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a b s t r a c t

Solid-state thermoelectric generators (TEGs) based on the Seebeck effect to convert tem-

perature gradients, DT [K], into electrical energy are being used in an increased number

of stand-alone microsystems applications. These generators are composed by at least

one pair of p- and n-type thermoelectric elements with high figures-of-merit, ZT, to per-

form such a conversion. The exact behavior knowledge of generators is mandatory in order

to decide the most suitable for the target application. The focus of this paper is to present a

methodology to characterize thermoelectric generators, by measuring their behavior for

different types of loads. The measurements were done with the help of commercial ther-

moelectric generators (thermoelectric modules TEC1-12707) and a measurement setup

composed by a controlled hot-plate, a controlled cooling fan (above an heat dissipator),

a set of two thermistors for measuring the temperature, a personal computer with the data

acquisition board model NI USB-6009 and the LabView software from National Instru-

ments for acquiring the measures and for controlling both the hot-plate and the cooling

fan. The thermoelectric modules TEC1-12707 was selected due to its compact size (e.g.,

40 mm � 40 mm) and because it can withstand temperatures up to 450 K without degrad-

ing the quality of measurements. A SPICE model for thermoelectric modules TEC1-12707

was also obtained: an open-circuit voltage of Vopen = 53.17 � DT [mV] and an internal resis-

tance of R0 = 3.88X with a tolerance of DRint = 0.13X such that Rint = R0 ± DRint =

3.88 ± 0.13X. The measurements done under the maximum output power delivery condi-

tion (for the maximum temperature gradient of DT = 51 °C) resulted in the maximum out-

put power of Pout = 500 mW, as well as in the output current and voltage of Iout = 357 mA

and Vout = 1.40 V, respectively. The load resistance of 3.92X (Vout/Iout) is also in accordance

with the measurements because it is located in the range [l ÿ r, l + r]X, where

l = R0 = 3.88X and r = DRint = 0.13X. An Agilent multimeter model 34410A with 6½ digits

was used for measuring the voltages at the TEG’s output and the respective currents.

Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the present days there is the increased concern to

reduce fossil fuel dependence because it is necessary to re-

vert their effects on the environment, e.g., reduction in the

ozone depletion or greenhouse effect due to the gas emis-

sions [1,2]. In this context, the use of renewable sources of

power is a concern even more and more high [3–6]. The

development of the materials technology reached a ma-

tured phase where the idea of fabricating all solid-state

thermoelectric generators was possible to achieve [7–10].

A solid-state thermoelectric generator is a device that con-

verts temperature gradients into electricity and whose

components do not include neither any type of movable

parts nor any kind of fluids (for example, Freon gaz)

[11,12] which makes these type of converters very appre-

ciated for stand-alone nodes of wireless sensors networks

with harvesting capabilities [10,13–15] for running at large
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periods of time with battery replacement and/or node

management [16–19]. In fact, solid-state thermoelectric

converters are generally based on heavily doped semicon-

ductors use the Seebeck effect to produce electrical energy

[20,21]. In a general form, the performance of a TE device is

determined by the figure-of-merit of the materials used

[21–31], which is expressed in terms of the dimensionless

parameter, ZT, given by:

ZT ¼ a
2T=ðqjÞ ð1Þ

where a [V Kÿ1] is the Seebeck coefficient, q [Xm] is the

electrical resistivity, j [Wmÿ1 Kÿ1] is the thermal conduc-

tivity and T [K] the temperature. The performance param-

eter ZT is very useful in Seebeck sensing devices, such as

infrared thermal detectors. In a thermoelectric converter,

another performance factor is more appropriate, which is

the power-factor, PF [WKÿ2 mÿ1]. The PF is defined as the

electric power per unit of area through which the heat

flows, per unit of temperature gradient between the hot

and the cold sides, and is expressed as:

PF ¼ a
2=q ð2Þ

In this context, this paper presents a measurement

methodology for characterizing the behavior and the per-

formance of thermoelectric converters. A set of commercial

modules were used to achieve such a purpose. The thermo-

electric modules model TEC1-12707 presents a contact

area of 40 mm by 40 mm and can work with temperatures

up to 450 K without taking the risk to degrade the quality

of the measurements and thus, putting in jeopardize the

applicability of the proposed method.

2. Measurement setup

The Fig. 1a shows an artist impression of a typical ther-

moelectric converter and the respective physical factors

that determine its operation. If the junctions at the bottom

are heated and those at the top are cooled (producing a

temperature differential) then electron/hole pairs will be

created at the hot end and absorb heat in the process.

The pairs recombine and reject heat at the cold ends. A

voltage potential, the Seebeck voltage, which drives the

hole/electron flow, is created by the temperature differ-

ence between the hot and cold ends of the thermoelectric

elements. The net voltage appears across the bottom of

the thermoelectric element legs. The photography in the

Fig. 1b shows a thermoelectric module model TEC1-

12707 already encapsulated (and for this reason, the ther-

moelectric pairs are not visible).

The measurement setup showed in the Fig. 2 takes in

account the shape of this thermoelectric converter by

mounting one of the faces above a controlled hot-plate

and letting the totality of the other face touching a con-

trolled cooling fan. Additionally, two cooper plates were

placed on both sides of the thermoelectric converter in

order to improve the thermal contact with the hot-plate

and cooling fan. This arrangement favors the precise con-

trol of the heat flow and thus, the precise measurement

of the temperature on both sides by way of a set of two

thermistors connected to a bridge of resistors. The program

for measuring and controlling both the hot-plate and the

cooling fan was implemented with the help of LabView

language for interfacing with the National Instruments

data acquisition board model NI USB-6009. The reasons be-

hind the selection of this data acquisition board was its

low-cost with reasonable specifications for the application

proposed in this paper. The USB interface makes this data

acquisition board especially targeted for fast application

prototyping at low cost and at the same time it allows

the simultaneous acquisition of two signals with a resolu-

tion of fourteen bits and a speed of 24 K samples per sec-

ond. Two digital outputs were used for controlling the

power electronics module responsible for supplying the

hot-plate and the cooling fan.

The procedure used for characterization of the convert-

ers was as follows: The hot-plate temperature and the

cooling fan exhaustion were adjusted in order to keep

the heat flow constant for several resistive loads connected

to the output of the thermoelectric converter. This was

done by implementing two closed-loops controlling sys-

tems with the help of the two thermistors on both sides

of the thermoelectric converter. This controlling scheme

allowed the trimming of both the hot-plate and cooling

fan set-points in order to maintain constant the tempera-

tures in the both sides of the converter. After adjusting

the temperature gradient, the load is connected and a

new temperature adjustment is done in order to provide

the same temperature gradient as before. This is because

the heat flow will depend on the electric current and thus,

a new temperature gradient will be present and must be

adjusted to the original value before the load connection.

Six test temperatures (Ttest = 50, 80, 120, 150, 180, 195 °C)

were used for generating six temperature gradients

(DT = TH ÿ TC = 8, 13, 30, 37, 47, 75 °C, TH and TC are the

temperatures on the hot and cold sides respectively) in or-

der to test the thermoelectric converters and characterize

their behavior. The Table 1 shows the several temperatures

involved on measurements, where it can be observed that

for a given (and fixed) test temperature, Ttest [°C], there is a

ON/OFF temperature range on the hot-plate, TON/TOFF [°C],

to ensure (with the help of the cooling fan) that the tem-

perature on the both sides of the thermoelectric converter

are fixed and kept equal to TH and TC [°C].

After adjusting the test temperature, Ttest, the LabView

program keeps constant the temperature gradient,

DT = TH ÿ TC, (presented above) in order to measure the

voltage at the output of thermoelectric generator, Vout

[mV], and the respective current, Iout [mA]. Measurement

pairs of the voltage and current, {Vout, Iout}, are acquired

while the load resistance, Rload [X], is manually adjusted.

This manual procedure is necessary for getting all the nec-

essary data for doing the plots presented further (e.g., Vout,

Iout, Pout, Rload and Rint). The internal resistance, Rint [X], of

the thermoelectric generator is calculated as follows:

Rint = Vopen/Ishort, where Vopen [mV] is the open-circuit volt-

age and Ishort [mA] is the short-circuit current. All voltages

and currents were measured using an Agilent multimeter

model 34410A with 6½ digits. The maximum voltage error

is {3 lV, 6 lV, 40 lV} for voltages smaller than {100 mV,

1 V, 10 V}, respectively; while the maximum current error

is {40 lA, 60 lA, 0.6 mA} for currents smaller than
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{100 mA, 1 A, 3 A} under voltages smaller than {0.3 V,

0.8 V, 2 V}, respectively. These errors were calculated tak-

ing in account the full-range error obtained from the oper-

ation manual of the Agilent manufacturer [32]. This

multimeter was also used for measuring the short-circuit

currents because the output voltage was always smaller

than the most restrictive acceptable value, e.g., 0.3 V.

3. Experimental results

The first set of tests consisted in the determination of

the V/I (output voltage versus the output current) output

characteristic of the thermoelectric converter. The Fig. 3

shows the output voltage, Vout [mA], versus the output cur-

rent, Iout [mA], for several test temperatures, Ttest [°C], and

thus, for several temperature gradients, DT = TH ÿ TC [°C].

As expected (and the same conclusion applies to the

load-less case), the output voltage increases with the test

temperature, Ttest, (and thus, with the temperature gradi-

ent, DT). This conclusion is valid for the plot of the Fig. 3

and for similar plots, since the test temperatures are such

that the thermoelectric converter is not behind a certain

thermal saturation point. It can be observed a high linear-

ity in all V/I plots and almost the same slope. This means

that the internal resistance of the thermoelectric converter

still constant with the test temperature and load opera-

tions. From these V/I output characteristics it is thus possi-

ble to obtain the internal resistance of the device – see the

Fig. 4. It is possible to observe the clear existence of clus-

ters for a given test temperature. In order to determine

the statistical behavior of these clusters, it was calculated

their medium (li 2 3.51, 3.81, 4.37, 4.04, 4.04, 3.50X)

and standard deviation (ri 2 0.42, 0.33, 0.26, 0.37, 0.37,

0.07X) values as showed in the Fig. 5. Excepting for the

case of the test temperature of 195 °C, the length of the

intervals (the standard deviation) around the center values

of the clusters (their medium) can be considered to have

the same order of magnitude. This indicates a repetition

Fig. 1. (a) Artwork of a thermoelectric converter, where it can be seen that when the heat flows across the junction, an electrical power current is generated

through the Seebeck effect. It can also be observed that practical thermoelectric generators (it is the illustrated case) connect large number of junctions in

series to increase the operating voltage and to better spread the heat flow. [27]. (b) Photography of a fully encapsulated thermoelectric module model TEC1-

12707.
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of a certain pattern on the behavior of the thermoelectric

converter. The possible explanation for this discrepancy

is the variability of the measuring conditions due to the

high test temperature involved in the characterization

process (e.g., calorimetric leaks around the hot-plate, a dif-

ficulty to guarantee the hot-plate and cooling fan set-

points and/or more difficulties to dissipate the heat on

Fig. 2. The measurement setup showing a thermoelectric modules model TEC1-12707 between a controlled hot-plate and a controlled cooling fan. The

personal computer running the LabView software connects to a data acquisition board model NI USB-6009 for controlling the heat flow (by way of the

controlled hot-plate and the cooling fan) and for measure the produced currents and the respective voltages.

Table 1

The several temperatures involved on the measurements and the output voltage of the thermoelectric converter in the absence of any electrical load connected

to it.

Test temperature,

Ttest (°C)

Control temperature, TON–

TOFF (°C)

Hot temperature,

TH (°C)

Cold temperature,

TC (°C)

Temperature gradient,

DT (°C)

Open-circuit voltage,

Vopen (mV)

50 49.9–51 47 39 8 400

80 79.9–82.2 62 49 13 810

120 118–121 80 50 30 1450

150 148–150.5 98 61 37 1970

180 177.8–180.2 117 70 47 2430

195 191.5–196 126 75 51 2630
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Fig. 3. The output voltage, Vout [mA], versus the output current, Iout [mA],

for several test temperatures, Ttest [°C].

Fig. 4. The internal resistance of thermoelectric converter, Rint [X], versus

the output power, Pout [mW], for several test temperatures, Ttest [°C].
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the dissipation that resulted of the convection from the

hot-plate). The central line of the three horizontal lines

represents the medium of the mediums (e.g.,

l = [l1 + l2 + l3 + l4 + l5 + l6]/6 � 3.88X), while the

equal distances between this central line (l) to the top

and the bottom lines is the standard deviation of the stan-

dard deviations (r = standard deviation of the set r1, r2,

r3, r4, r5, r6 � 0.13X). These last two lines are located

on l + r and l ÿ r, respectively. From this analysis, it pos-

sible to conclude that the internal resistance of the ana-

lyzed thermoelectric device is equal to R0 = 3.88X, with a

tolerance equal to DRint = 0.13X, thus, Rint = R0 ± -

DRint = 3.88 ± 0.13X.

An analysis to both plots of the Figs. 3 and 4 allows the

observation of an increasing in the output power, Pout
[mW], with the test temperatures. The explanation for this

observation results from the rise of the temperature gradi-

ent, DT [°C], whose consequence is an increase in the out-

put voltage, Vout [mV]. As high is this output voltage, the

high will be the output current (for a given load resistance,

RL [X]) and therefore will be the dissipated power in the

external load, e.g. Pout = RLIout [mW]. Taking this in account,

and considering several values for the load resistance, it

was also possible to obtain the Fig. 6 for the output power,

Pout [mW], versus the output current, Iout [mA] (or versus

the load resistance, RL [X]). It must be noted that as it hap-

pened with the Fig. 3, this one also illustrates six plots for

the six test temperatures. The Fig. 7 is an alternative set of

plots, but for the output power, Pout [mW], versus the out-

put voltage, Vout [mA] and once again for the six test

temperatures.

The analysis done to the open-circuit voltage, Vopen

[mV], measured at the output of the thermoelectric con-

verter allowed to plot the graph of the Fig. 8 as function

of the temperature gradient, DT [°C]. A quadratic minimi-

zation was applied to the points of the graph of the

Fig. 8, and the following open-voltage function was

obtained:

Vopen ¼ 53:17� DT½mV � ð3Þ

Fig. 5. The medium and standard deviation values of the internal

resistance of the thermoelectric converter, Rint [X], versus the output

power, Pout [mW], for all the test temperatures, Ttest [°C].
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Fig. 6. Output power, Pout [mW], versus the output current, Iout [mA] for

the six test temperatures.
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Fig. 7. Output power, Pout [mW], versus the output voltage, Vout [mA] for

the six test temperatures.
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Fig. 8. The open-circuit voltage, Vopen [mV], as function of the temper-

ature gradient, DT [°C].
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This open-voltage function in conjunction with the

internal resistance of the thermoelectric converter for-

merly obtained allows the definition of a SPICE model of

an equivalent controlled (by the temperature gradient)

voltage source for use in circuit simulations, where the

behavior of the power source must be taken in account.

4. Conclusions

This paper presented a method for characterizing the

behavior of thermoelectric converters. The method is based

on measuring the voltages and currents supplied by the

thermo-converter as a response to variations of the load

resistance. It was used thermoelectric modules model

TEC1-12707 for doing the measurements and the charac-

terization of this device. In spite of being used a commercial

thermoelectric converter, the method can be applied to

other thermoelectric modules that use the Seebeck effect

to convert temperature differences (or temperature gradi-

ents) to voltages (and thus, to supplied currents to certain

resistive loads). The obtained models can be used on simu-

lation tools that use SPICE parameters. The main model of

the thermoelectric converters is composed by an ideal volt-

age source in series with an internal resistance. The open-

circuit voltage Vopen [mV] at the output of the thermoelec-

tric converter depends only from the temperature gradient

DT [°C] (e.g., with Vopen = K � DT – obviously Vopen = 0 V for

DT = 0 °C) whereas the internal resistance is intrinsic to the

thermoelectric converter. Moreover, this serial resistance

has a given tolerance that is also intrinsic to the thermo-

electric converter, e.g., Rint = R0 ±DRint. The measurements

done on the thermoelectric modulesmodel TEC1-12707 re-

sulted on the following SPICE parameters:

Vopen = 53.17 � DT [mV] and Rint = 3.88 ± 0.13X.
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