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ABSTRACT

The figure of merit of thermoelectric materials is temperature dependent, and thus the local compati-
bility factor changes significantly along the thermo-element length. A local optimization method to
maximize the efficiency of a function graded thermoelectric generator was proposed and discussed in
this paper. By adjusting the cross-sectional area and segment's thickness, the reduced current equaled
the compatibility factor of the material at every local thermo-element layer. This method can use the full
potential of existing materials by maximizing the efficiency at every local thermo-element segment. For
such a TEG working in a temperature range of 300—1100K, the efficiencies of P-type segmented
Big5Sbq5Tes3/BiSbTe/-PbTe/FeNbSb thermo-element and a N-type segmented Bi,Te; 79Sep21/BixTez 9Seq1/
SnSe/SiGe thermo-element were 25.70% and 21.73%, respectively, much higher than the conventional
segmented thermo-elements. The overall efficiency of the device was more than 23.72%, making it a
promising technology to harvest energy from medium and high-temperature industrial components. The
optimized TEG can be fabricated by SLS/SLM technology.

Published by Elsevier Ltd.

1. Introduction
1.1. Segmented TEG for high energy conversion efficiency

Waste heat recovery from industrial process presents tremen-
dous opportunities for energy savings across the industrial sectors,
such as vehicle exhaust, power station, iron and steel
manufacturing [1]. Thermoelectric energy conversion is a solid-
state energy conversion technology using electrons and phonons
as the virtual “working fluids”. The efficiency of an ideal TEG is
governed by its figure of merit (ZT = «2T/kp), where « is the See-
beck coefficient, p is the electrical resistivity, and « is the thermal
conductivity [2—6]. Generally, the efficiency of a TEG made by ho-
mogeneous materials is less than 10%, since no single material can
achieve a high efficiency in a wide temperature range. It is believed
that one of the most promising ways to increase the efficiency of
the TEG is to fabricate inhomogeneous materials and structures,
such as segmented/cascaded TEGs [7—9] and FGTM [6,10—12].
Currently, the best single-material-based TEG has an energy
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conversion efficiency of 16.4%, using skutterudites at a temperature
difference of 500 K [13]. And the use of three-stage cascade-type TE
modules could yield an overall energy conversion efficiency of
19.6% with the hot end temperature of 1200K [9].

A typical segmented TEG (Fig. 1) consisting of low-, medium-,
and high-temperature thermoelectric materials can take full
advantage of the characteristics of different thermoelectric mate-
rials, thus achieving a high overall efficiency in a broad temperature
range [7,8]. The concept to use the segmented design or FGTM to
increase the overall efficiency of the device was first proposed by
loffe et al. in the 1940s [14]. Since the 1970s, segmented RTGs,
based on PbTe and SiGe, with efficiencies ranging from 3.0% to 7.0%,
have been successfully applied in spacecraft as energy sources,
providing heat and 2.7—290W of electricity for the spacecraft
during 5—10 year space missions [7]. The success of segmented
TEGs in deep space application proved the potential they had in
medium and high-temperature energy harvesting. The very
essence of a segmented TEG design was to maximize local segment
operating efficiency according to the local temperature [15,16]. In a
broad sense, a FGTM can be regarded as a segmented TEG with
infinite segments. In a FGTM, by changing the composite in-
gredients or the doping concentration along the thermo-element
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Nomenclature

Symbols

Temperature (K)

Heat flow (W/m?)

Power output (W)

The figure of merit

Current density (A/m?)
Current (A)

Area (m?)

Electric field intensity (V/m)
Leg length (m)

Thermal conductivity (W/(m K))
Reduced current (1/V)
Compatibility factor (1/V)
Seebeck coefficient (V/K)
Electrical resistivity (2 m)

bs:tA:th:>~\-§'u(o-1

n Efficiency

Subscript

P P-type thermo-element

N N-type thermo-element

H Hot side

C Cold side

r Reduced efficiency

MAX Maximum value

Abbreviation

TEG Thermoelectric generator

FGTM Functional graded thermoelectric material
RTG Radioisotope thermoelectric generator
SPS Spark plasma sintering

AM Additive manufacture; SLS/SLM Selective laser

sintering/melting

length gradually, the thermoelectric properties of the materials
vary continuously [17—20]. The local carrier concentration of the
thermoelectric material can be adjusted to obtain the desired
transport properties, thus achieving high efficiency in a wide
temperature range. In recent years, the academic field witnessed
inspiring progress in FGTM for power generation applications
[12,21]. However, the implementation of FGTM is still impeded by
some practical difficulties associated with material fabrication,
characterization, and modeling.

In homogenous thermoelectric materials, the properties of the
materials do not change much in a relatively narrow temperature
range, and thus the Thompson Effect can be neglected [22]. How-
ever, the properties of segmented TEGs vary significantly with
temperature and the Thompson Effect has a significant influence on
the system. In addition, the fabrication of segmented TEG requires
more than simply piling up thermoelectric segments for different
temperature intervals. The performance of segmented TEGs and
FGTMs is closely related to the compatibility factor
(s = (VT+ZT —1)/(aT)), which varies with temperature appre-
ciably. When the compatibility factors differ by a factor of 2 or
more, the maximum efficiency can in fact decrease by segmenta-
tion [23]. Only when the reduced current (u = JVT) is equal to s, will
the local thermoelectric material achieve the maximum efficiency
[16]. However, since the electric current on the thermo-element is
constrained by the cross-sectional area of the TEG, the change in u

Tcold Thot

is limited. The difference between u and s for the local thermo-
electric segment makes the actual efficiency of a TEG less than the
theoretical peak value.

1.2. Literature review

Conventionally, attempts to improve the economic viability of
TEGs concentrated primarily on increasing their figure of merit (Z7T).
Though considerable effort has been put into this area since the
1990s when Hicks and Dresselhaus proposed that low dimensional
thermoelectric materials might enhance the ZT value by several
times [24,25], materials with good and stable performance are still
in exploration. The very essence of thermoelectric material
research is to reduce the thermal conductivity while preserving the
electrical conductivity. Many new concepts were examined in the
past decade, like matrix and precipitates band alignment, all-
length-scale hierarchical architectures, modulation doping, etc. A
lot of progress was made in both improving the performance of
existing materials and exploring new materials. The ZT of some
materials, like SnSe (n-type), and PbTe-SrTe (p-type), were reported
to be higher than 2.0 in a wide temperature range. Comprehensive
reviews summarizing the most recent state-of-the-art approaches
to designing high-performance thermoelectric materials can be
seen in Refs. [26—29].

Another attempt to improve their economic competitiveness is

b

Fig. 1. (a) Segmented TEG using different TE materials to achieve highest averaged ZT value in a broad temperature range; (b) A segmented TEG design using these materials for

high device efficiency.



674 Y. Wu et al. / Energy 147 (2018) 672—680

to make the best of materials commercially available [30]. Thermo-
elements, limited by the manufacturing processes available now,
are rectangular or cylindrical in shape. As the cross-section of the
thermo-elements is constant, the reduced current density cannot
change with the compatibility accordingly, and thus the efficiencies
of the thermoelectric materials are not fully explored. The
compatibility mismatch has been a practical problem that hinders
the further improvement of efficiency of TEG device. To conduct
efficiency analysis of the segmented TEG relys on accurate thermal
model. The most widely used analytical model to analyze the per-
formance of the TEG module is the ideal one-dimensional model
[18]. However, this model was accused of being poor accuracy as it
neglected the thermal resistance, heat leakage, and Thompson ef-
fect. More accurate models can be seen in Refs. [18,22,31-37] to
analyze the performances of TEGs working in different scenarios.
Because the Thompson term introduces nonlinearity in the ther-
modynamic governing equation, to obtain the exact analytical so-
lution for the TEG is difficult. Analytical modeling by Sahin et at
[38,39] found it was possible to increase the conversion efficiency
by adjusting the geometry of the thermo-element. They calculated
the efficiency of the thermo-elements with different geometry
shapes and compared the results with the rectangle shaped
thermos-elements. However, it was still obscure what was the best
geometry shape for the highest energy conversion efficiency. Nu-
merical method was widely used as it can take account all the ef-
fects into accounts and was of excellent geometry adaptability [40].
However, geometry optimization through numerical method can
be complicated and time-consuming, because all the factors were
inter-related. Snyder [16,41] proposed a novel spreadsheet method
to optimize the performance of a segmented TEG with rectangle
geometry shape. This method, by separating the internal variables
and properties from the external ones, allows one to compare the
exact local efficiency with the ideal efficiency. In this paper, a
similar spreadsheet method was adopted to analyze the optimal
geometry shape of each local thermoelectric segment.

We have selected three thermoelectric material segments for
each of the thermoelectric legs in the device to balance the per-
formance gains and system complications. The materials we choose
for the N-type leg are Biy(TeSe)s-based for the low-temperature
range [42,43], SnSe for the intermediate temperature range [44],
and SiGe for the high-temperature range [45]. On the P-type side,
the material choices for the low, intermediate, and high tempera-
ture range are (BiSb),;Ses-based [46,47], PbTe [48], and FeNbSB [49],
respectively. These materials are chosen for their high ZT values
and similar compatibility factors at the interfaces. In addition, in
order to realize the maximum average ZT, the low-temperature
ends of both elements have two compositions, but within the
same family of materials, hence we consider these single segments.
By changing the thickness and cross-sectional area of each local
thermoelectric segment, the compatibility mismatch problem in
the segmented TEG construction is eliminated. This optimized
segmented TEG can make the best of the existing thermoelectric
materials. The relatively complex geometry structure of the
thermo-elements will introduce extra difficulty in fabrication. It is
not practical to use the conventional methods, such as hot pressing,
SPS, and Bridgeman method to fabricate this kind of TEG module.
SLS/SLM, a higher temperature AM method, is proposed to be a
good choice for the manufacturer.

2. Mathematical model

In a thermoelectric material, thermal energy is converted to
electricity based on the Seebeck, Peltier, and Thompson effects. The
efficiency of a general TEG device is traditionally described in terms
of system parameters such as hot- and cold-side temperature,

length and area of thermo-element, and load resistance. Because of
the nonlinearity introduced by the Thompson heat term [22,33], in
only the most simplified cases (e.g., temperature-independent
thermoelectric properties), can the efficiency of the TEG device
be computed analytically. In a FGTM/segmented TEG, all the
properties (e.g., Seebeck coefficient, electrical resistivity, thermal
resistivity) are highly temperature dependent. In most case, it is
impossible to obtain the analytical solutions. In this paper, a
spreadsheet method [16,18,41] proposed by Snyder is used to
optimize the geometry shape of the thermo-element. By taking
Fourier's heat conductivity, Peltier Effect, Thompson Effect, and
Joule heat into account, the analysis aimed at accurately predicting
the possible highest efficiency of the TEG through geometry opti-
mization using the most advanced materials. The thermo-element
is divided into many segments mathematically. For each segment,
the cross-sectional area and the length are optimized, thus
achieving the peak efficiency at every temperature interval.
The electric current density through the thermo-element is

I
-1 (1)

The generated electrical field in thermoelectric material is
caused by Seebeck Effect (E; = aVT) and counteracted by Ohm's

law (E; = —pJ). The electrical field in the thermo-element at a given
position is described as

E=aVT —pJ (2)

At the cross-section, the heat transported is given by
Q =oT] +«kVT (3)

where the first term is the heat absorbed by the Peltier Effect and
the second term is the heat transferred according to the Fourier's
law.

The electric power density (power generated per volume) is
expressed as

P=E (4)

According to the energy conservation law, the divergence of
heat flux should be compensated by the source term from Joule
heat; then the electrical power density can be rewritten as

P=vQ (5)
Substituting Eq. (3) into Eq. (5) yields

P = V(aTJ + kVT) = VT(%T] +]a) +VJ-Ta + V(xkVT) (6)

In Eq. (6), Effect gfﬁT) is the Thompson coefficient. Using the
sign presented in Fig. 2, & sign computation finds that the power
density (P = —pJ?) is negative. Here the electric current flux (v]+0)
is a function of position. Plugging Eq. (4) into Eq. (6), yields the
steady state thermodynamic governing equation

V(kVT) = —VT%T] — V] -Ta — pJ? (7)
The relative current density (u) [41], which is the ratio of the

electric current density (J) to the heat flux by conduction «VT, is

introduced to simplify the calculation, which is described as

]
U= ~T

Then the heat flux through the cross-section of the thermo-
element (Eq. (3)) and electric power density (Eq. (4)) in term of u

(8)
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Fig. 2. Mathematical segments of a single thermo-element. The direction of positive
variables is shown relative to the hot- and cold-ends.

then can be rewritten as

Q = (1 + auT)kVT (9)

P = (a — puk)kVT? (10)

The variation of u is governed by Eq. (7), which is a function of
temperature. For the one-dimensional problem, the variation of u
in term of temperature can be expressed in term of position.

du_du 1
dT ~— dx VT

Differentiating Eq. (8) over x on both sides yields variation of u in
term of position.

(11)

du d 1 ]

a,a.m_m(wwm (12)

Plugging Eqs. (7) and (11) into Eq. (12), the u value is constrained
by the updated thermodynamic governing equation.

du 5 da 3 dA (1+uTa)u
ﬁfu Tﬁ—.‘pu K_HT

The local segment efficiency is defined as the power produced
divided by the heat flux going through the local segment. For a
small segment, the power generated per area is given by Pdx, and
the efficiency of the local thermoelectric segments is neatly given
by

(13)

Pdx
Miocal = T (14)

Plugging Eqs. (9) and (10) into Eq. (14) yields

dT u(a — upk)T
Niocal = (T) ) (%) =NcMr (15)

where the 7. is the Carnot efficiency, and 7, is the reduced effi-
ciency. To achieve the highest efficiency, d7,/0u = 0, the reduced
current should equal to

A=
er(m —1)

VvV1+27ZT -1

uMAX:S:T (16)

The s in Eq. (16) is the so-called compatibility factor of the local
thermoelectric segment, which is derived from the temperature-
dependent materials properties, such as «, p,«. Thus s, like ZT, is
independent from device geometry or the alteration of electric or
thermal currents. The largest 7, is given by

_V1+ZT -1
A= AT ZT 41
Only when u =s, will each TEG segments achieve the peak ef-

ficiency in the local position. For conventional TEG, the cross-
section is constant, Eq. (13) can be simplified as

(17)

Z-?:uzr%mu% (18)

Once u is selected at one point, it cannot be adjusted in a
thermo-element to follow the temperature variation of s, because
the variation of u is fixed by the thermodynamic governing equa-
tion (Eq. (18)). Conveniently, the variation of u (u = K{ﬁ) within a
conventional thermoelectric leg is typically small, since all seg-
ments in a thermoelectric element are electrically and thermally in
series, current J is the same and the thermal conductivity k varies
little along the thermo-element with the same material. However,
the material property s can vary significantly along the thermos-
element, even in a same material working at a large temperature
difference. So u and s cannot be equal at more than a few isolated
points. The difference between u and s let the efficiency of the
thermos-electric device deviate from the maximum efficiency that
the device can achieve. The strategy to maximize the efficiency of
the TEG device is to make the u close to the s at every thermo-
electric segment.

Known from Eq. (13), if the cross-section is not a constant, the
reduced current can be adjusted by tuning the shape of the thermo-
element. Rearranging Eq. (13) varies the cross-sectional area in
temperature.

e (w2T 8+ puPc — ) AdT 19
n (14 uTa)u

After the cross-sectional area is obtained, plugging Eq. (8) into
Eq. (17), the cross-sectional area is related to temperature gradient
by

oIT

(20)

Rearranging Eq. (20), the length of each segment is given by

KAdT(m — 1)
dx = olT

By tuning the length of each TEG segment, the value of u can be
calibrated to the desired value. Once the geometry of each segment
is obtained, the length, electrical resistance, and voltage output of
the thermos-element can be obtained by integrations

L:/dx

(21)

(22-1)
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(22-2)

R:/pAdx
V:/adT

Dividing the thermo-element into numerous segments, ac-
cording to reference [41,50], the overall efficiency of the single
thermo-element (P or N-type) can be expressed as

(22-3)

Nseries = 1 — exP( - /@dT) (23)

The cross-sectional areas at the hot- and cold-ends of the P- and
N-type thermo-elements are selected as the reference areas for the
two thermos-elements respectively. The ratio of the reference areas
of the P-type thermo-element to the N-type thermo-element can
be adjusted to make sure that the length of the P, N-type thermo-
elements are the same.

Lp =1Ly (24)

For two thermoelectric elements thermally in parallel, the
combined efficiency is an average of the efficiency of both gener-
ators weighted by the heat flow through each thermo-element. The
efficiency of the TEG device finally arrives as

~ nnQn +1pQp
MG = Ot Qp (25)

To implement the optimization approach, the temperature
operation range (300—1100 K) is divided into temperature intervals
at a step of 10K. The geometries of the local thermos-element
segments are then optimized according to the local temperature.
In each small temperature interval, the material properties are
assumed to be the average values of properties at Th and Tc. The
spreadsheet method is presented in Fig. 3.

Start |
[]

| Assume N |

[]
Obtain a(i), k(i), p(i) I
|Eq. 16, (7)

Calculates, 7, p4x, U, then
uxdT, J(x)dx,dT/T
(]

| Assume I, Ay po; I
| Eq. 19122)

N = i, for N-type, calculate
dA,Ajpcar, dx, then Ly, Ry, Vy
]

I Assume Ap por |

1 Eq. (19)-22)

Change Ay po;

[ 1Eq.(15),(23),(25)

Calculate

Change N =i, for P-type, calculate
Ap hot dA, Ajgcqr, dx, then Lp, Rp, Vp

Rpn, Ven, QpN: Miocal: Mseries

!

Yes
| End |

Fig. 3. The procedures of the TEG geometry optimization method.

3. Results and discussion
3.1. The conventional thermo-element

The materials we selected are BiyTe; 79Seq21/BixTe; 9Seq1/SnSe/
SiGe for N-type thermo-element and BigsSbisTes/BiSbTe/PbTe/
FeNbSb for P-type segmented. The thermoelectric properties («, p,
k) are functions of temperature [38—45]. At the interface between
two different materials, the thermo-electric properties (e.g., ZT) are
discontinuous (Fig. 4).

In the computation, by combining the zero Thomson effect so-
lution (da/dT =0) with the zero resistance solution (pk = 0)
[41,51], the differential Eq. (18) can be approximated as follows

1 1 — =
T 1-2u2 | pkAT — TA« (26)

Up_1

where operator AT = T, — T;,_1, Aa = a(T) — &(T_1), and pkand T
means the average of pk and T between T, and T,,_;. At the inter-
face between two materials, the discontinuous change in u can be
correctly calculated using Au = u?TA« that is simplified from Eq.
(18). Using an initial, the reduced current (u) can be calculated
using Eq. (26). By varying the initial u condition, the maximum
efficiency can be calculated from Egs. (15) and (23). In this design,
the optimal initial u for the P- and N-type thermo-elements are
3.65 and —1.16 V'L

The reduced currents (1) and compatibility factors (s) of P- and

0.4 7’

0.2} -~ N type |

0.6 pie %
r i i

0 1 2 | 1 1 1 1 1 1 1 1 1 1
300 350 400 450 500 550 600 650 700 750 800 850 900 950100010501 100
Temperature (K)

pN
]

(b)

I
N

2k PbTe
Bio.sSbh1.5Tes
1.8

= BiShTe
1.6
141 V2

12 ==y ==
1

0.8 <
0.6 ‘

FeNbSb -

zT
N
-
T I
i
I
i
1
i
i
i
1
i
i
i
i
i
bl
\
i
1
1

0.4

P type -

0.2

N

0 R
300 350 400 450 500 550 600 650 700 750 800 850 900 950100010501100
Temperature (K)

Fig. 4. Variation of ZT values with temperature for (a) N- and (b) P-type thermoelectric
materials.
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N-type thermos-elements change drastically with temperature, as
shown in Fig. 5. For the traditional thermo-element with the con-
stant cross-section design, the reduced current doesn't change
much within this temperature range. However, the compatibility
factor differs more significantly. Because the reduced current differs
with the compatibility factor, as shown in Fig. 5, the actually
reduced efficiency of the thermo-element is lower than the
maximum reduced efficiency (Fig. 6).

The desired thermgrelement length (from Eq. (21) and (22)) can
be calculated by [ = f ukdT /]. If the electric current density is 5.0
A/mm? and the cross’sectional area of the N-type thermo-element
is 100 mm?, the corresponding thermo-element length of the N-
type thermo-element is 14.3 mm. The length of the P-type thermo-
element should be equal to that of the N-type one, thus the cross-
sectional area of the N type thermo-element should be adjusted
accordingly. For this case, the cross-sectional area and the electric
current density of the P-type thermo-element are 13.4 mm? and
37.3 A/mm?, respectively. For the P- and N-type thermo-elements,
the energy conversion efficiencies are 22.9% and 12.2%, respec-
tively. Known from Fig. 4, the average ZT for the P- and N-type
thermo-elements are about 1.2, the expected efficiency should be
about 20.0%. For P type thermo-element, the actual efficiency does
not differ too much with the expected value. However, for the N
type thermos-element, the actual efficiency (12.2%) is far below the
desired value (20%). As explained in Ref. [23], if the compatibility
factor differ by a factor of 2 or more, the maximum efficiency can be
decreased by segmentation. The heat fluxes, calculated using Eq.
(9), enter the hot ends of the P- and N-type thermo-element are
2.56 and 5.78 W, respectively. Substituting the heat fluxes into Eq.
(25), the overall efficiency of the conventional thermoelectric de-
vice is 15.48%.

3.2. The optimized thermo-element

As mentioned above, to achieve the maximum reduced effi-
ciency, u should be as close to s as possible. For traditional thermo-
element, restricted by the constant cross-section, u cannot change
accordingly with the s. The substantial difference between u and s
makes the actual efficiency deviate far less than the maximum
value. If the cross-section and segment length can vary according to
the local temperature, the TEG can achieve the theoretical
maximum efficiency. The mismatch problem of compatibility factor
that restricts the combinations of different thermoelectric mate-
rials, in turn, can be solved.

9.5 T T T T T T T T T T T T T T T

Bio.5Sbh1.5Te3 —— s for P type thermo-element

8.5 = = u for P type thermo-element
s for N type thermo-element
= = u for N type thermo-element

BiShTe

Compatability/Reduced current

Bi2Te2.9Se1.1

PR T S S S S S SR SR S S S ST
300 350 400 450 500 550 600 650 700 750 800 850 900 950100010501100
Temperature (K)

Fig. 5. Variation of u and s with temperature for the segmented TEG.
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Temperature (K)

Fig. 6. Variation of 1, 4, and 7, with temperature for the segmented TEG.

The detailed procedures of the optimization method are
described in Fig. 3. The key idea underneath this scheme is to let the
reduced current equal to the compatibility factor at every local
segment. To achieve this, the cross-sectional area and the length of
thermoelectric segments should be adjustable. The reference cross-
sectional area of the N-type thermo-element used for this calcu-
lation is 100 mm?, and the electric current density is 5.0 A/mm?.
Fig. 7 showed the results calculated by the optimization method,
including the cross-sectional areas, accumulated length and effi-
ciency (from the hot ends) for P- and N-type thermo-elements. To
alleviate the possible difficulty in fabrication, the cross-sectional
area between two different materials is continuous. As we can
see from Fig. 7(a), even in the same material, the cross-sectional
area varies significantly with the temperature. As for the accumu-
lated length, it does not increase strictly linearly with the temper-
ature (Fig. 7(b)). The variations of the cross-sectional area respect to
length of the thermo-elements are depicted in Fig. 8. For the
optimized P-type thermo-element, the cross-section area decreases
with length gradually. The cross-sectional area at the hot end is
about 3 times of that at the cold end. For the N-type thermo-
element, near the cold end, the cross-sectional area varies signifi-
cantly along the thermo-element length. However, near the hot
end, the cross-sectional area is nearly uniform. The variations of the
cross-sectional area introduce extra difficult in manufacture, which
requires fabrication method with excellent material and geometry
flexibility.

Using the efficiency optimization method, the maximum effi-
ciencies achievable for the P- and N-type thermo-elements are
25.70% and 21.73% (Fig. 7(c)), respectively. Computed using Eq. (9),
the heat fluxes entering the hot ends of the P- and N-type thermo-
elements are 3.55 and 3.52 W, respectively. And the overall effi-
ciency of the TEG device constructed by these two thermo-
elements is 23.72%. When compared with the efficiencies ob-
tained using the traditional thermo-elements, both the efficiencies
of the optimized P- and N-type thermo-elements increase signifi-
cantly, especially for the N-type one. The efficiency of the N-type
thermo-element increase from 12.2% to 21.73%, while the efficiency
of the P-type thermo-element increases from 22.9% to 25.70%. In a
scenario where s varies smoothly, the conventional TEG works well
(like the P-type thermo-element). However, in other cases, the
averaging method will lead to the large difference (like the N-type
thermo-element) [18]. This phenomenon was also mentioned by
Snyder in Ref. [18], where he explained why segmentation of
(AgSbTez)o15 (GeTe)pss (TAGS) with SnTe or PbTe had produced
little extra power [52], but using filled skutterudite would increase
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Fig. 7. Variations of (a) the cross-sectional areas, (b) accumulated lengths and (c) ef-
ficiencies (from the hot ends) with temperature for P- and N-type thermo-elements.

the efficiency from 10.5% to 13.6% [16]. For segmented TEG or FGTM
working in significant temperature difference, the combination of
different thermoelectric materials to construct a high-performance
TEG, constrained by the compatibility factor mismatch, are limited.
However, for the design with variable thermo-element cross-sec-
tion, the reduced current can be adjusted to match the compati-
bility factor conveniently. Thus there is no requirement on the
material's compatibility factor. The only criterion that matters in
constructing a high-performance TEG is ZT value.

Conventionally, a TEG is fabricated by traditional methods, such
as Bridgman, SPS, hot press, and thermal spay methods. Because of
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Fig. 8. Variations of the cross-sectional areas with the accumulated lengths for P- and
N-type thermo-elements.

the complex geometry of segmented thermo-element, it is not
convenient to implement this optimization method using the
conventional fabrication methods. Recently, several groups
[53—56] around the world did some preliminary work to test the
possibility of sintering semiconductor thermoelectric material us-
ing SLS/SLM. The thermoelectric properties varied according to the
composition, as expected, demonstrating the feasibility of laser
melting as a rapid synthesis tool for thermoelectric compounds. As
3D AM methods (e.g., SLS/SLM) fabricate devices layer by layer with
a thickness of 1-200 um, it is convenient to change the stoichio-
metric proportions and geometry structures during processing. 3D
printed TEG removes the need to assemble this fairly complex
device piece by piece, instead of allowing it to be efficiently printed
using a single machine (Fig. 9).

The performance of the TEG is determined mainly by the ZT
value of the thermoelectric material. There are many reasons to
believe that the ZT value fabricated by SLS/SLM, though might a bit
smaller than corresponding super lattice well synthesized [57]
(which has very high cost and low throughput), will be competitive
to that fabricated by a conventional method or even higher. The
SLS/SLM method removes the energy and time-consuming melting
and quenching processes in the conventional fabrication, giving it a
tremendous economic advantage over conventional methods. Ac-
cording to the recent research done by Tang et al. [56], the n-type
BiyTes 7Sep s fabricated by SLM manufacturing achieved an aver-
aged ZT of ~0.7 in the temperature range of 300—550 K, which is
comparable to that of the corresponding material commercially
available. When integrated with technologies such as hyper-scale
phonon scattering [3], graded doping [17], geometry optimization
(described in the section above), and nano-structuring [4], the
performance of the thermoelectric materials fabricated by SLS/SLM
can be even enhanced. The wavelengths of the current carriers are
much smaller than the phonons, the wavelength mismatch be-
tween the phonons and electrons makes it is possible to maintain
the electrical conductivity with carefully selected size and con-
centration of nanoparticles. Other potential nano-particles after
band alignment checking can be added into the matrix material
acting as a carrier filtering layer [58]. Thus the Seebeck coefficient
of the resulted deposited materials will be increased, and the bi-
polar thermal conductivity will be restricted [59]. The ZT of the final
nanocomposites can be maximized by maintaining or even
enhancing the electrical transport properties but also further
decreasing the thermal conductivity [60]. Meanwhile, by removing
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Laser Lens (a)

Heat exchanger

TEG printed

Fig. 9. (a) Depositing TEG device directly on industrial components using SLS/SLM; (b) The concept of printing TEG on vehicle exhaust pipe.

the time-consuming melting and cutting processing in the con-
ventional methods, the time and energy to product a TEG module
using 3D printing can be greatly reduced, resulting in a significant
cut in the cost. Using SLM/SLS and integrating with this optimiza-
tion strategy, we might develop a game changing fabrication
method for cheap and high performance TEGs.

4. Conclusions

In this paper, a local optimization scheme based on a reduced
current analysis is introduced to increase the efficiency of
segmented TEG device. By calibrating the cross-sectional area and
thickness of each segment, the reduced current matches to the
compatibility factor of the thermoelectric materials at every point
along the thermo-element, thus achieving the highest overall effi-
ciency of TEG device.

1) A conventional N-type segmented BiyTe;79Seq21/BixTes oSeq1/
SnSe/SiGe thermo-element and a P-type BigsSbysTes/BiSbTe/
PbTe/FeNbSb thermo-element working a temperature range of
300—1100K are established. The efficiency of the P- and N-type
thermo-elements are 22.9% and 12.2%, where the efficiency of
N-type thermo-element is far less than the expected value
predicted by the averaging method.

2) An optimization method is used to construct the P- and N-type
thermos-elements by adjusting the geometry shape of each
segment. The efficiency of the N-type thermo-element increase
from 12.2% to 21.73%, while the efficiency of the P-type thermo-
element increases from 22.9% to 25.70%. The optimized thermo-
elements have significantly higher efficiency than the tradi-
tional ones because of removing the constraints in the
compatibility factor.

3) The cross-sectional area varies along the thermo-element
length, making it impossible to be fabricated by the conven-
tional processes. SLS/SLM is proposed to be a workable and
economical way to fabricate this TEG device. Further work can
be done to try this idea using SLS/SLM. The life cycle of this
device will be examined, too.
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