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ARTICLE INFO ABSTRACT
Keywords: Thermal and electrical contact resistances (TCR and ECR) of thermoelectric generator (TEG) exert essential
Thermoelectric generator impacts on its performance. In this study, through a series of experiments these two important properties have
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Artificial neural network

been estimated in a wide range of thermal and mechanical conditions, and with different interfacial materials.
The magnitudes of the overall TCR were found in the range of (1.12-2.00) x 1073 m®K/W with air, (0.82-1.81)
x 1072 m2.K/W with graphene sheet, and (3.61-8.37) x 10 m%K/W with thermal grease as interfacial ma-
terials when the heat-source temperature varied from 348.15 K to 598.15 K and the imposed pressure load from
266 kPa to 1266 kPa. Importantly, the detailed TCRs at different locations across the TEG system were also
analyzed. The dominant components, which occupy more than 80 % of the overall TCR, have been identified at
the interfaces of the thermoelectric module contacting the heat source and heat sink. In our experiment, the
corresponding ECRs under the same working conditions were (1.03-1.52) x 10~° Q-m?, (0.56-9.60) x 107'°
Q-m?, and (1.05-6.23) x 10° Q-m?, respectively. Moreover, it is revealed that the TEG system delivered better
performance at relatively low TCR and ECR when it operated at a high heat-source temperature, a large pressure
load and using thermal grease as interfacial material. In addition to these experimental findings, a novel fully-
connected feed-forward artificial neural network (ANN) model was also proposed to predict the overall TCR.
It is shown that such an ANN model, as a promising approach, can achieve a cost-effective TCR prediction in
good accuracy, with the mean square error and correlation coefficient being 2.36 x 10~ and 99.4 %, respec-
tively. These numerical and experimental results in this study will be of particular value for future TEG design
and optimization.

wearable electronic equipment [4,5], ocean thermal energy harvest
[6,7], solar energy capture [8-10], stove heat recovery [11,12], and
automotive waste heat harvest [13,14].

To characterize the TEG performance, two important properties are
introduced, i.e., the maximum conversion efficiency

1. Introduction

The last several decades have witnessed deteriorating global warm-
ing and air pollution caused by the large-scale consumption of fossil
fuels. This poses grave challenges to the sustainable development of V1+ZT -1 AT

t?day’s human society. Tremendotils endeavors to Iteduce carbon emis- Mnax = m T, M
sions have been carried out, ranging from reshaping the energy con-

sumption structure to developing advanced energy conversion and maximum power output

technologies. Among various progress, thermoelectric generator (TEG) )

is one of the environmentally friendly and promising energy conversion J (SAT)" )
(EC) devices, which directly obtains electricity under a temperature ARG

gradient based on the so-called Seebeck effect [1]. Such an EC device where T, and T}, are the temperatures on the cold and hot sides of the
also has a simple structure and delivers reliable and noise-free perfor- TEG module, and AT is their difference. ZT, S and R”™ represent the

mance. Due to these distinct advantages, TEG has been widely used in a

dimensionless figure of merit, Seebeck coefficient and electrical
large variety of engineering applications, including spaceship [2,3],
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Nomenclature

Symbols

A cross sectional area (m?)

b bias of the node

Ceoy covariance

f activation function

h height (m)

1 unit matrix

J Jacobian matrix

L distance (m)

N number of TE couples

n number of experimental data

P power output (W)

Py pressure load (kPa)

q heat transfer rate (W)

R thermal resistance (K/W)

Ry thermal contact resistance (m?-K/W)
SRt uncertainty of the overall TCR

Rg electrical contact resistance (Q-m?)
SRg uncertainty of the ECR

Ro electrical resistance (Q)

r correlation coefficient (%)

S Seebeck coefficient

T temperature (K)

AT temperature difference upon TEG (K)
AT, temperature difference upon TE legs (K)
Voc open-circuit voltage

w weight of the node

X input of the node

y output

Ypre predicted data

Yexp experimental data

Greek symbols

n conversion efficiency (%)

A thermal conductivity (W/(m-K))

H positive constant in Eq. (24)

p electrical resistivity (Q-m)

o electrical conductivity (S/m)

Acronyms

ANN artificial neural network

AAD average absolute deviation (%)

ECR electrical contact resistance (Q-m?)
MSE mean square error

RD relative deviation (%)

TCR thermal contact resistance (m?-K/W)
TE thermoelectric

TEG thermoelectric generator

ZT dimensionless figure of merit
Subscripts

a air

al aluminium block

Superscripts

c cold side on the surface of heat sink
ce ceramic

el copper electrodes

sV vertical direction of graphene sheet
g .H horizontal direction of graphene sheet
h hot side on the top surface of aluminium block
ht heat source

i i" component

I layer I

II layer II

I layer III

leg TE legs

max maximum

n n-type TE material

P p-type TE material

tg thermal grease

w water bath

c cold side on the surface of heat sink
e external

el copper electrodes

h hot side on the top surface of aluminium block
i internal

leg TE legs

resistance of the TEG module [15,16]. Equations (1) and (2) indicate
that high values of ZT and AT will lead to high ,,,, and a large Py, thus
directing to better TEG performance. In line with this understanding,
immense efforts, including doping [17,18], alloys [19,20] and nano-
structures [21], have been made in the literature in fabricating novel TE
materials at large ZT. Meanwhile, considerable attention was also paid
to establishing or maintaining a large temperature difference between
the hot and cold sides of the TEG module, AT. For example, Refs. [14,22]
have proposed some interesting designs integrating high-efficiency heat
pipes into the TEG systems. Ref. [23] studied a TEG system utilizing heat
exchangers between the heat reservoir and TEG module. To be rigorous,
the TEG performance is of direct relevance to the temperature difference
upon the TE legs, ATy, rather than AT. In practice, the former is actually
lower than the latter due to the existence of thermal contact resistance
(TCR) among different components of the TEG [24]. Therefore, a large
AT does not always mean a large AT,, and would not necessarily lead to
high TEG performance if the TEG system suffers from significant TCR.
Refs.[25,26] theoretically analyzed an annular thermoelectric couple,
and found that the inclusion of TCR resulted in a reduced AT, and thus a
smaller P, and lower 7, in comparison to the case ignoring TCR.
Furthermore, the results in Ref. [27] revealed that there was a

discrepancy of 28.8 % in Py, between the TEGs with and without TCR
being considered. It is worth pointing out that TCR often deteriorates the
TEG performance along with electrical contact resistance (ECR) between
copper electrodes and TE legs in the TEG. Still in Ref. [27], it is found
that in the case with the leg length | = 3.2 mm, the P,,, of the TEG
dropped by 18 % when both TCR and ECR were included. When the leg
length shrank to [ = 0.2 mm, the reduction in P, jumped to 90 %. In
addition, the results with TCR and ECR also showed the optimal length
of TE legs was much longer than their counterparts without TCR and
ECR effects [26,28].

All the aforementioned studies have indicated that an accurate TEG
design and its performance assessment necessitate definite estimations
of TCR and ECR in the system. For TCR of a TEG, there are three main
methods in the literature to estimate its value. The first one is based on
its definition, i.e.,Rr = (AT/q)A, where AT and q represent the tem-
perature difference and heat transfer rate across the interface between
two contacting surfaces. A is the interfacial area. It makes use of tem-
perature measurements and thermal properties of the used materials to
specify AT and g. This method was widely used in today’s TCR esti-
mation [29-31]. Sakamoto et al. [29] carried out experiments based on
this method to estimate TCR of TEGs with different thermal interfacial
materials (Whity Paint, PF20-G3, TC-50TXS, TSU700-H, and SC102) in a
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Fig. 1. Schematic of a TEG system with its ECR and TCRs at different locations.

temperature range of 600-900 K. In their study, the values of TCR were
as low as 5.8 x 107® m2.K/W and 5.7 x 107> m?-K/W, respectively,
when Whity Paint and TSU700-H were employed. Also, Wang et al. [30]
estimated the overall TCR of their TEG using the same method, and
obtained their TCR in the range of 8.06 x 107% —1.33 x 1073 m2.K/W
under different pressure loads. As to the second method, it follows the
same thought to estimate TCR based on its definition; however, the heat
transfer rate and temperature difference through the contacting surfaces
are obtained by taking the advantage of the instantaneous response
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difference between the electric field and temperature field when the TEG
shifts from its open-circuit mode to its closed-circuit mode. [32,33].
With this method, Buchalik et al. [32] estimated the total TCR of their
TEG ranging from 3.14 x 10~* m2-K/W to 6.59 x 10~* m?2.K/W. Pitarch
et al. [33] specified the external TCR on the hot and cold sides of a
commercial TEG module at 3.57 x 10~* m?-K/W when the interfacial
material was thermal grease. The third method to estimate TCR is
through use of electrical impedance spectroscopy. For example, Pitarch
et al.[34] used this method to evaluate the internal TCR between the
copper electrodes and ceramic layers, and obtained its magnitudes
ranging from 2.2 x 107 to 1.26 x 107> m2-K/W at the room tempera-
ture. As for ECR in TEG, although important, very limited work has been
carried out. Ref. [35] proposed a scanning probe method to estimate the
ECR of a TE leg, and successfully obtained that it was approximately
equal to 7 x 1071% Q.m2. So far, all these aforementioned publications
focus on either TCR or ECR. They do not provide comprehensive esti-
mations of both TCR and ECR in their TEG systems. Moreover, a detailed
understanding of TCRs at different locations in a TEG is unavailable yet.

In this study, we tackle these issues through a series of experiments
on a TEG system operating in a large variety of working conditions. We
investigate the dependence of the relevant TCR and ECR at different
heat-source temperatures, pressure loads and interfacial materials.
Importantly, we evaluate the magnitudes of TCR components at
different locations and identify the major contribution to the overall
TCR of the TEG. These results provide rich and valuable references for

Lol
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Fig. 2. The experimental setup of the TEG system. (a) front view; (b) enlarged view of the TEG rig; (c) schematic of the TEG rig with temperature measurement
points. 1-power supply, 2-water bath, 3-pressure sensor, 4-TEG rig, 5-data logger, 6-electronic load, 7-TEG module, 8-aluminium block, 9-alumina ceramic heater

(heat source), 10-thermocouples, 11-aerogel blanket, 12-heat sink.
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Fig. 3. Temperature measurement points in the aluminium block.

future TEG design and its performance optimization. Besides these
experimental studies, a novel and efficient artificial neural network
model is also proposed for TCR prediction in this study. Through its
numerical simulations, we demonstrate it as a promising and cost-
effective approach for TCR prediction in future TEG applications.

The rest of the study is organized as follows: The experimental setup,
test methodology, thermal and electric analyses on TCR and ECR esti-
mation, and uncertainty analysis on experimental measurements are
presented in Section 2. In Section 3, we elaborate the TCRs at different
locations and the ECR variations of a TEG system operating in a wide
range of heat-source temperatures and pressure loads, and using three
different interfacial materials. The corresponding TEG performance is
also discussed in this section. In Section 4, an ANN model based on the
experimental data is proposed, and its accuracy and effectiveness for
TCR prediction are examined. Finally, the conclusions are summarized
in Section 5.

2. Experiment for TCR and ECR estimation

In this section, a TEG system is built up and a series of experiments
are conducted to estimate its TCR and ECR. In particular, the overall
TCR of the TEG is decomposed into the external and internal compo-
nents, i.e., RS and R. The former includes the TCR at the interface be-
tween the heat source and the hot side of the TEG, R’}, and its
counterpart between the heat sink and the cold side, RS. For R, it
consists of the TCRs among ceramics, copper electrodes and TE legs, as
shown in Fig. 1. As to the ECR, Rg, it exists between copper electrodes
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and TE legs. This property, together with the aforementioned TCRs, is
evaluated in our experiments based on the real-time and onsite mea-
surements of the voltage, current and temperatures at different locations
of the TEG setup.

2.1. Experimental setup and test methodology

2.1.1. Experimental setup

Fig. 2 shows the experimental setup in this study. It contains a power
supply, a thermostatic water bath, a heat sink, a pressure controller, a
TEG module, an electronic load, and a data logger. The power supply
was used to provide heat to an MCH alumina ceramic heating sheet,
which played a role as the heat source in experiment. Its temperature
was modulated by a built-in PID controller. The TEG module in use was
TEG1-12708 (Sageron, China) with 127 pairs of TE legs. Its heat was
taken away by a water loop from a thermostatic water bath (Blue In-
strument Technology, China). To better estimate the heat transfer rate
towards this TEG module, an aluminium block (AL 6061-T6) was
inserted between it and the heat source. This block, together with the
TEG module, was covered by an aerogel blanket. Moreover, the TEG
module was connected with an external electronic load (IT8513A+,
Itech, USA), by which its output voltage, current and power were
recorded. In experiment, all pressure loads imposed on the TEG setup
were measured and regulated by a pressure sensor (JHBM-H1, Zhong-
wan Jinnuo, China, with accuracy of 0.49 N) and a pressure controller.

To gain in-situ temperature measurements, 12 thermal couples were
allocated across the TEG setup, as shown in Fig. 2(c). To be specific, two
adhesive fast response surface thermocouples (SA1XL-K-SRTC, Omega,
USA) were attached on the hot and cold ceramic surfaces of the TEG
module, respectively, while another (SCAIN-062U-6-SHX, Omega, USA)
was inserted into the bottom surface of the heat sink. To estimate the
heat transfer rate from the heat source to the TEG module, the other
thermocouples (SCAIN-062U-6-SHX, Omega, USA) were inserted into
nine cavities (each with a depth of 20 mm) evenly distributed into three
layers along the aluminium block, as shown in Fig. 3. The accuracy of all
thermocouples has been calibrated within +0.1 °C, and their measure-
ments were collected by a data logger (349704, Keysight, USA). It is also
worth mentioning that the voltage and the current recorded by the
electronic load have a resolution of 0.1 mV and 0.1 mA, respectively.

In experiment, two interfacial materials, i.e., graphene sheet (Zhix-
ian Rexinxi, China) and thermal grease (VK-887, Weiyujk, China), were
employed at both the hot and cold sides of the TEG module. The former
is chosen because it has extra high thermal conductivity in the hori-
zontal and vertical directions, while the latter is one of the most
commonly used thermal interfacial materials in the current TEG appli-
cations. For graphene sheet, its working temperature ranges from

Table 1
The properties of the used materials and the geometries of different components in the TEG setup.
Components Materials Properties Geometry
(L x W x H) mm
Interfacial materials air e = 0.024 —
graphene sheet Ags_v = 100 40 x 40 x 0.05
Jgs 1 = 2500
thermal grease Ag =6 —
Aluminium block AL6061-T6 Aa = 156[36] 40 x 40 x 50
Electrodes copper A = 398[37] 38x14x04
pa =1.851x 1078
Ceramic layer Alumina ceramic (96 %) Ace(T) = —0.02857T + 28.37571 [38] 40 x 40 x 0.7
P-type leg BiyTez-based Jp(T) = —6.8387 + 0.06974T — 1.89493 x 10~*T? + 1.68484 x 107" T° 14x14x1.6
pp(T) = (0.66477 — 0.00425T + 1.63796 x 10™°T> — 9.03496 x 10°T%) x 107>
N-type leg Bi,Tez-based n(T) = —5.0958 + 0.05713T — 1.59031 x 107*T% 4 1.47351 x 1077 T° 14x14x16

pn(T) = (— 3.40847 + 0.02591T — 5.52879 x 10 °T? + 4.45197 x 10 5T%) x 10~°
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Fig. 4. Schematic of the equivalent circuit of thermal resistances in the TEG system.

223.15 K to 723.15 K, while thermal grease can work well from
213.15 K to 673.15 K. Note that our experiments also included the cases
having two surfaces in direct contact without any interfacial materials
but air. For convenience, such a working circumstance is denoted as
“using air as interfacial material” hereafter, and it will be used as a
reference to highlight the effects of graphene sheet and thermal grease
on TCR and ECR. Table 1 summarizes the properties of the used mate-
rials and the geometries of different components in our TEG setup. The
physical meaning of each symbol and its unit have been given in the
Nomenclature.

2.1.2. Test methodology

In this study, the TEG module was operated in its open-circuit mode
for its TCR estimation. To be specific, the pressure load in each TCR
experiment was first imposed on the TEG module using the clamping
device (pressure controller). The heat source was then turned on, with
its temperatur increasing up to the pre-set value. Meanwhile, the tem-
perature in the water bath was set to be 293.15 K. During this process,
the temperature measurements were recorded only after their fluctua-
tions had been lower than 0.1 °C for 30 minutes. Under this circum-
stance, a thermal equilibrium was reached in the system. Note that once
all the measured temperatures were specified, the TCR was calculated
based on the model introduced in Section 2.2, together with the material
properies and component geometries given by Table 1. As to ECR esti-
mation, the TEG module was connected with an external electronic load
(IT8513A+, Itech, USA), whose value decreased from 10 Q to 0.1 °C at
an interval of 0.1 °C with each step lasting for 10 seconds. This elec-
tronic load also recorded the voltage and current of the TEG module
under different external load resistances, and a U-I curve was obtained.
The absolute value of this curve slope was the overall electrical resis-
tance of the TEG module, RI*M. Again, with this result, together with the
material properties and component geometries in Table 1, the ECR was
specified based on the model in Section 2.2.

2.2. Analysis for TCR and ECR estimation

In Section 2.1, we introduced the TEG experimental setup and test
methodology in this study. Next, we analyze heat transfer and electric
conduction in such a TEG system, and derive its TCR and ECR based on
the experimental measurements. We first focus on the TCR, Ry, defined
as

Rr = (AT/gq)A 3

where AT and q represent the temperature difference and heat
transfer rate across the interface between two contacting surfaces. A is
the corresponding interfacial area. In this study, the heat transfer from
the heat source to the heat sink is modelled by an equivalent circuit with
thermal resistances in series. As shown in Fig. 4, all the TCRs and
thermal resistances at different locations, together with the related
temperature measurements, are marked. Note that to exclude the effects

resulting from the Peltier heat and Joule heat, the temperature mea-
surements in these TCR experiments were conducted in the open-circuit
mode of the TEG module.

It is seen in Fig. 4 that the equivalent circuit includes the thermal
resistances, Ry, Ry, Ry, Ri‘e, R,, Rq and Ry,,. The first three represent the
thermal resistances in the aluminium block between Layer IIl and Layer
II, Layer II and Layer I, Layer I and the interface of the block contacting
the TEG module; Rf, and RS, are the ceramic thermal resistances in the
hot and cold sides of the TEG module; R,; and Ry, are the thermal re-
sistances of the copper electrodes and TE legs, respectively. Generally,
these thermal resistances except Ry are specified by

p— hi
LA

R; ()]
where h;, 4; and A; denote the thickness, thermal conductivity and
cross-sectional area of the component, i. As to Ry, it is computed by

Nieg

Riee = N[ﬁp(T) + 4 (T) }Aleg

(5)

hig is the TE leg height. A, and N are the corresponding cross-
sectional area and the number of TE couples in the TEG module. In
Eq. (5), Ry also relies on two temperature-dependent thermal conduc-
tivity, 4,(T) and 4,(T). Both are determined by the average temperature
of the TE legs in the hot and cold sides, i.e.,

Ty + Thy _ [Tee = a(RE +Ru) | + [Th + q(RE, + Re) |
=— = ©
2 2
where T}, and Ty, are the leg temperatures on its hot and cold sides.

It should be pointed out that we did not measure these two temperatures
but those on the ceramic layers (i.e., T, and T¢,) in the experiments.
Therefore, the value of T was indeed specified by the right-hand side of
the second equality of Eq. (6).

As to TCR, it includes an internal component in the TEG module, RiT,
and two external components at the interfaces of the TEG module with
the aluminium block and heat sink, i.e., R’} and R, respectively. To
evaluate their values, we analyze the heat transfer processes in the
aluminium block, TEG module and across their interfaces. Note that
these components were covered by an aerogel blanket during the ex-
periments. Moreover, the TEG module was rather thin—its thickness was
just 3.8 mm. Under these experimental conditions, the heat loss of the
TEG module to the surroudings was negligibly small. As a result, the heat
transfer from the hot-side interface, throughout the TEG module, to the
cold-side interfaces is one-dimensional heat conduction with thermal
resistances in series. Its heat transfer rate,q, is a constant and can be
calculated in terms of the temperature differences of T; —T%,, Th —T¢,
and T¢, —T,, respectively, subject to the Fourier law. It follows that

Process (T;—>Th):
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Table 2
Uncertainty of each measurement.

Measurements Uncertainty

0.1°C
0.1 mV
0.1 mA

Temperature (after calibration)
Voltage
Current

T, —Th

_ 7a
Rl + R;‘*/Ace ( )

q

Process (Th,—T¢,):

h c
Tz‘e — T(‘E

= . (7b)
R, + RS, + 2Ry + Rieg + 2R /(N-Aur)

q

Process (T5,—T.):

= TS, —T.
RS /A

(7¢)

As to the anluminium block, although it was also wrapped by the
aerogel blanket, it was 12 times thicker than the TEG module. To be
precise, we do not simply ignore its heat loss to the surroundings, but
assume such heat loss is evenly dissipated along the aluminium block (i.
e., in the Z direction in Fig. 4). This gives rise to a linear decreasing heat
transfer rate through the aluminium block,

Qur — qu _ L, ®)
qn —q 0.5L, + L,

where gy and gy represent the heat transfer rates along the Z di-
rection between Layer I and II, and between Layer Il and III. L, and L, are
the distances among these layers, as shown in Fig. 3. Expressing gy and
qm in terms of T;, Ty and Ty (the average temperatures at Layer I, I and
IIT) based on the Fourier law yields

0.5L, + L, 7 <Tn - T/) 3 (Tm - Tn)

2 9

q =41 —

L, (G = qu) = 4\ Ry Rm

Combining Egs. (4)—(9) leads to the external TCR and internal TCR of
the TEG module

T, - T,

Ri = € — RiAce 10
T /A 19
TS — T,
Ry =T — Lo a1
q/Ace
R =L (LT (R, + RS, + 2Ry + Rie)NA 12)
T — 2 q/(NAel) ce ce el leg el

The overall TCR of the whole TEG system, Ry = R + RS + R, =
RS + Ri, with RS being the total external TCR.

Our second interest is to estimate the ECR of the TEG setup. Gener-
ally speaking, this property is defined as the electrical resistance at the
contacting interface per unit area. It occurs at the interfaces between the
copper electrodes and TE legs on both the hot and cold sides. From the
experimental perspective, it is challenging to directly measure the ECR
in the current conditions. Althernatively, an indirect way is
proposed—we conduct an experiment to measure the overall electrical
resistance of the whole TEG module, RZEM, and then specify the intrinsic
electrical resistances of the TE legs and copper electrodes, i.e., Rlég and
R The difference between RFM and these two intrinsic electrical re-

sistances (Rgg and Rg) will give rise to the ECR of the TEG setup. In line
with this thought, an electronic load was electrically connected with the
TEG module in series, and worked in its constant resistance mode. Under
the closed-circuit circumstance, the electronic load delivered its currents
and voltages at various heat-source temperatures and pressure loads,
when different interfacial materials were used. Curve fitting of these
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electrical signals led to the overall electrical resistance of the TEG

TEM
Q

module, R;*" (see the details in the appendix). As to Rlég and RZ, they are

specified by

e, N-h e,
Rg == [pp(T) +p,(T)] (3)
leg
and
g = 2Pl a4
Ag

where hy,, and Ay, are the height and cross-sectional area of a copper
electrode. p,(T), p,(T) and p,, are the electrical resistivity of the p-type
TE leg, n-type TE leg and copper electrodes; Their values have been
presented in Table 1. Through use of Egs. (13), (14) and the results of
RIM from the experiments, the ECR of the TEG module, R, is obtained
by

A leg
4N

Re = (R — R — RY) 15)

Here it should be pointed out that R”™ and R in the experiments
were sensitive to the temperature, while R%, as shown by Eq. (14), was a
constant regardless of the temperature changes [27,39]. This indicates
that the ECR, Rg, given by Eq. (15), is actually a temperature-dependent
variable. Meanwhile, the temperatures in the TEG module slightly
changed under different pressure loads . Therefore, the ECR of the TEG
setup is also a function of the imposed pressure load.

So far, a set of equations, including Egs. (10)-(12) and Egs. (13)-
(15), have been formulated. In Section 3, the TCRs at different locations
and ECR of the TEG setup will be estimated by these equations with the
temperature measurements (marked in Fig. 4), U-I curve by the external
electronic load and materials properties in Table 1. We will investigate
them using different interfacial materials and in a wide range of heat-
source temperatures and pressure loads.

2.3. Uncertainty analysis on experimental measurements

In this study, the uncertainties of the experimental results were also
analysed, with particular attention paid to the overall TCR and ECR. As
these two key variables were calculated based on the formulas in Section
2.2, their uncertainties rely essentially on the underlying measurements
contributing to their estimations. Generally, for a variable, Ug,

depending on a set of independent measurments (x7,Xa,...... ,Xi), its
uncertainty, SUg, is specified by [40,41],
au, 1Y : ou, :
8Ux = {[(50n1 ) + (5200 ) 4.+ 520y, (16)
axl 0xz axi

where §x; is the instrumental error of the sensor or equipment used
for the i measurment. With the help of Eq. (16), the uncertainty of the
overall TCR based on Egs. (10)-(12) is

2
> (‘%) oT? a7

i

ORr =

where 6R; and 6T; are the uncertainties of the overall TCR, and the ith
involved temperature measurement, respectively. Note that the un-
certainties of the component geometries and material properties are not
taken into account in this analysis, as their values are directly provided
from the manufacturers. As to the uncertainty of the ECR, SRy, it is
calculated based on Egs. (15) and (16), i.e.,

oR;\* oR;\*
ORg = — ) 8U? — ) or 1
S
SU and I are the uncertainties of the voltage and current from the
electronic load.
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Fig. 5. Variations of the overall TCRs at different pressure loads and heat-source temperatures using (a) air, (b) graphene sheet, and (c) thermal grease.
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Fig. 6. The magnitude ranges of the overall TCRs with three interfacial mate-
rials. The stars in one color scattered in a vertical line represent the overall
TCRs at different heat-source temperatures but one given pressure load, and
with one given interfacial material (N.B.: The specific values of these temper-
atures can be directly read from Fig. 5).

Table 2 enumerates the uncertainties of those direct measurements,
including the voltage, current and a series of temperatures at different
locations. Substituting these data into Egs. (17) and (18) results in the
uncertainties of the overall TCR and ECR, which are 8.8 % and 0.19 %,
respectively. It is seen that these results in our experimental study have
reasonable and acceptable accuracy.

3. Experimental results and discussions
3.1. Experimental results of TCR

The TCR experiments were conducted in the TEG open-circuit mode
at the water-bath temperature T,, = 293.15 K. All the temperatures at
the points shown in Fig. 2(c) were measured when the imposed pressure
load, Py, varied from 266 kPa to 1266 kPa and heat-source temperature,
The, from 348.15 K to 598.15 K. In these experiments, three interfacial
materials, i.e., air, graphene sheet and thermal grease, were employed
on the hot and cold sides of the TEG module, respectively.

Fig. 5 (a)—5(c) show the obtained overall TCRs, using the three
different interfacial materials at various pressure loads and heat-source
temperatures. In the three cases, the TCR was largely reduced with the
increasing pressure load. In particular, such a reduction was rather
noticeable when the pressure load increased from 266 kPa to 866 kPa.
We understand this is mainly because the increasing pressure load

effectively squeezed out the air residue between the contacting surfaces,
and thus improved the corresponding TCR.

As to the heat-source temperature, its increase led to the growth of
almost all TCRs, except those at P, = 266 kPa. Under this circumstance,
the corresponding overall TCRs in the three cases first reached a peak at
Tpe = 498.15 K, and then decreased slightly when the heat-source
temperature further elevated. Note that the magnitudes of the overall
TCRs were rather distinct when different interfacial materials were used.
To better illustrate this feature, the overall TCRs in Fig. 5 were redrawn
in Fig. 6. In the latter figure, the stars in one color represent the overall
TCRs obtained with one of the three interfacial materials; Every six of
them scattered in one vertical line correspond to the six heat-source
temperatures but one particular pressure load used in the experiments.
As just pointed out, not all the overall TCRs monotonically increased
with the increasing heat-source temperature. Therefore, those stars,
from bottom to top, may correspond to different heat-source temper-
tures at different pressure loads. Take the overall TCR at P;, = 266 kPa as
an example. The heat-source temperatures of the green stars from bot-
tom to top shown in Fig. 6 are 598.15, 498.15, 548.15, 398.15, 348.15
and 448.15 K, respectively. When the pressure load grew to P, =
466 kPa, those heat-source temperatures (still from bottom to top) have
changed to Tp = 348.15, 398.15, 448.15K, 548.15, 498.15 and
598.15 K, respectively (For succinctness, we did not present the heat-
source temperature corresponding to each star in Fig. 6; the specific
values of these temperatures can be directly read from Fig. 5 at different
pressure loads and/or with different interfacial materials). It is also seen
in Fig. 6 that the overall TCR varied from 1.12 x 103 to 2.00 x
1073 m2.K/W when air was the interfacial material. When it was
replaced by graphene sheet or thermal grease, the magnitudes of the
resulting overall TCRs fell into the range of
8.15x 107* ~1.81 x 10~3 m2.K/W 3.61 x 1074 -8.37 x
10~* m2-K/W. In addition, the overall TCRs using thermal grease at all
pressure loads were far smaller than their counterparts. As to the case of
graphene sheet, the obtained TCRs at most pressure loads (except
P; <466 kPa) were lower than those using air as the interfacial material.
It is suggested based on the results in Fig. 6 that a large pressure load, e.
g.,P;>886 kPa, should be necessarily maintained to achieve low TCR of
the TEG module.

To deepen our understanding of the TCR in the TEG system, we
further decomposed the overall TCR into its external and internal

and

components, R and RiT. Fig. 7(a)—7(c) elaborate on their variations at
different pressure loads and heat-source temperatures. It is shown that
the external TCRs under all working conditions were much larger than
the internal TCRs. However, both decreased with the increasing pressure
load. As to the impacts of the heat-source temperature, the external
TCRs, R, in the three cases grew when the heat-source temperature
elevated, while the internal TCR, R%,, showed more complex behaviours
when different interfacial materials were used. To be specific, they
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gradually decreased with the increasing heat-source temperature when
air was the interfacial material. When air was replaced by either gra-
phene sheet or thermal grease, the resulting R, kept almost unchanged
in a large range of the heat-source temperature. Importantly, at the same
P;, and Ty, the values of R} in the latter two cases were much smaller
than those using air. This phenomenon is attributed to the high thermal
conductivity of graphene sheet and thermal grease, which could lead to
more uniform temperature distributions in the horizontal direction in
the experiments. Therefore, establishing uniform temperature distribu-
tions and imposing large pressure loads are two effective means to
minimize the internal TCR.

It is also interesting to point out that our experiments further refined
the external TCR, R¢, by the contributions from the hot and cold sides of
the TEG module, i.e., R’} and Rf.. Fig. 8(a)-8(c) exhibit the values of these
two TCRs at different pressure loads and heat-source temperatures. At a
given P, and Ty, the largest RS and smallest R: occurred when air was
used. These results are of direct relevance to the surface roughness—It
was 19.5 ym on the heat-sink surface contacting the cold side of the TEG
module while it substantially reduced to 1.7 ym on the top surface of the
aluminium block on the hot side. When graphene sheet and thermal
grease were used on the cold side, both well filled into the gaps on the
rough surface, and thus brought about a smaller R{. in comparison to that
using air. On the contrary, the surface on the hot side was much
smoother with smaller roughness. In this scenario, replacing air with the
graphene sheet or thermal grease would cause the surface more irregular
and uneven, inevitably resulting in a larger R accordingly.

So far, variations of the TCRs at different locations under different

mechanical and thermal conditions were discussed. To gain a full picture
of their contributions, Fig. 9 enumerates R, RS and R}, at different heat-
source temperatures and highlights their percentages in the overall TCR,
Rr, with the three interfacial materials. For convenience while without
loss of generality, only the results at P, = 1266 kPa are presented; those
obtained at the other pressure loads have similar conclusions. It is seen
that R} played a minor role in all cases. In particular, its percentage to Ry
never exceeded 7% in the case using graphene sheet. As to Rf, it was a
dominating component, contributing more than 60% to Ry when air was
employed. What’s more, such a contribution jumped to 82% at T, =
598.15 K. On the other hand, the major contribution to the TCR came
from R% in the case using thermal grease-it made around 65% contri-
bution to Ry throughout the entire range of the heat-source temperature.
The results in Fig. 9 signify the essential role of reducing the external
TCR in the TEG design and optimization. Crucially, they reveal that
different interfacial materials will determine on which side such a
reduction is the most effective.

3.2. Experimental results of ECR

The second interest in this study is to estimate the ECR of the TEG
system, which exists between the copper electrodes and TE legs.
Different from the previous TCR experiments, the ECR experiments were
carried out in the TEG closed-circuit mode. Under this working
circumstance, an external electronic load was connected with the TEG
module in series. Again, the temperature in the water bath was set T, =
293.15 K, and the same pressure loads and heat-source temperatures
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were applied. To evaluate the overall electrical resistance of the TEG
module, R”EM, we modulated the external electronic loads from 10 Q to
0.1 Q at an interval of 0.1 Q, and obtained the U-I curves by fitting the
voltages and currents output by the external electronic load. With the
aid of these experimental data, the magnitudes of Rg were specified
based on Egs. (13)-(15).

Fig. 10 shows the variations of the ECR, Rg, at the pressure load
ranging from 266 kPa to 1266 kPa and heat-source temperature from
348.15 K to 598.15 K. Again, air, graphene sheet and thermal grease
were employed as interfacial materials. It is seen that the ECR depen-
dence on the pressure load varied with different interfacial materials.
Such variation features can be explained in terms of the underlying
variations of RZM and R'%. To be specific, it is found that when air was

used as the interfacial material, REM increased but R decreased with

the increasing pressure load, thus leading to an increasing ECR. How-
ever, when air was replaced by graphene sheet, RZM decreased with the

. . /! . . .
increasing pressure load. As to R, it first increased when the pressure

load grew. When the pressure load went beyond 666 kPa, Rgg had small
drops at those larger pressure loads. It should be pointed out that
although Ri;g in this case presented nonmonotonic variations, its

changes at the large pressure loads were insignificant. As a result, we
still saw a monotone decreasing profile of Rg with the increasing P, in
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heat-source temperatures but one given pressure load, and with one given
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Fig. 10(b). As to the case using thermal grease, ngef slightly declined over
the whole range of the pressure load, whereas RIFM displayed a first-
falling-and-then-rising profile, and had a minimum at P, = 466 kPa.
The compound effects of RE™ and R ultimately resulted in a
decreasing Rg with the growing P;. It is indicated from the above dis-
cussion that the dependence of RZ and R on the pressure load is
nonmonotonic and subject to the used interfacial material. More
detailed investigations including both theoretical and experimental
analyses will be conducted in our future study.

As to the impacts of the heat-source temperature, T, different var-
iations of Rr were observed with the increasing Ty, in the three cases
using different interfacial materials. These temperature-dependent re-
sults, as shown in Fig. 10, can still be well understood in the light of the
variations of R and RI%. Generally, a larger heat-source temperature

led to a larger RTEM and Rgg . Nonetheless, their rising rates were subject
to the interfacial material. Take the results using graphene sheet and
thermal grease as examples. It is found that with the increasing heat-
source temperature, the rise in RIEM was always smaller than its coun-
terpart in ngelg in both cases, resulting in a monotone decreasing Rg
accordingly. As to the case using air, the rising rate of RZEM was smaller
than that of Rﬁ‘;g only when the growth of Ty, occurred after 498.15K.

Before that threshold, RZ™™ increased at a faster rate than Rlég did with
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Fig. 10. Variations of the ECRs at different pressure loads and heat-source temperatures using (a) air, (b) graphene sheet, and (c) thermal grease.
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the increasing Ty. Therefore, it was not surprising that the non-
monotonic profiles of Rg (corresponding to different pressure loads)
were observed in Fig. 10(a), with the peaks at 498.15K.

Similar to the discussion on the TCRs, the magnitude ranges of the
ECRs are illustrated in different colors in Fig. 11, based on the results
with the three interfacial materials shown in Fig. 10. The stars in one
color scattered in one single vertical line correspond to different heat-
source temperatures; the specific values of these temperatures can be
directly read from Fig. 10. Apparently, the experiments using air suf-
fered from the largest ECR; it varied from 1.03x 107°-1.52x
10-° Qm?, far above R =5.55x10"11-9.60 x 10°1° Q. m? with
graphene sheet and Ry = 1.05 x 10710 —6.23 x 1071° Q-m? with ther-
mal grease in the same ranges of the pressure load and heat-source
temperature. In all experiments, the minimum ECR (i.e., 5.55Xx
107! Q- m?) was achieved at P, = 1266 kPa and Ty, = 598.15 K,
and using graphene sheet as the interfacial material. These results
indicate that air is an unfavourable choice in terms of ECR; Replacing it
by graphene sheet or thermal grease will lead to a significant reduction
of the ECR of the TEG module.

3.3. Discussion of TEG performance

In this section, the performance of the TEG system in our experiment,
in terms of its open-circuit voltage, V,., maximum power output, Py,
and maximum conversion efficiency #,,,, was assessed with the
knowledge of its TCR and ECR discussed in the previous sections. For the
open-circuit voltage, it is related to the Seebeck coefficient,S, of the TE
materials by [1]

Voo = S§-AT 19

where AT, is the temperature difference upon the TE legs. This
property, together with the maximum power output, was specified by
the external electronic load. As to the maximum conversion efficiency, it
is defined by
Noax = Poax x 100% (20)

q

q is the heat transfer rate in the TEG module given by Eq. (9).

Fig. 12 shows the results with the three interfacial materials at
different pressure loads and heat-source temperatures. It is found that
Vo increased with the increasing P, regardless of the interfacial mate-
rials in use. Its growth was approximately linear with the increasing Ty,
as shown in Fig. 12(a)—12(c). When these two external working con-
ditions were set, the values of V,. in the experiments using thermal
grease were always larger than their counterparts with air and graphene
sheet. The underlying cause is mainly because thermal grease yielded
low TCR, thereby resulting in a higher temperature difference upon the
TE legs.

For the maximum power output, P, large Ty and P exerted pos-
itive impacts on its enhancement. As shown in Fig. 12(d)—12(f), Pp.x in
all cases increased with the rises of Ty, and P;. To be similar to the
variations of V,, the values of P, in the case using thermal grease were
much larger than those with graphene sheet and air. For example, P,,,x =
9.03 W at P, =1266 kPa and Tp, = 598.15 K with thermal grease,
which was higher by 83% than its counterpart with air. Such an
enhancement resulted from the compounding effects of the lower TCR
and ECR of the TEG system using thermal grease. Under these circum-
stances, the lower TCR gave rise to a larger ATy, while the lower ECR led
to a smaller RIEM. Both contributed to the improvement of P, as given
by Eq. (2).

Fig. 12(h)-12(j) also show the maximum conversion efficiency of the
TEG system, 7,,,,, working at different pressure loads and heat-source
temperatures with the three interfacial materials. Generally speaking,
the larger Ty, was provided, the higher 5, the TEG system delivered. As

10
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to the pressure load, its impacts on 7, varied with different interfacial
materials. For example, in the cases using air and thermal grease, 7,,,
first had a rapid rise when the pressure load changed from 266 kPa to
466 kPa. It then remained almost unchanged when the pressure load
continued increasing to even those high values. Nevertheless, the
growth of 77,,,,, in the experiments using graphene sheet gradually slowed
down with the increasing pressure load over its entire range. It is also
interesting to point out that the best 5., was obtained in the experiment
using thermal grease at P, = 1266 kPa and Ty = 598.15 K. It was
Nmax = 6.9%, larger by 42% and 18% than that with air and graphene
sheet at the same P, and Tj,. Again, this phenomenon is attributed to the
low TCR and ECR of the TEG system using thermal grease, as discussed
in sections 3.1 and 3.2.

At this stage, it is concluded that low TCR will increase the tem-
perature difference upon the TE legs, and thus facilitate the TEG a higher
open-circuit voltage. Furthermore, this favourable factor, together with
low ECR, will also lead to a higher maximum power output and better
maximum conversion efficiency of the TEG. It is implied in future TEG
design that we should select appropriate interfacial materials, and
optimize the thermal settings and mechanical conditions to regulate the
magnitudes of both TCR and ECR as small as possible.

4. ANN model for TCR of the TEG system

So far, a series of experiments have been conducted to specify the
TCR and ECR of the TEG system and their contributions to the TEG
performance. In particular, it is found that TCR depends on a variety of
parameters, including the interfacial materials used on the hot and cold
sides of the TEG module, imposed pressure load, and heat-source tem-
perature. It has to be admitted, on the other hand, that although the total
number of experiments in this study has been more than 100, the
experimental results discussed in previous sections indeed only cover a
small portion of the working conditions. For example, the values of TCR
are unknown yet when the heat-source temperature or pressure load
deviates from the given experimental settings. Moreover, the conven-
tional empirical correlation is found ineffective as the TEG system in-
volves multiple contributing factors to its TCR, and their impacts are
nonlinear. Bearing these challenges in mind, we strive to make a para-
digm shift from the conventional experimental methodology to machine
learning in this section. To tackle the nonlinear dependence of TCR on
those external conditions, an artificial neural networks (ANN) model,
which excels in dealing with multi-parameter nonlinear problems, is
developed based on the experimental data. It will be shown that the
proposed ANN model can facilitate accurate and cost-effective predic-
tion of TCR for a TEG operating in various working conditions.

4.1. ANN model for TCR

To be specific, we focus on a fully-connected ANN model based on
the backpropagation learning algorithm, which is mainly characterised
by the input variables, number of hidden layers, numbers of nodes
(neurons) and activation functions in each layer, and training algorithm
[42]. In this study, the type of the used interfacial materials, imposed
pressure load, Py, temperature on the top surface of aluminium block
contacting the TEG module, Ty, and temperature of the heat sink, T,
were chosen as the input variables. The ANN model only included one
hidden layer, because for the problem under investigation including
more hidden layers did not bring about substantial improvements in its
results. As to the output layer, the overall TCR was set as the output of
our interest. In so doing, an ANN model with a three-layer algorithmic
structure is shown in Fig. 13.

In modelling, all the experimental TCR data with the three interfacial
materials were first collected to form a total dataset. They were
randomly divided into three subsets, i.e., the training set (70 % data),
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Fig. 12. The open-circuit voltages (a)-(c), maximum power outputs (d)-(f), and maximum conversion efficiency (h)-(j) of the TEG system using air (a) (d) (h),

graphene sheet (b) (e) (i), and thermal grease (c) (f) (j) as its interfacial materials.

validation set (15 % data) and testing set (15 % data). The material type
for air, graphene sheet and thermal grease in the ANN model was rep-
resented by the material indices “1”, “2” and “3”, respectively. T} is
defined by

T, =T, —qR 21

where T; is the average temperature of layer I in the aluminium
block. R; and g represent the thermal resistance between layer I and the
top surface of the aluminium block contacting the TEG module, and the
heat transfer rate flowing into the TEG module, respectively. Note that
in the hidden and output layers, we associated their inputs, x, with their

outputs, y, by [43]
y=fi(wx+Db), i=o0,h (22)

where the activation function in the output layer was f,(x) =x, and it
was formulated as a sigmoidal symmetric function in the hidden layer,

11

2

_ _ 23
1+ e~ ( )

Su(x)

In Eq. (22), w and b are the corresponding weight and bias specified
by the Levenberg-Marquardt Backpropagation algorithm [44]. Its basic
iteration is

At = A — [T AT + ] T (A (Ve — Vo) (Ak) (24)

where A represents the results of the k™ iteration and J(Ay) is the
Jacobian matrix [45]. I is a unit matrix and y is a positive constant. It is
worth mentioning that to better assess its accuracy, four criteria were
introduced in the ANN model, i.e., the mean square error (MSE), cor-
relation coefficient (r), mean absolute deviation (AAD), and relative
deviation (RD). They are defined as follows [42,46]

1
MSE = (¥, = Yew) Ypre = Vo) (25)
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where the subscript i represents the i component of a vector, and
C,oy is the covariance.

To achieve a reasonable balance between computational accuracy
and efficiency, the node number in the hidden layer of our ANN model
was also optimized by the trial-and-error method using MSE as the
objective function. Fig. 14 shows the resulting MSEs when the node
number was increased from 1 to 15. It is plain that MSE decreased with
the increasing node number. In particular, when the node number grew
up to 6 and beyond, it almost converged, only with minor fluctuations.
In the light of these results, we therefore allocated 6 nodes in the hidden
layer in the ANN model in this study, together with 4 nodes in its input
layer and 1 in its output layer.

Table 4
MSE, r and ADD of the ANN model based on different datasets.

Datasets MSE r AAD
C,
= o (Y,W y””) (26) Training 2.47 x 107° 0.99455 2.89%
\/ Ceor (Yprer Yerp) \/ Ceov(Yprer Yerp) Validation 2.46 x 10°° 0.99324 3.50%
Testing 1.71x 107° 0.99348 4.22%
Total 2.36x 107° 0.99421 3.18%
Table 3
The weights and biases in the hidden and output layers of the ANN model.
Node Wi by, W, b,
No. .
Material type P, Th T,
1 0.4192 2.4037 —0.7062 1.8334 2.6945 —0.3244
2 —2.3671 —0.3850 0.1280 —1.0369 —0.1921 0.4551
3 —0.0951 —2.6165 0.9904 0.2641 —1.6007 0.0739 0.4893
4 0.0569 —0.3233 1.4217 0.0040 0.7364 0.1497 .
5 —0.3057 —2.8978 —1.2526 1.2630 —3.7371 0.5030
6 —1.7859 0.7929 1.4205 0.1292 —2.2447 0.0517
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Fig. 15. Parity plots of ANN predictions versus experimental data in (a) training set, (b) validation set, (c) testing set and (d) total set.

4.2. ANN results and discussion

The proposed ANN model was optimized to estimate the overall TCR
based on the training, validation, testing and total sets. Table 3 presents
the optimized weights and biases in the activation functions in the
hidden and output layers, respectively.

Through use of these weights and biases, the resulting values of MSE,
rand ADD for different datasets are summarized in Table 4. It is seen that
under the current ANN modelling settings, MSEs of the different data
sets were 2.47 x 10~° (training set), 2.46 x 10~° (validation set), 1.71 x
1072 (test set), and 2.36 x 10~° (total set); The variations of the corre-
lation coefficients, r, were limited to 99.32% —99.46%. As to AAD, its
values for the four datasets were not beyond 4.5%.

Furthermore, Fig. 15(a)-15(d) show the parity plots comparing the
experimental data in the four datasets to the corresponding TCR pre-
dictions by the ANN model. For convenience, the solid diagonals were
drawn as benchmarks. It is found TCR predictions by the proposed ANN
model were in good agreement with the experimental data in the four

datasets—All the points, (ymvypre)’ were distributed within a narrow

vicinity along the diagonals. In addition, Fig. 16(a)—16(c) also illustrate
the obtained relative deviations, RDs, with different interfacial mate-
rials, pressure loads, P;, and temperatures on the top surface of
aluminium block, Tj. It is shown that the vast majority (about 94.6 %) of
the ANN predictions deviated from the experimental data in a rather
small range, i.e., RDS £ 5%. In particular, among the three used inter-
facial materials, the ANN model gave the best prediction for TEG with
graphene sheet, and its prediction became more accurate when Tj
elevated beyond 400 K. As to Py, Fig. 16(b) showed that the prediction
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accuracy of the proposed ANN model did not have substantial variations
at different pressure loads.

In summary, the results in Table 4, Figs. 15 and 16 have clearly
demonstrated that the proposed ANN model can achieve satisfactory
accuracy for predicting the overall TCR of a TEG. It can be used as a
reliable and cost-effective tool for TCR prediction in future TEG
optimization.

5. Conclusion

TCR and ECR are two important factors affecting the temperature
difference upon the TE legs and the electrical resistance of the TEG
module. Therefore, their precise estimations are of direct relevance to
the TEG design, optimization and performance. In this study, experi-
ments and detailed thermal and electric analyses on a TEG system were
performed. Based on the obtained experimental data, the overall TCR,
external hot- and cold-side TCR, TCR inside the TEG module, and ECR
have been systematically specified using different interfacial materials
at various heat-source temperatures and pressure loads. Significantly, an
ANN model was proposed based on the experimental results. This fa-
cilitates TCR prediction in a cost-effective manner for future TEG design
and optimization. In this section, some salient conclusions are drawn as
follows:

(1) Generally, small overall TCR can be obtained at a large pressure
load and a low heat-source temperature. Its magnitudes also
directly depend on the interfacial materials used in the TEG
system. In this article, Ry with air, graphene sheet and thermal
grease were found in the range of (1.12 — 2.00) x 103 m2.K/W,
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Fig. 16. Relative deviations between the ANN predictions and experimental data with different (a) interfacial materials; (b) pressure loads, P;; (c) temperatures on

the top surface of aluminium block, Tj.

(0.82 —1.81) x 103 m*K/W, and  (3.61 —8.37) x
10~* m2-K/W, respectively. In particular, the lowest overall
TCR,Rr = 3.61 x 10~* m?-K/W, was obtained at P, = 1266 kPa
and Ty, = 348.15 K when thermal grease was used. These results
indicate that for a TEG operating at a high heat-source temper-
ature, choosing thermal grease as interfacial material and
imposing relatively larger pressure loads (P;>866 kPa) can
effectively reduce its TCR.

(2) The experimental study in this article further revealed that the

external TCR contributed more than 80% to the overall TCR,

which was far beyond its internal counterpart. Therefore, one of
focuses in TEG optimization should be on reducing its external

TCR.

Particular care should also be paid to surface roughness, whose

effects on TCR were clarified in our analyses on the hot and cold-

side TCRs of the TEG module in Section 3.1. It is seen that for a

rough interface (which is on the cold side), thermal grease helped

to fill in the gap and hence resulted in low TCR. This is contrary to
the smooth interface on the hot side. In the latter case, the use of
thermal grease led to deterioration in thermal contact.

(4) As to ECR, its magnitudes in our experiments varied from 1.03 x
1072 to 1.52 x 10~° Q-m? using air, 0.56 x 1071° to 9.60 x
1071% Q.m? using graphene sheet and 1.05 x 1071° to 6.23 x
1071° Q.m? using thermal grease as the interfacial material. In
particular, it is found that low values of ECR in the case of thermal
grease were obtained at high heat-source temperatures and small
pressure loads, (e.g., P, = 466 kPa). These are different from the
conditions for low TCR as discussed in Point 1. It is indicated that
there are no simple compatible working conditions for a TEG
operation, under which both the smallest TCR and ECR can be
obtained at the same time.

(5) In a more comprehensive sense, the performance of the TEG
system was assessed in terms of its open-circuit voltage,
maximum power output and maximum conversion efficiency.
The best performance was achieved at P, = 1266 kPa,

3

-

Tpe = 598.15 K with thermal grease as the interfacial material,
in which V,c = 9.26 V, Py = 9.03 W and 7,,,,, = 6.9%. They
were larger by 23%, 83%, and 42% than those with air, respec-
tively. All the results demonstrate that through combinations of
appropriate working conditions, including the heat-source tem-
perature, pressure load and interfacial material, TCR and ECR of a
TEG can be regulated at relatively low values (although not the
smallest), and the TEG can achieve good performance.

In addition to those aforementioned experimental findings, an
ANN model for TCR prediction of the TEG system was developed.
The numerical results presented satisfactory accuracy, with
MSE =2.36 x 107°,r =99.4%, and AAD = 3.18%. Our study in
this article indicates the ANN method could be a promising and
reliable tool for TCR predictions in future TEG design and
optimization.

(6
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Appendix A. The electrical resistances of the TEG module under different experimental conditions

In this appendix, the electrical resistances of the TEG module, REF™, obtained by the U-I curve fitting under different experimental conditions were
presented. For different interfacial materials, the corresponding electrical resistances are given by Tables A1—A3, respectively.
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Table A1
RIEM with air as the interfacial material.
The (K) P, (kPa)
266 466 666 866 1026 1266
348.15 1.74109 1.71544 1.71728 1.73043 1.73731 1.75381
398.15 1.96235 1.96083 1.96079 1.97199 1.97958 1.99254
448.15 2.1949 2.21206 2.21841 2.22659 2.23113 2.24477
498.15 2.43924 2.47333 2.47851 2.48324 2.48713 2.49623
548.15 2.67889 2.72349 2.72925 2.73338 2.7307 2.73809
598.15 2.91182 2.92283 2.93869 2.94194 2.93704 2.93805
Table A2
RIM with graphene sheet as the interfacial material.
The (K) Py, (kPa)
266 466 666 866 1026 1266
348.15 1.66565 1.63468 1.60983 1.59311 1.59489 1.58293
398.15 1.82724 1.80092 1.77555 1.75907 1.75459 1.74275
448.15 1.99399 1.96625 1.94676 1.92792 1.92296 1.90329
498.15 2.15441 2.13055 2.11688 2.09664 2.08843 2.06857
548.15 2.3121 2.29304 2.27741 2.25484 2.24374 2.22398
598.15 2.45287 2.3522 2.39355 2.3831 2.36704 2.34226
Table A3
RIFM with thermal grease as the interfacial material.
The (K) Py (kPa)
266 466 666 866 1026 1266
348.15 1.57405 1.52739 1.52828 1.54371 1.5569 1.56685
398.15 1.75906 1.69113 1.68895 1.70207 1.71403 1.72024
448.15 1.93563 1.85783 1.85577 1.86715 1.87456 1.88215
498.15 2.11774 2.02874 2.02519 2.03361 2.04033 2.04852
548.15 2.29666 2.19875 2.19227 2.19766 2.20128 2.21172
598.15 2.43637 2.35607 2.35243 2.35244 2.35371 2.36357
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