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ENERGY HARVESTER FOR WILDLIFE
MONITOR

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This document claims the benefit of the filing date
of U.S. Provisional Patent Application 62/171,927, entitled
“Energy Harvester for Marine Wildlife Monitor” to Michael
W. Shafer, Eric Morgan and Gregory Hahn which was filed
on Jun. 5, 2015, the disclosure of which is hereby incorpo-
rated entirely herein by reference.

BACKGROUND

1. Technical Field

[0002] Aspects of this document relate generally to pow-
ering biological monitors, such as wildlife tracking tags.
More specific implementations involve biomechanical
energy harvesters.

2. Background

[0003] Conventionally, to gather information about wild
animals electronic tagging systems are used. The monitors
need a power supply to gather and transmit energy for an
extended period of time. Conventional power sources for the
monitors include rechargeable and non-rechargeable batter-
ies.

SUMMARY

[0004] Implementations of energy harvester systems may
include: an accumulator having an energy storage system
separated from water by a membrane; one or more hydro
turbines coupled with the accumulator; two or more check
valves each coupled with one of the one or more hydro
turbines; a system battery coupled to the power conditioner;
and an electronic load coupled to the system battery through
the power conditioner; wherein the two or more check
valves are configured to be in contact with water.

[0005] Implementations of energy harvester systems may
include one, all, or any of the following:

[0006] The energy storage system includes an air bladder
separated from the water by a membrane.

[0007] The energy storage system is a spring coupled to
the membrane, wherein the membrane is configured to bias
the spring in response to pressure force.

[0008] The energy harvester system may further include a
secondary fluid reservoir coupled to an inlet and an outlet of
the system, the secondary fluid reservoir may include a
working fluid separated from the water by a second mem-
brane, wherein compression of the working fluid occurs in
response to pressure force thereby storing energy in the
energy storage system.

[0009] The working fluid may be one of fresh water or oil.
[0010] The energy harvester system may further include a
second hydro turbine coupled with a second check valve.
[0011] The electronic load may include monitoring and
communication equipment.

[0012] The system may be coupled to a bio-logger con-
figured to be coupled to an animal.

[0013] The system may be coupled to a telemetry tag
configured to be coupled to an animal.

[0014] Implementations of energy harvester systems may
include: a first hydro turbine and a second hydro turbine,
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each turbine having an inlet and an outlet; a pressure
accumulator having an energy storage system and a fluid
section separated by a membrane, the pressure accumulator
coupled with the outlet of the first hydro turbine and the inlet
of the second hydro turbine; a first high-hysteresis check
valve, coupled to the inlet of the first hydro turbine; a second
high-hysteresis check valve, coupled to the outlet of the
second hydro turbine; a power conditioner electrically
coupled to the first and to the second hydro turbine; a system
battery electrically coupled with the power conditioner; and
an electronic load electrically coupled with the system batter
through the power conditioner. The first hydro turbine and
the second hydro turbine may be configured to generate
electricity and charge the system battery when water flows
into the first hysteresis check valve through the first hydro
turbine and when water flows through the second hysteresis
check valve from the pressure accumulator and through the
second hydro turbine.

[0015] Implementations of energy harvester systems may
include one, all, or any of the following:

[0016] The energy storage system may include one or
more springs and the membrane may be configured to bias
the one or more springs in response to pressure force.

[0017] The energy storage system may include an air
bladder.
[0018] The energy harvesting system may further include

a secondary fluid reservoir coupled to an inlet and an outlet
of the system, the secondary fluid reservoir comprising a
working fluid separated from the water by a second mem-
brane, wherein compression of the working fluid occurs in
response to pressure force, storing energy in the energy
storage system.

[0019] The working fluid may be one of water or oil.
[0020] The electronic load may include monitoring and
communication equipment.

[0021] The system may be coupled to a bio-logger con-
figured to be coupled to an animal.

[0022] The system may be coupled to a telemetry tag
configured to be coupled to an animal.

[0023] Implementations of methods for powering an ani-
mal monitor may include: receiving water at a high hyster-
esis check valve wherein the water is moved by pressure
force; receiving the water at an inlet of a first hydro turbine
coupled with the check valve; generating electricity for a
system battery using the first hydro turbine and the water;
receiving the water into the pressure accumulator and
increasing a pressure of the pressure accumulator, the pres-
sure accumulator coupled with the first hydro turbine;
receiving water at an inlet of a second hydro turbine from the
pressure accumulator, the water moving under pressure
force; generating electricity for the system battery using the
second hydro turbine and the water; receiving at a second
high-hysteresis valve the water from the second hydro
turbine; and releasing the water through the second check
valve; wherein the system battery powers a monitor config-
ured to be coupled to an animal.

[0024] Implementations of a method for powering an
animal monitor may include one, all, or any of the following:

[0025] The monitor may be a telemetry tag.
[0026] The monitor may be a bio-logger.
[0027] The foregoing and other aspects, features, and

advantages will be apparent to those artisans of ordinary
skill in the art from the DESCRIPTION and DRAWINGS,
and from the CLAIMS.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Implementations will hereinafter be described in
conjunction with the appended drawings, where like desig-
nations denote like elements, and:

[0029] FIG. 1 is a plan view of the tracking data for two
marine animals;

[0030] FIG. 2 is a front view of a conventional monitor
(tag) device positioned on an animal,

[0031] FIG. 3 is a perspective view of a conventional
monitor (tag) device;

[0032] FIG. 4 is a perspective view of another conven-
tional monitor (tag) device;

[0033] FIG. 5 is a graph of solar cell power outlet at
different depths;

[0034] FIG. 6 is a graph comparing normalized power
based on ocean depths through photovoltaic cells at different
locations;

[0035] FIG. 7A is a graph comparing the daily energy
consumption of animal monitoring tags to the life of the tag;

[0036] FIG. 8 is a drawing of bio-fouling on a tag;
[0037] FIG. 9 is a graph depicting the dive patterns of an
Orca;

[0038] FIG. 10 is a graph depicting the dive patterns of a
sperm whale;

[0039] FIG. 11 is a graph depicting the diver patterns of a

Northern Elephant Seal;

[0040] FIG. 12 is block diagram representation of an
implementation of an energy harvesting system;

[0041] FIG. 13 is a schematic of an another implementa-
tion of an energy harvesting system;

[0042] FIG. 14 is a graph depicting the relationship
between flowrate and pressure difference in a turbine used in
an implementation of an energy harvesting system;

[0043] FIG. 15 is a graph depicting the required eflicien-
cies for energy harvesters in order to outperform equiva-
lently sized Li—SOClI, batteries;

[0044] FIG. 16A is a side view of an implementation of the
turbine/pump used in the experimental implementation of an
energy harvesting system from FIG. 13;

[0045] FIG. 16B is a side view of an implementation of the
turbine/pump used in the experimental implementation of an
energy harvesting system from FIG. 13 having the manifold
removed;

[0046] FIG. 16C is perspective view of the inner manifold
from the implementation of the turbine/pump used in the
experimental implementation of an energy harvesting sys-
tem from FIG. 13;

[0047] FIG. 17 is a graph depicting the change in pressure
over time as an animal dives down and back up; and
[0048] FIG. 18 is graph depicting the increase of power
generation with increasing pressure.

DESCRIPTION

[0049] This disclosure, its aspects and implementations,
are not limited to the specific components, assembly proce-
dures or method elements disclosed herein. Many additional
components, assembly procedures and/or method elements
known in the art consistent with the intended energy har-
vesting systems and methods for powering an animal moni-
tor will become apparent for use with particular implemen-
tations from this disclosure. Accordingly, for example,
although particular implementations are disclosed, such
implementations and implementing components may com-
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prise any shape, size, style, type, model, version, measure-
ment, concentration, material, quantity, method element,
step, and/or the like as is known in the art for such energy
harvesting systems and methods for powering an animal
monitor and implementing components and methods, con-
sistent with the intended operation and methods.

[0050] Referring now to FIG. 1, data collected from a
marine wildlife monitor (monitor) is illustrated. Monitors
are used for a variety of purposes such as tracking the
geographic regions and movements of animals. Monitors
may also be referred to as tags or bio-loggers. In F1G. 1, the
movement of at least one northern elephant seal and at least
one shortfin mako shark is illustrated. The movement of the
animals is along the western coast of North America. The
animals’ movements are mostly in separate geographic
locations but their movement does overlap off the coast of
California. Movements such as these may be tracked using
a global positioning system (GPS) with the assistance of
satellites and/or triangulation using earth-based beacons or
the like. The data illustrated in FIG. 1 is two dimensional
(2D), however some monitors can also monitor depth move-
ments as will be described hereafter.

[0051] Monitors may in various implementations be used
to capture data about the animal to which they are attached
and/or they may be used to capture data about the environ-
ment in which the marine animal is located. Some monitors
are only configured to capture environmental data and not
data about the animal. These monitors simply use the animal
as a carrier for the device. Further details about existing
monitors are described in, “Hydrostatic pressure-cycle
energy harvester,” Shafer, Michael W., Hahn, Gregory and
Morgan, Eric, SPIE Proceedings Vol. 9431: Active and
Passive Smart Structures and Integrated Systems 2015, April
2015; and “Energy Harvesting for Marine-Wildlife Moni-
toring,” Shafer, Michael W. and Morgan, Eric, Proceedings
of the AMSE 2014 Conference on Smart Material, Adaptive
Structures and Intelligent Systems, September 2014, which
are hereby incorporated entirely herein by reference

[0052] Referring now to FIG. 2, an implementation of a
monitor coupled to the head of a marine animal is illustrated.
In order to capture data, the monitor must be at least
temporarily attached to a marine animal. Monitors may be
attached to various portions of an animal’s body such as the
head, the fins, the tail, and so forth. Because the animal is
generally in movement and not stationary, manual retrieval
of the monitor is inconvenient and/or costly. Accordingly,
various mechanisms have been used to retrieve the data
collected by the monitors. In some cases, the monitor
collects data and then, at a predetermined time, detaches
from the host animal and floats to the surface. It may then
be retrieved. Such monitors may emit signals when detached
so as to be more easily retrieved.

[0053] Other monitors stay attached to the animal but
regularly transmit data such as through satellite transmis-
sions. As such, transmissions are difficult or impossible
when the animal is at deeper depths, so the monitors
generally are configured to, at the time the animal surfaces,
quickly capture a GPS coordinate of the animal and/or
transmit this and other collected data via satellite. In this
way the incremental movements and other data of an animal
may be monitored in something closer to real time than is the
case with a monitor whose data is not accessible until
physically retrieved.
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[0054] Naturally, monitors of this nature must be powered
by some means or another. Various powering methods have
been used, some with more success than others. Batteries are
a commonly used power source for such monitors. Referring
to FIG. 3, the monitor 2 illustrated is a SPLASH10-296F
model manufactured by Wildlife Computers of Redmond,
Wash. The monitor 2 is used to record temperature, depth
and light level when attached to an adult hard-shell sea
turtle. This monitor 2 uses at least four batteries 4 that extend
across the width of the monitor 2. Referring to FIG. 4, the
monitor 6 illustrated is a temperature monitor for attachment
to a penguin, model SPOT-275 manufactured by Wildlife
Computers of Redmond, Wash. This monitor 6 is powered
using four batteries 8. As can be seen in FIGS. 3 and 4,
batteries generally take up most of the volume of the device
and in some cases batteries take up significantly more
volume than the circuitry and electronics which are used to
capture, store and transmit the data. The larger a device, the
more drag may be created on the animal. It has been
observed that as the drag increases the likelihood of detach-
ment increases as well. Accordingly, while batteries can be
used, simply using more batteries or larger batteries for
longer device life is not necessarily a viable option because
such devices may more likely detach and once detached, the
device is no longer providing effective monitoring of the
animal or environment.

[0055] Attempts have been made to use rechargeable
devices, such as those that are recharged through photovol-
taic means. This is a more likely option for marine animals
that spend large amounts of time on land or that spend large
amounts of time near the surface of the water. Referring to
FIG. 5, the light available to a solar cell dramatically
decreases as an animal dives to deeper depths. The graph
shown in FIG. 5 represents the Pacific Ocean at San Diego,
Calif. The profile varies by oceanic location but, in general,
the outcome is the same—when the animal is deeper there
1s very little light available to a solar cell. For Example, FIG.
6 shows that, for one solar powered device, the device is
only at 10% of normalized power at a depth of only about
1 meter below the surface of San Francisco Bay, or about 2
meters below the surface at Coos Bay near Oregon, or about
4.5 meters below the surface of San Diego Bay.

[0056] Accordingly, attempting to use photovoltaic meth-
ods to recharge a power source for a monitor is not nearly
as useful or viable for animals that spend much of their time
one or more meters below the surface of the water. For
example, in Table 1 below several monitors and their various
characteristics are shown, including: Type (brand name) of
monitor; Capabilities (data collected and mounting position
on animal); Model number; Life span of the tag; Stored
Battery Energy; and Daily Energy Budget. In the “Capabili-
ties” column it is indicated that position data is generally
gathered and/or transmitted using the ARGOS and/or GPS
satellite systems for such monitors.

TABLE 1
Stored  Daily
Battery Energy
Model  Lifespan  Energy Budget

Type Capabilities  Number  (days) (k1)  (Jday)
SPOTS ARGOS, 2031 1240 1453 117
Position, 275A 120 16.1 135
Backmount 287C 400 484 121
ARGOS, 182C 220 24.2 110
Position, 196F 220 32.3 147
Finmount 257A 980 113.0 115
258A 220 32.3 147
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TABLE 1-continued

Stored  Daily
Battery Energy

Model  Lifespan  Energy Budget
Type Capabilities ~ Number  (days) (k) (J/day)
SPLASH10 ARGOS, 280A 300 80.7 269
Position, 283B 180 48.4 269
Sensor Data,  309A 180 48.4 269
Backmount
ARGOS, 268C 100 32.3 323
Position, 289A 200 48.4 242
Sensor Data,  312A 100 323 323
Finmount 316A 100 32.3 323
SPLASH10-F GPS 238A 460 129.2 281
Position, 238D 460 129.2 281
Sensor Data,  296A 460 129.2 281
Finmount 297A 240 48.4 202
[0057] Table 1 shows that, while different systems vary in

their daily energy usage, the least amount of energy
expended per day for the monitors shown is 110 Joules (J)
for the SPOTS model 182C and the most amount of energy
expended per day for the monitors shown in the table is 323
I for the SPLASH model 268C. Monitors that capture more
data, or capture it more frequently, or communicate it more
frequently through satellite systems, or otherwise perform
more complicated or frequent processes, expend more
energy per day. It should be noted that these tags use
between 100-350 J/day.

[0058] Referring now to FIG. 7A, a graph is given that
shows daily energy consumption plotted against tag (moni-
tor) life in years. As is expected, those monitors with
increased capabilities use more daily energy and have a
shorted tag life. Lines are given which show the number of
batteries a unit would/does require, i.c., 1AA battery, 2AA
batteries or 4AA batteries. This figure graphically presents
the data from Table 1 wherein the maximum daily usage is
on the order of 300 J/day.

[0059] Various implementations of charging systems for
wildlife monitors are disclosed in this document. These
implementations do not rely on solar energy. Also, the
systems disclosed may be less likely to be hindered by
bio-fouling such as plant, bacteria, virus, animal, and other
growth on the device. Referring to FIG. 8, a monitor covered
in bio-fouling is illustrated. Bio-fouling of the monitor can
also injure or molest the animal and/or cause the device to
become detached therefrom.

[0060] Referring to FIG. 9-11, graphs of the dive patterns
of marine animals are illustrated. Many marine animals dive
regularly throughout the day anywhere from tens to hun-
dreds of meters (or more than 1 kilometer (km)) below the
surface of the water. FIG. 9, represents the diving charac-
teristics of an orca, showing periods of many, relatively,
shallow dives of less than 5 meters below the surface, each
ending in a breathing event (represented by a triangle),
following by a deeper diving event (to about 25 meters) and
lasting a few minutes, followed again by a series of shallow
dives and respiration events, and then another deeper dive.
This data was collected by a monitor that tracked depth of
an orca versus time.

[0061] Referring to FIG. 10, a graph illustrating a diving
profile for a sperm whale is shown. Each tick mark on the
lower horizontal axis represents one hour. On top of the
graph, the white bars 10 represent daytime hours and the
cross-hatched bars 12 represent nighttime hours. The graph
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reveals alternating periods of shorter dives closer to the
surface followed by periods of repeated deeper dives
(around 20-30 in number) to depths ranging from about 400
to 1200 meters. The monitor used in this case tracked the
depth of the whale as a function of time.

[0062] Referring to FIG. 11, a graph is shown revealing
the diving profile for a northern elephant seal plotting depth
as a function of time. The shaded portions of the graph
demonstrate the change in temperature as the northern
elephant seal dives. The upper 14 dark portion of the graph
is warmer water while the lower 16 dark portion is much
cooler water. The monitor on this animal gathered data
related to depth as a function of time and temperature as a
function of depth. The behavior of the northern elephant seal
over the time period is seen to be a regular series of repeated
dives to depths of about 400-500 meters.

[0063] There are many marine animals which regularly
dive throughout the day. Referring to Table 2 below, various
species and their daily dive frequency, mean dive duration,
mean dive depth and average speed are shown. Some
powering mechanisms utilize water flow, which may be
based (or whose energy recharging capabilities are calcu-
lated) in part on the average speed of a marine animal. Other
powering mechanisms may be based (or whose energy
recharging capabilities are calculated) on the dive charac-
teristics of an animal. Both types of powering mechanisms
are further explained in the above referenced publications
previously incorporated by reference.

TABLE 2
Dive Mean Dive  Mean Dive  Average

Frequency Duration Depth Speed
Species (dives/day) (min) (m) (m’s)
Northern elephant 60 22 428 0.9-1.6
seal
Yellowfin tuna 20.2 2-10 50-300 0.46-0.9
Sperm Whale 29 36.2 800 0.8
Orca 600-756 0.38-0.55 275 1.6
(shallow/respirating)
Orca 66-102 4.25-4.75 29
(deep/hunting)
Leatherback sea 84-120 10 61.6 0.9
turtle
[0064] Because water pressure varies at different depths,

and because many water-inhabiting animals repeatedly dive
during the day, it is possible to construct an energy harvest-
ing system for monitors which harvests energy from
repeated pressure differences. In Table 3 below, for example,
calculations based on several assumptions are provided.
Using the average number of dives per day for the five
marine animals listed in the first column, assuming a dis-
placed volume of 250 cubic centimeters (cc) (which is about
1 cup), and assuming one harvesting cycle per dive, the
energy/day is given in kJ. As seen in the fifth column, the
lowest calculated energy per day is 8.9 kI (well above the
maximum value of about 100-350 J used daily by many
monitors, as discussed above). Then, assuming a target
energy/day of 200J, the sixth column calculated the required
efficiencies of such systems. As can be seen, the required
transduction efficiencies range between 0.31% to 2.2%
efficiency. These ranges are possible using existing equip-
ment and/or with feasible modifications as described in the
above referenced publications and herein.
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TABLE 3
Pressure Energy/  Required
Depth  at depth  Energy day Efficiency
Species (m) (atm) Q)] (kl/day) (%)
Northem 428 43 1080 65 0.31
elephant seal
Yellowfin tuna 175 17 440 8.9 2.2
Sperm whale 800 80 2020 59 0.34
Orca 2.75/29 0.3/3 7/13 11 1.8
Leatherback 29 6.2 160 16 1.3
sea turtle
[0065] Referring to FIG. 12, an implementation of an

energy harvesting system is illustrated. While the above
table assumes only one harvesting cycle per dive, the
implementation in FIG. 12 may have two harvesting cycles
per dive. The system has an accumulator having an air
bladder separated from seawater by a membrane. The accu-
mulator is coupled with a pair of hydro turbines, which, in
some implementations, may be micro-hydro turbines. Each
micro-hydro turbine is coupled with a high-hysteresis check
valve. The check valves are configured to be in contact with
the surrounding seawater. When a marine animal dives and
reaches a predetermined water pressure, the first check valve
opens and the water is moved by a pressure force until the
pressure in the pressure accumulator is equal to the seawater
pressure. The water flow during this process turns the first
hydro turbine to produce electricity which is then stored by
the system battery through a power conditioner and other
elements, thus charging the system battery. The air in the
pressure accumulator compresses as the seawater enters the
accumulator to equalize the pressure. Once the pressure is
equalized, the first check valve closes. Instead of the

[0066] On the up cycle, as the animal ascends back
towards the surface of the water, when the animal reaches a
predetermined lower pressure depth, the second check valve
opens and water is moved through pressure force out from
the accumulator into the surrounding seawater until the
pressure in the pressure accumulator and the surrounding
seawater are equalized. The water flow during this stage
turns the second hydro turbine which charges the system
battery as described above for the first hydro turbine. When
the pressure in the accumulator and surrounding seawater
are equalized the second check valve closes. This cycle may
be repeated each time the animal traverses the upper depth
and lower depth, and vice versa, needed to operate the check
valves.

[0067] The system battery is then used to operate the
electronic load, which includes the monitoring equipment
which gathers data and reports it through satellite means and
the like. The battery is shown as being coupled to the
electronic load through power conditioning circuitry and the
like. This coupling may be necessary to provide proper
voltage and the like to the electronic load. As may be
understood, system implementations like those disclosed
herein may hypothetically have an indefinite life, or at the
very least, a life which last orders of magnitude longer than
existing monitors. The life of this system may be limited by
other things, such as the life of a rechargeable battery, the
ability of the check valves to remain free of bio-fouling so
they remain operational, the life of the hydro turbines, the
life of the electronic circuitry and so forth. All these con-
sidered, it is believed the life of monitors employing such
implementations of energy harvesting systems as those
disclosed herein would be greatly enlarged over existing
monitor systems.
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[0068] Alternate configurations of this system could be
developed that would implement a single valve and hydro-
turbine/generator in order to simplify the operational com-
plexity and number of components of the system. Addition-
ally, the system can be made to be sealed from outside
seawater to eliminate biofouling or otherwise within the
workings of the device. In this implementation, a secondary
fluid reservoir similar to the pressure accumulator would be
connected to the inlet and outlet of the system shown in FIG.
12. This secondary fluid reservoir would contain and sepa-
rate the working fluid of the hydro system (water, oil, etc.)
from the outside seawater by a flexible membrane or moving
surface in the same way that the pressure accumulator
separates air from seawater in FIG. 12. In FIG. 12 however,
seawater is shown as the working fluid, whereas in a sealed
configuration, the working fluid may be fresh water, oil, etc.
When configured in this way, the system could transfer the
seawater pressure to the working fluid of the system without
direct contact of the seawater and it contaminants with the
inner workings of the device. Other implementation of the
pressure accumulator may include one or more springs. The
membrane of the pressure accumulator may be configured to
compress the springs when the pressure of the system
increases. The potential energy of the compressed springs
may be used to push the water or working fluid through the
hydro-turbine/generator.

[0069] Referring to FIG. 13, an implementation of an
energy harvesting system is illustrated, which was used to
demonstrate proof of concept. A pressured water holding
tank was filled partially with water and was coupled with a
compressed nitrogen (N,) tank to simulate increased pres-
sure at a lower water depth. Pressure transducers were
placed at two locations to measure pressure, and a hydro
turbine was coupled between the holding tank and a pressure
accumulator, similar to the accumulator described in FIG.
12. The hydro turbine used in this implementation was an
existing water pump used in reverse, the M200 pump
manufactured by TCS Micropumps. This implementation
was only run in the high pressure mode (i.e., the inlet cycle
during higher water pressure outside the system).

[0070] In Table 4, below, various data for tests run using
the M200 pump is given. In the tests conducted the pressure
differences ranged from 50 to 100 pounds per square inch
(psi) in increments of 10 psi. Representative water depths at
these pressures are shown in the second column (for refer-
ence the depth as 90 psi is about 60 meters), and the
electronic load was a 10 ohm load. The energy stored from
adiabatic compression is given in the third column and the
average voltage and total energy generated are given in the
fourth and fifth columns, respectively. The efficiency is the
total generated energy divided by the total stored energy and
is given in the sixth column. From the test, it is shown that
the efficiency ranges from 0.98% to 1.51% across input
pressures tested. It is noted that most of the calculated
required efliciencies of Table 3 are within or below this
range.

TABLE 4
Energy
Stored from Total
Pressure  Equivalent — Adiabatic  Average Energy

Tested depth Compression ~ Voltage Generated

(PSI) ) &) ) (@) Efficiency

100 194.5%6 59.575 09023 08999  1.51%
90 171.828 56.692 08212 07827 1.38%
80  149.069 53468 07320 06785  1.27%
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TABLE 4-continued
Energy
Stored from Total
Pressure  Equivalent — Adiabatic = Average  Energy

Tested depth Compression  Voltage Generated

(PSI) ) m V) (1) Efficiency
70 126.310 49.813 0.6700 05722 115%
60 103.552 45.594 05936 04757  1.04%
50 80.793 40.604 05132 03982  0.98%

[0071] Referring to FIG. 14, a graph showing the flowrate

versus pressure difference of the system is illustrated. The
flowrate is plotted in liters per second (L/s) against the
pressure difference in psi. The efficiency percentage is also
plotted, and it is seen that the flowrate at any given pressure
difference can be optimized to achieve high efficiencies. The
maximum efficiency of this system is about 1.8% and is
achievable at the pressures between about 30-45 psi and
flowrates between 1.05 and 1.3 L/s, as shown by the small
dark strip 18 on the graph in the center of the data.

[0072] Comparing Table 4 with the graph of FIG. 14 it can
be seen that, at any given pressure, there exists a flow rate
at which the efficiency should be able to be about 1.4%
-1.6%, or higher. The data in Table 4 reveal a decreasing
efficiency with decreasing pressure, and from this, using the
graph of FIG. 14, it may be understood that the inefficiency
may be due to flowrate being less than optimal. For this
specific pump, the flow rate is more optimal at higher
pressure levels. Accordingly, for any given design to be
deployed on a marine animal the turbine could be designed
so that, at the pressure at which the first check valve will
open, the inlet flow rate will be optimized for maximum
efficiency. This may be done, for instance, by modifying the
size of the inlet the turbine. A similar optimization may be
done for the outlet side of such system, and in doing this the
system may be able to achieve higher efficiencies. Never-
theless, even with these improvements, there are other
improvements that could be made to the turbine design,
described hereafter, which could increase efficiency more.
[0073] Referring now to FIG. 15, a graph showing the
required efficiencies for energy harvesters in order to out-
perform equivalently sized lithium-thionyl chloride (Li—
SOCL,) batteries is shown. This graph takes into account the
energy density and volume of a Li—SOCI, battery, the
volume and transduction efficiency of the energy harvester,
and the frequency of the dives of a particular animal. Tag life
is defined as the point at which an energy harvester system
would provide the same energy per day as an equivalently
sized battery. The tag life should not be interpreted as the
expected lifetime of the harvester powered system, as the
harvester could provide a much longer life than a battery
system.

[0074] As can be seen in the graph, with increased tag life
the required efficiencies are all less than 2% somewhere
between 4 and 7 years of tag life. Several appear to require
an efficiency of less than 1% to outperform the Li—SOCIl,
battery versions if they last for about 7 years or more.
[0075] Referring now to FIG. 16A-16C, the M200 pump
20 used as a turbine in the previously described implemen-
tation is illustrated. In FIG. 16A, the pump 20 is shown fully
assembled. In FIG. 16B the lower manifold 24 is removed,
exposing the impeller 22. In FIG. 16C, the lower manifold
24 is shown. The M200 pump was used in the experiment
because it is an off-the-shelf pump able to be used as a
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turbine by operating in reverse. The images are given to
show why the M200 pump is inherently inefficient when
used as a turbine. The inlet 26 is actually the outlet when the
device is run as a pump. A wall 28 faces the water as it enters
the turbine from the inlet 26. The water hits this wall 28 and
loses some of its momentum. Removing this wall 28 and
angling the inlet 26 so that the incoming water faces the
paddle wheel of the impeller more squarely will increase the
efficiency.

[0076] Additionally, the inlet 26 pipe is too large. Decreas-
ing the diameter of the inlet pipe will decrease the flow rate
through the turbine while maintaining the same fluid jet
velocity hitting the paddle wheel. This would effectively
increase the time it takes for the pressure to equalize and,
thus, the turbine will be powered for a longer period of time,
increasing efficiency. These details are disclosed to show
that the necessary efficiencies to make such energy harvest-
ers viable are very likely feasible with a few turbine design
changes.

[0077] Referring now to FIG. 17, the graph highlights
another area of inefficiency that may be improved upon. In
the tests, a relatively long length of tubing was used to
couple the pressurized water holding tank to the water
turbine. The graph shows the upstream pressure (at the
upstream pressure transducer of FIG. 13), the downstream
pressure (at the downstream pressure transducer of FIG. 13),
the differential pressure between these two and the power in
Watts all plotted as a function of time. The data represents
the 100 psi test of Table 4, but as can be seen the pressure
at the inlet of the turbine starts out at 60 and does not reach
100 psi for almost 5 seconds. Thus, if there were less or
shorter tubing coupling the pressurized water source to the
turbine, the initial differential pressure would be greater.
[0078] Referring now to FIG. 18, a graph showing power
in Watts versus pressure differential for the six tests in Table
4 is illustrated. The graph shows that the relationship
between the pressure differential and the turbine’s power
output can be defined by a polynomial:

W, 5me=5%1071%(AD)?+0.0005(Ap)-13.591

where W is the output power (in mW), and Ap is pressure
differential (in Pa). This equation was created using a
regression analysis and can be used to accurately character-
ize the turbine’s power output based on the pressure differ-
ential across the turbine. However, it is only valid for
pressures ranging up to 60 psi and below. The current M200
pumps begin to leak after being exposed to pressures greater
than 110 psi and thus limit the ability to characterize the
turbines beyond a pressure differential of 60 psi. Accord-
ingly, a micro turbine designed for higher pressures may be
designed and a polynomial expressing power versus differ-
ential pressure relationship may be modeled. From this
model, the optimal conditions for pressure differential may
be determined, to maximize total power, and the system
designed accordingly for the valves to open and close at
appropriate pressures, etc. Regarding the length of tubing, it
may be understood that a system in use on a marine animal
will have little to no tubing between the pressurized water
source(s) and the turbine(s), and thus some of these ineffi-
ciencies will naturally not be included in an actual prototype
to be deployed on a marine animal.

[0079] In places where the description above refers to
particular implementations of an energy harvesting system
and implementing components, sub-components, methods
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and sub-methods, it should be readily apparent that a number
of modifications may be made without departing from the
spirit thereof and that these implementations, implementing
components, sub-components, methods and sub-methods
may be applied to other energy harvesting systems.

What is claimed is:

1. An energy harvesting system comprising:

an accumulator comprising an energy storage system
separated from water by a membrane;

one or more hydro turbines coupled with the accumulator;

one or more check valves each coupled with one of the
one or more hydro turbines;

a power conditioner electrically coupled with each of the
one or more hydro turbines;

a system battery coupled to the power conditioner; and

an electronic load coupled to the system battery through
the power conditioner;

wherein the one or more check valves are configured to be
in contact with water.

2. The energy harvesting system of claim 1, wherein the
energy storage system comprises an air bladder separated
from the water by a membrane.

3. The energy harvesting system of claim 1, wherein the
energy storage system comprises a spring coupled to the
membrane wherein the membrane is configured to bias the
spring in response to pressure force.

4. The energy harvesting system of claim 1, further
comprising a secondary fluid reservoir coupled to an inlet
and an outlet of the system, the secondary fluid reservoir
comprising a working fluid separated from the water by a
second membrane, wherein compression of the working
fluid occurs in response to pressure force, storing energy in
the energy storage system.

5. The energy harvesting system of claim 4, wherein the
working fluid is one of fresh water and oil.

6. The energy harvesting system of claim 1, further
comprising a second hydro turbine coupled with a second
check valve.

7. The energy harvesting system of claim 1, wherein the
electronic load comprises monitoring and communication
equipment.

8. The energy harvesting system of claim 1, wherein the
system is coupled to a bio-logger configured to be coupled
to an animal.

9. The energy harvesting system of claim 1, wherein the
system is coupled to a telemetry tag configured to be coupled
to an animal.

10. An energy harvesting system comprising;

a first hydro turbine and a second hydro turbine, each

turbine comprising an inlet and an outlet;

a pressure accumulator comprising an energy storage
system and a fluid section separated by a membrane,
the pressure accumulator coupled with the outlet of the
first hydro turbine and the inlet of the second hydro
turbine;

a first high-hysteresis check valve, coupled to the inlet of
the first hydro turbine;

a second high-hysteresis check valve, coupled to the
outlet of the second hydro turbine;

a power conditioner electrically coupled to the first and to
the second hydro turbine;

a system battery electrically coupled with the power
conditioner; and
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an electronic load electrically coupled with the system

battery through the power conditioner;

wherein the first hydro turbine and the second hydro

turbine are configured to generate electricity and charge
the system battery when water flows into the first
hysteresis check valve through the first hydro turbine
and when water flows through the second hysteresis
check valve from the pressure accumulator and through
the hydro turbine.

11. The energy harvesting system of claim 10, wherein the
energy harvesting system comprises one or more springs and
the membrane is configured to bias the one or more springs
in response to pressure force.

12. The energy harvesting system of claim 10, wherein the
energy harvesting system comprises an air bladder.

13. The energy harvesting system of claim 10, further
comprising a secondary fluid reservoir coupled to an inlet
and an outlet of the system, the secondary fluid reservoir
comprising a working fluid separated from the water by a
second membrane, wherein compression of the working
fluid occurs in response to pressure force, storing energy in
the energy storage system.

14. The energy harvesting system of claim 13, wherein the
working fluid is one of water and oil.

15. The energy harvesting system of claim 10, wherein the
electronic load comprises monitoring and communication
equipment.

16. The energy harvesting system of claim 10, wherein the
system is coupled to a bio-logger configured to be coupled
to an animal.
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17. The energy harvesting system of claim 10, wherein the
system is coupled to a telemetry tag configured to be coupled
to an animal.

18. A method for powering an animal monitor, the method
comptrising:

receiving water at a first high hysteresis check valve

wherein the water is moved by pressure force;
receiving the water at an inlet of a first hydro turbine
coupled with the first high hysteresis check valve;
generating electricity for storage by a system battery
using the first hydro turbine and the water;
receiving the water into a pressure accumulator and
increasing a pressure of the pressure accumulator, the
pressure accumulator coupled with the first hydro tur-
bine;

receiving water at an inlet of a second hydro turbine from

the pressure accumulator, the water moving under
pressure force;

generating electricity for storage by the system battery

using the second hydro turbine and the water;
receiving at a second high-hysteresis check valve the
water from the second hydro turbine; and

releasing the water through the second high-hysteresis

check valve;

wherein the system battery powers a monitor configured

to be coupled to an animal.

19. The method of claim 18, wherein the monitor is a
telemetry tag configured to be coupled to an animal.

20. The method of claim 18, wherein the monitor is a
bio-logger.
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