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ABSTRACT

Nickel-cadmium batteries, bipolar
nickel-hydrogen batteries, and regenerative
fuel cell storage subsystems were evaluated
for use as the storage subsystem in a 37.5
kW power system for space station. Design
requirements were set in order to establish
a common baseline for comparison purposes.
The storage subsystems were compared on the
basis of effective energy density, round
trip electrical efficiency, total subsystem
weight and volume, and life.

INTRODUCTION

Space station power requirements are
expected to range from an initial level of
75 kW to a growth level of 150 kW. These
are much higher power levels than have been
flown on spacecraft to date. An analysis of
power systems is required to determine
effective methods of handling these higher
power levels. As part of an overall power
systems study, which included both dynamic
and photovoltaic concepts, a study was per-
formed to compare electrochemical storage
subsystems that, coupled with a solar array
and appropriate management devices, could
provide the required power and energy.
Nickel-cadmium (Ni-Cd) batteries, bipolar
nickel-hydrogen (Ni-Hp) batteries, and
regenerative fuel cell (RFC) storage subsys-
tems were the technologies compared. Design
requirements were set in order to establish
a common baseline for comparison purposes.
The resource module for the space station
has been split into two units each of which
would provide 37.5 kW, as such, modular,
37.5 kW storage subsystems were designed for
low earth orbit (LEQ) operation. As power
levels increase multiple units are placed on
each bus. The design results are pres-
ented. The subsystems were compared on the
basis of effective energy density, round
trip electrical efficiency, total subsystem
weight and volume, and life. An effort was

made to evaluate manageability, failure
modes, and safety aspects of each system.

DESIGN REQUIREMENTS

The design requirements for the 37.5 kW
point design comparing nickel-cadmium bat-
teries, nickel-hydrogen batteries, and
hydrogen-oxygen regenerative fuel cell
energy storage subsystems for a low earth
orbit space station application are shown in
Table I.

The storage subsystems were designed to
deliver the initial power level of 37.5 kW
for a maximum eclipse period of 35.7 minutes
or a total of 22.3 kWh. The LEQ cycle
times, 35.7 minutes for discharge and 58.8
minutes for charge, correspond to a 270 n mi
orbit. The subsystems were configured to
provide 37.5 kW, with 12.5 kW on each of
three buses and one module per bus. Each
subsystem was required to provide full power
with one module failed. Thus, the power
system was equipped with bus switching capa-
bilities. The subsystems were designed to
operate at 120 volts, which is considerably
higher than the 28-54 volt systems that have
been flown previously. At the high power
tevels required, high voltage will result in
decreased current levels and hence reduced
conductor weight throughout the electrical
power systems.

Peak power requirements have not as yet
been defined. Energy storage subsystems
have the capability of delivering peak power
above the rated power level and within a
required range of voltage regulation. How-
ever, since the subsystems and associated
wiring must be designed to meet peak
demands, various penalities are associated
with this capability, including increased
storage volumes, decreased lifetimes and
increased weight of energy storage and
wiring. Due to the lack of peak power
design parameters, these aspects have not
been considered. '
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BACKGROUND

The requirements for low earth orbit
energy storage subsystems are very demand-
ing. Systems must provide many cycles at
high rates of charge and discharge. There
is a long lead time involved in the develop-
ment and qualification of a storage subsys-
tem for aerospace applications. The space
station is presently scheduled to be opera-
tional by 1992. Nickel-cadmium batteries,
nickel-hydrogen batteries and regenerative
fuel cells were chosen for this study
because they are the only electrochemical
storage subsystems that can operate satis-
factorily in LEO, whose state of development
is such that they could be considered in
this time frame.

Nickel-cadmium batteries have almost
exclusively provided the eclipse power for
space systems. They are proven and depend-
able. An extensive data base on 1ife and
performance is available. However, most
battery systems that have flown to date have
operated between 28 to 54 volts and ranged
from 0.5 to 1 kW. Providing power for a
system of 37.5 kW at 120 volts will require
a major scale-up effort. Cell size, moni-
toring and control of individual units, and
thermal management are areas that must be
addressed if nickel-cadmium batteries are to
provide the storage for a system of this
magnitude. For this study, standard 50 AH
Ni-Cd cells were used in the design of this
subsystem because they are widely used and
accepted as state of the art technology.

Nickel-hydrogen systems are an attrac-

tive alternative to nickel-cadmium bat-
teries. They offer the promise of long life
at deeper depths of discharge than conven-
tional nickel-cadmium systems. Although the
nickel-hydrogen systems are beginning to be
used for geosynchronous orbit (GEQ) applica-
tions, the projected 1ife and performance of
individual pressure vessel (IPV) NiHp sys-
tems have not yet been demonstrated in LEO.
An alternative approach to the NiH, cell
design involves a bipolar stack in a common
pressure vessel. This concept incorporates
elements from fuel cell and battery techno-
logies; a bipolar Ni-H, stacks consists of
individual Ni-H, cells stacked between
bipolar plates and connected in series, as
is common in fuel cells. The major compo-
nents of the IPV cells are used in the
bipolar systems with minor modifications.
In addition, the bipolar system is equipped
with active cooling and provisions for elec-
trolyte and oxygen management that are more
commonly found in fuel cell systems. This
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concept offers advantages over individual
cell systems in the areas of volumetric and
gravimetric energy density and controllabil-
ity. A bipolar stack would be controlled at
the system level rather than at the cell
level. The bipolar concept was chosen for
this study because it offers many advantages
over the IPV batteries for this type of
application. Bipolar nickel-hydrogen sys-
tems are in the early phases of development;
however, since the components from IPV sys-
tems can be used directly, the bipolar sys-
tem is a viable option for space station
storage.

The regenerative fuel cell subsystem
integrates a fuel cell with an electrolysis
unit which is essentially a fuel cell run-
ning in reverse. The alkaline system was
considered in this study, because it has
improved performance, reliability, and life
over the acid system. The two have been
recently integrated in a breadboard demon-
stration. The fuel cell uses standard
Shuttle-Orbiter hardware and the electroly-
sis unit is a recent scale-up of a unit used
as part of a life support system unit. The
RFC has a low round trip electrical effi-
ciency when compared to the battery systems;
this must also be considered in the overall
design of the power system.

DESIGN AND PERFORMANCE PARAMETERS

The storage systems were studied to
determine the design and performance para-
meters for the 37.5 kW power system storage
for the space station, Space station life
is estimated at thirty years. No electro-
chemical storage subsystem has a 1ife even
approaching thirty years; therefore, the
systems have been designed for long life by
limiting the depth of discharge (DOD) or
current density with the realization that
failures and replacements will occur over
the thirty year period. An effort was made
to optimize life in order to minimize
replacements. Since these subsystems are
being considered for application in a manned
space station, it has been assumed that
ancillaries which may fail before the elec-
trochemical portions of the subsystems will
be replaced and thus they will not be con-
sidered Tife-1imiting. Performance and the
effect of the redundancy requirement were
also considered when choosing the DOD or
current density at which the system would
operate, As electrochemical systems are
operated there is a gradual degradation of
performance. These subsystems were designed
to provide the required power at the end of
life (worst case conditions). End of life




is defined as the point where the storage
subsystem can no longer deliver the required

power within a specific voltage range.

Nickel-cadmium batteries. - The nickel-
cadmium subsystem was configured using
state-of-the-art 50 AH cells. The subsystem
was designed to operate over a range of
DOD's. from 18 percent to 25 percent. The
initial DOD of 18 percent corresponds to the
case with all three units operating, while
25 percent DOD corresponds to the case with
one module unit failed. Full power is pro-
vided by increasing the DOD on the remaining
two modules. Life, performance, and
response to increased depths of discharge
were factored into the initial decision of
the operating depth. In order to minimize
the number of cells series string, the end-
of-1ife voltage was defined to be 1.1
volts/cell. Below this value the voltage
falls rapidly and there is little usable
capacity. The Ni-Cd subsystem was designed
to operate at 10° C based on 1ife and heat
rejection requirements.

Bipolar nickel-hydrogen batteries. -
The bipolar nickeT-hydrogen energy storage
subsystem is in the early stages of develop-
ment. As such, standard hardware does not
presently exist. The choice of dimensions,
stack configuration, cell capacities and
materials was not constrained but was based
on current concepts. As the technology
matures, standard hardware and cell configu-
rations will become available. For this
study, the Ni-Hy system was configured
using 125 AH cells with an active area of
.403 M. The depth of discharge for the
bipolar Ni-Hs storage subsystem ranges
between 50 percent DOD with all three units
operating and 75 percent DOD with one unit
failed. Based on current projections this
range can reasonably be handled by the
bipolar system and still yield long life.
As with the Ni-Cd storage subsystem, the end
of Tife was defined at the point where the
average cell voltage degrades to 1.1 volts
power cell at the end of discharge. An
operating temperature of 30° C was chosen
based upon performance and heat rejection
requirements.

Regenerative fuel cell. - The regenera-
tive fuel celT subsystem was designed to
operate at relatively Tow current densities
in order to improve overall round-trip elec-
trical efficiency and extend life. The fuel
cell and electrolyzer units were designed to
operate at 9.3 to 13.9 ASM and 13.9 to 20.9
ASM, respectively. The range in current
densities represents the increase that
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occurs with the failure of one module set.
If one module set fails, the current density
of the remaining fuel cell and electrolysis
modules will increase by 50 percent.

Neither of the resulting current densities
is unreasonably high, and would have minor
impacts on life and efficiency. The end-
of-life voltages were determined to be 0.94
volts for the fuel cell and 1.53 volts for
the electrolysis unit. The end-of-life
voltage was derived from performance curves
under the chosen operating conditions
assuming degradation rates of less that 1
uV/hr for both the fuel cell and electroly-
sis unit. It is more likely that the system
will go out of regulation on the discharge
portion of the cycle than during the charge
portion. Therefore, the fuel cell will
limit the life of the subsystem.

Operating temperature for a RFC ranges
from 60° to 93.3° C for both units. The
units were designed to operate at 65.6 C.
The choice of operating temperatures at the
low end of the range should result in
increas%d life. The operating pressures of
4.13x10° pascals for the fuel cell and
2.41x100 pascals for the electrolysis unit
were chosen.to increase performance and
improve volumetric energy density.

The active area of the fuel cell is
that of the current Shuttle-Orbiter techno-
logy, 4.6x102 m2 while the ac%ivg area
of the electrolyzer is 9.3x107° m%,

SUBSYSTEM CONFIGURATIONS

Performance parameters were established
for each system at the defined operating
levels. The storage subsystems were con-
figured based on the established design and
performance parameters.

Nickel-cadmium subsystem configuration.
~ The Ni-Cd storage subsystem designed to
meet the specified design and performance
parameters consists of three modules, each
consisting of seven, 109 cell batteries
(fig. 1). The 109 cells are required to
provide 120 volts at the end of life. In
order to supply the required current at the
chosen DOD, 7 parallel battery strings are
required. This translates to a total of
2289 cells per module, each of which would
require electronics for individual moni-
toring and control in an autonomous system.
Nickel-cadmium batteries require a high
degree of control because hydrogen gas is
generated on cell reversal. As there is no
mechanism to recombine hydrogen gas gener-
ated in a Ni-Cd cell, excessive gas pres-
sure, which can lead to rupture of the cell




case, can result. Cells in a series string
can become unbalanced, thus the weaker cells
in the string could be reversed while the
string voltage remains within limits.

The total subsystem weight for the
Ni-Cd storage subsystem is 5618 kqg.
Included in this value are the weights of
the cells, the packaging hardware, and cell
interconnects. Power conditioning, cooling,
and monitoring equipment have not been
included. The subsystem volume 1.61 m3,
accounts for the same hardware included in
the subsystem weight. No packaging factors
to account for unusable space have been
included.

Bipolar nickel-hydrogen batteries. -
The specified design requirements for the
bipolar Ni-Hp subsystem result in a system
with 1 battery on each of three buses. Each
battery is comprised of a stack of 109 cells
housed in a cylindrical pressure vessel with
torispherical end caps, as shown in Fig. 2.
The number of cells is dictated by the end
of life, end of discharge voltage. Gases
generated on overcharge and overdischarge
are recombined, eliminating the need for
individual cell monitoring and control as
there is no danger of excessive pressure
generation (no damage from cell reversal in
Ni/Hy, cells). Thus, the total number of
units requiring monitoring and control is
only 3.

The total subsystem weight of 1603 kg
includes battery weight, associated hard-
ware, and active cooling internal to the
subsystem. Power conditioning, heat
exchangers, cooling external to the subsys-
tem and equipment for monitoring and control
have not been considered. As with the Ni=Cd
batteries, the subsystem volume of 1.78 m
includes the above hardware only, no
attempts have been made to account for
spatial arrangements or unusable space.

Regenerative fuel cell subsystem con-
figuration. - The choSen design and perfor-
mance parameters for the regenerative fuel
cell subsystem result in the configuration
shown in Fig. 3, with 2 fuel cell stacks and
1 electrolysis stack per 12.5 kW module.

The fuel cell output voltage of 123 volts
results from 2 fuel cell stacks, of 132
cells each, connected electrically in paral-
lel. The electrolyzer input voltage of 84
volts is derived from 1 electrolysis stack
of 55 cells. The total number of con-
trollable units for a 37.5 kW subsystem is 6
fuel cell stacks and 3 electrolysis stacks.
The RFC configuration is summarized in
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Table II. The tank weight was determined
for cylindrical, Inconel storage tanks with
a safety factor of 1.5. The total tank
volume was calculated based on an excess of
gaseous reactants to allow cycling between
tank pressures of 2.07x10° pascals and
4.82x10° pascals. The same restrictions
for total weights and volumes that applied
to the battery subsystems apply here.

SUBSYSTEM CHARACTERISTICS

The characteristics for each of the
subsystems designed to the specified
requirements, with the stated performance
parameters and configurations are sum-
marized, The effective energy density
refers to the energy density of the subsys-
tems as configured for this specific
application.

Nickel-cadmium subsystem characteris-
tics. - The resulting Ni-Cd storage subsys-
tem has an effective energy density of 3.9
Wh/kg. The round trip electrical efficiency
of the subsystem is approximately 70 per-
cent. This is based on end of life perfor-
mance, and thus, accounts for the degrada-
tion in voltage performance and capacity
that occurs with aging. The projected life
for the nickel-cadmium subsystem operating
at the specified conditions is 6 years. The
Ni-Cd subsystem will most 1likely fail due to
a gradual degradation of voltage and capac-
ity which results in the battery being
unable to provide the required power within
the desired limits. The maximum heat rejec-
tion requirements, 12.9 kW, have been calcu-
lated for the worst case — end-of-life, end
of discharge performance. Heat is rejected
at 10° C.

Nickel-hydrogen subsystem characteris-
tics. - The bipoTar Ni-Hp subsystem con-
figured to the above parameters has an
effective energy density of 13.9 Wh/kg. The
round-trip electrical efficiency based on
end-of-life watt-hour performance is approx-
imately 70 percent. Parasitic losses of
ancillary hardware have not been considered
{pumps for coolant circulation). The sub-
system has a projected 1ife of 4 years based
on current models for IPV cell performance
modified by bipolar performance data. The
batteries will most likely fail due to elec-
trochemical degradation of cell voltages and
capacities. The subsystem is configured to
sustain individual cell failures and still
meet power requirements. The maximum heat
rejection requirements of 15.0 kW are based
on worst case performance. Heat is rejected
at the cell operating temperature of 30 C.




Regenerative fuel cell subsystem char-
acteristics. — The regénerative fuel cell
subsystem configured for this specific point
design has an effective energy density of
17.1 Wh/kg. The round-trip electrical
efficiency was 58.8 percent. This does not
account for any parasitic pump losses of the
ancillary hardware. The projected 1ife was
obtained from a time dependent model
developed for Shuttle-Orbiter qualification
tests. Electrolysis life data is limited.
However, life is projected to be greater
than or equal to that of the fuel cell. As
with the battery systems, the most likely
failure mode is electrochemical degrada-
tion. This is the life limiting failure
that the model predicts. However, since the
reactants of the RFC are not stored in the
electrodes, the degradation occurs at a much
lower rate than in the battery systems. The
maximum heat rejection requirements are 21.6
kW, based on the maximum difference in cell
operating voltages and the thermoneutral
voltage of the cell reaction.

Subsystem Comparison. - The design
results are summarized in Table III and
indicate that the bipolar NiHp and RFC
subsystems offer advantages over the Ni-Cd
subsystem primarily in the areas of energy
density and controllability. The effective
energy density of the Ni-Cd subsystem was
3.9 Wh/kg compared to 13.9 Wh/kg and 17.1
Wh/kg for the bipolar Ni-Hz and RFC sub-
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systems, respectively. For a nickel-cadmium
subsystem to be totally autonomous, each of
the 2289 cells in the batteries would
require circuitry for monitoring and con-
trol. This number is reduced to 3 in the
case of the bipolar Ni-Hy subsystem and 9

in the case of the RFC subsystem (6 fuel
cells and 3 electrolyzers). The advanced
technologies are less complex to control and
can be more readily integrated into a power
system.

CONCLUDING REMARKS

A study of this type is useful for Sys-
tematically comparing the differences
between energy storage options. It should
be stressed that the subsystem parameters
generated in this study are based on the
design requirements for a specific configu-
ration, and as such, may not be extrapolated
to apply to other subsystem configurations,
The storage subsystem is only part of the
overall power system and the relationship of
the energy storage subsystem to the overall
power system must be considered. Many other
considerations, including life cycle costs
and integration with other systems, could
also be taken into account.

The 1ife and performance estimates in
this design represent those available from
state-of-the-art technology. These designs
do not account for any technology advances
which could extend life or improve perfor—
mance in the future.







TABLE I. - 37.5 kW POINT DESIGN COMPARISON OF
NICKEL-CADMIUM, BIPOLAR NICKEL-HYDROGEN,
AND REGENERATIVE FUEL CELL ENERGY

STORAGE SUBSYSTEMS

Design requirements

Power:

Configuration:

Voltage:

Orbit:

Time:

Average -~ 37.5 kW
Peak - TBD
Emergency - separate system

3 modules designed to deliver 12.5 kW each
1 module on each of 3 buses
2 modules able to deliver full power

120 v

Nominal - 270 n mi
Range - 200 to 300 n mi

Charge - 58.8 min.
Discharge - 35.7 min.

TABLE II. — REGENERATIVE FUEL CELL SUBSYSTEM

CONFIGURATION

[1 Module on each of 3 buses]

Fuel cell | Electrolyzer
Power:
Stacks/moduie 2 1
Cells/stack 132 55
Number of controllable units| 6 stacks 3 stacks
Total stack weight 620 kg 393 kg
Storage:
Total reactant weight 10.05 kg H20
Total tank weight 45.5 kg Hp
22.7 kg 0y
Total tank volume 0.65 m3 Ho
0.33 m3_0,
0.008 m3 Hy0
Total RFC subsystem weight 1305 kg
Total RFC subsystem volume 2.92 m




TABLE ITI. - 37.5 kW POINT DESIGN COMPARISON OF THE
NICKEL-CADMIUM BATTERY, BIPOLAR NICKEL-HYDROGEN
BATTERY, AND REGENERATIVE FUEL CELL ENERGY
STORAGE SUBSYSTEMS

Characteristic Bipolar

Ni-Cd | Ni-Hy | RFC

Effective energy density, 3.9 13.9 17.1
W-hr/kg

Round-trip electrical 70 70 58.8
efficiency, %

Total storage subsystem 5618 1603 1305
weight, kg

Total storage subsystem 1.61 1.78 2.92
volume, m :

Required storage subsystem 5-6 6-7 6
replacements for 30 year
Tife

Heat rejection:
Requirement, kW 12.9 15 21.9
Temperature, C 10 30 66

Number of controllable units| 2289 3 16FC3E
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