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Abstract: This paper describes a newly developed system for harvesting thermoelectric energy from
photovoltaic panels. This system helps to power monitoring systems for photovoltaic panels (PVs) in
locations where there is no energy source using waste thermal energy from PVs exposed to the sun’s
rays. In the study described here, the thermal energy from a PV panel was captured and transferred
to a thermoelectric generator (TEG). A temperature gradient was created by reducing the temperature
using an aluminium heat sink in ambient weather conditions. This temperature gradient was used to
generate electricity via two TEGs. In field tests carried out in April, in Aksaray province in central
Turkey, the maximum temperature gradient due to solar radiation was measured as 21.08 ◦C. The
harvested energy was increased to a usable level of 4.1 V using a DC-to-DC converter and stored
in a li-ion rechargeable battery. The maximum charge current level of the battery was 147 µA. The
maximum harvested energy was 458.64 mW, and a stable level of around 350 mW was achieved.
The experimental operation of the prototype system was carried out in stable weather conditions;
however, weather and climatic conditions greatly affect levels of energy harvested as a result of
changing temperature gradients. The energy obtained with the prototype may reduce the battery
maintenance costs of PV monitoring systems and lead to the development of new such systems which
cannot presently be used due to a lack of energy.

Keywords: thermoelectric energy harvesting; photovoltaic panel; DC-to-DC convertor; renewable
energy sources

1. Introduction

To meet rising energy demands in a sustainable way, consumers and producers across
the world are embracing renewable energy sources such as wind and solar power. The
amount of energy obtained from the sun’s rays has greatly increased in recent years [1–4].
The increase in solar energy capacity has increased the number of photovoltaic power
plants and has made such issues as operating efficiency and maintenance costs important.
Environmental conditions, such as irradiation, rainfall, humidity, and temperature, are
important factors which affect PV efficiency and can affect costs [5,6]. In a world where
solar energy must compete with conventional energy sources, the reduction of operational
and maintenance costs is a matter of critical importance. Many researchers have studied PV
monitoring systems to achieve reductions in solar energy costs [7–9]. The spread of solar
panels over large areas increases the cost of monitoring system networks. In such settings,
the use of wireless sensor technologies for data transfer purposes can be appropriate;
however, the power sustainability of wireless sensors is another critical issue. The batteries
that provide the energy to the sensors have a limited operational lifetime and need to be
regularly replaced, resulting in increased maintenance costs.

Photovoltaic panels heat up when exposed to solar energy. As a result, their efficiency
decreases. Researchers have sought to prevent this loss of efficiency by removing the waste
heat generated in the panels. However, the addition of gas, fluid, or air-operated cooling
systems to the panels results in increased production and maintenance costs. A better
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answer to this problem might involve turning waste panel heat into useful energy, by
means of an energy harvesting method. Such a method is the subject of this study.

Energy harvesting (EH) systems collect irregularly produced wasted energy that
occurs in nature or in working systems and make it usable, as shown in Figure 1. Such
systems can provide energy to small- and medium-sized electronic devices when normal
energy sources are not available (off-grid). Energy harvesting is now the main study focus
of many researchers around the world. The reason for this is that millions of sensors
are present in our lives today, but their operation is limited by battery capacities. Today,
energy harvesting most commonly involves thermoelectric, photoelectric, electromagnetic,
piezoelectric, or radio-frequency methods. Table 1 shows the differing power densities
of different energy harvesting sources [10–13]. A sustainable source of power can also be
produced by energy harvesting of PV monitoring systems. By such means, monitoring
systems might be developed with the ability to transmit information received from each
panel to a point with wireless sensors. Although the operation of these systems will be
dependent on the lifetime of the batteries used, the use of EH for regular recharging would
result in lower maintenance and operating costs.

When the sun’s rays fall on PVs, electricity is produced, and the temperature of the
panels also rises. If this wasted heat energy could be harvested using TEG and then stored
in batteries, this could make a valuable contribution to the power requirements of the
panels’ monitoring systems.
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Figure 1. Thermoelectric harvesting energy from waste heat [11].

Table 1. Power densities of different energy harvesting sources.

Source Harvesting Method Power Density

Solar Solar cells 10 µW/cm2

RF Electromagnetic conversion 0.1 µW/cm2

Mechanical Piezoelectric 330 µW/cm2

Thermal Thermoelectric 40 µW/cm2

Thermoelectric generators use the Seebeck effect, discovered by Tomas Seebeck, to
generate electric current between their terminals by exploiting temperature differences
in conducting materials. The energy produced varies according to the magnitude of the
temperature differences between the surfaces but is typically measured in microwatts or
milliwatts [12,14]. Many researchers have investigated methods of thermoelectric energy
harvesting (TEH) [2,11,14–24]. Power produced by these methods is used directly and also
stored in batteries. The Seiko Thermic watch uses human body heat by converting it into
electrical energy, and thermoelectric energy harvesting has also been used in biomedical
studies [17].
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In this study, a thermoelectric generator (TEG) was used to harvest waste heat energy
generated during the operation of photovoltaic panels used in solar energy plants. At lower
temperatures, TEH is a challenging technique, and power is produced at the microwatt
level. In this study, the temperature formed on the back surface of the panels was reduced
by natural convection using an aluminium heat sink and a low level of voltage was obtained
from the terminals of the TEGs. Waste heat was converted into electrical energy with two
TEGs placed between the panel and the heat sink, and a li–ion battery was charged by
boosting it with the DC-to-DC booster circuit. PV and heat sink temperatures were recorded
with a thermal camera. The voltages obtained from the TEGs, as well as the DC-to-DC
booster output voltage and battery-charging currents, were all measured. These results are
presented in this paper.

2. Thermoelectric Generation

Thermoelectric generators are formed by combining p- and n- type semiconductor
materials to convert thermal energy into electrical energy. In 1822, Seebeck noticed that a
needle magnet deviated when different metals were bonded together and also underwent a
temperature gradient [25]. Today, TEGs are produced according to this principle. TEGs are
formed by combining p- and n-type semiconductors (electrically in series and thermally
in parallel) between two different metal surfaces in the form of sandwiches. As shown
in Figure 2, when a temperature difference occurs between the lower and upper surfaces
of the metals, there is a flow of electrons from the anode to the cathode and a voltage is
generated [17]. The amount of voltage generated is directly proportional to the temperature
gradient between the surfaces.
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Figure 2. Thermoelectric generator [15].

The voltage produced by the thermoelectric generator can be expressed as a tempera-
ture gradient function, as follows:

V = (αp − αn) ∆T (1)

where αp = Seebeck coefficients of the p-type semiconductor; αn = Seebeck coefficients of
the n-type semiconductor; and ∆T = temperature gradient between hot surface and cold
surface (TH–TC).

Figure 3 illustrates the electrical model of a typical TEG. If TEGs are assumed to be
under a constant temperature gradient and the internal contact thermal resistance effect is
negligible, they can be modelled as a series circuit with an equivalent internal resistance
and a constant voltage source [26].
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A thermoelectric energy harvesting system includes the following parts:

• Heat source: This must be an environmental source that produces heat naturally or
artificially. Different sources produce differing levels of heat. Heat may be the goal of
production or may be produced as a by-product of system operation.

• Thermoelectric generator: This converts heat from the heat source into electrical energy.
A temperature difference is produced by keeping the cold surface cold while the hot
surface is heated by the heat source. The cold surface can be prevented from heating
up by means of natural or forced convection. Natural convection does not require
energy but forced convection requires an additional energy source for devices such as
fans.

• DC-to-DC converters: These are a critically important component of thermoelectric
energy harvesting systems. Because TEGs have low levels of output voltage, the
voltage often needs to be increased to make it useful. Increasing the DC voltage to an-
other voltage level is accomplished using DC-to-DC converters or micro transformers.
Transformers are formed by winding copper wire on a core as two separate groups.
Depending on the number of windings, the voltage given from the input winding is
taken at a higher level than the output winding.

• Battery: This is used to store DC voltage. A supercapacitor or rechargeable battery
can be used to store amplified voltage from the DC-to-DC converter. Such batteries
prevent energy losses caused by decreases in input voltage or the complete loss of
voltage supply. Batteries can also store energy for later use during periods of excessive
energy harvesting.

• Loads: These enable energy obtained from energy harvesting to be used. Microproces-
sors, sensors, or actuators can all be used as loads.

As stated above, the conversion of thermal energy into electrical energy is explained in
terms of the Seebeck effect, and the devices used for this purpose are called thermoelectric
generators [27,28]. In addition, the conversion of electrical energy into thermal energy is
known as the Peltier effect, and the devices used for this purpose are called thermoelectric
coolers (TECs) [29–32].

3. Experimental Study
3.1. Conceptual Design

As shown in Figure 4a, the prototype for harvesting thermoelectric energy consists of
two TEGs (SP184827145SA), an aluminium heat sink, and thermal paste as a thermal pad.
When heated by solar radiation, the PV panel transfers thermal energy to the hot surfaces
of the TEGs through the thermal pad. The thermal paste on the right (cold) surfaces of
the TEGs reduces the contact thermal resistance between the aluminium heat sink and the
TEGs and allows the heat to pass. The aluminium heat sink dissipates the heat transferred
over the TEG into still (non-windy) air by means of natural convection and ensures that the
cold surface maintains a constant temperature over time. This maintains the temperature
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gradient between the hot and cold surfaces of the TEGs and results in generation of an
output voltage. Figure 4b provides a block diagram of the system. The supercapacitor and
battery were charged by increasing the obtained output voltage.
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Figure 4. (a) Schematic diagram and (b) block diagram of the thermoelectric-energy-harvesting
prototype photovoltaic panel.

The temperatures of PVs can exceed 60 ◦C depending on climatic conditions. In
this study, any excess heat was transferred to the TEGs and the heat sink was used to
dissipate the heat transferred to the cold surface. The aluminium heat sink required no fans
and, hence, no additional sources of energy. Cooling was passively achieved. However,
temperatures cannot be lowered to any great degree using passive cooling. This results
in low temperature gradients and low levels of harvested energy. To alleviate this, two
TEGs with dimensions of 40 mm × 40 mm × 3.3 mm were used. The physical dimensions
of the aluminium heat sink also affect energy harvesting in the prototype. According to
the laws of thermodynamics, any increase in heat-emitting surface areas will increase the
amount of heat transferred. Increasing the length and number of heat sink fins increases
their surface area and will increase the amount of energy harvested as the temperature
gradient is increased. The physical dimensions of the aluminium heat sink used in the
prototype are given in Figure 5.
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3.2. Energy Harvesting Interface Circuit

TEGs are devices that produce low output voltages as a result of the low temperature
gradients to which they are exposed. For this reason, thermoelectric energy harvesting is a
challenging task. In this study, passive cooling and heat transfer in stagnant air resulted
in low levels of harvested energy. For this reason, an integrated DC-to-DC converter, LTC
3108-01, was used to make the low output voltage of TEGs useful. This interface circuit (IC)
was chosen because it has an input voltage-boosting topology as low as 20 mV. In addition,
its 2.2 V LDO output was sufficient to power an external microprocessor.

Figure 6 is a schematic representation of the circuit used in this study. Low-voltage
energy from the TEGs is increased by a micro transformer at a ratio of 1:100 and it enters
the charge pump and rectifier circuit through the C1 capacitor. The AC voltage generated
in the secondary winding of the transformer is boosted and rectified using an external
capacitor and enters the N-Channel Gate Drive Circuit via the C2 capacitor. A MOSFET
switch is used as a resonant step-up oscillator. The oscillation frequency is typically in
the range of 10 kHz to 100 kHz and is determined by the inductance of the transformer’s
secondary winding. In the circuit shown in Figure 6, the rectifier current feeds the VAUX
pin. When the VAUX reaches 2.5 V, the IC allows the VOUT to start charging. VOUT is
then charged, and the output voltage is adjusted to 4.1 V to charge the single-cell li–ion
battery by programming the VS1 and VS2 pins (VS1 = GND, VS2 = VAUX). When the
output voltage drops below the set value, the charging current remains active until the
VOUT rises above 2.5 V. When the VOUT reaches the desired value, the charging current is
turned off. When VOUT reaches 4.1 V, the VSTORE pin is charged up to VAUX voltage
levels. The 0.47 F 5.5 V supercapacitor connected to the VSTORE was previously charged
and was used to power the system if input voltage were lost or could not provide the
current demanded by the outputs. While the system was operating, the harvested energy
was stored in a single-cell rechargeable li–ion battery connected to VOUT.
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Figure 6. Schematic of thermoelectric energy harvesting circuit.

3.3. Experimental Set-Up

Experimental studies were carried out in Aksaray, Turkey, in April. Table 2 presents
the geographical and solar parameters of the study location. These parameters affect
variables, such as the angle of incidence of the sun’s rays, which fall on the PV panel
and cause its front and rear surfaces to heat up. The experiments were carried out in a
windless environment (stagnant air). At first, the panel was covered, and the experiment
was begun by reducing the panel temperature to an ambient temperature. The experiment
was originally intended to be carried out using one TEG, but because very low power
output was obtained, it was decided to use two TEGs in series. As shown in Figure 7, the
experimental setup was designed to measure the harvested voltage, the output voltage,
the current and power of the DC-to-DC converter, and the temperature gradient between
the surfaces of the TEGs. The experimental procedures were carried out on a real PV
panel to obtain real temperature differences. DC-to-DC converter input and output values
were measured and recorded with multimeters. Table 3 provides the details of models and
technical specifications of all the devices used for experimental and measurement purposes.

Table 2. Geographical and solar parameters for Aksaray.

Latitude (◦) Longitude
(◦) Altitude(m) Solar Radiation (kWh/m2)

(April)

Aksaray 38.37 34.02 979 5.566

Table 3. Models and technical specifications of all devices.

Brand and Model Range Resolution

Multimeter 1 UNIT and UT61D+ 1000 V (for DC voltage)
10 A (for DC current)

±(0.8% + 5) (for DC voltage)
±(1.0% + 2) (for DC current)

Multimeter 2 TT Technic and DT202 600 V (for DC voltage) ±(1.0% + 3) (for DC voltage)

Multimeter 3 TT Technic and MY62 1000 V (for DC voltage)
10 A (for DC current)

±(0.8% + 1) (for DC voltage)
±(2.0% + 5) (for DC current)

Thermal camera Optris and PI160 Temperature:
−20 . . . +100 ◦C 160 × 120 pixels
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4. Results and Discussion

The panel was uncovered and exposed to direct sunlight and measurement recordings
were started. The panel and heat sink temperatures were measured with a thermal camera.
Figure 8 shows a thermal image of the panel and the TEG prototype. Experimental findings
showed that temperature of the PV exposed to direct solar radiation could exceed 60 ◦C.
The heat sink reduced the temperature coming from the PV panel over the TEG by up
to 45 ◦C. As shown in Figure 9a, while the temperature of the PV panel increased with
exposure to sunlight over time, the temperature gradient also increased until temperature
stability was attained. At this point, the PV panel temperature was recorded as 64.88 ◦C,
the heat sink temperature was 43.8 ◦C, and the usable temperature gradient attained a
maximum of 21.08 ◦C.

The output voltages of TEGs increased as the PV panel heated up. In Figure 9b, the
input voltage (output voltage of TEGs) and the output current of the DC-to-DC converter
are shown. By connecting TEGs in series, a maximum voltage of 120 mV was harvested.
The input voltage of the DC-to-DC converter rose to 4.1 V open-circuit voltage, as shown in
Figure 9d. An output voltage of 4.1 V was chosen because the li–ion battery can be safely
charged when the full voltage level is around 4.1 V. Charging was achieved by connecting
an empty battery with a voltage of 3.1 V to the system. The charging current of the battery
(output current of the DC-to-DC converter) rose to a maximum of 147 µA, as shown in
Figure 9b. The maximum harvested energy produced by the system was 458.64 mW, as
shown in Figure 9c. It was observed that the amount of harvested energy declined to
around 350 mW over time, mainly because heat generated on the back surface of the PV
affects both the heat sink and the exposed lateral surfaces of the TEG. Air in contact with
the back surface of the heated PV also warms up and rises. The rising air hits the heat sink
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where it can move, causing a slight increase in temperature between the PV surface and
the heat sink, where it cannot rise and discharge. This disrupts the thermal stability of the
system and can thus be considered as a disruptive factor in the system.
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Figure 8. Thermal imaging of the photovoltaic panel with TEG prototype.

To date, there has been no systematic review of research into thermoelectric energy
harvesting from photovoltaic panels. For this reason, it may be worthwhile to compare the
results of this study with other studies of thermoelectric energy harvesting studies reported
in the literature. The authors of [21] found that waste heat from train tracks heated with
solar energy could be converted into electricity with the thermoelectric energy harvesting
method. As in this study, passive cooling was used, energy was stored, and a power output
of 316.8 mW was obtained, a value close to the figure reported in this article, although
current and voltage values of the energy obtained were different. However, these values
could be brought into line by means of electronic converters. The similar results can be best
explained by the passive cooling and the close temperature gradients of the two studies.

The system proposed here ensures that the power required for PV monitoring systems
is made available through the thermoelectric energy harvesting method. During this study,
it was observed that the system harvested a remarkable amount of energy at specified
temperature gradients. It should be noted that the experiments were carried out on a
sunny day, but the system does have the capacity to harvest energy at lower temperature
gradients when the sun’s rays do not fall directly on the PV. However, the energy harvested
by the system is completely dependent on weather conditions and heat sink dimensions.
The amount of energy harvested varies according to the wind speed, climate type, and the
temperature of the environment where the PVs are located. If the temperature gradient
is high in optimum weather conditions, the system will likely achieve a considerable
reduction in battery maintenance costs and offer a less costly alternative energy solution
by reducing the battery maintenance costs of PV monitoring systems. In addition, a fully
developed thermoelectric energy harvesting system might contribute to the production of
more affordable technology, such as thermal cameras and PV monitoring systems. Systems
in which the temperatures of PVs can be continuously monitored with multiple temperature
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sensors could be developed and energy needs better met using the kind of thermoelectric
energy harvesting systems developed in this study.
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5. Conclusions

This paper describes a study of a prototype means of thermoelectric energy harvesting
which uses thermal energy from heat on photovoltaic panels. The harvested energy can
be used as a renewable energy source to power sustainable PV monitoring systems. Addi-
tionally, it could lead to the development of new low-cost PV monitoring systems. Study
conclusions can be stated as follows:

• It was observed that the temperature gradient between the PV panel and the heat
sink at Aksaray in April rose to a maximum of 21.08 ◦C. It should be noted that the
temperature gradient depends on the heat sink dimensions.

• In experimental studies, the thermoelectric energy harvesting prototype produced
a current of 147 µA at the maximum temperature gradient. The maximum power
obtained was 458.64 mW. Continuous and constant power peaked at around 350 mW.
Although the harvested power is not enough to run a system, the battery can be
charged and used as a source of any system. In this case, battery replacement costs
can be reduced by extending the life of the battery.

• More energy could be harvested by increasing the number of TEGs used in the thermo-
electric energy harvesting prototype. However, the amounts of energy harvested will
always be affected by climate and weather conditions and by changes in temperature
distributions.

• By adjusting the output voltage of the LTC 3108 chip to 4.1 V, the safe charging voltage
of the 1 s lipo (Maximum full voltage is 4.1 V) battery was provided. When the
battery is fully charged, charging will not continue. Therefore, since the charging
voltage cannot exceed 4.1 V, battery safety will be ensured. If the energy harvesting
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continues in case the battery is fully charged, the energy obtained will be wasted. In
order to prevent this situation, TEG number and battery capacity can be optimized by
evaluating the power consumption of the monitoring system, the amount of energy
harvested and the battery capacity (mAh).

• The total cost of the thermoelectric energy harvesting system (including cables and
electronic components) was USD 23.196. In order to determine the investment recovery
of the system, it is necessary to compare the gains of the system with the geographical
conditions of the region where the solar plant is located, the type and quality of the
panel used, the number and type of failures in a certain period (annually or monthly,
etc.), and the energy losses caused by these failures.

• Studies reported in the literature have aimed at removing the waste heat from pho-
tovoltaic panels, because it reduces the efficiency of the panels. In this study, for the
first time, waste heat from the panels was not removed from the system but converted
into useful electrical energy. This may inspire many comparable future studies on the
removal of heat and making it useful.

• The use of harvested energy in PV monitoring systems can reduce battery maintenance
costs or provide a short-term energy solution in the absence of supply. The renewable
energy source presented here may lead to the development of new, low-cost PV
monitoring systems which cannot yet be tested due to lack of energy.

• In future studies, a panel monitoring system can be developed and integrated into the
energy harvesting system. A monitoring system can be designed that can monitor the
temperature of certain points on the panel in real time and set off an alarm according
to the determined limit temperatures.
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