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ABSTRACT

Size and power requirements of wireless sensorade gradually decreasing and this has allowed daltection
across a range of spatial and temporal rangeseTiaes have power requirements that often neatsbiatteries as an
energy source. As the power requirements decreaskedse sensors, alternative energy sources becmmeattractive.
One such technology is thermal energy harvestirfieriial energy harvesting requires a differentimhperature
between a heat source and a cool sink. As heagjefiews from source to the sink, energy can bevésted and utilized
to power sensor nodes. By exploiting the tempeeadiifiference between a sun-warmed plate and ash@aimmersed
in water, electrical energy can be harvested. Timpgsed concept utilizes a thermoelectric devicedovert solar
energy into electrical power. Initial experimenteres carried out at the CSIRO Energy Centre for rietyaof winter
time intervals in 2009, with peak power outputghe order of 50mW. Results indicate such a systeulddcpower a
wireless sensor node continuously at ocean, lalleigar water interfaces. We are presently in ttacess of evaluating
the concept by powering a CSIRO Fleck™ wirelessertodransmit water temperature and battery voltide.
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1. INTRODUCTION

Wireless sensor networks are now beginning to asman large scale deployment. Where previouslwaords might
consist of fewer than 10 nodes transmitting hounfprmation, modern networks can have 100 or mooees
transmitting data on a minute by minute b&sighis scale change has led to a need to move &way primary
batteries to secondary batteries, and utilise séorma of energy harvesting to charge and recharge sércondary
batteries. While this is often comfortably achiev®dsolar photovoltaics (PV), there is scope fdreottechnologies to
harvest energy where the solar resource is poaroarexistent. Examples of these locations includeded areas,
underground mining operations and under the faasopy.

One technology that has been researched is thefus®ergy from the differences in temperature betwsvo objects.
Solid-state thermoelectric devices utilize the ®e&beffect, and are considered to be reliable abdist due to no
moving parts. Originally TE devices were testeghart of the NASA unmanned spacecraft program andhf® next 50
years there was relatively no increase in the gneamversion efficiency of thermoelectric devicekowever recent
advances in the composition of the devices havevstefficiency gains approaching twice those presip@achieved?.
This has sparked renewed interest in the developamehuse of thermoelectric technology. Recent virak shown it is
possible to extract energy from natural thermatiignats using thermoelectric devicds

Typical power requirements for an individual nodéhim a network are dependent on duty cycle anéragispects of the
network design. For example the Fleck ™ seriesoofes operates at 3.3V and consumes 30-40mA whesntitiing,
15-20mA when receiving data and less than 1mA wtkn Nodes typically spend most of their time lire idle state,
waking only occasionally, perhaps every few minutestransmit or receive information. With a websigned duty
cycle a node will consume much less than 50mW. Pphiser consumption does not include the power requby the
sensors or other equipment attached to the node.

Water has a high thermal mass and also good comedwtat transfer properties, which makes it ideause as a heat
sink. The temperature of large bodies of water ramaelatively constant during a day, regardlesslanfie air



temperature fluctuations. In this paper the diffieeein temperature between the water and ambieig béing used as a
natural thermal gradient. Additionally, heat froomight can be captured by a blackbody to furtherease the thermal
gradient.

The experiments detailed in this paper investigate aspects of collector design and use this in&tion to power a
wireless sensor node transmitting temperature imdion. The first design aspect is the size ofcthlikector plate. Three
sizes are used and the variation of power outpdeisrmined. The second variation is in the nunatbéhermoelectric
devices. These can be connected in series to apathe voltage of the output energy to a size usebp modern
electronics. A suitable voltage converter desigrdéscribed. This circuit can increase the outputage from the
Seebeck device from 0.9V up to a more useable 3.3V.

Finally the thermoelectric generators are usedowegp a wireless node. This experiment has no hestend collects
enough energy to transmit temperature samples dweryninutes while the temperature difference axtbge Seebeck
device exceeds 10K.

2. EXPERIMENTAL DETAILS

In this section we will explain each of the elenseaf the experimental design, including the thererargy harvester
design, voltage boost circuit design, transmittimg receiving nodes and data storage. As showreiblbck diagram in
Figure 1, the experiment has a number of diffeedmnents that are utilised to collect energy framthermal difference
between air and water, and use this energy tormansformation over a 2 element wireless sensawaek. The first

stage is a thermal energy harvester which genepategr using the Seebeck effect. This power isigafft to run a
wireless node like the CSIRO’s Fleck™3B but hasirsufficient voltage. Typical output voltages aesd than 1V
while the Fleck™3B requires at least 3.3V. The gpés taken into a dc-dc boost converter circuievehthe voltage is
increased to 3.3V.

The boost converter will only operate when the tristabove 0.9V, but once operating will continoesork down to
0.7V. Once the boost is above 3.3V, the Fleck™3Bstuon. The Fleck™ is programmed to send its ortboar
temperature and the boost voltage every 2 minttas transmission is received by a matched FleckT™&Bich
converts the information to a serial string anddsetie data to a Datataker™ DT85 data storage lanihe following
sections these elements will be described in detalil
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Figure 1. Experimental block diagram.

2.1 Thermal energy harvester design

There are three aspects being tested in this saErgeriments. The first is the effect of the memof Seebeck devices
sandwiched between the collector plate and aluminigat sink and thus the ratio between collectatepsize and
Seebeck area. The second part of the experimésttteseffect of the collector plate area on thipatupower. The final
part of the experimental procedure uses the poveen the collectors to power a wireless sensor rentt transmit
information using energy collected from the therimaivesting domes as its only power source.

The collector design is similar to those showf"ifl. In those designs, a single Seebeck device waktaseonvert the
temperature difference to electrical energy. Ferfitst part of this experiment series aluminiuratps have been added



to the top of the heat sink to allow multiple Sezk devices tde connected simultaneou: Figure 2 shows the design
with one Seebeck devic€he design uses a simf40mm x 40mnsquare section aluminium block as the cold sidé
sink. The Seebeck device was th@acec onto the top of the heat sink using Arctic Silveiheat paste. The large
aluminium top plate was similarfyiaced oto the top of the Seebeck device. A foam gollas placed below the disk
and that assembly slid through a hole in a circataylic disk. This acrylic disk has a number oftémers around i
periphery which mate with the acrylic dome whiclvexs the device. Te dome assemblyas inserted into a foam raft
and was able to float independently.
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Figure 2.Experimente thermal energy harvesting collector design.

For the second part of the experiment the sizén@fcbllector plate is varied. The standard sizanialuminium plate,
painted black, with a diameter of 200mm (area 30rt?). The small disk has a diameter of 160mm (aread2@r),

and the large disk has a diameter of 240mm (ar€045nf). These changes have th#fect of changing the rat
between collector and Seebeck ardae $eebeck devicesre square and measure 40mm on a side the ares aedi a
shown in Table 1.

Tablel. Collector plate to Seebeck area ratios.

Collector Plate Plate Area | AreaRatio
(Diameter) (m?) (%)
Small (160mm 0.020mM 8.0
Medium (200nm) 0.031mM 5.1
Large (240mn 0.045m 35

The particular thermoelectric modutbosenis commonlyused to generate temperature differentials fronutimowe
however n this application we are using th in reverseto generate power from temperature differentiFor the first
two parts of the test (collector size and multiBleebeck devices), theutput voltage was collected across twd]



resistors arranged in parallel for a total loadstasce of 8. This had previously been shown to be close to the
maximum power point for these devidés!.

2.2 Voltage conditioning circuitry

It was observed, that as the output from the Sdebevices are typically less than 1V and rarelyvabb.5V for the
ambient conditions of these series of experimenti;-dc boost converter was required to raise thiage to a useable
level. The CSIRO Fleck™3B requires an input voltégahe range 3.3-8V to turn on. Once on the Fle8B™will
operate down to 2.9V. The boost converter usedaged on the MAX756 switch-mode regulator IC. Theuwt is
shown in Figure 3.
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Figure 3a. Boost converter design. Figure 3b. Simplified boost converter design.

The MAX756 integrated circuit acts as a high-sppel$e-width modulation switching device, with piragting as the
switch. A simplified version of the circuit is shavin Figure .

Assume at steady-state that the voltage acrossajtecitor is equal to the input voltage less thievdod-bias voltage of
the diode. When the switch is closed there is ailopedance path from pin 8 to ground, so the inuliiage is wholly
dropped across the inductor, which causes a rampingnt flow. When the switch is opened the inductksists a
change in the current flow, and so begins to rampravards, reversing the direction of the voltagepdrand acting as a
voltage source, increasing the voltage acrossulgubcapacitor until the inductor is fully dischad.

By controlling the duty cycle of the switch the niraym voltage at the output can be maintained atraagonable level,
and if the capacitor is large the output voltage lsa maintained at a relatively constant valuehthnMAX756 the duty
cycle is controlled by means of a feedback mechanighich compares the output voltage to an interefgrence, and
varies the cycle accordingly. An input capacitonsed to smooth out quick changes in the inputigelt

The data transmission unit is shown in Figure 4& Fleck™3B unit with the whip antenna is connedidctly to the
voltage boost converter. The information being draitted is the sample number (an incrementing nuriia resets to
1 whenever the boost converter is unable to coetppmwering the node), the node’s on board temperdin degrees
Celsius) and the output voltage (in millivolts) indhe boost converter.



Figure 4a Transmission node and bc Figure 4b Experimental setup: two domes, transmission Imakdata collection bc

converter
2.3 Data acquisition

In terms of data acquisition, each module captteegperatures using-type thermocouplt. The thermocouples are
attached to the underside thie collector plate and the top side of the healt §ihus giving the differential across t
Seebeck device). A thirthermocouple measures the air temperature insgl@ldime and the last measures the w
temperature. Although Kypes are not ideal r the temperature range expected for this expetiniewas felt that th
availability and cost advantages were significant] the expected accuracy more than sufficThese thermocouples
are connected directly to the DatatdkeDT85 data collection unit as shown top leftRigure4b. The left hand cable
entering the box measures the three dome tempesatnd the right hand cable measures titer temperature. Shown
in the foreground of Figure 4b the tub of water used as the cold side heat §inktop of the tu in the white foam raft
are two collector domeand the data transmission bsee Figure 4a)lhe water tub has a volume of approximately
litres. The tub was chosen for its convenient access. ifheo§ the tub introduced two main issues. Thé firas that the
lack of turbulece in the water may lead to stratification of thmperatures, and thus lowean expected output, as the
heat sink would now be in a layer of warm watere Becond issue is that the thermal mass would ttiggtboth the
outside air temperature and theat flow through the energy harve would heat up the wal. In order to use a larger
body of water, other issues such as proximity, s convenience, and security of the experimentldvaeed to b
considered.

For the first two parts of the testallector size and multiple Seebeck devices), theebs were connected to the d
logging equipment. This equipment was housed irespadof housing and logged data ever seconds. For the final
experiment where the devices power a boost cirthetthermocouples were attached to the data loggingpeeant, the
output from the Seebeck device was connected teparate housing, which contained the boost cirand the
transmitting Fleck™B. When sufficient power was available the F™3B would tranmit. Upon reception the da
logger stores the transmitted information (sampleniper, temperature and boost voltage) ancs thermocouple
temperatures. If no power was available the bosuit and Flec™3B would not operate, howevthe data logger
defaults to logging temperatures every minutes. The information from thgending node is transmitted every t
minutes when powered. The receiving r is housed inside the data storage box adsforms this data to a set
string and sends it to thellB5 storage unit. When this occurs it triggers@ie35 to take a temperature reading from
four thermocouples.

3. RESULTS

The results from théirst series of experiments involving the variatiohthe number of Seebeck devices presented
on the next page in Figure 5 aR@jure 6. Figure 5shows the total power output from threeferent thermal energy
harvesters with 0.031%collector plates and operating using either 1, 2 @eebeck devices. It shows a full 24 F
period starting from midnight and as to be expec¢htedpower outputrise during the daylight hours peaking arol
midday in response to the incoming solariation. As can be seen the power output correlegeg strongly with the
solar insolation which was measured concurrently stition less than 10Caway and displayed iFigure 9. The slight
dip in the output power shown in the™Hour in Figure 5 but not seen in Figurev@s due to a nearby wind turbine p
shadowing the experimental set up bu the pyranometer collecting solar data.



The effect the variation of the number of Seebemkiaks has on the output power is illustrated guke 5. Here it can
be seen that the more Seebeck devices conductergyefrom the collector plate the greater the poaaiput, with
19mwW, 26mW and 37mW of peak power produced by #dwwdsters with 1, 2 and 4 Seebeck devices respéctiv
However, the output power does not increase ligegith the number of Seebeck devices operating éetwthe top and
bottom plates. The output power is not only proposil to the flow of heat energy through the Seklgkvices but also
to the efficiency at which the heat flow is coneertto electrical power. By increasing the numbeBeébeck devices
the surface area for conduction is increased atigvai larger heat flow. However the increased heatgy conducted
from the top plate to the bottom sink has the éféédowering the temperature difference betweennitwhich decreases
the Carnot efficiency of the conversion processisTid evidenced in Figure 6 which is a plot of tieenperature
difference across the Seebeck devices. It shovighbadome with 1 Seebeck device attached consigtexperienced
the largest working temperature difference througtibe day and night with a peak of 21K occurrihgn@on and that
the device with 4 Seebeck devices recorded thedbwerking temperature difference with a peak dyd5K. Itis
believed that there is an optimum ratio betweettectir area and Seebeck device area which woutdvaliood heat
flow while maintaining large temperature differente enable maximum power output. We seek to deterntiis
optimum through further experimentation and/or miaitaulation.
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Figure 5. Power output from the varied number afti®ek devices trial
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The power outputs from the trial investigating e€iffnt sized collector plates are plotted
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Figure7. As the size of the collector plate increasetealoes the output power with the large collectoording a peak
power output of 48mW compared to 31mW for the medasllector and 22mW for the small collector. Ho@ewhen
the power outputs are normalised against the giftgeacollector plates, to give the output power peit area, it can be
seen that the power flux is effectively the sanmrealb3 devices as shown in Figure8. The solarlatgm for this trial is
plotted in Figurel0 where the values significardtpp and then spike back up in the afternoon dugassing cloud
cover. The influence of this cloud cover on thevkating device is also seen in Figure8 where thpubypower drops
and spikes at the same corresponding time. Compdfigure8 and FigurelO reveals that the harvestetput
approximately 1W/rfor solar insolation of 640W/fwhich relates to a conversion efficiency of ldsst 0.2%.
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The success which the design of the dome and tmilptate have in increasing the temperature oftdpeside of the
Seebeck device above the ambient air temperatuleistated in Figure 11a. At midday the top siafethe Seebeck
device is heated 20K above the ambient temperditoveever, the dome design is also seen to holdeitgpérature
overnight. During the night hours the ambient airseen to drop about 10K below the water tempexyaghrown in
Figure 1b, but the dome and collector plate renmairch warmer, resulting in a small temperature tiifiee and
negligible power flow. However, it is believed thhe advantage from the increased power duringiétyeon the total
daily energy output outweighs the drawback of desee night time power.

The temperature of the water and the bottom hewt isi graphed in Figure 1b. The graph shows that whater

temperature changes by over 20K across the dayhwhian artefact of the present experimental sagipg a small

volume of water as opposed to an actual body oémsich as a lake, river or ocean, whose tempesatands to remain
relatively constant across the day due to largenthemass. The graph also reveals the inefficiasfdhe bottom heat
sink which should ideally be in thermal equilibriumith the water but instead is significantly hottean the water
during the day as the heat conducted from the tafe [is not dissipated fast enough from the bothaat sink to the
water. This may also in part be due to the expertadleset up whereby the water sat stationary imbaunlike the real
currents, waves and other fluid motions experiennazpen water systems which would greatly increéaseremoval of
heat from the sink due to convection.
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The final experiment aimed to directly power a éss sensor node from the output of the thermalggnlearvester.
The Fleck™ 3B node was programmed to measure tetyserevery 2 minutes and transmit the sample essly to a
nearby datalogger. It was left to run for almosta®s from the % to 6" of January 2010 with the logger receiving over
280 samples in this time. In Figure 42 the tempeeatiifference across the Seebeck device is plédtethe duration of
the experiment with the secondary axis showing vdamnples were received by the logger. It showsthi@abutput from
the harvester was only able to power the node whetemperature difference exceeded 10K. The aafube disrupted
sampling on the second day when there appearesldmple working temperature difference is unknown.

The results in Figure 12 reveal large portionsrogtwhen the direct output from the harvester wasifficient to power
the sensor node. This problem can be rectifiednigjuding energy storage into the system. We areently in the
process of repeating the above experiment incotipgra secondary battery into the design allowingtinuous data
transmission by storing excess energy harvesteidgltine day to power the node during the night andther times
when there is insufficient direct output power frtime energy harvester.
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Figure 42. Results from the trial involving the direowering of a wireless sensor node by the theemargy harvester

4. CONCLUSION

In this paper two variables have been exploredHeir effect on the output of a thermoelectric lobhspergy harvester.
The first variation changed measured the effecthef number of Seebeck devices. These experimentsd fthat
increasing the number of Seebeck devices increhsedeat flow and thus dropped the temperaturereifice across the
device. While the output does increase with the memof devices it does not increase linearly. Vigitle device the peak
output was approximately 17mW. Two devices incrddble output by less than 40%, and 4 devices iseckthe output
by less than 100% over just one device. Criticahg, use of multiple devices allows the outputagéd to be stepped up
to a useable level for voltage conversion circuits.

The second variation determined the effect of chmanthe size of the collector. As should be expadte increase in

size directly affected the output of the systemwisleer, when the output is normalised against aheachange in size
had no effect on the output of the device. Commgafigure 8 and Figure 10 reveals that each of tineet sizes of

collector disk has peak outputs of approximately/mor solar insolation of 640W/fmwhich relates to a conversion
efficiency of less than 0.2%. Although lower thgilicon based solar cells, these systems are aan&mtations where

access to a solar resource is limited.

The final experiment aimed to use output of thertied energy harvester to directly power a wirelssasor node
without any energy storage. This experiment esthbll that there is sufficient energy available dovgr a wireless
node; however the system required temperaturerdiftees across the Seebeck device exceeding 10Koulgh these
temperatures are not normally available from amntbiemperatures they can be achieved by amplifyintpiant

conditions with the use of black body collectorsl @omes to trap the emitted radiation. In ordeacbieve continuous
sampling, energy storage will be required to allmansmission at night and on duller days. In oreextend the
transmission times, sample periods could be exttfrden two minutes and as transmission power igabyhe largest
consumer of power, multiple samples could be settveer rates; for example six samples could be seary hour

rather than one sample every ten minutes.
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