PROCEEDINGS, 47" Workshop on Geothermal Reservoir Engineering
Stanford University, Stanford, California, February 7-9,2022
SGP-TR-223

An Experimental Method for Fast Evaluating the Function of Thermoelectric Generators

Ting Zhao!2,Kewen Li %", Yuhao Zhu!2, Lin Jia'?, Xiaoyong Hou?, Shuai Wang?,and Mohammed Kaita!?
ISchool of energy resources, China University of Geosciences (Beijing), 29 Xueyuan Road, 100083 Beijing, China
Key laboratory of marine reservoir evolution and hydrocarbon enrichment mechanism, M inistry of Education
3Yangquan Coal Industry Group Co., Ltd.

*Corresponding Author: likewen@cugb.edu.cn

Keywords: Thermoelectric generators, Single pair PN legs, Experimental apparatus, Power generation, Fast evaluation of TEG

ABSTRACT

Thermoelectric generators (TEG) are widely used in many industries. The voltage and output power of TEG chips are critical indicators
to evaluate the performance of TEGs. The conventional method is to directly test the output voltage and power of the whole TEG chip
that contains 127 pairs of PN (P- and N-type) legs (127-PN-TEG). However, the assembling of these PN legs is very time-consuming. In
order toreduce experimental time and the consumption of TEG materials, we proposed an experimental method. We developed the test
apparatus for the rapid evaluation of TEG performance using a TEG chip with a single pair of PN legs (1-PN-TEG). We made several 1-
PN-TEGs and 127-PN-TEGs using the same thermoelectric material (bismuth telluride). We then measured the voltage and the power of
these 1-PN-TEGs and 127-PN-TEGs, respectively. The experimental results were compared and analyzed. The comparison showed that
the voltage of 127-PN-TEG is equal to the voltage of 1-PN-TEG times 127, which implies that we could use the test data of 1-PN-TEG
to evaluate the performance of 127-PN-TEG. Using the experimental device developed in this paper, we also studied the effects of the PN
leg area (cross-sectional area of PN legs) and the pressure applied over the TEGs on the output power of 1-PN-TEG. The experimental
results showed that the power per unit area decreases with an increase in the 1-PN-TEG’s PN leg area when the temperature difference
between the hot and cold sides was constant. Under a specific temperature difference conditions, the open-circuit voltage and the output
power will increase with the pressure applied on the TEG chips.

1. INTRODUCTION

TEG technology can directly transform thermal energy into electricity through the Seebeck effect (Antonino et al., 2018) . It is an
environmental-friendly and energy-saving technology (Jaziri et al., 2019; Wang et al., 2012) .TEG has been used in many fields such
as waste heat recovery (Araiz et al., 2019; Crane et al., 2009) , solar cooling systemno (AI-Nimr, et al., 2020; Li et al., 2015) , hybrid
photovoltaicsystem (Shittuetal.,2019) , solar power generation ( Venkateshwar et al., 2019; Goswami et al., 2020) , and geothermal
development (Li et al., 2020) . TEG technology has become a hot topicin recent years. The voltage and output power of a TEG chip
are key indicators for evaluating TEG performance. M any studies on phase change materials (Selvam et al., 2020) , combustion mode

(Roweet al., 1998; Zhou et al., 2015) , Peltier Effect (Li etal., 2020; Wang et al., 2019) , and mechanical-electrical structures (Chen
et al., 2017) were carried out to improve the thermoelectric power of TEG chips.

TEG chips are composed of many pairs (usually 127 legs) of thermocouples. The materials of thermocouples (Chenget al., 2014; Karami
et al., 2019; Siddique et al., 2019) , the geometry (Barry et al., 2016; Shittuet al., 2020; Chen et al., 2014) , interface layers (Xuan et
al., 2002) , thermoelectric module (Cheng et al., 2014; Jia et al., 2019) , PN leg area and, the length ofthe n-and P-type thermoelectric
legs affect the performance of TEG performance (Liu et al., 2018; Buchalik et al., 2019) . Many other scholars have analyzed the
influence of the factors such as occupancy ratio (Rezania et al., 2014) , thermal conductivity (Rabari et al., 2015) , pressure (Duet
al., 2014; Karthick et al., 2019) on the power of TEG.

Previous studies have mostly used multiple pairs of PN legs to test the performance of TEG chips. Some scholars have performed a
numerical simulation of a pair of PN thermocouples. Forexample, (Schock et al., 2009) used Cobalt/Bi>Tes based thermopile to make
TEG for spacecraft, and its power generation chip contains 1-PN-TEG, with the power per unit area reaching about 0. 136 W-cm™. (W.
Wu ,2020) took a single pair of PN legs as the research object to analy ze the power generation performance of Bi>Tes/SbaTe;s alloy under
low-temperature conditions in the case of constant and variable physical property.

The commonly used thermoelectric material for the low-temperature heat source (264 °C) is bismuth telluride (Bi;Tes-based) material. In
general, the chip is made of 127 pairs of PN legs, copper electrode, ceramic (aluminum) plates. The conventional method to evaluate the
chip performance is to directly test the output voltage and power of the whole TEG chip. However, the assembling of these PN legs to
make a TEG chip for research is time-consuming. To save experimental time and TEG materials, we proposed an experimental method
and developed the test apparatus for rapidly evaluating the performance of a whole TEG chip with 127 PN legs by using a TEG chip with
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a single pair of PN legs. Using the experimental device developed in this study, we verified the feasibility of the proposed method with
the experimental data from both 1-PN-TEG and 127-PN-TEG chips.

2. DESIGN OF TEG CHIP AND THE EXPERIMENTAL DEVICE

2.1 Experimental schematic

Fig. 1 is the schematic of the 1-PN-TEG chip used in this study. One side is the hot side (top side), and the other one is the cold side
(bottom side). Heat is conducted from the hot to the cold side and converted into electric energy. A specific temperature gradient is
generated between the two sides of the device. In a thermoelectric unit, the hot side electrons holes and holes electrons will move towards
the cold side due to the temperature gradient field, resulting in a potential difference between the PN legs. If a digital load is connected to
the circuit, an electric current flow through the circuit, and the direction of the current flows from the cold to hot side in the N legs and
from the hot to the cold side in the P legs.

Ta

@Qﬂ

Figure 1: The schematic of 1-PN-TEG chip.

Because a single pair of PN legs can only generate a small electric potential, multiple PN legs are often connected in series to increase the
electromotive force. In order to compare the voltage generated by the 1-PN-TEG chip with that by the 127-PN-TEG chip, a TEG chip
with 127 PN legs was designed (Fig. 2a) and manufactured (Fig 2b) in our laboratory. The TEG chip that we made for this study had the
similar internal sandwich structure as that of the typical TEG on the market. The reason to make the 127-PN-TEG chips by ourselves,
instead of buying from the market, was that the 1-PN-TEG chips are not available in the market. We had to manufacture the 1-PN-TEG
chips. The property of the materials in the TEG chips from the market may not be the same as that of the materials used for the 1-PN-
TEG chips. Therefore the 127-PN-TEG chips were manufactured in our laboratory in order to make sure that the materials (including
thermoelectric, aluminum for top and bottom plates, and other materials) used in both the 1-PN-TEG and the 127-PN-TEG chips are the
same. This provided the same basis to compare the two types of TEG chips. Note that the voltage generated by a 127-PN-TEG chip should
be closely equal to 127 times of the voltage generated by a 1-PN-TEG chip.

(a) Sectional view.
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40x40 mm?

(b) Picture of a 127-PN-TEG chip manufactured in this study.

Figure 2: S chematic diagram and the picture of a 127-PN-TEG chip.

2.2 Experimental process

A TEG test apparatus was designed in this study and the schematic is shown in Fig. 3. The lower side of the chip was connected to a heat
source provided by the heating device, and the upper side was connected to a water-cooling system. The pressure was applied to make the
water-cooling system, thermoelectric chip, and heat source in close contact. The open-circuit voltage of TEG chips could be recorded
using a digital multimeter.

Temperature increase

Figure 3: Process diagram of TEG testsystem.

3. BUILDING AND INSTALLATION OF EXPERIMENTAL APPARATUS

3.1 Construction of 1-PN-TEG

1-PN-TEG is the core part of the experimental unit, which consists of PN legs, copper plates, aluminum, and heat-conducting silicon
grease. Four 1-PN-TEGs with different area (1-PN-TEG # 1: 1.4x1.4 mm?, 1-PN-TEG # 2: 2.0x2.0 mm?, 1-PN-TEG # 3: 2.6x2.6 mm’,
1-PN-TEG # 4: 4.5x4.5 mm?) are placed on the same aluminum substrate (Fig. 4). Due to the special thickness of 1-PN-TEG # 5, four 1-
PN-TEG #5 is on the same substrate. The chip fabrication procedures are as follows:

(a) A copperplate is placed on the aluminum, and the contact surface between the copper plate and the aluminum is coated with solder
for fixation.

(b) Apply solder on the PN legs of different sections and place them on the copper plate, as shown in Fig. 5. Place another aluminum
coated with a suitable amount of solder paste onit, fix it witha binder clip, and performreflow soldering.
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I-PN-TEG #2 1-PN-TEG #3
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Figure 4: Schematic diagram of the 1-PN-TEGs structure.
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Figure 5: Photos of the four 1-PN-TEG chips.

3.2 Construction of the TEG test apparatus

We designed and built an experimental apparatus to measure the voltage of both 1-PN-TEG and 127-PN-TEG chips. The main parts, the
basic arrangement and the photo of the TEG test system are shown in Fig. 6. The TEG test apparatus designed and constructed in this
study was comprised of a heating device, TEG chips, water-cooling system, pressure sensor, and digital data acquisition tool. The effects
of pressureand PN leg area on the performance of TEG have been investigated using the TEG test apparatus.

During the experiments, a heating device was used to simulate the heat source, with a temperature range of 0 - 450 °C and a control
accuracy of+0.1 °C, as shown in Fig. 6. Theheating device’s upper surface is smooth and flat. Thermally conductive silicone grease was
used for a full and close contact, allowing a good heat transfer to the chips.

The pressure device (HANDPI 0992) is composed of a pressure sensor and a fixing frame, of which pressure range is 10 - 550 N. A
cylindrical high-precision pressure sensor is placed on top of the water-cooled block, and the heating device is on the fixed frame. From
the bottomto the top, the order is: fixed frame, heating device, TEG chip, water cooling block, pressuresensor (Fig. 6). The pressure was
kept constant by adjusting theknob of the pressure gauge, so as to avoid the influence of pressure variation on the power and voltage of
the chips.

The water-cooling sy stem consists of a water-cooling block, a water tank, and a submersible pump. An aluminum water-cooling block is
attached to the cold side of the TEG chips to serve as a heat sink. The inlet and outlet of the water-cooling block are connected to rubber
pipes, as shown in Fig. 6. One end of the rubber pipe is linked to a miniature submersible pump in the water tank. Between the water-
cooling block and the TEG chip, an appropriate amount of thermally conductive silicone grease is applied to reduce the contact thermal
resistance and enhance the thermal conductivity. Besides, a high-precision miniature thermometer is used to measure the water
temperature.

The electric circuit in the TEG test system consists of a data acquisition unit (Agilent 34972) and a digital load which could adjust the
load to match the internal resistance of the TEG chips. The data acquisition unit was connected to the TEG’s electrodes made of copper
plates, and was used to measure the open-circuit voltage and output power ofthe TEG chips.
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Figure 6: Basic structure and photo of the TEG testsystem.

4. RESULTS AND DISCUSSION

Five 1-PN-TEG chips with different parameters were fabricated in this study. Therelated parameters of each chip are shown in Table 1.
The influence of the PN leg area and other factors on the open-circuit voltage of the 1-PN-TEG chips was analyzed. Occupation ratio is
defined as the ratio of the PN leg area to the 1-PN-TEG area (Cheng et al., 2014) .

For all the experiments conducted in this study, the cold side temperature was set to 22 °C in each set, and the temperature difference
between the hot and cold sides was controlled to rise from 25 to 100 °C. An appropriate amount of heat-conducting silicone grease is
applied to the contact surface between the hot side or cold side and 1-PN-TEG chips to reduce the thermal resistance.

Table 1: Parameters of 1-PN-TEG chips.

1-PN-TEG number 1-PN-TEG #1 1-PN-TEG #2 1-PN-TEG # 3 1-PN-TEG # 4 1-PN-TEG # 5
PN leg size (mm?) 1.4x1.4x1.6 2.0x2.0x1.6 2.6x2.6x1.6 4.5%4.5%1.6 1.4x1.4x1.9
Occupation ratio 0.0392 0.08 0.1352 0.405 0.0392

4.1 Effect of temperature difference on TEG performance

Asshownin Fig 7a, the experimental results demonstrate that the open-circuit voltage of 1-PN-TEG chips increases almost linearly with
the temperature difference. This phenomenon observed in small size TEG chips with only one pair of PN legs is consistent with the
experimental data measured in regular large size TEG chips with 127 pairs of PN legs (Li et al., 2020; Li et al., 2020; Cheng et al., 2014,
Li et al., 2019; Liu et al., 2014; Rezania et al., 2013) . Ata temperature difference of 70 °C, the corresponding op en-circuit voltages of

I-PN-TEGs #1, 2,3, 4 are 0.02452, 0.0278, 0.0239, and 0.01765 V respectively. The open-circuit voltage of 1-PN-TEG #4 increases the
smallest.
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The voltage perunit area increases monotonously with the temperature difference as shownin Fig. 7b. It can be seen that the voltage per
unit leg area of 1-PN-TEG # 1 is the maximum. Notethat 1-PN-TEG # 1 has the smallest PN leg area of PN legs. The effect of temp erature
difference onthe voltage per unit leg area at different PN leg areas is more noticeable and more tendentious. The effect of PN leg area on
the voltage will be discussed in next section in more details.
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(a) The voltage of TEG chips vs. temperature difference.
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(b) The voltage perunit area of 1-PN-TEG chips vs. temp erature difference.

Figure 7: The effect of temperature difference on the voltage per unitarea of 1-PN-TEG chips at different PN leg areas.

According to Ohm's law of the closed circuit, the power of the TEG is given by:

P=1U,=1I°R= E'R __ E? 1
TORTO T R4 T Ry 2 O
T+4r

Where P is the power of TEG, r is the internal resistance of the TEG, E is the open-circuit voltage of the TEG, R is the external resistance,
I is the load current, and UR is the voltage on the external resistance.

When R=r,P = Pua,
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Here, Pyax is the maximum power of a TEG.

(2)

We measured the voltage of four 1-PN-TEG chips with different PN leg areas at different temperatures. Then the values of power were

calculated with Eq. 2 according to the experimental data.

Fig. 8ashows that the output power of 1-PN-tegchips with different PN leg areas increases with temperature difference. The output p ower
perunit PN leg area of the 1-PN-TEG chips with temperature difference is shownin Fig. 8b. The tendency is similar to that shown in Fig

7b.
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(a) The power of 1-PN-TEG chips vs. temperature difference at different PN leg areas.
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(b) The power perunit PN leg area of the 1-PN-TEGs vs. temperature difference.

Figure 8: The effect of temperature difference on the voltage per unitarea of 1-PN-TEG chips at different PN leg areas.
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4.2 Influence of PN leg area on TEG performance

The voltage of the 1-PN-TEG chips with different PN leg areas is shown in Fig. 9a. The effect of PN leg area on the voltage is not very
clear. Fig. 9b shows the voltage perunit area of the 1-PN-TEG chips with different PN leg areas. The voltage perunit area of the 1-PN-
TEG chips decreases rapidly with the increase in PN leg area.
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(a) Voltage of 1-PN-TEG chips vs. different PN leg area.
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(b) Voltage perunit area of 1-PN-TEG chips vs. different PN leg area.

Figure 9: The effect of PN leg area on the voltage of the 1-PN-TEG chips (AT was equal to 30, 50, and 70 °C respectively)

Fig. 10a shows the effect of PN leg area on the output power of the 1-PN-TEG chips. It can be seen that the output power of the 1-PN-
TEG chips increases first and then decreases as the PN leg area increases. The power output is maximized at a specific cross-sectional
size, which is 4.0 mm? in this study. Fig 10b shows that the power per unit area of 1-PN-TEG chips decreases with the increases in PN
leg area, which is consistent with the results reported previously (Wanget al., 2019; Du t al., 2014; Karthick et al., 2019; Freunek M. et
al., 2009) .
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(a) The effect of PN leg area on the power of the 1-PN-TEG chips at different temperature differences.
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(b) The effect of PN leg area on the output power ofthe 1-PN-TEG chips perunit PN leg area.

Figure 10: The effect of PN leg area on the power of the 1-PN-TEG chips at different temperature differences.

4.3 Influence of occupation ratio on TEG performance

Fig 11a shows the effect of occupation ratio on the voltage of the 1-PN-TEG chips. It can be seen that the voltage of the 1-PN-TEG chips
first increases and then decreases with the increase of occupation ratio. The effect of occupation ratio on the voltage per unit area of 1-
PN-TEG chips is shown in Fig. 11b. The voltage perunit area decreases rapidly with the increase of occupation ratio.
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(b) The effect of occupation ratio on the voltage of 1-PN-TEG chips per unit area.

Figure 11: The effect of occupation ratio on the voltage of 1-PN-TEG chips at different temperature differences.

As shown in Fig. 12a, the power of 1-PN-TEG chips increases first and then decreases with the increase in occupation ratio. However,
the power per unit area of 1-PN-TEG chips decreases with the increase in occupation ratio (see Fig. 12b). The experimental data from
Cheng etal. (2016) were measured at a temperature difference of 60°C and are also depicted in Fig. 11b. One can see that the power
of 1-PN-TEG chips obtained from this study is almost consistent with the results reported by Cheng et al. (2016) at the temperature
differences.
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Figure 12: The effect of occupation ratio on 1-PN-TEG chips Power at different temperature differences.

4.4 Influence of pressure on open-circuit voltage of the 1-PN-TEG chips

In this study, 1-PN-TEG # 5 was chosen to investigate the effect of pressure on the open-circuit voltage of the 1-PN-TEG chips. Two sets
of pressures (120 and 160 N) were applied to evaluate the pressure effect.

The influence of pressure on the open circuit voltage at different temperature differences is shownin Fig. 13. The results show that the
open-circuit voltage increases with the pressure applied to the chips. For example, the voltage was enhanced from 0.0169 to 0.01728 V
when the pressureis increased from 120 to 160 N (AT = 45 °C).
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Figure 13: The influence of pressure on open-circuit voltage of the 1-PN-TEG # 5.

Fig. 14 shows the relationship between the pressure and the output power of 1-PN-TEG #5. It can be seen that the output power of 1-PN-
TEG # 5 also increases with the pressure and the temperature difference, which is consistent with the results reported by Du et al. The
reason behind the above observation might be because that increasing the pressure could enhance the degree of contact between the 1-
PN-TEG chips and heat sources.
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Figure 14: The influence of pressure on the output power of the 1-PN-TEG #5.

4.5 Feasibility analysis through the voltage and power comparison between 1-PN-TEG and 127-PN-TEG chips.

The main purpose of this paper is to develop an experimental methodology and the apparatus to rapidly evaluate the performance of a
whole TEG chip with 127 PN legs by usinga simple TEG chip with only one pair of PN legs. The approach to verifying the feasibility of
the proposed method is to compare the experimental data from both 1-PN-TEG and 127-PN-TEG chips. Theoretically the voltage or
power generated by a 127-PN-TEG chip should be closely equal to 127 times of the voltage or power generated by a 1-PN-TEG chip.
This is based on the assumption that thel27 pairs of PN legs in the 127-PN-TEG chip are connected seriously. The feasibility of the
proposed method will be analyzed and discussed in this section.

TEG chips with different size but the same material were made in our laboratory and were used for the feasibility verification. These chips

are: I-PN-TEG# 1 (1.4x1.4x1.6 mm®), -PN-TEG # 5 (1.4x1.4x1.9 mm®), 127-PN-TEG # 1 (1.4x1.4x1.6 mm®), and 127-PN-TEG# 5
(1.4x1.4x1.9 mm®). The voltage and power of 1-PN-TEG times 127 with 127-PN-TEG were measured by using the experimental

12
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apparatus developed in this study. Theresults are demonstrated and compared in Fig. 15. During the experiments, the external pressure
applied to the chips was 160 N. One can see that the voltage generated by a 127-PN-TEG chip was closely equal to 127 times of the
voltage generated by a 1-PN-TEG chip. M ore specifically, the voltage of a 127-PN-TEG chip was a little less than 127 times of the voltage
ofa 1-PN-TEG chip, especially at higher temperature differences. This is actually reasonable because of the effect of the contact resistance
on the voltage of the 127-PN-TEG chip.
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Figure 15: Comparison of the voltage of 1-PN-TEG (times 127) with that of 127-PN-TEGs.

The relationships between the power and the temperature difference in both 1-PN-TEG and 127-PN-TEG chips can be matched by the
same type of mathematical model, i.e., quadratic equation (Fig.16).
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(a) 127-PN-TEG # 1 and 1-PN-TEG # 1 times 127.
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Figure 16: Comparison of the output power of 1-PN-TEGs times 127 and 127-PN-TEGs.

5. CONCLUSIONS

This paper proposed an experimental method and developed a test apparatus to fast evaluate the performance of 127-PN-TEG by using
the experimental data of 1-PN-TEG. At the same time, we also studied the influences of the temperature difference, the PN leg area, and
the pressure on the output power of the TEG chips. The following conclusions may be obtained:

(1). The open-circuit voltage and the output power ofthe 127-PN-TEG chips measured experimentally were almost equal to those of the
1-PN-TEG chips by multiplying 127 at the same temperature differences.

(2). The open-circuit voltage and output power of 1-PN-TEG increased first and decreased as the PN leg area increases. The power output
was maximized at a specific cross-sectional size, which was 2.0x2.0 mm? in this study.

(3). The open-circuit voltage and output power of 1-PN-TEG increased with the applied pressure when the temp erature difference between
the cold and hot sides of the 1-PN-TEG was kept constant.

(4). The open-circuit voltage and output power of 1-PN-TEG increased with the temperature difference between the cold and hot sides as
well as the 127-PN-TEG.

(5). Using thetest apparatus developed in this article, it is possibleto evaluate the performance of a TEG chip with 127 PN legs by using
the experimental data from a TEG chip with only one PN leg.
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