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ABSTRACT

This report provides an overview of recent advances in portable electric power source
(PEPS) technology and an assessment of emerging PEPS technologies that may meet U.S.
Special Operations Command’s (SOCOM) needs in the next 1-2-and 3—5-year time
frames. The assessment was performed through a literature search and interviews with
experts in various laboratories and companies. Nineteen PEPS technologies were
reviewed and characterized as (1) PEPSs that meet SOCOM requirements; (2) PEPSs that
could fulfill requirements for special field conditions and locations; (3) potentially high-
payoff sources that require additional R&D; and (4) sources unlikely to meet present
SOCOM requirements.
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1. INTRODUCTION

This report provides an overview of advances in portable electric power source (PEPS)
technology during the last 2 years and an assessment of emerging PEPS technologies that may meet U.S.
Special Operations Command’s (SOCOM) needs in the next 1-2-and 3-5- year time frames. For this
report, we conducted a literature search of PEPS technology as well as conducting interviews with
experts in various laboratories and companies. The emphasis of this study is on lighter weight, higher
power capacity, high-reliability PEPS technology that is reaching a point where it may be economically
feasible to implement in the next few years. A section on “exotic” portable power sources is also
included although none of these will be available in the next 5 years.

2. POWER SOURCE REQUIREMENTS

Portability and reliability are key requirements that any candidate PEPS must meet. Weightis a
major factor in field-deployable power sources. Weight requirements can be met in some cases by
dividing power sources into separate field assemblable units. These units need not be comprised of a
single technology (e.g., solar battery chargers). Energy density of candidate sources should be
considered in selection of new sources. For example, the energy density of diesel fuel is 10,000 W-h/kg,
whereas available Li/SO, batteries have energy densities of 280 W-h/kg. A typical battery currently
used by the Army is a lithium-sulfur dioxide unit (BA-5590/U) that weighs about 1 kg and delivers
175 Wh. .

This survey is limited to portable electric power sources. Thus, only power supplies in which
the heaviest component weighs no more than ~40 kg are considered. The survey is not limited to the
soldier of the future system in that larger, assemblable units are considered (e.g., flywheels that do not
scale well to small size, yet are of interest for applications such as watercraft propulsion).

Another feature that has been requested by military forces is a battery energy-remaining
indicator. Existing primary (nonrechargeable) batteries have virtually flat discharge voltages, making
state-of-charge difficult to monitor. This results in excess costs and waste generation for discarding
nearly new batteries. Portable devices already exist to measure the state-of-charge for some batteries
(e.g., BA-55901U) used by Special Operations Forces, but built-in monitors would be a significant
advantage for batteries critical to mission success. '

Reliability is an essential ingredient for mission success and for safety of users. Batteries and
other PEPS technologies can be pushed close to theoretical energy density limits but the resultant
. systems may be inherently unstable during storage and transportation or in the field. Maintenance of




PEPS and overall support infrastructure can result in 31gmﬁcant costs associated w1th training,
inventory, disposal, replacement, and repair costs.

For field deployable units, the noise associated with power generation must be kept to a
minimum. This is not a problem with batteries but can be a factor when using mechanical methods for
power generation. Another concern in the field is the thermal signature associated with a power source.
Both thermal and acoustic signatures can be used by opposing forces for targeting.

Also, any power source intended for field use must be able to withstand environmental
temperature extremes, submersion in water, and exposure to dirt, dust, and other environmental
contaminants. Also, for field deployment, PEPSs must operate under any physical orientation.

Finally, cost is a major factor in selection of PEPS. Costs to the military can be significantly
reduced if a large commercial market exists for the same power sources. Such applications as electrical
vehicles, laptop computers, portable video cameras, and the proliferation of battery-operated hand tools
are providing the incentive for commercial development of PEPSs.

A general range of Special Operations Forces power requirements is given in Table 1. Typical
voltage requirements are 3, 6, 12, or 24 Vdc.

Table I—Powef Regquirements

o Power Range Dmly Requzrements Mzsszozz Length i Total Energy

[Watts] o Watf-hows] : - [days] [ Watf—homs]
0-50 i 100 SN N ) - " 3000
0-100 200 - g 0 T F. 1400
0-300 1667 - . . 3 © i “5000
1-1000 ) e I - i 8000:.

3. POTENTIAL POWER SOURCES

3.1 BATTERIES

Batteries are the traditional workhorse of portable electric power systems. Their widespread
availability, high reliability, relatively low cost, low signature, and simplicity of use allow them to
dominate the portable power market. Increasing power demands, coupled with the performance
limitations (hazardous and toxic materials, limited temperature range, and the lack of an obvious power-
remaining indication) of current batteries, has driven the search for improved PEPS. One restriction to
advancing battery technology is that currently available batteries (for all common types) are within 50%

of their theoretically achievable power density for practical systems. Hence, barring revolutionary
developments, no dramatic increases in battery energy density are foreseen. The largest changes in



battery technology over the next few years are likely to be in price, safety, availability, and
manufacturability.

Several recent reviews of the state-of-the-art in battery technology are readily available.!”
Therefore, this report will not address battery chemistry or technology in depth but tried instead provide
an overview of recent developments in the most promising battery technologies.

Batteries are conventionally classified as primary (nonelectrically rechargeable), secondary
(electrically rechargeable), or reserve (one-time mechanically activated) type cells. The terms fuel cells
and mechanically rechargeable batteries both represent the same devices'and are presented in the fuel
cell section (Sect. 3.2).

Lithium-based technology has dominated the development of high power density batteries for the
past decade. Lithium cells exhibit (1) higher voltages (up to 4 V compared to ~1.5 V for most
competing battenes), (2) high energy density (>200 W-h/kg and 400 kW- h/m’> —optimally 600 W-h/kg
and 1200 kW-h/m?), (3) wide operational temperature range (—-40°C-70°C typical), (4) good power
density (some designs permit rapid discharge), (5) a flat discharge curve, and (6) superior shelf life
(primary cells >5 years). Lithium cells are available as primary, secondary, and reserve power sources.

3.1.1 LSO,

Lithium/sulfur dioxide (LiSO,) cells are among the most widely available lithium-based primary
cells. Available cells have energy densities of up to 280 W-h/kg and 444 KW-h/m®. LiSO; cells are
particularly well suited to high-current applications. LiSO; cells use lithium as the anode material, a
porous carbon as the cathode structural material, SO as the active cathode, and an electrolyte consisting
of sulfur dioxide, acetonitrile, and dissolved lithium bromide. Safety remains a continuing concern for

LiSO, technology. The U.S. Army Commumcatlons-ElectIomc Command has recently issued an urgent
safety message regarding the use of LiSO, cells (BA-5590/U).° Deep discharge of the cells can result in
cell venting, rupture, fire, and methane and cyanide production due to an exothermic reaction of lithium
with acetonitrile in the absence of SOx(Ref. 1, p. 14.18).

3.1.2 Li/SOCl,

Lithium/thionyl chloride (Li/SOCIy) cells are readily available from several manufacturers and
have among the highest voltages and energy densities of any practical system. Li/SOCI; cells have a
metallic lithium (or lithium alloy) anode, a high surface area carbon cathode, and a nonaqueous thionyl
chloride/salt (LiGaCls or LiAICLy) electrolyte. Li/SOCI; cells are available in a wide variety of
capacities (up to 20,000 A-h) and discharge rates. Cells designed for high discharge rates are required to
incorporate safety pressure vents and internal fusing since thermal runaway of the cells and cell rupture
(exposing toxic, flammable cell components) may result from too large a current drain or
overdischarging the cells.. Cells stored for long periods at elevated temperatures can exhibit several
hundred seconds of lower voltage operation because of passivation (formation of an excessively thick
LiCl layer) of the anode. Because of their high voltage (3.67 V nominally) and energy density, Li/SOCl,
cells are likely to be a dominant type of PEPS for the next several years. Li/SOCI; cells are also
available (although less widely) with BrCl and Cl, additives, which enhance both cell safety (allow
higher current draws), operational temperature range, voltage, and energy density.




3.13 Li/MnO,

The lithium/manganese dioxide (LiMnO,) cell is a widely available (for low and moderate rate
applications) solid electrolyte lithium cell. Li/MnO; cells use lithium for the anode, an electrolyte
containing lithium salts in an organic solvent, and MnO, for the cathode The cells have a practical
voltage of ~3 V and energy densities of >230 W-h/kg and 550 kW- h/m?. Commercially available cells
range in capacity from about 30 mA-h to 5 A-h. LiMnO, rechargeable cells are commercially available
on a limited basis (because of continuing safety concerns). One characteristic of these cells is their
continuous decrease in voltage with usage, providing a direct state of charge indication.

3.1.4 Li/(CF),

Lithium carbon monofluoride cells [Li/(CF),] are commercially 4vailable (although not in
widespread usage) solid cathode lithium cells. They are typically employed for low and moderate rate
apphcatlons They have operating voltages of ~2.5 V and energy densities of ~250 W-h/kg and
600 kW-h/m®. While a variety of different electrolyte materials have been developed, solid polymer
electrolytes are the most common. :

3.1.5 Lithium Polymer Electrolyte

Polymer electrolyte lithium batteries contain all solid components. They use lithium as the
anode material, a thin polymer film as the electrolyte, and a transition metal chalcogenide or oxide as the
cathode. Polymer electrolyte lithium cells are currently under active development by 3M under a
contract from the United States Advanced Battery Consortium.” The goal of this second phase project is
to create an electric vehicle battery pack by the late 1990s. The target energy density for polymer
electrolyte lithium batteries is 200 W-h/kg.

3.1.6 Lithium Ion

Lithium ion battery technology remains at a laboratory stage of development.® Lithium ion
batteries’ anodes consist of carbon to which lithium ions are intercalated or deintercalcated during
charge/discharge. The cathode material is lithiated metallic oxide intercalation compound to which
lithium ions can be extracted or inserted during charge/discharge. Overall, it is unlikely that this
‘technology will be available for widespread usage in the next 5 years.

3.1.7 Li/BrF;

Extensive fundamental electrochemistry remains to be developed before Li/BrF; cells can be
commercially developed. However, these cells have the highest theoretical energy density of any
proposed battery system. They exhibit open circuit voltages of 5.2 V and have a theoretical energy
density of 2680 W-h/kg (twice that of Li/SOCL,).(Ref. 3, p. 372). Without extensive fundamental

research, these batteries will not become available. However, this technology is worth monitoring since




it is the only battery-type power source with the potential to greatly increase the capacity of already
available systems.

3.1.8 Lithium Reserve Cells

Lithium reserve cells are available for one-time-use operations requiring long shelf life.’
Lithium reserve cells are liquid electrolyte systems in which the electrolyte is encapsulated in a glass
ampoule that is broken to activate the cell. Lithium vanadium pentoxide (Li/V2Os) and lithium thionyl
chloride systems reserve cell systems are commercially available.

3.1.9 Nickel-Metal Hydride

Secondary nickel-metal hydride (NiMH) cells have recently become widely available in the -
consumer market. Although NiMH cells continue to cost more than conventional NiCd batteries, their
lack of a toxic heavy metal constituent and their improved energy density mean that NiMH cells will be
the secondary battery of choice for the next several years. NiMH cells are available with energy
densities >80 W-h/kg. They provide for 1000 charge/discharge cycles and can be recharged in <1
hour.!® NiMH cells can be dlscharged at ~20% of rated capacity per hour at 1.2 V and at up to three
times rated capacity at 1 v.1!' Nickel oxyhydride is the active metal of the battery positive electrode.
The negative electrode is a hydrogen storage alloy (often nickel hydride) with hydrogen serving as the
active component.

3.1.10 Thermal Batteries

Thermal batteries are pyrotechnically initiated molten salt reserve batteries. The electrolyte in
thermal batteries is a solid nonconducting inorganic salt at ambient temperatures. A pyrotechnic heat
source is used to melt the electrolyte. The anode of a thermal battery is an alkaline metal. Inert metals
serve as the cell cathode. A common system is a lithium metal anode, a lithium-chloride/potassium-
chloride electrolyte, and an iron disulfide cathode. Thermal batteries are physically rugged, have high
power densities (up to 1 kW/kg), and have many-year maintenance-free lifetimes.”> An obvious
limitation to thermal batteries is their thermal observability signature (surface temperatures, typlcally
~250°C).

3.1.11 Intelligent Batteries

Intelligent batteries are rechargeable battery systems composed of a battery, a microprocessor,
and possibly a memory chip. The microprocessor and memory are used to control charging rate, -
measure total stored charge, maintain a history of the number of times a battery has been recharged, and
possibly monitor many other parameters. Microprocessors used in these systems can be designed to
communicate state of charge and battery history information according to a standard format on a
communications bus built into the equipment powered by the battery system. The same protocols and
bus standards can also be used by battery rechargers to tailor each recharge to the conditions of the
battery, that is, the cell electrochemistry, materials used, and type of cell construction.




Smart battery technology was first introduced commercially12 in 1989 by Sanyo Energy USA in
the form of a fast-charge control module for NiCd and nickel metal hydride (NiMH) batteries. The
company integrated the module into battery packs for a variety of Original Equipment Manufacturers
(OEM) customers. Duracell (battery manufacturer) and Intel (computer chip manufacturer) have
recently jointly developed the Smart-Battery Speciﬁcation.B’ This specification attempts to address the
three major problems that equipment designers and end users have with batteries: (1) the amount of
battery operating time remaining, (2) the ability of a battery to supply power for an additional load, and
(3) the ability to tailor battery charger operation to a specific battery chemistry. The commercial drivers
for development of this technology has come from laptop computers, cellular phones, and video
cameras.

The Smart-Battery Specification consists of two primary parts: (1) a two-wire, bidirectional,
power-management communications bus for batteries and various components the System-Management
Bus (SMBus)™; and (2) the smart-battery data and charger spemﬁcatlon that describes the batteries’
data set and charge-control schemes.

The SMBus adds a software protocol defining bus transfers, commands etc., to an I C-bus'®
backbone (physical layer). SMBus has much in common with Access.bus,'” another protocol based on
PP C. SMBus is intended to be used as an internal bus connecting nonremovable components (except
for the battery), while Access.bus is an external bus for making “plug and play” connections between
external peripheral devices. Access.bus specifications can accommodate SMBus devices, however,
making it possible for a single controller to be used with them both.

Figure 1 shows an example of how a smart-battery implementation might be used. Table 2
shows a subset of the 34 parameters in the data set defined by the specification.

Intelligent batteries provide the much-needed foundation for a rechargeable battery management
system that not only optimizes battery performance, thereby reducing costs, but also supports greater
reliability in battery use. A record exists not only of the state of charge (a frequently stated need in the
past), but also of significant parameters that characterize the entire history of use of that battery. The
need for such information became critical with recent widespread use of laptop computers and video
cameras. Users of these devices needed to know whether enough capamty was left to accomplish their
particular missions (e.g., to be able to record a 1-h event).

Adoption of the Smart Battery technology can do far more than provide the user with
information about its state of charge and history of use. Systems powered by Smart Batteries can be
designed to use power consumption information to better manage their own power use. Since each
Smart Battery maintains its own information, it is possible to use a mixture of batteries having different
chemistries or charge states in a device.

Smart battery technology also provides the capability to monitor and enforce a charge-control
scheme that will prevent overcharging or too high a rate of charging, the most common forms of abuse
of rechargeable batteries. The problem of polarity reversal that can occur with NiCd batteries is also
eliminated.

Now is an appropriate time to consider making a major technology base shift to low-power
microelectronics and Smart Battery power management, especially for communications, enhanced
vision support devices, and portable computer support. '

If it has not already done so, SOCOM should consider using intelligent battery technology for all
missions and mission training. This technology addresses significant concerns expressed in recent past
surveys. These concerns and how they are addressed are summarized in Table 3. Concern about the
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Figure 1—Example Use of SMBus

Table 2—Example SMBus Data Set Elements

Variable Name =~ . Comments
tfemperature ' ‘
voltage
current , , : . .
AtRateTimeToEmpty The predicted remaining operating time if the battery is
. ‘ discharged at the AfRate -
RunTimeToEmpty - i The predicted remaining battery life at the present :rate of .
discharge »
AverageTimeToEmpty ‘A one-minute: rollmg average of the predicted remmmng :
. ibattery life
AverageTimeToFull ~ : A one-minuterolling average of predlcted t1me unt]l the
battery reaches full charge
RemainingCapacity In units of either current or power
RelativeStateOfCharge i Predicted remaining capacity as percent of fu]l-charge
. capacity ;
FullChargeCapacity - : Predicted pack capacity when fully charged
CycleCount 't Number of charge/discharge cycles of the battery . .



Table 3—End User Concerns Expressed About Batteries

- Stated Concern - Solution Provided by Standard

Need to know stateof ‘charge i Stq‘te 'oféhar;ge is a data ifem that is always
- e o ‘tracked.
Want xx% power.increase: = . Batteries bused on different chemistries.can be

mixed, allowing for increase in
power in some cases.

Reduce weight to capiicityffl‘fatid:" . Batteries based on different chemistries can be
) o ‘mixed, providing more flexibility in
" -how bqtteriés«argused.f 2

Need capabilities for more rapiJ_ o ' Chargé;s designed to operate accordingto .

recharging - ..+ - standard will charge.at optinial rate

' .- for given battery-chemistry.

history of use and amount of capacity remaining for a particular battery was not stated. This concern
was dealt with simply by disposing of any battery about which any such concern existed and starting a
mission with new batteries that presumably could be trusted and carrying a few extras in case one of the
new ones failed. Adoption and implementation of the Smart Battery Specification group of standards
should not just reduce this practice leading to battery waste; it should eliminate it.

3.1.12 Thin Film

Recénﬂy, with the development of microelectronic devices, thin-film solid-state batteries are
receiving more attention with the aim to fabricate a battery that can be completely integrated with
microcircuits.’® However, thin-film batteries have low capacities which makes their applicability to
SOCOM:’s needs questionable. Bates et al."” have designed a LiMn;O4 battery that has a cell capacity,



in the 4.5- to 3.8-V range, of 50 to 120 pA-h/mg (~480 W-h/kg). Some unique features of these
batteries are: wide operating temperature range (-20°C to 100°C); thousands of charge-discharge cycles
(long cycle life); and very long shelf life (no measurable change after years of storage).

Eveready Battery Company has developed a thin-film microbattery that has a capacity between
35 and 100 pA-h/cm? with an open circuit voltage of 2.5 V.2 Eveready has fabricated batteries as large
as 10 cm®. Even with these breakthroughs, microbatteries are not intended for the large capacity loads
required by the majority of SOCOM users.

However, as the military relies increasingly on integrated circuit technology, these types of
. batteries may be the most reliable and cost-effective means to power these devices.

3.2 FUEL CELLS

3.2.1 Principle of Operation

Fuel cells (Fig. 2) are electrochemical devices that convert chemical energy into electricity
without combustion as an intermediate step. Fuel cells are similar to batteries in that they both produce
low-voltage dc current using an electrochemical process; they also both contain an anode and a cathode
separated by an electrolyte. Unlike batteries, however, fuel cells are externally fueled. Fuel cells
function by converting energy in a hydrogen-rich fuel directly into electricity.

The general operating principles of all fuels cells are similar. Proton exchange membrane
(PEM) cells are particularly well suited for portable applications, so their processes are selected for
description. In the first step in fuel cell electricity production, fuel (H,) is fed into the anode chamber
and an oxidizer (air) into the cathode chamber. The hydrogen then adsorbs on the surface of the anode
and disassociates with the aid of a platinum family catalyst. The hydrogen ions then diffuse across the
PEM to the cathode. At the cathode, oxygen is adsorbed and disassociated, and the hydrogen and
oxygen ions combine to form water. The electrons liberated by the hydrogen disassociation conduct
across a graphitic cell interconnect to the cathode of the adjacent cell where they supply the electrons
necessary to form water. The basic anode and cathode reactions are as follows:

anode 2H, — 4H' +4e¢”

cathode O, +4H"+4e” - 2H,0.

Fuel cells have several advantageous features for producing moderate amounts of power (0.1-
100 kW). First, they have the potential to be highly efficient. Since fuel cell electricity conversion does
not involve the chemical to thermal to mechanical to electrical energy conversion cycle, they can avoid
the Carnot efficiency limitation. Currently available cells have efficiencies of 55%, and future designs
have predicted efficiencies of greater than 75 %2 Also, compared to conventional heat engines, fuel
cells have few moving parts and hence are likely to have high reliability and very quiet operation.
Additionally, fuel cells have very low emissions—in the case of pure hydrogen feed, the only waste
product is water.
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Figure 2—Fuel Cell Stack Cross Section

A major limitation of fuel cells is size and weight. Recently, major strides have been made in
power density. Ballard Power Systems in October 1995 announced a PEM fuel cell capable of
producing 1 x 10°W/m> and 700 W/kg.2 Manufacturability also remains a fuel cell limitation. Each
layer of a fuel cell requires a fuel and oxidizer supply as well as water removal. Reliably manifolding
and sealing the cells around the manifolds has proven to be a continuing challenge. Establishing
reliable, low-loss, electrical contact between all cell layers (electrical contacts over large areas) is also a
difficult manufacturing problem. Maintaining a proper water balance and removing waste heat are also

10




significant design concerns. Additionally, the higher temperature types of cells (molten carbonate and
solid oxide) have challenging materials compatibility problems.

Hydrogen is the only practical fuel for current fuel cells. Hydrogen, however, is difficult to
transport in sufficient density to be practical in a portable system. In fact, developing a hydrogen
distribution infrastructure is likely to be the most challenging aspect of implementing fuel cells as a
standard PEPS. Compressed gas has low density, and cryogenic storage suffers from continuous boiloff
(and high energy requirements for the initial cooling). Hydrogen adsorption on carbon is promising but
has not yet been developed sufficiently. Metal hydrides tend to be expensive and need high
temperatures to liberate the stored hydrogen.” Ammonia is an easily produceable and transportable,
high-density hydrogén storage medium. Its main limitation is that ammonia reacts with acidic
electrolytes requiring an efficient chemical scrub after cracking (disassociation into Nj and Hy).
Methanol is another available high-density storage media for hydrogen. Methanol is easily and
inexpensively derivable from most hydrocarbon materials (oil, biomass, coal, etc.). Methanol
oxidization, however, is difficult to catalyze (oxidization activity of methanol is lower by two orders of
magnitude than that of hydrogen).

3.2.2 Types of Cells

3.2.2.1 Alkaline

Alkaline fuel cells use an aqueous solution of potassium hydroxide as an electrolyte. They use
pure hydrogen and oxygen (or CO; free air) as fuel and oxidizer since they are sensitive to carbonate
formation. Alkaline fuel cells operate at room temperature and produce the highest voltage (at
comparable current densities) of any fuel cell. Operation in excess of 15,000 h has been demonstrated.2*
Since hydrogen disassociates more readily under alkaline conditions, a wider selection of catalysts
(notably nickel instead of platinum) is suitable for use in alkaline fuel cells. Some alkaline fuel cell
systems also use a circulating electrolyte system that permits easy removal of water and waste heat. The
electrolyte solution is corrosive so cell sealing and proper material choice are significant engineering
concerns. The space shuttle currently uses an alkaline fuel system as the main on-board electrical power
source.

3.2.2.2 Proton exchdnge membrane

PEM fuel cells use a polymer membrane assembly as their electrolyte. They operate at
temperatures below 100°C. Pure hydrogen/air fuel/oxidizer systems are the typical portable system.
PEM technology is also used in direct methanol fuel cells (Sect. 3.2.2.6). Energy Partners Inc. has
recently demonstrated a 10 kW fuel cell stack. The stack weighs 65 kg and has a volume of 3.7 x 107
m>.? The main advantages of PEM systems are: (1) no corrosive liquids, (2) relatively easy fabrication,
(3) minimal material compatibility and corrosion problems, (4) long-life, and (5) the ability to operate
under high driving pressures. Their main weaknesses are the cost of the polymer membrane, difficult
water balance management, and low tolerance to CO (Ref. 24, p.73). Analytic Power Corporation is
currently demonstrating (at Fort Benning, Georgia) much smaller units (150 W; 3.9 kg - without fuel)
for individual soldier use.® Pure hydrogen/air PEM fuel cell systems will most likely just be
approaching commercial viability for PEPS in 5 years.
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3.2.2.3 Phosphoric acid

Phosphoric acid fuel cells (PAFCs) are in the process of being commercialized for on-site
cogeneration type uses (50—1000 kW ac). PAFCs have been optimized for using fuels with a higher
carbon content (up to 5%) such as reformed (natural gas, light distillates, or gassified coal). The ONSI
Corporation commercially produces a PAFC system that converts 50 m> of natural gas per hour into 200
KW of ac power and 22 kW of thermal energy at 120°C.2’ PAFCs operate at ~200°C and use H;PO,
bound in polytetrafluoroethylene matrix as the electrolyte. It is unlikely that PAFC technology will be

.applied to portable systems in the next decade.

3.2.2.4 Molten carbonate

Molten carbonate fuel cells (MCFCs) use an electrolyte of lithium and potassium carbonates and
operate at ~650°C. The high operating temperature is used both to achieve high conductivity in the
electrolyte and to avoid the requirement for precious metal oxidation and reduction catalysts. MCFC
technology is actively being developed by several companies worldwide.?® However, MCFCs are
targeted for large stationary generation stations. Overall, it is very unlikely that a portable style of
MCEFC will be developed within the next 5 years.

3.2.2.5 Solid oxide

Solid oxide fuel cells (SOFCs) use an electrolyte of yittria stabilized zirconia and operate at
~1000°C. They are currently being demonstrated in a 100-kW unit.* The high operating temperature
permits easy use (by internal hydrogen reforming) of most hydrocarbon materials as fuel and allows the
use of nonprecious metal electrodes. The development of suitable high-temperature materials is the
primary challenge for commercializing the technology. Overall, it is highly unlikely that a portable style
of SOFC will be developed within the next 5 yéars.

3.2.2.6 Direct methanol fuel cells

Direct methanol fuel cells (DMFCs) either use a sulfuric acid electrolyte or a PEM and operate at
<200°C. The main advantage of PMFCs is their use of an easily transportable liquid fuel. The sulfuric
acid is used to reject the carbon (as CO,) released from the methanol oxidization. DMFCs exhibit
significantly lower size, weight, and temperature than competing fuel cell systems. They also provide
easier thermal management through the use of fuel as coolant. DMFCs, however, remain less developed
than other fuel cells. They suffer from corrosion due to the acid electrolyte and slow reaction kinetics.
An additional remaining problem is methanol migration across the membrane, creating a chemical short
circuit. Jet Propulsion Laboratory (JPL) has recently developed a significantly improved DMFC. The
. JPL system uses a PEM electrolyte, and each layer in the cell stack produces 0.5 V at 300 mA/cm” (Ref.
24, p. 155). The Defense Advanced Research Projects Agency has initiated research projects with
several leading research universities to develop PEM-DMEC systems.>® This appears to be a promising
technology for portable power production. However, it remains at a research stage, and it is unlikely
that a commercial system will be available in the next 5 years.

3.2.2.7 Metal-air fuel cells - .

Several metal—air fuel cell systems are candidates for portable power systems. Both
mechanically (fuel cell) and electrically (battery) rechargeable-type systems are available. Zinc,
aluminum, and lithium are the most commonly used metals (calcium, magnesium, and iron have also
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received a limited amount of attention). The main advantages of metal—air batteries are high energy
density, flat discharge voltage, long shelf life (dry storage), limited environmental problems [alkaline
(KOBR) electrolyte only toxic material]. Their major limitations are: drying-out (or flooding) limits
shelf life once opened to air; limited power output (sharper voltage drop-off with increasing current than
other systems); limited operating temperature range (5°C—35°C typical); H; from anode corrosion; and
sensitivity to CO, (carbonation of alkali electrolyte).*! Electrically rechargeable cells are required to
have both electrodes for adsorbing/reducing oxygen during discharge and evolving oxygen during
recharging. The design of an efficient air electrode has proven to be challenging. In some designs,
separate oxygen evolution and reduction electrodes are used while others incorporate a bifunctional
electrode. -

Zinc—Air

Primary zinc—air batteries are commonly available in both button cells and larger industrial
" styles. Zinc is selected as an anode material since it is the most electropositive metal that is relatively
stable in both aqueous and alkaline solutions without significant corrosion. Creating a reliable
electrically rechargeable cell remains a significant design challenge. Replating the zinc during
recharging often creates dendrites, which penetrate the electrolyte and cause a chemical short circuit.
Also, electrical recharge requires several hours. Mechanically rechargeable systems avoid these
limitations. Lawrence Livermore National Laboratory has developed an advantageous, prototype,
mechanically rechargeable zinc—air battery.”” In this design the fuel consists of pellets of zinc metal
entrained in a liquid alkaline electrolyte (KOH). The zinc/electrolyte mixture is fed from hoppers into

reaction cells, where it forms a loose pack structure allowing complete oxidation of the zinc and
transport of the reaction products and waste heat with the electrolyte. This system is easily refuelable

(few minutes), has a high power density (350 W/kg; 300 kW/m® and 140 W-h/kg; 250 kW-h/m®), and
provides for simple environmentally benign fuel/electrolyte recycling (simple electrolysis unit). This -
technology is in a demonstration stage and could be ready for small-scale deployment within 2 years,
with more widespread usage developing within 5 years.

Lithium—Air .

Lithium-—air batteries are attractive because lithium has the highest theoretical voltage and energy
density of any metal system. However, lithium—air systems suffer from high corrosion rates and rapid
self-discharge. Polarization within the air cathode also limits the achievable cell voltage. In view of the
safety and materials limitations of lithium—air systems, it is unlikely that these cells will be
commercially available within 5 years.

Aluminum-Air

Aluminum-—air fuel cells are attractive because of their high energy density and voltage and the
availability and low-cost of aluminum. Recent engineering developments have focused on low-
corrosion aluminum alloys and on developing an electrolyte management system to remove the reaction
products.’® Specialized application versions (notably for marine use) of aluminum-—air batteries have
been commercially available for several years. Overall, however, aluminum-—air fuel cells are less
reliable than batteries because of the mechanical systems required to remove the reaction products, they
are sensitive to attitude, and they exhibit a slow turn-on time (~30 min typically). Current versions of
aluminum-—air fuel cells may be attractive for underwater propulsion applications using seawater as the
electrolyte. With a significant development effort, aluminum-air fuel cells may overcome their
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remaining engineering hurdles. However, lacking this, they are unlikely to be generally useful as a
portable power source within the next several years.

3.2.3 Future Prospects

Fuel cell technology has been evolving for more than 30 years. The level of technological
development has been significantly advanced in recent years both by improved materials as well as the
concentrated efforts to develop environmentally benign, alternative sources of electrical power to
imported hydrocarbons. Portable fuel cell technology development is being driven by electric vehicle
requirements. As such, the continued advancement of fuel cells is driven by both the price and
availability of oil as well as the environmental regulation of vehicular emissions. The U.S. military is
also actively supporting fuel cell development efforts (~$9 million annually). The greatest difficulty in
field deployment of fuel cells in scale will be in developing a new support infrastructure to distribute
hydrogen.

Some fuel cell systems are emerging as viable portable electric power supplies. In particular,
direct methanol, PEM fuel cells and ammonia-fueled alkaline fuel cells are likely to be available,
reliable, relatively inexpensive power systems with tolerable mass and a low observability signature
within 5 years. Zinc—air fuel cells will also continue to be of increasing utility in applications requiring
small primary cells as well as larger mechanically rechargeable systems. Fuel cell systems have not yet
become standard commercial PEPS, mostly because of material and weight problems and the need to
develop a full-scale manufacturing and support infrastructure. Recent results in fuel cell demonstration
are very promising, and 5 years is a reasonable time frame for the initiation of widespread usage.

3.3 ULTRACAPACITORS

Ultracapacitors are very high capacity charge storage devices capable of handling very high
power densities (~10,000 W/kg) over short time intervals (less than 1 s), making them very attractive
options for load leveling in electric or hybrid vehicles. Because of their very large electric charge
storage capacities, they could be used as effectively as batteries for many low- power applications,
especially microelectronics devices. They are rechargeable far many more times than rechargeable
batteries (>600,000 cycles >*) and can be recharged exceedingly rapidly compared to rechargeable
batteries. Units developed for use in electric vehicles weigh on the order of 100 kg, so more
development would be required to make this option more attractive as a portable power supply. Its
value may lie in its use in combination with other power sources. Current research in ultracapacitors

(for electric vehicles) is being conducted at the following institutions:

Auburn University, Auburn, Alabama

Federal Fabrics

General Electric Corporate Research and Development, Schenectady, New York
Lawrence Livermore National Laboratory, Livermore, California

Los Alamos National Laboratory, Los Alamos, New Mexico

Maxwell Laboratories, San Diego, California ‘
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e Pinnacle Research Institute, 141 Albright Way, Los Gatos, California
e Sandia National Laboratories, Albuquerque, New Mexico

3.4 THERMOPHOTOVOLTAICS

3.4.1 Conceptual Description

Thermophotovoltaics (TPVs) are being developed as a method of producing small electric power
units for both commercial and military apphcatlons The concept underlying TPVs was developed in
1960 at the Massachusetts Institute of Technology An energy source of almost any type is used to
elevate a selective or blackbody emitter to incandescent temperatures (see Figure 3). The radiant energy
is filtered to produce the desired spectrum and then captured by an array of photovoltaic (PV) cells that
produce dc power. The emitter temperature ranges from 1000-3000 K (727-2727°C). Because of this
high temperature, the PV cells must be cooled. With proper combination of PV cells and spectrally
matched emitters, TPV systems may achieve power densities approaching 250 W/kg (this, of course,
does not include the weight of fuel for the energy source—typical fuels have energy densities on the
order of 10,000 W-h/kg). Theoretically, TPVs can operate with efficiencies of 15% or greater.
Therefore, it should be possible to design a 2 kg package that can deliver 250 W for 5 h or an overall
energy density of 700 W-h/kg (each 1 kg of fuel buys another 5 h).

3.4.2 Current TPV Development

!

Energy conversion can be very efficient in TPVs, where emitted radiation is near the bandgap
energy of PV cells. Efficiency greater than 50% 1s theoretically possible with near bandgap radiation at
high power densities with ideal PV cell designs.® In practice, efficiencies of 5% are more likely.
Current research is directed toward bandgap engineering of materials suitably matched to the emission
spectra of the radiation sources. Also, advanced emitters are being designed to produce radiation that
can be used to generate electricity from existing PV cells.

One goal of R&D efforts on TPVs is to develop a compact and efficient configuration for the
combined thermal source and emitter system. Quantum Group, Inc., is developmg a laboratory model
TPV generator under Defense Advanced Research Projects Agency funding.> The generator uses
methane/oxygen combustion, ytterbia selective emitter, and spectrally matched silicon PV cells to
produce 2.4 kW in a lab based system. Quantum is also developing a 100-500 W man-portable TPV
generator with shock mounting, which increases the ruggedization for portab1hty
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Figure 3—Thermophotovoltaic System Concept

Babcock & Wilcox and JX Crystals, Inc., have developed an innovative design for a compact,
500-W, 28-Vdc TPV power system using JP-8 fuel. % This system is approximately 18 x 18 x 43 cm
(7 x 7 x 17 in.), not including a fuel tank and controls The system weighs as little as 7 kg without fuel.
Average exhaust temperature is 332 K (137°F), resulting in a relatively low thermal signature. The
acoustic signature is also very good in that the system is inaudible at 3 m (9.8 ft).

JX Crystals, Inc., and Western Washington University are developing a TPV using a blackbody
infrared emitter heated with natural gas and integrated with a photovoltaic cell array to produce enough
power to run a household appliance.

Another effort by the Gas Research Institute has the goal to develop a 300-W TPV prototype for
a self-powered gas furnace.*!

3.4.3 Future Qutlook

The interest in TPV for power generation is growing, as evidenced by the increasing number of
conferences, workshops*? and publications on TPV research. A variety of potential commercial markets
exists including electric grid independent appliances such as gas furnaces that produce their own heater
electric power; hybrid vehicles; underwater vehicle power; recreational vehicles; remote electricity
supplies; and military applications. These potentially lucrative commercial markets are driving intense
R&D to produce reliable and low-cost TPV power sources. However, Rose* concludes that while
TPVs offer a promising method of producing small portable electric power units, the technology is not
mature enough for major market penetration and is too costly. This situation could change over the next
5 years as a viable consumer market is developed.
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3.5 THERMOELECTRIC GENERATORS

The thermoelectric generator is a reliable and silent energy converter with no moving parts that
transforms heat into electrical power. One of the primary uses has been for spacecraft power systems
that utilize radioisotopes as the heat source. Two problems that have continually prevented widespread
commercial application of thermoelectric power during the last 30 years of research are low efficiency
(<5%) of thermoelectric materials and the high cost of fabrication. Advanced thermoelectric materials
might eventually enable thermoelectric generators to achieve conversion efficiencies greater than
12%.(Ref. 43, pp. 213-220), thus making them more competitive with alternative energy conversion
technologies.

The cost of manufacturing thermoelectric generators is also expected to be reduced as a result of
a project underway at the School of Engineering Systems Design at South Bank University in London*
in which a new fabrication process for thermoelectric generators, which is both simple and continuous,
is being developed.

Teledyne Brown Engineering is marketing nonportable thermoelectric generators in the 10-90 W
range to provide electrical power in remote or inaccessible areas.*’ These generators are weather-

resistant and run on a variety of fuels, including propane, butane, and natural gas.

The.Army has attempted to produce thermoelectric generators for field use, but their efficiency is
less than 5%. A design study funded by the U.S. Marine Corps*® has proposed a 500-W system using
segmented lead telluride modules. This system would weigh approximately 20 kg and have an
efficiency of near 9%. However, the potentially high thermal signature and low power density
(25 W/kg) may preclude field use except in special sitnations such as where a naturally occurring heat
source is available or if a silent source other than battery power is desired.

3.6 MECHANICAL

3.6.1 Engine Driven Generators

A 1992 workshop*’ on the use of small engines to supply soldier portable power needs
concluded “there is enormous potential for improving small engine performance through the innovative
use of new materials and technologies.” It was further concluded that progress in engine driven portable
power is limited by the availability of development funding. Some of the major issues identified with
the application of engine-driven generators are size and weight; acoustic signature; thermal signature;
fuel management; emissions; and the ability of the system to operate in the wet, dirty, cold, or hot
environments encountered in the field. The following sections describe three technologies where
continued research seems to hold the promise of alternative engine-driven sources of portable power.
These are miniature hybrid-diesel-powered generators, Stirling engines, and microturbines.

3.6.1.1 Miniature hybrid diesel generators

The Oak Ridge National Laboratory (ORNL), the Oak Ridge Centers for Manufacturing
Technology, and Davis Diesel Development, Inc., have proposed to develop a modified 2-stroke internal

17




combustion diesel engine coupled with a high efficiency (95%) axial air gap permanent magnet
generator and smart controller.*® The system weighing approximately 5 kg will deliver 500-W, resulting
in a power density of 100 W/kg. Toxic gases such as carbon monoxide and oxides of nitrogen will be
very low with use of the hybrid diesel engine. A large silencer will be used to control acoustic noise.
Active noise suppression will also be designed into the system using vibration and acoustic wave
canceling devices. If development of miniature diesel generators is initiated in 1997, a system could be
available for field testing in 4-5 years.

3.6.1.2 Stirling engines

A great deal of effort has gone into the development of Stirling engines. However to date, they
have not received the widespredd application one might expect based on the simplicity of the concept.
This is due in part to the high cost of developing one-of-a-kind devices, coupled with the fact that the
Stirling engine has not found a large number of applications where its unique features are sufficiently
advantageous to supplant the more conventional power sources. Use in military portable power systems
may provide an application where certain desirable features of the Stirling engine would justify its use.
Military application would probably create sufficient demand to reduce the umt cost to an acceptable
value.

The major components of a Stirling engine are the displacer piston, the power piston, the
regenerator, the heat and cooling sources, and the interconnection piping (see Fig. 4) A thorough
treatment of the theory and practice of Stirling engines can be found in the book Principles and
Applications of Stirling Engines by C. D. West.* Ina Stirling engine, a fixed amount of gas is
contained in a piston system. One end of the piston (referred to as the displacer piston) is heated and the
other is cooled. As the piston moves, gas is transferred between the hot and cold ends (via external
tubing). When more of the gas is in the hot end, the system préessure rises. The pressure rise is used to
drive a separate piston (referred to as the power piston) whose shaft is connected to a linear alternator
(producing power). The power piston shaft is driven back in when the system is at low pressure (gas at
the cold end of the displacer piston). Net work is obtained by the pressure difference between driving
the power piston and reinserting it. Stirling engines typically cycle at ~3000 rpm and have stroke .
lengths of a few millimeters.

A major advantage of Stirling engines is that virtually any source of heat can be used. The
heated portion of a Stirling engine is sealed, making the internal workings virtually immune to
contamination. Additionally, pressure variations within Stirling engines are continuous (as compared
with the explosively varying pressures of conventional internal combustion engines), resulting in quiet
operation. The largest remaining hurdle for practical Stirling engine development is the development of
a high-efficiency seal around the power piston.

A vast number of styles of Stirling engines have been built and tested. Most of them have been
built in response to a specific need or function. West’s book describes an innovative concept of Stirling
engine invented by E. H. Cooke-Yarborough of Harwell Laboratory. It appears to be a good candidate

design for easy portability. The general layout of this device is shown in Fig. 4. In this engine, the
displacer piston is about 260 mm in diameter. It has a shaft power output of 150 W. The push rods
shown are connected to a linear alternator in Fig. 4 and have a motion of only 2 mm. Even with this
small displacement, the linear alternator operates at 95% efficiency. This unit was manufactured
commercially by HoMach Systems Ltd., and English company. Later models have been manufactured
by U.S. companies using bellows instead of the articulated diaphragm shown in Fig. 4.
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Figure 4—Stirling Engine

Subsequent developments by U.S. compames have produced small engine/generators in the 100-
to 500-W range. 50 Most of them employ some form of linear alternator. Although the mass of Stirling
engines is in the range of 6 to 7 kg/lkW of mechanical power equivalent, the mass rises significantly to
15 to 20 kg/kW(e) with the addition of the linear alternator and controls. The generator is two-thirds of
the total weight of the unit. Some improvements have been made by utilizing a three-cylinder Rinia
engine configuration using three linear alternators. This configuration gives a specific capacity of
13 kg/kW(e). Significant improvements may be possible by using the ORNL-developed permanent
magnet axial-gap generator. In addition to generating the desired 28 Vdc, it does so at 95% effi01ency
A 500-W version of the generator weighs 0.9 kg, or 1.8 kg/lkW(e) [Larger generators, 50 kW(e), have
specific capacities of 0.17 kg/kW(e).] In all but the most exacting cases, a simple passive voltage
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regulator will probably suffice. The magnets are made of samarium-cobalt (SaCo) which will stand the
higher ambient operating temperatures of Stirling engines.

3.6.1.3 Microgas turbine generators

Microfabrication of refractory ceramics is enabling the development of microgas turbines and
generators (millimeter to centimeter diameter). Power densities are expected to approach those of full-
size engines (10° kW/m®). Mlcroturbme high performance requires a high turbine inlet temperature
(~1600 K), high speed (3 x 108 rpm) and low leakage/high tolerances (~1 xm). Development goals are
to produce a 50-W generator with an energy output of 175 W-h and weighing only 50 g (energy density
of 3500 W-h/kg). The Army Research Office is supporting development of microturbines with funding
in 1995 of approximately $1.174M. Cost of micro-turbine generators could be low, given sufficient
demand of approximately 10® units/year.>? With continued development funding, these systems may be
available for field deployment in 3-5 years.

3.6.2 Piezoelectric Power Generators

There is an enormous amount of literature on piezoelectric devices. Very little of it deals with
useful power generation. Most of the applications mentioned are for sensors and signal generators.

However, a few attempts have been made to produce useful power output from piezoelectric
transducers The Defense Nuclear Agency is funding a project to explore the use of piezoelectric
transducers™ to produce energy from low-level waste heat at acceptably high efficiency and reasonable
cost. The system will consist of a natural heat engine developed at Los Alamos Laboratory working
with a high-efficiency transducer developed by Ballistic Missile Defense Organization. The system will
develop between 5 and 10 kW(e). It is not obvious how this device, still under development, would be
applicable to portable power use. The likely size of a system required to recover energy from low-level
heat would most likely militate against portability.

Plezoelectnc transducers have also been used-as power sources for motors and stepping
motors.>* These applications are highly specialized and would require considerable R&D to adapt them
to produce power suitable for military end-use applications.

An attempt was made to utilize the pressure developed on the bottom of a soldier's boot during
walking to actuate a piezoelectric transducer to charge a battery. This method of power production was
considered by Comprehensive Technologies International, Inc., in 1993. 55 Their conclusions were that
the power generated was too low and the cost too high for the system to be used in a practical
application.

Based on the available literature on piezoelectric devices, it is unlikely that a usable product
could be made available in the time frame in which we are working.

3.6.3 Hand-Crank Generators

The development of axial-gap and radial-gap permanent magnet motors has made possible the
construction of highly efficient motors of low weight per unit of output energy. When used as a
generator, they are highly reliable. Efficiencies in excess of 95%° are obtainable in current designs.
Efficiencies approaching 100% are predicted as anticipated permanent magnet flux increases are
achieved. An axial-gap generator was designed recently at ORNL™ to produce 0.5-kW. It weighed

20



approximately 1 kg and was housed in a cylinder having a diameter of 9 cm and a length of 5.7 cm.
Thus, its energy density is ~450 W-h/kg.

A generator producing somewhat less output and suitable for military field use could be built.
Mechanical power input could be supplied by troops with hand cranks or other means. The energy
produced would be available for immediate use or could be stored in batteries or other energy storage
devices. A 100-W scaled-down version of the 0.5-kW generator mentioned above could probably be
built and housed in a package the size of a fishing reel. The flat geometry of the generator permits
consideration of a variety of packaging shapes.

Gauzzoni>® built a prototype hand-crank generator 20 years ago which he passed on to engineers
at Harry Diamond Laboratories. New magnets and a harmonic drive were incorporated into a design
capable of delivering as much as 200 W of power. A hybrid Special Operations Power Source (O -177)
currently available for use in the field combines hand-crank, solar, and ac/dc converter capablhtles

The advantages of a hand-crank power source for field use are, especially for emergency backup
power, that it is low weight per unit power output (easy portability), could be made very rugged and
reliable and impervious to severe environmental conditions, and could have unlimited life expectancy.
The operating noise level would be very low. A high-efficiency hand-crank generator could be
developed and tested in 2-3 years if sufficient R&D funds were available.

3.6.4 Water-Driven Generators

In considering sources of power to drive portable generators, one might include water power.
Although not universally available, sources of water power may be found in certain theaters of
~ operation. For example, in mountainous terrain in certain parts of the world, numerous streams may be
present. Cascades and water falls in these streams can be a source of considerable power. For example,
as little as 100 gal/min falling 10 ft through a plpe or 5 gal/min falling 200 ft through a pipe can provide
80 W of continuous battery-charging power % Small paddle wheel generators and turbines could be
used to drive high-efficiency dc generators to recharge batteries. When such sources are near an
encampment, they could be utilized as continuous sources of low power. s

Where more permanent encampments are established, more soph1st1cated systems can be utilized
to produce larger amounts of power. For example, pelton wheel generators®® have a high power-to-
weight ratio and could be used where sufficient hydraulic head is available, usually a few hundred feet.
The installation would be very simple requiring only a few lengths of plastic pipe in addition to the
pelton wheel/generator. The pelton wheel is a simple device consisting of a disc with buckets attached
to the outside rim. Water passes through a nozzle and strikes the buckets one at a time causing the disc
to spin. Efficiency of converting water energy to mechanical energy is in the range of 80 to 85%.
Several firms in the United States manufacture pelton wheels as well as complete “micro power
systems.” Some of these systems62 perate with heads as low as 20 ft (with reduced efficiency), but may -
_ have heads as high as 600 ft. A range of power outputs from 150 W to 10 kW is available. A complete
150-W system costs approximately $800.
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3.6.5 Flywheel Energy Storage

3.6.5.1 Conceptual description

Flywheels are mechanical devices that store energy kinetically in the angular momentum of a
rotating body. Most commonly, flywheels take the form of rotating rings or cylinders attached to a
central hub. The primary components of modern flywheel systems are the rotor, the bearings (and
bearing control system), the stator, the power and control electronics, and the contamment system
(mechanical containment and vacuum) (see Figure 5).

Two federal organizations are the primary funding agencies for current flywheel research
efforts—DARPA and the U.S. Department of Energy (DOE) through its hybrid electric vehicle (HEV)
program. The National Institute of Standards and Technology (NIST) through its Advanced Technology
Program and the National Aeronautics and Space Administration (NASA) through Small Business
Innovation Research (SBIR) programs are also sponsoring flywheel research. In addition, the major
domestic automobile manufacturers are also investing in flywheel research. Both large, stationary
systems (for utility load leveling and for providing uninteruptable power supply) and smaller, portable
systems (mainly for automotive use) are being developed.

The controlling relationship for energy storage in flywheels is E = 3’210) where E is energy
stored, I is the rotor moment of inertia, and @ is the angular velocity. Since energy stored is proportional
to the square of the angular velocity, flywheels are spun as rapidly as possible. The centrifugal forces
(and subsequent tensile stresses) on the rim limit the achievable rotational speed. Since stored energy is
proportional to the square of the angular velocity and only directly proportional to the rotor mass, rotors
have the highest possible tensile-strength-to-weight ratios.

3.6.5.2 Flywheel features and limitations

Flywheel energy storage systems have the potential to store relatively large amounts of energy in
portable units (10 kW-h in 50 kg). A recent prediction indicates that flywheels have a near-term
potentlal to deliver 2 kW/kg and a long-term potential of 8 kW/kg This contrasts with the much
lower installed efficiency of prototype systems such as an urban bus with a specific energy of S W-h/kg
and a specific power of 375 W/kg.** Recently published data show that superconducting bearings are
available (on a research basis) with energy losses of <0. 1%/h.%° Also, a ceramic contact bearing 2-kW h,
25-kW system has demonstrated bearing losses totaling 120 W for both the rotor and motor. bearings.5
Conversion losses are relatively low for flywheel with rates of power returns typically between 90 and
95%.

A major advantage of flywheel technology is its insensitivity to usage. Current flywheel systems
are designed for 10-year maintenance free lifetimes (with minor maintenance at 20 years). This is not
effected by the flywheel usage (even with repeated deep discharges). Also, the angular speed of a
flywheel represents its state of charge unambiguously. Flywheel full charging times currently are
5-10 min.

The major limitation of flywheel technology is its relatively low level of development.
Flywheels remain custom and therefore high cost items. The technology required for high-efficiency,
high-power flywheels is just becoming available. Dow-United Technologies Composite Products, Inc.,
completed development of a polar weaving process in early 1996 which places reinforcing fibers both
radially and circumferentially in rotors, thereby both increasing rotor strength and allowing the use of
lower cost materials.5"6® Bearing technology is undergoing rapid evolution as the materials becomie
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Figure 5—Typical Flywheel System

available to permit higher speed rotors. Permanent magnet bearings (often with electromagnetic assist),
ceramic contact bearings, and superconducting magnetic bearings are all under active development.
Electromagnetics with relatively advanced control systems are required to overcome the nonlinearities
of permanent magnet bearings. ‘
_ A major safety concern with portable flywheels is their performance under accident conditions.
The primary function of the rotor is to store kinetic energy—its uncontrolled release is hazardous. A
containment vessel that is capable of containing the rotor fragments under all credible accident scenarios
is therefore required. The weight of the containment vessel is a limiting factor in portable devices. One
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strategy often used to contain high energy rotor fragments is to use a separate internal burst-containment

cylinder that is free to rotate under angular impulse of fragments. This serves to distribute the burst load
over the entire container wall, reducing the likelihood of high speed fragment ejection.’ Another
concern with portable flywheel systems is their gyroscopic nature. Without a gimbal-type mounting or a
counterrotating element rotating flywheels are difficult to transport.

3.6.5.3 Five year prediction

Flywheel energy storage technology already has had some military usage. In July 1996 SatCon
Technology Corp. received a $1.1 million contract from the U.S. Marine Corps to build a flywheel-
based, uninterrupted-power-supply system for remote power generation stations.”® Chrysler has been
developing the “Patriot” race car that uses a flywheel (for regenerative braking and burst power) along
with a constant-speed combustion engine.”’ In short, flywheel technology is currently available for
specific custom missions. '

‘What remains in doubt for flywheel technology is its mass scale application. Although several
organizations are proceeding toward commercialization, it appears unlikely that flywheels will be
available as a mass market portable electric power storage device within the next 5 years. Over the
longer term, flywheels remain among the most promising technologies for storing energy. More than
likely, within 10 years, flywheels will be commercially available, in portable systems, at consumer price
levels, for storing up to 10 kW-h for a period of weeks.

3.6.6 Wind Turbines

3.6.6.1 History omeall Wind Turbines

Over 8 million windmills have been installed in the United States since the 1860s. These systems
were generally used to supply from 200 to 3000 W to farms throughout the Midwest. However, most of
these systems were eliminated when inexpensive grid power was extended to rural areas in the 1930s.
The energy crisis of the 1970s and early 1980s provided an incentive for homeowners and farmers to
install wind turbines to reduce electricity costs. Tax credits and favorable federal regulations provided
additional incentives to install wind turbines. When tax incentives were eliminated in 1985 and oil
prices dropped, the small wind turbine industry once again disappeared. However, the wind energy
industry has grown steadily over the last 10 years, and there are now a number of companies ' that
produce and market small wind turbines.

3.6.6.2 Small wind turbines

Small wind turbines range in size from 250 W to 100 kW. These systems have rotor diameters
as small as 1.14 m (45 in.). Most wind turbines are horizontal-axis propeller-type systems with a rotor
(two or three blades), low -speed direct drive generator, mainframe, and a tail to align the rotor into the
wind. The tail also provides overspeed protection. A wind turbine must have a clear shot at the wind to
perform efficiently. > Air turbulence, which is highest close to the ground, reduces wind turbine
performance. Therefore, turbines are normally placed on a tower at least 30 ft above any obstacles
within 300 ft to provide more and smoother air flow. Towers can be hinged at their base to allow easy
erection. Most turbines require an average wind speed of at least 8 mph to generate electricity. The
power produced increases as the cube of wind speed. For example, the Bergey Windpower Company’s
Model BWC 850 system is rated at 850 W at a wind speed of 28 mph.”*” The BWC 850, weighing
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approximately 86 1b, cuts in at 8 mph and generates 100 W at 12 mph. Southwest Windpower
Company’s AIR Wind Model has a rotor diameter of 1.14 m (45 in.), capacity of 300 W, cuts in at 8
mph, and generates 100 W at 21 mph. It weighs only 13 Ib. These microturbines use special power
electronics packages to track the peak of the power curve for maximum efficiency.

3.6.6.3 Current small wind turbine market

There are several applications for small wind turbines that sustain a viable market for wind
turbine manufacturers. Small turbines are used to supply power for military facilities; remote village
electrification; irrigation, remote residences and vacation cottages, and navigational aids. Wind turbines
get less expensive with increasing size. For example, a 50-W turbine costs about $8.00/W whereas a
300-W system is down to $2.50/W.

The National Renewable Energy Laboratory (NREL) has a project to extend the current market
for small wind turbines in sizes from 5 to 40 KW.” The overall goal of this project is to help U.S.
industry develop cost-effective, high-reliability small wind turbines for both domestic and international
wind energy markets.

3.6.6.4 Portable wind power

It is conceivable that a small wind generator could be transported and assembled to provide
power for charging batteries in a base camp location. Such application would only be practical in open
territory such as desert, plains, or seashore. A specially adapted system utilizing a small, highly efficient
generator, miniaturized light-weight electronics package, and telescoping tower (if required) could
provide a significant power source for battery recharging. However, it is unlikely that military forces
will be willing or able to utilize wind power except in special circumstances.

3.7 SOLAR

The sun can be used as both a direct and an indirect source of power. Solar power can be
converted directly to electricity using photovoltaic technology. The sun can be used indirectly by plants
to store energy by means of photosynthesis and as a heat source for a number of different working fluids
to operate a mechanical engine using a particular thermodynamic cycle (e.g., Stirling engines). Recent
research suggests that photosynthesis may be used to generate enough electric power to be sufficient to
operate some microelectronic devices (see section below on biosources).. Use of the sun as a heat source
for generating power for portable applications is not as effective (and will not likely be for the
foreseeable future) as direct conversion methods. Consequently, the discussion of solar power sources
in this report will be limited to photovoltaic technology and the potential application of biosources
(photosynthesis).

Photovoltaic technology has been commercially available for nearly 30 years, but solar cells have
not been packaged in a form for convenient use in a wide range of military field operations. Most of the
R&D effort during this period has focused on improving the efficiency of photon conversion and
decreasing the costs of manufacturing the photocells.

Solar cells obviously depend on having sunlight available in order to generate power.
Commercial solar panels are now available which can supply power in remote areas for individual
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appliances such as water pumps, television and radio transmitters and receivers, desktop computers,
telephone systems, individual street lights, and fluorescent lights in homes and small industries.

Photovoltaic cells and modules are generally quite rugged and reliable with lifetimes typically of
30 years. Balance of system components (inverters, support structures, junction boxes, control systems)
represent half the cost of photovoltaic systems but account for as much as 99% of system failure and
repair problems . 7

‘While the basic picture for photovoltaic technology has not changed much for the past two
decades, there has been steady progress in the two areas that continue to receive greatest attention:
photon conversion efficiency and manufacturing costs. Conversion efficiencies have generally
improved by a factor of 2 or more. Cheaper methods for manufacturing solar cells have been developed
which at the same time have brought increased reliability over the useful lifetimes of the cells.

DOE has been working with photovoltaic cell manufacturers and with the electric utilities for
more than a decade to develop cost-effective photovoltaic power sources. Typical goals are to achieve
an efficiency of 15% at a cost of $50/m>.

3.7.1 Research and Development Activities

Goals of DOE and participating industries for the next couple of years and for the next S years
are the same: to increase photon conversion efficiencies and to lower manufacturing costs. More
efficient photon conversion can be achieved by use of multijunction cells and better design of thin-film
layers to trap light. Lower manufacturing costs will be achieved by greater use of automation, reducing
the number of steps in the production process, and moving from batch to continuous processing.

The status of photovoltaic technology as of early 1996 is summarized briefly next and in
Table 4.

Table 4—Solar Cell Technology Overview

Solar Cell -~ i Commercial i Flexible : Efficiency %  Efficiency -} Energy. } Weight i Cost
. Technology = i Availability i -~ . (maximum.}: (commercial i Density -} Range } (dollars/
E o i measured) i units) i (W) i (Ip) i
“Amorphous - .yes. < ¥ yes i .102. ¢ ?- -1:8070 ‘¢ 15 & 7. -
Silicon i ' ‘
Thin-film . ? yes | ?. b2 -7 . ?
‘Crystalline ' ) o © - T
Silicon - L - - o - 2
Polycrystalline. ; :~'yes - - no 18 . 14 . - 130-140 ; 3-30 ?
Silicon i : ) S ‘ — :
Single Crystal " yes no i 24 ? 220, 15-30 7
Silicon ‘ . )
_Gallium - ? ~thin- 28, #: 2 190 - ? ?
Arsenide - film. § . i
Cadmium o ? thin- 16 6 - 180 ? ?
Telluride film o d ’
Copper Indium ? thin- 171 10 180 & ? ?
Diselinide °° film S : : '
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3.7.1.1 Amorphous silicon

The first thin-film amorphous silicon devices made more than 20 years ago had efficiencies less
than 1%. By 1994, stabilized efficiencies greater than 10% had been achieved. Efficiencies as high as
13% are expected from use of cells with multijunction layers.

3.7.1.2 Polycrystalline silicon

Efficiencies of multicrystalline devices have reached nearly 18% for laboratory cells, over 15%
for prototype modules, and 14% for commercial modules.

3.7.1.3 Single-Crystal silicon

Devices made of single-crystalline silicon in the laboratory have achieved measured efficiencies
as high as 24%.

3.7.1.4 Cadmium telluride

Small laboratory devices have been fabricated that have efficiencies of neaﬂy 16%, while
efficiencies of commercial devices are around 6%. Interest in CdTe is due chiefly to the potential for
very low-cost production of cells.

3.7.1.5 Copper Indium diselenide

Devices based on copper indium diselenide were measured in 1995 to have 17.1% efficiency.
This thin-film material shows no degradation in performance after many years of outdoor exposure.
However, no commercial products based on this material have yet been produced.

3.7.1.6 Gallium arsenide

Measured single-junction efficiencies now exceed 25% at 1-sun and nearly 28% under
concentrated sunlight. Multijunction cell efficiencies are greater than 30% and should exceed 32% in
concentrator systems.

3.7.2 Commercial Availability

Solar cell systems are commercially available in units that are portable, though not specifically
designed for portability, with weights as low as 15-30 Ib., with rated power range of 50—-100 W
(current: 3-5 A, voltage: 1720 volts) for less than $500. Lighter-weight modules are available that
deliver correspondingly less power (lower currents). Solar cell panel areas range from roughly 1 ft2. to
3 ft by 4 ft and 1-2 in. thick. The most common material still is single- crystalline or poly-crystalline
silicon.

Commercial solar cell systems appear to be well suited as sources for recharging batteries but
have the drawback of being easy to detect (light reflected from flat panels and heat from infrared -
signature). Solar cell systems integrated with the Smart Battery technology appear to present a very
attractive option (environmentally benign, no fuel requirements to operate, noiseless).

Solar cells (polycrystalline) were used to recharge batteries during Desert Storm. Two thousand
book-sized kits were ordered, each capable of providing 15 W of power.”".

Increases in efficiency achieved for solar cells, with near-term possibilities of significant further
improvements using multilayer and multijunction designs, combined with reduced power requirements
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of newer microelectronic devices should make for an attractive match of technologies. With increased
attention to microelectromechanical systems (MEMS) technology and development of MEMS
applications, the desirability of using solar cells for power as an integral part of future systems is
expected to grow. It is appropriate to consider now the consequences of this technology convergence in
procurement planning.

3.8 ALKALI METAL THERMAL TO ELECTRIC CONVERTER

The alkali metal thermal to electric converter (AMTEC) is often referred to as the sodium heat
engine. AMTECs convert heat directly into electricity using a flowing stream of liquid sodium and a
solid electrode which is sodium ion permeable (see Figure 6). A heat supply and sink maintain a
temperature difference of ~500°C across the two sections of the converter, thus creating a pressure
gradient across the porous electrode. This causes sodium ions to flow through the electrode, thus
creating an electric potential that can be used to perform work.
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Figure 6—Alkali Metal Thermal Electric Converter

Assuming a temperature difference of ~500°C, the efficiency of AMTECs is 25-35% and the
power density may be greater than 500 W/kg.”® The principle advantages of AMTECs are (Ref. 78,
p-218)
e Potentially long life.
High power density.
No moving parts (except flowing sodium).
Adaptable to a variety of fuel sources.

Beta alumina is the only unusual material.
Low cost [$300-$500 per kW(e)].

A recent workshop”® concluded that AMTEC technology is almost ready for application in the
10~-100-W range and that industrial interest will ensure availability of converter components. However,
as with all power sources that depend on high temperatures, there is a significant thermal signature
associated with AMTEC deployment.

3.9 EXOTIC PORTABLE POWER SOURCES

In the course of our study, we have identified several novel methods that may supply electrical
power. We have lumped discussion of these potential power sources in this section as a means of
documenting their potential. Although it is unlikely that these methods will meet the needs of SOCOM
in the next 5 years, we recommend that the literature be reviewed periodically to assess the state of
technology advancement and application.

Novel sources identified are: (1) laser power beaming; (2) beamed electromagnetic energy; (3)
tapping ambient electromagnetic radiation; (4) electromagnetic energy propagation by global
transmission; (5) microfabricated cantilever piezoelectric generator; (6) nuclear radiation powered

sources, including isotopic generators and small reactors; (7) Patterson cells; and (8) biosources. These
novel portable sources are briefly described in the following sections.

3.9.1 Laser Power Beaming

It may be possible to supply forces in remote areas with considerable power by beaming lasers
from aircraft or satellites. Friedman® proposes to charge batteries of satellites in geostationary orbits
using high power lasers in the kilowatt range. If this proves feasible, then the reverse process may also
be capable of beaming power from satellite or aircraft to ground receivers, which could convert the
signal to useful energy. There are obvious safety issues to deal with as well as tracking and receiving.

3.9.2 Beamed Electromagnetic Energy

An alternative to tapping ambient electromagnetic energy is to beam a strong signal directly to a
receiver. This could be accomplished by a ground-based or airborne transmitter. A pseudorandom or
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coded signal might be used to avoid detection by distributing the beamed energy over a predetermined
set of frequencies. However, participants at a 1992 workshop®' concluded that this technique could only
work in a carefully controlled environment. Analysis of an antenna size compatible with the power
level restraints for biological damage requires antenna sizes too large to be manageable. Also, the
power source, operating at microwave frequencies, must have line-of-sight to the soldier to be effective.

3.9.3 Tapping Ambient Electromagnetic Radiation

Certain microelectronics devices might derive their required power from ambient
electromagnetic radiation. Commercial radio stations are one of the strongest sources of such radiation.
The available power may range from microwatts to tenths of a watt depending on distance and power of
the transmitter. Norton®” has proposed to develop and demonstrate an ambient electromagnetic radiation
source that automatically seeks the strongest local AM carrier signal and rectifies it to produce useful
power. ‘

3.9.4 Electromagnetic Energy Propagation by Global Transmission

Another possibility for supplying portable power in the field is through global energy
transmission. Electromagnetic energy may be propagated using the earth as a “single-wire” spherical
transmission line, as expressed by Nikola Tesla in his 1905 U.S. patent where transmission resonances
are predicted at intervals of 11.7 Hz. In particular, these transmission line modes have extremely low
attenuation for frequencies below 20 kHz and “wash out” for frequencies much above 50 kHz. (These
resonances are not to be confused with Schumann cavity resonances.)

These transmission line modes can be generated using a fixed, lumped circuit resonator. An
array of field deployable lumped circuit, earth connected, receiving resonators allow extraction of the
energy for local use. Minimum atmospheric radiation is produced, and no tall antennas are required for
this transmission mode.

The feasibility of this concept has been described analytically and experimentally
demonstrated.® Extensive theoretical literature exists on the computation of electric field strengths at
very low frequencies; the most famous have been compiled by Louis W. Austin.3*

3.9.5 Microfabricated Cantilever Piezoelectric Generator

Another method proposed for powering low-power electronic devices is based upon external.

motion to mechanically stimulate an electric generator.® Intentional or incidental vibration can excite a
suspended mass attached to piezoelectric material, which, in turn, generates alternating energy. The
current could be rectified and stored in a small battery or capacitor to power a low-power electronic
device. ’

3.9.6 Radioisotopic Generators and Small Nuclear Reactors

Power systems for space missions have employed radioisotopic sources and small nuclear
reactors®® and thermoelectric materials to convert thermal energy to electrical energy. Over the past 25
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years, 34 radioisotope power systems have been safely flown on 19 U.S. space missions. These systems
typically use 238py oxide pellets as the heat source, tungsten emitter (cathode), niobium collector (anode)
and produce approximately 300 W. A man-portable isotope powered Stirling generator is being
developed by Pacific Northwest Laboratory and Stirling Technology Company.®” The energy source of
the generator is a 60-W 28py source developed for space applications. A free piston Stirling engine
drives a linear alternator to convert the heat to power. The system weighs about 7.5 kg and produces
11 W ac power with a conversion efficiency of 18.5%. However, these radioisotope powered systems
are very expensive to produce and are unlikely to be considered for military applications except for
unattended long-life power supplies for remote Jocations.

Small nuclear reactors have also been considered for powering space missions. The United
States has not deployed nuclear reactors in space, but Russia has routinely used reactors in space. The
Romashka reactor with an unshielded mass of 455 kg delivers S00 W over a lifetime of 15,000 + hours.
The Topaz thermionic reactor, with a mass of 320 kg, delivers 6—10 kW over a lifetime of 1100-2760 h.
It is extremely unlikely that nuclear reactors will be utilized by military forces except to supply power to
remote bases. -

3.9.7 Patterson Power Cell

It is still uncertain whether the claims made by Clean Energy Technologies, Inc.,%® are true that
the Patterson cell (named for the inventor, J. A. Patterson), produces a heat output of 450-1300 W with
an input of only 0.1-1.5 W. The Patterson cell is filled with microscopic plastic beads coated with a thin
layer of palladium sandwiched between two layers of nickel. The cell is filled with ordinary water.
Hydrogen atoms released by electrolysis are soaked up by the palladium and/or nickel. It is inside the
metal that some kind of energy releasing mechanism is claimed to take place. The device is patented .
(unlike cold fusion, which is unpatentable) but is far from being understood or accepted by the scientific
community. Therefore, it is unlikely that Patterson cells will be commercially available in the next
5 years.

3.9.8 Biosources

Biosources in principle can provide mechanical (e.g., wind-driven motion), chemical (e.g.,
combustion), and electrical (photosynthesis) power. Biosources could be used as fuel to generate heat
for thermophotovoltaic or thermoelectric power generation (see previous sections on
thermophotovoltaics and thermoelectrics). Discussion in this section will be limited to electrical power
derived from plant material.

Nature provides an amazing abundance of electric power sources, but nearly all of these sources
provide power only at very low levels. With the steady reduction in physical size and concomitant
reductions in power requirements combined with increase in system integration that continues to occur
with semiconductor electronics, prospects improve for possible eventual use of such low-level power
sources. At the same time, growing understanding of how these natural systems operate holds the
promise of finding ways to amplify natural processes under appropriate conditions (e.g., chemical
treatment) so as to be able to harness these power sources.

Lee et al.® have studied ion and electron transport phenomena in platinized photosynthetic
thylakoid membranes. Greenbaum’® has constructed cells that were able to generate short-circuited
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photocurrents of a microampere by entrapped platinized chloroplasts. The work Greenbaum did was
intended to demonstrate that photocurrents could be produced; he has not attempted to explore
systematically the possible use of platinized chloroplasts as an electric power source. Advantages he
sees with use of platinized chloroplasts are the possibility of modifying system characteristics through
genetic engineering to get material with specific properties and of making use of self replicating
capability of the host cells. He would expect to produce power cell material by growing algae in large
farms rather than by harvesting green leafy material.

No attempt was made to align the chloroplasts, vary packing, or to measure quantum efficiency
of the photosynthesis process for this system. While no data were taken on how long a power
generating system would last, Greenbaum expects a period of hours to days, with the platinized
chloroplasts behaving in many respects much like semiconductor materials. Output voltages would
depend on the differences in energy levels involved in the photosynthesis process, typically around 1 V.

He expects it should be possible to achieve at least two orders of magnitude larger current (e.g.,
100 pA) with proper optimization of parameters. If this expectation were borne out, his system of
platinized chloroplasts would be capable of trickle charging batteries or ultra capacitors. He also
believes that a focused effort to develop prototype power sources based on photosynthesis reactions
could well achieve a demonstration prototype within 3-5 years.

Substantially more current than 1 xA will be required for bioelectric power sources to be
considered a useful way to trickle charge batteries. However, currents in the range of 10-100 rA from
. modestly improved systems based on platinized chloroplasts may be adequate in the future to power
MEMS applications.

The possibility of getting even small amounts of electric power from green leaves is appealing,
especially if such a source could be employed as needed in the field. A drawback with this type of
power source would be the amount of preparation, such as special treatment of leafy materials, needed
in the field to build a power-producing cell. Based on laboratory experience to date, preliminary
chemical processing including various solutions of platinum compounds must be used to make proper
electrical contact with the photosynthetic membranes. The platinized choroplast mixture must be
transferred to a filter or other substrate for mounting and assembled with appropriate hardware to
construct a power-producing cell. With what is known now, it is hard to see what advantages such
biosources will have. However, apphcatlon of this approach for generating power has not been explored
systematically, either.

Possible future uses of this technology should not be dismissed too hastily, if for no other reason
because of recent advances in the areas of nanotechnology (micro/nano-sized channels for fluidics
applications) and MEMS. These areas not only open up the possibility of biosources for power, but also
possible options for new ways to deploy sensors and actuators coupled to microtransmitters that could
transmit data over short distances.

Too little is known at present to say what the potential uses might be or what the advantages or-
disadvantages are for particular kinds of applications. There is value in carrying development at least to
the stage of a demonstration prototype power delivering system.
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4. POWER SOURCE STANDARDS

This report covers a wide range of types of portable power sources, many of which would
require considerable development to bring to a level for demonstrating feasibility for use in the field.
Some agreed-upon set of parameters for characterizing these sources and systematizing information
about them would be useful to applications designers and end-users (especially military mission
planners). A formal characterization needs to cover general areas of interest or concern such as
electrical and physical properties, environmental qualification, and maintenance, handling, and disposal
considerations. Table 5 gives a list of general attributes intended to promote discussion and to suggest
what a standard characterization might include. No attempt has been made to be comprehensive.

Table 5—Formal Characterization of Portable Power Supplies

Cafte y/Attri e - Comments
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Energy Densziy
Total Energy Content
. Power-Density -
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- Once specific attributes are agreed upon, then attention must be given to how to measure the
attribute and how to report the results. Some parameters may require a highly specialized measurement
technique. Others, such as mechanical shock tolerance, may require deciding what types of impacts
batteries must be capable of withstanding; several different quantities may have to be measured to
provide adequate characterization.

There are several reasons for developing standards covering portable power systems. Reliability
in its many forms is a major one because of its importance to the success of military operations. Other
goals include increased efficiency in use of resources, decreased design and operating costs, and better
control over testing and maintenance of equipment. In'the case of rechargeable batteries, the Smart
Battery Specification goes a long way toward meeting these goals.

Microelectronics technology is rapidly assuming a much greater role in a warrior’s resources. In
addition to sophisticated communications systems, there are Global Positioning System locator devices;
night vision viewers; various types of sensor systems for detecting, identifying, and locating various
hazards; and specialized information systems. As the use of microelectronics expands, the options for
providing power must expand. The technological complexity also increases. Greater use of standards is
one way to manage and control the impacts of this increased complexity. The primary goal of the kinds
of standards advocated in this report is to deal effectively with the increased complexity of the
technologies used.

A standard basis for comparing the different battery technologies would be particularly useful -
and will be the subject of the remainder of this section.

Standards are needed for characterizing batteries and other portable electric power systems
according to how well they will perform in certain applications. Until the last several years, there was
no agreed-upon system for reporting performance characteristics of the ever-widening range of battery
types that would allow an appropriate selection to be made relatively quickly based on the requirements
of the application. Extensive testing and prototyping are still required to gain sufficient experience with
candidate batteries in order to make a fmal satisfactory selection. This is particularly true for
rechargeable batteries.

Whatever type of standard is developed will need to complement the Smart Battery Management
suite of standards, which appears to cover the operation and maintenance phases of a battery life cycle
very well. What is missing now is a standard approach to characterizing the performance normally
expected of each type of battery. Benefits of such a standard will include greater incentives for battery
manufacturers to produce batteries with consistent quality. Information is needed to address design
requirements for new electronic devices, response to harsh environmental conditions, and information
for planning required maintenance, handling, and disposal after the battery is put into service.

Designers of electronic devices would benefit from such a standard in being able to produce
systems faster and more efficiently, without having to spend as much time in system prototyping. The
standard should include current—voltage curves for different loads and load scenarios. Many types of
electronic devices today can be characterized by quite distinct use patterns. Such use patterns should

therefore be the basis for selecting load scenarios for use in the standard. Military electronics must
already meet many standards and often are used in carefully planned and prescribed ways, providing a
further historical basis for choice of scenarios to use in a standard.

‘What is needed is a standard, reliable way to quickly compare different portable electric power
source capabilities and capacities during mission planning phases. Sufficient information in handbooks
and manufacturer's product data sheets is riot usually provided in the amount and kind of detail or laid
out in a form that facilitates comparisons. Making useful comparisons becomes more difficult if the

34




technologies used differ widely and no doubt lies behind the designations used for batteries as primary

and secondary types of power. This section of the report attempts to address the issues that need to be
covered by standards that would allow mission planners to make useful comparisons.

Development of battery standards has been driven historically by requirements for
interchangeability of batteries manufactured by different vendors. These requirements were concerned
with physical characteristics such as size, shape, location and configuration of terminals, and nominal
voltage. Standards have also been developed for testing batteries in order to determine product quality.
More than a dozen military standards exist but deal primarily with physical characteristics.

Some consumer electronics items (e.g., some hand-held calculators) as recently as the mid-
1980s, powered by 9-V batteries, would not work reliably with some rechargeable NiCd 9-V batteries
because these batteries did not provide the same voltage as a 9-V alkaline battery. Information booklets
provided by consumer electronics did not and still do not always warn consumers of incompatibility
problems such as the case of the example given here.

Widespread use of laptop computers and the need for being able to use them reliably on business
trips and at important business meetings has stimulated much work in new battery technology, including
further development of standards and a communications bus and protocol for momtonng and tracking
the condition and recharging history of the battery.

The obvious application to SOCOM is to allow planners to decide more quickly and reliably
which power sources are appropriate or necessary for a particular mission. Perhaps a combination of
sources is needed. The type of standard envisioned and advocated in this report needs to address the
technical capabilities of power sources in such a way that system designers and integrators are able to
assemble components to produce a final system that will probably work satisfactorily. Such a standard
will prove to be increasingly advantageous (likely necessary eventually) with the introduction of more
specialized microelectronics support systems and especially for MEMS technology. .

We suggest that SOCOM consider development of a general standard that identifies the common
aftributes of a portable power source that a microelectronics applications designer or a mission planner
for special operations will need to know. Some of these attributes can be measured and the results
reported in a straightforward way (e.g., weight, size, operating temperature range, total stored power,
and energy density). Other attributes will require having to define a measurement procedure or special
conditions under which the measurements must be made.

5. SUMMARY

Table 6 summarizes the overall results of our assessment of portable power sources for use by
SOCOM. The table provides a comparison of portable power technologies but does not tell the whole
story. Although some of the sources are presently available and have sufficient energy or power density,
they should not be seriously considered at this time, either because of a lack of technical maturity or they
do not meet other SOCOM requirements such as continuous power delivery, weight, size, or ruggedized
for field deployment. Table 7 lists those sources which we believe meet SOCOM requirements now or
within the next 5 years. Batteries will continue to be the preferred source of power for most short-
interval SOCOM missions. However, it is unlikely that there will be significant improvement in battery
energy density, and significant safety issues are associated with the use of high-discharge-rate lithium-
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based batteries. Battery technology development is proceeding rapidly in support of a growing
commercial market (portable electronic devices and electric vehicles). Consequently, nonspecialized
battery technology may not require additional defense funded R&D. Fuel cells and TPVs can meet
most, if not all, of SOCOM power requirements, but there are other limitations such as thermal and
acoustic signatures, support and training, system reliability, and infrastructure deployment for these new

technologies.

Table 6—Comparison of Power Sources

Power Source

S EnerO} Denszt)
. [Whke]

i Power Denszly

-t [Wke]

i Available*

i 0-2 years

i Available*
i 3-5 years

Nonrechargeable:Battery. i500 - $50-100 - X
_(Lithium Based) ‘ i R ‘

Rechargeable. Battery 80 120@1.2V. X

(NiMH): - N N 1240@Q1.0 V. "
Thin-Film Battery ti480 - - 10, 012W/cm ix
Fuel Cell L1860 .- © 1700 ‘ X
Thermophotovoltaic = .~ +.750: (w1th 1 kg of 1250 X ;'

L 1 fuel) |
“Thermoelectric - - ‘'basedonfuel - - §25 ix

' S i supply R ‘
Piezoelectric. . - L Y i >5years
Hand-Crank Generator: i 455 . - 455 ‘X, N
Engine-Driven Generator. -850 . 1125 ix
StzrlzngEngme ,.; ‘basedon ﬁ1e1~ .« £556- - x Lo
" i supply. T \ U
eroturbme Gen +/Fuel .£3500° - 150,000 X,
Flywheel - 1200 12000 i>5years . -
Solar i variable - 8 X
Water Driven -variable - 2- X -
Wind - ivariable 2-20" - X
Patterson cell 17 ‘ 1.7 >5 years
Radioisotope i? 1.5 1 >5 years
Electromagnetic’ 2" i >5 years:
Biosources 27 . A >5:years
AMTEC. i based.on fuel -500- X
' i supply ‘

Ultracapacitor - 13.3-7.5 +-1400-21,000 X
Diesel Fuel 10,000 . n/a . ‘n/a

*Cost-effective for widespread deployment.
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Table 7—Sources That Meet SOCOM Requirements

Power Source . %Fuel.. { Thermal i Acoustic

| Weight

o . o o ! Signature i Sienature
Nonrechargeable Battery none . i varles low none
Rechargeable Battery none varies low none
Fuel Cell hydrogen/ i medium | medium low
’ : methanol : ,
Portable Engine diesel/ medium { high - - i high
Generators ' ‘ .gasoline ‘
Thermophotovoltaic . variety medium. : high low

In the course of our study, we identified several sources that are commercially available but are
only applicable for special missions or under the proper field conditions. Table 8 lists these sources and
the conditions under which they might be used. The hand-crank generator might be considered by

SOCOM as an emergency backup on all missions because of its reliability and portability (size of a
fishing reel may be possible).

Table 8—Sources For Special Field Locations and Conditions

Power Source ¢ Locafion i Condition’ i Application . * } Limitation
Wind Turbine | desert,plains .= { wind>12mph  {long-term variable output
seashore . mission - i requires setup
Solar desert sunny i battery charging | variable
' - i output/daytime
\ : ' “only
Thermoelectric i anywhere any high reliability i low power -

‘ a : e -density/high
thermal
signature

Flywheel - i base camp or any . .. i faster energy doesn’t scale to
vehicle : discharge small sizes
Hand-crank anywhere any . | backup . { occupies
- personnel
Water Turbines : mountains with ;>6 mhead >1L/s ; long-term requires setup
flowing streams mission

We also identified several technologies that have a high potential to meet requirements but need
more R&D to adapt them for portable use. Of these sources, listed in Table 9, the most likely to meet
future SOCOM needs are the proven AMTEC technology in the 3—5 year time frame and microturbines
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in later years. Microturbine development is in its infancy, but the technology should mature with the
development of improved materials and precision microfabrication techniques.

Table 9—Potentially. High Payoff Sources That Require Additional Research and Development

Power Source -} Cuwrrent Limitation ~ : Years to : Payoff

Deploy ment

Microturbines- ..~ i expensive: 1 ~ - i very high power density; .
Radioisotope . - - politically. unpopular;” - 35 - i-suitable for long-term
. *"i;safety issue; expenswe i i TSSiOD. ‘
Patterson Cell" >~ iunproven:- = ° N o ,
AMTEC . . - _:hlghthermail s1gnature, \Ay“3,,-“51, S fvaIiéty pf\fuelsi"longlife; '
' ¢ .7 -iprovenbut unfam1har -4 .-, L inomovingpatts |
’Atechnology , N E

Table 10 lists four sources that do not meet present SOCOM requirements primarily in the
ability to provide useable amounts of power in a reasonable size package. However, all of these sources
might provide built-in power for individual devices, which could improve device reliability and reduce
dependence on portable power.

Table 10—Sources Unlikely to Meet Present SOCOM Requirements

Power Source * ~ - i Limifation . - -~ . §Ad.vanfaes 1 Status .
Thin-Film Battery. ‘outputtoolow -  ireliable; ™ i ongoing R&D"

S o ‘ :echargeable foron- ;i <t

, i ‘ i -chippower. -~ '

Microcantilever - {ou'tpu't too;low - jreliable- on-chlp ‘N patent dxsclosure o
Piezoelectric : _i.power : ;
Ambient-or - .} beamedlssues . .iambient energy ' whlte paper
Beammed: - . soldier: safety and -1 always: avaﬂablefor '
Electromagnetic, i detection’by.enemy on-chlp power’ ~
Biosources. - Poutputtoolow 3 on-going R&D

6. RECOMMENDATIONS

SOCOM should continue to periodically reassess the state of the art and commercial availability
of portable power sources. Of particular interest are fuel cells, TPVs, AMTEC, and microturbine
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6. RECOMMENDATIONS

SOCOM should continue to periodically reassess the state of the art and commercial availability
of portable power sources. Of particular interest are fuel cells, TPVs, AMTEC, and microturbine
generators. SOCOM should encourage additional development of specialized power sources such as
aluminum-—air fuel cells for underwater propulsion applications that use seawater as the electrolyte;
miniature hybrid diesel generators; high-efficiency, miniaturized hand-crank generators for emergency
backup; and small water and wind turbines. Given that infrastructure costs are not too great, SOCOM
should consider the use of hybrid systems to meet some special needs, for example, combining batteries
with solar cells, hand-crank or other sources to provide battery recharging capability. If it has not
already done so, SOCOM should adopt the use of intelligent battery technology.

It is also highly likely that power requirements will change (less power required) as electronic
circuits are more highly integrated on small energy efficient chips which provide their own power from
such devices as thin-film batteries or more novel approaches as tapping ambient electromagnetic energy.
Power requirements may also be reduced or met through application of MEMS technology. The
microturbine generator is an example of application of MEMS technology for producing power with a
very small, lightweight device.

Finally, we suggest that a multitechnology conference similar to the 37th Power Sources
Conference held in Cherry Hill, New Jersey, June 17-20, 1996, be organized to bring together experts in
all the technologies addressed in this survey. This would provide an up-to-date assessment of available
and potential portable power sources to meet SOCOM needs.
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