOMMENDATIONS

o VARY PERFORMANCE/CCoT MODEL PARAMETERS WITHOUT INTERACTIONS
(0.9.. VARY DOD WITHOUT EFFECTING LIFE) TO DETERMINE INDEPENDENT
LCC VARIATIONS

o USE PERFORMANCE/COST MODEL TO DETERMINE POTENTIAL LCC SAVINGS
VS DEVELOPMENT COSTS REQUIRED TO ACHIEVE DESIRED PERFORMANCE

o USE PERFORMANCE/COST MODEL TO PLAN AND COORDINATE UPCOMING
BATTERY AND FUEL CELL DEVELOPMENT/TEST PROGRAMS

e DEVELOP AN OPTIMIZED ESS DESIGN - MODIFY THE PROGRAM

o DEVELOP AN INTEGRATED ELECTRICAL POWER SYSTEM PEBFORMANCE/dOST MODEL

MISSION SOLAR ARRAY - ESS PDCS USER
o LEO o Si o Batteries e DC/DC e Varlstion in
Load Power
o GEO 0 GaAs (1 toN) o Fuel Cells o DC/AC
e Etc,

o DEVELOP A TOTAL SPACE PLATFORM MODEL

e DEVELOP AND USE A NiHa AND FUEL CELL DATA CENTER

~ Data Base

= Test Requirements

= Design Handbooks

~ Standard Cell Specifications

Exbibit 6-1, Recommendations

+
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Too often, only the individual cell was addressed; and even then, the
data available for the various cell performance parameters was not a
complete set. For example, even the NiCd data in NASA 1052 (Sealed
Cell Nickel-Cadmium Applications Manual), which is :nkoxccllont
reference, was a composite of a multitude of different tests, rather
than a planned and coordinated test program, implemented specifically
to provide a standard set of curves. Of course, this all goes back
to the independent development of various batteries and different
configurations over a long period of time, The point is, that given
a very limited budget, the models in this report can be used to
optimize the effective use of these monetary resources and achieve a
coordinate and complete result.

e Develop Optimized ESS

This recommendation has a very significant application. Given a
program which would provide an optimized configuration, it would be
possible to "work backwards" and arrive at a required configuration,
from a predetermined life cycle cost figure., This would allow a

Program Manager to control his program and it would assist the designer
to get the most out of the resources available to him.

e Davelop Inteq;ateqﬁgps Model

The ESS is only one part of the total electrical power syztem. It
is possible to optimize the _.C of a given ESS configuration and not
have an optimized LCC for the total power system. An integrated model
would provide the same capability on the EPS that was just discussed
for the ESS.

e Develop a Total gpace Platform Model

The same comments apply here as for the ESS and EPS models
respectively. Whi1§ it would probably become exceedingly more diffi-
cult to have a complete and accurate model for such a large application,
this problem could be minimized by a zcc,imgact analysis using integrated
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smaller models to determine the most significant technologies vs ICC;
and then structure the Space Platform Model accordingly.

° Dovc;op and;Ule a Niﬂefand Funl Cell Data Center

Most of the comments previously made cbncerninq’the planning and
coprdinating of deveiépment/test prograﬁl also apply to this'récommen-
dation. 'The point is that given limited monetary resources, it is
very important that técre,not be duplication or aignificant gaps in
k the respective data base. The models described in this répozt‘coﬁld

be used to determine the most significant parameters, and to priori-

tize what should be done if a choice must be made between two or more

competing courses of action.
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- ‘ 7.0 BIBLIOGRAPHY
; - An extensive bibliography was used during the performance of this study.
3 : The data sources and references listed in Exhibit 7-1(a~c) are only the major
SR ones which were ultimately used. It should be noted that a vast amount of
w ' data collection, research, and reading was involved in this study; and only
g,s after culling down to the items which were meaningful, was a bibliography .
e . constructed. Based upon the applicability of the respective documents,
Exhibit 7-1 is divided into five general areas: (1) General, (2) Batteries-
General, (3) Nickel Cadmium Battery, (4) Nickel Hydrogen Battery, and (5).
Fuel Cell., Again it should be stressed that the ESS Performance/LCC models
) constructed for this study are the result of synthesizing a myriad of rela-
i tionships from numerous data sources; hence only the key references are
!z
| contained therein.
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1.0 INTRODUCTION AND SCOPE |

Under contract to NASA LeRC, baseline Energy Storage Subsystems (ESS)
conceptual design is being developed for the purpose of determining 1,
the influence of varied technology on the life cycle costs of the
subsystems and 1ntg:£nc1nq elaments.

This specification defines &hﬁkroquircm.nts oti Energy Storage Subsystems
1 ; for 25,50, 100 & 250 kW pow.r'rangan, These subsystems are subsystems
of a hypothetical Space Services Platform System, (SSPS), created for

;:% . the purposes of defining missions, mission requirements and sub-
t systems/subsystem interface requirements.

) ‘ This is a top level subsystem specification. The relationship of
A this specification to the SSPS hierarchy of specifications is
‘ contained in Section 2.0. . §

2.0 APPLICABLE DOCUMENTS
2.1 The SSPS System specification tree is shown in Exhibit 2-1.

2.2 JSC 07700 Volume XIV, Space Shuttle Payload Accommodations,
September22, 1978.

, - ) 2.3 The applicability of other specifications, standards and other ' i @
documents is TBD, . P
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THERMAL CONTROL

SUBSYSTEM SPEC
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EXHIBIT 2-1. SSPS SPECIFICATION TREE EXHIBIT
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3.0 REQUIREMENTS
3.1 System Level Recuirements
These requirements apply to the system level (the Space Service
Platform System, SSPS) directly. The requirements cn the ESS :
Subsystem derive from the system level requirements and are E
specified in Sections 3.2 through 3.5. Verification requirements
are specified in Section 4.0.

3,1.1 System Lovnl Description

The purpose of the Space Services Platform System (SSPS) i
is to provide services to varied User Systems. The User '1
Systems may be engaged in materials processing, astronomy, |
solar system and earth obssrvation, life sciences,
communications, life support, and other operations. The

User Systems may be secured to the platform or docked for
servicing or short term operations.

The general concept of the SSPS is shown in Exhibit 3-1,
The subsystems of the SSPS, their functions and major
interfaces are identified in Exhibit 3-2, The User
Systems will interface with the SSPS subsystems as follows:

e Power Distribution and Conditioning - PDCS
e FEnergy Storage Subsystem - ESS
e Thermal control - 1TCS
e Structure/Mechanical - 8§MS
e Instrumentation - DS
® Operations/Maintenance - OMCS
e Gross Pointing Stability - (DS
, , PCS
3

B L st e T S %

N e i " Vs e T e




NOLLVINIIINOD LdIINOD SdSS 1€ LI9IHXT

W0UINCD B NOISHIOUS A

_ mMawdweo . M)
VAVG 'S GNVINNGD ¥
VMV IWTIVENLINULS
0WLN00 TYRYIHL \

FIWNOLS ADWINT.

sBugysle

DNINOLLIONGD B NCILNSINISIA B30

m

|

: | hm“_ \mww : ,xmmwu&w
7 3

Le -
A6

==
Sy

%
£
i




SPACE SERVICES PLATFORM SYSTEM

TCS

@ PROVIDE THERMAL
CONTROL FOR

»

_POES

o DISTRIBUTE,
CONDITION ELECT
PONER

25,50,100 OR
250kW
CONTINUOUS

SUBSYSTEMS AND
USER SYSTEMS /S
REQUIRED

OMCS

® OPERATE AND
MAINTAIN $SPS
AND USER
SYSTEMS

LEGEND:

————

ESS  ENERGY STORAGE
SUBSYSTEM

SAS  SOLAR ARRAY
SUBSYSTEMS

COMMAND AND
DATA SUBSYSTEM

SMS  STRUCTURAL
MECHANICAL
SUBSYSTEM

PCS  [PROPULSION AND
'CONTROL
'SUBSYSTEM

OMCS OPERATIONS AND
MAINTENANCE
CREW SUBSYSTEM

TCS  THERMAL CONTROL
SUBSYSTEM

POCS  POWER DISTRIBUTION
* - AND CONDITTIONING
SUBSYSTEM .

cos

ESS

o STORE
ELECTRICAL
ENERGY .

ROVIDE PONER
£0CS

3

sas |

® CONVERT SOLAR |

FACILITIES

ﬁ Fnusr

PCS
@ PROVIDE PROPULSION
AND CONTROL FOR

ORBIT ADJUST AND
ATTITUDE CONTROL

S———

T0 ELECTRICAL
USER ENERGY
SYSTEMS @ RESPOND 70 DRIVE
24200 POWER FROM SMS
SEEG) [ B
¢ PROCESS @ RECEIVE SWITCH-
oty i o
(] g \
C -‘;‘“31‘,’3% INSTRUMENTATION
e [
- DATA
~ SMs ‘ cDs
@ PROVIDE STRUCTURAL ® RECEIVE/TRANSMIT
MOUNT FOR SUB- DATA/COMMANDS
SYSTEMS AND USER @ PERFORM ANALYSES
SYSTEMS : ' ° ;%2‘{%8555“5/5"5
@ PROVIDE ATTITUDE A
R:w PONER FOR COMMANDS .
@ PROVIDE DOCKING COMMANDS

" |' SAS ATTITUDE

% A

EXHIBIT 3-2. SSPS SUBSYSTEM FUNCTIONS AND INTERFACES
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3.1.2 Mission Recuirements

I

The following charactaeristics shall be used in the system
and subsystem design.
3.1.2.1 General

e System operational 1985-1990
o State-of-art (1979) design
e Transportation to LEO: Shuttle

3.1.2.2 Orbit and Mission Parameters

®, LEO circular, 444 kM. Inclination 56°,
- Orbital period: #87.3 minutes.
- Time in sun: 54.0 minutes, mifimum
= Time in éclipse: 33.3 minutes, maximum
- Number in eclipses: 60,239/10 years.

3.1.2.3 Types of Energy Storage Subgy§;ems

This specification applies t¢ the energy storage
subsystem types and power ranges shown:

TYPE MISSION POWER LEVELS (kW, CONTINUOUS TO LOAD)
Battery 25 50 100 250 |
Fuel Cell 25 50 100 250

3.1.2.4 Load Power Requirements/bésigp ngpirements

The load (user) power‘requirements for 25kw, SOkW,
100kw and 250kW power levels are specified in the

following sections.

© 3,1,2.4.1 25kW Power Level Mission

(1) Mission Sggpirements

e Shuttle orbiter and payloads in
Sortie Mode. |
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e Free flying payloads including H
! Material Processing, Space
| Science, Earth Obnervatior, etc.
without shuttle.

e

o Provide 14kW at 30V nominal to
S support Orbiter and 11kW at 30V
T _ : nominal to spacelab/payloads through

f | : ~ Orbiter interface.

3 %% ' (2) Design Reguirements

o e

® Provide up tavZSkw at 30V nominal
to support payloads in free
flying mode for extended period of . 1
time.

N

i o 3.1.2.4.2 SO0kW Powgr Level Mission

mteten

(1) Missioh Reauiremgnts

e In Sortie Mode, Support Shuttle
Orbiter, Space Lab and associated
payloéds while on orbit with

R P P R Rt i

’ | . 25kW and 30V nominal. At same

; \ ' ~ time provide 25kW at 120V nominal

- ' to other payloads. ‘ |
l“ o : e Support free flying payloads with h
; 50kW at 120V nominal with a 30V bus 1

available for special or existing )

équipmeht. Total power not to

B ST

;
f 1% exceed 50kW average. ?ayioads
A § ” requiring this level of power
r;§ o include, Solar Terrestrial Cbser.,
'?5§ Public service, Space Science,
4

Materials Processing, etc., or -
combinations. ' ‘
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Support a limited manned
habitat for payloads requiring
specialists on board.

(2) Design Rcanirements

Provide 14kW at 30V nominal

to support Orbite: and 11kW at
30V nominal to Spacelab/payloads
through Orbiter Interface.
Provide additional 25kW at 120V
nominal to other payloads through

 a different interface.

Provide 50kW at 120V nominal to
user bus. Establish 30V bus for
existing 30V equipment. Total
powear to users not to exceed

50kW average.

td

3.1.2.4.3 100kW Power Level Mission

T et ol

(1) Mission Requirements

Support the Shuttle Orbiter in
the Scrtie Mode. Therefore, a
capability to supply 25kW-at

- 30V nominal at the Orbiter inter-

 face must be maintained.

Requirements for this power
level in the free flying maaé
inciude,the support of a mihhed
habitat, in addition to supporting

some of the payloads stated for

the lower power levels. Support
some base construction activities.
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4 (2) Design Requirements

® Same requirement for Shuttle
Orbiter support as stated for
lower power levels.

® Bus voltages same as for SO0kw
power level with total power of
100kwW,

3.1.2.4.4 250kW Power Level Mission

(1) Mission Requirements

e Missions involving manned
habitats and power consuming
activities guch as space base
construction, industrialization
of space, materials processing,

'etci

e Support the low voltage power
system of the Shuttle Orbiter
when it is attached.

(2) Desiqn Requirements

o Provide high power at high

voltage to the various activities

ranging from life support systems

to manufacturing machinery and
egquipment, spécial converters
must bg provided for special

requirements.
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3.2 Subsystem Performance and Intcrtacq'agauiromcntl and Congtraints
These requirements apply to the Energy Storage Subsystem (ESS)

the Space Services Platform System (SSPS); and have been darived

from the systam level requirements of Section 3.1,

3.2.1 Electrical Performance and Interface Requirements

3.2.1.1 ESS/SAS/PDCS Electrical interfaqes

The SAS shall provide electrical power to the
ESS and PDCS for energy storage, distribution
and conditioning. The PDCS will provide the
electrical power/energy to the Users Bus, :

The SAS shall provide electrical power to the
ESS and/or PDCS at the 2 axis drive/slip ring
assembly output. '

The fixed current options shall be implementable
during ground operations and/or in space.
The in-space‘caPAbility shall be achieved by

manual operations.

The #a:iable current options shall be imple-
mentable during ground operations (blanket level

or lower)

.Total power output to the ESS and PDCS shall be

as required by the system power requirements.

3.2.1,2 ESS Electricai‘Pgtférmance

Erlergy Storage. The ESS will receive energy
from the SAS during the time in the sun pbrtion
of the orbit (min. 54.0 minutes) and furnish »
energy to the,Pbsc during the time in the.
eclipse (max. 33.3 minutes). The amount of
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energy stored will be based on the energy balance

equation developed for the design configuration
chosen for each ESS mission power level. With
the anticipated solar array design, the input
povwer processor of the ESS must be cap&blc of
accepting voltage limits from 375 V DC open

circuit of a cold array at BOL to a fully loaded

array voltage of 180V, DC. at EOL. The ESS
will deliver energy to the PDCS within the
limits of 128vV. to 165 V. DC.

3.2.1.3 ESS/TCS Interface }
The ESS will have a major interface with the SSPS
Thermal Control subsystemg The power processors

and batteries or fuel cells and electrolysis unit
will réquire temperature controls within specified
limits., Heat loads will depend on the size of the
ESS. Mechanical interfaces must be determined
dnring ESS system design.

Sﬁructural/Mechanical/Thermal Performance and Interface

Recuirements and{Constraints

3.2.2.1 ESS-Structural/MechaniCal Performance

e The ESS shall be capable of withstanding orbit
changes of altitude and inclination. B
e Loads: 0.01G in all axes.

3.2.2.2 ESS§/sMs Structural and‘Mechanical Interfaces

The ESS interfaces with the SMS shall be:

° St:uctufal Attachment: The SMS shall provide

the mounting assembly which secures the ESS to the

SMS structure.
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3.2.3

3.2.2.3 ESS{EDCS‘;ngqrfaccz TBD

3.2,2.4 ES§/PCS Interface

e Thruster induced loads shall be consistent with
g;guctuxal/mochanicll requirements of
Section 3.2.3.1.

e Contaminant and charged particle constraints
and tolerances shall be TBD.

3.2.2,5 ESS/TCS Interface

The ESS thermal control requirements and mechanical
interfaces shall be as specified in 3.2.1.3.

3,2.2.6 ESS5/CDS Interfaqe

® The ESS shall provide accommodations for command
and data instruments which shall be components of
the CDS. The CDS shall provide electrical power
for%cqmmand and data channels which interface with
the ESS.

e The command and data channel list for ESS shall

 be: THD.

e Data channel requirements for space assembly

and check-out shall be (TBD).

3.2.2.7 ESS/OMCS Interface

e This interface is covered in Section 3.2.6.

rransportation/TrAQsportabilitv

3.2.3,1 The ESS components shall be transportable to space
' by the Space Shuttle.

3.2.3,2 The ESS design, as stowed for transportatior. shall

meet the transportation environment specified in
Section 3.2.7.
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3.2.4

3.2.5

3.2.6

- - <= o= Cwpsesat . S b % WK mpet  geesT ¢

Life and Reliability

3.2.4.1 The ESS shall be designed for a five year operational
life, with maintenance as specified in 3.2.6,

3.2.4.2 The design shall be such that failures wiil be
nan=-proliferating.

3.2.4.3 Reliability specifications shall be subject to
1life cycle cost trade analyses.

3.2.4.4 Storage life is TBD.

Safety

The ESS design and procedures for all phases of production,
earth and space integration, transportation and O&M, shall
assure the chance of serious injury or death over a 5 year
period is less than one in 107 man-hours.

Maintenance/Maintainability

3.2.6.1 Logistics and Spares

The normal supply mode shall be a set of on-hand

(in space) modular spares and materials sufficignt
for one year's operation. The spares set shall be
delivered by the Space Shuttle,

3.2.6.,2 Overhaul

The ESS shall be designed for overhaul and return
to operational service at the end of five years.

3.2.6.3 Main;enance

e The ESS shall be modularized for removal and
replacement with serviceable modules.

- 13
oA

L emaka

B o, o ST e e M A K




-E

- * -~ - , B e e IR e imean AN e v ’ R

e In place (on=array) repair shall be limited
to the cell level or higher.

e In-space, shop repair of modules or lower level
of assembly shall be: TBD

: TETEE T g e T
ket

e The ESS design shall enable repair/replacement
'~ (and checkout) time of 6 manhours per module.

e The ESS design shall permit automatic fault
isolation to the failed module.

® The ESS shall be capable of assembly and checkout
in space. Assembly will include hook-up and
attachment to the (SMS) and other subsystems of
the SSPS system.

3.2.7 Environm-nt

3.2.7.1 Natural Environment

The design shall meet the requirements of this
specification within the natural environment
(worst case 20 year progno#is) of the earth orbit
range of: 300 to 1900 kM, all inclinations. This

e

radiation, solar flares, trapped radiation and

micrometeorites.

3.2.7.2 Transportation Induced

e Earth surface/air transport:

 TBD

" - @ Launch and ascent to LEO .
} g , : . - axial acceleration of 5g
oo Z . : , ,
. ; ~ ‘ - Llateral acceleration of 0.5g

o B = Dec¢ ,ing sinusoidally of 7g at 16 Hz
! o

!

;:§
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gi
5 - Sinusoidal vibration (three mutually
g perpendicular directions) +l g peak from
: 2 to 40 Hz
-~ Random vibration (gaussian amplitude
distribution) 0.1 gz/Hz from 10 to 60 Hz,
0.4 gz/uz from 60 to 2,000 Hz
' = Acoustic noise (decibels re 0.0002 microbar) :
up to 150 db (3 minutes duration) 45 to "
L 11,200 Hz
l i
E- | e Ascent Venting Priyfile - TBD
)
| 3.2.7.3 Operational Induced
]
| e The induced operational environments shall be
as specified in Section 3.2 interface require-
‘ - ments. |
P
; e Contaminants -~ TBD
3.3 Design & Construction “
: : 3.3.1 Materials Properties |
L 3.3.1.1 Materials Compatibilitv |
- : TBD
: e ~ TED | jg
3 3 B
} 3.3.1.3 Insulation Resistance o
TBD ‘

3.3.1.4 Voltaae Breakdown

TBD
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3,3,1.5 CQntaninants Sources

8D

3,4 Verification Reguirements
The requirements of this specification shall be as specified in
Section 4.0, verification.

3.5 Personnel & Training Requirements

TBD

4.0 VERIFICATION

.

TBD
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cg
cl
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og
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Fi
FE(l)
Fg(2)
Fg(3)
F@(4)
F@(5)
Fg(8)
FR(7)
F@(8)
F@(9)
Fl
F1(1)
F1(2)
F1(3)
Fl(4)
F1(5)
F1(6)
F1(7)
F2
F2(1)
F2(2)
F2(3)
F2(4)

F3

F4q
FS(1)

e e B

PARAMETER

Total ESS Capacity (AH)

Batiery Cell Rated Capacity (AH)
Battery Cell Charge Throughput

Battery Cell Maximum Depth of Discharge
Depth of Discharge (first approximation)
Battery Cell EOL Maximum Discharge (AH)
Total Life Cycle Cost (1980 $ M)
Production Cost

Battery Cell Unit Cost

Cell Matching Cost

Module Assembly Cost .

Power Channel Assembly Cost

Subsystem Assembly Cost

Acceptance & Ssurface Transport Cost
Prelaunch Integration & Checkout Cost
Space Transport Cost

Space Deployment & Checkout Cost

DDT&E Cost

D&D Cost

Subsystem Test Hardware Cost

Subsystem Test Hardware Assembly Cost
Subsystem Test Operations Cost

Test Support Equipment Cost

Subsystem Engineering & Integration Cost
Subsystem Program Management Cost
Operations and Maintenance Cost

Spares Manufacturing Cost

Training Cost

Labor Cost

Space Transport Cost

ESS Life Cycle Cost

" Solar Array Interface Cost

Thermal Control Interface Cost
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SYMBOL (Continued)

F5(2)
HP
19
11
K@

K1
K2
K5
K6
Lg
Ll
L2
N
Ng
N1
N2
N3
N4
N5
N6
N7
N8
PP
Pl
P2
P3
P4
P5
Pé
Q(3)
QP
o1
Q2

PARAMETER

Power Conditioning Interface Cost

Orbit Altitude (Xm) '

Battery Cell Maximum Discharge Curxent (A)
Battery Cell Charge Current (A) '

Adjust Factor for % of Orbits During
Which Battery Cycling Occurs

Capacity Degradation Factor
Voltage Degradation Factor
Thermal Conductivity Factor
Weight/Volume Determinant
Required Battery Cell Life (Yr)
Total ESS Life (Yr)

Expected Battery Cell Life (Yr)
Number of ESS Sides

Total Number of Battery Cycles
ESS-to-Subsystems Efficiency
Total Cells in Parallel

Total Cells in Series

Total Number of Cells
ESS-to-Solar Array Efficiency
ESS-to-load Efficiency

‘Watt-Hour Efficiency

Number of Maintenance Cycles

Total Load Power (W)

Subsystems Power (W)

Battery Cell Minimum Discharge Power (W)
ESS Minimum Power (W)

Battery Cell Charge Power (W)
Maximum Sola?'Array Power (W)

Total ESS Power Required

ESS Length Factor '

ESS Maximum Discharge Héat Ioad (W)
ESS Maximum Charge Heat Load (W)
ESS Maximum Cycle Heat Load (W)
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SYMBOL (Continued) PARAMETERS
; Q3 ’ ESS Length Factor
| RO Battery Cell Recharge Fraction
s@(1) Battery Cell Width (cm) ’
S@(2) Battery Module Width (cm)
sg(3) BRPC wWidth (cm)
sg(4) Charger (P3) Width (cm)
: s@(5) Length of ESS Side (Channel width) (cm)
: spg(6) ESS Diameter (cm)
" S1(1) Battary Cell Thickness (cm)
| S1(2) Maximum Battery Module Length (cm)
| §1(3) Minimum Battery Module Length (cm)
i il S1(4) BREC Length (cm)
s1(5) Charger (FP3) Length (cm)
| 81.(6) Channel Length (cm)
f S1(7) ESS Length (cm)
L s2(1) Battery Cell Height (cm)
s2(2) Battery Module Height » f
§2(3) BRPC lieight (cm) ¥
s2(4) Charger (P3) Height (cm) 1
: ! §2(5) Channel Height (cm). 2
S3(1) Battery Cell Volume (cm3) =
‘, $3(2) Large Battery Module Volume (::ma), Hj
. $3(3) small Battery Module Volume (cm>)
g | “ S3(4) BRPC Volume (cm3) ;
o S3(5) Charger (P3) Volume (cmd) v |
| - 83(6) Channe). Yolume (cm?) l
y : : $3(7) , ESS Volume /(c_,:m3)‘ j
‘“ s4(1) Battery Cell Weight (Kg) ; 3
? 54(2) Battery Module Weight (Kg) :
; 54(3) _ BRPC Weight (Kg)
sS4 (4) Charger (P3) Weight (Kg)
S4(5) ESS Channel Weight (Kg) ' ;
S4(6) : ESS Channel Interface Weight (Kg) :
s4(7y - : ~ Total ESS Weight : | :
B3 j
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SYMBOL (Continued) PARAMETER
§5(1) Spares Factor
§5(2) Total Number of Modules yroduced During ﬁ
o&M :
| s§5(3) Total Man-Years During O&M ‘
! by’ Orbit Period (Hr) ;
| T1 Maximum Discharge Time (Hx) f !
T2 Transition Time Between Solar Array i i
4 Power & ESS Power (Hr) :
;r,» T3 ?:t;:ery Cell Average Operating Temperature
K
| T4 Maximum Charge Time (First Approximation) %
; (Hr) ' 5
? TS Design Margin to Allow for Variations in ”
Battery Cells '
o T6 Maximum Charge Time (Hr) ' i
| U Number of Modules/Battery .
A ul Number of Battery Cells Per Module (Avg) :
vg ’ Minimum ESS Voltage Required (V)
1 Battery Cell EOL Minimum Voltage (V) _ :
v2 Battery Cell Enthalpy Voltage (V) i 3
V3 Battery Cell Charge Voltage (V) )
v4 : ESS Total Voltage (V) ; ;
; W(l) D&D Cost Factor ]
Z‘ | w(2) Subsystem Test Hardware Cost Factor v
g W(3) Subsystem Test Hardware Assembly Cost
. Factor .
E : w(4) k Subsystem Test Operations Cost Factor : 3
w(5) Test Support Equipment Cost Factor o !
w(e) : : Subsystein Engineering and Integration f T

Cost Factor

w(7) | Subsystem Program Management Cost Factor 3« a

wo ' : Maximum Solar Array Weight (Kg) 5

Wl Maximum Thermal Control Weight (Kg) e '
il
o
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SYMBOL PARAMETER
* cg Total ESS Capacity (AH)
e Cl Battery Cell Rated Capacity (AH)
’ c4 Battery Cell Charge Throughput
E % D¢ Battery Cell Maximum Depth of Discharge
) l D9 . Depth of Discharge (first approximation)
i Eg , Battery Cell EOL Maximum Discharge (AH)
R F Total Life Cycle Cost (1980 § M)
;,} ( Fg Production Cost
i Fa(1) Battery Cell Unit Cost
F@(2) Cell Matching Cost
: F@(3) Module Assembly Cost ‘
Fd@ (4) Power Channel Assembly Cost
F@(5) Subsystem Assembly Cost
L : Fd(e) Acceptance & Surface Transport Cost
] « F@(7) , Prelaunch Integration & Checkout Cost
| e F@(8) Space Transport Cost
: F@(9) Space Deployment & Checkout Cost
N F1 DDTE Cost
3 F1(1) D&D Cost
‘ F1(2) Subsystem Test Hardware Cost
‘ : F1(3) Subsystem Test Hardware Assembly Cost
: ' F1(4) Subsystem Test Operations Cost
i Fl(5) Test Support Equipment Cost
Fl(6) : Supnystem- Ekxgineering & Integration Cost
F14(7) - Subjystem Program Management Cost
‘ r2 Operations and Maintenance Cost
F2(1) o Spares Manufacturing Cost
| F2(2) - Training Cost
’ x . F2(3) | Labor Cost
l} F2(4) A Space Transport Cost
F3 o ESS Life Cycle Cost .
‘ 4 , ’ ‘Solar Array Interface Cost "
¥ F5(1) Therrial Control Interface Cost
f ‘1 ; ,
f o
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SXMBOL‘(Continuad)

F5(2)
HY
()
11
k¢

K1
K2
K5
X6
Ly
Ll
L2 -
N

N (3)
N(2)
N(3)
N(4)
Ny
N1
N2
N3
N4
N5
N6
N7
N8
Py
Pl
P2
P3
P4
PS5
P6
Q(3)
o]

- C2

PARAMETER

Power Conditioning Interface Cost

Orbit Altitude (Km)

Battery Cell Maximum Discharge Current (A)
Battery Cell Charge Current (A)

Adjustment Factor for % of Orbits During
Which Battery Cyaling Occurs

Capacity Degradation Factor

Voltage Degradation Factor

Thermal Conductivity Factor
Weight/Volume Determinant

Required Battéky Cell Life (¥Yr)

Total ESS Life (Yr)

Expected Battery Cell Life (Yr)

Number of Sides

Number of Large Modules/Power Channel Length
Number of Small Modules/Power Channel ﬂength
Number of Modules/Power Channel Length
Number of Modules/Power Channel Width
Total Number of Battery Cycles
ESS~-to-Subsystem Efficiencx

Total Cells in Parallel

Total Cells in Series

Total Number of Cells

EsS-to-Solar Array Efficiency
ESS-to-Load Efficiency

Watt-Hour Efficienéy f

Number of Maintenahce Cycles

Tbt&l Load Power (W)

Subéystems Power (W) ,
Batﬁery Cell Minimum Discharge Power (W)
ESS Minimum Power (W) |
Batfery Cell Charge Power (W)

Maximum Solar Ar:ay Power (W)

Total ESS Power Required

'ESS Length Factor

ESS Maximum Discharge Heat Load (W)

[ERoNT—

S T S PN




N
: . SYMBOL (Continued) PARAMETER
b o1 ESS Maximum Charge Heat Load (W)
! : 02 ESS Maximum Cycle Heat Load (W)
S 5 R@ , Battery Cell &ncharge Fraction
E s@(l) Maximum Battery Module Width (cm)
:; S@(2) Minimum Battery Module Width (cm)
- | " s@(3) | BRPC Width (cm)
s@(4) Charger (P3) Width (cm)
S@(5) Length of ESS Side (I'ower Channel Width)
(cm)
s@(6) ESS Diameter (cm)
g S1(1) Battery Cell Diameter (cm)
b sl(2) Battery Module Length (cm)
f‘ S1(3) Maximum Usable Power Channel Width (cm)
; s1(4) BRPC Length (cm)
! S51(5) Charger (P3) Length (cm)
sl(e) Power Channel Length (cm)
s1(7) " ESS Length (cm)
s2(1) Battery Cell Length (cm)
s2(2) Battery Module Height
S2(3) BRPC Height (cm)
S2(4) * Charger (P3) Height (cm)
§2(5) Power Channel Height (cm)
s3(1) Battery Cell Volume (cm3)
, s3(2) Large Battery Module Volume (cm3)
- : 83(3) Small Battery Module Volume (cm3)
SR ' S3(4) BRPC Volume (cm3)
- s3(5) | Charger (P3) Volume (cm3)
; ; S3(6) ‘ Power Channel Volume (cm3)
* S3(7) o ESS Volume (cm3)
| “ S4(1) | : Battery Cell Weight (Kg)
‘g 54(2) - Battery Module Weight (Kg)
THH s4(3) BREC Weight (Kg)
8 j s4(4) Charger (P3) Weight (Kg)
§ 2 : §4(5) Power Channel Weight (Kg)
g '
}E ¢

st gt o e g e
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SYMBOL, (Continued) PARAMETER
s4(6) ‘ Power Channel Interface Weight (Xg)
, s4(7) Total ESS Weight
; S5(1) Spares Factor
§5(2) Total Number of Modules, Produced During
osM
s5(3) Total Manyears During O&M
| by Orbhit Period (Hr)
heo Tl Maximum Discharge Time (Hr)
; T2 Transition Time Between Solar Array Power
§ & ESS Power (Hr)
i T3 Battery Cell Average Operating Tempera-
', ture (°K)
T4 Maximum Charge Time (first approximation)
(Hr)
TS Design Margin to Allow for Variations in
Battery Cells (Hr)
T6 Maximum Charge Time (Hr)
4] Number of Modules/Battery
ul Number of Battery Cells Per Module (Avg)
vg Minimum ESS Voltage Requixed (V)
Vi Battery Cell EOL Minimum Voltage (V)
V2 Battery Cell Enthalpy Veltage (V)
V3 Battery Cell Charge Voltage (V)
V4 ESS Total Voltage (V)
w(l) | : D&D Cost Factor
w(2) Subsgystem Test Hardware Cost Factor
. ’ W(3) Subsystem Test Hardware Assembly Cost
‘ Factor
w(4) ‘ Subsystem Test Operations Cost Factor
w(5) Test Support Equipment Cost Factor |
w{e) Subsystem Engineering and Integratxon Cost
- ‘ Factor
T:‘L W(7) Subsystem Program Management Cost Factor
x l ‘ W Maximum Solar Array Weight (Kg)
%”;T 3 Wl L ‘Méximum,Thermal Control Weight (Kg)
s
b
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SYMBOL

cl
c2
D¢
D(1)
D(2)
D7(1)

D8
E@
El
E1l(1l)
E2
E2(1)
E7
E8

E8(1)
E8(2)
F

Fg
F@(1)
F@g(2)
F@(3)
F@(4)
F@(5)
FO(6)

F@(7)
F@(8)
FQ(9)

F@(10)
F@(11)

FA(12)

PARAMETER

FCU Area (cmz)

ECU Area (sz)

Total ESS Energy
ESS-to-load Efficiency
ESS-to-Subsystem Efficiency

Distribution Efficiency For Internal
ESS Power

ESS-to-Solar Array Efficiencdy
Total ESS Voltage Required (V)
FCU Dark Period Output Voltage (V)
Minimum FCU Voltage "
ECU Light Period Input Voltage (V)
Maximum ECU Voltage (V)

Total ESS Output Voltage (V)

Total ESS Light Period Input Voltage
V) -

Total Solar Array Vbltage’Required v)
Input ESS Voltage (V)

gotalfLife Cycle Cost

Total Production Cost

FCU Total Production Cost

ECU Total Production Cost

FCS Total Production: Cost

ECS Total ﬁroduction Cost

Power Module Total Production Cost

Ancillary Equipment Total Production
Cost

Subgystem Assembly Total Production
Cost

Subgystem Acceptance Total Production
Cost

Prelaﬁnch Acceptance Total Production

. Cost -

LEO Transport Total Production Cost

: LEQ”DQployment Total Production Cost

LEO/GEO Transport Totai Production Cost

D-1
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P P




Fl

F1(1)
Fl(2)
F1(3)
, F1(4)
i F1(5)
S F1(6)
F1(7)
F2

F2(1)
F2(2)
F2(3)
F2(4)

F8
F9(1)
F9(2)
HY
H2
H6
H6 (1)
H6(2)
H?
: 1
i } ’ 11
‘ ‘ 12
17
18
. Jiy o

e CJ1(2)

J2(1)

ST SRR

o o o
Y .
B e
IR s DR s

SYMBOL (Continued)

PARAMETER

Total Cost for DDT&E

D&D Cost for DDTALE

STH Cost for DDT&E

STHA Cost for DDT&E

STO Cost for DDT&E

TSE Cost for DDT&E

SE&XI Cost for DDTSE

Mianagement Material Cost for DDTSE
O&M Total Cost

Spares Cost, O&M

Training Cost, O&M

Maintenance Cost, O&M

Space Transport Cost, O&M

Total ESS Cost

Solar Array Cost

Thermal Control Cost

Power Conditioning Cost

Orbit Attitude (Km)

ECU Ideal Gibbs Free Energy -

ESS Storage "DOD" Factor

Failure Replacement Factor
Overhaul Replacement Factor

Total Astronaut Manyear

Total ESS Current Required (A)
FCU Dark Period Current (A)

ECU Light Period Input Current (A)
Total ESS Output Current (A)
Total ESS Light‘Pe?iod Input Current (A)

FCU Dark Period Current Density
(Ma/cm?) |

FCU Light Period Current Density
(Ma/cm*<) ' : ,

ECU Dark Period Current Density (Ma/cm2)
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SYMBOL (Continued)

1

J2(2)
Kg(1)

K@ (2)
K1(1)

K1(2)
K2(1)

K2(2)
K3

K4
K5(1)
K5 (2)
K5(3)
K5(4)
K5(5)
K5(6)
K5(7)
K6

K7

K8 .
K9
Lg
Ll
L(1)
L2
L(2)
L3
L(3)

Ng

PARAMETER

Ecu:nightvperiod Current Density
(Ma/cme)

Adjustment Factor for % of Orbits During
Which Battery Cycling Occurs

Eclipse Averaging Factor

FCU Dark Period Heat Load Factor
(W/cm2)

FCU, Light Period Heat Load Factor
(W/cm?2)

ECU Dark Period Heat Load Factor
(W/cm2)

ECU Light Period Heat load Factor
FCS Failure Rate Fraction
ECS Failure Rate Fraction
DDT&E Adjustment Factor
DDT&E Adjustment Factor
DPTEE Adjustment Factor
DDT&E Adjustment Factor
DDT&E Adjustment Factor
DDT&E Adjustment Factor
DDT&E Adjustment Factor
AE Failure Rate Fraction
S/S Failure Rate

Wt./Vol, Determinant
Thermal Conductivity Factor
Total ESS Life

FCU Life (Yr)

FCU Life Required (Hr)
ECU Life (Yr) _

ECU Life Required (Hr)
Expected Pump Life
Required Pump Life
Number of ESS Sides

Total Number of ESS Cycles

»

D-3

hJ ‘-m_.'J Lo o




SYMBOL (Continued)

N@ (1)
N@(2)
N@ (3)
N (1)

Nl
N1(1)
N1(2)
N1(3)
N(2)

N2
N2(1)
N2(2)
N2(3)
N3
N(3)
N3(1)
N3(2)
N3(3)
N4

N4 (1)
N4 (2)
N4 (3)
NS

NS (1)
N5(2)
N7(1)

N7 (2)
Pg
Pl
P(1)
P1(1)

PARAMETER

Nunber of Maintenance Cycles (FCU)
Number of Maintenance Cycles (ECU)
Number of Maintenance Cycles (Pump)

Number of Maintenance Cycles Required
(FCU)

Total Numbexr FCU

Total Parallel FCU

Total Series FCU

Average Number FCU/FC Stack

Number of Maintenance Cycles Required
(ECU)

Total Number ECV)

Total Parallel ECU

Total Series ECU

Average Number ECU/EC Stack
Total FC Stacks

Required Pump Maintenance Cycles
Number Parallel FC Stacks/Channel
Number Series FC Stacks/Channel
Total FC Stacks/Channel

Total EC Stacks

Number Parallel EC Stacks/Channel
Number Series FC Stacks/Channel
Total EC stacks/chiﬁnel

Number of Channels

Number of P3 Chargers

Number of Power Conditioners

Number of FC/EC Stacks. in ESS Side
Direction

Number of FC/EC Stacks in ESS Length Directior

Total ESS Power Required (W)
FCU Dark Period Output Power (W)
Total Load Power (W)

FCU Averaging Operating Pressure
(Kg/cm2) :

D4
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SYMBOL (Continued)

P2
P(2)
P2(1)
P6(1)
P6(2)
P7
P7(1)

P8 .

P8(1)
Q1(1)
Q1(2)
Q2(1)
Q2(2)
Q7
Q7(1)
Q7(2),
R1(1)
R2(1)
s1(1)
s1(2)
s1(3)
s2(1)
s2(2)
$2(3)
s3(1)
83(2)
$3(3)
$3(4)
s4(1)
S4(2)
S4(3)
S4(4)
s5(1)

PARAMETER

ECU Light Period Input Powexr (W)
Subsystems Power (W)

ECU Average Operating P:essut@(xg/cmz)

Hy Storage Tank Pressure (Kq/cmg)
O, Storage Tank Pressure (Kg/cm™)

Total ESS Output Power (W)

Internal ESS Power Required (W)

Total ESS Light Period Input Power (W)
Total Solar Array Power Required (W)
FCU Dark Period Heat load (W)

FCU Light Period Heat Load (W7

ECU Dark Period Heat Load (W

ECU Light Period Heat load (W)

Total ESS Maximum Cycle Heat Load (W)
Total ESS Dark Period Heat Load

Total ESS Light Pericd Heat Load

FCU H, Consumption Rate (Kg/hr/a)

ECU H, Generation Rate (Kg/a/hr)

FCU Active Length (Cm)

FCU Active width (Cm)

FCU Thickness (Cm)

ECU Active Length (Cm)

ECU Active wWidth (Cm)

ECU Thickness (Cm)

FC Stack Length (Cm)

FC Stack Width (Cm)

Minimum FC Stack Height (Cm)
Maximum FC Stack Height (Cm)
EC Stack Length (Cm)

EC stack Width (Cm)

Minimum EC Stack Height (Cm)
Maximum EC Stack Height (Cm)
Power Module Length (Cm)

&
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'
SYMBOL (Continued) PARAMETER ’ 1
85(2) Power Module Width (Cm) » } g
§5(3) Power Module Height (Cm) ; |
S5 (4) Usable Power Module Width (Cm) P
55(5) P, Length (Cm) .
s5(6) P, Width (Cm) g
$5(7) P, Height (Cm) ]
56 (1) ESS Total Ancillary Equipment Diameter (Cm) || :
I $6 (2) ESS Total Ancillary Equipment Length (Qm) -« |
| s7(1) ESS Length (Cm) H
57(2) ESS Diameter (Cm)
\ §7(3) Length of ESS Side (Cm) iy
| S7(4) ESS Radius of Inscribed Circle (Cm) |
¢ Orbit Period (Hr) |
TE (1) Transition Time Between Solar Array
’ Power a)d ESS Power (Hr) ' 71
T (2) Design Margin to Allow for Variations : 1
in FCU's and ECU's =
T1 Maximum Dark Period (Hr) o
T1(1) FCU Average Operation Temperature (°K) k ‘
T2 Minimum Light Period (Hr) _ |
’ T2(1) ECU Average Operating Temperature (°K) |
: T3 Average Dark Period (Hr) .
. T4 Average Light Period (Hr) ,
. TS Power Module Average Operating Tempera-
, ' ture (°K) ~
T6 ESS Storage Tank Temperature (°K)
ug ' Intermediate Variables y
Ul(l) Temperature Adjusiment Factor ‘
Ul(2) - Pressure Adjustment Factor -
’ v FCU Volume (Cr’) SR
& v2 ECU Volume (C.‘tn3) :’
* va(l) Minimum FC Stack Volume (Gm’) O
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SYMBOL (Continued)

v3(2)
v4(l)
V4 (2)
V5
v5(1)
V6

V6 (1)
V6 (2)
V6 (3)
v7
wg(1,1)
wa(1,2)
we(1,3)
wg(2,1)
wg(2,2)

we(2,3)
Wl

w2

w3

wa

w5

W5 (1)
W5(2)
wé
wé(l,1)
wé (1,2)
w6 (1,3)
w6 (2,1)
w6 (2,2)

w6 (2,3)

PARAMETER

Maximum FC Stack Volume (Cn°)

Minimum EC Stack Volume (Cn’)

Maximum EC Stack Volume (lei)

Power Module Volume (Qna)

? volume (cm®)

ESS Total Ancilliary Equipmone Volume (Cm)

ESS Total H, Volume (Cm )

ESS Total O2 Volume (cm )
ESS Total H 0 Volume (Cm )
ESS Volume

FCU Maximum Dark Period "2 Consumption
FCU Minimum Light Period H2 Consumption
FCU Maximum Total H, Consumption (Kg)

ECU Maximum Dark Period H, Generation (Kg)

ECU Minimum Light Period H Generation
(xg)

ECU Maximum Total H, Generation (Kg)
FCU Weight (Kg)

ECU Weight (Kg)

Average FC Stack Weight (Kg)
Average EC Stack Weight (Kg)

Powet Module Weight (Kg)

P Weight

ESS Maxi:um Total H2 Consumption (Kg)
Ancillary Equipment Total Weight (Kg)
EsS,TbtaI,H2 Storage (Kg) '
ESS Total»oz Storage (Kg)

ESS Total Hzo Storage (Kg)

H, Storage Tank Dry Weight (Kg)

o, Storage Tank Dry Weight (Kg)
'HzovStorage Tank Dry Weight (Kg)
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SYMBOL (Continued)

W6(3,1)
W6(3,2)
W6 (3,3)

w7
w8
W9 (1)
W9 (2)

o ————————

R s — S L g g g

PARAMETER

H, Storage Tank Maximum Wet Weight (Kg)
o, Storage Tank Maximum Wet Weight (Kg)

Hy0 Storage Tank Maximum Wet Weight
(Kg)

Total ESS Weight (Kg)

Maximum Solar Array Weight (Kg)
Maximum Thermal Control Weight (Kg)
Maximum Power Conditioning Weight
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V MISSI0N PARAMETERS

Total Number of Battery Crcler

Mg e TR e
Fey

O

Maximum Dizcharese Tine (Hr)
2 Mimimum Charese Tine (Hr)

g 4 Toral ESS Life ¢Yrd
b S Humber of Hardware Life Crclasz
o e
EZ: PERFORMAHCE REGUIREMENTS
; 1 Totsl Powsr Reauirsd (M)
b 2 Total Yeltase Resuirsd (V)
’ ! 2 Reauirsd Battery Lifte (¥Yr)
| ES: PERFORMAMNCE FARAMETERS
. 1 Maximum Battery Life (Yr) 6. 53534
roo 2 Capacity Dearadation Factar 35234 |
2 2 VYoltage Dearadation Factor .Bazz34
* 4 EOL Minimum Powsr ¢W) 126170 ’
|- .
T S EOL Minimum Voltase () 125%.79
. BRATTERY CELL QUANMTITIE=:
: .
@ o 1 Total Number of Cells | 5567 “
vl 2 Total Cells in Parallasl | 51 | |
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Ei | 4 Numbér of Modulesz/Battery | 2 | g
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1 Eecharsse Fraction

RS R A A S e e R e
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2 Kharas Throusheus 1.014
I Charas Cyurrent (M) 13.1¢€
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S Mart=Hour Efficiency ,E2152
ESE THERMAL FRERMETERS
1 Averzse Oreratine Tempepaturs 223
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LIFE CYCOLE COSTS (19288M) ,#

OOT%E 21,128 i
PRODUCTIOM 59, %34 5
a Battery Cwll T L 3BeD 1
. ' { Cell Matchin? 0L e %g
| & Module Assembly 4.113
2 Chahrel HAsseunbly 2,888
| . 4 Subsystem RAssembly 3,028
* : S Accertance & Surface Transport 2,342
S Prelaunch Intesration & rel
‘ checkout j
f T Seace Transeort s . 32.688 §Q
. & Seace Deplorment & Checkout 181 -
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4 Total ES3 Life (Yr2
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1 Total Power Esauired CW
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2 Caracity Dearadation Factor
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LIFE CYCLE COSTS (135Q8M) '
DOTHE 2y

PRODUCTION 44, 282
‘ a Bavrary Cell L EE , £
- 1 Cell Matchina 1,753 ‘ %
: T Module Rssembly 1,869 B
| 7 Channel Azzenbly 3,237 )
| 7 4 Subzrztenm Aszembly 1.yRE g
| S Accertance % Surface Tranzeort 1188 B
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7 Seace Transepore D8, BMIZ ;
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2 Creyw Trainina Al g |
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ERTTERY CELL DIZCHARGE
PRERMETERS
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Rated Cell Caracity (HHD

L L1

EQL Max, Demth of Dizcharee
» EOL Max, Dizcharse (AH)
Max. Dischares Current (AD
T EOL Min, Yoltase <)

«
Ly |
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EARTTERY CELL CHARGE PARAMETERS

{ Recharas Fraction
2 Charas Throusheut
2 Charse Current (A2
4 Charse Yoltare (VD

S Hatt~Hour Efficiéncy

P OAversse Oreratina Temperature
Oy
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O
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4 Maxinum Charse Heat Load (W2
5 Maximum Crecle Hest Load <)

ESS INTERFACE PARAMETERS
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LIFE CYCLE COSTS (1520%M> ,1
DOT&E 8. 998 P
PRODULTION | 12,953 ;
a BEattery Cell ¢ LRB fi
{ Cell Matchine 2,276 1
Z Module Azsembly 1,463
[ 3 Channel Assenbly 1.622 . : \]
4 Subsysten Assembly 1.783 § 5
S Accertance % Surfsce Transport 1,884 .
| £ Prelaurch Intesration & 145 |
Checkout
; 7 Seace Trangrort 4.334 | 'éé
, & Seace Derlovment & Checkout -024
5 OPERATIONS & MAINTENANCE | 55. 824 }
1 Spares Production 12,3526 ) |
2 Crew Trainine 518
Z Labor %, 228
f 4 Space Tranzrort 38.551
@ ESS LIFE CYCLE CO3T 77.415 -
% INTERFACE COSTS %i
\ 1 Solar Arrax 232,478 i
2 Thermal Control 7.283 ‘
2 Pouwsr Conditionins 1.166
TOTAL LIFE CYCLE 08T 318.220
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LIFE CYCLE COQSTS (19208M)
DOT&E 19, 7E8
t PROQUCTION 28,471
 "§ 3 Battery Cwil ¢ L SLT)
i } 1 C21l Matchine® 3,504
{ ? 2 Moduls Azsenbly {1,728 #
o 3 Channel Assembly 2. 534
4 Subsrsten Azsembly 2,648
s Hcc&rtanéé/& Surtace Transeort 1,443 ;
| € Prelaunch Intearation & L2358 i
Checkout
; 7 Seace Transeort 8,831
o | 8 SPSCeVQQflonent % Checkout .49
OPERRTIONS % ﬂHYNTENﬂNCE 29,444
1 Smares Production 17 .73
2 Crew Traininae *9%4;
, 3 Labor T §.078
3 4 Smace Transpart’ 74,608 ;
: ESS LIFE CYCLE COST | 130,763
: T | |
oo " INTERFACE CO3TS , | ‘ , » 1!
o 1 Solar Array o 412,837 .
2 Thermal CTontrol R 9.548 §§
fm“‘f 3 Pewer Conditionine | S 1;983 g
TN I . ' : N
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MISSION FRRAMETERS

1 Total Humbsr of Battery Qrclses
2 Maximum Digcharas Time (He'

3 Minimum Charse Time (Hr?

4 Total EZ3 Laite <Yr)

€ MNumber of Hardware Lifse Cpcles

ESE PERFORMANCE REQUIREMEMTS

{ Tatal FPower Reauired (W2 1153506
2 Total Voltawss Reauirsd (V2 128, 8
2 Reauired Batterr Life (Vr) 6,883
ESS FERFORMANCE FARRMETERS
L Maximum Battery Lite (Yrd . 7.117
2 Caracity Dearadation Factor LT
3 Voltase Deagradation Factor . 99488
4 ECOL Minimum Fower (W2 1159470
S ECL Minimnum VYoltase W) {28, a8
BATTERY CELL QUANTITIES
1 Total Humber of Cells 2420
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3 Total Cells in Series 11g
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S Number of CellssModule (Rwed 22 &
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¢ Max, Discharss Current (RY 28,870
’ S OEOL Min, Molraas (V) 1.1314
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’ 2 Charae Current (A 22,715 i
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‘ T Hatt-Hour Efficiency ‘ JEEane i é
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1 Max Solar Array Powsr (W) 141356 }
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LIFE CYCLE COSTS (128a3M
ODT&E 14,591
FRODUICTION /36,184
% Battary Call { 853 |
1 Cell Matchine S.974
2 Module Assembly , 2,482 i
2 Channal Assenbly 4,481
4 Subsyeten Rsgenbly 2.782 :
; S Accertance & Surface Tranzeor: 2.132
& Prelaunch Intearstion % . 4@
Checkout
‘ 7 Srace Transrort | 17,853 |
\ § Seace Deplorment & Chackout 853 | :? i
OPERATIONS & MAINTENANGE 181317 H
1 Srares Production 22,499 »
2 Crevw Trainina .94 %i
3 Labor 12.110 .
; 4 Space Transeort ' 143,767 %}
& ESS LIFE GYCLE £OST 242072 I
o _ INTERFACE COSTS T
| 1 Solar Rrray [RERELE .
» 2 Thermal Contral 13 . 897 %
i 2 Power Conditioninsg 3,978 :
L TOTAL LIFE CYCLE COST B7&. 445 %
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2 ; MISSION PRRAMETERS
i i Totsl Humber ot Battery Crolss 1ER220 |
5 2 Maximum Dizcharag Time C(Hr2 LBEIEN
2 Minimum Charee Time (Hrl L8114
? 4 Total ESE Life f¥rd ' 36
| '€ Number of Harduare Life Crolss 4
;' ! E32 FERFURMAMNCE REQUIREMENTE 1‘
1 Total Fower Eeaunired (W 2022%0
v 2 Totsl Woltase Reauiresd O 122, 8
. | 3 Reauired Battery Life ¢Yr) 5,553 ' ]

ESS PERFORMAMCE FARAMETERS

S cvme

| 1 Maximum Battery Life (Yr) ' 5L EEd
| 2 Caracity Dearadation Factor . L aess
i ; 3 Voltsae Dearadation Factor ,Gosss
4 EOL Minimum Fouer (W) 300110
: S EOL Minimum Yeltazs WD 129,681
BEATTERY CELL ®UANMTITIES
Total Humber of Cells | 8510 {
2 Total Cellz in Parallsl ey
Tetal Cells in Series , 11%

Number of Modules/Battery . R
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BATTEFRY CELL ODISCHERGE ) .
PRRAMETERS 1
I Raurwd Cell Carscity (HH) 1%
2 EOL Max., Demth of Discharas 47728
2 EQOL Max, Dizcharse (AH) 19,812 i
4 Max., Dizcharse Durrent ¢R) ‘ 31,252 :
§ EOL Min. Yeltase (V) 1.127
EATTERY CELL CHRRGSE PRRAMETERD
| ! Recharae Fraction 1.a71%
| 2 Charae Throusheut 1.6313
|
2 Charee Current (R 23.922
» | 4 Charze Voltase (W) ‘ 1.705¢ .
. S Watt-Hour Efficiency 61668 [
ESS THERMAL: PARAMETERS | ¥
|
\ 1 Aversse Orerstine Temeeraturs | BET ; i |
? GOea=-K) , 18
: g E?étery Cell Enthaley Yoltase 1,234z %}2
: )
B , 1
i; 3 M?ﬁ;mum Dizcharas Heat Losd - 44525 i
K t 4 Maximunm Charee Heat Load (W) 57520 .
{ | S Maximum Crcle Hest Losd <MD - 87526
ESS INTERFACE PARAMETERS AR 1
1 Max Solar Array Power (W) | . 357380 X
, } 5
2 Max Solar Array Weieht (Ke) . 7327 , <
Z Max Thermal Control Weieht  sacw S g?
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IFE CYCLE CRETS V.9808NM0

QOTHE
PRODUCTION

cattary Cell

Call Matchine

Module Azsembly

“hannel Arzembly

Subaysten Arzambly

Recertance % Surfsce Tranzeort

Prelaunch Irtesrstion &
Checkout

Sepace Tranzeare

Sepace Derlorment & Chickau;
OPERATIUNS & MAINTEMRNCE
Sparss Production

Crew Trainina
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