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Abstract: The thermal-electric conversion efficiency is a crucial metric for evaluating the performance
of a thermoelectric generator (TEG). However, accurate measurement of this efficiency remains a
significant challenge due to various factors that impact heat flow measurements. We have observed
that temperature fluctuations during temperature control are the primary factor contributing to
measurement errors in heat flow under vacuum conditions. To address this issue, we have developed
a time-dependent theoretical model for the thermal-electric coupling of a TEG measurement system
based on Fourier’s theory of heat conduction. This model allows us to investigate the effects of both
temperature fluctuation and structural parameters on the measurement error of TEG performance.
Furthermore, we have proposed an error correction scheme for TEG performance based on our
theoretical and experimental findings. These insights provide a theoretical framework and technical
guidance for more precise measurements of TEG performance.
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1. Introduction

Thermoelectric generators (TEGs) can directly convert heat into electricity via the
Seebeck effect of thermoelectric (TE) materials, which have been widely used in the fields of
aerospace [1], microelectronic devices, and low-grade heat recovery due to the advantages
of high power density, ultra silent, and no emission [2,3]. Thermal-electric conversion
efficiency is an important index in evaluating the performance of a TEG, which is the ratio
of the output power to the input thermal energy. Since the maximum conversion efficiency

of a TEG firmly depends on the TE figure of merit ZT (ZT = ”SKZ T where § is the Seebeck
coefficient, o is the electric conductivity, « is the thermal conductivity, and T is the absolute
temperature) [4], many efforts have been made to improve the conversion efficiency of
TEGs by optimizing ZT values.

Actually, remarkable achievement on TE materials has been obtained in recent years.
As commercially available TE materials, the reported p-type Bi,Tez-based material fabri-
cated via liquid-phase compaction has a peak ZT of 1.86 at 320 K [5], while the n-type Bi,Tes
sample with the recorded maximum and average ZT values of ~1.4 and ~1.3, respectively, at
temperatures of 300 K-575 K was obtained through introducing electron transport potential
wells and texturing [6]. In addition, Tsai et al. [7] achieved a high ZT values of >2.6 in
Sb,Tes-doped GeTe. Liu et al. [8] demonstrated that Cu can fill Sn vacancies in SnSe crystals
to weaken defects scattering and boost carrier mobility, facilitating an average ZT of ~2.2 at
300 K to 773 K. The continuous optimization of TE materials provides sufficient guarantee
in the performance optimization of TEGs.
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Both the interfacial optimization and structure design are devoted to improving the
performance of TEGs. The interfacial resistivity is the main parameter that needs to be
suppressed due to its significant impact on the performance of TEGs. The interfacial
resistivity of Bi,Tes-based TEGs is suppressed to 10 pQ)-cm? by pressure in the fabricat-
ing process, leading to a 44% improvement of conversion efficiency from commercial
devices [9]. The low interfacial resistivity (<1 pQ-cm?) is realized in MgCuSb/MgAgSb
junction by using the semimetal MgCuSb as an interface material [10]. The interfacial
thermal resistance between TE legs and electrodes is reduced by 3.90-17.0% when con-
sidering the near-field thermal radiation effect [11]. In addition to suppressing interfacial
resistivity, the structure design is also an effective way to improve the performance of TEGs.
For example, Yi et al. [12] developed a theoretical model to optimize the thermal-electric
coupling of the TEG system, which is improved by more than 80% of the conversion
efficiency. Wang et al. [13] improved the output power and the conversion efficiency of
commercial TEGs by 43.1% and 9.67%, respectively, by optimizing the TE leg geometry.
Huang et al. [14] improved the compatibility between p-type and n-type TE materials by
adjusting the ratio of cross-sectional areas, realizing a conversion efficiency of 6.24% under
a temperature gradient of 300 K in the GeTe-based TEG.

Accurate measurement of the conversion efficiency is a prerequisite for evaluating the
performance of TEGs. To this end, advanced measurement methods and equipment for
TEGs were developed [15,16]. However, the measurement error in the performance of TEGs
is hard to be totally eliminated due to various impact factors, especially in the measuring
process of heat flow [17]. In the measurement process of the TEG, a heat source and a heat
sink should be separately subjected to two ends of a TEG, while the heat flow is derived
by the temperature gradient of a standard block with known thermal conductivity [18].
With the aid of the hybrid transient CFD-thermoelectric numerical models, the output
power and the conversion efficiency of a TEG were predicted to have an error of 2.90%
and 18.53%, respectively, due to the effect of the unstable heat source [19]. The heat sink
is the most significant contributor to the measurement error of heat flow for a stable heat
source. Current research on heat sinks has found that the air-cooling exchange consumes
the least amount of auxiliary energy [20], while the heat pipe cooling exchanger is more
effective [21]. In addition, Wang et al. [22] determined the optimal performance of the
TEG system corresponding to a suitable size of fins. Zheng et al. [23] investigated the
theoretical modeling of TEG using direct evaporative cooling, and the results show that the
output power and the efficiency are increased 100.53 and 10.53 times higher than without
evaporative cooling, respectively. The most widely used method of cooling TEGs is to
flow cool water over the cold side of the TEG. The use of heat pipe cooling in the vacuum
environment avoids the influence of heat convection on the test results, but the temperature
fluctuation of the low temperature control unit is hard to avoid [24]. However, the study on
the effect of temperature fluctuation of the heat sink on the output heat flow is still absence
from the literature, which motivates our current work.

In order to analyze the influence of temperature fluctuation on the measurement
results of a TEG, we established an unsteady heat transfer model with Dirichlet bound-
ary conditions and Neumann boundary conditions based on the theory of Fourier heat
conduction. The theoretical results were validated by using the finite element modeling
(FEM), and the measurement error induced by the temperature fluctuation was reduced by
changing the size and material parameters of a standard block. In addition, a correction
formula was proposed from the theoretical result to make correction on the measured heat
flow. Our study effectively avoided the negative effect of temperature fluctuation on heat
flow measurement by reducing the maximum error from 11% at the temperature difference
of AT = 60K and 6.6% at AT = 90K to 1.2% and 0.87%, respectively. It is hoped that our
research can provide the theoretical basis on the accurate measurement of the performance
of TEGs, particularly in the field of low-grade heat harvesting.
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2. Theoretical Analysis and Experimental Method
2.1. Theoretical Solution

During the measurement of a TEG, the cold end of the TEG is in contact with a
standard block, and the temperature at the bottom of the standard block is controlled by a
temperature control unit, as shown in Figure 1a. The distance between the two temperature
points 1 and 2 is d, and the heat energy in the standard block flows from point 2 to point 1.
According to the Fourier heat conduction, the heat flow in the standard block can be
expressed as:

g=" A (Zi"z Tl), M)
where « is the thermal conductivity and A is the cross-sectional area of the standard block,
and T; and T, are the temperatures at points 1 and 2, respectively. Generally, the heat
energy is measured in a steady state with values, independent of time. However, the
temperature fluctuation always exists at the bottom of the standard block, and the range of
temperature fluctuation depends on the temperature control accuracy of the temperature
control unit, resulting in a time-dependent temperature field in the measurement system.
For example, when the temperature difference between the hot and cold ends of the TEG
is 60 K, the temperature control unit with an accuracy of £0.35 K leads to a temperature
field at point 1, shown in Figure 1b, in which the accuracy of the temperature measurement
system is £0.05 K. Results show that the temperature oscillation conforms a sinusoidal
distribution, which can be expressed as:

T(0,t) = Ty + asin(wt), 2)

where « is the amplitude of the sinusoidal part of the temperature at point 1.

283.51 e Experimental
¥ Fitted curve
_283.0¢
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~
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Figure 1. (a) Schematic of heat transfer in a standard block; (b) temperature fluctuation at point
1 when the accuracy of the temperature control unit is £0.35 K and the accuracy of the temperature
measurement system is 3-0.05 K.

According to the theory of Fourier heat conduction, the equation governing the heat
flux and temperature are as follows [25]:

oT « 9°T
oT  0q(x,t)
oy = o 4)

q(d, t) = qo, (5)
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where p and c are the density and the specific heat capacity of the standard block, respec-
tively. We assume that the heat flux is conservative in the standard block, and then

Noting that the temperature at the initial state conforms:

Th—-T
T(x,0)=Ti + =——x, (7)

the general solution of Equation (3) can be solved based on the parameter separation

method as:
T(x,t) =exp <—;C/\t) [Blsin (\/Xx) + Bzcos(\/Xxﬂ , (8)

where By and B, are the unknown coefficients that can be determined by boundary condi-
tions, and A is a constant chosen by the separated variable method. Substituting Equation
(8) into Equation (1), the heat flow of the standard block can be derived as:

qout( ) = qin(x,t) = @
— AT (x,t)=T(x1,1)

[x1—x7]

exp( pcx\t) Blsin(ﬁxz) +Bzcos(\/Xx2) )
—exp(—%)\t [Blsin(ﬁxl)—b—Bzcos(\/Xxl }

[x1—x2]

KA

where x1 and x; are the coordinates of the temperature measurement point, which are known
quantities. In addition, the energy conversion efficiency of the TEG can be expressed as:

n = P+q " x 100%
x 100%

exp (f%)\t) [Blsm (\/sz) + Bycos (ﬂxz)} ‘ (10)
—exp(—pé‘c/\t) {Blsin (\/Xxl) + Bzcos(ﬂxl)}

1 -]

KA

P+

On the other hand, the actual value of the heat flow at the cold end of the TEG
can be calculated using the thermoelectric coupling model [26], resulting in a heat flow
measurement error as:

E(x,t) = ge — qs, (11)

where g, is the experimental data and g is the calculated value.

2.2. Experimental Method

The schematic diagram of the measurement system is presented in Figure 2a. To
prevent heat convection, a TEG was placed inside a vacuum chamber during the mea-
surements. Heat energy was conducted through a copper block to reach the hot end of
the TEG. The cold end of the TEG was connected to a standard block and subsequently
to a temperature control unit. An electronic load meter and a multi-channel temperature
tester were utilized to measure the output power and temperatures. Figure 2b provides
an example of determining the output power. When there was a temperature difference
between the two ends of the TEG, the electric current of the electronic load was adjusted to
determine the maximum output power. Additionally, p-type and n-type BiyTez-based TE
materials were utilized as the TE legs, with their material parameters provided in Figure 3.



Energies 2024, 17, 1036

50f11

standard block

L 0.15
~
Electronic
| Load Meter | TEG T, Multi- ?:
Channel
T. Temperature 0.12 -
standard block 2 Tester

- o  Experimental

- 0.09] Fitted curve

|

0.1 0.2 0.3 0.4
1(A)

(@) (b)
Figure 2. (a) Schematic diagram of the TEG measurement system; (b) the measured output power at

the temperature difference AT = 30 K, in which the measurement accuracy of the output power is
1 mW.
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Figure 3. Material parameters of BiyTez-based TE legs: (a) the Seebeck coefficient; (b) thermal
conductivity; (c) electric conductivity; (d) ZT.

Furthermore, the theoretical model of the TEG was validated through finite element
modeling (FEM) using the software “ANSYS”. This model incorporated two copper-clad
alumina (CCA) components with a dimension of 40 x 40 mm?, 127 pairs of TE legs, as
well as an external resistance. The material parameters of TE legs are provided in Figure 3,
whereas the material properties of electrodes and alumina were retrieved from the material
databases within the software. The “Thermoelectric” physics was applied to the FEM. The
boundary conditions were set according to the theoretical model and the experimental
setup. The software simulation calculated the theoretical value of the output heat flow for
comparison and analysis with the experimental data.

3. Results and Discussion
3.1. Theoretical Model Validation

To begin with, the boundary conditions were set according to the experimental setup.
For a temperature control system of heat sink with an accuracy of £0.35 K, the temperature
at point 1 was confirmed to be 282.8 K, and the heat flow at point 2 was confirmed to be
2.1 W/cm? when there was a temperature difference of 60 K between the hot and cold
ends of the TEG. When the temperature difference between the hot and cold ends of the



Energies 2024, 17, 1036

60of 11

TEG was 90 K, the temperature at point 1 was 283.9 K and the heat flux at point 2 was
3.1W/cm?,

Furthermore, Figure 4a presents the theoretical and numerical values of the output
heat flow under a temperature boundary condition given by Equation (2). It was observed
that the theoretical results align well with the numerical outcomes. Detailed analysis reveals
that there were relative errors of 0.35% at 60 K and 0.43% at 90 K between the theoretical
and numerical results, which indicates that the theoretical solution holds high credibility.
Additionally, the theoretical results were verified by comparing the theoretical conversion
efficiency with experimental data. Figure 4b shows theoretical and experimental output
power values at the temperature difference AT= 60 K, which indicates that the relative error
of the output power between the theoretical results and the experimental data was only
1.35%. In summary, the theoretical model of TEGs was validated through both the FEM
and the experimental data, which proves that the theoretical results had high credibility.

60
@ Experimental
36 — Simulated
o ) a9
A40 L 9 f?)
3 z34 3
S = AT=60K Simulated S
20; = AT=60K Theoretical o
— AT=90K Simulated 2L & ]
[+ *)
0 = AT=90K Theoretical . . . . .
0 500 1000 1500 2000 0 200 400 600 800
t(s) £(s)
(a) (b)

Figure 4. (a) Simulated and theoretical output heat flows of the TEG under the temperature differences
of 60 K and 90 K; (b) comparison of theoretical and experimental output power at AT = 60 K.

3.2. Parametric Analysis

The temperature fluctuations of the temperature control unit resulted in periodic
changes in the temperature of the standard block, which in turn led to periodic variations
in the output heat flow and power of the TEG. The temperature-dependent output power
of the TEG is presented in Figure 5, indicating that the fluctuation in output power was less
than 1% for each cycle of heat flow change during the test. Therefore, the impact of heat
flow fluctuations on the output power can be disregarded when calculating the conversion
efficiency of the TEG. For simplicity, we considered the output power as the average value
in our study of conversion efficiency.

o Experimental
0.715| — Fitted curve
3
e 0.710}
9o
< o
0.705%

0 100 200 300
1(s)

Figure 5. Fluctuation of the output power in the time of one cycle of heat flow change.
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The impact of temperature fluctuations on the heat flow of the standard block is
depicted in Figure 6. In this figure, the thermal conductivity of the standard block was set
at 400 W/(m-K), while the temperature control unit experienced a £0.35 K fluctuation over
a period of 320 s. Figure 6a reveals that as the height of the standard block decreased, the
relative error in the measurement results also decreased. The results displayed in Figure 6b
indicate that as the thermal conductivity of the standard block decreased, the relative error
decreased. Figure 6¢ reveals that the error remained below 1% when the period exceeded
1200 s. Finally, Figure 6d demonstrates that the measurement error was independent of the
distance between the two temperature measurement points.

38] ——7-40 mm —— L=60 mm 40}  ——«=200 W/(m-K)
—— =80 mm = =100 mm 3gl T K400 Wi(mK)
~36} ——L=120 mm —~ — k=600 W/(m-K)
2 236  —— =800 W/(mK)
4]
=3 T34]
321 32

300 600 900 1200

t(s)
(a)

300 600 900 1200

t(s)
(b)

, 38
38 ——T1p=300s ——T1,=600s e Ax=40 mm = Ax=60 mm
—Tp:900 S —Tp:1200 S 36l — Ax=80 mm
~36f ——7,=15005 -
2 € 34
>34 S
327 32L

300 600 900 1200 300 600 900 1200
t(s) t(s)
(c) (d)

Figure 6. Hear flow under the conditions of the height of the standard block (a), the thermal
conductivity of the standard block (b), the period of temperature change at the bottom of the standard
block (c), and the distance between two temperature points (d).

3.3. Error Correction

The output heat flow and the conversion efficiency exhibited by the TEG during three
cycles of temperature fluctuations of the temperature control unit are depicted in Figure 7.
Figure 7a, b specifically illustrate the heat flow and the conversion efficiency observed when
the temperature difference between the hot and cold ends of the TEG was maintained at
60 K. The results indicate that the heat flow oscillated periodically around a standard value
calculated by the FEM. Upon comparing the maximum and minimum values of the output
heat flow, it was revealed that the error between the peak and the valley output heat flow
amounted to 11%. Analogously, the discrepancy between the maximum and minimum
values of the conversion efficiency also attained 11%. Figure 7c,d further demonstrate
that when the temperature difference was increased to 90 K, the relative error between the
extrema (maximum and minimum) values of both the output heat flow and the conversion
efficiency narrowed down to 6.6%.
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Figure 7. Output heat flow and conversion efficiency diagrams of the thermoelectric generator:
(a) heat flow at AT = 60 K; (b) conversion efficiency at AT = 60 K; (c) heat flow at AT =90 K;
(d) conversion efficiency at AT =90 K.

As the output heat flow exhibited oscillations around the standard value with a
consistent amplitude, the error could be significantly minimized by taking the average of
experimental results over multiple cycles. Figure 8 illustrates the average relative errors
of the measured output heat flow for temperature differences of 60 K and 90 K, which
amounted to 2.7% and 1.4%, respectively. The relative error was calculated as:

Rg(x, t) - |q

qs

0 200

400 600 800
£(s)

19 = sl 1000,

(12)

Figure 8. Relative error of the output heat flow before correction, in which R, =2.7%at AT = 60K
and R, = 1.4% at AT = 90 K, where R, is the average relative error.
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The theoretical results indicate that the output heat flow was influenced by the thermal
conductivity and the cross-sectional area of the standard block, as well as the location of
the temperature points and the time. In contrast, the numerical results suggest that the
output heat flow was independent of the position of the temperature measurement point.
When the period of temperature change at the low-temperature end of the heat-conducting
block was 320 s, the period of the time-dependent output heat flow could be considered as
320 s. Consequently, two expressions for the corrected values with respect to the height of
the standard block and the thermal conductivity can be proposed. Both the height and the
thermal conductivity of the standard block are included in the expression of correction as:

Co(L,x,t) = (a1L2 +aL+az+bin(x) — bz)sin(wt), (13)

where L is the standard block height and a (j = 1,2,3) are the unknown coefficients that can
be fitted with the data shown in Figure 6a, while b; and b, can be derived from the data
shown in Figure 6b. Therefore, the corrected output heat flow (gx) can be expressed as:

Gx = fe + Cv(x, t) (14)

To rectify the measured results of the output heat flow, Equation (14) was applied to the
experimental data. As displayed in Figure 9, the mean values of the corrected output heat
flow test results for the TEG were 34.0 W and 50.3 W for temperature differences of 60 K and
90 K, respectively. Notably, the relative errors were reduced to 1.2% and 0.87%, respectively.
The average relative errors of the corrected output heat flow were reduced by 55.6% and
37.9% when compared to the initial experimental data. These findings suggest that the
modified formula effectively mitigates the measurement errors caused by temperature
fluctuations of the temperature control unit.

4
50 (R BRI ® AT=60K
I B 9D o ATUK g o
45 9 1nax(51.6)
= o AT=60K
40t @ AT=90K
sl o  4,,048)
RERER RRRTS
30l . . " 4 33.0) . . . |
0 200 400 600 800 0 200 400 600 800
t(s) £(s)

(@ (b)

Figure 9. (a) Corrected output heat flow; (b) corrected relative error, in which R, =1.2% at AT = 60 K
and R, =0.87% at AT =90 K.

4. Conclusions

This paper examines the impact of temperature fluctuations in the temperature control
unit on the measured performance of a TEG. Initially, we derived the time-varying tem-
perature field of the TEG test system using the heat conduction equation. The theoretical
results indicate that the output heat flow and the conversion efficiency of the TEG exhibited
periodic fluctuations due to temperature fluctuations. We investigated the effects of various
parameters on the output heat flow, including the height of a standard block, the ther-
mal conductivity, the temperature fluctuation period, and the location of the temperature
measurement point. Our findings reveal that the fluctuation amplitude of the measured
output heat flow can be fitted using a polynomial function with respect to the height of
the standard block and a logarithmic function with respect to the thermal conductivity of
the standard block. Additionally, we observed that as the temperature change period of
the temperature control unit increased, the average relative error of the output heat flow
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decreased. Notably, the measured output heat flow remained unaffected by the location of
the temperature measurement point. Based on these findings, we developed a correction
formula that took into account the thermal conductivity and structural parameters of the
standard block. This formula successfully reduced the relative error of output heat flow by
more than 50%, leading to more accurate measurements in TEG conversion efficiency.
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