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Abstract: This paper presents an energetically autonomous IoT sensor powered via thermoelectric
harvesting. The operation of thermal harvesting is based on maintaining a temperature gradient of
at least 26.31 K between the thermoelectric-generator sides. While the hot side employs a metal plate,
the cold side is attached with a phase-change material acting as an effective passive dissipative material.
The desired temperature gradient allows claiming power conversion efficiencies of about 26.43%,
without efficiency reductions associated with heating and soiling. This work presents the characterization
of a low-cost off-the-shelf thermoelectric generator that allows estimating the production of at least
407.3 mW corresponding to 2.44 Wh of available energy considering specific operation hours—determined
statistically for a given geographic location. Then, the energy production is experimentally verified
with the construction of an outdoor IoT sensor powered by a passively-cooled thermoelectric generator.
The prototype contains a low-power microcontroller, environmental sensors, and a low-power radio to
report selected environmental variables to a central node. This work shows that the proposed supply
mechanism provides sufficient energy for continuous operation even during times with no solar resource
through an on-board Li-Po battery. Such a battery can be recharged once the solar radiation is available
without compromising sensor operation.

Keywords: internet of things; outdoor sensor; passive cooling; phase change material; thermoelectric
energy harvesting; thermoelectric generator

1. Introduction

Smart city initiatives are supported by the effort of the Internet of Things (IoT) to improve the quality
of life of citizens by gathering information about education, energy, healthcare, public transportation,
employment, among others [1]. With the principle of interconnected people and objects, IoT applications
collect the target information from autonomous devices and allow communication among machines,
which makes information available on-demand in a centralized system like the Internet. To guarantee a
continuous operation, challenges such as low power consumption, low cost, low range of transmission,
and ease deployment must be tackled for successful IoT implementation.

The design of low power microcontrollers represents an improvement for minimizing the
energy consumption of IoT devices. However, from a Wireless Sensor Network (WSN) point-of-view,
the choice of the powering unit is still an issue, since a network can contain hundreds (or thousands) of
sensors. The power supply can be a battery, which is simple to implement, but available rechargeable
battery technologies have low specific capacity [2]. Furthermore, the repetitive charging process
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needs to be as automatic as possible requiring a properly-designed power management circuitry [3].
Energy Harvesting (EH) techniques are considered a solution for complementary power sources [4].
For outdoor devices, solar panels (SPs) can be used to provide the required operation power but their
availability is restricted only during proper radiation conditions/times. Typically, the SP efficiency is
considerably low. The Journal of Progress in Photovoltaics: Research and Applications reports the advances
in photovoltaic research and the improvement of cell efficiency semesterly. According to Version 53
(December 2018), a record of 29.1% was measured for a 1 cm? single cell, but the overall efficiency
decreases when the cells are connected to build SPs [5]. Furthermore, solar panel efficiencies are
affected by dirt and temperature causing an increase in initial deployment and higher maintenance
costs. Thus, the solar resource needs to be combined with energy storage units.

An alternative that is not affected by dirt—and that, unlike the solar panel, takes advantage of the
sun in terms of heating—is the Thermoelectric Energy Harvesting (TEH). Since variations in temperature
produce electricity using thermoelectric or pyroelectric transducers, TEH can also be proposed as a
harvesting scheme using a Thermoelectric Generator (TEG) [6]. In this case, a TEG converts temperature
differences across its plates into electricity [7,8]. Table 1 compares different TEH approaches using different
heat sources, and presents maximum temperature difference and output power.

Table 1. Comparison of TEH approaches.

Heat Source Cold Side Temperature Control Maximum AT Maximum OQutput Power Load
Adjustable heating device [9] Metal heat sink 16 K 1.5 mW Industrial temperature sensor
Controlled temperature heater [10] Metal heat sink in water 151K 84 uW WSN node
Gas heater [11] Metal heat sink 270 K 73W Charging mobile phones

Climate cabin [12] Metal heat sink 34K 29 mW WSN node
Ambient light [13] Metal heat sink 15K 500 uW Temperature sensor
Exterior temperature [14] Metal heat sink 18K 28.7mW Temperature sensor

Ambient temperature [15] Water pump 3K 20 mW WSN node
Asphalt [16,17] Metal heat sink in water tank 347K 29-50 mW Temperature sensors
Solar rays [18] Water and metal heat sink 8 K [19]-15 K [20] 200 mW-1.23 W (12-TEG) Temperature sensors

Using controlled heaters with adjustable temperature permits to evaluate the potential of TEG as
energy harvesters, as presented in [10], where a maximum output power of 7.3 W is obtained from
a large temperature difference. This type of heat source also provides an estimation of the available
power when it is used for environmental sensors. Other sources as ambient light, exterior temperature,
and hot asphalt are considered. In [15], a 4-TEG harvester for WSNSs is presented. It maintains a
temperature gradient of 3 K using ambient temperature as heat source and water as dissipative material.
Despite the TEG contains a cold temperature control mechanism, this scheme consists of a DC motor
pump that requires an external power source.

Outdoors, solar rays do not achieve higher temperature differences, but arrays can improve the
overall output power. In [19], the authors present an autonomous multi-sensor system for agricultural
applications using a TEG excited with the incidence of solar rays. The TEG cold side is attached to
an aluminum heatsink which allows obtaining a maximum temperature of 8 K and a maximum TEG
voltage of 200 mW. In [20], the authors propose a prototype that harvests energy from heat using
a thermoelectric material. It consists of an array of 12 TEGs connected in both series and parallel.
The TEG hot side is exposed directly to the incidence of solar rays, while the cold side is arranged on
water, acting as a dissipative material. In this case, the prototype produces an average temperature
gradient greater than 15 K. For both arrays, series and parallel, average powers of 1.23 W and 0.43 W
are obtained, respectively.

Such low output powers become a challenge for exploring more efficient mechanisms of energy
conversion via TEH. Here, the main goal comes with devising a strategy to increase the temperature
difference between the TEG plates/sides to obtain enough energy density to power an IoT sensor.
Once the temperature difference is addressed, the soiling effect becomes irrelevant for the TEG option
with respect to an SP. Elevating the temperature of one of the TEG plates arises the requirement of
maintaining the other plate as close as possible to a reference temperature (i.e., ambient) to maximize
the temperature gradient. Active cooling mechanisms decrease the overall efficiency due to the
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extra power required to operate. As a result, passive mechanisms using heat transfer principles are
studied as alternatives to achieve temperature control. Taking advantage of their high specific heat
capacity, materials such as water, rock or masonry are used as temperature stabilizers, as seen in
Table 1. However, the amount of material required to store energy can be considered high, making
them unpractical to size-limited applications. Thus, the use of Phase Change Materials (PCM) can
be evaluated. PCMs store and release large amounts of energy compared to sensible heat storage,
requiring less mass. For example, in [21], authors perform an experimental study of the thermal
performance of a heat pipe with a PCM for electronic cooling. The cooling module with PCM saves 46%
of the fan power consumption. In [22], an experimental study is carried in heatsinks with and without
PCM to evaluate the best configuration for a high-heat electronic-component generation. The results
indicate a maximum temperature reduction of 25% with the insertion of PCMs. Regarding TEGs
temperature control, in [23], the authors evaluate the impact of replacing active cooling mechanisms
with PCMs to maintain the temperature gradient. Despite the theoretical and simulated results being
promising, tests are still developed with water acting as PCM.

With the presented limitations of TEH for aspects such as output power and dissipative material
to maintain the temperature difference, this article proposes an alternative to exploit solar rays as heat
source guaranteeing a desired temperature gradient by using PCM as a thermal stabilizer. For this
particular development, the solar incident radiation is converted into heat using a metal surface that
acts as a concentration element. A commercial PCM is tested as a cooling element to maintain the
temperature in the cold plate for proper energy generation. First, a commercial TEG equivalent electrical
model is proposed and validated. Then, an energy budget is established to estimate operation time,
resulting in a series of specs that allow the development and validation of a complete IoT prototype.
Tests of the prototype allow concluding about operation and performance metrics.

2. Materials and Methods

2.1. Thermoelectric Generator

As commented, a TEG converts the temperature differences on its plates/sides into electricity.
The TEG is internally composed of a semiconductor material that is doped, producing P-type and
N-type legs. These materials are electrically connected in series and thermally connected in parallel,
as shown in Figure 1. Electrical energy is produced with the movement of charge carriers from the hot
plate to the cold plate via the Seebeck effect [24].

R,

HOT PLATE

COLD PLATE

Figure 1. TEG internal components.



Energies 2020, 13, 2782 4 of 25

In its simplest form, the TEG can be modeled as a single port element. However, constant parameters
such as thermal resistance of the material and the Seebeck coefficient are used to propose the simple
electrical equivalent shown in Figure 2.

Re

Figure 2. TEG equivalent electrical model.

Assuming that there is no contact resistance between each plate and the legs, the temperatures
experienced in the plates (Ty and T¢) are the same as the ones experienced in the legs (T'H and T’C).
As a result, the applied thermal gradient in the plates is equal to the one at P and N legs—that is,

AT =Ty —Tp = AT =Ty~ Tc 1)
The associated DC source is constant and equal to AT, so the Open Circuit Voltage (OCV) becomes
Voc = aAT ()
and the output voltage (V) is calculated by applying Kirchhoff’s Voltage Law in the circuit of Figure 2. Thus,
V = aAT - Rl ®)
Then, the power delivered to a load, Ry, becomes
P = aATI — ReI? (4)

Using Equations (3) and (4), the V-I and P-I characteristic curves are constructed and presented on
Figure 3. This set of curves is used to determine the corresponding Maximum Power Point (MPP) [25].

V P

VOC
MPP

(a) b

Figure 3. TEG characteristic curves (a) V-1 curve (b) P-I curve.
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With the simplest model presented in Figure 2, MPP can be found from the derivative of
Equation (4) as

P d 2
_—=— —_ = —_ = 5
o dI(VOCI REI?) = Voc —2Rgl = 0 (5)
Then, solving Equation (5) for I
alAT
I'=Iyvpp = 2Ry (6)
MPP voltage and power are obtained as
alAT
Vmpp = —— @)
aAT)?
Pppp = ( 4RE) ®)

2.1.1. Characterization

For building a TEH prototype, a commercial thermoelectric module with reference TEC1-12706
and an area of 16 cm? is selected for characterization. This transducer is chosen given its availability
in the limited TEG offering in the local market along with its low price (around USD 2.95). A design
of experiments is proposed to validate the TEG electrical model presented in Figure 2. The purpose
is to estimate the parameters involved in the transduction process. First, the TEG is tested at several
temperature differences and measurements of the OCV, and the temperature gradient are taken to
estimate the Seebeck coefficient from Equation (2). The voltage is measured with an Amprobe 37XR-A
multimeter. The cold side temperature is measured with a Fluke 80 BK-a K-type thermocouple and the
hot side temperature is measured with a Fluke 63 Mini Infrared Thermometer. A metal plate is placed
on top of the TEG hot plate and is excited with a heat gun. To maintain the cold plate temperature, a
heatsink with a cooling fan is installed. Figure 4 shows the testbench configuration.

MULTIMETER WITH
MULTIMETER THERMOCOUPLE HEAT GUN

TEG

WITH HEATSINK COOLING FAN

Figure 4. Experiment configuration from parameters estimation.

The temperature gradient is calculated according to Equation (1). The experiment evaluates
temperature differences of 20K, 30K, 40K, and 50 K; and for each temperature difference, 200 measurements
are taken. The Seebeck coefficient is therefore empirically calculated using Equation (2) finding an average
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o of 52.738 mV/K with a standard deviation of 1.976 mV/K. Thus, with confidence intervals of 95%,
the true average Seebeck coefficient is estimated between 52.592 mV/K and 52.885 mV/K.

Then, it is necessary to estimate the TEG series resistance. According to Figure 2, the output
voltage can be expressed using a voltage divider as

Ry,

Vo= —L vy,
° = R RpVOC )

Solving Equation (9) for R, the series resistance is

_Voc=Vo

R
E v

Rr (10)

Measurements of the output voltage and the temperature gradient are taken for an initial fixed
1 O load. This selected value is based on an estimated value of the series resistance provided by the
manufacturer according to the semiconductor material of the TEG [26]. The actual series resistance can
deviate from the given specification when considering contact resistances between the semiconductor
and the ceramic plates. The idea with the 1 ()-load resistance is to match the theoretical series
resistance maximizing the observed output power. Hence, the OCV is calculated with the previously
estimated Seebeck coefficient and with measurements of temperature gradients from 10 K to 50 K.
Using Equation (10), the average series resistance, Rg, is refined to 1.536 () with a standard deviation of
0.033 Q). With confidence intervals of 95%, the true mean series resistance is estimated between 1.534 ()
and 1.538 Q).

Now, with the estimated Seebeck coefficient and series resistance, it is possible to construct V-1
and P-I curves from Equations (3) and (4), as shown in Figures 5 and 6.

3 - =
10K
20K

> 30K |
© 40K
g 50K
© 60K

> -

0 05 1 15 2 25

Current [A]

Figure 5. V-1 Characteristic Curve.

T T T T

Power [W]

Current [A]

Figure 6. P-I Characteristic Curve.
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In addition to the characteristic curves, it is required to evaluate the voltage and output power of
the TEG in the MPP and its variation against temperature differences, that is, V-AT and P-AT curves.
Those are presented in Figure 7.

5 : . . . . 2
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0 : : : : 0 : : : :
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Temperature difference [K] Temperature difference [K]
(a) (b)

Figure 7. (a) Vipp_aT curve (b) Pyipp_at curve.

Hence, with the electrical model and expected behavior, the TEG model is simulated using LTSpice
software. First, the mean series resistance and Seebeck coefficient are used as internal parameters.
The results of simulated Vypp_aT and Pypp_aT curves are presented in Figure 8a,b. Then, a Montecarlo
simulation is carried out to evaluate the deviation of output voltage and power when internal
parameters vary in the confidence intervals. The experiment was repeated 100 times, information is
gathered and presented in Figure 8c,d.
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Figure 8. Simulation of TEG electrical model. (a) Vypp_aT and (b) Pyipp_aT for mean internal parameters.
(¢) Vmpp-aT and (d) Pyjpp_aT during the Montecarlo simulation.

Other characteristic parameters such as the figure of Merit (Z-factor) describe TEG behavior.
The Z-factor represents the performance of a thermoelectric material through the conversion efficiency.
To calculate the Z-factor, parameters as the Seebeck coefficient, thermal conductivity, and resistivity
must be considered [27]. During the design process of TEGs, it is an important parameter to maximize
because better thermoelectric materials have higher Z-value. However, the figure of Merit is not
considered in this prototype because it is based on a commercial module and does not involve the
design process of the transducer. Furthermore, for the particular context targeted in this work, it is
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highly desired to present the performance of outdoor TEH prototype in terms of the main energy
source, which is the sun. For that reason the system efficiency is presented and calculated in Section 3.

2.1.2. Operating Conditions

To improve the heat concentration from the solar rays, a metal plate of 16 cm? is attached to the TEG
hot side. Measurements are taken with a Fluke 80 BK-a K-type thermocouple. In a previous work [28],
the range of solar radiation hours is classified into ranges according to their statistical characteristics.
Times of the day with similar properties are gathered into the same range and average solar radiation
is estimated. Table 2 shows the results from a particular design of experiments considering the city of
Barranquilla, Colombia, where the final TEG prototype is tested. As observed, an average day can
be divided into six ranges, with Ranges V and VI displaying the highest average radiation estimates.
Such ranges are the targeted operation hours for TEH.

Table 2. Hourly range with similar solar radiation [28].

Range Morning Hour  Afternoon/Evening Hour  Average Value of Solar Radiation (W/m?)

I 00:00-05:59 18:00-23:59 0.00
1I 06:00-06:59 17:00-17:59 64.65
111 07:00-07:59 16:00-16:59 216.73
v 08:00-08:59 15:00-15:59 471.61
A% 09:00-09:59 14:00-14:59 692.58
VI 10:00-11:59 12:00-13:59 839.71

Initially, temperature measurements are taken every five minutes from 9 a.m. to 3 p.m. for five
days in the selected ranges. Then, it is found that the average temperature is 334.017 K (60.87 °C),
with a standard deviation of 1.13256 K. Measurements presented in Figure 9 show that the temperature
increases during the selected ranges as the metal plate is excited by the sun rays. It is important to note
that the hot plate temperature does not require any type of mirror and/or magnifying glass.

336 T T T T
— 335
X
]
=2
© 334 ~ =
3 Day 1
qEJ - Day 2
[ 333 | Day 3| |
Day 4
Day 5
332 1 1 1 1 1
9 10 11 12 13 14 15

Time of the day

Figure 9. Hot plate temperature during the day.

For the cold plate, it is required to set a temperature up to 302 K (28.85 °C) given the measurements
displayed in Figure 9; so that, the TEG output power can provide a TEG efficiency higher than
20%. The 20% efficiency lower limit is selected because it corresponds to high-end SP efficiencies.
The authors’ goal is to show that the TEG minimum efficiency is at least as good as high-quality SPs.
The challenge is that given the natural conduction between the TEG hot and cold plates, there exists
the tendency of the cold-plate temperature to increase if not well regulated; which in turn decreases
the temperature difference and, therefore, the power delivered by the module.
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Thus, it is necessary to establish a mechanism to keep AT at the expected values maintaining
the expected available power. Even though cooling fans or other active strategies can be used,
the power drawn from the TEG makes this approach not energetically appealing for IoT applications.
Thus, a particular dissipative material must be attached to regulate the cold plate at the required
temperature, but the advantage in this work is that such temperature regulation is obtained by
passive means.

In a previous work [28], the use of wet particles as a dissipative material was evaluated with
satisfactory results; however, the continuous watering of the particles makes the approach somewhat
impractical. In any case, the results obtained lead to explore other materials such as the Phase Changing
Materials (PCMs) that can maintain the cold side temperature, as described in Section 3.2.

2.1.3. Model Validation

Thus, defining the operating conditions described in the previous section, a model validation via
simulation is proposed for the expected temperature gradient of 30 K. To that end, the electrical model
is constructed in LTspice with the refined parameters. The V-1 and P-I curves are constructed and
shown in Figure 10. Table 3 summarizes the simulated MPP conditions.

g 12 Voltage |
) Power

% 1k O  Maximum Power Point | |
Al

=

505t ]
8

©

>

O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Current[A]

Figure 10. I-V and P-I curves for operating conditions.

Table 3. TEG maximum power point conditions for 30 K.

Parameter Value

Vypp [Vl 07911
Ivpp [A]  0.5149
Pypp [W] 0.4073

Then, a Montecarlo simulation is performed to evidence the changes that would occur in the
output power due to the variation in the internal parameters and operating conditions during the day
based on the confidence intervals calculated previously. The MPP and voltage at MPP are evaluated.
It is found that the MPP is 428.011 mW with a standard deviation of 41.992 mW. Thus, for the authors
claim of minimum efficiency of 20%—given the TEG area and the average radiation for Ranges V and
VI (see Table 2)—for the worst case, the average output power is 386.019 mW, resulting in an efficiency
of 28.73% (for 20% efficiency the output power would have to be 268.87 mW). Furthermore, as an input
spec for the later [oT-sensor power-management-unit design, the average MPP voltage is 408.036 mV
with a standard deviation of 20.83 mV (the average MPP voltage is between 407.8 mV and 408.27 mV
with 95% of confidence).
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2.2. Phase Change Material

2.2.1. Material Description

PCMs are substances that storage latent heat of fusion. They exchange a large amount of heat
through a change in their physical state [29]. The thermal energy transfer occurs during the solid-liquid
or liquid-solid phase changes. Unlike sensible storage materials, PCM storage systems have the
advantage that they operate with small temperature differences during the phase change while store
or release thermal energy. They can store 5-14 times more energy per unit of volume than sensible
storage materials such as water, masonry, or rock [30]. Heat storage profiles based on temperature for
single-phase and PCM materials are presented in Figure 11.

T

Sensible Latent Sensible

Temperature of /
phase change’ ’

Q

Figure 11. Phase change profile of PCM (adapted from Gil et al. [31]).

Some applications of PCM as latent heat units are found in solar water heaters, where sensible
heat in a fluid is increased to achieve thermal energy storage [32]. Replacing the fluids with a PCM
reduces the amount of volume due to the use of sensible heat. The solid-liquid transformation permits
the system to store energy during the day and release energy during the night [33]. For this work,
the PCM fulfills the function of thermal stabilizer. A commercial paraffin wax is used as the PCM
with a melting point range of 302.15 K (29 °C)-308.15 K (35 °C), and other properties summarized in
Table 4 [34].

Table 4. PCM thermal properties.

Properties Value Units
Melting point 302.15-309.15 K
Heat storage capacity 160 KJ/kg
Specific heat capacity 2 KJ/kg K
Density solid 0.86 kg/L
Density liquid 0.77 kg/L
Heat conductivity 0.2 W/mK

Among the issues faced when using this material as a thermal stabilizer is the volume expansion
during its phase change. The volume increases by approximately 10% from solid to liquid. As the PCM
is located below the TEG, there is a possibility that the PCM does not adhere to the TEG cold plate
because of the gravity effect, reducing the effectiveness of the intended passive cooling mechanism.
Consequently, the PCM is encapsulated in a metal cube with a volume of 64 cm®. Thus, a total amount
of 0.055 kg of PCM is placed inside the cubic container that later is placed under TEG as presented in
Figure 12.
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PCM
Container

(a) (b)

Figure 12. Experimental setup: (a) PCM container; (b) General assembly drawing.

2.2.2. Operating Conditions

Using a testbench with the metal plate on the TEG hot side, and the PCM on the cold side, the TEG
is tested at the incidence of solar rays to estimate the actual temperature gradient range. For the sake of
comparison, measurements replacing the PCM with a metal heatsink are also recorded every three
minutes. The two devices-under-test are shown in Figure 13.

Figure 13. Comparison between heatsink and PCM cooling.

Measurements are taken for two days allowing to estimate the actual temperature gradient
experienced by both TEG arrangements with a total of 720 samples. With the set of measurements
for both cases, it is possible to analyze the temperature-gradient behavior with both average solar
radiations below and over as extreme cases (see Table 2). The results are summarized in Figure 14.
As observed, the temperature gradient at the end of the day is higher for the PCM case in both
experiments, which indicates that the system has been thermally regulated with a passive scheme.

It is important to note that in situations with radiation over the average, when it is expected
to harvest the most energy, the testbench with the heatsink is unable to maintain the temperature
gradient as heat transfers from the hot plate to the cold side reducing the electrical output power
accordingly. The prototype with heatsink could only be used with solar radiation below the average
which is clearly inefficient. To calculate the expected energy, the area under the output power curve is
approximated using the trapezoid method.

Furthermore, in the design of experiments, the expected energy is evaluated in Ranges V and VI
with samples every five minutes. Thus, during the six-hour time-frame, the expected average power and
energy are calculated based on temperature gradient measurements. The results are listed in Table 5.
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Figure 14. Temperature gradient during the day (a) with a radiation over the average (b) with a radiation
below the average.

Table 5. TEG expected power and energy based on temperature gradient measurements.

Solar Radiation Expected Average Power  Expected Average Energy

Below the average 424.4 mW 2.5271 Wh
Over the average 495.54 mW 2.9512 Wh

2.3. Prototype Description

Once the TEG is modeled and validated, and the passively-regulated thermal strategy is demonstrated
experimentally, a fully functional outdoor IoT sensor prototype is devised. The IoT sensor block diagram
is presented in Figure 15. It consists of one TEG (with the metal plate and the PCM), a low-power
microcontroller with a temperature/humidity sensor, a low-power radio transceiver, a DC-DC converter,
and a 3.7 V 550 mAh Li-Po battery as a storage unit. Given that the TEG approach has been discussed
previously, the complementing blocks are described next.

STORAGE UNIT

METAL PLATE Q
TEG l

\

-
ENCAPSULATED
PCM

Figure 15. TEH prototype (block diagram).

DC-DC CONVERTER ‘
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2.3.1. Microcontroller, Environmental Sensor and Radio Transceiver

As commented, an IoT application requires a low-power microcontroller. Thus, an EFM32 Happy
Gecko Evaluation Board (from Silicon Labs, Austin, TX, USA) is selected for that purpose. The EFM32
isa 3.3 V ultra-low power and easy-to-deploy device that demands a power consumption in both active
and sleep modes of 528 pW and 1.98 uW, respectively. It contains an on-chip SI7021 environmental
sensor that measures from 233 K (-40.15 °C) to 358 K (84.85 °C) temperature and 0% to 80% relative
humidity. An RN2483 LoRa transmitter is used as a radio transceiver. Using the parameters reported
by the manufacturers, an initial theoretical energy budget is estimated and summarized in Table 6.
Under this approach, it is proposed to carry out the environmental variable measurements and
sending the data info every 30 min. The budget contemplates data reading, processing, sending,
and microcontroller shut-off mode. Thus, a total energy of 1032.643 mWh is needed by the IoT sensor
during the 24 h. In Ranges V and VI, the TEH must be able to power up the system with 258.161 mWh
and store the remaining energy. Therefore, outside the preferred solar ranges, a storage system must
provide 774.482 mWh for continuous operation. Table 6 shows that the required peak power is not
superior to the peak power that the TEH can provide.

Table 6. IoT sensor energy budget.

Component Average Power Duration Per Sending Cycle Energy during the Day
Temperature measurement 720 uW 20 ms 691.2 uWh
Humidity measurement 480 uW 20 ms 460.8 utWh
uC (processing) 528 W 3s 76.032 uWh
uC (shut-off mode) 66 nW 1597 s 5.059 mWh
Radio transceiver 132 mW 150 ms 950.4 mWh

2.3.2. Power Management Unit

An adequate power management unit becomes crucial for proper sensor operation. As the total
equivalent load changes, the supply system must be capable of providing a sufficient amount of
power. DC-DC converters are circuits that convert a DC voltage to a different DC regulated level with
high efficiency (>80%). The DC-DC converters can increase or reduce the output voltage compared
to the input voltage according to the application, and some are also designed to find the MPP [35].
Some approaches that perform MPP searching include Maximum Power Point Tracking (MPPT)
techniques, including Perturbate and Observe (P&QO), Incremental Conductance (1C), Parasitic Capacitance
(PC), and Open Circuit Voltage (OCV) [36,37]. The OCV method assumes that the operating voltage at
the MPP does not vary significantly. It is used for TEGs considering the low change percentage in the
MPP [38].

Given the TEH available power, a DC-DC converter is included to manage the circuitry and
on-board battery. An LTC-3105 development board from Linear Technology (Analog Devices) is
selected for this purpose since it is typically used for Solar EH and TEH applications. The circuit is
designed to operate using the OCV method for MPPT. Using the parameters recommended by the
manufacturer [39], a resistor divider is connected between the V,,; and FB pins to program the step-up
converter output voltage as

Vour = 1.004(& + 1) (11)

Ry

which allows setting the output voltage to 3.7 V. Thus, it is possible to handle not only the battery but
also the microcontroller, which would permit to use a single supply voltage ranging from 1.98 V to 3.8 V.
This is, in part, due to an embedded 3.3 V regulator in the development board for the on-chip sensors
and for the supply of power to the radio transceiver. Furthermore, according to the manufacturer,
the LTC3105 has been optimized for use in power sources as TEG and SPs by presenting an output
resistance of 0.5 Q).
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According to Equation (9), the MPP voltage is considered half the OCV [40]. Furthermore,
considering the TEG Montecarlo simulation, it has been validated that with the selected temperature
gradient, the MPP voltage changes around 0.11%. As a result, there is no need to implement an MPPT
algorithm, but to use and fix with the TEG average MPP voltage. Thus, with the information of Table 3
about MPP conditions and current suggested by the manufacturer, the MPPT resistor is calculated as

R ~ Vupp
MPPT = 70,7

(12)

Figure 14 presents the SPICE testbench for the validated TEG source, DC-DC converter and a
variable load resistor. The proper operation of the DC-DC converter is evaluated with load resistances
ranging from 50 ) to 1.5 kQ). It is found that the converter delivers a maximum output power of
420.38 mW.

Therefore, the efficiency of the DC-DC converter can be calculated as

n= Pour . 1999, (13)
Preg

Using statistical validation from the simulated results obtained for the range of load resistors,
the average efficiency is found to be 81.8276% with a standard deviation of 2.98%. The efficiency mean
is between 80.1773% and 83.4779% with 95% confidence. Given an 80% worst-case efficiency, the energy
budget can be adjusted to account for the losses associated with the DC-DC converter. Thus, the new
total energy becomes about 1290.8 mWh for a complete day, a supply of 322.7 mWh from the TEH
during Ranges V and VI, and the additional 968.1 mWh for the other operation ranges to guarantee

continuous operation.

2.3.3. Storage Unit based on a Li-Po Battery

Storage units can be employed to complement the operation of TEH when the main source (solar
radiation) is not available, such as nighttime. To properly size the required storage unit; first, the expected
average power and energy must be considered (see Table 5). Then, with the validated internal parameters
and the measured temperature gradient from Section 3.2, the MPP is calculated using Equation (8).
Considering the estimated power consumption for the microcontroller, environmental sensor, and radio
transceiver, secondary batteries and supercapacitors are evaluated as options. Secondary battery energy
densities are one or two orders of magnitude higher than supercapacitors but present higher series
resistance. Thus, considering initially a capacitor, the stored energy is defined as

W= %cv2 (14)

then, to maintain a discharge percentage of 50% and to provide the required energy outside Ranges V
and VI, the supercapacitor capacity should be twice the required capacity, that is 1936.2 Wh (6970.32 J).
Since supercapacitor voltages usually vary from 2.2 V to 3.3 V, then using the maximum voltage,
a capacitance of 1280.1 F would be required. As a result, a supercapacitor is not a practical option as a
storage unit given the energy capacity requirements for the IoT sensor.

Therefore, among secondary batteries, lithium-based batteries are most widely used for portable
and space-constrained devices. These batteries present capacities less than 1 Ah and operate up to
20 years over a wide temperature range. Thus, for the required 1936.2 Wh (outside Ranges V and VI)
a 3.7 V 550 mAh Li-Po battery meets the required energy specification. It is important to note that
a 50% depth-of-discharge (DoD) is initially considered to have a proper trade-off between cost and
lifetime. Since the battery capacity is 2035 Wh, a first-order approximation indicates that the IoT sensor
is operating with a 53.41% DoD, which indicates that the battery lifetime is slightly improved.
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2.3.4. Simulation of TEH Prototype

After completing the design of the TEH scheme, it is simulated in LTSpice software using the
schematic presented in Figure 16. The average Seebeck coefficient and series resistance are used as
internal parameters for the TEG. Temperature difference measurements of Figure 14 establish the
simulation input variables to evaluate expected output power and voltage based on the electrical
models of the components and previous measurements. Figure 17 shows the simulation of the TEH
prototype at a minimum temperature difference of 27.8 K, and Figure 18 at a maximum temperature
difference of 34.5 K.

L1

10
Vin SwW
SATEEN =
-—10” u1
vy 4'7 $SHDN Vout T Vout
{alpha*deltaT) i = <R
268k 10p {é- 1}
merc LT FB =
Rwep R2
39.55k 100k
2Pgood LDO
c2 LTC3105
<H AUX FBLDO
1||,_ GND
Figure 16. LTC-3105 Spice testbench.
4.0V V(out) I(Rload1) 88mA
3.6V { 80mA
3.2V ~72mA
2.8V- —64mA
2.4V- 'Zg'“ﬁ
—48m
2.0v —40mA
1.6V L 2omA
el -24mA
0.8V -16mA
0.4V- —- 8mA
0.0V T T T T T T T T T OmA
Oms 1Tms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms
(a)
-I(R)* T)*I(Rload1
800mW. I(R)*'V(V_IN) V(OUT)*I(Rload1)
720mwW-
640mW-
560mW-
480mW-
400mW-
320mwW-
240mW-
160mwW-
80mW-
OmW+ T T T T T
Oms 1Tms 2ms 3ms 4ms 5ms 6ms 7ms 8ms 9ms 10ms
(b)

Figure 17. Simulation of TEH prototype for AT = 27.8 K. (a) Output current (blue) and output voltage
(black) (b) Input power (black) and output power (red).
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(b)

Figure 18. Simulation of TEH prototype for AT = 34.5 K. (a) Output current (blue) and output voltage
(black) (b) Input power (black) and output power (red).

The expected average input power varies from 375 mW to 565 mW, while the expected average
output power at the load (battery and sensor) varies from 328 mW to 517 mW. If the efficiency of the
DC-DC converter is defined as

P
n= % x 100% (15)

Then, from the simulations, the efficiency for the DC-DC converter results in a variation from
87.46% to 91.5%. This agrees with the parameters presented in the converter specs.

3. Experimental Results

3.1. Characteristic Curves of TEG

The construction of characteristic curves with measurements is fundamental to finish the validation
of the presented electrical model for TEGs and analyze expected power and energy. Using the testbench
presented in Figure 4, the TEG behavior is tested with three different temperature differences and
compared with data presented in Figures 5 and 6. The TEG is excited with the heat gun to achieve
theoretical temperature gradients of 20 K, 30 K and 40 K, considering that the prototype is expected
to work around 30 K. Measurements of voltage, power, and current are taken with the multimeter,
while a mini infrared thermometer is added to measure both plates temperature at the same time.
Table 7 presents the average and standard deviation for the selected temperature differences.
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Table 7. Statistics of temperature differences.

Theoretical Temperature Difference Average Standard Deviation
20K 20.73 K 123K
30K 30.64 K 0.51K
40K 48.05K 0.58 K

Twelve resistances are used as load resistances, varying from 0.12 (2 to 1 k(). From the Maximum
Power Transfer Theorem, the MPP of every linear circuit is obtained when the load resistance equals
the internal resistance. Since TEG load resistance is found to be 1.536 (), the TEG is tested with low
resistances. Since a precision potentiometer is not sensible enough for such low resistances, they are
obtained with series-parallel arranges of commercial resistors. The results of the V-1 and P-I curves are
presented in Figures 19 and 20.

25

— 20K

Voltage [V]

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Current [A]

Figure 19. V-1 experimental curves.

20K
30K
40K 7

Power [W]

Current [A]

Figure 20. P-I experimental curves.

The theoretical curves are compared with the obtained measurements using average temperature
differences presented in Table 7. A maximum variation of 0.13 V is observed in V-I curve, while a
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maximum variation of 107 mW is presented in P-I curve, for AT = 40 K. For the expected operating
conditions (30 K), the measurements validate the electrical model presented in Section 3.1 and the
simulation of Figure 8.

As V-1 and P-I curves are compared with theoretical equations, it is also mandatory to measure
V-AT and P-AT, and compare them with expected behavior in simulations of Figure 8. With the same
testbench, a 1.51 () resistance is connected as a load of the TEG to equal the internal resistance. The heat
gun excites the TEG to get temperature difference measurements from 0 to 60 K, with steps of 5 K.
Furthermore, voltage and power measurements are taken. Figure 21 shows the comparison between
the ideal and experimental curves.

2 2
<15 15
Q) —
g + =3
5 1 o 1
< o
o =
o
= 05¢ 0.5 +
0 : : 0 : : : :
0 20 40 60 80 0 20 40 60 80
Temperature difference [K] Temperature difference [K]

(a) (b)
Figure 21. Experimental characteristic curves. (a) V-AT curve (b) P-AT curve.

Temperature difference measurements vary from ideal steps. However, curve trends are maintained,
with a maximum difference of 0.124 V for voltage curve and 92 mW for MPP curve. As a result,
the model that relates the dependence of the TEG voltage and power with respect to temperature
is validated.

3.2. Performance Tests of TEH Prototype

Figure 22 shows the encapsulated prototype based on the components listed and dimensioned
previously. The information sent by the prototype is received by a LoraWan gateway installed on
Universidad del Norte campus. All the information that is sent to this gateway is displayed in a
custom-made user interface. Figure 22 also shows the measurements taken with the mentioned
sensors and the GPS position referencing the position of Universidad del Norte. With the device,
a design of experiments is carried out to evaluate its performance according to the estimated energy
budget considered.

First, measurements of radiation are obtained from available data of a local Davis Vantage Pro 2
Personal Weather Station (PWS). The PWS reports weather variables every 15 min; thus, solar radiation
measurements for 60 days (during March, April and May 2019) for Ranges V and VI are gathered.
For that particular set of information, the percentiles for the average solar radiation are calculated and
summarized in Table 8. Assuming a normal distribution, both tails of 10% are used to determine that
5.0% of the mean radiation is below 383.0 W/m? and 5% of the mean radiation is over 907.357 W/m?2.

Then, the devised IoT sensor is placed under the influence of solar rays with the battery completely
discharged. Measurements of TEG output current, voltage and MPP voltage are used to obtain the
input power of the TEH scheme. The results are presented in Figure 23.
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Figure 22. Complete prototype comprised of IoT sensor and Graphical User Interface.

Table 8. Percentiles for solar radiation characterization.

Percentiles  Solar Radiation [W/m?]

1.0% 196.38
5.0% 383.0
10.0% 493.155
25.0% 592.041
50.0% 624.341
75.0% 733.294
90.0% 811.611
95.0% 907.357
99.0% 916.06
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=
g
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o
=
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g
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Figure 23. Measurements of output waveforms.
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As noticed, TEG output voltage increases during the day according to the temperature gradient,
while the DC-DC converter MPP voltage presents minimum variations around the selected power-point.
When the TEG voltage is below 1.6 V, the DC-DC converter output is lower than the OCV.
However, it provides the current required for the battery and load. The measurements in Figure 23
permit the estimation of an input resistance for the TEH prototype. Using Equation (9) and all data points
for the TEG MPP and TEG currents, a mean input resistance of 1.618 () with a standard deviation of 0.012
() is calculated. Moreover, ripple voltage can be obtained from the TEG MPP voltage curve. The mean
voltage and maximum deviations are calculated for each day for a ripple voltage varying between +0.043
Vto +0.125 V.

Figures 24 and 25 show the power delivered by the prototype in Ranges V and VI for the
corresponding days laying on percentiles 5% (three days) and 95% (two days).
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Figure 24. Output power for days with low radiation.
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Figure 25. Output power for days with high radiation.

To establish a comparison with powering units that use the sun as energy source, the TEG efficiency
is calculated from equation for solar panels as

MPP
n radiation X area (16)
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Notice that the TEG area equals 16 cm?; then, given the average solar radiation value for the
Range VI (see Table 8), the maximum output power potential would for a 1 = 100% would be 1.34 W.
However, considering the 1 = 20% target for good quality solar panels, the expected power output from
the TEH should be at least 268 mW. Using the measurements presented in Figure 24, an average output
power variation from 335 mW to 480 mW is obtained with a mean efficiency of 26.43%. This span
produces an average efficiency that ranges from 21% to 34.38%. The efficiency is calculated using
Equation 16 and the incident radiation for each particular day. In any case, a statistical validation
is carried out to determine if the complete prototype maintains the claimed efficiency (over 20%)
during the selected ranges; that is, the average output power is greater than 320 mW. Considering the
proposed hypothesis test, the one-tail model of the standard normal distribution is used to reject the
null hypothesis. The left tail of the distribution is taken for a level of significance of x equal to 5% and
with it, a Z = —1.645. The Z statistic for this type of test is greater than the 0.05 Z-value considered
according to the level of significance. Therefore, the null hypothesis is rejected with a 95% certainty.
This means that the average output power is greater than 320 mW and the efficiency is maintained
over 20% with 95% confidence.

Table 9 presents the total energy produced in both types of radiation levels considered. As observed,
about2 Whis harvested from the TEG for the worst-case scenario, and from the energy budget consideration
of Section 3.2, the TEH scheme provides enough energy—not only to power up the microcontroller, sensors,
and radio transceiver, but also to charge the battery during the selected ranges. Finally, a maximum power
of 132 mW is required when the transceiver is sending, and since the TEG average power surpasses that
value, the harvester is also capable of maintaining the transceiver powered.

Table 9. Energy produced by the TEG.

Day Harvested Energy

1 2.52 Wh
2 2.95 Wh
3 2.45 Wh
4 2.57 Wh
5 2.87 Wh

Outside the selected ranges with no current flowing to the battery, a maximum load of 61.6 mW
can be connected to the system maintaining a discharging percentage of 50% of the battery. The battery
satisfies the energy demand in a maximum time of 18 h without charging. The microcontroller, sensor,
and transceiver consume 49.91% of the energy produced by the TEG. The remaining energy can be
stored for the operation outside the selected ranges. The battery was connected fully discharged and
was charged during the selected ranges by the prototype. With these estimates, the TEH prototype is
tested for two days to verify the operation during the entire day. Solar radiation is measured with the
PWS and the reports of temperature and humidity are taken from the data sent by the unit. The results
are presented in Figure 26.

The system presented a blackout between whether 5 am. and 7 p.m. According to Table 9,
an average DoD of 38.058% of the battery capacity is expected. However, on the first day, solar radiation
measurements were not the expected values. With the battery completely discharged, the harvested
energy was not enough to maintain the operation during the night. On the other hand, solar radiation
was high on Day 2, causing the battery to be charged and ready to operate the entire night.
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Figure 26. Reports delivered from two consecutive days.

4. Conclusions

This paper has shown a complete energy harvesting system with passive cooling that supports the
operation of a secondary battery to power up outdoor sensors. The energy harvesting strategy employs
the solar resource but increases the conversion efficiency, reducing adverse effects such as heating and
soiling exhibited by solar panels. Thus, the thermal gradient is preferred over the photovoltaic effect.
The complete harvesting system complements the TEG selected as a transducer with all the required
blocks to properly manage battery cycles that maximize lifetime by ensuring a DoD lower than 50%.

Characterizing a TEG is important to determine the associated electric potential and for simulation
purposes. Initially, a first-order transducer model has been proposed based on the associated basic
electrical parameters. It is shown that 407.3 mW output power and 2.4438 Wh energy are obtained
using SPICE-based simulations helping the design process.

The key aspect for proper use of thermoelectric harvesting is maximizing the temperature gradient
that experiences a TEG given certain environmental conditions. For the case of this work, the City
of Barranquilla counts with ample solar resource; therefore, a metal plate is attached to the TEG
hot-plate for proper thermal conduction, and a dissipative material is required to keep the initial TEG
cold-side temperature. The PCM becomes the ideal choice as dissipative material when selected so
that the material changes its phase at a temperature as close as possible to the ambient temperature.
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Thus, while the metal plate continues to heat up, the cold side temperature is maintained, keeping the
targeted temperature gradient and with that the desired efficiency.

To verify its advantage for cooling, the PCM is compared to a heatsink. It is found that the PCM
reaches an average temperature gradient of 33.1 K, while the heatsink only gets an average temperature
gradient of 31.05 K. This represents an improvement of 2.05 K, which corresponds to an average of
106 mW more power. For the selected operating hours this produces about 424 mWh more or a gain of
14.37% in the total harvested energy.

In this work, a complete outdoor IoT sensor is built as a testbench to demonstrate proper energy
supply from a TEH. The prototype contains a low-power microcontroller and environmental sensors that
measure ambient temperature and relative humidity, and is equipped with a low-power radio to report
the variables to a central node/gateway. It is found that employing the TEG with the passive cooling
strategy, the TEH has enough power to operate the microcontroller, sensors, and radio, that demand
average energy of 1.032 Wh during the day. Furthermore, it is demonstrated that the prototype
supplies sufficient energy for continuous operation even during times with no solar resource through
an on-board 2.035 Wh battery. Such a battery can be recharged once the solar radiation is available
without compromising sensor operation.

Corroborating that there is enough energy for sensor autonomy is determined mainly in the
case of days with solar radiation below the estimated average for the geographical zone considered.
Thus, the designers are considering the worst-case scenario.

Power electronics have proved their contribution to adequate power into the proper voltage
and current ranges defined by the sensor circuitry. An 80.81% average efficiency DC-DC converter is
selected as a power management unit.

Last, the authors have been able to demonstrate the efficiency claim of solar radiation conversion
over SP efficiencies. Statistically, it is found that the efficiency of the prototype surpasses 20% with 95%
confidence in solar-radiation Ranges V and VI. Furthermore, the TEH strategy does not suffer from
efficiency reductions due to solar panel heating and/or soiling. It has been shown that with a TEH area
of only 16 cm?, a minimum of 2.45 Wh can be easily harvested over a six-hour time span, and such an
energy level is enough for low-power oriented sensors.
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