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Abstract: In this paper, we describe a novel animal-tracking-system, solely powered by thermal
energy harvesting. The tracker achieves an outstanding 100 µW of electrical power harvested over
an area of only 2 times 20.5 cm2, using the temperature difference between the animal’s fur and the
environment, with a total weight of 286 g. The steps to enhance the power income are presented
and validated in a field-test, using a system that fulfills common tracking-tasks, including GPS with
a fix every 1.1 h to 1.5 h, activity and temperature measurements, all data wirelessly transmitted
via LoRaWAN at a period of 14 min. Furthermore, we describe our ultra low power design that
achieves an overall sleep power consumption of only 8 µW and is able to work down to temperature
differences of 0.9 K applied to the TEGs.

Keywords: TEG; thermoelectricity; thermal energy harvesting; tracker; wildlife; animal; ultra low
power

1. Introduction

Wildlife populations are under increasing pressure. Climate change, habitat loss and
invasive species are only some examples of numerous threats to resident and migratory
wildlife throughout the world. Additionally, in some cases, wildlife populations can
negatively impact economy and agriculture. The result is a human–wildlife conflict that has
negative consequences for both worlds [1]. In order to reestablish balance and harmonize
the opposite requirements between human society and the need to preserve biodiversity,
effective wildlife management solutions must be developed. Such development requires
a deep understanding of wildlife behavior, possible through high-tech tracking devices
able to gather valuable data from animals in their natural environment, in the best case in
a non-disturbing and interaction-free manner. Recorded positions and activity levels of
wildlife can be used to derive migratory paths, reactions induced by stress and the impact
of human-made habitat modifications or losses. Given the long duration of those processes,
a continuous and long-time monitoring is a mandatory requirement.

Despite recent advances in the development of tracking devices, most of them are
still powered from batteries. Depending on the number and frequency of tasks required,
the limited energy of batteries may shorten the possible monitoring time. An increase of
power capacities and run-times with this technology typically comes with an increased
battery size, hence an increased size and weight, which may have a negative influence on
the animals to be monitored. A weight below 5% of the body weight is, e.g., considered
acceptable as a general rule of thumb for a collar applied to a mammal, but even then,
an impact on the animal can not be excluded [2]. Moreover, the limited energy available
requires a severe restriction of features of the tracking devices. To prolong the device
lifetime, in fact, a compromise must be found between reducing the set of features or
carefully budgeting the energy by reducing the frequency of actions. An exchange of
batteries may circumvent these problems; however, this is not a practicable solution. The
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animal should be approached and recaptured causing stress and undesired impact on
its behavior.

Energy harvesting (EH) techniques, i.e., the gathering energy from the direct environ-
ment of the animal, may be an alternative solution to power an animal tracker. Several
possibilities exists—one may use kinetic energy such as the movement of animals or vi-
brations via piezoelectric, triboelectric or electromagnetic harvesters [3]. In [4], a tracker
is presented that uses electromagnetism to harvest energy from an elephant’s motions.
Other sources of energy can be the body of the animal itself, either by using electrochemical
energy via biofuels or thermal energy in form of its body heat [5]. Other studies use envi-
ronmental available energy drawn from radio frequency [6], which is typically radiated by
another devices or the radiation of the sun.

With regard to commercially available systems, solar energy harvesting is one of the
most used concepts to power wildlife-tracking devices. The LifeTag™ (Cellular Tracking
Technologies) is an example of a small tracker running exclusively by harvesting solar power.
The system periodically transmits a beacon signal that may be intercepted to get the animal
location [7]; however, it does not have any additional function. Another solar-powered
but feature-rich tracker, equipped with temperature sensors and global positioning system
(GPS), is presented in [8]. A similar device in [9] uses solar cells as an additional energy
source to prolong its battery lifetime. Although solar power represents a good alternative or
assistance to battery power for wildlife-tracking-applications, it has a significant drawback:
The energy income is unsteady and unpredictable. First, energy can only be harvested for
approximately a half of a day during sunlight, given that the tracked animal is not living
north or south of the respective polar circles. Second, the incoming amount of energy is
highly dependent on environmental factors such as cloud cover, shadowing, seasons, or
even the current angle of the solar cell to the sun [10]. If a continuous operation is desired,
a secondary energy storage is needed in any case that can compensate the lack or reduction
of energy income for at least a couple of days.

In comparison with solar energy harvesting, several advantages are obtained by using
thermal energy harvesting. In an application at warm-blooded animals, the temperature
gradient between animal and environment can be used to harvest electrical energy. The use
of thermoelectric generators (TEGs) as a power source makes the system very robust and
durable, as no moving or fragile parts are required for its operation. Harvesting from the
near-constant body temperature of warm-blooded animals promises a more predictable
energy income that might not be as dependent on environmental factors, except the ambient
temperature, when compared to the usage of solar cells. Despite the opportunities that
such a system could provide in tracking applications, there is few literature about thermal
harvesting at animals. We have shown already in [11–13] that a temperature difference at a
reasonably sized TEG between 2.5 K to 3.5 K can be used to supply a simple collar tracker,
regularly transmitting a beacon signal for localization. In this paper, we will present our
more thoroughly designed feature-rich tracking device optimized for an application at
mammals. The developed tracking collar is able to record position, temperature, animal
activity and transmit these data wirelessly over long distances. Its performance has been
analyzed in a long running experiment. The developed system is used in this case as
a measurement device to characterize the whole scenario and its boundary conditions.
Valuable data about the energy income, occurring temperatures, and other performance
parameters are gathered and analyzed. The paper is organized as follows: In Section 2, our
design focus is explained, followed by a description of the collar’s design and its field test.
A detailed description of the system design and its effects on the overall performance is
discussed in Section 3. The structure of our field test and its results are then presented in
Section 4 and finally addressed in Section 5.

2. Aims and Scope

Our proposed tracking device and experimental setup follows two purposes. The
first purpose is the development of a full-featured tracking device that is solely driven



Energies 2021, 14, 6363 3 of 21

by thermal energy harvested from the temperature difference between animal and envi-
ronment. With regard to the limited energy income, we investigate how to reduce power
consumption in the tracking sub-system while maximizing power input from the harvest-
ing sub-system. Power income and consumption are being recorded in a field test, together
with information about how and when each feature has been activated to verify the device’s
functionality. The feature-set of the wildlife tracker consists of the following functions:

The animal’s activity is tracked and recorded as a single value, indicating how much
the animal has moved over the last period. This measurement is implemented following
the common approach of using an accelerometer that records events exceeding a certain
threshold. More sophisticated approaches may gain more information about the type of
movements and detect the type of moving or current animal position. These, however
need significantly more energy due to higher sampling rates and processing power, for
example, via a frequency analysis of accelerometer values in the tracker itself [14]. For our
power-optimized tracker that may use the animal activity to schedule tasks, implementing
a simple step counter is sufficient.

The position in our device should be gathered via GPS as this is the most commonly
used technology and offers worldwide coverage. It did become an essential tool for
studying migratory routes, home ranges or the migratory behavior of animals [15]. As
other global navigation satellite system (GNSS) systems such as Galileo or Glonass work
with a similar principle, GPS is a good representative for this category of location technology.
Depending on the intention of the tracking device, positions are recorded at very short time
intervals down to a record every few minutes. Long-term studies typically gather a position
every hour or with intervals up to 40 h [15,16]. For our device, that aims on long-running
observations, one location per hour is an adequate requirement and compromise as higher
frequencies are usually not required and are likely to not work due to the high power
consumption of GPS.

Wireless transfer of the data is needed to gather the recorded data remotely. Technolo-
gies such as the transmission via satellite or the usage of cellular networks are common
to achieve worldwide coverage. However, both require high amounts of energy, making
them unsuitable for our purpose. An alternative with low power consumption is a custom-
built world-spanning receiver network such as the Motus wildlife tracking system that
is capable of receiving very high frequency (VHF) beacons [17]. It is used to locate an
animal worldwide, but only works in areas where a receiver is deployed. The reception
of a location history or of sensor data is not possible with that system and thus would
negate the advantage of having GPS on-board. Our approach is to use a world-spanning
network similar to Motus, but one that offers transmission of custom data at a minimum of
energy and over a long range. We found the LongRangeWideAreaNetwork (LoRaWAN) to
be a promising candidate as it is already widely used and can still be deployed manually.
While the transmission of the recorded history is possible with that system, we have only
implemented a message of the last record as all data-points will be stored and later be
retrievable from the collar’s internal memory.

The second purpose of our developed collar is the collection of environmental and
performance-relevant data helping to analyze power input and thermal conditions at the
animal. Valuable information are the thermal resistances of the device and the fur-device
connections. To get an approximate value, sensors in the housing record the temperature
gradient over the TEG and the ambient temperature. Due to the measurement method,
we expect relatively high uncertainties of actual values, introduced by varying conditions
such as the collar’s varying looseness to the animal or environmental factors such as wind
and rain. Still, these results are valuable as average, real-life data for improving the power
outcome and weight of future devices.

Furthermore, internal data concerning the power income and usage are stored together
with the device’s state. It is desired to verify the power consumption for each task executed
by the tracker and the performance of the implemented power management. With our
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implementation, a correlation between power income and ambient temperature, and its
possible daily period can be derived.

3. System Design

The design of our tracker is inspired by available collars such as trackers from the
companies Vertex or ATS. These collars consist typically of one or more enclosures. In our
case, the collar holds three enclosures, as shown in Figure 1. Two of them contain the
thermal energy harvesting part of the system, the third contains the electronics for power
management, tracking and wireless communication. More details about the different collar
parts will follow in the next sections.

Figure 1. The tracker is implemented as a collar that can be attached to the desired animal. Two
of the three housings are dedicated to thermal energy harvesting. The remaining one contains the
main electronics.

3.1. Energy Harvesting

The thermal design of the harvester is already discussed in [13]. It consists of a TEG
embedded between an aluminum heat connector at the animal side and a heat sink facing
the environment, i.e., ambient air. Beside the TEG, two digital temperature sensors are
placed on a PCB, which is embedded between the heat sink and the heat connector. The
inside of the energy harvesting housing with its components is shown in Figure 2.

The heat sink is a commercially available from Fischer Elektronik. Its fins are cut down
and modified to be screwed to the housing. The initial thermal resistance of the chosen
heatsink is in the range of 0.5 K/W to 2.7 K/W, depending on the ambient wind speed [18].
We decreased the fin’s height to 10 mm to achieve a less bulkier device and reduce risks of
injuries. We expect a slight increase of the thermal resistance of the heat sink to a maximum
of 10 K/W in a worst case condition. Compared to the heat connector’s much higher
thermal resistance this should be negligible.

The heat connectors’ design is similar to that of the heat sink, as it ensures the closest
contact of the heat connector and the animal skin. It is equipped with fins that penetrate
through the fur of the animal to circumvent its high thermal resistance. Further details on
the heat connector design are available in [13]. The length of the heat connectors’ fins is a
critical parameter to achieve a good performance, i.e., a high temperature gradient at the
TEG. Too short fins can not overcome the high thermal resistance of the fur, whereas too
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long fins leave room between the housing and the fur where the ambient air would cool
down the device and lead to heat losses. In a test with different fin lengths attached to the
desired animal, here a cashmere goat, a height of 10 mm was identified as the most suitable.

The two temperature sensors for monitoring the hot and cold side temperature of
the TEG are embedded into a small cutout which was milled into heat sink and heat
connector (see Figure 2). In the desired temperature range between −20 °C to 50 °C, the
sensors offer an accuracy of about 0.1 K [19]. Additionally they are equipped with a digital
interface, which allows data transmission between the electronics and harvesting housing
with a smaller number of wires in comparison to analog sensing solutions. Moreover, they
are already calibrated and do not need an analog-to-digital-converter (ADC) at the main
electronics board.

The housing at the animal’s side and the outlets for the cables are sealed with PDMS.
The heat sink is screwed to the housing against a rubber O-ring that protects the inside
against water and moisture. In the housing, besides the structure holding the TEG in place,
there is no additional isolation applied.

Figure 2. Housing of the harvesting part: TEG with two temperature sensors between two thermal
coupling parts. The top-side heat sink is detached.

3.1.1. Output Power Considerations for TEG

To achieve a high output power of the TEG, a low thermal resistance, hence a good
connection to the animal is required. Whereas this can be easily achieved by harvesting
from big areas, this option is limited by the collar weight and size an animal can carry.
Additionally, a careful adaptation of the TEG to the ambient thermal condition is needed.
However, a high temperature gradient at the TEG and a high thermal flux resulting in
high electrical output power are inherently contradictory demands. Our approach on
the compromises to be taken, especially concerning the choice of a TEG, is described in
the following.

In our case, we are harvesting at relatively low temperatures and temperature gradi-
ents. The temperature of the animal skin is in the range of 30 °C to 33 °C [20], while we
expect the ambient temperature to be in the range of −20 °C to 30 °C. It is well known
that TEGs made of bismuth telluride delivers the highest performance in this temperature
region and achieve a figure-of-merit (ZT) of about 1.0 [21]. However, due to the thermal re-
sistances of fur and ambient air, it can not be expected that the potentially high temperature
differences between animal skin and ambient air can be used at the TEG. A former experi-
ment found temperature gradients of only about 2.5 K to 3.5 K at the TEG [11]. Therefore,
this situation is fundamentally different from thermoelectric harvesting devices embedded
between highly conducting heat sources and heat sinks, operating at temperatures far
beyond 100 °C and with much higher temperature differences ∆T. Consequently, the maxi-
mum output power and efficiency of such a device will be low due to the small temperature
differences obtained: As an example, the theoretical power output limit when the thermal
harvesting device is considered as an optimal Carnot-engine is at only 250 mW [22]. Even
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then, this output power is only achieved at very generous conditions, with a thermal
harvesting device with a resistance of 10 K/W and an ambient temperature of −20 °C. For
the more realistic scenario of a 3.5 K gradient, the limit drops down to 1 mW.

In the scenario when a TEG is used as a thermal harvesting device, the maximum
possible output power is only a fraction of the Carnot-limit. The TEG’s output power is
not only dependent on the given temperature difference ∆TTEG, but also on its Seebeck-
coefficient α and its internal electrical resistance Re f f , all together described in Equation (1).
For the design process of our tracker, Equation (1) states that a high α and ∆TTEG are
preferred over a low Re f f . However, if the resistance of electrical load attached to the TEG
does not match Re f f , the possible output power given in Equation (1) will not be reached.

Another impact on output power is that the available ∆TTEG at the TEG is further
reduced when it is embedded between two thermal resistances and a ∆T is applied to the
system. Here, ∆T reduces by a factor of KTEG/Ktot, with a given Ktot as the sum of all three
thermal resistances of the TEG itself and its two thermal interfaces (Equation (2)). In the
scenario at the animal, we expect that our specific design of the thermal connection to the
animal has a thermal resistance in the range of 35 K/W while the thermal resistance of
the heat sink to the ambient air is in worst case in the range of 10 K/W, assuming calm
wind [13]. The TEG’s thermal resistance, however, is often below 10 K/W and further
intensifies the mismatch of Equation (2), as a too-low thermal resistance of the TEG will
virtually short-circuit the temperature difference across the TEG. Furthermore the sur-
rounding thermal resistances decrease the available output power when a load is attached
to the TEG and electrical power is drawn. This effect is modeled by introducing an ad-
ditional term into the effective electrical resistance Re f f as stated in Equation (3). Both
Equations (2) and (3) are put into Equation (1) to compare the achievable output powers
for the following examined TEGs.

Poutmax =
(α∆TTEG)

2

4Re f f
(1)

∆TTEG = (∆T)
KTEG
Ktot

(2)

Re f f = R0 + Tcα2(Kc + Kh)
KTEG
Ktot

(3)

3.1.2. Optimal Commercially Available TEGs

For this project, we restricted our selection of TEGs exclusively to commercially avail-
able devices. Although a wide variety of TEGs exists with different thermal and electrical
resistance, αTEG, and size, for the purposes of this work it is sufficient to compare the TEG
exclusively on a per thermocouple-leg basis. The optimal TEG with a maximum output
power for a given thermal connection is then determined by choosing the corresponding
number of thermocouples with a specific dimension. This is possible as, first, α is constant
over all different sets of TEGs as all use the same thermoelectric materials, here bismuth
telluride. Second, for the same dimension and material of a thermocouple, its thermal
and electrical resistance are fixed. The overall αTEG of the TEG and its thermal/electrical
resistance is then determined by adding up the thermocouple parameters. It must, however,
be considered that this approach is only valid as long as other effects such as additional
resistances in the electrical connection of the thermocouples or parasitic thermal resistances
are minor.

To compare the TEGs on the basis of their achievable maximum output power Poutmax
and output voltage Vout, the following assumptions are made: An ambient temperature of
25 °C and an animal skin temperature of 30 °C, giving a temperature difference of 5 K. The
thermal resistances of the connections are fixed with Kh = 35 K/W and Kc = 10 K/W.

Here, we focus on the TEG series 1MC06-XXX_xx_TEG of the company TEC Mi-
crosystems, which only differ in their thermocouple height and quantity. Other sets of
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this manufacturer only vary in the spacing of the thermocouples and thus have the same
properties with a smaller overall size. To compare the TEGs at the thermocouple level,
their parameters, including α, thermal resistance Kg, and electrical resistance R0, are de-
rived from the given datasheet of the whole TEG. We have verified that the calculated α
per couple is the same for all variants with negligible differences. Each thermocouple’s
electrical and thermal resistance is, as expected, nearly constant (maximum deviation 3%
and, 0.4 %, respectively) within each set of TEGs with the same height.

In total, we have compared five sets that differ in their thermocouple height from
5 mm to 16 mm. For each height variant and number of thermocouples, the corresponding
output power and voltage related to our scenario are plotted in Figure 3. It can be seen that
harvesting at low voltages is beneficial to get high output power. Thus, a low number of
thermocouples with a small height is more promising in general. The configuration with
the highest output power is a TEG with eight thermocouples and a height of 8 mm (curve
ω in Figure 3), offering a promising power output of 70 µW, but has a low output voltage
of less than 10 mV.

This low output voltage is a problem, as most CMOIS electronics, and also in our
system, require a minimum supply voltage of about 1.8 V, which is several orders of
magnitude higher. Therefore, an up-conversion of the TEG voltage is needed, which is
accompanied by additional losses. Popular integrated circuits (ICs) for this task, such as
the LTC3108 from Linear Technology or other devices from Texas Instruments do not work at
10 mV or achieve a very low efficiency of only 40% for input voltages around 20 mV [23].
Therefore, it is wise to take the efficiency of the up-conversion at the corresponding voltage
into account to maximize the overall usable energy. The use of commercial ICs would not
allow us to harvest at very low input voltages. However, as this implies the drop of the
maximum achievable power output of the TEG, for our setup a custom-built electronics for
the up-conversion was used. It works with an efficiency of about 60% at 20 mV, quickly
dropping for voltages lower than 15 mV. Given that, the 1MC06-048_15_TEG was selected,
as it delivers the highest output power at output voltages around 20 mV. To further increase
the input power for the up-conversion, two TEGs are used in a parallel electrical connection.
As all calculations are done for a worst-case scenario, the maximum power output and the
voltage of the TEG will likely be higher.
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Figure 3. Power output and corresponding open-circuit voltage of TEG for a fin-length of α = 15 mm,
β = 12 mm, γ = 10 mm, δ = 8 mm, ω = 5 mm at a total temperature difference of 5 K and resistances
of the thermal connections of Kh = 35 K/W, Kc = 10 K/W.
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3.2. Power Management

The power management is based on having an intermediate storage that catches
enough energy to fulfill the demanded tasks once. This is necessary due to the low output
voltage and output power of the TEG that are not high enough to drive any electronics
directly. For example, on the one hand, GPS and a wireless transmission module typically
work at a minimum voltage of 1.8 V and a supply current of 30 mA, respectively, up to
100 mA. On the other hand, the TEGs’ output power will be in the range of 24 µW to
220 µW, at presumed temperature gradients of 1 K to 3 K, here with the used TEG 1MC06-
048_15_TEG. At the same time, the TEG output voltage will be at 20 mV to 60 mV, which
reduces to a range from 10 mV to 30 mV if an optimal load at maximum output power
is connected.

Therefore, the power management in our system consists of a voltage up-conversion,
a capacitor as intermediate storage, and a second voltage stabilization stage. Figure 4
shows the entire chain up to the power-consuming part: First, the output voltage of the
TEG (10 mV to 30 mV) is up-converted and it charges a capacitor up to 5.5 V. A cold-start
circuit monitors the capacitor voltage and turns on the rest of the system as soon as the
voltage reaches a well-defined threshold. In the next step, the capacitor voltage is stepped
down to a constant and regulated voltage for the main system. At this point, the main
system takes over the power management, and only in the event of a very low energy state,
the cold-start circuit will cut off the main system from the capacitor.

Figure 4. Concept of the power management circuit: The output voltage of the TEG is first upcon-
verted and stored in a capacitor. A cold start circuit disconnects the rest of the system if the voltage
falls below a threshold. Otherwise, the capacitor voltage is stabilized to the constant output voltage
needed to drive the attached electronics.

For the up-conversion step, a custom-designed low-voltage boost converter is used
based on the design explained in [24]. It provides an unregulated output voltage, a cold
start capability down to 10 mV, requires no auxiliary power and has an efficiency above
40% over a wide range of the expected input voltage, with a maximum efficiency of
approximately 60% at an input voltage of 20 mV. Load matching is not implemented in
the boost-converter. As the capacitor is directly attached the output of the boost converter,
the overall power input is heavily dependent on the capacitor’s state-of-charge. The
corresponding usable powers are shown in Figure 5: At a low capacitor voltage, the system
can only retrieve low power from the boost converter, whereas at the capacitor voltage of
around 2.8 V, the step-up converter delivers its maximum power. Therefore, the start-up
phase from zero power for a system with an empty capacitor, needs a long time. Afterwards,
the main electronics will monitor the capacitor voltage and schedule its tasks in such a
way that the storage capacitor is most of the time in the optimal voltage range at 2.8 V.
Although the optimal power point varies with the TEG’s current temperature difference,
this is not monitored. It turned out that in the expected temperature range, the maximum
in Figure 5 does not vary too much.
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Figure 5. Measured charging power for different temperature differences directly applied to the two
connected TEGs in the lab. Only the power-management circuitry (see Figure 4) is used. At 2.5 V, a
slight power dip can be seen at which the step-down converter is turned on.

The energy storage capacity is chosen in such a way that it provides enough energy
to complete the most power-hungry task, here the GPS, once. Long-term storage, using,
e.g., a rechargeable battery, could be added; however, it is not foreseen in this concept,
as we expect a continuous and constant energy income from the TEGs. In our case, the
GPS module CAM-M8 (u-blox) needs around 26 mA in acquisition mode and can obtain a
position within 7 s when the aided start functionality is used [25]. At a supply voltage of
1.8 V, the energy storage needs, therefore, to provide at least 328 mJ. However, since it is
not guaranteed that a fix is always possible within 7 s a minimum stored energy of 500 mJ
is desired. This is achievable by choosing the BZ015B603Z_B (AVX) as a storage capacitor
that provides a capacitance of 60 mF. When charged up to its limit of 5.5 V and discharged
down to 2.2 V, an energy budget of 760 mJ is available, which enables the GPS module to
run approximately for 16 s.

The capacitor’s leakage is an important parameter as it significantly impacts the overall
power consumption of the system when in sleep mode for extended periods. The datasheet
claims a maximum leakage current of 10 µA and a low equivalent series resistance (ESR)
of 80 mΩ [26], suitable for the purposes of this work. A low ESR is further needed to
prevent high voltage drops when a current up to 100 mA is needed during wireless data
transmission. We experimentally verified that the leakage current is even lower with 5 µA
near its maximum rated voltage at 5.5 V and around 1.6 µA at voltages below 3 V.

A constant regulated voltage supply for the microcontroller and periphery is realized
by the TPS62740 (Texas Instruments) step-down converter connected to the capacitor (see
Figure 4). It is suitable for handling input voltages up to 5.5 V, can provide a constant
1.9 V output at a reasonably high efficiency, and has a typical quiescent current of only
360 nA [27], which is advantageous to reduce the overall power consumption when the
rest of the system is in sleep. Additional circuitry based on [28] is connected to the enable
pin of the TPS62740 as a voltage monitor and power switch and turns off the whole system
when the capacitor voltage is below a certain threshold. This helps during the cold start
phase when the energy storage is empty and prevents possible excessive current draw due
to undefined behavior of the periphery in low voltage conditions. Detrimental effects of
such a behavior are demonstrated in [29].

3.3. Main System and Periphery

The developed system can measure five physical properties, needed either for the
wildlife-tracking purpose or to log the system performance: Time, voltage of the energy
storage capacitor, activity, position of the tracker as well as the temperature difference over
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the TEGs in their separate housings. The gathered data is stored on the device itself, but
eventually also transmitted wirelessly.

The overview in Figure 6 shows that the microcontroller unit (MCU) MSP430FR5969
(Texas Instruments) does centrally control all other components. It features an inbuilt real-
time clock (RTC) that tracks time and wakes up the MCU periodically at a current draw of
only 250 nA [30]. While the MCU is always connected to the power supply as long as the
capacitor’s voltage (see Figure 4) is above the turn-on threshold voltage, all other periphery
can be individually disconnected from the power supply by the MCU with a low leakage
switch [31]. This reduces the system’s sleep current to an absolute minimum.

Figure 6. Part of the electrical system responsible for the data acquisition. The MCU controls via
digital protocols all periphery and may completely cut each component from the power supply with
an additional switch.

The temperature difference at the TEGs in each of the two housings is measured by
two digital temperature sensors, TMP117 (Texas Instruments), the accuracy of which is
claimed to be 0.1 °C [19]. The four sensors are connected to the MCU via the same Inter-
Integrated Circuit (I2C)-bus. This avoids the use of additional external components and
reduces the number of wires needed to connect the harvesting and the electronics housing.

Besides the built-in Ferroelectric Random Access Memory (FRAM) of the MCU, an
additional one with 1 Mbit capacity (MR44V064B (Lapis Semiconductor)) is connected to
the I2C-bus [32]. It is used to store the aiding data for the GPS module and to save all
measurement data. For the aiding data, 128 kB are reserved. The rest is used to store
measurement data, each taking 30 B. For the experiment, a measurement was taken every
7 min, hence the FRAM’s space lasts for about 18 days.

The CAM-M8 (u-blox), the chosen GPS-receiver, has a built-in antenna and is placed
at the very top in the electronics housing. At each activation of the module, the current
time is checked by the MCU and the corresponding aiding-data from the external FRAM
is transferred to the CAM-M8 to speed-up the position calculation. The module’s sleep
mode is not used. Instead, it is completely disconnected from the energy storage to save
the about 100 µA the module otherwise would draw.

Activity is detected via an ADXL362 (Analog Devices) accelerometer configured so that
it wakes up the MCU when a threshold of motion is detected. A counter is then increased
by one and is later reset after its content is saved in the FRAM with the other data.

The voltage of the storage capacitor is measured with the internal ADC of the MCU
via an on/off switchable voltage-divider. It is first captured at the beginning of any wake-
up-event and a second time right before the MCU goes back to the sleep state. Both values
are later saved in the set of measurement records.
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Data is transmitted at 868 MHz using the SX1262 (Semtech) chip embedded in a
Lambda62 (RF Solutions) module. LongRange (LoRa) was selected for the physical layer and
LoRaWAN to send out a package with a reduced set of data. A transmitted package has a
payload of 11 B, respectively, 19 B when a GPS position is found. It includes a coarse voltage,
the four temperature readings at the harvester-housings, activity, and time difference since
the last wake-up. To this data, the LoRaWAN layer adds 9 B on additional information such
as device address and a frame counter. As we are using a well documented and widely
used technology that is not only compatible with self-deployed stations, already existing
networks can receive and forward the data. With that, we connected our tracker to the
world-spanning network TheThingsNetwork (TTN).

The main system with its periphery, excluding the temperature sensors in the TEG-
housing, and power management is distributed over four custom-made PCBs as seen in
Figure 7, stacked on top of each other in the electronics housing.

Figure 7. PCBs that are later stacked on top in the electronics housing. From left to right: Power
management board with cold-start switch, step-down and step-up converter, but here without
soldered transformer and capacitor, board for wireless transmission, board with activity sensor, MCU
and FRAM, board with GPS-receiver.

3.4. Task Scheduler Algorithm

The scheduling of tasks in the main system has a critical impact on the overall available
input power. As the TEG-step-up combination will deliver its maximum output power at a
capacitor voltage around 2.3 V (see Figure 5) and as no other load-matching is integrated,
it is the MCU’s responsibility to track and adapt the load for optimal power. This is
achievable by scheduling tasks according to their energy consumption and the current state
of charge. High power-consuming tasks are only triggered when the capacitor voltage rises
above the respective thresholds. Low-consuming tasks take place at a low state of charge
and are done more often to the extend that energy is still saved for a later execution of
more energy-hungry tasks. For example, a simple measurement recording happens more
often than the dataset’s transmission or a GPS-fix. It is worth mentioning that the system
works best as long as there is always enough energy to continuously drive the main MCU
with its internal RTC, allowing the collar to track and record time continuously. If the input
power is too low and the capacitor voltage drops below 2.3 V, the main system will be shut
off hard and will only be reconnected as soon as the voltage is in an acceptable range again.
To stay on a point of maximum power and prevent a low-voltage condition, the algorithm
chooses between the combination of three defined task sets: (1) the temperature readings
of the hot side and cold side in the harvesting housing together with the animal activity,
(2) the position calculation, and (3) the transmission of data. For the tasks, five energy
levels are defined that correspond to specified capacitor voltages. In addition, a fixed time
interval is given for most jobs. A task will be executed if both, the voltage level and the
time interval match the settings defined for this task. If the time does not match, the task
of the energy level below the current level will be executed. If the voltage level does not
match, the task will be skipped and it will be triggered at its next interval. The intervals
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of the tasks are chosen so that its mean power consumption should be below the energy
income. The tasks at levels four and five, acquiring the GPS position, are an exception.
In those states, the GPS-receiver uses all available energy until it receives a position or
until the capacitor voltage drops below 2.8 V. However, since the voltage in this state is
measured once a second, it can also drop down to 2.4 V between two voltage readings. This
means that the risk exists that no GPS signal is found and that at least 545 mJ are consumed.
Table 1 summarizes the available tasks and the corresponding energy level.

Most of the time, the whole system is put into sleep with all components turned off
and wakes up only either because of a RTC timeout or when an activity event is detected.
In the latter case, the system only increments the activity value that is later sent together
with the rest of the data before it is reset. The flowchart in Figure 8 shows the entire process
for all events. To lower the energy overhead for the algorithm, the MCU wakes up only at a
very low interval of seven minutes. This reduces energy needed for each wake-up and for
capacitor voltage readings, but also restricts the time interval when tasks can be executed
to this schedule. For our use case, the seven minute time grid is granular enough to prevent
the missing of a capacitor overcharge. It also is relaxed enough to give enough time for
charging: At an input power of around 50 µW, 21 mJ will be delivered to the capacitor per
round. This is considerably higher than the energy consumption of the lower-level tasks
that are done with the highest possible frequency, allowing us to save energy for the more
energy-hungry tasks at higher voltage levels.

Table 1. The algorithm executes tasks according to a fixed time interval, but only when the capacitor’s
voltage is in the desired range or above. Otherwise, it is skipped.

Lvl Voltage Range Time Interval Consumption Task

0 0 V to 2.3 V - 7 µW Whole system is shut down
by cold-start circuit

1 2.3 V to 2.5 V - 8 µW Only MCU and RTC is
running, timetracking

2 2.5 V to 3 V 7 min 0.4 mJ Measurements are done and
stored internally

3 3 V to 5.1 V 14 min 8.3 mJ Measurements are done and
transmitted

4 5.1 V to 5.3 V 28 min ∼500 mJ
Measurements are done, a
GPS fix obtained and
transmitted

5 >5.3 V - ∼500 mJ Same as level 4

To conclude, the algorithm will take care that the voltage of the storage capacitor
stays above 2.3 V as long as the power-income is at least 8 µW. Only the lower-level
tasks are executed at low power incomes (between 8 µW to 9 µW), and all higher ones
are skipped. The voltage of the capacitor will then oscillate between 2.3 V and 3 V. At
higher power income, the capacitor will reach voltages up to 5.1 V. If this voltage is
exceeded, the capacitor will be emptied down to 2.4 V by the high energy-consuming
GPS-fix. Considering the efficiency of the energy-harvesting system, it follows that at a low
power income situation, the system will be held in a state with relatively good efficiency
according to Figure 5. The overall power could be improved by staying always in the
high efficiency point, which was not possible in our case as the capacitor needed to be
fully charged to provide enough energy for a GPS-fix. However, various concepts are
conceivable to improve the situation, and will be followed in future studies.
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Figure 8. Flowchart of the algorithm. Most of the time, the tracker is put into sleep and only wakes
up after a period of seven minutes, checks the voltage, and fulfills the task according to a defined
time and voltage level.

4. Field Test and Validation

In a field test, three tracking collars were applied to cashmere goats. Those were able
to graze freely on an area of about 15,000 m2 at the zoo Mundenhof in Freiburg, Germany.
The test took place from 26 May to 12 July 2020, with a duration of 17 days.

Two of the three collars were fully equipped as described in Section 3. The third
collar, used as the reference, was equipped with a battery instead of the capacitor. In
addition, the output voltage of the two TEGs was separately captured via an operational
amplifier attached to the MCU’s ADC instead of connecting them to the input of the power
management circuit. In a small shelter for the animals, a LoRaWAN-receiver was placed
that forwarded all transmitted packets of the collars to a central server via the online
service TTN. This allowed us to check the current status of the collars in real-time and to
demonstrate the successful functioning of the wireless transmission. The full data set for
the analysis was recovered from the internal FRAM of all collars at the end of the field test.

The following data was gathered during the field test: The temperature at the hot/cold
side of both TEG housings, the capacitor voltage at the very beginning when the MCU
was woken up, and right before the system went again down to sleep, the time of the mea-
surement points, the activity of the animal since the last measurement, status information
about the GPS module and eventually the animal position. The ambient temperature, wind
speed, and other environmental parameters were taken from the meteorological city station
Freiburg, located around 5 km away from the animals shelter.

The average ambient temperature during the experiment was about 16.6 °C, with a
maximum of 28 °C on 2 June 2020 and a minimum of 10.2 °C on 31 May 2020. On 6 June
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2020, rain started with at least 1 mm/d until 10 June 2020, with a peak of 19 mm/d on 5
June 2020.

4.1. Results

Not all collars worked over the whole period. One collar was already heavily damaged
after two days and was therefore removed. The second collar lost connection to one of the
two energy-harvesting housings after five days and stopped collecting data after seven days.
We also removed this collar the next day, as this was due to the same issue: The connection
between belt and housing broke, and so the collar was held only by the electrical wiring
between the housings (see Figure 9b). The reference collar, which was battery-driven, lasted
fifteen days until one harvesting housing got loose in the same way. Although contact to
the goat was from then on degraded, it was still working until the end, held only by the
electrical wiring. Apart from the mechanical issues, all collars could harvest enough energy
to constantly work without any interruption of the system, especially the RTC. During
the 166 h run-time of the first tracker, 110 attempts for a GPS fix were made. The second
tracker attempted 48 times for a fix during its total run-time of 54 h. In both cases, enough
energy was harvested for a GPS-fix each 1.1 h to 1.5 h. Each GPS-fix used around 620 mJ.
The scheduler started a major part of the GPS attempts because the capacitor voltage level
reached the maximum allowed value (see Table 1). This happened mostly during night—at
daytime, a high amount of scheduled fixes were omitted as the voltage was too low.

(a) (b)
Figure 9. Side-by-side: Collar attached to the animal’s fur in winter and late spring. As the goat
lost its fur, the thermal connection is not optimal any more in the field test in spring. (a) Prototype
of the thermal housing to determine the right fin length for an optimal penetration into the goat’s
fur—done in winter. (b) Goat with the tracker at the end of field-test in late spring. One housing is
detached from the collar.

About 1429, respectively, 443 data points, were recorded in the FRAM by the energy-
autonomous collars. The reference collar saved the maximum amount of 3252 datapoints
and therefore started to overwrite the oldest data. Every collar was able to keep the
intended seven minute record interval, thus having a high temporal resolution for the
temperature and activity readings.

To compare the goats’ activities, the number of detected activities are binned to each
hour of the day. Figure 10 shows the median of each activity bin over all recorded days
and goats. The number of days included in the figure is different for each goat. The
median activity of goat two only includes two days, while for goat one and three, seven,
respectively, fifteen days are taken into account. It can be concluded from the activity data
that the goats are mainly inactive between 23 and 5 o’clock. A lower measured activity in
the time from 8 to 9 o’clock correlates to the feeding time of the goats, demonstrating that
the daily routine of the goats can be revealed by the activity sensor.
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Figure 10. Median of activity events measured for each hour and goat during the trackers’ lifetime.
The daily routine such as sleeping and resting can be obtained.

4.1.1. Temperature Distribution

The average temperature-difference at the TEGs of each harvesting housing is (2.5± 1.0)K
with maxima between −0.5 K to 6 K. Their distribution for each of the six harvesting
housings is shown in Figure 11. Here, it can be seen that the temperature differences follow
a normal distribution without a lot of extreme temperatures.

Figure 11. The distribution of temperature difference at the TEG in each of the trackers harvesting housings. Given: the total
number of measurements for each tracker (N), mean and median for each housing, and a calculated normal distribution.
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The temperature difference at the TEG (∆TTEG) against the ambient temperature
(Tamb) is shown for the first goat in Figure 12a. Despite the large variety of ∆TTEG, the
trend reveals that lower ambient temperatures lead to higher ∆TTEG and vice versa. To
check for plausibility, a linear regression on Tamb and ∆TTEG is done to derive the point of
the x-axis intercept, at which ambient temperature equals the animal temperature. The
linear relationship can be modeled by Equation (4) as long as constant thermal resistances
are assumed and the ambient temperature deviation is small. In this case, the equation
describes the thermal path from the animal’s inner body as a heat source through the
thermal resistances (Kc,Kh,KTEG) to the environment according to [13].

(a) (b)
Figure 12. Temperature difference at the TEG versus ambient temperature measured by a weather
station. A linear fit is shown to extrapolate the zero-crossing with the x-axis. At this point, the
temperature difference at the TEG becomes zero and no thermal harvesting is possible. (a) First goat
with both housings having a similar thermal connection. (b) Second goat with less data points.

The results should be close to 39 °C, which is the core body temperature for goats [33].
Indeed, the results are in the same range with 39.8 °C/37.2 °C for goat 3, and 34.6 °C/35.7 °C
for goat 1. The second goat had the least number of measured points recorded, and its collar
got loose in an early stage of the experiment. This might be the reason why the calculated
body temperature of the animal results in 41.5 °C/56.1 °C. The large variety of obtained
results was expected, as especially the thermal resistance of the heatsink varies due to
wind speed or other environmental factors such as rain or sun. Above these temperatures,
the ambient temperature is higher than that of the animal. The gradient and thus output
voltage of the TEG would reverse and cannot be used by our device.

∆TTEG =
KTEG

Kc + Kw + KTEG
Tamb +

KTEG
Kc + Kw + KTEG

Tanimal (4)

4.1.2. Charging Power

The usable input power of the system was always greater than the power consumption;
thus, measurements were recorded at an interval of 7 min, as desired. To calculate the
mean power income, the difference between the capacitor voltage right before the MCU
goes to sleep and at the very beginning of the MCU’s next wake-up is taken. Together with
the known sleep-time and capacity, the power income is calculated. In the same manner,
energy drawn by the system in its on-state is derived.

For the mean input power calculation, measurements right after a GPS fix are excluded
as the capacitor shows a significant recovery effect: A test in the laboratory revealed that
after a high and long current draw, here about 30 mA for 20 s when GPS is used, the voltage
of the capacitor slowly recovers within several minutes. As the input power is derived
from the voltage right after the high load and again after seven minutes, these points show
unrealistic high charging powers above 300 µW. In addition, six measurement points of the
first tracker and four of the second tracker were excluded as those were showing excessive
power drain. We suspect that at those points, returning the full system into deep sleep, did
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not fully work. In total for goat 1 and 2, respectively, 1268 and 390 data points are used to
calculate the mean charging power stated in Table 2.

Table 2. Mean charging power of the capacitor, including losses for the up-conversion, storage, and
the attached system.

Goat 1 Goat 2

Mean power income (103 ± 91)µW (136 ± 100)µW

Mean power income Night (157 ± 96)µW (217 ± 96)µW

Mean power income Day (65 ± 68)µW (78 ± 80)µW

There is a daily period for the power income: It is higher at night than at daytime. Two
exemplary days, with their charging power, capacitor voltage and energy consumption are
presented in Figure 13. The plot in the figure for the charging power is not filtered, and
therefore the erroneous peaks right after a GPS are included. Each GPS event is clearly
noticeable by peaks in all three graphs. As the MCU schedules GPS fixes according to the
time and voltage of the capacitor (as stated in Table 1), more positions are obtained at high
input power phases. Here, the capacitor is emptied to the absolute minimum. However,
the maximum voltage is likely reached in a short period where GPS is turned on again.

Figure 13. Voltage, charging power, and power consumption of tracker 1 for the first two days.

Charging power is directly dependent on the ∆TTEG and thus on ambient temperature.
We found that the system has a positive power income, including the power and conversion
losses, down to a ∆TTEG of(1.0 ± 0.3)K at the first goat and (0.8 ± 0.8)K at the second goat.
It follows that the system installed on goat 1 and goat 2 can run on a maximum ambient
temperature of (27.6 ± 1.5) °C and (38 ± 10) °C, respectively. These points are calculated
via a 2nd-order polynomial fit on the recorded charging power and temperature at the
TEGs. Again, all data points after a GPS fix are excluded. The measurements and their
corresponding fit are shown in Figure 14 for the first goat. These values should be used
with caution: The erratic influence of environmental influences such as wind-speed or local
deviations from the recorded ambient temperature lead to non-constant thermal resistances,
which was assumed for the calculation. Another impact is the change of thermal connection
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to the animal that happened, especially for the second collar that got loose during the field
test. It is worth to mention that the charging power is also dependent on the state-of-charge
of the capacitor at the time when the measurement was taken.

(a) (b)
Figure 14. Charging power versus ambient temperature respectively the corresponding ∆T at the
TEG from the tracker of goat 1. The marked data are excluded as these are outliers recorded after
using high current periphery such as GPS. (a) Charging power versus ∆TTEG. (b) Charging power
versus the ambient temperature.

5. Discussion

The field test of our designed animal tracker proves that thermal harvesting systems
can be used for tracking devices at warm-blooded animals. An average of 100 µW is
suitable for systems that spend most of their time in sleep. With a GPS-fix every 1.1 h to
1.5 h, our system fulfills the requirements of typical tracking devices, in which the position
calculation is executed once per hour or even less. In our field experiment, nearly none of
the GPS fixes were successful, this, however, is due to the poor antenna design and position:
First, it turned out that a high damping of the satellite signals is introduced by the narrow
housing, 3D-printed from photopolymer, around the antenna. A further issue was the size
of the electronics ground-plane that did not meet the GPS-module requirements according
to the datasheet. The same issues also degraded the range of the used LoRa-modules to
less than one kilometer, although an output power of 15 dBm was set, which generally
would have allowed remarkably higher ranges. The mentioned issues could be solved in a
system that takes the antennas parameters into a better account and uses, for example, the
animal’s body as a ground reference.

Our setup uses a harvesting area at the animal of 2 × 20.5 cm2 and a total weight of
286 g. It has been proven that if loads carried by the animal are below 5 % of its weight, they
have minimal impact on the animal’s health and behavior; however, their influence may not
be negligible [2]. From that, it follows that our system is already suitable for smaller warm-
blooded animals such as the lynx. Higher input power can easily be achieved for larger
and heavier animals with larger harvesting areas but higher system weight. The constant
power income and robustness of a thermal-harvesting tracker are of great advantage for
long-term studies. However, the capacity of today’s batteries is already in a range that
can achieve long run-time when used with our low-power system. For example, the CRV3
(Panasonic) with 3000 mA h at 3 V could deliver similar amounts of power over a period
of 10 years, weighing only 39 g. Still, leakage and degradation over that long time are
concerns for battery-driven systems. Nevertheless, using both approaches in conjunction
would allow us to double the system functionality and would deliver a fall-back operation
for the failure of one power supply.

Outstanding features of the tracker are both a high amount of usable power harvested
at low temperature-gradients of only 2 K and a very low power but full-featured electronic
system. The input power achieved with this design is doubled compared to our previous
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design in [12]. Substantial improvements are: First, a careful thermal adaption to the
animal’s fur as already discussed in [13]. Second, harvesting at very low TEG output
voltages down to 15 mV, which we managed to up-convert with low losses. This increases
the available energy as the TEGs work closer to their maximum output-power point. Third,
the indirect load-matching via the task-scheduler increased the up-conversion efficiency
by selecting the tasks in an order for the system to stay close to the optimal capacitor
voltage. A narrower control with regard to the best voltage could further increase the
usable power. Most of the time, the capacitor voltage was between 4 V to 5 V, while the
optimal one is around 3 V (see Figure 5). This is a design choice, as the charging of the
capacitor to higher voltages is necessary to provide enough energy for a GPS-fix. Larger
capacitances or the usage of batteries would allow to stay near the optimal voltage of the
intermediate storage. However, most alternatives have higher losses and leakage, which is
an important factor, as the system is in deep sleep most of the time. The main electronics
all together use less than 1 µA in that state, and thus our already low leakage capacitor
(60 mF BZ015B603ZLB (Bestcap)) has the most significant impact on the overall power loss,
with a leakage current of 10 µA. It is worth mentioning that sleep currents could be further
lowered by a step-down converter that has even better efficiency than the one we used
(TPS26740 (Texas Instruments)).

6. Summary

We have designed, built and tested a collar to track position, activity and temperature
of a goat. It is the first collar that is equipped with power-hungry modules such as a
GPS or a LoRa-transmitter and solely supplies itself via thermal energy-harvesting from
the animal.

In a field test with cashmere goats, a high mean output power of around 100 µW is
achieved with two TEGs that operate on the low temperature gradient between animal and
environment. The usable mean power at night was higher with up to 211 µW compared
to 85 µW during the day. Directly at the TEG, we found temperature differences ∆TTEG
of (2.5 ± 1.0)K. According to our calculations, our system can work down to a ∆TTEG
of (0.90 ± 0.33)K that corresponds to an ambient temperature of (27.6 ± 1.5) °C. This is
achieved with a harvesting area of 2 times 20.5 cm2 at a total system weight of 286 g.

The high input power is achieved by: First, a careful thermal adaption and the
choice of TEGs with low output voltages but low internal electrical resistance. Second,
a highly efficient up-conversion of TEG-output voltages down to 15 mV. Third, a power
management that holds the energy storage close to the voltage with the highest input power.
Fourth, very low energy consumption in deep sleep for the entire system, including losses,
of 8 µW due to extra circuitry that disconnects most of the components from the energy
storage. Most of the remaining sleep current is due to leakage of the storage capacitor.

With the harvested energy, the collar can try a position-fix every 1.1 h to 1.5 h, each fix
using approximately 621 mJ. The wireless transmission of data happens every 14 min at an
output power of 15 dBm. With that, our developed collar already fulfills the usual tasks
of commercially available trackers. There are chances that such systems might become
a robust and long-living alternative to batteries in today’s trackers and enable long-term
studies at the animal without needing to recapture them just for changing batteries.
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