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Abstract. Thermoelectric generators can be used for 

conversion of heat to electricity wherever a temperature 

difference exists. Such differences of temperatures are available 

in many applications, often without being used. In the case of 

photovoltaic panels the temperature difference is in the order of 

50 ºC. 

This study experimentally examines the performance of two 

commercial thermoelectric generators. The resistance, open 

circuit voltage and short circuit current are measured. The 

maximum power output and the overall conversion efficiency 

are calculated and the results of the two generators compared. 

Infrared thermographic pictures are taken in order to evaluate 

the temperature distribution over the generator induced by the 

experimental setup. 

It is shown that the power output as well as the conversion 

efficiency at temperature difference smaller than 50 ºC is very 

low and therefore the implementation of thermoelectric 

generators in combination with photovoltaic panels might not 

be economic. 
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1. Introduction 

 
Thermoelectric generators (TEG) make use of the 

Seebeck effect, where a temperature difference induces a 

voltage [1-3]. They have been used for many years in 

space applications, with radio-isotopes as the heat source, 

because of their reliability and robustness. When it comes 

to terrestrial applications, electricity generation out of 

waste heat or geothermal energy can be named [4-8]. 

Pilot projects are also being conducted by using the 

temperature difference existing between the ocean’s 

surface and greater depths [9]. 

 

Although TEGs have very low efficiencies (5 to 10 % in 

the above mentioned applications), their usage makes 

sense where the heat source is freely available and would 

otherwise be lost to the environment. One such example 

is a photovoltaic (PV) panel, where only a certain 

bandwidth of the incident light is transformed to 

electricity. The absorbed infrared radiation in particular 

only heats the upper side of the panels without 

contributing to the PV conversion efficiency. This leads 

to a temperature difference between the upper and the 

lower side of the photovoltaic panel which can be used 

with thermoelectric generators. The temperature 

difference is however rather small, typically in the order 

of 50 ºC on a hot summer day with a clear sky in 

Portugal. Besides providing an additional method to 

generate electrical energy, the use of TEGs in PV panels 

helps improving the photovoltaic efficiency. This 

condition is related with the PV efficiency decrease with 

temperature. 

 

If this combination of photovoltaic cells and 

thermoelectric generators is to be used in a larger scale, 

commercially available TEGs must be used. Commercial 

TEGs however are usually designed for higher 

temperature difference with a main intended purpose in 

the field of waste heat from high temperature processes. 

Two modules from different suppliers are tested in this 

study in order to assess the behaviour and conversion 

efficiency of TEGs at temperature difference below 

50 ºC. 

 

During the test series both the hot side temperature and 

the cold side temperature as well as the short circuit 

current and the open circuit voltage are measured. 

Further the measured internal resistance of the modules is 

compared to the values provided by the suppliers. 

 

To complement the experimental results, infrared 

thermographic pictures were taken in order to evaluate 

the temperature distribution over the TEG surface during 

the measurement process. 

 

The models tested are a TEG127-50A from 

EVERREDtronics Ltd. [10] and a HZ-20 from Hi-Z 

Technology Inc. [11]. The former is referred to as TEG 1, 

the latter as TEG 2. 
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2.  Experimental Setup 

 
The experimental setup for thermoelectric generator 

parameter measurements is shown in Fig. 1. Resistance, 

voltage and current are measured by a FLUKE 45 Dual 

Display Multimeter. These measurements provide the 

resistance, open circuit voltage and short circuit current 

values. The TEG is mounted on an aluminium plate 

which serves as a heating device. The plate is heated by 

hot water from a water reservoir with controllable water 

temperature. The reservoir is equipped with a 

.P SELECTA Unitronic S 320-100 heating coil and 

pump. The water is pumped through ducts to the 

aluminium plate where it is led through a continuous line 

cut into the metal. This procedure guarantees a 

homogeneous temperature distribution on the contact 

area between the heating plate and the TEG. 

 

 
Fig. 1. Experimental Setup for thermoelectric generator 

measurements. 
 

 

The other side of the TEG is cooled by cold air coming 

out of an Air Conditioning Laboratory Unit A573 by P.A. 

Hilton Ltd. The temperature on both the hot and the cold 

sides of the TEG is measured with two thermocouples. 

The values are read by a Digi-Sense Thermocouple 

Thermometer from Cole Parmer. 

 

 

 
Fig. 2. TEG mounted on heating plate with protective 

surrounding and camera 

 

 

The infrared thermographic pictures are taken with a 

Thermo Tracer TH1104 by NEC San-ei Instruments Ltd. 

In order to minimize environmental light scattering, a 

protective black carton surrounding the TEG and the 

heating plate was constructed, as shown on Fig. 2. 

 

In order to be able to transform the optical reading into a 

quantitative temperature scale, the emissivity of the 

surface of each TEG is determined by adjusting the 

emissivity of the reading such that the temperature scale 

of the camera fits the temperature reading of the 

thermocouple. One must take into account however, that 

the temperature scale on the infrared pictures can only be 

applied to the TEGs themselves and not to the heating 

plate and the surroundings, since they have different 

emissivities. 

 

A total of five measurement series for each TEG were 

performed. In every series the temperature of the heating 

plate is varied from room temperature up to 

approximately 70 °C, which corresponds to the 

temperature range that is to be expected on photovoltaic 

panels exposed to direct solar radiation. 

 

In every series the open circuit voltage and the short 

circuit current is obtained for about 30 different hot side 

temperatures. At the same time the cold side temperature 

is measured such that the temperature difference between 

the hot and the cold side of the TEG can be calculated. 

 

The resistance of the TEG can only be obtained when 

there is no temperature difference over the TEG for the 

following reason: Digital multimeters measure the 

resistance of a system by applying a small constant 

current to the system. When the system itself produces a 

current – as it is the case for every generator – the 

obtained values are not correct and therefore unusable. 

 

Because of that, the resistances of the two TEGs are 

obtained at room temperature before applying any 

temperature difference. The resistance is assumed to be 

constant over the temperature range examined in this 

study. 

 

3. Results 

 
The geometry and resistance properties of the two TEGs 

can be seen in table I. All information except for the 

internal resistance and the emissivity is taken from the 

suppliers’ websites [10, 11]. 

 
Table I. – Properties 

 

 TEG 1 TEG 2 

Length 50 mm 75 mm 

Width 50 mm 75 mm 

Thickness 3.6 mm 5.08 mm 

P-N-Couples 127 71 

Internal Resistance 0.84 Ω 0.42 Ω 

Emissivity 0.88 0.90 

 

Fig. 3 displays the infrared picture of TEG 1. Also clearly 

visible is the heating plate which is considerably bigger 

than TEG 1 and at the upper and lower edges of the TEG 

the rubber bands with which the TEG is fixed on the 

heating plate. Due to the different emissivities of the 

rubber bands and the heating plate the temperature 

readings are only applicable to the TEG itself. 
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Fig. 3. Infrared picture of TEG 1 mounted on hot aluminium 

plate, temperature scale in °C, only applicable for 

TEG itself, not for aluminium plate or surroundings 

 

 
Fig. 4. Infrared picture of TEG 2 mounted on hot aluminium 

plate, temperature scale in °C, only applicable for 

TEG itself, not for aluminium plate or surroundings 

 

 

A temperature difference of approximately 3 ºC exists 

between the upper and the lower edge of the TEG. This 

difference can be explained by the design of the heating 

plate: the hot water enters at the bottom of the heating 

plate and has therefore the biggest effect on the lower 

part of the TEG. Since the temperature readings for the 

voltage and current measurements are taken by a 

thermocouple in the middle of the TEG, these readings 

correspond to an average temperature value. 

 

Fig. 4 shows the infrared picture of TEG 2. In this case, 

apart from the TEG only the edges of the heating plate 

are visible and also the two rubber bands cannot be seen 

as clearly as in Fig. 3.  

 

The temperature difference over TEG 2 has the same 

structure as the one for TEG 1. Due to the bigger 

extensions of the TEG the maximum temperature 

difference between the top and the bottom of the TEG is 

5 ºC. Nevertheless the approximation of the average 

reading by the thermocouple in the middle of the TEG 

still holds. 

 

As can be seen in Fig. 5 the temperature differences of 

the measurement series vary between 7 ºC and 50 ºC. The 

open circuit voltage varies from 0.01 to 0.09 V and the 

short circuit current lies within 1 and 6 mA. 

 

Least square optimized quadratic fits are calculated for 

each of the graphs in Fig. 5. As can be seen in Fig. 5a and 

5b as well as from the formulas in the legend to Fig. 5, 

the approximations for current and voltage are nearly 

linear. 

 

The open circuit voltage is based on the following 

formula, where U is the voltage, α is the Seebeck 

coefficient and ∆T the temperature difference between 

the hot and the cold side of the TEG: 

 

(1) 

 

 

Assuming that the Seebeck coefficient is constant over 

the temperature range of 50 ºC, the correlation between 

the temperature and the voltage must be linear. The 

current can be calculated by the well-known Ohm’s law: 

 

(2) 

 

 

If the resistance is assumed to remain constant over the 

examined temperature range, the current-temperature 

correlation must be linear as well. 

 

The power output at matched load corresponds to the 

power obtained when the external load equals the internal 

load of the generator. 

 

(3) 

 

 

In contrast to Fig. 5a and 5b where one can hardly see a 

difference between the two generators, in Fig. 5c TEG 2 

clearly shows a better performance than TEG 1. This is 

only due to the lower internal resistance of TEG 2, since 

the two voltage curves are almost identical. It is shown 

that power output is very small for these temperature 

difference values, reaching 5 mW for a 45 ºC temperature 

difference on TEG 2. 

 

The conversion efficiency is defined as the electrical 

Power output over the heat flux through the entire TEG 

surface. Again ∆T corresponds to the temperature 

difference between the hot and the cold side of the TEG, 

A is the TEG area and h is the overall heat transfer 

coefficient. 

 

(4) 

 

 

The heat transfer coefficient is calculated with the help of 

the thermal conductivity of the materials of the 

thermoelectric generators. In the case of TEG 2, the 

supplier provides a thermal conductivity of 2.4 W
 
m

-1 
K

-1
 

at design temperature of 230 °C on the hot side and 30 °C 

on the cold side [11]. The heat transfer coefficient is 

consequently calculated by dividing the thermal 

conductivity by the thickness of TEG 2. 
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Fig. 5.  Measurements of TEG 1 (stars) and TEG 2 (circles), each plot with least square quadratic fittings, continuous line for TEG 1, 

dashed for TEG 2. 

a) Open circuit voltage, TEG 1: y = 0.0016x - 0.0024, TEG 2: y = 0.0013x - 0.0020. 

b) Short circuit current, TEG 1: y = 10-3(0.1151x - 0.1751), TEG 2: y=10-3(0.0002x2 + 0.0987x - 0.1620). 

c) Power output at matched load (external load = internal load), TEG 1: y = 10-4(0.0143x2 - 0.0102x - 0.4819), 

 TEG 2: y = 10-3(0.0029x2 - 0.0282x + 0.1383). 

d) Heat to electricity conversion efficiency, normalized per area, TEG 1: y = 10-2(0.0001x2 + 0.098x - 0.2756), 

 TEG 2: y = 10-3(0.0011x2 + 0.1410x - 0.4033) 

 

 

Since TEG 1 has an epoxy sealing, the supplier could not 

provide the thermal conductivity for the entire TEG but 

only for the thermoelectric materials used. Therefore a 

combination of the thermal conductivity of 

thermoelectric materials [10] and a typical thermal 

conductivity of an epoxy [12] is used. In both cases the 

most conservative values for the calculation of the 

efficiency are applied: 0.21 W
 
m

-1 
K

-1
 for the epoxy and 

1900 W
 
m

-1 
K

-1
 for the thermoelectric materials. 

The overall heat transfer coefficient is then calculated 

with the following formula, taking into account the 

thickness d1 of 0.9 mm of each epoxy layer and the 

thickness d2 of 1.8 mm of the thermoelectric material 

layer: 

 

(5) 

 

 

In Fig. 5d one can see that TEG 1 has clearly a better 

conversion efficiency in the examined temperature range 

although its maximum power output is actually smaller 

than the one of TEG 2. This is mainly due to the smaller 

area and the smaller heat flux of TEG 1. 

As final remarks, can be stated that the conversion 

efficiency shown in Fig. 5d is very low, but since the 

energy source is freely available, the conversion 

efficiency is in this case of secondary importance. It must 

be pointed out that the conversion efficiency will be 

higher if the exergetic content of the energy input is taken 

into account. 

With the use of thermoelectric generators the overall 

efficiency of photovoltaic panels can be increased. 

Considering only the energy conversion increase, this 

efficiency increase however is very small, as can be seen 

in the power output graph in Fig. 5c. It is therefore 

questionable, whether the addition of TEGs in PV panels 

makes economically sense. It requires an experimental 

setup where the thermoelectric generator is set on a PV 

panel and energy conversion parameters from both 

devices are measured. 

From the economical point of view one must also 

consider that there exists a huge discrepancy between the 

costs of thermoelectric generators from different 

b) 
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suppliers: In the case of this study, the properties of the 

TEGs are comparable, but TEG 2 is by a factor of 10 

more expensive than TEG 1. At the same time TEG 1 has 

a smaller area than TEG 2, therefore more TEGs per area 

can be mounted which leads to an increased overall 

improvement for a smaller price. 

 

 

4. Conclusion 

 
This study makes part of a research that wants to assess 

the photovoltaic panels efficiency improvement when 

combined with thermoelectric generators. Besides two 

different techniques for energy harvesting that will 

increase the final electrical power output, this method can 

be proper to increase the useful lifetime of the system. 

Nevertheless, commercially available TEGs must be used 

if this method is to be used in a larger scale. This specific 

experimental study analyses the performance of two 

commercial thermoelectric generators through the 

measurement of different electrical parameters that allow 

to calculate the maximum power output and the overall 

conversion efficiency.  

The infrared thermography technique is used to evaluate 

the temperature distribution over the generators surface 

as a complement to the experimental measurements. 

It is shown that the power output as well as the 

conversion efficiency at temperature difference smaller 

than 50 K are very low. However, since the solar energy 

is a renewable and freely available source of energy, the 

conversion efficiency can be of lesser importance. 

The overall efficiency of photovoltaic panels can be 

increased combining them with thermoelectric 

generators. At this point, is not clear if the 

implementation of thermoelectric generators in 

photovoltaic panels is economical, however, this study 

provides an indication of their efficiency in the 

temperatures difference range usually found between the 

upper and lower surface of PV panels. 
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