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Physics-guided co-designing flexible thermoelectrics
with techno-economic sustainability for low-grade heat
harvesting

Yi Zhou'?, Xixi Liu3, Baohai Jia', Tianpeng Ding? Dasha Mao', Tiancheng Wang’,
Ghim Wei Ho**%*, Jiaqing He%7*

Flexible thermoelectric harvesting of omnipresent spatial thermodynamic energy, though promising in low-
grade waste heat recovery (<100°C), is still far from industrialization because of its unequivocal cost-ineffective-
ness caused by low thermoelectric efficiency and power-cost coupled device topology. Here, we demonstrate
unconventional upcycling of low-grade heat via physics-guided rationalized flexible thermoelectrics, without
increasing total heat input or tailoring material properties, into electricity with a power-cost ratio (W/US$) en-
hancement of 25.3% compared to conventional counterparts. The reduced material usage (44%) contributes to
device power-cost “decoupling,’ leading to geometry-dependent optimal electrical matching for output max-
imization. This offers an energy consumption reduction (19.3%), electricity savings (0.24 kWh W~"), and CO,
emission reduction (0.17 kg W~") for large-scale industrial production, fundamentally reshaping the R&D
route of flexible thermoelectrics for techno-economic sustainable heat harvesting. Our findings highlight a
facile yet cost-effective strategy not only for low-grade heat harvesting but also for electronic co-design in
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INTRODUCTION

Converting low-grade heat (<100°C) from the surroundings into
electricity plays a crucial role in alleviating the energy crisis and
global warming, especially for the postpandemic sustainable devel-
opment as the economic activity gradually recovers with ever-in-
creasing energy demand (expected to increase by 4%) (I-3). In
this context, scavenging all-present low-grade waste heat [account-
ing for >30% of worldwide primary energy consumption (I, 4)]
toward energy sustainability is of great interest. Thermoelectrics
(TEs) directly convert spatial heat into electricity via the Seebeck
effect, offering a promising solution for environmental waste heat
harvesting. Typically, the power conversion efficiency (PCE) of
TEs is determined by the dimensionless figure-of-merit (ZT),
which is defined as ZT = $?0T/k, where S, 0, k, and T denote the
Seebeck coefficient, electrical conductivity, thermal conductivity,
and operational temperature, respectively. However, these proper-
ties (S, 0, and k) are intercoupled to both the carrier concentration
(n) and electronic structure (e.g., Soxn ™%, 6 xm; Soxm’, 6  1/m”,
where m” is the effective mass), making the achievement of desirable
ZT values or power factors (PF = $%0) challenging. During the past
two decades, tremendous efforts have been made to attain a high ZT
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value (up to 3.1) in high-temperature TE materials [e.g., element
doping (5-8), band structure manipulation (9, 10), and nanostruc-
tures (11, 12)], and the number of yearly publications exceeds 1000
(fig. S1A). Unfortunately, the average ZT of room temperature TEs
(e.g., Bi,Tes;, Mg;Sb,, and conductive polymers) is still less than 1.0
(13-15), and PCE across a wide temperature range is below 5% (16,
17), especially for <100°C waste heat recovery.

In terms of body heat harvesting or environmental waste heat
scavenging, there is only a 5°C attainable temperature gradient
(AT) due to inevitable heat dissipation or convection, and thus, a
PCE of barely 0.25% can be achieved (18-20). This means that a
well-matched thermal interface (negligible thermal contact resis-
tance) between the nonplanar heat source/sink and TE module is
critical for maximizing the out-of-plane AT and power output. Ac-
cordingly, flexible TEs (f-TEs) have been sought by chemical
doping (21-23), physical vapor deposition (24), free-standing sub-
strates (25, 26), and organic/inorganic hybridization (27-29).
However, the issue of relatively low PCEs at room temperature
still prevails, suggesting that much of the current research focused
on the strategy of continuously increasing the peak ZT is not cost-
effective for ubiquitous, unusable, low-grade waste heat harvesting
toward affordable and clean energy supply (18, 30-32). In other
words, the concerns related to the output power enhancement, ma-
terial cost reduction, and power-cost ratio (PCR) increase of {-TE
devices for industry-oriented deployment via topology co-design
could be equally important as those of ZT and PCE; however,
they have been largely overlooked until now (fig. S1) (33-37).
Meanwhile, the geometry of TE legs, correlated thermal conduc-
tance, and electrical resistance (R;.) are acknowledged to substan-
tially affect the output power and cost-effectiveness (fig. S2A).
Consequently, there remain some outstanding challenges regarding
f-TE devices for sustainable low-grade heat harvesting: (i) superior
flexibility in high-performance room temperature TEs; (ii) econom-
ic materials or devices as the power density increases; and (iii)
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device-level durability, stability, and sustainability for potential in-
dustrial implementation.

In this work, we report cost-effective and enhanced-PCR {-TEs
via rational co-designed device geometry by deploying theoretical,
modeling, and experimental approaches to overcome the above-
mentioned impediments for industrial low-grade heat harvesting.
Our proposition deviates from the conventional uniform geometry
factor (GF = 1.0; fig. S2B) or traditional fill factor increases (dense
TE legs for output power multiplication) (table S1) (9, 35, 38—48).
The narrowed p-type leg and small GF value (GF < 1.0) of the pro-
posed f-TE device not only leads to reduced material usage and elec-
tricity savings for fabrication but also rationalizes the heat flowing
across the device and electrical matching to maximize the PCR and
achieve sustainable techno-economics. Without consuming addi-
tional thermal energy, increasing the device fill factor, or tailoring
the material properties, the developed f-TE device converts the oth-
erwise unavailable heat (<100°C) into electricity with a relative
Carnot efficiency (RCE) of 16.1% and energy savings of 0.24 kWh
W' and remains exceedingly stable after 1000 bending cycles and
durability tests. Apart from being facile, the proposed approach is a
universal paradigm for realizing cost-effective f-TEs for industry-
orientated low-grade heat harvesting. Furthermore, it also provides
avenues for the device co-design and integration of other semicon-
ductors/electronics beyond the TE community, e.g., solid-state
semiconductor cooling, asymmetric electronics, and thermocells.

RESULTS

The typical TE device fabrication and industrial implementation
from ingots/rods to demand-oriented applications are illustrated
in Fig. 1. Conventionally, large-scale device fabrication follows an
industrialized production process, where an ingot/rod synthesized
from raw materials is cut into wafers and further diced into uniform
TE legs for mounting and assembly. The consistent dimension of
the p- and n-type legs without device geometry design provides a
GF value of 1.0. In contrast, our introduced physics-guided co-
design aims to rationalize the geometric dimension of TE legs
before dicing to achieve cost-effective and sustainable heat harvest-
ing (Fig. 1A). Noticeably, the developed f-TE device with thinner p-
type legs (fig. S2B; GF < 1.0) presented high power output, low cost,
low weight, well-matched heat transfer, and mechanical stability.
The f-TE device was suitable for sustainable industrialization with
energy consumption and carbon emission reductions [i.e., to meet
the sustainable development goals (SDGs)]. Moreover, according to
the TE constitutive equation (fig. S2A; see Materials and Methods
for details), the correlation of PCR versus GF and electrical factor
(EF) values was revealed and mathematically plotted in Fig. 1B
without using any material parameters. Notably, the region of inter-
est (ROI) to achieve a maximized PCR varies with GF values and
peaks at 0.6 to 0.9 for known TE materials (EF is unchangeable).
These results differ substantially from the conventional design
(GF = 1.0, circle dot), suggesting that the co-designed p-type legs
(GF < 1.0) enable a power output increase while lowering the ma-
terial usage for cost-effectiveness enhancement. Furthermore, the
state-of-the-art comparison (Fig. 1C and Table 1) of conventional
designs and our work evidenced an unprecedented improvement in
both the device performance and cost-effectiveness [enhancement
of 9.2% in RCE, 12.2% in open-circuit voltage (Voc), 22.4% in
maximum specific power (PS,,.x), and 25.3% in the PCR value].
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Physical modeling and experimental verification

To elucidate how the GF value affects the electrical output and cost-
effectiveness of the {-TE device for waste heat harvesting, as well as
the underlying TE characteristics, we performed finite element
modeling using the COMSOL Multiphysics software (fig. S3; see
Materials and Methods for details). Room temperature commercial
bismuth telluride materials (Bij 4Sb; ¢Te; and Bi,Te, g5Seq 15) with
high TE performance were used (fig. S4). The contours of
maximum power density (PD,,.c) and PCE,,, illustrated that the
height and GF optimization in the desired power and efficiency
were different (Fig. 2, A and B). For instance, a considerable
height of the TE leg offered a high PCE, whereas PD,,, required
small height since the impedance ratio of PD,,.x (A\p_max= 1) was
less than that of PCE ..y (ApcE_max = V1 + ZT e > 1). In other
words, the total resistance of a device at PCE,,,, is greater than
that at P, so the dimension-dependent internal resistance of
the device at PCE.x (RpcE max) and Pray (Rp max) follows
RpcE_max > Rp_max 1-€., height-dependent electrical output, for a
known invariable Ry, (Egs. 3 and 7; see Materials and Methods for
details). However, with a recommended height of 1.78 mm for p-
and n-type legs from commercial TE modules, the GF for PD,,.x
and PCE,,, peaked at 0.5 to 0.9 with an overlapped ROI. Specifi-
cally, from the viewpoint of GF-dependent output, the resistance of
a TE leg is linear to the reciprocal value of the cross-sectional area
(Ap or A,) at a given height (Eq. 8; see Materials and Methods for
details). In this context, GF = 1.0 (A, = A,) offers a low internal
resistance and benefits to achieve a high output power (Pg; Fig. 2,
C and D), whereas GF = 0.56 (A, < A,)) contributes to obtaining a
high PCE and V. Thereby, the GF of ~0.56 is a rationalized design
for an optimized device with a high PCE and V¢ while maintain-
ing a modest output power. Moreover, we fabricated {-TE devices
with three GF values (1.0, 0.56, and 0.25) by solely varying A,
and measured the electric and thermal output at different AT
values to verify the GF-dependent output characteristics (Fig. 2, C
to F, and fig. S5). The trends of P, PCE, Vo, and R, for various GF
values agreed with the modeling results (Fig. 2, C and D). Generally,
PCE is determined by the Py and input thermal power (i.e., Qc+ Po,
where Qc is the output thermal power) (Eq. 4; see Materials and
Methods for details). The measured Q¢ goes up with increased
GF values (GF < 1.0; fig. S5]), indicating similarity to the GF-de-
pendent Pq variations (Fig. 2C). The ratio of Po/Qc tends to peak
at GF = 0.56 (fig. S5K), which is consistent with the GF-dependent
PCE (Fig. 2C), owing to the quasi-linear characteristics between P/
Qc and PCE, as experimentally and theoretically verified in fig. S5L.
These findings reveal that our device topology co-design approach
plays a vital role in synergistic manipulations of P and Q¢ toward
maximized PCE. Here, the deviations between the simulation and
measured data (Fig. 2, C and D) were mainly ascribed to the absence
of electrical and thermal contact resistances (18, 38). We also mea-
sured the electrical contact resistance (Rc) between TE legs and the
electrode by using transmission line method (fig. S6; see Materials
and Methods for details). In contrast to conventional device
(GF = 1.0), where the contact resistance (resistivity) is 1.91 milli-
ohms (113.3 microhm-cm?) and 1.65 milliohms (77.7
microhm-cm?) for p-type (A, = 2.0 mm x 2.0 mm) and n-type
leg (A, = 2.0 mm X 2.0 mm) to the electrode, separately. The pro-
posed device (GF = 0.56) with a lower contact resistance (resistivity)
of 1.13 milliohms (43.2 microhm-cm?) by using co-designed p-type
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Fig. 1. Physics-guided f-TEs and comparison with conventional designs. (A) lllustration of techno-economic sustainability for physics-guided industry-orientated
fabrication of f-TEs. Here, the industrial synthesis process from raw materials to TE ingots/rods is not included. SDGs refer to the sustainable development goals (SDG7,
Affordable and Clean Energy; SDG12, Responsible Consumption and Production; SDG13, Climate Change) adopted by the United Nations. (B) Dimensionless power-cost
ratio (PCR) versus geometry and electrical factors. (C) Radar plot of key parameters for state-of-the-art comparison of this work (GF < 1.0) and conventional designs
(GF = 1.0), where PDpax, PSmax and Voc denote the maximum power density, maximum specific power, and open-circuit voltage, respectively. Photo credit: (A) Xixi

Liu, Shenzhen Thermo-Electric New Energy Co. Ltd.

leg (A, = 1.5 mm x 1.5 mm) enables to minimize R (i.e., ratio of
Rc/R,.) toward a large Po and PCE (Egs. 3 and 16 and Fig. 2, C and
D). The slight drop of experimental Vo (Fig. 2D) is attributed to
the measurement variation, which agrees with the simulation. In
addition, a high R,. (low GF value) deteriorates Py and Qc
(Fig. 2, C and D, and fig. S5), so the GF of ~0.56 is a delicate
balance to comprehensively optimize Voc, Pray and PCE,,,, (fig.
S7). Notably, PD,,,, for co-designed f-TE device (GF = 0.56) is
around 22.31 mW cm™2 under AT of 73°C, which is around 10-
fold greater than that of other bulk material-based devices
(Table 1; <100°C low-grade heat harvesting at T = 27°C). We
then analyzed the electrical output of an f-TE device at GF = 0.56
(Fig. 2, E and F, and figs. S7 and S8). PD,,,.x and PCE,, increased
with a rising AT across the device (consistent with Eqgs. 2 and 6; see
Materials and Methods for details), while the corresponding cur-
rents for the two electrical outputs were dissimilar (i.e., Ipcg_max <
Ip mayx) at a specific AT. This means that the internal resistance for
determining PD,,, and PCE,,,,, was not identical for an invariable
load resistance, as revealed by the extracted impedance ratio (fig.
S8). From the viewpoint of electrostatics, the GF-dependent
output is equivalent to the impedance ratio, and the experimentally
obtained A\p ax= 1 and Apcg_max > 1 was consistent with the mod-
eling and industrial measurements (49). Furthermore, our co-de-
signed f-TE device (GF = 0.56) is enabled to generate an
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estimated power of 0.475 mW at a 5°C attainable temperature dif-
ference between body skin and ambient (fig. S7C). This value is suf-
ficient to power a kind of low-power wearable electronics (26, 43,
50), such as temperature or relative humidity sensors and
smartwatches.

In addition, our developed strategy can be generalized to other
TE materials/devices apart from bismuth telluride. The GF-depen-
dent modeling of PD,;,,, and PCE , using representative inorganic
materials [e.g., PbTe (12), Mg;Sb, (6, 7), and SnSe (8)] and organic
materials {poly[A,(M-ett)] (15)} is shown in fig. S9. The GF values
for PD,,,x and PCE,,,,, are less than 1.0 and vary with different ma-
terials. Specifically, the ROI for PbTe, Mg;Sb,, SnSe, and poly[Cu,.
(Cu-ett)]/poly[Na,(Ni-ett)] is dissimilar, i.e., GF = 0.25, 0.4, 0.55,
and 0.65, respectively. These results suggest that the fundamentals
of GF-dependent TEs (Fig. 1B, fig. S2B, and Eq. 12; see Materials
and Methods for details) are applicable to all p-n paired materi-
als/devices. The conclusion remains consistent to that of Bi,Te; ma-
terials, i.e., a rationalized thin p-type leg benefits to reduce material
usage while boosting the electricity generation toward sustainable
heat harvesting. Besides, in terms of low-grade heat recovery,
Bi,Tejs is a priority candidate owing to its high TE performance
and cost-effectiveness compared with other materials (figs. S4 and
S9). On the other side, the TE device fabrication procedure normal-
ly follows the "material-to-device” route with known material
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Table 1. State-of-the-art comparison of output performance and cost-effectiveness for conventional and proposed f-TE devices (Ty= 100°C, Tc= 27°C).

GF PDnax RSy PCR RCE (%) Voc (V) Flexibility Reference Notes*
(mW cm—2) (mWg") (W Uss™) (AR/Ry)

1.0 0.03 — — — 0.06 — (64) Estimated
...... 1 0210___017090(65)Est|mated
..... 1 0313____094(25)Esnmated
...... 1 0330___017093(55)Est|mated
...... 1 0365___013093(42)Est|mated
...... 1 0223141060341471046094Th|swork|v|easured
0552231 ........................... 5027 ......................... 043 ................... 1606 ............. 052 ...................... 097 .................... Th|swork ....... Measured

*"Estimated” means that PD,,,,, of the f-TE device was estimated from a quadratic relationship at a temperature gradient of 73°C (Eq. 3; see Materials and
Methods for details), whereas Vo was estimated from a linear fitting at open-circuit state (where the current is zero; Eq. 1).
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Fig. 2. Physical modeling and experimental verification. GF-dependent (A) PD,,,,x and (B) maximum PCE from simulations. The height (H = 1.78 mm) was recom-
mended from typical commercial TE modules. PD,,,x and PCE (C), as well as (D) Vo and internal resistance at different GF values. Dashed lines, simulated result; solid lines,
measured data. ROI refers to the region of interest used for optimum device design. (E) Measured voltage and power versus output current at different temperature
gradients. (F) Maximum PCE and maximized power variations with output current for various temperature differences, where Ipcg max < Ip_max-

properties, so the EF is unchangeable for specific materials, al-
though it affects the PCR (Fig. 1B). This signifies that our proposed
strategy could offer an unconventional way, i.e., “device-to-materi-
al” to optimize the EF value, thus guiding material synthesis and
property manipulation under given GF and PCR values.

Flexibility, stability, and durability characterizations

Aside from the leveraged output power via physics-guided device
topology rationalization, the flexibility, stability, and durability
also play crucial roles in practical applications. First, the flexibility
of the proposed f-TE device with an optimum geometry (GF = 0.56)
was quantified at various bending radii and cycles (Fig. 3A; see Ma-
terials and Methods for details). The modest variation of the inter-
nal resistance during bending tests indicated that the end-to-end
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electrical interconnection between the inorganic TE legs and flexi-
ble electrodes is adequately stable and suitable for the thermal
energy harvesting of curved heat sources. Because of the reduced
size of p-type legs, the fill factor decreased as well (fig. S2B). The
enlarged air gap between adjacent TE legs could benefit the
device bending under an external stimulus. Consequently, we inves-
tigated the resistance change (R/Ry) of an f-TE device with
(GF = 0.56) and without (conventional, GF = 1.0) physics-guided
co-design after 1000-cycle bending tests (r = 5 mm). R/R, of the op-
timized f-TE device (2.62%) was less than that of the conventional
device, which was identified by the strain modeling as well (Fig. 3B).
Specifically, under a constant external pressure (fig. S10; see Mate-
rials and Methods for details), the volumetric strain of a conven-
tional device is greater than that of the developed f-TE device.
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Fig. 3. Flexibility, stability, and durability characterizations of f-TE devices at GF = 0.56. (A) Resistance variations for various bending radii and cycles (r =5 mm). (B)
Relative resistance changes after 1000-cycle bending (left) and strain mapping (g, right) for the conventional (GF = 1.0) and proposed (GF = 0.56) devices. Ratio of output
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These results elucidate that our approach with a rationalized geom-
etry co-design not only offered a high electrical output but also con-
tributed to strain propagation across the device for superior
flexibility. This unprecedented finding could pave a feasible route
for co-designing high-performance f-TEs in the absence of material
tailoring (i.e., complex manipulation of carrier concentration and
electronic structure). Moreover, to verify the device stability and du-
rability for <100°C waste heat harvesting, the acceleration testing of
an {-TE device (GF = 0.56) was evaluated over 1000 thermal cycles at
a large AT of 153°C (fig. S11A). The voltage-current and power-
current plots of the first and last two measurements showed a
cycle-independent steady output (Fig. 3, C and D) and negligible
Prax PCEmaw Voo, and Ry, variations (Fig. 3, E and F, and fig.
S11). The slight fluctuation of Py,y, PCE .x,» Voo, and Ry, for the
first five tests (insets of Fig. 3, E and F, and fig. S11) is mainly as-
cribed to the heat flow variation across the device at initial states,
which tends to be stable under continuous measurements.

Techno-economic sustainability estimation

Furthermore, in practice, to promote the attained high-perfor-
mance f-TEs in industrial implementation for waste heat harvesting,
the cost-effectiveness and sustainable production are prior consid-
erations toward affordable energy supply and carbon emission re-
duction. Therefore, we focus on how the physics-guided co-
design contributes to the techno-economic sustainable

Zhou et al.,, Sci. Adv. 9, eadf5701 (2023) 13 January 2023

industrialization of {-TE devices. Specifically, a typical large-scale
industrial production flow of TE materials was introduced, and
the synthesis procedures, as well as corresponding electricity con-
sumption, were analyzed (Fig. 4A; see Materials and Methods for
details). In terms of commercial bismuth telluride alloys, the p-
type material (orange block) is usually prepared via the hot-press
method, and the n-type material (green block) is synthesized by
the zone-melting technique. These different synthesis approaches
and processes lead to distinct TE properties (fig. S4) and electricity
consumption demand (table S2). Compared to conventional
designs, the reduced material usage of the p-type legs (by 44%) in
our {-TE device offers higher RCEs (Fig. 4B) over a wide tempera-
ture range (AT up to 153°C for T = 27°C). This suggested that the
developed device (GF = 0.56) is capable of highly efficient heat-to-
electricity conversion at a given temperature gradient and consis-
tent material properties (16). The minimal energy consumption
(Whin) for large-scale p-type ingot/rod production from raw mate-
rials would be reduced by 19.3% if our solution were deployed (see
Materials and Methods for details). In addition, we estimated the
cost savings, electricity savings, and equivalent CO, emission reduc-
tion per output power of the developed f-TE device with AT of 73°C
for low-grade heat harvesting (T < 100°C). The results showed that
0.61 US$ W~! of cost savings, 0.24 kWh W~! of electricity savings,
and 0.17 kg W™! carbon emission reduction could be achieved for
an f-TE device by solely introducing a physics-guided co-design

50f 10



SCIENCE ADVANCES | RESEARCH ARTICLE

B i o R R T e i \ Material streams Material streams
: i (pre-synthesis) (post-synthesis)
| - -
: | j\ p-type preparation process
| Zone-melting crystallization : _ .
! (14 hours) i | n-type preparation process
i SNE
I
: oo i e I
§ 5 " |
i Materials weighting and : Rod crushing Annealing Hot-pressing !
lii tube vacuumizing . (1 hour) (12.5 hours) (0.83 hour) |
| 1 — (2.5 hours) f }
i p—
= , X 1
fi P I
Quartz tube dryin s ;
B hney i OG0 Focking. | Pre-milling (11 hours) Post-milling (11 hours) l
H tube furnaces (3.5 hours) | in glove boxes (24 hours) in glove boxes (24 hours) :
| J
\:'_':"_"__ i e L i e S eSS
B Cc
18 580,000 = ) @)
—e— GF = 1.00 (Conventional) I§ 08 017 Q52 %” 0:20 ,9
—a— GF = 0.56 (This work) 2 " 2 (BD
179 Tg=27°C 220,000 2 e e Lo24 2 L0415 @
A~ < o
P 481.4 kJ - < S @ 2
< ) £ ) =
u (4600002 F 04 Lo16 5 o108
14 s 2 @ S
400,000 S 2] loos £ loos S
S = —
o = =
14 . : . 340,000 o i =
20 60 100 140 180 z 00 e S R0,
. Cost Electricity CO, &
AT (°C) savings savings reduction

Fig. 4. Techno-economics estimation for industry-orientated sustainable heat harvesting. (A) Typical large-scale industrial production flows of p- and n-type TE
ingots from raw materials. (B) RCE (left) and estimated minimal energy consumption (right) of conventional and proposed devices at different temperature gradients. The
RCE can be calculated from the ratio between PCE,,., and the Carnot efficiency (Eq. 7). (C) Estimated average cost savings, electricity savings, and CO, emission reduction
per watt by deploying the proposed f-TE device (GF = 0.56). Details can be found in Table 2 and table S2.

(Fig. 4C and Table 2). Our delivered strategy, which realized cost-
effective, high-output, {-TEs, is facile, universal, and fundamentally
different from traditional approaches. In recent years, although the
material cost of TE devices has been reduced by using abundant el-
ements (e.g., MgsSb,, SnS, SnSe, half-Heusler compounds, silicide,
and polymers) (5, 9, 14, 51-55), the industrialization remains chal-
lenging. Since no headway has been made so far in their corre-
sponding large-scale production process, and their demands/
markets are unclear (33, 56), academia and industry are urged to
diversify their research focus past the one-and-only commercialized
room temperature Bi,Te; materials.

DISCUSSION

In summary, we investigated a nonunity, co-designed geometry of
unconventional f-TEs to address the long-standing challenges in
cost-effective, sustainable, and low-grade heat harvesting. The
physics-guided device rationalization reduces the usage of TE ma-
terials by 44% (p-type) while barely deteriorating the electrical
output, in contrast to conventional approaches. This “decoupled”
power output and cost account for an unprecedented PCR enhance-
ment of 25.3%, minimal energy consumption reduction of 19.3%,
electricity savings of 0.24 kWh W™, and carbon emission reduction
of 0.17 kg W™! for large-scale industrial production. Further

Table 2. Estimation of cost savings, electricity savings, and CO, emission reduction of conventional and proposed f-TE devices.

f- Mass, p-type Mass, n-type PCR Cost per watt Electricity usage per watt CO, emission per watt
TE devices legs (g) legs (g) (W uss—") (uss w-1) (kWh w—") (kg W—")
1.048 1.259 0.332 3.009 1.262 0.894
0.583 1.259 0.416 2.403 1.019 0.722
Savings* 0.465 (—44.3%) 0 0.084 0.606 (—20.1%) 0.24 (—19.3%) 0.17(—19.3%)
(+25.3%)

*The symbol in savings indicates the corresponding proportion of increase (“+") or decrease ("—"). The output power at Ty = 100°C and T¢ = 27°C was used for
estimation. The commercial electricity and raw materials (bismuth telluride) prices are 0.23 $ kWh=" and 125 $ kg™' (33), respectively. The cost of substrates,
electrodes, and solder was not included in the estimation. In contrast to the conventional design (GF = 1.0), the proposed device (GF =0.56) contributed to p-type
materials usage reduction, while the dimension of n-type legs remained consistent, so the overall electricity consumption reduction (i.e., equivalent carbon
emission minimization and energy savings) and cost savings were dominated by p-type materials.

Zhou et al.,, Sci. Adv. 9, eadf5701 (2023) 13 January 2023
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development of flexible electrical interconnected electrodes and
polymer substrates, as well as demand-oriented device diversifica-
tion, is a promising approach to advance the industrial sustainable
low-grade heat-to-electricity conversion. This upcycling of low-
grade waste heat through physics-guided rationalization of the
device topology also creates a previously unidentified paradigm
for other energy harvesting and management frontiers, e.g.,
device-guided material synthesis, TE cooling, transverse TEs, ther-
mocells, semiconductors, and electronics heat management.

MATERIALS AND METHODS

Fundamentals of GF-dependent PCR analysis

On the basis of the Seebeck effect for spatial heat harvesting, the
electric potential of a TE uni-couple is governed by S,,AT, where
Spn is the sum of the Seebeck coefficients of p- and n-type TE
legs, and AT denotes the spatial temperature gradient across the
hot (Ty) and cold (T¢) sides of TE legs. The output voltage (V,,)
of a uni-couple is given by

Vo = SpnAT — IR, (1)
where V,, is proportional to the current flowing across the TE uni-

couple under a known internal resistance R.. In addition, the P, can
be derived from the voltage-current relationship and is expressed as

Py = I’Ry = SpoAT - T — I’R ()

Then, the maximum output power (P, is determined from
Eq. 2, as long as the external load impedance (R;) equals Ry, (i.e.,
the impedance ratio A = R{/R. and Ap__ = 1)

S2 AT
Prax = = (3)
4R
Furthermore, PCE of a TE device can be estimated by
P p
PCE (%) = > = - (4)
%) Qu Qc+Ph

Qu and Qc are the hot-side and cold-side thermal powers, re-
spectively, and can be derived from the Seebeck effect, Peltier
effect, and Joule heating, as follows

Qu = SpuTul — L PR + K (T — T)
Qc = SpnTCI +%12Rte + K(TH - TC)

Consequently, by substituting Eqs. 2, 5a, and 5b into Eq. 4, PCE

can be rewritten as
-1
Tu—Tc [Ru| (| R Tu—Tc (1+Ri/Re)’

Ry 2Ty 7Ty

(5a) and (5b)

PCE =

TH Rte

(6)

This formula can be simplified by applying A = R;/R,., and the
maximized PCE is obtained in the condition of d(PCE)/o\ = 0

T, - T.

APCE_max — 1
PCEmax _ PCE_ma

Th )\PCE_max =+ Tc/Th

)\PCEJnax -1
= arno (7)
Mo ‘ )\PCE,max + Tc/Th

where Ncarnor is the Carnot efficiency, and the irreversibility
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of TE generators (heat engines) is reported as the RCE that is
given by the ratio between PCE and ncammor (16, 32, 57), i,

RCE = PCE/Mcarnot- MpCE_max = V1 + ZTaye > 1 = Np_may, Where

ZT e = ﬁ ;:“ ZTdT. From the viewpoint of the pure resistive
circuit and Kirchhoff's laws, these mathematical derivations
suggest that the internal resistances for the maximum output
power (Py,.,) and PCE,,, are different, i.e., Rpcg_max > Rp_max fOr
a given Ry. In terms of the GF-dependent characteristics of the re-
sistance (fig. S2), the distinct internal resistances of P, and
PCE .. eventually reveal that the device geometry demands for
the two goals are entirely dissimilar. For instance, the cross-section-
al area ratio between the p-type (A,) and n-type (A,) legs, i.e., (GF =
Ap/Ap), substantially varies the total resistance and output of the TE
device for known materials (invariable, EF = o,/0,,)

R_H+H_H(1+1)
te 0pA, 0,4, A \0,GF o,

H 1
=— (— + 1) (8)
A,0, \EF - GF

Furthermore, to quantify how the GF variation affects the PCR,
the GF-dependent PCR of a TE device is estimated. First, the cost [C
($)] of a typical TE device is given in consideration of the volumetric
cost (C") and area cost (C") (46). The volumetric cost consists of
the cost of TE materials, manufacturing costs (e.g., hot pressing and
zone melting), and other costs that scale with the amount of TE ma-
terials. By contrast, the areal cost includes areal manufacturing costs
(e.g., dicing, cutting, and mounting), metallization, flexibilization,
and other scales with the device area. The overall cost can be

shown as follows

Cl$l = (C"H+C")(Ap+ Ay) = (C"H+C")(1+GF)A,  (9)

where H refers to the height of the TE legs. The PCR (W $7') is
given by the combination of Egs. 3 and 9

(10)

P 2 AT?
PCR[W §7'] = 2% = =
C  (C'H+C)(1+ GF)A,(4Ry)

By substituting Eq. 8 into Eq. 10, the PCR can be rewritten as
PCR[W $~! _SubTon tran (14— ]
[ ]_4H(C’”H+C”) {( * )( +EF-GF)}
(11)
H+ C")], the di-

m

For a unit cost, PCRy, = (S;nATzon)/[élH(C
mensionless PCR is given by

PCR 1 !
= [1+GF)(1+—
PCR, {( +G )< +EF-GF>]

Thus, the dimensionless PCR is GF dependent for specific TE
materials (EF is unchangeable), and the geometry co-design is
crucial and wuniversal for desirable cost-effectiveness and
power output.

(12)

Physics-guided finite element modeling

The finite element modeling of geometry-dependent TE output was
performed by using COMSOL Multiphysics software with Heat
Transfer in Solids, Electric Currents, and Electrical Circuit (58).
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Specifically, the Heat Transfer in Solids was used to model the heat
transfer in solid domains concerning the heat conduction, convec-
tion, and radiation. The governing equation of heat transfer with
external heat source (Q.) can be given from the differential form
of Fourier's law

{pCpu-VT+V-q:Qe (13)

q=—xVT

in which p, C,,, and u are density, specific heat, and thermal diffu-
sivity, respectively; k is the thermal conductivity; and T is the abso-
lute temperature. The second module of Electric Currents was used
to solve the current conservation equation in accordance with
Ohm's law, and the governing equation is given as

vI=q
J=0cE+]. (14)
E=-VV

where J, ], and Qj are induced electric current, external current
source, and current source, respectively, and o, E, and V are electri-
cal conductivity, electric field, and electric potential, respectively.
The last module of Electrical Circuit was used to model a load re-
sistor for recording the voltage and current output under electrical
matching conditions. Considering the thermodynamic relation of
Seebeck effect, Peltier effect, and Thomson effect, the governing
equations for TE modeling can be written as

q=7Pp]
P=ST (15)
J. = —oSVT

where P, S, and T are Peltier coefficient, Seebeck coefficient, and ab-
solute temperature, respectively. Thus, the target for device topolo-
gy co-design of TEs was simplified to solve the geometry-dependent
current density and heat flux across the device with variable dimen-
sions of TE legs by using finite element modeling under stationary
heat transfer, as illustrated in the flowchart (fig. S3). For materials
selection, the measured TE properties of bismuth telluride (fig. S4)
and other parameters from the COMSOL material library were used
in the simulation. Moreover, to determine how the optimized ge-
ometry affected the bendability of the f-TE device, the strain
mapping of conventional and optimized devices under an external
bending/contact pressure (2 kPa) (59) was analyzed using the Heat
Transfer and Solid Mechanics modules. The hot- and cold-side
temperatures of f-TE device remained constant (Ty = T¢ = 27°C,
consistent with the room temperature) to minimize the thermal ex-
pansion. There were two stress boundaries introduced (fig. S10),
i.e., pressure load layers and constraint layers, for strain modeling.

f-TE device fabrication and characterization

Commercial Big 4Sb; ¢Te; and Bi,Te, g5Seq 15 materials ( provided by
Shenzhen Thermo-Electric New Energy Co. Ltd.) were used for p-
and n-type TE leg fabrications, respectively. For materials character-
ization, the Seebeck coefficient and the electrical conductivity were
measured simultaneously using a four-probe static direct current
method (commercial instrument, ZEM3, ULVAC-RIKO) with a
sample size of 2 mm X 2 mm x 10 mm, in which the corresponding
uncertainty was 3 and 5%, respectively. The thermal conductivity
was indirectly determined using the following equation:
k = D-p-C,,, where the thermal diffusivity (D) was obtained via the

Zhou et al,, Sci. Adv. 9, eadf5701 (2023) 13 January 2023

laser flash method (commercial instrument, LFA457, NETZSCH)
with a sample size of 6 mm x 6 mm x 1.5 mm and an uncertainty
of 5%. The density (p) was measured by the Archimedes method,
and the specific heat (C,,) was obtained from previous work (60).
The uncertainty of measured temperatures is 1%. The sample ori-
entation used for thermal and electrical measurements was illustrat-
ed in the insets of fig. S4. The device ZT and efficiency were
estimated by using the ZT calculator (61). Therefore, according to
the law of propagation of uncertainty (62), the combined uncertain-
ty of PF and ZT were estimated at 11 and 16%, respectively. For
device fabrication, the dimensions of the n-type TE leg (2.0
mm x 2.0 mm x 1.78 mm) were fixed, and we solely varied the di-
mensions of the p-type legs from 2.0 mm x 2.0 mm x 1.78 mm
(GF =1.0) to 1.5 mm x 1.5 mm x 1.78 mm (GF = 0.56) and 1.0
mm x 1.0 mm x 1.78 mm (GF = 0.25). The fabrication procedure
of the f-TE devices can be found in our previous work (37). The
electrical outputs of the TE modules (25 mm x 19 mm x 1.9
mm) were evaluated by using a commercial instrument (PEM2,
ULVAC-RIKO) in a vacuum atmosphere with an uncertainty of
10%. The output heat flux of the TE device was acquired using a
typical technique, i.e., the steady-state plate method and one-di-
mensional heat conduction. Specifically, the TE device was sand-
wiched in a heater and a cooler (copper block with controlled
water cooling). There are three thermocouples vertically positioned
inside the copper block with an interval of 5 mm, and the temper-
ature was obtained under a steady state. The output heat flux (g¢)
can be given on the basis of Fourier's law of heat conduction, i.e., ¢
= kcuAT/d, where k¢, is the thermal conductivity of copper block
and d is the spatial difference between adjacent thermocouples. The
temperature, output voltage, and internal resistance were concur-
rently recorded by varying the current with a step of 0.03
A. Then, PCE was calculated on the basis of Eq. 4. In terms of
low-grade heat harvesting and one-dimensional steady-state heat
transfer, the heat loss (thermal radiation and convection) is negligi-
ble and not considered in the measurement. Moreover, we exam-
ined the contact behavior of fabricated f-TE devices by using
transmission line method. As illustrated in fig. S6, considering
neighboring TE legs located on an electrode, the measured total re-
sistance (Ro,1) across neighboring TE legs can be given as in (63),

Riotal = 2Rleg + 2Rc + Ree (16)

in which Ry, is the resistance of TE leg due to contact, R is the
contact resistance associated with the metal/semiconductor inter-
face, and R,y is the usual electrode resistance. Normally, Ry, is
known according to the o of TE materials (fig. S4B), and Ry, =
ReL/W for a given electrode with limited lengths (L) and widths
(W). Thereby, Eq. 16 can be simplified as

RT:LR—V;+2RC (17)
where Rt = Rygtal — 2Rieg and is proportional to L, R and transfer
length (Lt) can be extracted separately from the intercept at vertical
and horizontal axes of the linear curve, and the slope is the sheet
resistance of the electrode. Then, the contact resistivity (pc) can
be calculated, i.e., pc = RcLtW (63). In our experiments, five TE
legs (p-type, A, = 1.5 mm x 1.5 mm, corresponding GF = 0.56)
were soldered on a Cu strip with spacings of 2.5, 5.0, 10.0, and
20.0 mm to form metal-semiconductor contacts. Rt of p-type legs
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to the electrode across different spacings was measured by using an
inductance-capacitance-resistance (LCR) meter (U2830, EUCOL)
and plotted in fig. S6B. The measurement of Rc and Ly for other
p-type leg (A, = 2.0 mm x 2.0 mm, corresponding GF =1.0) and
n-type leg (A4,, = 2.0 mm x 2.0 mm) to the electrode was performed
by a consistent manner.

Flexibility, stability, and durability verifications

The flexibility characterization of the f-TE devices was conducted in
a homemade system, where a fatigue analyzer (PA2021-0004,
Prime-Ace Tech) with adjustable bending radii and speeds, as
well as an LCR meter (U2830, EUCOL), was used for resistance
measurements. The flexibility used for state-of-the-art comparison
was calculated from R/R, of f-TE devices after 1000 bending cycles
with a bending radius of 5 mm (20). Moreover, the stability and du-
rability of devices were characterized by using a PEM2 data logger
(ULVAC-RIKO) in a vacuum atmosphere. The Ty and T values of
the device were maintained at 180° and 27°C, respectively, for the
acceleration test of the low-grade waste heat harvesting. The electri-
cal measurements were performed for over 1000 cycles using the
LabView software.

Estimation of cost savings, electricity savings, and CO,
emission reduction

The reduced material usage of the p-type TE legs from the physics-
guided optimal GF (i.e., GF = 0.56) contributed to practical cost
savings, electricity savings, and CO, emission reduction. On the
basis of the typical industrial production flow (Shenzhen
Thermo-Electric New Energy Co. Ltd.), the cost savings (raw TE
materials and device components), electricity savings (electricity
consumption of TE ingot fabrication), and equivalent CO, emission
(1 kWh electricity = 0.709 kg CO,; https://epa.gov/energy/
greenhouse-gas-equivalencies-calculator) per power output of an
optimized f-TE device were estimated. Details can be found in
table S2. The minimal energy consumption (Wy,;,) of large-scale
industrial production for conventional and developed f-TE
devices is estimated as

m, =0 m, =
Woin = 30D Pyty +50 > Pith
Pi=1 nj=1

where the first and second terms refer to the electricity usage of p-
and n-type TE legs per device, respectively. In this work, the dimen-
sions of p-type legs were varied, whereas those of the n-type legs
remained constant. m, is the mass of the p-type TE legs; M, is the
total mass of the p-type ingots/rods using large-scale industrial pro-
duction (orange block; Fig. 4A); P; and ¢ are the electric power and
the corresponding operational duration of the specific equipment,
respectively; and i is the index number of the equipment. Similarly,
m,, is the mass of the n-type TE legs; M,, is the total mass of the n-
type ingots/rods in large-scale industrial production (green block;

(18)

Fig. 4A); P}, and ), are the electric power and the corresponding op-
erational duration of the specific equipment, respectively; and j is
the index number of the equipment. Consequently, Wy, is
mainly dependent on m, of the f-TE devices.
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