
Electronic Materials Letters, Vol. 6, No. 3 (2010), pp. 129-134

DOI: 10.3365/eml.2010.09.129 Published 30 September 2010

Estimation of Power Generation from Thermoelectric Devices:
Model Analysis and Performance Measurements
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A realistic model for the electrical output power from a thermoelectric device has been developed. The electrical
contact resistivity, the thermal contact conductivity, and the thickness of an insulating layer and an electrode
were considered to enhance the theoretical model. The maximum output power was achieved in the specific
length of a thermoelement, which was largely dependent on the contact properties and the thickness of the
insulating layer and the electrode.The measured output power from the fabricated thermoelectric device was
understood and compared with the developed model. It was also seen that the derived model can be used
to estimate the output power as a function of the dimension of the thermoelectric device. The optimized
design was essential to enhance the performance of the thermoelectric device for waste heat recovery.
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1. INTRODUCTION

Thermoelectric power generation has attracted much inter-

est due to its applicability to recover waste heat to energy.
[1,2]

The advantage of the thermoelectric power is its compact-

ness, zero green-gas usage, and longlifetime, whereas the

low energy conversion efficiency is main weak point for the

thermoelectric power generation.
[3,4]

 The energy conversion

efficiency of the thermoelectric power generation is directly

related to the temperature environment and the dimension-

less figure of merit, ZT=α
2
T/ρk, where α is the Seebeck

coefficient, ρ is the electrical resistivity, κ is the thermal con-

ductivity, and T is temperature in Kelvin.
[1]

 Researches in a

thermoelectric field had been mostly conducted to find mate-

rials showing better ZT. However, the power generation is

produced from the thermoelectric devices consisted of the p-

type and the n-type thermoelectric materials. Thus it is also

important to investigate the performance of the thermoelec-

tric device as a function of its shape or design effect, manu-

facturing factor, and reliability.
[6]

 Among the many aspects

influencing the performance, it is known that the shape

dimension of the thermoelectric device crucially affects the

performance.
[5-8]

 Many theoretical works were reported to

elucidate the effect of the shape on the performance, whereas

the effect was rarely proved by the experimental works.
[5-8]

G. Min et al. showed the power output of thermoelectric

devices was improved by optimizing the length of the ther-

moelectric element.
[5]

 H. S. Han et al. also reported the effect

of the dimension of the devices on the output performance

and developed the modified model including the tempera-

ture dependence of the electrical properties.
[7]

 However most

of the experimental works were performed by using conven-

tional thermoelectric device. As a result, it is hard to know the

thermoelectric properties of the thermoelectric materials con-

sisting of the devices, resulting in the difficulty to confirm the

theoretical models. In this research, the thermoelectric mate-

rials were produced and then utilized to fabricate the thermo-

electric devices. The dimension of the fabricated devices was

varied to see the effect on the performance. The generated

power from the thermoelectric devices was measured and the

results were compared with the theoretical model.

2. EXPERIMENTAL PROCEDURES

Thermoelectric materials used in fabricating the devices

were produced by the conventional melting process. The p-

type and the n-type materials are the compounds of Bi-Sb-Te*Corresponding author: minwookoh@keri.re.kr
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and Pb-Te-Ag-Sb, respectively. These materials were chosen

because the thermoelectric properties of them were consis-

tently maintained in all ingots made by ourprocedure. It is

thought that the specific melting process and the composi-

tion are not important to investigate the shape effect on the

output power. Thus the details of the melting process are not

presented here. However, the thermoelectric properties of

the p- and the n-type materials are more necessary and

important. The results are listed in Table 1. The electrical

resistivity and the Seebeck coefficient were measured by

using ZEM-3 (ULVAC-RIKO, Japan). The thermal diffusiv-

ity was measured by the laser flash method (NETZSCH,

LFA-457). A differential scanning calorimeter (NETZSCH,

DSC 404C) was used for measurement of the heat capacity.

The densities of the samples were measured by the

Archimedes method. The thermal conductivity was calculated

from the results of the density (d), the heat capacitiy (Cp), and

the thermal diffusivity (λ), using the equation: κ = λCpd. 

Thermoelectric materials were cut to the rectangular

pieces (area = 4×4 mm
2
) for fabricating the thermoelectric

devices. The values of the length of the thermoelectric mate-

rials were varied in the range from 1 mm to 10 mm, in order

to investigate the effect of the length on the output power of

the devices. Thermoelements, namely thermoelectric materi-

als cut into rectangular shape to be used in fabricating the

devices, were directly bonded to the copper electrodes with a

Sn-based conventional solder. The copper electrodes were

bonded on alumina plates by the diffusion bonding in a

reducing atmosphere. 

The experimental setup for measuring the output power of

the thermoelectric devices is composed of a ceramic heater, a

copper block for heat sink, and a data acquisition system.

The thermoelectric devices were placed between the heater

and the copper block. Cooling water was flowed through the

copper block to maintain the temperature of the block. Ther-

mal grease was painted at the interface of the heater, the

device, and the block to reduce the thermal contact resis-

tance (MOMENTIVE YG6111). The heater and the copper

block were pressed with the pressure of 24.5 MPa to reduce

the thermal contact resistance. The output power was mea-

sured by a digital multimeter (Agilent 34970A). K-type ther-

mocouples were inserted into the holes placed in the heater

and the copper block to measure the temperature difference.

The external load resistance was used to obtain the output

power and ranging between 1 mΩ and 20 Ω. After the tem-

perature difference between the heater and the copper block

was stabilized, the open-circuit voltage and close-circuit

voltage were measured at every 10 sec. until the voltage

deviation was converged within 2%. 

3. RESULTS AND DISCUSSION

Schematic feature of the fabricated device is shown in Fig.

1. The unicouple-thermoelectric device was fabricated and

its output power was measured. Thermoelectric power gen-

erated from the device can be theoretically estimated. The

output power is given by

, (1)

where P is the output power, I is the current, Ri is the internal

resistance of the device and the lead wires, RL is the external

load resistance, and ∆T is the temperature. αp and αn is the

Seebeck coefficient of the p-type and the n-type thermoele-

ments, respectively.
[5]

 For simplifying, the absolute value of

both p-type and n-type Seebeck coefficient can be considered

as same: . Eq. 1 is now given by 

. (2)

In Eq. 2, it can be easily known that the output power is

dependent on RL. In order to maximize the output power, RL

should be optimized. At optimized RL, the following equa-

tion is satisfied,

(3)

which yields the equation as follows,

P I2RL

αp αn–( )∆T( )2

RL Ri+( )2
----------------------------------RL= =

α αp αn= =

P
4 α∆T( )2

RL Ri+( )2
----------------------RL=

∂P

∂RL

--------- 0=

Fig. 1. Schematic diagram of the fabricated thermoelectric device.

Table 1.Thermoelectric properties of p-type and n-type thermoelectric
materials used in the fabrication of thermoelectric devices. The See-
beck coefficient (α), the electrical resistivity (ρ), and the thermal con-
ductivity (κ) are the values measured at 323 K.

α (µV/K) ρ (10
-6
 Ωm) κ (W/mK)

p-type 106 4.96 1.82

n-type -322 526 1.09
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. (4)

From Eq. 4, RL=Ri is obtained. It is noticeable that RL

should be identical to Ri to maximize the output power.

When RL is matched with the internal resistance, the maxi-

mum output power is given by,

. (5)

Eq. 5 indicates that maximum output power is only depen-

dent on the temperature difference, the Seebeck coefficient,

and the total electrical resistance of a thermocouple. Assum-

ing temperature difference can be sustained regardless the

dimension of the device, the output power is varied as a func-

tion of the dimension of the thermoelement and given by,

, (6)

where Lp and Ln is the length of the p-type and the n-type

thermoelements, respectively. Ap and An is the cross sectional

area of the p-type and the n-type thermoelements, respec-

tively. In practical, the length of the thermoelements are

design to be equal:L=Lp=Ln. To simplify model, Ap can be

controlled as identical to An:A=Ap=An. Thus Eq. 6 is simpli-

fied as follows,

. (7)

Eq. 7 indicates that the output power is increased as the

length of the thermoelements is decreased and approaches

infinity as the length goes to zero. This behavior is unrealis-

tic in the real situation. This problem arises from the neglect

of the electrical and the thermal contact resistance. As the

length of the thermoelements is decreased, the effect of the

contact resistance on the internal resistance is increased.

When the electrical contact resistance between the elec-

trodes and the thermoelements is considered, the total inter-

nal resistance with the contact resistance (Ric) is given by,

, (8)

where Rc is the total electrical contact resistance, ρpc (ρnc)

is the electrical contact resistivity at the interface between

the p-type (n-type) thermoelement and the electrode.

When the thermal contact conductivity (κc) is taken into

account, the total thermal conductivity with the contact con-

ductivity (κtc) can be expressed as, 

, (9)

where Lt is total length including the thermoelements, the

electrodes, and the insulating plates: Lt=L+2Lc. Lc is the

length between the electrode and the insulating plate. kc is the

averaged thermal contact conductivity of the electrode and

the insulating plate. κc and Lc should be same in both p-type

and n-type legs due to use of the same electrode and the insu-

lating plate, whereas κ should be different in the p-type and

the n-type leg. However, it is assumed that the difference

between κ of the p-type and the n-type is so small that the

identical k is used in whole procedure hereafter.

Although the temperature difference between the hot side

and the cold side is measured as same value of ∆T, actual

temperature difference (∆Tc) at thermoelement is different

from the measured one due to the thermal contact conductiv-

ity. Because the heat flow (q) is constant through the leg, q

can be expressed as,

. (10)

Using Eqs. 9 and 10, ∆Tc is given by,

. (11)

Finally, substituting Ric and ∆Tc for Ri and ∆T in Eq. 5, the

output power with considering the electrical contact resis-

tance and the thermal contact conductivity (Pcmax) is given

by, 

or , (12)

where n = (ρpc+ρnc)/(ρp+ρn). Thus the output power with the

electrical and the thermal contact properties is reduced by a

factor of (1+2n/L)(1+2Lcκ/Lκc). To minimize the reduction of

the output power, the smaller electrical contact resistivity and

the thickness of the electrode and the insulating plate, and the

larger thermal contact conductivity are essential.

The values of the output power without and with the elec-

trical contact resistivity expressed in Eqs. 7 and 12, respec-

tively, are shown in Fig. 2 as a function of the length of the

thermoelement. It should be noted that the output power is

obtained with the measured thermoelectric properties listed

in Table 1. Thus the absolute power and the optimum length

are considered as a realistic value which can be experimen-

tally achievable and applicable. As mentioned earlier, the

output power without the electricalcontact resistivity are

increased as the length is decreased and then approached to

4 α∆T( )2 RL Ri+( )2 4 α∆T( )2RL 2RL 2Ri+( )– 0=

Pmax

α∆T( )2
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-----------------= =
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α∆T( )2
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----------------------------------------------------=
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infinity as the length goes to zero. However, the output

power with the electrical contact resistivity shows the maxi-

mum power at the specific length. This implies that the

sophisticate designing of the thermoelectric device is crucial

for obtaining the maximized output power. The effect of the

electrical contact resistivity is mostly eliminated after 10

mm. As can be expected from Eq. 12, the output power is

increased with the decreasing electrical contact resistivity.

The effect of the thermal contact conductivity on the out-

put power of the device is plotted in Fig. 3 as a function of

the length of the thermoelement. As the thermal contact con-

ductivity is increased, the output power is increased. This is

attributed to the smaller temperature reduction in the Lc

region with the larger κc, which gives the larger temperature

difference between the cold and the hot side of the thermo-

element. If the value of κc is comparable with that of the

thermoelement, the length of the thermoelement can be opti-

mized in the broad range, which means the effect of the vari-

ation of the length near the optimized point on the output

power is negligible. However when the good thermal contact

system can be applicable to the device, the length of the ther-

moelement should be optimized.

The effect of Lc on the output power is shown in Fig. 4 as a

function the length of the thermoelement. As Lc is increased,

the output power is decreased. This can be understood with

the reason mentioned in the result of κc. The larger Lc pre-

sents the larger temperature drop in the region of the elec-

trode and the insulating plate rather than the thermoelement,

resulting in smaller temperature difference at both ends of

the thermoelements and thus smaller output power. It should

be also considered that the length of the thermoelement

should be designed with the consideration of the thickness

the electrode and the insulating plate.

The effect of the temperature difference between the cold

Fig. 2. Thermoelectric output power as a function of the length of the
thermoelements for κc = 5 W/mK, ∆T = 30 K and Lc = 1 mm. The
value of the electrical contact resistivity is varied.

Fig. 3. Thermoelectric output power as a function of the length of the
thermoelements for ρpc = ρnc = 10

-6
Ωm

2
, ∆T = 30 K, and Lc = 1 mm.

The value of the thermal contact conductivity is varied.

Fig. 4. Thermoelectric output power as a function of the length of the
thermoelement for κc = 5 W/mK, ρpc = ρnc = 10

-6
Ωm

2
, and ∆T = 30 K.

The value of the thickness of the insulating plate and the electrode is
varied.
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and the hot side of the device on the output power is shown

in Fig. 5 as a function of the length of the thermoelement. It

is estimated that the output power is increased parabolically

with the increase of the temperature difference as expected

in Eq. 12. The optimized length is about 2.6 mm for all tem-

perature difference and is not dependent on the temperature. 

The experimentally measured output power of the fabricated

device is shown in Fig. 6 as a function of the temperature differ-

ence. As mention earlier, the output power is parabolically

increased as the temperature difference is increased, which is in

accordance with the expected theoretically. The output power is

varied with the change of the length of the thermoelement. There

is no linear relationship between the length and the power,

whereas the maximum output power is achieved in the specific

length of the thermoelement. This may be due to the effect of

the contact properties such as the electrical contact resistivity

and the thermal contact resistivity on the output power.

Figure 7 shows the measured output power as a function

of the length of the thermoelement. The output power is

increased as the temperature difference is increased. The out-

put power is maximized in L = 2 mm. It is known previously

that this maximum point may be related the value of the

electrical contact resistivity, the thermal contact conductiv-

ity, and Lc. To specify the more exact length of the thermo-

element for enhancing the power, the length is varied in the

range of 1 mm to 3 mm. The maximum power is achieved in

L = 1.6 mm, where the output power is larger by a factor of

1.74 than that of L = 2 mm. The optimized length can be also

evaluated from Eq. 12. To have L = 1.6 for the optimization,

it is estimated that κc is in the range of 5 to 10 and ρc is of 10
-10

to 10
-8 Ωm

2
. These values are in the range of the experimen-

tally reported contact properties.
[6]

 Thus the obtained model

is seemed to be good enough to evaluate roughly the opti-

mum length of the thermoelement. To compare directly the

experimental results with the analyzed model, the measure-

ment of the electrical contact resistivity and the thermal con-

tact conductivity may be needed in future work. There are

peculiar points where the value of output power is deviated

from the expected tendency profile. This may be due to the

incomplete fabrication of the device. It is true that the electri-

cal contact resistivity and the thermal contact conductivity

significantly affect the optimized length and these properties

are affected by the fabrication procedure.
[6]

 It should be

noted that the fabrication procedure is handled as sophisti-

cated as possible to maintain the homogeneity in the proper-

ties. However there is difficult to make the excellent bonding

between the thermoelement and the electrode in level of the

laboratory. Most important thing here is that the dependency

of the output power on the length of the thermoelement is

clearly seen, which can be roughly evaluated from the

obtained equation. To enhance the theoretical estimation, the

temperature dependence of the thermoelectric properties and

inhomogeneous properties between the p-type and the n-

type thermoelectric materials may be considered.

4. CONCLUSIONS

The thermoelectric devices were fabricated and the output

power of them was measured as a function of the length of

Fig. 5. Thermoelectric output power as a function of the length of the
thermoelement for κc=5 W/mK, ρpc=ρnc=10

-6
Ωm

2
, and Lc=1 mm.The

value of the temperature difference is varied.
Fig. 6. Measured maximum output power as a function of the temper-
ature difference.
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the thermoelement. The analytical model to estimate output

power as a function of the length was developed and the

results were compared with the experimental results. It is

seen that the maximum power is clearly dependent on the

electrical contact resistivity and the thermal contact conduc-

tivity. The smaller electrical contact resistivity and the larger

thermal contact conductivity are essential to obtain the

enhanced output power. The thickness of the insulating

plates and the electrodes should be minimized to enhance the

output power. The measured output power reveals that the

results are significantly affected by the length of the thermo-

element and the maximum value is achieved in the opti-

mized length. To fabricate the thermoelectric device which

converts the waste heat to the electrical energy as much as

possible, the sophisticate design of the device is necessary. 
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