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Abstract: The aim of this paper is to present the viability of an energy-harvesting system prototype,
based on thermoelectric generators (TEGs), to be embedded in a Long-Range Wide Area Network
(LoRaWAN)-based wireless sensor node, allowing continuous quasi-real-time data transmission
even for low temperature gradients and for frequent transmissions. To this end, an RFM95x LoRa
module is used in the system. The energy management of the entire node is achieved by exploiting a
nano power boost charger buck converter integrated circuit, which allows power extraction from
the energy-harvesting source and, at the same time, regulates the charging/discharging process
of a Li-Po battery that supplies the wireless node. The first phase of the project was dedicated to
understanding the electrical characteristics of the TEG. A series of tests were performed to study
the open circuit voltage, the current and the power generated by the TEG at different temperature
gradients. Following this first phase, tests were then set up to study the charging/discharging
process of the battery by changing two crucial parameters: the temperature between the faces
of the TEG and the frequency of the transmissions performed by the transceiver. Experimental
results show a positive balance for the battery charging at different conditions, which suggests two
important conclusions: first of all, with high temperature gradients, it is possible to set relatively high
transmission frequencies for the LoRaWAN module without discharging the battery. The second
important consideration concerns the operation of the system at extremely low temperature gradients,
with a minimum of 5 °C reached during one of the measurements. This suggests the usability of
thermoelectric energy-harvesting systems in a wide range of possible applications even in conditions
of low temperature gradients.

Keywords: energy harvesting; thermoelectric generator; IoT; LoRaWAN; low power

1. Introduction

The widespread diffusion of Internet of Things (IoT) networks has always gone
hand in hand with the study of new techniques for energy provisioning and with the
development of devices and programming techniques based on a low power perspective.
A crucial aspect of every IoT node, in fact, is its energy autonomy, which represents a major
challenge for those applications deployed in remote and hostile areas, without access to
the energy grid and where the human intervention must be limited. Autonomous nodes
can be powered by storage elements such as batteries or supercapacitors, but this poses
additional problems mostly related to the lifetime of these elements and to their disposal.

The low cost and the reliability over long periods of time are among the most impor-
tant requirements for the IoT nodes; therefore, energy-harvesting systems can be crucial
to extend the average life of the battery and, therefore, of the entire node. Nowadays, a
large number of different energy-harvesting techniques can be used to power wireless
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systems, but every one presents its own advantages and disadvantages. Hence, a pre-
liminary study of the application scenario needs to be carried out with the objective to
find the most suitable harvesting source. In recent years, there has been a growing inter-
est towards thermoelectricity, namely the conversion of thermal energy derived both by
thermal conduction and by radiation into electrical energy by means of thermoelectric
generators (TEGs). Indeed, heat is generated by a variety of phenomena, both natural and
human-made, and waste heat is free of charge and already available in several application
scenarios. In addition, the fact that TEGs only need a temperature gradient to operate
makes them suitable solutions especially for indoor applications, for which other power-
generating systems cannot be conveniently used because of poor illumination, absence of
winds, surfaces subjected to vibrations, etc. Moreover, the design simplicity and the high
scalability of TEGs makes them easily applicable to heat sources of considerably different
sizes and temperature gradients. Furthermore, the absence of mobile parts reduces the
risk of faults in the cells and makes possible their application on different surfaces without
need of continuous maintenance. Other strengths are the long life span and the fact of
being environment friendly.

When developing IoT-based distributed systems, the more challenging aspect related
to power consumption relies in the data transmission sub-system of the developed devices.
Indeed, this task is the one that requires in general the largest amount of energy. For
this reason, strong efforts have been made in the last years to develop novel telecom-
munication technologies with the aim of satisfying two crucial requirements: low power
consumption and long-range data transmission. This has led to the emergence of a new
set of telecommunication technologies indicated in general as Low Power Wide Area
Networks (LPWANs): these include both cellular (Narrow Band-IoT (NB-IoT), LTE-M)
and non-cellular (Sigfox, Long Range (LoRa)) technologies, with different features and
drawbacks. Among these technologies, the LoRa modulation, together with the Low Power
Wide Area Network (LoRaWAN) protocol, is rapidly becoming a sort of de-facto standard
and has been actually employed in countless IoT application scenarios where real-time
data collection is required [1,2]. Indeed, with respect to other LPWAN technologies, which
rely on proprietary networks (SigFox) or cellular infrastructures (NB-IoT,LTE-M) and thus
do not allow the deployment of custom network infrastructures, LoRaWAN Gateways can
be easily deployed by the end-users according to each specific application requirement.
This feature, together with the large availability of low-cost hardware components and the
excellent performances in terms of receiver sensitivity (up to −140 dBm), which results in
extremely large transmission ranges (up to 20 km in rural areas), have paved the way to
the vast diffusion of this technology and thus to its adoption also in this research work. In
order to provide LoRaWAN nodes with energy self-sufficiency, several energy-harvesting
techniques have been tested, from common solar cells [3] to more peculiar microbial
fuel cells [4] or sea waves motion [5]. TEGs have also been employed in a number of
contributions, mainly focusing however on the actual application scenario.

Conversely, the scope of this paper is to demonstrate the advantages of a thermoelectric
energy-harvesting system designed to be embedded in an IoT sensor node by focusing
on the relation among different temperature gradients and the maximum achievable
transmission rates. By applying a constant temperature gradient to the thermoelectric
module, a continuous power supply is given to the entire node and is used to charge a Li-Po
battery as storage element. A general purpose LoRaWAN node is employed: no specific
sensor is embedded, assuming that the largest part of power consumption is due to data
transmission. Instead, adopting a standard node configuration, different transmission rates
are experimented for different temperature gradients among the two faces of the TEG. The
results obtained from laboratory tests show a positive balance for the charging/discharging
process of the storage element connected to the system. The final purpose of this work
is to explore the applicability boundaries of this energy source when designing real-time
remote monitoring systems, with the aim of identifying the maximum transmission rate
achievable with the minimum temperature gradient.
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The rest of the paper is structured as follows: in Section 2, the state of the art related to
TEGs and their use within the IoT context is carefully reviewed, while Section 3 describes
in detail the proposed architecture. Section 4 is related to the experimental analyses about
the thermoelectric module adopted for the system. Section 5 is related to the experimental
measures performed in laboratory, while Section 6 discusses the results obtained from
laboratory tests. Finally, Section 7 presents the conclusions and future developments.

2. Related Works

In recent years, renewable energy has gained considerable importance in every region
of the world. In 2021, the global use of renewable energy has increased by 3% from the
previous year [6]. The widespread diffusion of clean energy is mainly due to the accessible
cost of the equipment, in addition to important economic investments which have led to
improvements in terms of efficiency and costs. Furthermore, one of the most remarkable
characteristics of energy-harvesting modules is the possibility of employment in areas
without an energy grid; this makes renewables a promising, environmentally friendly
alternative to other energy sources such as oil, coal or natural gas.

Among all the sectors which have been influenced by the endless expansion of re-
newables, the IoT domain is the one which has greatly benefited from its advantages. IoT
and, in general, Wireless Sensor Networks (WSN) are formed by a considerable number of
nodes which can embed sensors and actuators, energy storage elements, processing units
such as microcontrollers and microprocessors and data transmission devices. One of the
mandatory requirements for all IoT applications is low power consumption, so energy
efficiency represents one of the major challenges for every architecture, especially for the
applications that need to be deployed in scenarios where the energy grid is not accessible
or when the life-time duration of the deployed node must be the highest possible.

Different approaches can be combined to reduce energy consumption of a wireless
node, both at software and hardware level. To ensure the autonomy for a certain amount of
time, the general architecture foresees the use of an energy storage element (e.g., batteries,
capacitors, etc.) as the main power source of the system. On the other hand, the extensive
use of batteries poses additional problems mostly concerning their lifecycle. The choice
of the energy storage element depends on several parameters such as operating tempera-
ture, power source availability, energy density, capacity and voltage [7], so a preliminary
analysis must be carried out in order to adopt the technology which best fits with the
application scenario.

IoT nodes (in particular low-power ones) can be powered by a wide number of clean
sources [8], which can ensure a durable lifecycle for any energy storage element and reduce
maintenance interventions. One of the most exploited is obviously the solar one. A typical
wireless architecture based on solar energy harvesting is described in [9]. The model
takes advantage of an energy management module, which is required since power and
voltage provided by the harvesting modules are not compatible with the requirements of
the sensing part in most of the cases. Moreover, numerous energy management circuits
adopt techniques to maximize power extraction from different harvesting nodes, such as
the Maximum Power Point Tracking (MPPT) algorithm.

Solar energy harvesting is directly related to another renewable source: thermoelectric-
ity. The generation of heat coming from direct exposure of solar panels to sunlight, in fact,
can be used to produce energy through thermoelectric generators. In such a configuration,
TEGs have a dual advantage: first of all, they can increase the overall power generated
by the architecture. Secondly, they can help to reduce the temperature of the solar cell,
therefore improving its performances. An example can be found in [10], where the authors
study the feasibility of a hybrid photovoltaic (PV)/thermal architecture. The PV panels are
emulated by electrical resistance heaters, which are connected to the hot side of the TEG
through a small amount of thermal paste; the cold side, instead, is attached to a heat sink
placed in a water tank. The authors of [11] propose a similar architecture; in this case, the
system is used to supply a synchronous reluctance motor used for pumping applications.
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TEGs have also been tested with direct solar irradiation; the prototype developed
by [12], for example, is a solar water heating system which employs a TEG to produce clean
energy. Heat is provided to the harvesting device through concentrated solar irradiation:
indeed, by using a Fresnel lens, light is redirected to an aluminium pipe partially covered
by a black absorbing paint and directly connected to the hot side of the TEG. Conversely,
the cold side is connected to a cold water tank to reach a consistent thermal gradient.

Hybrid harvesting systems which embed TEGs are also adopted to power wireless
networks attached to the human body, called Wireless Body Area Networks (WBANs). In
addition, researchers have developed flexible and stretchable TEGs over time, in order to
adapt them to the human body, hence improving energy production [13]. In the literature,
there are plenty of studies about flexible TEGs, which are mainly employed to harvest body
heat [14–18]. An interesting example is proposed in [19], where the authors have developed
a smart jacket prototype which takes advantage of solar cells as well as thermoelectric and
piezoelectric generators. The prototype integrates several sensors whose main objective is
to check environmental parameters in order to ensure workers’ safety.

WSNs are also widely employed for agricultural [20] and environmental purposes,
where the energy autonomy of single nodes is a fundamental requirement [21]. In particular
situations, TEGs can represent the most convenient solution. An example is provided in [22],
where TEGs can ensure the energy self-sufficiency of a monitoring station by exploiting
heat coming from volcanic fumaroles. Forest monitoring is another field where WSNs
are widely employed, especially for fire detection [23]; in these situations, the so-called
“ground-air thermoelectric generators” [24,25] represent a valid alternative to other energy
sources, such as sun or wind. Indeed, air temperature is normally subject to considerable
fluctuations, while ground temperature can remain stable for most of the day even at
small depths; therefore, energy can be harvested night and day since these variations occur
on a daily trend. Experimental studies show that TEGs can be used not only for forest
soil applications [26] but also for harvesting energy directly from trees, exploiting the
temperature difference between the tree trunk and the ambient air [27].

Industrial IoT is the field where TEGs are best suitable for energy harvesting if com-
pared to other technologies, e.g., PV modules. Indeed, industrial environments are often
associated with poor, artificial illumination, which poses a considerable obstacle to the use
of these devices. On the contrary, since a TEG only requires a thermal gradient to be fully
operative, it can be attached to numerous surfaces such as pipes or factory machineries, in
order to recover heat wasted as part of different processes [28–30]. An interesting design
is proposed by the authors of [31], whose objective is to monitor the concentration of
various parameters such as CO2, humidity and volatile compounds, in addition to the
ambient temperature and the surface temperature of the pipe. The adoption of a flexible
TEG and a flexible heat sink allows the application to any curve surface, enhancing the
harvested power. The node is composed of a Battery Management System (BMS), a Li-Po
rechargeable battery, a DC-DC converter, dedicated sensors, a microcontroller unit (MCU)
and a transceiver adopting LoRa technology. The harvester is enveloped around a heat
pipe with a temperature of 70 °C , which ensures the energy autonomy and the battery
charging. A similar architecture is proposed in [32]: in this case, two rigid TEGs are placed
in contact with a hot wall, and the harvested energy is stored in a 4 F supercapacitor.

3. System Overview

The overall system architecture, including both the energy harvesting and the Lo-
RaWAN node sub-systems, is shown in Figure 1.
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Figure 1. System architecture.

3.1. Energy Harvesting Architecture

The energy-harvesting sub-system consists of three main components: a TEG, a Li-Po
rechargeable battery and a BMS. In this paper, we used commercial bismuth-telluride Bi2Te3
TEGs (model SP1848 27145 SA, size: 40 mm × 40 mm × 3.4 mm, weight: 25 g, maximum
temperature: 150 °C , electric conductivity: 850∼1250 Ω−1 · cm−1, thermal conductivity:
15∼16 × 10−3 W/ °C· cm), made up by thermocouples connected in series/parallel and
insulated by a ceramic coat to avoid permanent damages due to high temperatures. The
Li-Po battery used for energy storage is characterized by a capacity of 750 mAh and a
3.7 V nominal voltage. The low cost and the high energy density associated with this
battery are essential to ensure a long energy autonomy for the node, particularly in those
circumstances where the TEG does not operate full time.

The core component is represented by the BMS. The integrated circuit (IC) adopted in
this project is the BQ25570, from Texas Instruments (Dallas, TX, USA) [33]. It integrates
a boost charger and a buck converter and is highly recommended for ultra-low-power
applications. According to the datasheet, it can extract µW to mW of power from a large
number of low-power energy-harvesting modules such as TEGs. Moreover, it offers the
possibility to recharge energy storage elements such as rechargeable batteries, conventional
capacitors or supercapacitors providing constant power to the system when peak currents
are required (e.g., during the transmission of a radio module connected to the BMS) or
when the energy recovery from the surrounding environment is sporadic and time-varying.
The boost charger is used to effectively extract power from low voltage sources down to
a minimum value of 100 mV of harvested voltage; the buck converter, instead, is used to
give a voltage supply to an external load. The voltage value provided by this component
can be programmed by setting external resistors in order to supply a wide range of loads.
The voltage of the storage element (i.e., a Li-Po battery in the case study) is continuously
compared with a series of voltage thresholds, in order to avoid permanent damages and
extend its lifetime. Indeed, an excessive discharge makes Li-Po batteries unusable, while
an overvoltage can lead to explosions or fires. A relevant feature of BQ25570 is a user-
programmable algorithm for Maximum Point Power Tracking (MPPT), a mechanism used
to extract the maximum power available from the harvesting source. For the BQ25570,
this function is driven by the boost charger, which regulates the charger’s input voltage
to a value stored in a dedicated capacitor: this value is obtained by periodically sampling
the open circuit (OC) voltage at the input of the BQ25570 and computing a fraction of it
according to a predetermined percentage set by the user. For example, solar panels have
their maximum power point (MPP) at 80% of their OC voltage, while for TEGs this value is
around 50% of the OC voltage.

Laboratory experiments were performed using the BQ25570EVM-206 evaluation
board from Texas Instruments, and mounting the above-mentioned IC. The board comes
with external passive components (resistors, capacitors and inductors) used to set voltage
thresholds to fixed values and gives the opportunity to monitor the voltage related to the
input source, the battery and the output of the buck converter. Besides, the input voltage
can be regulated either to 50% or 80% of the OC voltage, making the implemented MPPT
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algorithm suitable for photovoltaic and thermoelectric harvesting; moreover, the output
of the buck converter can be disabled with an appropriate jumper. Anyway, soldering
different resistors is possible to adapt the MPPT algorithm and the thresholds to the
required needs. Similarly, output voltage values can also be set by changing the hardware
configuration of the board: these were chosen according to the node configuration and
were then set to 4.2 V for the battery output (the actual charging voltage of a Li-Po battery)
and 1.8 V for the system output according to the wireless node features (see Section 3.2).
Eventually, higher output voltages can be provided by the BMS if necessary, up to 5.5 V.

3.2. Wireless Node

The wireless section of the prototype has been implemented with a low-power Long-
Range (LoRa) transceiver RFM95x by Hoperf electronics (Shenzhen, China) [34] equipped
with a 2 dBi gain λ/8 whip antenna and an ATtiny84a-PU microcontroller by Atmel (San
Jose, CA, USA) and has been used to evaluate the impact of the radio transmissions,
which are the most energy-consuming activities performed by the sensor node, on the
charging/discharging rate of the energy storage element. An in-depth study of the radio
settings goes beyond the scope of the paper; therefore, a simple LoRaWAN network has
been established between a LoRaWAN Class A End Device and a LoRaWAN Gateway,
sending the received packets to a LoRaWAN Network Server and a LoRaWAN Application
server, making the data available from a customized web interface. The sensor node was
configured with operating frequency 868 MHz, coding rate 4/5, bandwidth 125 kHz and
transmitted power 14 dBm according to the LoRaWAN regional parameters regulation [35].
The device was configured as a Class A device which, among the three Classes defined
by the LoRaWAN regulation (i.e., Class A, Class B and Class C) is the one devoted to the
definition of low-power End Devices. At the same time, Class B and Class C are specifically
designed for bi-directional communication, which is in general not required for sensor
nodes aiming at remote data collection. For this reason, despite the aim of this work was to
test the most challenging system conditions, only Class A was tested. At the same time, the
Spreading Factor (SF) was set at 12: this value, which is crucial together with output power
to increase the transmission range, was chosen to set up a worst case condition in terms
of longest airtime duration and thus highest power consumption for Class A LoRaWAN
devices. The transmitted packets had a fixed length of 23 Bytes, embedding thus a 10 Bytes
payload which was a generic alphanumeric string: this value can be assumed as an average
dimension of a LoRaWAN packet carrying sensor data. Packets were periodically sent
at fixed time intervals, depending on the performed test, adopting a sleep policy for the
intervals between one transmission and the following. Since LoRaWAN transmissions
have to comply with law regulations defining a maximum 1% duty cycle, the transmission
rate was set at different frequencies, trying to reach a frequency compliant to the duty-cycle
threshold. Exploiting the LoRaWAN air time calculator [36], the air time for the settings
adopted in this paper was 1482.8 ms, thus entailing a transmission every 148.82 s' 2.5 min.
During the tests, a transmission frequency of one packet every minute was also tested, thus
violating the duty-cycle regulations to test a worst case scenario. However, higher values
were set for more critical conditions, as will be explained later in Section 5: these values
have been assumed as satisfying to comply with the quasi-real-time transmission.

Since the proposed application is highly critical from the power consumption require-
ment, the used devices match well with the low voltages outputted by the buck converter.
Indeed, the reliable functioning of the microcontroller and the RFM95x LoRa module is
guaranteed with supply voltages down to 1.8 V, and energy consumption can be kept
under control by providing suitable software programming strategies such as the adoption
of a sleep routine allowing the devices to wake up only at the time of radio transmissions
and the programming of the microcontroller at reduced clock frequencies.



Energies 2021, 14, 7322 7 of 17

4. TEG Characterization

The first laboratory tests campaign was aimed at electrically characterizing the com-
mercial TEG used in our prototype, in terms of OC voltage and characteristic curves at
different temperature gradients. A NI USB-6009 board from National Instruments (Austin,
TX, USA) [37], monitored via LabVIEW, was used to gather the data. The high temperature
source was provided by an Arcol (Truro, UK) HS25 aluminum-housed power resistor [38]
with maximum power dissipation of 25 W, attached with two screws to a metal plate and
connected to a Mastech (San Jose, CA, USA) HY3005D-3 DC linear power supply. By
changing the voltage driven by the DC power supply, it was possible to increase/decrease
the heat wasted by the power resistor generating different temperature gradients. The hot
side of the TEG was placed in contact with the heated metal plate, while an aluminum heat
sink was fixed by means of thermal paste to ensure a better heat transfer and on the cold
face of the TEG to achieve a greater temperature gradient. This compound also had the
advantage of removing all the air among the above-mentioned components. Due to the
difficulty of accessing the surfaces, the temperatures on both the hot and the cold side of the
cell were acquired by means of a type K thermocouple (which can measure temperatures
from −270 °C to 1260 °C with an accuracy of ±2.2 °C) and a digital multimeter. In detail,
the hot side temperature was measured by positioning the thermocouple on the bottom
side of the heated metal plate, while the cold side temperature corresponds to the value
acquired at the base of the heatsink. The gradient, which is referred to as “∆T” in the
following sections, was then computed as the difference between the two values. The
environmental temperature of the laboratory remained stable around 25 °C during the
performed tests.

4.1. OC Voltage

The first test was necessary to measure the open circuit voltage generated by the TEG
at different temperature gradients in order to evaluate its stability in view of its connection
to the evaluation board. The acquired voltages were then analyzed using Matlab. The
tested temperature gradients are ∆T = 18 °C , ∆T = 26 °C and ∆T = 30 °C .

The acquired OC voltages are shown in Figure 2: the graph associated with the first
tested gradient (i.e., ∆T = 18 °C ) shows that a certain time is necessary to stabilize the
temperature and, hence, the OC voltage. For the other curves, the related measurements
were performed after waiting for the heatsink to reach a stable temperature value, in order
to spot out the final constant value after the transient phase.

Figure 2. OC voltage of the adopted TEG at three different temperature gradients ∆T = 18 °C (red
plot), ∆T = 26 °C (black plot) and ∆T = 30 °C (green plot). The dashed lines are the OC voltage
values after stabilization of the temperature.
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4.2. Characteristic Curves

The second test aimed at determining the characteristic V-I, P-I and P-V curves of
the TEG. The used circuit exploits the simple method of variable resistor: it is a series
connection of the TEG, a variable resistor (trimmer) with maximum value of 50 Ω and a
1 Ω small resistor Rshunt for current sensing. The value of the variable resistor is varied in
steps in order to change the load and sense the different (I,V) couples from short to open
circuit condition.

The power generated by the TEG is indirectly computed as

PTEG = Vt · Ishunt (1)

where Vt is the voltage between the terminals of the trimmer and Ishunt is the current
flowing through the 1 Ω resistor, whose small resistance value guarantees minimal voltage
drop and essentially an equality between the voltage at the terminals of the variable resistor
and the voltage generated by the TEG. Collected results are visible as scatter plots in
Figures 3–5, and they are coherent with TEGs physics. The dashed lines are obtained as
polynomial fitting of the measured data. As expected, the power delivered by the TEG is
maximal when the extracted voltage is 50% of its OC value, and this MPP moves growing
as the temperature gradient increases. Based on these results, in further transmission
tests, the MPPT value will be set at 50% in order to deliver to the BMS the maximum
power payable from the TEG. The internal resistance of the TEG is given by the internal
resistances of the thermocouples composing it and the total contact resistance given by the
connections between the thermocouples, the hot side and the cold side junctions [39]. It
can be estimated from the fitted V-I curve, and we found it is approximately equal to 5.5 Ω
at ∆T = 18 °C , with slight variations according to the temperature gradient.

Figure 3. V-I characteristic curve measured (scatter plots) and fitted (dashed lines) at three tempera-
ture gradients: ∆T = 18 °C (red plots), ∆T = 26 °C (black plots) and ∆T = 30 °C (green plots). In the
inset, the OC voltage VOC at the three temperature gradients.
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Figure 4. P-I characteristic curve measured (scatter plots) and fitted (dashed lines) at three tempera-
ture gradients: ∆T = 18 °C (red plots), ∆T = 26 °C (black plots) and ∆T = 30 °C (green plots).

Figure 5. P-V characteristic curve measured (scatter plots) and fitted (dashed lines) at three tempera-
ture gradients: ∆T = 18 °C (red plots), ∆T = 26 °C (black plots) and ∆T = 30 °C (green plots).

5. System Tests

The second laboratory tests campaign concerned the examination of the general
behavior of the overall system composed of wireless node, evaluation board, Li-Po battery
and TEG. In particular, a temperature gradient was established at the ends of the TEG with
the method described in Section 4; then, the generator was connected to the evaluation
board’s input terminal while the Li-Po battery was connected to a specific pin of the
same board, named VBAT . Finally, both the MCU and the RFM95 composing the node
described in Section 3.2 were supplied by the VOUT pin of the board, which provides a 1.8 V
continuous voltage outputted by the buck converter. This value is indicated as minimum
supply voltage for the MCU and the transceiver, which has peaks of current consumption
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during transmissions around 100 mA. The MCU managed the transmissions by waking up
only at definite time intervals, while the transceiver was active only for the time required
to send a packet; afterwards, both the components entered the sleep mode until the next
transmission. Every test was performed for about 24 h in order to have an exhaustive view
of the node’s behavior during a day, assuming that the heat source is always present.

The purpose was to determine the conditions (in terms of temperature gradient and
frequency of transmission of the LoRaWAN packets) at which the energy independence of
the architecture is guaranteed. To this end, the most relevant parameter to be taken into
account is the voltage of the battery, in order to evaluate its charging/discharging behavior
when the wireless node is powered up and is periodically performing radio transmissions.
Hence, during the tests, the Li-Po battery voltage was monitored using LabVIEW and the
USB-6009 DAQ device.

The first tests were implemented with MPPT set to 50% and ∆T = 30 °C . The MCU
and the LoRaWAN transceiver were first programmed to wake up every hour. The battery
voltage trend is shown in Figure 6. The downward periodic voltage peaks visible in
the graph are due to the RFM95x transmissions, but they do not significantly affect the
charging process. Subsequent tests were set maintaining the same temperature gradient
and decreasing the sleeping period of the wireless node in order to have radio transmissions
every 10 min (Figure 7) and every minute (Figure 8). The purpose was to understand if
frequent transmissions could cause the battery discharge despite the power supplied by
the TEG. Both graphs confirm the charging trend observed in Figure 6.

Figure 6. Li-Po voltage trend with radio transmissions every hour and ∆T = 30 °C.
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Figure 7. Li-Po voltage trend with radio transmissions every 10 min and ∆T = 30 °C.

Figure 8. Li-Po voltage trend with radio transmissions every minute and ∆T = 30 °C. The inset shows
a magnified 90-min section of the plot.

All of the voltage curves present a flattening around 12 h from the beginning of the
tests. This is probably due to a temperature difference in the laboratory where the tests
were carried out that occurred during the night, which may have had a limited negative
effect on the heating process carried out by means of the resistor or on the charging process
of the battery. Indeed, the measurements were taken starting around 11 a.m., with an
environmental temperature of approximately 24 °C , dropping to around 20 °C during
the night. However, despite this phenomenon having a negative impact on the charging
process, the positive trend of the battery charging was maintained. For this reason, we
decided not to investigate this aspect in detail.

In the second test, the temperature gradient was decreased to 15 °C while the sleeping
period of the MCU was left unaltered with transmissions every minute. The voltage
curve visible in Figure 9 shows a positive trend for the voltage of the rechargeable battery,
though it is less pronounced if compared to the previous analysis. Due to this positive
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outcome, tests with 10 min and 1 h transmission frequencies were not performed for this
temperature gradient.

Figure 9. Li-Po voltage trend with radio transmissions every minute and ∆T = 15 °C. The inset shows
a magnified 90-min section of the plot.

On the basis of this last experiment, the gradient was further reduced to ∆T = 10 °C
and the MCU was programmed to wake up the radio transceiver every 10 min (Figure 10).

Figure 10. Li-Po voltage trend with radio transmissions every 10 min and ∆T = 10 °C.

By further decreasing the temperature gradient, the TEG produces smaller voltages
which can be critical for the BMS since it can work properly only if the harvesting source
can supply a minimum OC voltage of 130 mV. A single TEG is not able to develop such a
voltage with low temperature gradients, and this causes the BMS to remain in its “cold start”
stage. To overcome this problem, two TEGs of the same model were connected in series,
and the MPPT was changed to 80% of the full-scale value. This last modification causes a
decrease in the power supplied by the TEG but an increase in terms of provided voltage.

Further analyses were performed involving the new set-up in order to observe the
system behavior in case of low-temperature gradients. Figures 11 and 12 show the results
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of a 24 h long test performed with radio transmissions every 30 min and, respectively,
∆T = 8 °C and ∆T = 5 °C , which is the minimum temperature gradient tested. The Li-Po
voltage difference between the start and end of the tests confirms the detected positive
charging trend and the energy self-sufficiency of the system: overall, the battery voltage
increased respectively by ∆V = 15 mV and ∆V = 5 mV.

The final set-up with the two TEGs in series, the wireless node, the Li-Po and the
evaluation board is shown in Figure 13.

Figure 11. Li-Po voltage trend with radio transmissions every 30 min, MPPT set to 80% and
∆T = 8 °C.

Figure 12. Li-Po voltage trend with radio transmissions every 30 min, MPPT set to 80% and
∆T = 5 °C.
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Figure 13. Final set-up with the two TEGs in series. The wireless node, the Li-Po battery and the
evaluation node are also visible.

It was not possible to reach lower temperature gradients with the heating/cooling
system employed: the temperature across the two sides of the TEG becomes uniform, and
therefore, the gradient tends to 0 °C. Moreover, by going below ∆T = 5 °C , the voltage
generated by the TEGs is insufficient to supply the BMS.

6. Discussion

The studies that have been carried out about the aforesaid architecture have revealed
some interesting peculiarities about the proposed energy-harvesting architecture. First of
all, the experimental characterization of the single thermoelectric cell has shown results
which are coherent with other studies in this field. A single generator of the model
mentioned in Section 3, which covers an area of 16 cm2, produces approximately 32 mW of
power with a 30 °C gradient, as inferred from the interpolation of the P-V curve (Figure 5).
Even with lower temperature gradients, the power generated by the cell far exceeds the
minimum value necessary to begin the normal charging of the storage element connected
to the BMS, as stated in [33].

A significant aspect that emerged during the tests is the autonomy of the system
at relatively low temperature gradients: the values used during the last tests are easily
available in a plethora of scenarios, from rural areas to industrial facilities. Moreover,
the adoption of LoRaWAN technology offers different advantages in terms of power
consumption and employment: indeed, thanks to the LoRaWAN performances, relatively
high transmission rates are achievable for larger temperature gradients, close to the limits
posed by the law regulations related to the system duty cycle which has to be lower than
1%. Indeed, the system has been tested adopting SF 12, which turns in longer airtime
and thus higher power consumption: in this condition, and for a relatively short payload
(10 B), the maximum achievable transmission rate foresees one transmission around every
2.5 min. The tests demonstrated the reachability of this value for larger temperature
gradients and of relatively comparable values even for lower temperature gradients. In
these conditions, the system proved to be able to set up quasi-real-time data collection.
While similar results may be achieved also with other LPWAN technologies, the flexibility
related to the customization of the LoRaWAN network infrastructure if compared with
other proprietary technologies greatly simplifies the deployment of large-scale distributed
monitoring systems. These aspects, combined with all the advantages presented above,
concur to create a highly versatile architecture whose main peculiarities are a durable
energetic autonomy and low maintenance needs.

Besides, the global design presents some limitations that emerged during the lab-
oratory tests. Foremost, the OC voltage supplied by a single TEG at low temperature
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gradients is not acceptable to begin the charging process, and this can compromise the
energy autonomy of the system. The problem can be solved by adopting a different con-
figuration for the energy-harvesting part, such as the experimented one with two TEGs
in series. In addition, the pre-set thresholds of the evaluation board represent an issue
in terms of voltage supply for the wireless section. In particular, the VOUT voltage set to
1.8 V is the minimum operating voltage for the RFM95x and the microcontroller, and it
can be an excessively restrictive value in case of a need to connect sensors to the node.
Indeed, during the tests phase, it was observed that even a small fluctuation of VOUT
below the above-mentioned value can impede normal transmissions. A viable solution
for this last issue is offered by the BQ25570 device itself: in fact, it is possible to change
every voltage threshold by creating an integrated circuit with different passive elements
(resistors, inductors, capacitors) from the ones mounted on the evaluation board provided
by Texas Instruments. In this way, the architecture can be adapted to a wide range of needs.

7. Conclusions

The research presented in this paper investigates the feasibility of a thermoelectric
energy-harvesting system for Low-Power WSNs by using commercial thermoelectric
generators. The system exploits LoRaWAN as a data transmission protocol: this technology
is rapidly emerging as a de facto standard for wide-area data transmission due to its
excellent performances in terms of long range and low power consumption. This aspect,
combined with the flexibility of the network that is not based on proprietary infrastructures,
has been the driver of the adoption of this technology to set up autonomous remote data
collection platforms relying on energy harvesting. Since the objective was to demonstrate
the autonomy from an energy point of view, a LoRaWAN Class A node was assembled
in order to be general purpose. Results derived from the first tests campaign suggest
that the system is particularly suitable within the smart industry scenario, where it is
easy to reach elevated temperature gradients. For example, pipes and machinery give the
opportunity to set up WSNs using the proposed energy-harvesting architecture, with little
to no maintenance costs and a high independence.

According to subsequent tests, the energy autonomy is demonstrated even for high
frequencies of radio transmissions of the wireless node powered by the BMS, in accordance
with the law regulations that fix a maximum % duty cycle for LoRaWAN nodes. Therefore,
the system can be configured for quasi-real-time applications and in general for all those
deployments requiring a continuous low bit-rate flux of data coming from various sensors.
The last test shows that, by using two TEGs in series, the battery charging and the full
operation of the module are guaranteed even with a gradient of 5 °C. This represents a
remarkable result because such a value can be easily obtained in the presence of several
natural and artificial phenomena, as by directly exposing the TEGs to sunlight, opening up
to new exploitation in outdoor scenarios.

Despite how energy-harvesting architecture has proven to be effective, its perfor-
mances can still be improved designing an ad hoc BMS embedding the BQ25570 chip in
place of the evaluation board or improving the cooling mechanism for the generation of the
temperature gradient. Indeed, in the presented tests, an aluminum heat sink was attached
to the cold side of the TEGs in order to maximize the gradient, and temperature difference
could be further improved by adopting water tanks or phase change materials (PCM) in
order to obtain lower temperatures at the cold side of the TEGs. At the same time, in-depth
tests may also be carried out to identify the source of the decrease in the slope that occurred
in the experiments during the night hours, which, however, did not negatively impact
the overall success of the tests. Moreover, a future interesting development regards the
implementation of an environmental monitoring sensor node embedding different sensors
in order to test the charging capacity of the BMS even in case of actual field deployments.
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