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ARTICLE INFO ABSTRACT
Keywords: Thermal and electric contact resistance (TCR/ECR) critically impact performance and geometric optimization of
Thermoelectric generator thermoelectric generators (TEGs). However, conventional treatments usually ignored or simplified them as

Distributed thermal contact resistance
Distributed electric contact resistance
Performance assessment
Geometric optimization

lumped variables, neglecting their actual distributions across the TEG system. In this study, we proposed a multi-
physical model to characterize TEG performance with explicitly specifying TCRs/ECRs at different TEG interfaces
(locations). The numerical results show that the lumped-variabletreatment led to maximal overestimations of
16.9 % and 24.5 % in the TEG output power and efficiency, respectively, compared to the results with distributed
TCR in this article. Importantly, it also reveals that the TEG performance was susceptible to the TCR loca-
tion—the interfaces on the cold side exerted more negative impacts than those on the hot side. Furthermore,
reducing both TCR and ECR could improve TEG performance and reducing TCR is more effective. It is shown that
an 80 % reduction in TCR increased the maximum TEG output power by 35.6 %, while the same reduction
percentage in ECR only improved it by 8.8 %. As to geometric optimization, an optimal TE leg height equal to
0.6 mm was obtained for the maximum output power. This contrasts with previous studies without considering
TCR and ECR, which always favoured shorter heights. As for copper electrodes, their optimal heights were in the
range of 0.2-0.4 mm corresponding to the maximum efficiency, far smaller than those (0.7-1.2 mm) obtained
when TCR/ECR were neglected. The latter even further resulted in a reduction in the maximum efficiency by
more than 1 % compared to its true peak. In this study, all these numerical results clearly elucidate the important
impacts of distributed TCR and ECR on TEG performance, and provide a comprehensive and balanced guideline
for TEG design.

temperature difference upon TE legs, AT}, and the TEG electric resis-

1. Introduction tance, Rrgg, as shown by [18],
2 2
Thermoelectric generator (TEG) has become a research hot spot in Prax = (aAT)) = (aAT)) , @
recent years due to its distinct advantages of no pollution, no moving 4(Rrec)  4(Ri+ Ripara)
parts, no noise, and a long lifespan [1]. As a promising energy conver-
sion device, its application has been widely explored in various areas, \/1+2Z4T -1 AT,

(2

including body heat harvest [2-4], natural heat energy capture [5-10], Nmax = = T

industrial waste heat recovery [11-14], and household waste heat (\/ L+ ZyT + T"/ T“l) "

harvest [15-17]. -~
The performance of a TEG is characterized by its maximum output where Rryg is further decomposed into R; and Rypgrq- In Eq. (2), ZgyT can

power, Ppqy, and maximum efficiency, #,,,,-When the parasitic thermal be specified by [18],

and electric losses are considered, these performance indicators are

expressed by the TEG effective dimensionless figure of merit, ZeffT, the
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Nomenclature

Symbols

Ap cross sectional area of hot-side ceramic (m?)

E intensity of electric field (V)

h. copper electrode height (mm)

h? optimal copper electrode height for maximum output
power (mm)

ho° optimal copper electrode height for maximum efficiency
(mm)

hy TE leg height (mm)

R optimal TE leg height for maximum output power (mm)
hp° optimal TE leg height for maximum efficiency (mm)

j electric current (A)

K thermal conductance of TEG (W/K)

P output power (W)

q magnitude of heat flux (W/m?)

q input heat flux (W/m?)

Q internal heat source (W)

R, external load resistance ()

RY optimal external load resistance for maximum output
power (Q)

R optimal external load resistance for maximum efficiency
()

Rgp electric contact resistance (Qem?)

Ryeg electric resistance of TEG (Q)

R; electric resistance of TE legs (£2)

Ripara parasitic electric resistance in TEG (Q)

Rt thermal contact resistance (m2eK/W)

T temperature (K)

ATy temperature difference upon TE legs (K)

14 output voltage (V)

U electric potential (V)

Greek symbols

a Seebeck coefficient (V/K)

n conversion efficiency (%)

A thermal conductivity (W/m2K)

p electric resistivity (Q m)

Acronyms

ECR electric contact resistance (Qem?)
TCR thermal contact resistance (m2eK/W)
TE thermoelectric

TEG thermoelectric generator

ZogT effective dimensionless figure of merit of TEG
ZT dimensionless figure of merit of TE material
Subscripts

c cold side

cl cold side of TE legs

co copper electrode

ce ceramic

dis with distributed TCR and ECR

exc external cold-side

exh external hot-side

h hot side

hl hot side of TE legs

inc internal cold-side

inh internal hot-side

i i components

l TE legs

max maximum

n n-type TE legs

P p-type TE legs

2 2 _

T.
K- (RI + Ripara)

3

Based on Egs. (1)—(3), it is seen that a larger AT;, smaller R; and Rjpara
will contribute to better TEG performance.

We point out that for a TEG system, its thermal and electric contact
resistance (TCR and ECR) exert significant impacts on its performance.
To be specific, a larger TCR and ECR will lead to a lower AT; and a higher
R;, respectively, both of which essentially degrade TEG performance
[19-24]. Even worse, such degradation will become more significant
with the decrease of TE leg heights. Unfortunately, this intrinsic link has
been completely ignored by a number of previous works, which, for
simplicity, evaluated TEG performance and optimized its geometry
without considering TCR and ECR at all [25-33]. For example, Ref. [32]
investigated an asymmetrical annular TEG and Ref. [33] optimized a
segmented annular TEG. Both studies focused on the improvement of
TEG performance; however, neither of them accounted for the TCR and
ECR at the interfaces in their respective TEG systems. Critically, the
crude treatment of neglecting TCR and ECR has led to various over-
estimations in TEG performance. Tan et al. [34] compared the output
power and efficiency of an annular TEG with and without considering
TCR and ECR. They revealed that the latter has overestimated the TEG
output power and efficiency by up to 42.57% as compared to the former.
Kim [35] even pointed out that when the TEGs used short TE legs, such
an overestimation due to ignoring TCR and ECR could jump to 90%. It is
evident that simply ignoring TCR and ECR did bring large errors, and
misled the evaluation of TEG performance.

Over recent years more and more studies have recognized this issue
and made efforts to correct the aforementioned misestimations. Among

them one of the most common modifications is to introduce TCR and/or
ECR as non-zero constant lumped variables [21,24,35,36]. For instance,
Yao et al. [37] directly incorporated the TCR and ECR at the copper
electrode/TE leg interfaces as lumped coefficients in their design and
performance assessment of a photovoltaic-thermoelectric system. Wang
et al. [38] treated the TCRs in their TEG experiments as the overall
lumped variables at the heat source/ceramic and heat sink/ceramic
interfaces, and found the TEG’s maximum output power and efficiency
have increased by 33% and 20%, respectively, with the decreasing
lumped TCRs. Yusuf et al. [24] developed a genetic algorithm to opti-
mise the TEG geometry with the lumped TCR and ECR. They revealed
significant decreases in both the TEG output power and efficiency with
an increase in the lumped ECR, while the corresponding lumped TCR
had little effect. More layers of a segmented TEG with the lumped TCR
and ECR were also studied by Zhao et al. [39] through use of a machine
learning approach. It is shown that the former contact resistance
significantly impacted the TEG output voltage, while the TEG output
power and efficiency depended more heavily on the latter.

Note that not all the previous studies in the TEG literature reduced
TCR and ECR as lumped variables. Some analytical and numerical
studies showed strong interests in the TCR and/or ECR at some partic-
ular interfaces. To facilitate our following discussion, we classify the
TCRs at different interfaces across a TEG system into the external hot-
side TCR (at the heat source/ceramic interface), external cold-side
TCR (at the heat sink/ceramic interface), internal hot-side TCR (con-
sisting of the TCRs at ceramic/copper electrode and copper electrode/TE
leg interfaces close to the heat source), and internal cold-side TCR
(consisting of the TCRs at ceramic/copper electrode and copper elec-
trode/TE leg interfaces close to the heat sink) [40,41]. In Ref. [42],
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Zhang et al. analytically studied the influence of both the internal hot-
and cold-side TCRs on TEG performance. Their results demonstrated the
diminishing effect on the TEG performance associated with those
decreasing internal TCRs. Kim [35] used a 2D numerical model to
characterize the impact of the internal hot-side TCR specifically at the
copper electrode/TE leg interface. The simulations showed that a
smaller internal hot-side TCR led to higher TEG output power. Ref. [43]
delved into a segmented TEG and studied its efficiency with and without
the internal TCR at the interface of its segmented TE legs. It was revealed
that an increase by 20% in such a TCR led to a reduction by more than
20% in the TEG efficiency, compared to its TEG counterpart without
considering the TCR. Similar extensive studies were also conducted on
the external TCRs (i.e., those at heat source/ceramic and heat sink/
ceramic interfaces). Siouane et al. [23] proposed an analytical model
with two constant external TCRs imposed at the heat source/ceramic
and heat sink/ceramic interfaces, and they solved the model for the TEG
output voltage and equivalent electric resistance under different thermal
boundary conditions. Their results indicated that the TEG output power
decreased with the increasing external TCRs. Zhang et al. [44] discussed
the impact of the external TCR between the skin and the wearable TEG.
In this reference, the temperature drop caused by the external TCR was
negligibly small when the ratio of the contact thermal conductance to
thermal conductance of the flexible substrate exceeded 0.2. On the other
hand, for the ECR at the copper eletrode/ TE leg interfaces, its impacts
on TEG performance also attracted considerable interests. Kim [35]
numerically investigated the influence of this ECR on the TEG outpower.
It is shown that an increase in the ECR directly resultes in a reduction in
the TEG output power. Similar phenomena have also been observed by
Zhang et al. [42]—the output power and efficiency of the annular TEG in
their study gradually decreased with the increasing ECR. In Ref. [45],
Zhu et al. applied their artificial neural network model to corroborate
that the TEG output power and efficiency deteriorated with the rising
ECR. In fact, the effects of ECR on TEG performance become more
pronounced when TE leg heights decrease. For example, in some flexible
film TEGs with very short TE legs, the ECR could reach up to 50% of the
total electric resistance; its reduction could increase the power factor by
approximately 40% [20]. It is worth mentioning that many other studies
further explored the joint impacts of the ECR and TCR at the copper
electrode/TE leg interfaces. For example, Zhang et al. [42] theoretically
studied the performance of an annular TEG, and found that the larger
values of ECR and TCR at the copper electrode/TE leg interfaces have
always led to a degradation in the TEG performance. Bjgrk [43] dis-
cussed the segmented TE legs, and showed that to ensure a 30 %
improvement in the efficiency of the segmented structure, the ECR and
TCR at the copper electrode/TE leg interfaces should be less than 20%
and 30% of the total electric and thermal resistances, respectively.

So far, all these previous studies have well examined the impacts of
TCR and/or ECR on TEG performance. However, it is noted that they
either treated TCR and/or ECR as lumped variables pertinent to the
entire TEG system or were only interested in the specific TCR and/or
ECR at the given locations. They lacked a full picture of TCRs and ECRs
distributed at different interfaces across the TEG system, and failed to
analyze the impacts of their locations on TEG performance [40,41].
From the practical point of view, each local TCR affects the temperature
drop across the corresponding interface, while the ECR influences the
Joule heat. Therefore, a good knowledge of those distributed TCRs and
ECRs is of importance for specifying AT; upon TE legs, thereby more
reasonably assessing TEG performance. In this sense, the treatment of
TCR and/or ECR as lumped variables is far from sufficient to reveal those
interfacial effects; the studies on the TCR and/or ECR at a particular
interface cannot describe the joint roles of contact resistances at
different locations.

Besides the direct impacts on TEG performance as discussed above,
TCR and ECR also play an important role in optimization of TEG
structure. Kim et al. [35] demonstrated the inclusion of the TCR and ECR
at copper electrode/TE leg interfaces led to an optimal TE leg height of
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0.6 mm, completely different from the case ignoring the TCR and ECR.
The latter always prefers a smaller TE leg height. Zhang et al. [21,42]
and Tan et al. [34] studied the geometric optimization of annular TEG
legs taking into account the TCR at ceramic/copper electrode and cop-
per electrode/TE leg interfaces and ECR at copper electrode/TE leg in-
terfaces. Similar findings were reported—When the TCR and ECR were
taken into account, the smaller annular shape parameter derived by
ignoring them was no longer regarded as the optimal shape parameter
for annular TEG legs. In these studies, it was demonstrated that the
optimal annular shape parameter gradually decreased with the
decreasing TCR and ECR [21,42]. Zhao et al. [39] employed the machine
learning method to investigate the influence of the TCR and ECR at in-
terfaces between different segments of TE legs on the material design of
a 5-layered segmented TEG. They found that these contact resistances
even determined the optimal material combinations. In Ref. [46],
Pietrzyk et al optimized a conventional n-shaped TE module for a
refrigerator. They suggested that the optimum B-factor, a geometric
parameter of TE leg, should vary by up to 20% with the changes of the
ECR. In Ref. [36], He et al. investigated the geometric optimization of TE
legs considering the overall lumped TCR while ignoring the ECR of the
TEG. It should be pointed out that although these studies provided in-
depth insights into TEG structure, they still either treated TCR and/or
ECR as lumped variables or just focused on the TCR and/or ECR at
specific interfaces. These treatments could result in errors in the local
temperature distributions and the temperature differences upon TE legs,
and may further lead to inaccurate or even incorrect TEG optimal
structures. Moreover, the geometric optimization in these studies was
only interested in TE legs. No recommendations were made for opti-
mizing the copper electrodes in use. So far, a comprehensive optimal
solution including the geometries of both TE legs and copper electrodes
is lacking.

In this work, we therefore propose a multi-physical model consid-
ering the explicit assignment of local TCRs and ECRs at different in-
terfaces across a TEG. The magnitudes of these distributed contact
resistances are specified based on the real on-site experimental scenarios
[41]. This multi-physical model also couples both thermal and electric
fields, and includes all the thermoelectric effects (Seebeck effect, Peltier
effect and Thomson effect). Through numerical simulations of the
model, we analyze the impact of each local TCR location on TEG per-
formance and identify the most influential TCR location in the corre-
sponding performance assessment. We compare TEG performance with
distributed TCR with that obtained using the conventional lumped-TCR
simplification, and highlight their differences. To the best of our
knowledge, these findings have never been reported in previous studies.
Furthermore, both the individual and joint impacts of distributed TCR
and ECR on TEG performance are discussed in detail. Geometric opti-
mization of TE legs and copper electrodes is also elaborated. All of these
numerical simulations will provide a clear and in-depth understanding
of the impacts of distributed TCR and ECR on TEG performance and
geometric optimization. It could facilitate future TEG analyses and de-
signs more suitable for practical applications.

The rest of the article is organized as follows. A multi-physical model
is introduced in Section 2. Section 3 conducts its mesh independence
test, followed by the validation of the model using experimental results.
Based on numerical simulations of the model, the TEG output power and
efficiency with distributed TCR are compared to those with lumped TCR
in Section 4. In this section, we also analyze the influence of each TCR
location, and discuss the impacts of distributed TCR and/or ECR on both
TEG performance and the heights of TE legs and copper electrodes.
Finally, the conclusions are drawn in Section 5.

2. Multi-physical model for TEG
Fig. 1 shows the schematic of a TEG system, where TCRs and ECRs at

various interfaces are illustrated (For clarity, each contact resistance is
represented by a curved transparent surface in Fig. 1). To be specific, the
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Fig. 1. Schematic of a TEG system and its TCRs and ECRs at different interfaces.

TCRs investigated in this article include the external hot-side TCR, ReT"h,
the external cold-side TCR, R, the internal hot-side TCR, R, and the
internal cold-side TCR, R¥*. As to the ECRs, they are located at the hot-
and cold-side copper electrode/TE leg interfaces. The magnitudes of the
external TCRs and ECRs have been evaluated in our previous experi-
mental study [41]. The overall thermal resistance from internal in-
terfaces (including the ceramic/copper electrode and copper electrode/
TE leg interfaces on both the hot and cold sides) was also obtained in
these experiments [41]. In this numerical study, such an overall thermal
resistance is evenly split into two parts, which are allocated to the
ceramic/copper electrode interfaces on the hot and cold sides (i.e., the
internal hot-side and cold-side interfaces as shown in Fig. 1), respec-
tively. Each is then multiplied by the corresponding contact area,
yielding RI™ and R¥*.

A multi-physical model with specifying those distributed TCRs and
ECRs is proposed in this section. It integrates the Seebeck effect, Peltier
effect and Thomson effect of TE materials, and uses the temperature-
dependent material properties of TE legs. A fully-coupled solver char-
acterizing the coupling thermal-electric effects in a TEG is employed to
solve the numerical model. For simplicity, this model is established
based on the following assumptions, namely

1) only the steady-state heat transfer is discussed;

2) the convective and radiative heat losses in the TEG are ignored;

3) the properties of ceramic layers and copper electrodes are treated as
constants;

4) the top surface of the heat source and the bottom surface of the heat
sink remain at two different constant temperatures, i.e., T, and T ;

5) all the material properties are isotropic.

2.1. Governing equations

With the above assumptions, for a TEG operating at its steady state,
its heat transfer and electric current are described by [47],

Vq+0=0, @
Vj=0. 5)

In Egs. (4) and (5), the variables in bold are the vectors. For ceramic
substrates and copper electrodes, the corresponding governing equa-
tions have more specific forms, which are

V-(4.VT) =0, for ceramic substrates, 6)
and
V-(4oVT) +jp,, =0, for copper electrodes. 7

As for TE legs, the heat transfer inside them involves the Seebeck effect,
Peltier effect and Thomson effect. Its governing equations, therefore,
consist of conductive heat, Joule heat, Peltier heat, and Thomson heat. It
follows that.

da,(T
V- (4(T)VT) +4p,(T) + Va,(T)4T + % Tj-VT
=0, p — type legs, 8
do,(T) ...
V-((T)VT) + 129, (T) + Ve, (T)4T + “d; ) j.v7
=0, n — type legs. (C)]

Note that the electric field E in TE legs is subject to

E=-VU-(T)VT, i=porn, (10)
and

E
j:;, i=porn. 1D

For convenience, all the material properties used in our simulation
and the relevant geometric parameters of each component are summa-
rized in Tables 1 and 2.

2.2. Numerical settings and boundary conditions

In this work, Egs. (4)-(11) were solved by COMSOL using the finite
element method (FEM). The computational domain and boundary con-
ditions are shown in Fig. 2. Note that the heat source (heater and
aluminium block) and heat sink (water loop block) in the experiment (as
shown in Fig. 4) are not included; instead, they are replaced by two
copper plates with a thickness of 0.1 mm at the temperatures of T;, and
T,. The reason for this simplification is because T, and T, have been
directly measured in our experiments. They can thus be simply set as the
top and bottom thermal boundary conditions. Furthermore, to form a
closed circuit, an external load resistance, R., was introduced and
electrically connected with two copper electrodes of the TEG. In the
simulation, the TCRs at the four interfaces were specified as R¢" =
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Table 1
Material properties of various components in the TEG system.
Components Materials Properties
Electrodes Copper Ao = 400
Peo = 1.667 x 1078
Ceramic Alumina ceramic Aee =27
substrate (96 %)
p-type leg BiyTes - based Ap(T) = —5.8064 + 0.06157T
—1.6822 x 107*T% + 1.5026 x 1077 1%
pp(T) = —=7.1424 % 10°® + 4.2700 x 10°8T
ay(T) = 5.1772 x 10~* — 3.50126 x 10°°T
+ 1.0980 x 1078T% — 1.06646 x 10 ~ 11 T°
n-type leg BiyTes - based An(T) = —5.9426 + 0.0637T
—-1.7582 x 107*T% + 1.6139 x 10/ T®
pa(T) = —2.8186 x 107° + 3.0400 x 10°8T
an(T) = —8.8933 x 107 +2.8700 x 10°°T
~1.6700 x 10-°T? + 2.5160 x 10~ 2T®
Table 2

Geometric parameters of different components.

Component Geometry (L x W x H) mm
heat source 40x 40x 0.1
heat sink 40 x 40x 0.1
ceramic substrate 40 x 40 x 0.7
copper electrode 38x14x04
p-type leg 14x14x1.6
n-type leg 14x14x16

Heat source - _NF =

S e EonSom S 55

Heatsink — | N ————————= s -
’ \Grounded ﬁ Termina]/

Fig. 2. The TEG components in the computational domain and the relevant
boundary conditions.

8.0
—#— Mesh 1
—&— Mesh 2
751 —&— Mesh 3
—%— Mesh 4
£ 70}
R
6.5+
6.0 1 1 1 1 1
1 2 3 4 5

R, (Q)

Fig. 3. The TEG output power obtained using different meshes.
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2.01266 x 10°* K-m?/W, R%° =1.47389x10* Km%*W, Rim—
3.27624 x 10~% K-m?/W, and R = 3.27624 x 10~% K-m?/W. For the
ECRs, they were set to Rg = 8.32239 x 1071° Q-m? on both the hot and
cold sides. All these data are directly from the experiments [41].

As to the boundary conditions, the constant temperatures, T, and T,
were specified on the top surface of the heat source and the bottom
surface of the heat sink, respectively. For the electric field, one copper
electrode connecting to R, was set at the ground state, whose electric
potential U =0 V.

It is also worth mentioning that after each simulation the TEG per-
formance was assessed in terms of the output voltage, V, output power,
P, and efficiency, 5. For V, it was directly evaluated as the voltage on R,.
With it, P was computed by

PV (2

and the efficiency of TEG is defined by

P
N= a4 % 100%. (13)
“Ap

q is the magnitude of the heat flux from the heat source to the TEG
module. It was calculated based on the temperature gradient of the heat
source.

3. Model verification

To guarantee the accuracy of the multi-physical model, mesh inde-
pendence analysis and experimental validation are conducted in this
section. To be specific, the mesh independence analysis is first carried
out to make a trade-off between the numerical accuracy and computa-
tional efficiency of the simulations. Once the proper meshes are deter-
mined, the model is further validated by the available experimental
results.

3.1. Mesh independence analysis

In the mesh independence tests, the predefined physics-controlled
mesh method in COMSOL was used to allocate free tetrahedral meshes
in the computational domain. In particular, four meshes with the mesh
numbers N = 13347, 20211, 88165, and 141,149 were employed, which
are referred to as Mesh 1, Mesh 2, Mesh 3 and Mesh 4 for convenience
hereafter. Furthermore, the TEG output power was chosen as an
indicator—we checked its convergence with the increasing mesh num-
ber. In simulation, the top-surface temperature of the heat source and
the bottom-surface temperature of the heat sink were set as T, = 523 K
and T, = 305 K, and the external load resistances R, varied from 1 Qto 5
Q.

Fig. 3 compares the output power obtained using different meshes. It
is clear that the difference of the numerical results at different meshes
became smaller with the increasing mesh number. For example, we
compared the output power at the five given external load resistances
using Mesh 3 and Mesh 1. The relative errors (defined by (|P? — P}|)/
P3 x 100%, where the superscripts 1 and 3 represent Mesh 1 and Mesh 3,
while the subscript i denotes the i external load resistance among the
five choices) in all cases were no more than 0.8%. When the results using
Mesh 3 and Mesh 4 were compared, the corresponding relative errors
further dropped below 0.2%. As a consequence, Mesh 3 has been
adopted in the following numerical simulations as further finer meshes
did not bring significant improvement.

3.2. Experimental validation

In this section, the numerical simulations were also validated by the
experimental data which were obtained from a real TEG rig in our
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Pressure sensor

Heat sink

TEG module

Data logger

Electronic load

Computer

Fig. 4. The schematic diagram of the TEG test rig used in Ref. [41].

previous study [41]. As schematically shown in Fig. 4, it consists of a
heater, a thermostatic water bath, a heat sink, a pressure controller with
a pressure sensor, a TEG module, an electronic load, and a data logger.
For direct comparison with experimental data, the five pairs of Tj, and T,
used in the experiments have been set as the thermal boundary condi-
tions in the simulations. Their detailed information is presented in
Table 3. Moreover, the external resistance R, used in these validations
ranged from 0.5 Q to 5 Q.

Fig. 5 compares the output voltage and output power obtained by the
numerical simulations in this work with the experimental data under the
same TEG operating conditions [41]. It is seen that they are in good
agreement in all the cases — the errors of the output power between the
simulations and experiments were less than 3.0%, while they were
further limited to 1.7% for the output voltage. These comparisons
clearly demonstrate that the multi-physical model in Section 2 can
numerically predict the TEG performance with good accuracy.

4. Results and discussion

In this section, we apply the validated model to 1) identify the TCR
location (interface) which is the most influential to the TEG output
power and efficiency; 2) reveal the difference in TEG performance ob-
tained using distributed TCR and lumped TCR; 3) investigate the im-
pacts of distributed TCR and ECR on TEG performance; 4) clarify the
dependence of optimal heights of TE legs and copper electrodes on
distributed TCR and ECR.

4.1. Impacts of the TCR locations on TEG performance

As discussed in Section 1, TCRs exist at different locations in a TEG,
and each TCR location may pose different impacts on its performance.
Therefore, our interest, first and foremost, is to identify the TCR location

Table 3
The operating conditions for validation tests.
Operating conditions Tr(K) T.(K)
1 342 296
2 387 298
3 432 300
4 477 303
5 523 305

which exerts the most significant influence on TEG performance. To this
end, we introduced a thermal resistance of Ryo = 0.31489 K/W in the
simulations. It is the overall thermal resistance from all interfaces of the
TEG system obtained in our previous experiments [41]. This variable
was then assigned to different locations in turn, including the external
and internal hot-side and cold-side interfaces as shown in Fig. 1. In each
case, the TCR at one specific location was specified by multiplying Rr o
by the corresponding contact area (i.e., interfacial area). Meanwhile, the
ECR of the TEG system was set to Rz = 8.32239 x 10~1° Q.m?, which
was also from our experiments [41]. With all these settings, we per-
formed numerical simulations using the proposed model in Section 2
and compared the resulting TEG output power and efficiency. Note that
the comparisons in this section are based on the overall thermal resis-
tance from all interfaces (i.e., Rrp), rather than any given TCR. This is
because TCR depends not only on thermal resistance but also on contact
area, while the latter is different at different locations. Therefore, setting
one overall TCR for different cases means that each of them has a distinct
overall thermal resistance, making their comparisons meaningless. In
this section, for convenience, the output power and efficiency are
denoted by P and 7,,. when Ry is located at the external cold-side
interface. As to the cases with Ry located at the external hot-side, in-
ternal hot- and cold-side interfaces, their output power and efficiency
are represented by Py, and #,,,, Pinn and 7,1, Pinc and 1., respectively.

Fig. 6 shows the obtained numerical results in these four cases at
different top-surface temperatures of the heat source, T}, and external
load resistances, R,. It is seen from Fig. 6(a) that P,,. is smaller than P,
throughout the entire ranges of Ty and R,; meanwhile, each of them is
very close to their internal counterparts on the same side (i.e., P, and
P, respectively). The maximum output power under different T} is
further plotted in Fig. 6(b). It is shown that at a low Ty, e.g., T, = 342K,
the maxima of P, Pinc, Pexn and Pj, have almost the same values.
However, these maximum values differed from one another with the
increase of Ty, and the largest discrepancy of 9.5% occurred between P;,;,
and P, at T, = 523 K.

As for the TEG efficiency, the best efficiency at each pair of Tj, and R,
was obtained when the thermal resistance Rro was located at the
external hot-side interface. On the other hand, the TEG with Ry at the
external cold-side interface always suffered from the lowest efficiency,
see Fig. 6(c). Furthermore, when the thermal resistance R was on the
cold side, regardless of the external or internal interface, the corre-
sponding TEG efficiency was always smaller than its counterpart with
Rr on the hot side. Fig. 6(d) further illustrates the variations of the
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Fig. 6. Comparison of the TEG performance at different Tj, and R, with Rrg located at the four interfaces. (a) output power; (b) maximum output power; (c) ef-
ficiency; and (d) maximum efficiency.

maximum efficiency over a range of 342 K<T,<523 K. It is found among Fig. 6(a)-6(d), the interfaces on the cold side exerted more significant
the four cases that the largest discrepancy occurred between 7, and 7, impacts on the TEG output power and efficiency. Therefore, to improve
at T, = 523 K, which was 10.2%. Apparently, based on the results in TEG performance, we should more focus on minimizing the TCRs on this
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particular side.

4.2. Comparison of TEG performance with distributed TCR and lumped
TCR

The simulations in Section 4.1 revealed the importance of its location
when we included the thermal resistance from the interfaces in the
evaluation of TEG performance. However, such an overall thermal
resistance was just assigned to one specific location at a time. This means
that the corresponding TCR of the TEG system has been effectively
reduced to a single lumped variable; its inherent distribution across
different interfaces has been completely smeared out. In this section, we
evaluate TEG performance based on this lumped-variable simplification,
while comparing the results with those using the TCR distribution at
different interfaces explicitly specified in Section 2.2. The difference in
the TEG output power and efficiency of these two different TCR settings
will be highlighted. For convenience, we will call them distributed and
lumped TCR hereafter.

In the simulations using distributed TCR, as detailed by Section 2.2,
four local TCRs, R$™", R, R% and R, were specified at the external
and internal hot- and cold-side interfaces, based on our previous
experimental scenarios [41]. As to the simulations using lumped TCR,
we repeated the procedure as described in Section 4.1, and obtained four
cases with lumped TCRs at the external and internal hot- and cold-side
interfaces, respectively. Note that all simulations corresponded to the
same overall thermal resistance from all interfaces, i.e., Rty = 0.31489
K/W, and had the same ECR, i.e., Rgo = 8.32239 x 1010 Q-m?.

Fig. 7 shows the resulting TEG performance by our numerical sim-
ulations. To distinguish these results, the output power and efficiency
obtained using distributed TCR have been denoted by Pg; and 4. In this
section, Peyxc and #,yc, Pexh and 7o, Pinn and 9y, Pine and 1, represent the
output power and efficiency with the lumped TCRs located at the
external cold-side, external hot-side, internal hot-side, and internal cold-
side interfaces, respectively. For the TEG output power, appreciable
differences of Pg; from Peyp,Pinn, Pexc and Py, are clearly observed in
Fig. 7(a). To be specific, the average discrepancies between Py; and its
counterparts  obtained  with the lumped TCRs  were
3.4%(Pexp),3.6%(Pyp), 1.8%(Pexc) and 1.8%(Pinc), respectively. In
particular, the treatments of lumped TCR on the hot side, either at the
external or internal interface, always resulted in larger TEG output
power compared to the results with distributed TCR. Their maximum
discrepancy could even jump to 16.9% at T, = 523 Kand R, = 0.1 Q. As
to the TEG efficiency, similar phenomena are shown in Fig. 7(b). The
average discrepancies between 74, and #;,. was 0.9%, while for 7,,.,/iun
and 7,,;, such discrepancies have grown up to 4.2%, 8.7% and 11.0%,
respectively. It was also found that larger efficiency was obtained in the
simulations with lumped TCR on the hot side. Among all the results the
largest discrepancy occurred between 7,,;, and 74, with a value of 24.5%
at T, =523 Kand R, = 0.1 Q.

P (W)

450 1

500

7,()
(a) (b)

Fig. 7. Comparison of the TEG performance at different T, and R, with
distributed TCR to that with lumped TCRs at different locations. (a) output
power; (b) efficiency.
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Based on the numerical results in this section, it is clearly demon-
strated that the performance of TEG is indeed subject to its TCR distri-
bution — even simplifying to a lumped TCR at different locations has led
to different TEG output power and efficiency, not to mention that these
results are significantly different from those obtained using distributed
TCR. Therefore, it is no doubt that a reliable TEG performance evalua-
tion requires effective characterization of TCR distributions. The model
with distributed TCR proposed in this work well fits this need. Next, we
will apply it to reveal more specific impacts of TCR and ECR on TEG
performance and its structure.

4.3. Impacts of distributed TCR and ECR on TEG performance

In this section and Section 4.4, we conduct numerical simulations
using the model with distributed TCR in Section 2. For brevity, unless
stated otherwise, we simply refer to “distributed TCR” as “TCR” below.
To investigate both the individual and joint impacts of TCR and ECR on
the TEG output power and efficiency, four simulation cases were dis-
cussed in this section — Case “both” whose simulations considered both
TCR and ECR; Case “TCR” and Case “ECR” were for the simulations
including only TCR or ECR, respectively; for simulations with TCR and
ECR ignored, they were simply denoted by Case “none”. Fig. 8 shows the
numerical results of these cases at different T;, and R,.

To be specific, Fig. 8(a) compares the TEG output power, P, at
different values of Ty, and R, in the four cases. For demonstration while
without loss of generality, the detailed variations of P with different
values of R, at T, = 523 K are further presented in Fig. 8(b). In general,
the TEG output power, P, improved with the rise of T, but had the first-
rising-and-then-falling variations with increasing R, in the four cases.
Meanwhile, at a given Ty, and R,, the value of P in Case “none” was al-
ways larger than its counterparts in the other three cases. The over-
estimation of the output power was at least 51.4% when Case “none”
was compared with Case “both”. This overestimation could further grow
up to 112.3% at T, = 342 K and R, = 0.1Q. Furthermore, when only
ECR was taken into account, P was reduced by at least 5.6% as compared
to that in Case “none”; such a reduction elevated to the maximum at
23.6% when T, and R, dropped to 342 K and 0.1 Q. As to TCR, it has a
more significant negative influence on the output power than ECR. In
comparison with Case “none”, the minimal reduction of P in Case “TCR”
was 29.7% at T, = 342 K and R, = 5 Q, while the maximum was 39.8%
at T, = 342 K and R, = 0.1 Q. It is evident that the output power suf-
fered from a more substantial decline by TCR than ECR.

The impacts of TCR and ECR on the TEG efficiency, 7, is also studied.
Fig. 8(c) shows the changes of 7 in the four simulation cases at different
values of T, and R,. It can be seen that the neglect of TCR or ECR also
caused an overestimation in the TEG efficiency at all the given values of
Ty and R.. In Case “none”, the values of y were exaggerated by 31.0% (at
Tp =523 Kand R, =5 Q) to 69.3% (at T, = 342 Kand R, = 0.1 Q) in
comparison with those in Case “both”, and 4.9%(at T, = 523 Kand R, =
5Q) to 19.3% (at T, = 342 K and R, = 0.1 Q) in comparison with those
in Case “ECR”. In Case “TCR”, its efficiency was at least 19.8% lower
than that in Case “none”, and at T, = 342 K and R, = 0.1 Q such effi-
ciency deterioration has surged as large as 27.1%. Apparently, TCR is a
more unfavourable contributing factor to the TEG efficiency.

It is worth noting that at a given T}, the output power and efficiency
can reach their maxima if the external load resistance, R,, is properly
adjusted (This is the so-called matching of external load resistance in the
TEG studies). To be specific, when the external load resistance is the
same as the internal electric resistance of the TEG module, i.e., R} =
Ri1gg, the TEG will deliver the maximum output power, Py,. If the

external load resistance, R, is equal to /1 +ZeffTRTEG, the TEG will
achieve the maximum efficiency, #,,,, [48]. Here the two external load
resistances, corresponding to P, and 7, have been specifically
denoted as R and R, respectively. Since precise matching of external
load resistance is crucial to achieve P, and 7., of a TEG, it is
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Fig. 8. The variations of the TEG output power ((a) and (b)) and efficiency ((c) and (d)) in different cases. The pair of numbers in parentheses near each orange star
denotes the external load resistance and the maximum output power (Fig. 8(b)) or the maximum efficiency (Fig. 8(d)) achieved at that load. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

significant to investigate whether such a process is affected by TCR and/
or ECR. To this end, the TEG output power and efficiency of the four
simulation cases were evaluated by simulation at different external load
resistances but at a constant top-surface temperature of the heat source.
For simplicity without losing generality, we only displayed the results at
T, = 523 K in Fig. 8(b) and 8(d), and marked R and R’ in the four
cases. As shown in Fig. 8(b), the magnitudes of R? in Case “ECR”, Case
“TCR” and Case “both” were 10%, 10% and 20% larger than that in Case
“none”. In Fig. 8(d), such increases of R in the former three cases were
12%, 12%, and 15% in comparison with that in Case “none”. These
results can be well explained — the inclusion of ECR directed to a larger
Ripara- As to TCR, it affected the temperature distributions in the TE
materials, thereby changing their temperature-dependent electric
properties (N.B.: more details will be illustrated in Fig. 9). All these
changes eventually led to the growth of Rygg, too.

Next, we study how the maximum output power, P,,,x, and maximum
efficiency, #,,,,, vary with different values of TCR and ECR. To this end,
the external load resistance in the simulation was properly matched to
achieve P, and #,,,,, when TCR (or ECR) was tuned to 100%, 80%,
60%, 40%, and 20% of its original magnitude, while ECR (or TCR) was
kept unchanged. In each case, P,,,x were computed at different values of

Ty, and are shown in Fig. 9(a) and 9(c). It is seen that P,,,x improved
when either TCR or ECR decreased. For instance, when TCR was only
20% of its original magnitude, P,,,, increased averagely by 35.6% at all
T As for ECR, the reduction to 20% of its original magnitude led to an
average improvement of 8.8% in P, over the range of T, = 342 K to
Tn, =523 K. We point out that although the reductions of TCR and ECR
both brought the improved Py, their underlying mechanisms are
completely different. Here for illustration, we take the results at T =
523 K as an example; Similar findings are also obtained at T, = 342,
378, 432 and 477 K. Fig. 9(b) and 9(d) show the temperature details of
the TE legs with different values of TCR and ECR, respectively. It is
shown that with the decrease of TCR, the hot-side temperature of TE
legs, Ty , gradually increased, while its counterpart on the leg cold side,
T, decreased. This signifies that the temperature difference between
these two sides, AT}, did increase as TCR decreased. Based on Eq. (1) it is
not surprising that P, grew in these cases accordingly. As to ECR, its
reduction had little effect on T}; and Ty, thereby their differences, AT,
were almost unchanged as shown in Fig. 9(d). Under this circumstance,
the growth in P,,,, mainly caused by the reduction of the TEG electric
resistance, Rygg, due to the decreasing ECR.

Also, variations of the maximum efficiency, with different

Mmax>
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values of TCR and ECR are investigated. See Fig. 10, where similar ef-
fects were observed on #,,,, as TCR or ECR decreased. As shown in
Fig. 10(a) and 10(c), smaller TCR or ECR always led to larger #,,,,. To be
specific, when the values of TCR or ECR were reduced to 20% of its
original magnitudes, #,,,, improved by 16.8% and 6.9% on average,
respectively. Note that 7., depends on Zy;T, Ty, and T, as shown in Eq.
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(2), while such dependences are non-linear and non-monotonic. To
facilitate a straightforward explanation, we still take T, = 523 K as an
example, and display its heat input and output power (as shown by Eq.
(13)) with different values of TCR and ECR in Fig. 10(b) and 10(d).
Under this thermal condition, both the heat input and output power
gradually increased with the decreasing TCR, as shown in Fig. 10(b). In
particular, the increase of the latter was much more significant. Finally,
their competing effects resulted in a growing maximum efficiency with
the decreasing TCR. As to ECR, the output power presented a nearly
linear growth with its reduction. This is totally different from the cor-
responding heat input, which remained almost unchanged regardless of
the value of ECR. It is shown that although 7, did grow with the
decreasing ECR, its growth was much smaller in comparison with its
counterpart by the TCR reduction.

So far, our numerical simulations elaborate the negative impacts of
TCR and ECR on the TEG performance at different values of T}, and R,.
They show that the TEG performance degradation is more sensitive to
TCR than ECR. Moreover, these simulations reveal that the inclusion of
TCR and/or ECR can impact the matching of external load resistances
and lead to different values of R and R°, which correspond to Py, and
Nmax> TESPeEctively.

4.4. Impacts of distributed TCR and ECR on TEG geometric optimization

Besides the direct impacts on the TEG performance elaborated in the
previous sections, TCR and ECR also play an important role in designing
and optimizing TE legs and copper electrodes. Note that a TEG with or
without TCR and ECR may have different optimal sizes for its TE legs
and copper electrodes when the maximum output power or maximum
efficiency is used as its optimization objective. Therefore, in this section,
a series of geometric optimizations of TE legs and copper electrodes are
performed with TCR and ECR. Comparison to those without considering
TCR and ECR is also presented.
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Fig. 10. The variations of ,,,., P and heat input with different values of TCR and ECR and at different T} . (a) #,,,, With different values of TCR; (b) heat input and P
with different values of TCR (T, = 523 K); (€) 4, With different values of ECR; (d) heat input and P with different values of ECR (T, = 523 K).
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4.4.1. Thermoelectric leg height

We first evaluated the TEG maximum output power, Py, at different
leg heights, h;, and different T}. The results with and without TCR and
ECR are shown in Fig. 11(a) and 11(b). Note that the lengths and widths
of TE legs were unchanged in our simulations, and the other geometrical
components were set as shown in Table 2. Fig. 11(a) shows a non-
monotonic dependence of P,,,, on h; with TCR and ECR considered. To
be specific, P, first had a sharp growth with the increasing h;, and then
declined gradually with its further increase. In this case, we can clearly
observe the peak value of P, and identify the corresponding optimal
leg height, h)—it was 0.6 mm and independent of T,. In contrast, the
results without TCR and ECR are exhibited in Fig. 11(b), where Py, just
declined with the increase of h; at any T,. Apparently, there was no
optimal leg height, and the leg height need to be as short as possible to
avoid a dramatic decline of Py,,. As to the scenarios using the maximum
efficiency, 7., as the optimization objective, Fig. 11(c) and 11(d) show
its variations at different values of h; and T, with and without TCR and
ECR. In general, a larger leg height led to better maximum efficiency at
all given Ty, regardless of whether TCR and ECR have been taken into
account or not. Nevertheless, a closer look at Fig. 11(c) shows that when
TCR and ECR were included, #,,,, gradually and slowly increased with
the increasing h;. As to the cases neglecting TCR and ECR, their 7,,,,, first
had sharper growth with h; when h; < 0.5 mm. Its growth rate then
slowed down with the further increase of h;.

Moreover, Fig. 11 also shows that at a given h; and Ty, the values of
Prgx and 7, were largely overestimated when TCR and ECR were
neglected. Take a comparison of the two cases with and without TCR and
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ECR at by = 0.6 mm and T, = 523 K—the values of Ppq, and 7,,,,, in the
latter have been overrated by 193.8% and 78.3% in comparison to their
counterparts in the former. In fact, the overestimations of Ppax and #,,,,
were at least 31.9% and 15.3% over the ranges of 0.1 mm<h;<3 mm and
342 K<Tx<523 K. They even became more significant at a shorter h; or/
and a lower Tj. In addition, the optimal leg height, h}, specified in
Fig. 11(a), does not correspond to the peak value of #,,,,.. This means that
there does not exist a single leg height that can achieve the peak values
of both Ppq, and #,,,,. Therefore, a trade-off is desired in the practical
optimization of TE leg height so that the TEG can have reasonably
balanced maximum output power and maximum efficiency. In short,
from all the aforementioned discussion based on Fig. 11, it is clear that
TCR and ECR did play a non-negligible role. Simply ignoring them could
mislead the design and optimization of TE legs.

4.4.2. Copper electrode height

In a TEG, the copper electrode height, h,, is another factor affecting
its performance, as this geometric property impacts not only the tem-
perature difference upon TE legs but also the TEG electric resistance.
Therefore, it is worth investigating how TEG performance (in terms of
P and 7,,,) behaves with different h. when TCR and ECR are pre-
sented. To this end, we conducted a series of simulations with those
given values of TCR and ECR and evaluate the values of P« and 7,,,, at
0.05 mm<h.<2 mm and 342 K<Tp<523 K. These results are then
compared with those when TCR and ECR have been ignored.

We first conducted the numerical simulations at the condition that
TE legs were at their optimal heights, i.e., h; = h = 0.6 mm. Fig. 12(a)

& 342 Ko 387 K4 432K+ 477K+ 523K

- 342 K -e- 387 K 4 432K -v 477K -¢- 523 K

h; (mm)

(d)

Fig. 11. The variations of Py, and ,,,,, at different by and Tj. (@) Ppax With TCR and ECR; (b) Ppax without TCR and ECR; (¢) 7,4 With TCR and ECR; (d) 7,4, Without
TCR and ECR. The orange stars highlight the peak values of Py,,,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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shows the resulting Py,,x with and without TCR and ECR at h; = 0.6 mm. existed an optimal copper electrode height, h?, at which Py, reached its

el (ol
Under both conditions, regardless of the value of Ty, Py first increased peak at a given Tj(see those orange stars marked in Fig. 12). It was found

and then slightly decreased with the increase of h.. Therefore, there that when TCR and ECR were included, the value of h? was always equal
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Fig. 13. The variations of Ppqy and #,,,, with h, at different Tj. (a). Ppax with and without TCR and ECR at iy = 1.6 mm; (b) #,,,, with and without TCR and ECR at
h; = 1.6 mm; (c) Ppgx with and without TCR and ECR at iy = 3.0 mm; (d) #,,,,, With and without TCR and ECR at h; = 3.0 mm. With TCR and ECR: solid symbols;

Without TCR and ECR: hollow symbols. Peak values: orange stars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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to 0.7 mm at every T,. However, it was no longer constant but fell into
the range of 0.5—-0.7 mm when TCR and ECR were neglected. It is
important to note that any TEG in practical use inherently has both TCR
and ECR. Therefore, simply using the value of h? derived from the
simplification that ignores TCR and ECR may lead to its Py, different
from its actual peak (obtained when TCR and ECR are considered).
Fortunately, our simulations show such a deviation was less than 0.4%.

To be similar, the maximum efficiency, #,,,,, was also calculated in
the same TEG operating conditions with and without TCR and ECR, see
Fig. 12(b). Particular attention was paid to the optimal copper-electrode
height, h%, corresponding to the peak of 7,,,,, at each T. It is found that
this optimal copper-electrode height was a constant, i.e., h?> = 0.4 mm,
at all T, when TCR and ECR were considered. However, in the cases
without TCR and ECR as shown in Fig. 12(b), it varied from 0.7 to 1.0
mm at different Tj,. Similarly, the value of h?° derived from the simpli-
fication that ignores TCR and ECR was used to specify 7,,,, of the real
TEG in our experiment. It is found that the results were different by more
than 1% in comparison with its actual efficiency peak (i.e., when both
TCR and ECR were considered). These results indicate that the condi-
tions with or without TCR and ECR have an essential impact.

In this section, to make the optimization of copper electrodes closer
to the TEG practical scenarios, we further extended our numerical
simulations to the cases with hj = 1.6 mm and 3.0 mm. Both are the TE
leg heights widely used in the current commercialized TEG module.
Fig. 13 exhibits the resulting Pmq, and 7, with different h., together
with those obtained when TCR and ECR have been ignored for com-
parison. As shown in Fig. 13 (a) and (c), regardless of whether TCR and
ECR have been considered, Py, at the conditions of h; = 1.6 mm and 3.0
mm first increased gradually and then slightly reduced as h. increased.
Interestingly, for the corresponding optimal copper-electrode height h?
(at which Py, reached its peak), its values using these long TE legs are
the exactly same as that obtained at h; = 0.6 mm — it ranged between
0.5 and 0.7 when all contact resistances were ignored, while it was equal
to 0.7 mm with both TCR and ECR considered. In this section, we also
specified Py, of the real TEG in our experiment (with TCR and ECR)
using h? derived from the simplification that ignores TCR and ECR. The
resulting deviations from the actual peak of Py, (i.e., those marked by
orange solid stars in Fig. 13(a) and (c)) are less than 0.2%(for h; = 1.6
mm) and 0.12%(for h; = 3.0 mm). Apparently, these results, together
with those at h; = 0.6 mm, indicate that if the maximum output power is
the optimization objective for a TEG using long TE legs (h;>0.6 mm), its
TCR and ECR are not essential contributing factors to the optimization of
copper-electrode heights.

Now we turn our attention to copper-electrode optimization using
maximum efficiency, 7., as the optimization objective. The results in
the conditions of h; = 1.6 mm and 3.0 mm are shown in Fig. 13(b) and
(d). In general, the variations of #,,,, with h. are very similar to those
with iy = 0.6 mm, and the optimal copper-electrode height corre-
sponding to the peak of ,,,, h%°, has been clearly identified. At each Ty,
h%° = 0.4 mm (h; = 1.6 mm) and 0.2 mm (h; = 3.0 mm) when both TCR
and ECR were considered. When all the contact resistances were
ignored, the values of h2° fell into the range between 1.0 mm and 1.2
mm. Again, we applied the latter h?° to specify #,,,, of the real TEG used
in our experiment. It is shown that its values were different by more than
1.2% (at iy = 1.6 mm) and 1.5% (at h; = 3.0 mm) from the actual effi-
ciency peak. These results, together with those obtained at h; = 0.6 mm,
indicate that the copper-electrode optimization at h;>0.6 mm was
affected by TCR and ECR in the TEG, if the corresponding optimization
objective was the maximum efficiency.

5. Conclusion
It is known that TCR and ECR have substantial impacts on TEG

performance and its geometric optimization. However, many previous
studies either neglected them or described such impacts based on
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simplifying TCR as a single lumped variable, neglecting its intrinsic
distribution across different interfaces in a TEG. In this study, the effects
of TCR and ECR have been numerically investigated by a multi-physical
model which not only includes both contact resistances but also specifies
the TCR distribution based on our experimental results. The numerical
simulations pinpointed the TCR location that exerts the most significant
impact on TEG performance, and revealed distinct TEG output power
and efficiency obtained using distributed TCR and lumped TCR.
Following these findings, we conducted more detailed analyses on the
individual and joint effects of distributed TCR and ECR on TEG perfor-
mance. Our numerical simulations were also extended to the geometric
optimization of TE legs and copper electrodes for the maximization of
output power and efficiency, respectively. The main outcomes of our
numerical study are concluded as follows:

1) Treating TCR as a lumped variable is simple; however, where this
simplified TCR is allocated does affect the TEG output power and
efficiency. In particular, it is found the TEG performance based on
this widely-used treatment is different from that using more realistic
distributed TCRs across different interfaces. The largest discrep-
ancies between these two cases reach up to 16.9% (TEG output
power) and 24.5% (TEG efficiency) at T, = 523 K and R, = 0.1 Q.
These results indicate that not only the magnitudes of TCR but also
its distributions do matter to TEG performance.

For a given amount of thermal resistance at the four TCR interfaces,
it affects TEG performance more significantly when located on the
cold side, rather than the hot side. Moreover, such thermal resistance
at either the external or internal interface on one side (regardless of
the hot or cold side) exerts nearly identical effects on TEG perfor-
mance. Therefore, reducing thermal resistance at the cold-side in-
terfaces is more effective to improve TEG performance.

Both TCR and ECR have negative impacts on the output power and
efficiency of a TEG. Conventional treatment of neglecting these
contact resistances may mislead the TEG performance assessment.
The numerical simulations in this article revealed that neglecting
TCR and ECR caused the TEG output power and efficiency to be
overestimated by at least 51.4% and 31.0%, respectively, under the
given working conditions. These overestimations even soared to
112.3% and 69.3% at T, = 342 K and R, = 0.1Q. Also, neglecting
TCR and ECR could lead to smaller optimal external load resistances
matched for maximum output power and maximum efficiency, as
compared with the real TEG operation where TCR and ECR are un-
avoidable. It is plain that a high-accuracy assessment of TEG per-
formance necessitates clear specifications of TCR and ECR at all
interfaces.

In comparison to ECR, TCR exerted more significant impacts on TEG
performance. It was found that when TCR reduced to 20% of its
original magnitude, the TEG maximum output power and maximum
efficiency could increase by 35.6% and 16.8% on average, respec-
tively. If ECR reduced to 20% of its original magnitude, such in-
creases in the TEG maximum output power and maximum efficiency
were just 8.8% and 6.9% on average, respectively. These findings
indicate that TCR and its reduction are of more importance for a TEG
system to improve its performance.

TCR and ECR had significant impacts on the geometric optimization
of TE legs. To be specific, the optimal heights of TE legs for maximum
output power were quite distinct in the cases with or without TCR
and ECR. To achieve the peak value of the maximum output power,
the optimal height h = 0.6 mm in the former while this geometric
property was suggested as short as possible in the latter. If the
maximum efficiency was used to characterize the TEG performance,
long TE legs became preferable. This is because the maximum effi-
ciency increased with the increasing TE leg height, no matter
whether TCR and ECR were considered or not. It is no doubt that the
optimization of TE legs should consider the impacts of TCR and ECR,
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in particular when the maximum output power is chosen as the
optimization objective.

As to copper electrodes, TCR and ECR had limited impacts on their
geometric optimization. Our simulations show that the optimal
copper electrode heights corresponding to the maximum output
power, h?, were very close to each other in the cases with or without
TCR and ECR; In TEG applications at h;>0.6 mm, simply using h?
derived from the simplification that ignores TCR and ECR only
caused the discrepancies in P, from its peak values by less than
0.4%. As to the optimal copper electrode heights corresponding to
the maximum efficiency, h2°, its magnitudes differed by a few hun-
dred micrometers with and without TCR and ECR; In this scenario,
using h?° derived from the simplification that ignores TCR and ECR
has led to the maximum efficiency that differed from its actual peak
values by more than 1%. Based on these results, it is concluded that
at h;>0.6 mm, TCR and ECR can be safely neglected in the optimi-
zation of copper electrodes for the TEG maximum output power;
however, they should be included when the optimization objective is
the maximum efficiency.
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