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Three different methods for predicting the Seebeck coefficient and power generation of a commercial available
thermoelectric cooler (TEC)module are used and compared to the experimental data. Method 1 and 2 are devel-
oped based on mathematical models and Method 3 is established in terms of experimental measurements.
Method 3 considers the effect of cooling condition, whereas Method 1 and 2 don't. Two different temperatures
at the cold side of the TECmodule are also considered to account for the influence of cooling condition on the per-
formance of the TEC. The power generation of the TECmodulewith low-temperature cooling is at least 5% higher
than that with normal cooling. Method 3 gives the best prediction in open circuit voltage and power generation.
Basically, the threemethods are able to evaluate the properties and performance of a TEC easily, thereby provid-
ing useful tools for designing and constructing a TE generation system.

© 2014 International Energy Initiative. Published by Elsevier Inc. All rights reserved.
Introduction

Thermoelectric coolers (TECs) are one of the coolers used for refrig-
eration. They are based on the Peltier effect (Gurevich and Logvinov,
2005; Meng et al., 2014a; Wang et al., 2012a; Chen et al., 2014a).
When the electric power is applied, heat energy will be absorbed on
one side of the TEC and dissipated on the other side so as to achieve
cooling purpose. The cooling performances of commercial TECs can be
evaluated by several parameters, such as the maximum temperature
difference (ΔTmax), themaximum absorbed heat (Qc,max), the coefficient
of performance (COP), and the figure of merit (Z). In general, the first
two parameters, ΔTmax and Qc,max, of the commercial TECs are provided
bymanufacturers. Themaximum temperature difference (ΔTmax) across
the TEC is identified when the absorbed heat or cooling power is equal
to zero, whereas the maximum absorbed heat (Qc,max) develops when
ΔT is zero. COP is the ratio of absorbed heat to applied electric power,
and Z is defined by Ioffe (1957), Mahan (1989), Abramzon (2007) and
Wang et al. (2014)

Z ¼ a2

ρe
ð1Þ
886 6 2389940.
).
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where α, ρe, and k are the Seebeck coefficient (V K−1), electrical
resistivity (Ω m), and thermal conductivity (W m−1 K−1), respec-
tively. A higher value of COP or Z value leads to a better performance
of TEC.

Compared with other coolers, TECs possess numerous benefits, such
as direct electric energy conversion, compact structure without moving
parts causing vibration or noise, no refrigerants, high reliability, low
maintenance fee, and easy control (Simons et al., 2005; Huang et al.,
2005; Wang et al., 2012b). Consequently, much research has been car-
ried out in recent years (Wu and Hung, 2009; Martinez et al., 2011;
Chen et al., 2012a). Among the related research, the concept of TECs
for power generation was developed by Min and Rowe (1998). They
noted that commercially available TECs could also be used to recover
low-temperature waste heat and generate power but not just used for
refrigeration.Waste heat can be found extensively in industrial process-
es (Chen et al., 2005; Chen and Syu, 2011) and no cost is requiredwhen
it is reused. Therefore, TECs are a potential device to fulfill electricity
generation from waste heat. Some researchers have employed TECs
for thermoelectric power generation (Maneewan and Chindaruksa,
2009; Chen et al., 2012b). This conversion process by transforming
heat energy into electricity is based on the Seebeck effect (Meng et al.,
2014b; Meng et al., 2015; Chen et al., 2014b). The conversion efficiency
of TECs is relatively low, typically around 5% (Riffat andMa, 2003). Nev-
ertheless, this drawback can be resolved when the heat energy comes
from waste heat (Riffat and Ma, 2003; Bell, 2008). Besides, compared
with TE generators (TEGs) originally designed for TE power generation,
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Nomenclature

A cross-sectional area of thermoelectric element (m2)
B constant (V)
C constant (V K−1)
D constant (depends on the used data)
COP coefficient of performance (dimensionless)
I electric current (A)
k thermal conductivity (Wm−1 K−1)
L length of thermoelectric element (m)
N number of thermoelectric pairs (dimensionless)
P power (W)
Qc cooling power (W)
T temperature (°C)
Tw temperature of water in the tank (°C)
V voltage (V)
Z thermoelectric figure-of-merit (K−1)

Greek letters
a Seebeck coefficient (V K−1)
ΔT temperature difference across the thermoelectric mod-

ule (°C)
ρe electrical resistivity (Ω m)

Subscript
c cold side
H heating surface
h hot side
l load
oc open circuit
out output
max maximum
w water
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TECs, which have lower cost, are more suitable to be used for low-
temperature waste heat recovery (Chen et al., 2012b).

However, unlike the cooling performance, the parameters to access
the power generation of TECs are hardly found in the datasheet provid-
ed by manufacturers. Therefore, several researchers have explored the
procedure to obtain the interior parameters or material properties of
TECs. Huang et al. (2000) utilized fully automatic testing instruments
to acquire the properties of TECs. Luo (2008) presented a mathematical
method to estimate the characteristics of TECs. Although the parameters
obtained from the experiment are more precise than those from the
mathematical method to predict the performances of TECs in a real
situation, the automatic testing instruments are not accessible for
users. Hence, the mathematical method presented by Luo (2008) is
more feasible for users to select the appropriate TECs (Palacios et al.,
2009). Similar research can be found for TEGs.Woo and Lee (2003) con-
ducted an experiment to find the relationship between the generated
voltage and temperature difference across a TEG. Hsu et al. (2011)
also constructed an experimental system and proposed the concept of
effective Seebeck coefficient to discuss the inconsistency between the
theoretical analyses and measured results.

This study is intended to predict the performances of a TEC obtained
using variousmathematicalmodels and comparewith the experimental
measurements. An experimental system is constructed to obtain the
power generation of the TEC at certain conditions. Particular attention
is paid to the performances of the TEC at two different cooling situations
with one the low-temperature cooling condition (Tw ≅ 1 °C) and the
other the normal cooling condition (Tw ≅ 30 °C). The mathematical
models presented by Luo (2008) and Woo and Lee (2003) will be
used to calculate the parameters and power generation of the TEC for
comparison.

Methodology

Mathematical model

For TEC users, there are two simple ways to estimate the properties
of TEC (Luo, 2008). When these methods are adopted, some assump-
tions have to be made. They include: (1) the steady state running;
(2) no heat loss from convection and radiation; (3) no contact resis-
tance; (4) the equivalent scales of p- and n-type elements in each TE
pair; and (5) no temperature dependence of material properties. In
addition, the hot side temperature of the TEC (Th), the number of the
TE pairs inside the TEC (N), and the length (L) and cross-area (A) of
the element have to be known. A TE pair is composed of a p-type ele-
ment, an n-type element, and conductors to connect the two elements,
as shown in Fig. 1. Four parameters of ΔTmax, Qc,max, Imax, and Vmax are
available in the datasheet which are used for the two methods. ΔTmax

and Qc,max have been illustrated earlier; Imax is the electric current
resulting in ΔTmax, and Vmax is the voltage applied on the TEC at I =
Imax and ΔT = ΔTmax. Method 1 uses three parameters of ΔTmax, Imax,
and Vmax to predict the properties of the TEC as the following
(Luo, 2008).

α ¼ 1
2N

� Vmax

Th
ð1Þ

ρe ¼
A

2NL
� Vmax Th−ΔTmaxð Þ

Imax Th
ð2Þ

k ¼ L
2NA

� Imax Vmax Th−ΔTmaxð Þ
ThΔTmax

: ð3Þ

Method 2 uses Qc,max, Imax, and Vmax to predict the properties of the
TEC as follows (Luo, 2008).

α ¼ 1
N
� Qc;max

Imax Th þ ΔTmaxð Þ ð4Þ

ρe ¼
A
NL

� Qc;max Th−ΔTmaxð Þ
I2max Th þ ΔTmaxð Þ ð5Þ

k ¼ L
2NA

� Qc;max Th−ΔTmaxð Þ
ΔTmax Th þ ΔTmaxð Þ : ð6Þ

After getting the material properties, the open circuit voltage and
output power of the TEC for the two methods can be obtained by

Voc ¼ α ΔT ð7Þ

Pout ¼ α ΔT−IRð Þ I ð8Þ

where R is the internal resistance of the TEC and it can be measured or
calculated by the following equation

R ¼ 2Nρe
L
A
: ð9Þ

The Seebeck coefficient of the TEC can also be obtained from the
work of Woo and Lee (2003). Although they used the experimental
results to find the relationship between the open circuit voltage (Voc)
and the temperature difference (ΔT), the experimental system was
simpler than that in the work of Huang et al. (2000). Therefore, the
work ofWoo and Lee (2003) is useful for userswhohave simpler equip-
ment and it is referred to as Method 3 herein. In their work, the linear
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Fig. 1. The schematic of Seebeck effect of a TE pair.
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relationship between theVoc andΔT is given as the following form (Woo
and Lee, 2003)

Voc ¼ Bþ CΔT ð10Þ

where B and C are constants. In this method, the Seebeck coefficient is
calculated by neglecting the constant B and using the constant C as
follows

α≈ C
2N

¼ 1
2N

� Voc

ΔT
: ð11Þ

Then, the output power of the TEC is predicted by Eq. (8) where R is
measured from the experiment.

As shown above, the power generation of the TEC can be predicted
as long as the Seebeck coefficient and the temperature difference are
known. Therefore, this study is intended to use the given temperature
Fig. 2. The schematic of the
differences and the calculated Seebeck coefficients to estimate the
power generation of the TEC.
Experimental system

To compare with the results obtained from the aforementioned
methods, an experiment system was developed. The experimental sys-
tem, as shown in Fig. 2, wasmade up of a heater (MS41N), an aluminum
plate, a TEC module, a heat sink with the cold fluid loop, a compressive
load, an electronic load, and a data acquisition unit. The heater was built
by a cartridge heaterwhichwas situated in an aluminumblock. The alu-
minum platewas used tomake temperature measurement easier at the
hot side. The size and characteristics of the TECmodule (TECCP-24-002)
adopted for study are listed in Table 1. The aluminum plate and the heat
sink covered by thermal grease were attached to the TEC. The cold fluid
loop comprised a pump, a tank (5 L), a radiator with two axial fans, a
flow meter (RRI-010/050), pipes, and a coolant (water or ice water).
experimental system.



Table 1
Physical sizes and characteristics of the tested thermoelectric cooling (TEC)
module.

Module TECCP-24-002

No. of TE pairs (−) 127
Length, width, height (mm) 40, 40, 3.3
Imax (A) 10
Vmax (V) 15.4
Qc,max (W) 88.9
ΔTmax (°C) 67

a

°

≅ °

≅ °
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The compressive load attached to the heat sink was used to reduce the
thermal contact resistance. The electronic load (Chromas 6312A and
63102A) was employed as the external load. The data acquisition unit
included a computer and three PLC modules; type numbers of the PLC
modules are FBs-TC16, FBs-6AD, and FBs-20MA. In addition, K-type
thermocouples were used to measure the hot side (Th) and cold side
(Tc) temperatures of the TEC and the temperature of water in the tank
(Tw).

Experimental procedure

In the experiments, the heaterwith temperature controller (MS41N)
continuously supplied thermal energy to the TEC, and the temperature
of the heater was adjusted to reach the desired temperature difference
across the TEC. The upper limit of heating temperature was about 200
°C since it was the maximum operating temperature of the TEC. The
TEC then converted thermal energy to electricity, as shown in Fig. 1.
The residual thermal energy at the cold side was removed by the heat
sink and cold fluid loop. At the cooling side, two different coolants
were taken into account. One was the mixture of water and ice which
could make the temperature of the coolant around 1 °C; the other was
water alone whose temperature was maintained at around 30 °C.
When the first coolant was used, it was referred to as the low-
temperature cooling condition, whereas it was referred to as the normal
cooling condition for the second coolant. The flow rate of the coolants
was fixed at 1.0 L min−1 and it was controlled by the pump and mea-
sured by the flowmeter. The compressive load attached to the heat
sinks was set at 60 psi which was sufficiently large to diminish the
gaps and thermal contact resistances of the interfaces. The electricity
°

°

°

≅

≅

Fig. 3. Distributions of open circuit voltage (Voc) versus hot side temperature (Th) at two
different cooling conditions.
generated by the TECwasmeasured by the electronic load. Allmeasured
data, including the temperature difference across the TEC, the open
circuit voltage, and the output power of the TEC, were recorded by the
data acquisition unit for further analysis.

The resolutions of the flow meter, electronic load, and thermocou-
ples were 0.01 L min−1, 1.25 mV, and 0.1 °C, respectively. From the
concepts of Kline (1985) and Coleman and Steele (1989), the uncertain-
ty of the experiments was smaller than 5% so that the experimental
results were reliable. Moreover, each case has been tested at least
twice and the repeatability of the experiments has been ensured.

Results and discussion

Effect of cooling condition

First of all, the two different coolants are used to explore the effect of
cooling conditions on the power generation of the TEC. The distributions
b

≅ °

°

°

≅

Fig. 4.Distributions of output power (Pout) versushot side temperature at (a) I=0.7A and
(b) I = 1.0 A under two different cooling conditions.
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of open circuit voltage with increasing hot side temperature at the two
cooling conditions are shown in Fig. 3. It is clear that the curve of the
open circuit voltage at the low-temperature cooling condition is higher
than that at the normal cooling condition. The profiles of output power
with increasing hot side temperature at the electric currents of 0.7 and
1.0 A are plotted in Fig. 4a and b, respectively. The profiles of output
power at the low-temperature cooling condition are also higher than
the other one, regardless of which electric current is used. This can be
explained by the temperature difference across the TEC becomes larger
when the hot side temperature is fixed and the cold side has a lower
temperature. In general, the larger the temperature difference, the
better the TE power generation.

To proceed farther into an analysis of the TEC performance at the
two cooling conditions, the distributions of the open circuit voltage
and output power of the TEC versus the temperature difference across
the TEC are plotted in Figs. 5 and 6, respectively. Overall, when the tem-
perature difference is the same, the power generation of the TEC at the
low-temperature cooling condition is higher than that at the normal
one of at least 5%. This is due to the temperature dependence of the
material properties of the TEC. Specifically, the material properties of
the TEC will affect the value of Z(=α2/ρe k) and thereby the perfor-
mance of the TEC at different cooling conditions. From Figs. 5 and 6, it
is recognized that the Z value of the TEC is higher at the low-
temperature cooling condition. Therefore, the TEC generates more
power when the coolant temperature is lower.

Furthermore, the improvement of the performance of the TEC in
accordance with the variation of the open circuit voltage or output
power at the two cooling conditions are defined as the following

Improvement of performance %ð Þ ¼
Dlow−temperature−Dnormal

���
���

Dnormal
� 100

ð12Þ

where D denotes the open circuit voltage or the output power. The
distributions of the improvement are presented in Fig. 7. For the open
circuit voltage, its improvement is between 4.7 and 15.8% (Fig. 7a),
where the maximum and the minimum improvements occur at the
temperature differences of 120 and 80 °C, respectively. With regard to
the output power, its improvement can be lifted up to 69.4 (at ΔT =
°≅

°≅

°Δ

Fig. 5. Distributions of open circuit voltage versus temperature difference (ΔT) at two dif-
ferent cooling conditions.
80 °C) and 58.6% (at ΔT = 120 °C) when the electric currents are 0.7
and 1.0 A, respectively. These results clearly reflect that the operation
of the TEC with low-temperature cooling is able to enhance its
performance.

Calculations of Seebeck coefficient and power generation

Subsequently, the properties of the TEC are evaluated from the
aforementioned three methods and they are further used to predict
the power generation of the TEC. The parameters required in Method
1 andMethod 2 are given in Table 1. ConsideringMethod 1, thematerial
properties are calculated from Eqs. (1)–(3) and the Seebeck coefficient
from the calculation is around 2.021 × 10−4 V K−1. Accordingly, the
values of output power of the TEC at various electric currents can be
predicted from Eqs. (7)–(9) where the estimated internal resistance is
around 1.20Ω. Alternatively, Eqs (4)–(9) are used inMethod 2. The cal-
culated Seebeck coefficient and internal resistance are around
b

°≅

°≅

°Δ

Fig. 6. Distributions of output power versus temperature difference at (a) I = 0.7 A and
(b) I = 1.0 A under two different cooling conditions.
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1.907 × 10−4 V K−1 and 0.97Ω, respectively. In regard toMethod 3, the
evaluation is based on the experimental data. The data of the open cir-
cuit voltage of the TEC at various temperature differences have been
displayed in Fig. 5 and they are used inMethod 3. Through the linear re-
gression, the open circuit voltage and the Seebeck coefficient can be ob-
tained in the form of Eq. (10) and the regressed equations arewritten as
follows

Voc ¼ 0:3421
þ 0:0479ΔT at low‐temperature cooling condition; Tw≅1

�C
� �

ð13Þ
Voc ¼ 0:0069
þ 0:0466 T at normal cooling condition; Tw≅30

�C
� �

: ð14Þ

It should be noted that there are two sets of experimental data from

the two cooling conditions, so two Seebeck coefficients are obtained
a

b

°Δ

°Δ

Fig. 7. Variations in percentage of (a) open circuit voltage and (b) output power versus
temperature difference.
from Method 3 in terms of Eq. (11). The values of Seebeck coefficient at
the low-temperature and normal cooling conditions are 1.887 × 10−4

and1.835×10−4 VK−1, respectively. Then, the output power canbepre-
dicted by Eq. (8) where the internal resistance is measured and its value
is 3.54 Ω.

Error analysis of prediction

The predicted results of Seebeck coefficient from the three methods
are plotted in Fig. 8. The Seebeck coefficient gotten fromMethod 1 is the
highest, whereas it is the lowest from Method 3 at the normal cooling
condition. The obtained Seebeck coefficient from Method 2 is lower
than that fromMethod 1 but higher than that fromMethod 3. It should
be pointed out that the Seebeck coefficient of Method 3 at the low-
temperature cooling condition is higher than that at the normal one
around 5.2 μV K−1. This behavior is consistent with the observations
in Fig. 6 where the performance of the TEC at the low-temperature
cooling condition is better.

The predicted open circuit voltage based on the three methods are
compared with the experimental data and shown in Fig. 9. As a whole,
the predictions are close to the experimental results, regardless of
whichmethod is adopted. At present, the relative error of the predicted
result is defined by

Relative error %ð Þ ¼
Dprediction−Dexperiment

���
���

Dexperiment
� 100: ð15Þ

For the low-temperature cooling condition, the maximum relative
errors of the open circuit voltage from Methods 1, 2, and 3 are 3.1, 8.6,
and 2.0%, respectively, and the average relative errors from the three
methods are 2.4, 5.2, and 1.1%, respectively, as listed in Table 2. For
the case of normal cooling condition, the average errors in the open cir-
cuit voltage from the threemethods are 9.7, 3.5, and 1.3%.With empha-
sis shifted to the output power, Fig. 10 depicts that the difference
between the predictions and the experiments are not as good as those
in Fig. 9. Specifically, with the condition of low-temperature cooling,
the average errors of output power from Methods 1, 2, and 3 at I =
0.7 A are 33.3, 29.1, 25.5%, respectively, and they are 56.7, 53.0, and
29.7% at I = 1.0 A (Table 2). For the case of normal cooling condition,
the average errors of output power from the three methods at I =
°≅

°

°

α

≅

μ

Fig. 8. Distributions of Seebeck coefficient predicted from three different methods.
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Fig. 9. Distributions of open circuit voltage from experiments and predictions.
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Fig. 10. Distributions of output power from experiments and predictions at (a) I = 0.7 A
and (b) I = 1.0 A.
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0.7 A are 91.1, 85.0, 9.3%, respectively, and they are 149.0, 142.9, and
18.3% at I = 1.0 A.

These results reveal that Method 3 gives the most precise predic-
tions in the performance of the TEC. This arises from the fact that the
predictions of Method 3 are based on the experimental measurements
in part, whereas Methods 1 and 2 merely use the parameters which
are provided in the datasheet at specified conditions. Table 2 also indi-
cates that the relative errors of Method 1 and Method 2 in Fig. 9 are
smaller than those in Fig. 10. Only one calculated property, the Seebeck
coefficient, is used when the open circuit voltage is evaluated, as
expressed in Eq. (7). Once the output power is predicted, two calculated
properties, including the Seebeck coefficient and internal resistance, are
required, as written in Eq. (8). The uncertainty of the prediction rises
when the calculated properties increase. This is the reason that the
predictions of the open circuit voltage have smaller relative errors
compared with those of the output power.

It is worthy of note that the relative error of output power becomes
more pronouncedwhen the electric current is enlarged (Fig. 10). This is
attributed to the Peltier effect which is not considered in the predic-
tions. When the electric current increases, the influence of the Peltier
effect on the performance of TEC tends to grow (Chen et al., 2012b;
Zhu et al., 2011) and this makes the prediction more deviate from the
experiment, especially forMethods 1 and 2 at the normal cooling condi-
tion and I=1.0 A (Table 2). In summary, the threemethods possess the
merit of easy prediction in the performance of a TEC module without
complicated mathematical operations or experimental equipment, but
Table 2
A list of average relative errors (%) of open circuit voltage and output power at two differ-
ent cooling conditions.

Method 1 2 2

Open circuit voltage
Low-temperature cooling 2.4 5.2 1.1
Normal cooling 9.7 3.5 1.3

Output power
Low-temperature cooling
I = 0.7 A 33.3 29.1 25.5
I = 1.0 A 56.7 53.0 29.7

Normal cooling
I = 0.7 A 91.1 85.0 9.3
I = 1.0 A 149.0 142.9 18.3
it is inappropriate to predict the output power of the TEC module
using when the Peltier effect is significant.

Prediction of output power

Because the predictions of TEC performance fromMethod 3 is better
than from the other two methods, the predictions of output power
curve corresponding to varied electric current from Method 3 at the
two different cooling conditions are displayed in Fig. 11 where three
different temperature differences (ΔT = 80, 140, and 190 °C) are
considered. For the low-temperature cooling condition, corresponding
to the cases of ΔT = 80, 140, and 190 °C the maximum output powers
are exhibited at the currents of 0.54, 0.94, and 1.28 A, respectively
(Fig. 11a). Basically, the curves at the normal cooling condition
(Fig. 11b) are very close to those at the low-temperature cooling condi-
tion. It should be addressed that the optimal currents for different tem-
perature differences are easy to be obtained based on Method 3.
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Fig. 11. Distributions of output power versus electric current at (a) the low-temperature
cooling condition and (b) the normal cooling condition.
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Fig. 12. Distributions of output power versus temperature difference from Method 2 and
numerical simulations.
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Therefore, the adopted methods are able to provide useful information
in designing and constructing experiments for power generation from
TEC modules.

Finally, a numerical method based on a finite element scheme
(ANSYS v12.0.1) is carried out to simulate the power generation of the
TECmodule. The details of the numerical model can be found in a previ-
ous study (Wang et al., 2012b). The operating conditions of the numer-
ical model are the same as those of the experiments and the material
properties are obtained by Method 2. The predicted output power
from Method 2 and the numerical simulation are displayed in Fig. 12.
The isothermal contours along a TE pair under the conditions of low-
temperature cooling, ΔT = 190 °C, and I = 1 A are also demonstrated.
The numerical simulations agree well with the theoretical data. Howev-
er, the coolant temperature at a givenΔT plays nopart in altering output
power and it is different from the experimental results (Fig. 10). This is
because the material properties used in Method 2 and the numerical
simulation are constant. In reality, they are inherently affected by
temperature in a thermoelectric system.

Conclusions

An accurate prediction in the performance of TEC is conducive to the
design of a power generation system through the thermoelectric effect.
Three different methods have been employed to evaluate the perfor-
mance of a TECmodule for power generation. Two different cooling sit-
uations, including a low-temperature cooling operation and a normal
cooling operation, are also regarded. From the experimental measure-
ments, the TEC has a higher power generation at the low-temperature
cooling condition than at the normal one and the improvement is over
5% under the same temperature difference. Accordingly, TECs are not
only suitable for the low-temperature waste heat recovery but also for
the operation at low-temperature cooling conditions. In Methods 1
and 2, the Seebeck coefficient and output power can be obtained direct-
ly from formulas without experimental measurements. They possess
the merit of easy prediction, but the relative errors are higher since
the temperature variation at the cold side of the TEC is not taken into
account. With the aid of experimental data and the consideration of
cooling temperature at the cold side, Method 3 gives the most accurate
predictions in open circuit voltage and output power. Therefore, users
who have simple instruments can make their selection of TEC more
appropriate from Method 3. However, it is inappropriate to predict the
performance using the three methods when the electric current is
high to a certain extent, as a consequence of disregarding the Peltier
effect. The optimal current corresponding to the maximum output
power can also be obtained easily from the methods, so they can be
applied for the design of the TEC system for power generation.
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