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1. (U) Executive Summary

(U) The continued miniaturization of sensors, actuators, and communication modules is
increasing the demand for small-scale power sources. The need for alternative power sources is
most pressing for applications where energy density and mission duration exceed the capability
of batteries. Small power systems that have been based on harvesting of chemical. thermal,
electromagnetic, and mechanical ambient energy are discussed. The general principles of
operation for various forms of these devices are discussed and specific developmental, military.
or commercial systems are described. The leading researchers and engineers, their institutions,
and their locations around the globe are cited. The maturity of each type of harvester is assessed
and forecasts of applications and availability are offered. An additional, overarching issue of
power conditioning or control circuitry, integral energy storage, and system integration of power
harvesting into likely applications is also discussed. This review concludes with a few general
statements regarding the likely increasing use of power harvesting in our professional and private
lives.
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a relatively small portion of the volume (perhaps less than 10%) is reserved for the solar system
and associated electronics. This system outputs a constant (i.e., voltage regulated) 2.5V, more

than sufficient to directly drive many important electronic applications directly, but insufficient
to recharge any modern lithium chemistries.

(U) Another very well developed small system comes from contributors from the European
Union, with principle authors from Spain. This work focused on single square centimeter PV
systems (0.7801112) with a one sun. AM1.5 generation rate of 5.4mW, with a ~7% total system
conversion efficiency under these conditions. These systems were single crystal Si cells that
were thinned to be 100mg/cm?, which is very low for terrestrial applications. Manufacturing
cost and weight figure prominently into their discussion, which indicates that the application
target is likely to be space based, but the testing with AM1.5 fluence indicates that they expect at
least some terrestrial applications for the system. Power output from their device is 5V regulated
with a peak current of 1.3mA. which is again, more than sufﬁcnent to power many different
terrestrial sensing applications.

(U) There are a number of less well developed systems under development as well, but bear
mention because they are being reduced to practice in a way that the previous examples have
been. The Center for Applied Energy Research in Germany has a relatively efficient (10.6%)
porous silicon PV cell that has been monolithically integrated with other components on the
same piece of silicon, which has dramatically reduced the size of the integrated system. While
not ruggedized against environment, this system is at least an order of magnitude smaller than
any other integrated (PV plus application) system, and does not use any expensive processing to
achieve this system. As a comparison to US related activities, a 2004 report from Brown
Umversnty shows a similar system generating roughly the same energy conversion efficiency in a
lem? PV system integrated with a small sensor. As a final. perhaps anecdotal, point, a single
paper on photovoltaic conversion of H,S gas appeared in the search (1987) originating from S.
A. Naman from the Solar Energy Resarch Center in Baghdad, Iraq. In all, these types of PV
systems are likely to be the most readily converted to a field application, as the power output,
low light performance, and electrical performance are well characterized and can be integrated
most readily into a field device. Based on the state of the art being reported, harvesting devices
such as these systems are likely already developed to the point of field use.

(U) Less well developed are photochemical cells, which are often called “Gritzel” cells in
honor of one of the original workers in the field who demonstrated operation of such a cell.
Rather than generating electron- hole separation in a semiconductor, these devices generate
electron hole pairs at the surface of a nanoparticle, and then conduct the hole through a polymer
or liquid electrolyte, while the electron is conducted through electron tunneling from
nanoparticle to nanoparticle. Electronic field separation comes from surface treatments of the
nanoparticles. as well as appropriate choices for the electrolyte and polymers. While these
systems are much less well developed. and have significant technological challenges to being
implemented (such as loss of electrolyte and low electron’hole mobilities), they hold forth the
promise of being, perhaps, a very thin. coatable PV cell that could be realized as a thin. flexible
polymer that has commercial applications as a power generating roofing material and as a very
inexpensive alternative to traditional Si based photocells, which require high temperature and
lithography to realize.
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lower cost per watt of generation in the thin film markets. To give the reader a feeling for where
most of the current work is concentrated, a texture map showing some of the local points of
interest in the field is shown in Figure 6. From this image, the largest fields are in what has been
identified here: Gratzel (or heterojunction) cells, thin film photovoltaics using traditional
semiconductors, and cost reductions realized at the manufacturing level. Thin film photocells
capable of generating 1 to 10 microwatts per square centimeter in indoor lighting are already in
existence, and the cost of these system and the ubiquity of such devices capable of generating at

the high end of that spectrum will likely grow
in the near future. given the growing demand
for alternative energy generation.

7. (U) Chemical

(U) Research activity in bio fuel cells
started approximately 30 years ago with a few
publications on precious metal based fuel cells
working on glucose in blood, but then lay
dormant until about the year 2000. Within the
last 10 years, activities in all types of bio fuel
cell research have picked up dramatically. A
sampling of the types of biological chemical
harvesting publications by type are shown in
Figure 7, Figure 8, and Figure 9.

(U) Figure 10 and Figure 11 indicate that a
majority of the publications involve US
authors, but work is going on world wide, and
network of interconnections between
researchers is extensive. Much of this network
is established naturally through the training of
graduate students and post-doctoral students
who move on to establish their own programs at
other locations, often returning to their home
country after study abroad.

(U) For the purposes of this study “bio fuel
cell” is defined to include fuel cells that can
utilize readily available or harvestable fuels.
These fuels could be found in plant or animal
fluids, readily available foodstuffs, or even
waste stream materials. These types of fuel
cells can be categorized into:
those incorporating catalysts to directly

Metal Catalyst Bio Fuel Cell Publications
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(U) Figure 7: Publications on bio fuel cells
utilizing metal catalysts, such at Pt and various
alloys, plus other metal. Although there were a few
papers 30 years ago, the field lay dormant until
activity started to pick up around the year 2000.
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(U) Figure 8: Publications related to microbial
bio fuel cells also picked up within the last
decade. Note, 2008 is a year-to-date number.

oxidize a complex fuel substrate (any of a variety of carbohydrate and other compounds)

to produce useable electrical power

those that utilize catalysts to convert or reform a complex fuel into a more conventional

fuel, such at hydrogen, methanol, etc. to be used in a more conventional fuel cell
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antenna (10-100’s of cm?). These factors must be balanced to provide a minimum of 10 pyW of
DC power at a useful voltage, suggesting power densities of >1 yW/cm? (assuming a 100 cm?
effective area antenna and 20% RF-DC efficiency) which is about 3m from a IW isotropic
radiator or 300m from a 10 kW radiator. The short-term opportunities are in areas with
predictable high RF emissions such as electronics sites, airports, and broadcast towers, where
narrowband antennas and rectifier circuits can be used.

11.2 (U) Medium-term Capabilities (5-10 years)

(U) Extending RF power harvesting to regions of lower power densities will result from
advances in ultra-low power conditioning electronics, physically small antennas (possibly
including metamaterial antennas), low-power rectifier diodes, and the ability to collect energy
from multiple signals. All of these areas are of interest for both commercial and military
applications, primarily for RFID and connectivity. Assuming a 2X improvement in each of these
areas, it may be possible to cover large portions of urban areas with reasonably sized (10-100
cm?) antennas, especially if low leakage. all-passive battery charging approaches can be
developed. Similarly, areas of predictable high RF emission properties may be covered with
smaller antennas with these types of improvements. Adaptive antenna tuning technologies and
approaches will also serve to maximize the RF power delivered to the rectifier circuit, provided it
can be done with sufficiently low overhead.

11.3 (U) Long-term forcast (10+ years)

(U) Over the long term. additional RF services in previously unutilized bands will
increase the opportunities for power scavenging, and it is anticipated that open access and
cognitive radios will increase the utilization of existing bands. Ultra-wideband services will
raise the overall RF spectrum noise floor, presenting opportunities for broadband collection.
Local data communication appears to be pushing towards higher frequencies such as 60 GHz,
presenting additional collection opportunities with smaller antennas but likely smaller power
densities.

* (U) Assuming these and other unanticipated technical advances in rectifier, power
management. antenna. nanoscale electronics, and adaptive radio technologies, it may be
possible to perform RF energy harvesting in a large percentage of urban areas with
antenna areas <l cm®.

12. (U) Integrated power management

(U) Active autonomous platforms are of utility only when integrated with components that
provide energy. Most current technologies rely on batteries alone to provide power, however
often it is desirable to increase the lifetime of the system through the integration of an energy
harvester. This requires two main challeng es be addresses independent of the harvester
technology implemented: (1) electrical compatibility, and (2) physical integration. The electrical
compatibility of the energy harvester with other components requires that the supply and demand
voltages and power budget match. which can severely limit the technologies that can be paired.
Additionally, the complexity is often compounded by mission needs for short duration, high
current draw situations, e.g. RF communicati on. and / or the dynamic power output of most
energy harvesting systems. To address these issues research efforts are currently focusing on
integration of harvesters with energy storage, batteries and super capacitors, and on power
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